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Introduction 

 
High cost of production as well as increasing sugar imports currently force the industry to 
export sugar at low global market prices. The industry busies itself constantly with research 
and development to improve its efficiency and sugar yields, both on the agricultural and milling 
sides. However, these endeavours only translate to economic profits when additional products 
are produced from the excess sugar not consumed within South Africa that will generate a 
higher revenue than that obtained through export sugar. Further potential lies in value addition 
to by-products of the industry, such as molasses and bagasse, by conversion to products such 
as bio-chemicals and materials through biorefining.  
 
The large Sugarcane Technology Enabling Programme for Bioenergy (STEP-Bio), a public-
private partnership between the South African sugarcane processing industry and the 
Department of Science and Technology’s Sector Innovation fund, was conducted between 
2015 and 2019. Managed by the Sugar Milling Research Institute NPC (SMRI), various 
research groups investigated the products and processes that could be viable under the 
specific South African sugar industry conditions. In the core of this programme lay the 
development of a generic sugar mill model representing a typical South African mill 
configuration, to which the potential biorefinery operations could be appended. This mill 
process model serves to accurately specify composition, mass, and energy flows occurring in 
a mill, and details of how the (partial) diversion of a stream will impact on the overall mill 
operation. It is hence essential for any economic studies undertaken to assess the changes 
in profitability achieved through the additional biorefining operation.  
 
A number of models of differing levels of detail have been developed to predict the processes 
within the sugar mill. As early as 1972, Guthrie created a computer program to solve the 
material balance (including stream composition) of a raw sugar mill, which, however, did not 
include energy balances (Guthrie, 1972). Other authors (Hoekstra, 1983, 1985, 1986; Reid 
and Rein, 1983) focused on detailed modelling of specific parts of the mills, such as the 
evaporator stations, boiling house, or crystallisation section, using FORTRAN, or PL/1 
programming languages. Complete sugar mill mass and energy balances were developed 
using a spread-sheet approach, which are easily accessible, but have limited flow-sheeting 
capabilities. For example, Hubbard and Love (1998) developed the Numerical Reconciliation 
of Process Flows (NRPF), a technique which can be applied to any unit operation where a 
steady state mass balance is a requirement.  
 
Commercial flow-sheeting packages, such as ChemCad and Pro/II were designed for the 
chemical industries. However, they neither comprise models for mill equipment, nor can they 
predict the solid/liquid equilibria required for streams containing non-volatile soluble 
components such as sucrose, and hence their applicability in mill modelling is limited 
(Peacock, 2002). SUGARSTM has been designed specifically to simulate the behaviour of 
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sugar mills and ethanol refineries (www.sugarsonline.com), and can assist with process 
modifications (Stolz and Weiss, 1997). However, its limitation lies in the fact that other 
biorefinery processes cannot be modelled. 

 
Most recently, Starzak et al. (Starzak and Sizhou, 2015; Starzak and Davis, 2016; Starzak, 
2017) successfully applied the MATLABTM software to model a sugarcane mill. This 
programming language allows complex mathematical equations to be solved easily. The 
model is comprised of six modular blocks, namely extraction, clarification and filtration, a five-
effect evaporator station, crystallisation (three-boiling partial remelt configuration), sugar 
drying, and utilities. In order to reduce the degrees of freedom, certain technological and 
design choices were made, input streams specified, and requirements imposed on various 
intermediate and product streams. Separation coefficients were specified for the diffuser, 
clarifier, vacuum filter and syrup clarifier. 
 
Using Starzak’s approach, 51 sugar mill performance indices were modelled, verified by the 
established SugarsTM software and validated by actual sugar mill data of the 2014/2015 milling 
season in southern Africa (Smith et al., 2015). These performance indices include sucrose 
extraction, bagasse pol, imbibition usage, lime usage, filter cake pol, syrup refractometer brix, 
boiling house recovery, cane-to-sugar ratio and steam-to-cane ratio. However, disadvantages 
of this method are that MATLABTM has no built-in sugar knowledge and cannot be easily 
applied to chemical processes such as those of biorefinery operations. 
 
Nevertheless, since the MATLABTM model features a high level of detail with regards to 
operating conditions and parameters (steady-state mass and energy balances) at each of the 
mill’s stages, it was chosen as a starting point for further model development.  
 
On the other hand, Aspen Plus® as the market-leading chemical process optimisation 
software, is a powerful process modelling tool providing a large chemical database, including 
binary parameters from the NIST physical property databanks. These are required to fully 
model biorefinery operations. However, challenges arise when process streams that are 
complex mixtures have to be modelled, such as those found in the sugar mill. In order to 
overcome this short-fall, customised thermodynamic models can be implemented.  
 
Aspen Plus® has been used extensively in Brazil (Bonomi et al., 2016). It is interesting to note 
that these authors developed the Virtual Sugarcane Biorefinery (VSB) model, including the 
entire sugarcane production chain, the sugar mill, as well as an annexed biorefinery, with 
focus on ethanol production and/or electricity cogeneration. Although physical properties of 
the feedstocks to the sugar mill and biorefinery are given, details on the Aspen Plus® sugar 
mill model are not provided in the literature. The South African and Brazilian sugar industries’ 
structures are inherently different with regards to infrastructure, government and policies, and 
hence their strategies to incorporate biorefinery operations deviate. For South Africa, and 
within the STEP-Bio Programme, it is thought to be essential to place the focus of modelling 
and process development on the diversification of the product portfolio (Naidoo et al., 2018). 
Dependent on the products, their market price and demand, as well as the economies of scale 
impacting on process economics, biorefinery products could be produced from parts of the 
mill stream while still producing sugar, the whole mill stream, or even by combining the 
streams of more than one mill. Optimisation of the agricultural parts of the production chain, 
which in future may include additional crops (e.g. to provide feedstock for cane off-season), 
was not included in the current model (Mafunga et al., 2017). Other uses of Aspen Plus® for 
sugar industry modelling include work done by Mandegari (2016) and Petersen et al. (2017). 
Mandegari (2016) investigated combined heat and power scenarios for sugar mills using 
Aspen Plus®. Petersen et al. (2017) undertook economic analyses with mass and energy 
balances on the sugarcane crushing industry. Dogbe et al. (2017) pointed out that describing 
the function of a ‘generic’ South African sugar mill would constitute a valuable tool to assess 
the viability of potential downstream biorefinery processes. 
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Hence, the aim of this project was to model a ‘typical’ South African sugar mill using Aspen 
Plus®, and verify it by using the above-mentioned MATLABTM model data. It was a requirement 
that the Aspen Plus® model would feature the same level of detail and flexibility as the 
MATLABTM model, showing all streams and their properties. The Aspen Plus® model would 
then allow for the expansion of the sugar mill to additional processes and products in a 
sugarcane biorefinery. 
 

South African sugar mill layout 
 
Figure 1 (Anon., 2012) shows the flow diagram of a typical sugar mill, comprised of seven 
major processes: extraction, clarification, evaporation, crystallisation, drying, energy provision 
(boiler) and cooling (cooling tower).  
 
After passing through the cane preparation stage, in which the cane is chopped and shredded 
to provide access to the juice, the cane is sent to an extraction step (in this work a diffuser 
was modelled), where the juice is extracted. The residual biomass (megasse) is dewatered, 
and the resulting bagasse sent to the boilers for use as fuel.  
 
The mixed juice tank collects the sucrose-rich juice after the juice has been screened and 
weighed. A series of heaters and a flash tank are used to heat the juice and remove air, 
respectively. The pH is adjusted to neutral and the juice is clarified to remove suspended 
particles. A vacuum filtration unit filters the settled mud and recovers sucrose-rich juice, which 
is sent back to the mixed juice tank.  
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Figure 1. Flow diagram of a typical sugar mill. 

 
After clarification, the juice is sent to the evaporation station where it is concentrated. The 
sucrose solution from the evaporators is termed syrup. A series of large pans are used to 
crystallise the syrup under vacuum (A-, B- and C-pan). Centrifuges separate the raw sugar 
crystals from the molasses. Drying the raw sugar prevents caking. Boilers (for the provision of 
high pressure steam and electricity) and cooling towers (for the provision of cooling water as 
well as vacuum for some of the evaporators and the vacuum pans) comprise most of the sugar 
mill’s utilities.  
 

Procedure for Aspen Plus® model development 
 
Simulation setup 
 
The program used to develop the sugar mill model was Aspen Plus® v8.8. Water, sucrose, 
non-sucrose, fibre, lime and air were the components used in the model. Soluble components 
which are not sucrose are referred to as non-sucrose and insoluble components are referred 
to as fibre. The non-sucrose component was modelled by D-fructose with a modified molecular 
weight. Fibre properties were described by cellulose.  
 
Customised thermodynamic models were required to accurately describe the behaviour of 
complex sugar juice streams, and details can be found elsewhere (Guest, 2018). For this 
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purpose, regressions on experimental data of boiling point elevation and solubility were 
performed. The UNIQUAC model gave a better prediction of the boiling point elevation than 
the NRTL model (Starzak and Sizhou, 2015). The crystallisation and dissolution of sucrose 
was best represented by the solid-liquid equilibria model of Starzak and Davis (2016). 
 
The flow diagram of the sugar mill (Figure 1) was converted into an Aspen Plus® flowsheet 
(Figure 2). The seven major processes are represented as modules in separate flowsheets 
(termed ‘hierarchy’ in Aspen Plus®). The stream connections between processes are shown 
by connecting lines (as specified in Table 1). Numerous recycle streams in the steady-state 
raw sugar mill were included, resulting in over 200 streams that were specified with respect to 
temperature, pressure and composition.  
 

 
 

Figure 2: Overall flowsheet of the raw sugar mill model in Aspen Plus®. 
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Table 1. Stream style key. 

 
 
 

Sugar mill processes 
 

Extraction module 
 
The extraction module consists of cane knives, shredders, a 12-stage counter-current diffuser, 
dewatering mills and mill mechanical drives. 
 
In this module, the diffuser used for extraction was modelled using separation coefficients in 
a perfectly mixed tank. Although this is a rough approximation of the actual 12-stage counter-
current diffuser which exists in real sugar mills, the output data of the simplified model 
suggested a good representation. In the model, the direct steam injection to the diffuser (from 
the first effect evaporator) is proportional to the cane throughput, while the imbibition flow rate 
is proportional to the flow rate of fibre leaving the diffuser as megasse. Scalding juice is heated 
(modelled by a shell-and-tube heat exchanger) by condensing steam (from the second effect 
evaporator), and recycled into the diffuser. The residence time of the cane in the diffuser is 
about one hour. Heat losses in the diffuser are accounted for by a cooler block placed on the 
draft juice stream. Since in practice, megasse and draft juice leave the diffuser at different 
temperatures (64.5°C and 60°C, respectively), heat had to be transferred from the draft juice 
to the megasse by means of a calculator block. The megasse leaving the diffuser is saturated 
with dilute juice which is pressed out in a series of dewatering mills. The press water is 
recycled to the diffuser via a tank (at 2 bara). A calculator block determines the amount of 
steam (from the first effect evaporator) required to maintain the temperature of this tank. Most 
of the bagasse is sent to the boilers, although a small proportion (about 1%) is sent to the 
clarification module. The moisture content of bagasse was specified and a calculator block 
manipulated the separation coefficient of water to meet the criterion of 50% moisture in 
bagasse. Heat losses of the dewatering mills were accounted for by a cooler block placed on 
the press water stream directly after the mills. Turbines modelled the cane knives, shredders 
and dewatering mill mechanical drives, which utilise high pressure steam from the boilers. 
Figure 3 shows the flowsheet of the extraction module. 
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Figure 3. Flowsheet of the extraction module in Aspen Plus®. 

 
Clarification module 
 
The clarification module is comprised of the mixed juice tank, the mixed juice heaters, flash 
tank, clarifier, and the filter station. Its flowsheet is shown in Figure 4. 
 
The mixed juice tank receives the draft juice, as well as two recycle streams (juice from the 
mud filter and sludge from the syrup clarifier in the evaporation module). It is modelled as a 
mixer. The mixed juice is heated to 100.3°C to reach saturation. Three consecutive shell-and-
tube heat exchangers model the mixed juice heaters. The mixed juice outlet temperatures 
from each heater were specified in Aspen Plus®. A calculator block determined the required 
flow rate of steam (from the evaporators).  
 
After the primary juice heater, milk of lime is added to raise the pH to limit sucrose inversion, 
and to aid precipitation of insoluble particles, modelled by a mixer. The flow rate of lime is 
manipulated by a specific lime content in the mixed juice, via a calculator block. A mixed juice 
pump after the limer is used to increase the pressure to 3.5 bara.  
 
A flash vessel with specified temperature and pressure (1.013 bara) models the mixed juice 
flash, which is situated after the tertiary heater. Water is flash boiled due to the drop in pressure 
and dissolved air is removed from the juice.  
 

Guest K et al Proc S Afr Sug Technol Ass (2019) 92 : 254-273

260



The clarifier, used to remove particulate matter (mud) by settling, was modelled by a separator 
with separation coefficients. A moisture content was specified in the mud stream leaving the 
clarifier. A calculator block manipulated the separation coefficient of water to meet this 
requirement. Heat losses are modelled by coolers with a specified temperature drop on the 
exit streams of mud and clear juice. A pump sends the clear juice to the evaporation station 
at a specified pressure of 2.4 bara.  
 
The mud is blended with bagacillo to aid with vacuum filtration. The blender is modelled as a 
mixer, and a calculator block controls the flow rate of bagacillo. A separator modelled the 
vacuum filter. The wash water flow and the water separation coefficient in the filter were 
determined by calculator blocks. The wash water flow rate to the vacuum filter is proportional 
to the fibre content of the filter cake. The water separation coefficient is manipulated based on 
a specific mass fraction of water in the filter cake. The filter cake is a by-product of the milling 
process. Filtrate juice is recycled to the mixed juice tank.  
 

 
Figure 4: Flowsheet of the clarification module in Aspen Plus®. 

 
Evaporation module 
 
The evaporation module comprises a preheater, a 5-effect evaporator station, as well as a 
syrup clarifier. Its flowsheet is shown in Figure 5. Clear juice, which enters at 11°brix, is 

concentrated to about 62-68°brix1. 
 
A shell-and-tube heat exchanger was used to model the clear juice preheater in the 
evaporation module, using exhaust steam from the turbo-alternator (boiler module) and motor 
drive turbines (extraction module). A calculator block determines the amount of steam required 
in order for the clear juice to reach a specified temperature. 

1 Davis, S. (2018), personal communication. 
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There are two processes which occur in evaporators. Firstly, steam condenses in the calandria 
releasing heat for evaporation. Condenser blocks were used to model this process. The 
energy released is used in the second process, i.e. the evaporation of water vapour from the 
syrup in the tubes. A flash vessel modelled the evaporation process. The heat liberated by the 
condensing steam was sent to the flash vessel. A reduction factor was applied to this heat 
energy in order to account for heat losses, controlled by a calculator block. 
 
Hence, the five evaporators were modelled by five coolers and five flash vessels. Exhaust 
steam is only fed to the first evaporator, where it partially condenses. The remaining vapour’s 
energy is sufficient to cause boiling in the second effect, aided by the vacuum produced by 
the barometric condenser (Figure 5). It was assumed that a pressure distribution occurs in the 
evaporation effects, specified at 1.6, 1.25, 0.6, 0.4 and 0.16 bara in the five effects, 
respectively. The boiling point elevation is correctly predicted by the UNIQUAC 
thermodynamic model.  
Vapour bleeds from the evaporators were specified by demands from other mill processes 
(scalding juice heater, direct steam injection to diffuser, press water tank, mixed juice heaters, 
vacuum pans and remelter). These were modelled by splitters, manipulated by calculator 
blocks. Valves were used to account for hydraulic pressure losses in the steam lines. These 
were placed on the steam feeds of the 2nd to 5th effects. A fixed pressure drop of 0.02 bara 
across the valves was assumed (Starzak and Sizhou, 2015). The vapour to the 4th effect is 
throttled to control the brix of the liquid from the 5th effect, i.e. the syrup. A 0.15 bara pressure 
drop was assumed across this valve. 
 
Flash vessels were used to model vapour recoveries from condensates occurring throughout 
the mill. Steam hence recovered was added to the vapour streams from the evaporators 
before the vapour bleed splitters. Condensate is sent to distributors, modelled as flow splitters. 
Portions are sent to the crystallisation module while the remainder is joined with the liquid 
stream from the 4th effect vapour recovery flash vessel.  
 

 
 

Figure 5. Flowsheet of the evaporation module in Aspen Plus®. 
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Together with the condensate from the 5th effect (barometric condenser), this condensate is 
used for the vacuum filter, as imbibition in the diffuser, and the remainder is an effluent stream 
from the mill (the effluent treatment plant was not modelled). 
 
The remaining steam of the 5th effect is used to generate a vacuum via a barometric 
condenser. The vacuum draws through the previous effects to create a vacuum profile. For 
this purpose, the model used a condenser with a specified temperature and pressure.  
 
Before the syrup is sent to the crystallisation module, it is clarified, and the pressure adjusted 
to 1.013 bara. The clarifier is modelled by a separator with separation coefficients. The sludge 
separated is recycled to the mixed juice tank. 
 
Crystallisation and centrifugation module 
 
Figure 6 shows the crystallisation module’s flowsheet. This module consists of three stages 
(A, B and C) operated consecutively using boiling pans, crystallisers and centrifuges.  
 
The syrup stream is initially distributed by a flow splitter to provide syrup to the A-pan, as well 
as to the magma mingler. In this mingler, B-sugar is mixed with syrup to produce seed crystals 
for the A-pans. Crystal loss through dissolution and syrup addition to B-sugar are modelled by 
a stoichiometric reactor and a mixer, respectively. The syrup flow rate is manipulated based 
on a specified moisture content in the magma.  
 
After the syrup has been boiled in the A-pan, A-massecuite is formed, which is cooled in large 
crystallisers where further crystallisation occurs. Sugar crystals are then removed from the 
mother liquor (termed A-molasses) using centrifuges. A-molasses is then boiled in the B-pans, 
and cooled in crystallisers to obtain further sugar crystals (B-sugar), which are removed from 
the B-molasses by centrifugation. The process is repeated using B-molasses in C-pans. The 
resulting C-molasses is a by-product of the sugar mill. C-sugar, as well as the portion of B-
sugar not sent to the magma mingler, is remelted by addition of steam and water, causing all 
crystals to re-dissolve. This remelt stream is recycled to the A-pans. Crystal dissolution was 
modelled by a stoichiometric reactor with 100% conversion. The mixing of steam, condensate, 
B- and C-sugar was modelled by a mixer.  
 
In the industry, the crystallisation is carried out in a combination of batch and continuous 
modes, and was modelled by Aspen Plus® as a continuous process. The pans are operated 
under vacuum in the same manner as the final effect evaporator, with each pan having its own 
barometric condenser. In the model, a centralised condenser is modelled as it does not affect 
the mass and energy balances. Five units were combined to represent each of the three 
vacuum pans, namely a condenser to model the steam condensation process in the calandria, 
a flash vessel for the evaporation of water from the syrup in the pans, a stoichiometric reactor 
for the crystallisation process, a separator to model droplet entrainment, and a stoichiometric 
reactor to model sucrose inversion. 
 
Two calculator blocks controlled the vacuum pans, namely droplet entrainment and 
crystallisation. Furthermore, vapour bleed flow rates to the pans were manipulated by 
specified dry solids content in the exiting massecuites. 
 
The massecuites are sent to the crystallisers, where the A- and C-crystallisers are water-
cooled, while the B-crystalliser is air-cooled (not modelled) to accurately represent the current 
sugar mill configurations in South Africa. Temperature, pressure and supersaturation are 
controlled in the exit massecuite stream from each crystalliser. The A- and C-crystallisers were 
modelled by shell-and-tube heat exchangers for the cooling process, and stoichiometric 
reactors to model the crystallisation of sucrose. The B-crystalliser consisted of two units, 
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namely a cooler and a stoichiometric reactor. The solid-liquid equilibria model of Starzak and 
Davis (2016) was used for the crystallisation processes. The model correlates the ratio of the 
non-sucrose to water and its effect on the solubility coefficient. In the Aspen Plus® model this 
equation together with the Vavrinecz equation (Vavrinecz, 1962, 1965) was used to predict 
the solid-liquid equilibria of sucrose solutions. 
 
In the centrifuges, wash water is added to remove molasses from the crystal surfaces. Smaller 
crystals are lost to the molasses since they pass through the screens. Both the crystal 
dissolution and loss are modelled by a stoichiometric reactor, and the separation of the 
crystals from molasses is modelled by a separator with separation coefficients. In Aspen 
Plus®, a simpler version of the centrifuge model of the MATLABTM model was applied, whereby 
the separation coefficients were calculated from the MATLABTM model in order to determine 
the separation of mother liquor from crystals. 
 

 
 

Figure 6. Flowsheet of the crystallisation module in Aspen Plus®. 

 
 

Drying module 
 
The drying module aims to further reduce the water content of A-sugar (0.5-2%) in order to 
minimise sugar deterioration. Heated air is passed through the crystals for this purpose. A 
rotary louvre drier was modelled. This dryer is a horizontal rotating drum, with a slight 
downward tilt towards the sugar outlet. In the upper section, the drier uses heated air, while in 
the lower section, ambient air is used for cooling.  
 
The dryer was modelled by two shell-and-tube heat exchangers (heating and cooling). For 
heating of air, exhaust steam is used. Its flow rate to the air heater is calculated based on the 
specified exit temperature of the air. Furthermore, the dryer consists of two separators (for 
moisture separation) and two mixers (moisture mixing). Calculator bocks determine the extent 
of drying. Moisture separation is calculated based on specifications for moisture content after 
the different sections of the dryer, based on a regression of the MATLABTM model. To take 
into account possible crystallisation in the drying process, a reactor unit was used, as 
determined by the Solid-Liquid Equilibria (SLE) model. The final sugar product had a moisture 
content below 0.1%. Figure 7 shows the drying module. 
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Figure 7. Flowsheet of the drying module in Aspen Plus®. 

 
Utilities: Boiler and cooling tower modules 
 
In the boilers, bagasse is burnt to generate superheated steam at 31 bara and 390°C, which 
is used in the turbo-alternators to generate electricity, and in the extraction module mechanical 
drives. The turbines’ exhaust steam (2 bara, 121°C) is used for the air dryer, preheater and 
first effect evaporator, and in the boiler module (deaerator). The condensate of the exhaust 
steam is returned to the boiler for high pressure steam generation. It was assumed that 0.45 kg 
bagasse is required per kg steam produced (Starzak and Davis, 2016). Combustion reactions 
were not considered. The boiler was modelled by a heater with a fixed outlet pressure and 
temperature. A calculator block determines the amount of bagasse required by the boiler, 
which is proportional to the demand of high pressure steam. In order to include the loss of 
boiler water, which is used as blowdown (0.2%) to purge suspended solids from the system, 
a distributor was included in the model. The flow rate of boiler blowdown is proportional to the 
flow rate of boiler feed water. 
 
Furthermore, losses of superheated steam were included in the model, and are proportional 
to the flow rate of cane. A steam splitter was modelled, and a calculator block determines the 
steam loss. 
 
The turbo-alternator, which generates electricity for the mill, was modelled by a turbine with a 
fixed discharge steam pressure (2 bara) and a specified efficiency of 0.856. Its exhaust steam 
(2 bara) is distributed (modelled by a flow splitter) to the boiler water deaerator (which is not 
included in the model), as well as to the dryer module and evaporation module. The flow rate 
of exhaust steam to the deaerator was assumed to be proportional to the flow rate of 
superheated steam consumption (2%). Make-up water to the boiler was calculated as a sum 
of superheated steam losses, boiler blowdown and exhaust steam flow to the deaerator. 
 
For the cooling tower module, cold water required in the various parts of the mill (barometric 
condensers, water-cooled A- and C-crystallisers) is regenerated from their output streams. 
Spray pond cooling towers are generally used, where evaporation of parts of the water leads 
to the cooling of the remaining water. An effluent stream is removed to maintain a constant 
flow rate in the cooling water cycle (at 3 bara). The cooling tower was modelled as a flash 
vessel with a fixed temperature and no heat duty. The heat loss to the environment was 
modelled by a cooler block. Figure 8 shows the flowsheet of the boiler module. 
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Figure 8: Flowsheet of the boiler module in Aspen Plus®. 
 
Complications 
 
MATLABTM and Aspen Plus® handle Degree-Of-Freedom (DOF) analyses differently. Aspen 
Plus requires the DOF to be defined for each unit operation and not only around entire modules 
like the MATLABTM software. Were the MATLABTM model to be directly implemented, there 
would have been an over-specification in the vapour bleed splitter in the evaporation module. 
External factors determine the flow rates of vapour to the primary mixed juice heater and the 
fourth effect evaporator. Therefore, the vapour bleed splitter gave a negative degree of 
freedom instead of zero (explicitly solvable). Thus, the vapour bleed splitter had to be modelled 
differently in Aspen Plus® (Figure 9). A design specification was chosen to determine the flow 
rate of vapour to the fourth effect and so it had to be specified in this unit. As a result, the flow 
rate to the primary mixed juice heater could not be a specified variable. 
 

 
 

Figure 9. Over-specified vapour bleed splitter and fictitious streams  
(STEAMMU and STEAMOUT) in Aspen Plus®. 

 
In order to correct this, fictitious streams were introduced to ensure that the correct amount of 
vapour was sent to the primary mixed juice heater. When too little vapour is available from the 
vapour bleed splitter, extra vapour (STEAMMU) is sent via a fictitious stream, whereas when 
there is an excess of vapour from the splitter, this steam is removed (STEAMOUT). A 
calculator block using a Microsoft Excel® spreadsheet with a Proportional-Integral (PI) 
controller2 was linked to Aspen Plus®, which reads the flow rate of STEAMOUT on every 

2 Love, D (2017), personal communication. 
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iteration and calculates an error integral. The controller solves for the exhaust steam flow to 
the first effect evaporator to minimise the error between the two fictitious streams (Guest, 
2018). 
 

Results and Discussion 
 
Comparison between the models 
 
A cane throughput of 244.18 t/h was used to compare modelling outputs between the 
MATLABTM and the Aspen Plus® models. Temperatures, pressures, compositions and flow 
rates are shown as well as dry solids, pol, refractometer brix and apparent purities in the 
extraction and clarification (Appendix, Table 3) and evaporation, crystallisation and drying 
modules (Appendix, Table 4). Volumetric flows are provided for the Aspen Plus® model 
streams to give some details for potential biorefinery development. 
 
It can be seen that the results compared favourably between the Aspen Plus® model and the 
MATLABTM model. In particular, the flow rates and compositions of the final sugar streams 
were very similar between models. Also, the flow rate of the A-sugar differed by only 1 kg/h. 
 
In addition to verifying the results, the tables provide detailed information on the various 
streams which can be used as feedstock for appending a biorefinery operation. Furthermore, 
steam streams are available at various temperatures and pressures which could be diverted 
(Guest, 2018). Table 2 compares selected cane characteristics and performance indices 
obtained from factory data with those from the MATLABTM (Starzak and Davis, 2016) and 
Aspen Plus® models3, showing excellent agreement. The factory data shown are mean 
average values for the 2014/2015 season from seven sugar mills across South Africa (Starzak 
and Davis, 2016). The standard deviations of factory data are given for comparison. 
 

Table 2. Selected cane characteristics and performance indices. 
 

 Factory 
Standard 
deviation 

factory data 

MATLABTM 
model 

Aspen 
Plus® 
model 

Cane characteristics (specified) 

Cane flow rate t/h 244.18 70.41 244.18 244.18 

Cane sucrose % 14.19 0.35 14.17 14.17 

Cane refractometer brix 16.67 0.34 16.44 16.44 

Cane apparent purity (DAC) 85.31 0.55 85.27 85.27 

Cane fibre % 15.12 1.24 15.06 15.06 

 
 

Continued… 

 
  

3 Further details on how the performance indices were derived can be found in Guest, 2018. 
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Table 2. (continued). 
 

 Factory 
Standard 
deviation 

factory data 

MATLABTM 
model 

Aspen 
Plus® 
model 

Performance indices 

Sugar extraction 96.77 0.44 96.75 96.75 

Bagasse pol 1.47 0.20 1.48 1.48 

Bagasse moisture % 50.86 1.54 50.96 50.96 

Bagasse fibre % 46.75 1.79 47.39 47.39 

Imbibition % on fibre 307.71 37.25 295.38 295.38 

Extraction pol factor 98.76 0.82 100.00 100.00 

Extraction brix factor 100.23 0.73 99.94 99.94 

Draft juice % on cane 113.79 6.13 114.41 114.41 

Draft juice refractometer brix 14.02 0.69 13.92 13.92 

Draft juice apparent purity 85.13 0.46 85.17 85.17 

Draft juice true purity 86.21 0.42 86.22 86.22 

Draft juice suspended solids, % DJ 0.45 0.37 0.39 0.39 

Clear juice refractometer brix 13.76 0.73 13.70 13.70 

Clear juice apparent purity 85.13 0.82 85.49 85.48 

Filter cake % on cane 3.25 2.65 3.73 3.73 

Syrup refractometer brix 65.34 4.13 65.25 65.26 

A-massecuite (pan), m3/ton DJ brix 1.05 0.09 0.99 1.04 

A-massecuite refractometer brix (pan) 92.64 0.26 92.5 92.49 

A-massecuite apparent purity (pan) 85.68 0.72 85.6 85.61 

A-molasses apparent purity 69.55 1.89 70.00 70.03 

B-massecuite (pan), m3/ton DJ brix 0.4 0.05 0.37 0.40 

C-massecuite (pan), m3/ton DJ brix 0.27 0.03 0.26 0.29 

C-molasses @ 85 brix % on cane 4.34 0.30 4.30 4.30 

C-molasses refractometer brix 81.92 1.98 81.93 81.96 

C-molasses apparent purity 35.86 1.17 35.76 35.71 

Remelt apparent purity 85.49 0.64 85.54 85.56 

A-exhaustion index 61.66 4.01 60.77 60.73 

B-exhaustion index 61.14 1.95 60.21 60.29 

C-exhaustion index 52.70 3.03 52.52 52.62 

Dry A-sugar pol 99.41 0.08 99.41 99.41 

Dry A-sugar moisture % 0.08 0.02 0.08 0.08 

Boiling house recovery 85.65 1.90 85.74 85.75 

Cane-to-sugar ratio 8.48 0.31 8.40 8.51 

Steam-to-cane ratio 0.43 0.04 0.40 0.40 
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Preliminary results for application of the Aspen model to biorefinery questions 
 
Effects of diverting an intermediate stream (clear juice) 
 
To test the predictive capabilities of the model, a number of case scenarios were described, 
including an increase of imbibition flow rates, changing the cane throughput and varying the 
cane purity (Guest, 2018). For biorefinery operations, the effect of diverting a portion of the 
clear juice (10 and 20%) on the remaining mill operation was investigated. Figure 10 shows 
the effect on the bagasse flow rate available to the biorefinery on diversion of clear juice, 
where it can be used either as a feedstock or a fuel. It is interesting to note that there is limited 
change between 10 and 20% due to other demands for steam in the milling process. The 
same amount of cane is still being processed and this requires a large portion of steam to 
power the mechanical drives. 
 

 
Figure 10. The effect of diverting a percentage of clear juice on the  

bagasse flow rate available to a biorefinery. 

 
Figure 11 shows the results of diverting clear juice on the amount of dry sugar produced. The 
change in dry sugar flow rate between no diversion and 20% diversion is 6.717 t/h. Assuming 
a milling season of 252 days per year and a global sugar price of R4465/t, this leads to a loss 
of revenue to the mill of R181.4 million per year. Also, there would be a drop in molasses 
production of 1.2 t/h. Assuming the price of molasses to be R877.5/t, this leads to a further 
loss of R6.4 million per year. Simply put, a potential biorefinery product based on 20% clear 
juice would have to return at least R187.8 million per year, in order to be as viable as producing 
sugar only.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. The effect of diverting clear juice on the flow rate of dry sugar. 
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Conclusions 
 
It was possible to model a ‘generic’ South African sugar mill in Aspen Plus®. For a cane 
throughput of 244.18 t/h, the results compared favourably with the MATLABTM model and with 
real factory data.  
 
Boiling point elevation and crystallisation are key factors in the simulations of sugar mills. The 
vapour-liquid equilibria were correctly predicted by the UNIQUAC model using the coefficients 
developed by Starzak and Sizhou (2015). Starzak and Davis (2016) also developed an 
exponential equation for the solubility coefficient of sucrose.  
 
In order to create an independent, predictive model, the mathematical structure of the Aspen 
Plus® model had to be modified. A different process had to be used to model the vapour bleed 
splitter from the third effect evaporator.  
 
Analysis was made with diversion of portions of clear juice to a biorefinery to show the effects 
on the rest of the mill in terms of bagasse flow and lost sugar revenue. Such types of 
assessments help in decision making for biorefinery operations. Examples of aspects that can 
be considered are which mill stream to divert, the quantity to be used, as well as the minimum 
revenue that an additional product would have to generate. The model also helps in the 
determination of the amounts of bagasse becoming available for either producing energy for 
the biorefinery, or downstream conversion to other products.  
 

Acknowledgements 
 
The authors acknowledge the Sugarcane Technology Enabling Programme for Bioenergy 
(STEP-Bio), a public-private partnership between the South African Sugarcane processing 
industry and the Department of Science and Technology’s Sector Innovation Fund, the Sugar 
Milling Research Institute NPC, as well as the University of KwaZulu-Natal for funding. This 
work is based on the research supported in part by the National Research Foundation of South 
Africa (Grant number: 115465). For input and discussions, the authors are indebted to D Love, 
P Naidoo, Dr K Foxon and S Davis. 
 

REFERENCES 
 
Bonomi A, Cavalett O, Pereira da Cunha M and Lima M (2016). Virtual biorefinery: An 
optimization strategy for renewable carbon valorization. Springer, pp. 319. 
Dogbe E, Mandegari M and Görgens J (2017). Exergetic diagnosis and performance analysis 
of a typical sugar mill based on Aspen Plus® simulation of the process. Elsevier: Energy 145 
(2018) pp 614-625. 
Guest KL (2018). Development and verification of an Aspen Plus® model of a sugarcane 
biorefinery. Durban: UKZN, School of Chemical Engineering. 
Guthrie A (1972). Sugar factory material balance calculations with the aid of a digital computer. 
Proc S Afr Sug Technol Ass 46: 110-115. 
Hoekstra R (1983). A flexible computer program for four-component material balances in 
sugar industry boiling houses. Int Sug J 85: 227-232 and 262-265. 
Hoekstra, R (1985). Program for simulating and evaluating a continuous A-sugar pan. Proc S 
Afr Sug Technol Ass 59: 48-57. 
Hoekstra R (1986). Simulation of effect of different values of operating variables in a 
continuous pan. Proc S Afr Sug Technol Ass 60: 84-93. 
Hubbard G and Love D (1998). Reconciliation of process flow rates for a steady state mass 
balance on a centrifugal. Proc S Afr Sug Technol Ass 72: 290-299. 
Mafunga W, Ferrer S and Stark A (2017). The development of a partial equilibrium economic 
model of the South African sugar industry in a biorefinery scenario. Proc S Afr Sug Technol 
Ass 90: 406-410. 

Guest K et al Proc S Afr Sug Technol Ass (2019) 92 : 254-273

270



Mandegari MA, Farzad S and Görgens J (2016). Economic and environmental assessment of 
cellulosic ethanol production scenarios annexed to a typical sugar mill. Elsevier: Bioresource 
Technology 224 (2017) 314-326. 
Naidoo P, Lokhat D and Stark A (2018). S-BEAT: A preliminary cost estimation method for the 
sugarcane biorefinery. Proc S Afr Sug Technol Ass 91: 256-274. 
Peacock S (2002). The use of Simulink for process modelling in the sugar industry. Proc S Afr 
Sug Technol Ass 76: 444-455. 
Petersen A, van der Westhuizen W, Mandegari M and Görgens J (2017). Economic analysis 
of bioethanol and electricity production from sugarcane in South Africa. Wiley: Biofuels, 
Bioprod Bioref 12: 224-238 (2018). 
Reid M and Rein P (1983). Steam balance for the new Felixton II mill. Proc S Afr  Sug Technol 
Ass 57: 85-91. 
Smith GT, Davis SB, Madho S and Achary M (2015). Ninetieth annual review of the milling 
season in Southern Africa (2014/15). Proc S Afr Sug Technol Ass 88: 23-54. 
Starzak M (2017). Biorefinery Techno-Economic Modelling. Validation of a standalone sugar 
mill model using factory data. Sugar Milling Research Institute Technical Report No. 2259, 8 
March 2017, 118 pp. 
Starzak M and Davis S (2016). MATLABTM modelling of a sugar mill: model development and 
validation. Proc S Afr Sug Technol Ass 89: 517-536. 
Starzak M and Zizhou N (2015). Biorefinery Techno-Economic Modelling Sugar Mill and 
Ethanol Distillery Process Model. Sugar Milling Research Institute Technical Report No. 2210, 
6 March 2015, 132 pp. 
Stolz N and Weiss W (1997). Simulation of the Malelane and Komati mills with SUGARS 
simulation software. Proc S Afr Sug Technol Ass 71: 184-188. 
Vavrinecz G (1962). Neue Tabelle über die Löslichkeit reiner Saccharose in Wasser. Z. 
Zuckerind 12: 481-487. 
Vavrinecz G (1965). Bildung und Zusammensetzung der Rübenmolasse – I. Die Gleichung 
der Löslichkeit. Z. Zuckerind 15: 70-74. 
 
 
  

Guest K et al Proc S Afr Sug Technol Ass (2019) 92 : 254-273

271



APPENDICES 
 
Tables 3 and 4 give the stream results of the MATLABTM model as compared with the Aspen 
Plus® model. 
 
 

Table 3: Comparison of selected streams of the extraction and clarification  
modules showing compositions and properties (MATLABTM vs. Aspen Plus®). 

 

Model: 
MAT-
LABTM 

Aspen 
Plus® 

MAT-
LABTM 

Aspen 
Plus® 

MAT-
LABTM 

Aspen 
Plus® 

MAT-
LABTM 

Aspen 
Plus® 

Stream: Cane Cane Bagasse Bagasse 
Clear 
Juice 

Clear 
Juice 

Filter 
cake 

Filter 
cake 

Stream property                 

Temperature (oC) 27 27 64.5 64.5 99.8 99.9 90.7 93.9 

Pressure (bara) 1.01 1.01 1.01 1.01 2.39 2.39 1.01 1.01 

Mass flow (kg/h) 244180 244180 75320 75318 A 281670 281669 9110 9111 

Volume flow  (m3/h)   202.9   47.1   294   15.8 

Mass flows  (kg/h)                 

Water 167334 167334 38383 38382 243138 243139 6377 6377 

Sucrose 34602 34602 1122 1124 33322 33333 225 225 

Non-Sucrose 5469 5469 121 119 5211 5198 174 174 

Fibre 36776 36776 35694 35693 0 0 1570 1569 

Lime 0 0 0 0 0 0 765 766 

Crystal 0 0 0 0 0 0 0 0 

Mass Fractions                 

Water 0.6853 0.6853 0.5096 0.5096 0.8632 0.8632 0.7 0.7 

Sucrose 0.1417 0.1417 0.0149 0.0149 0.1183 0.1183 0.0247 0.0247 

Non-Sucrose 0.0224 0.0224 0.0016 0.0016 0.0185 0.0185 0.0191 0.0191 

Fibre 0.1506 0.1506 0.4739 0.4739 -- -- 0.1723 0.1723 

Lime -- -- -- -- -- -- 0.084 0.084 

Crystal -- -- -- -- -- -- -- -- 

Calculated property Cane Cane Bagasse Bagasse 
Clear 
Juice 

Clear 
Juice 

Filter 
cake 

Filter 
cake 

Sucrose (%) 14.17 14.17 1.49 1.49 11.83 11.83 2.47 2.47 

Sucrose (Fibre-free 
basis) 

16.68 16.68 2.83 2.84 11.83 11.83 2.98 2.98 

Dry Solids (Fibre-
free basis) 

16.41 16.41 1.65 1.65 13.68 13.68 4.38 4.37 

Pol (%) 14.02 14.02 1.48 1.48 11.7 11.71 2.31 2.3 

Refractometer Brix 
(Fibre-free basis) 

19.36 19.36 3.14 3.14 13.7 13.7 5.9 5.89 

Brix (refractometer) 16.44 16.44 1.65 1.65 13.7 13.7 4.88 4.88 

Apparent purity (%) 85.26 85.26 89.62 89.73 85.45 85.48 47.23 47.19 

 

A Bagasse flow rate after dewatering mills 
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Table 4: Comparison of selected streams of the evaporation, crystallisation and drying 
modules showing compositions and properties (MATLABTM vs. Aspen Plus®). 

 

Model: 
MAT-
LABTM 

Aspen 
Plus® 

MAT-
LABTM 

Aspen 
Plus® 

MAT-
LABTM 

Aspen 
Plus® 

MAT-
LABTM 

Aspen 
Plus® 

Stream: Syrup Syrup 
A-

sugar 
A-sugar 

C-
molasses 

C-
molasses 

Dry 
sugar 

Dry 
sugar 

Stream property                 

Temperature (oC) 58.7 58.6 56.2 56.2 56.1 56.1 35.9 35.9 

Pressure (bara) 0.16 0.16 1.01 1.01 1.01 1.01 1.01 1.01 

Mass flow  (kg/h) 58350 58191 29080 29081 10890 10878 28860 28867 

Volume flow  (m3/h)   46.8   18.5   8.1   18.2 

Mass flows  (kg/h)                 

Water 20533 20464 236 236 2277 2272 23 23 

Sucrose 32629 32563 628 629 3534 3529 78 79 

Non-Sucrose 5187 5165 137 137 5078 5077 139 137 

Fibre 0 0 0 0 0 0 0 0 

Lime 0 0 0 0 0 0 0 0 

Crystal 0 0 28080 28078 0 0 28620 28628 

Mass Fractions                 

Water 0.3519 0.3517 0.0081 0.0081 0.2091 0.2089 0.0008 0.0008 

Sucrose 0.5592 0.5596 0.0216 0.0216 0.3245 0.3244 0.0027 0.0027 

Non-Sucrose 0.0889 0.0888 0.0047 0.0047 0.4663 0.4667 0.0048 0.0048 

Fibre -- -- -- -- -- -- -- -- 

Lime -- -- -- -- -- -- -- -- 

Crystal -- -- 0.9656 0.9655 -- -- 0.9917 0.9917 

Calculated property Syrup Syrup 
A-

sugar 
A-sugar 

C-
molasses 

C-
molasses 

Dry 
sugar 

Dry 
sugar 

Sucrose (%) 55.92 55.96 98.72 98.71 32.45 32.44 99.44 99.45 

Dry Solids (%) 64.81 64.83 99.19 99.19 79.09 79.11 99.92 99.92 

Pol (%) 55.32 55.36 98.69 98.68 29.28 29.27 99.41 99.41 

Refractometer °Brix  65.24 65.26 99.23 99.22 81.94 81.96 99.96 99.96 

Apparent purity (%) 84.79 84.82 99.46 99.46 35.74 35.71 99.45 99.46 

Mother liquor (ML) 
flow (kg/h) 

-- -- 1000 1003 10890 10878 240 239 

Sucrose in ML (%) -- -- 62.79 62.74 32.45 32.44 32.53 33.07 

Dry solids in ML (%) -- -- 76.45 76.44 79.08 79.11 90.36 90.49 

True purity in ML (%) -- -- 82.13 82.08 41.03 41.01 36.00 36.54 
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