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EXECUTIVE SUMMARY 

Cogeneration is a core part of the SA sugar industry operations. Most factories in SA already 

cogenerate, but not to their full potential. Improving cogeneration through better energy 

utilisation than the usual status-quo can potentially enhance profitability. However, investment 

in cogeneration in the sugar industry is not taking place and although factories have proven to 

be able to produce excess power, many are not selling it back to the national grid.  

This research aimed to further the understanding of the SA sugar industry cogeneration options 

with the use of techno-economic modelling methods over a planning horizon extending to 2040. 

The methodological approach adopted for the study, configures the industry’s cogenerating 

system, and allowed the adoption of additional options likely to play a role in assisting 

cogenerating performance in 2025. Some cogenerating technologies that were explored were 

back-pressure and condensing extraction steam turbines, as well as, high-efficiency gas engines 

in open and closed cycles. 

The least-cost optimizing TIMES modelling framework was used to evaluate the cogeneration 

investment decision for different cogeneration configurations under different scenarios, and to 

capture some of the uncertainties faced by the industry. Each scenario was evaluated using a 

set of techno-economic indicators, justifying the viability of technological implementations in 

cogenerating system pathways.  

Focusing on these transformative pathways highlighted diversification cogenerating options, 

whilst simultaneously ensuring the fulfilment of the industry’s sugar production obligations, for 

the domestic as well as foreign market under pressure from competitive forces.  

Input data for model parameters stemmed from literature and information sources applied to 

Microsoft excel spreadsheets calculations. Analysed outcomes were scrutinised using tableau, 

which generated output data from iterating modelled power purchase agreement (PPA) and 

break-even tariff determinations.  

The assessment of generated transformative pathways was compared to metrics from other 

sugar-producing countries, with successfully diversified mills, using evaluated scenarios to 

emphasize the unit costs per energy in R2015/KWh.  
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Research findings showed cogeneration feasibility at subsidised tariffs of between 1.20 and 1.76 

R/kWh for steam turbines and gas turbines in open cycles, with combined-cycling from 

intergrated bagasse gasification being feasible from 1.20 to 1.37 R/KWh. Feasibly installed CHP 

technologies were concluded to have potential magnitudes of between 350 up to 800 MWe 

depending on the scenario. 
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1 INTRODUCTION 

  PRIMER 

Cogeneration has been an integral part of energy provision in sustaining civilisation’s survival 

and existence over the past century [1]. For decades, it was acknowledged as a dependable 

technological principle since its inception at the first plant by Thomas Edison’s Illuminating 

Company, which provided New York City with street lighting and steam for industrial heat use in 

1882 [2]. Coincidentally, the unfortunate lack of sustainably adequate energy conservation by 

humans, has led the earth on a trajectory causing adverse climate change effects. This is added 

to the continuous exhaustion of the finite resources responsible for energy provision [3].  

Referred to commonly as ‘combined heat and power’ or simply CHP, cogeneration is defined as 

the concurrent production of more than one form of energy from a solitary fuel source [4], or the 

production of electricity and useful thermal energy from a common energy or fuel source [5]. 

Cogeneration usually involves both power and thermal output for use in industrial heating and 

electrical applications. Recycling waste heat streams for re-use, can also substantially increase 

cogeneration efficiency [2]. 

Generally, it is classified by co-product, by-product, waste product or residual product when 

coupled with some underlying industrial process of the host plant [4]. The application of extra 

thermal energy for cooling purposes enables ‘trigeneration’ which combines cooling, heating, 

and power [4]. CHP units are commonly categorised according to the nature of their application 

as either electricity generators, prime-movers (engine or drive system propelling the electricity 

generator creating usable and recoverable heat) or heat recovery or control systems [6]. The 

main types of prime-movers are ‘steam turbines’, ‘gas turbines’, ‘reciprocating engines’, which 

are applied to all situations where mechanical energy is directly initiated by combustion from the 

fuel or the initially formed steam [6].  

  MOTIVATIONAL CONTEXT  

Cogeneration may hold an important part in the country’s future energy requirements. The 

existing SA sugar industry could offer opportunities from their CHP production and facilities can 

play a role in supplying additional electricity to the national grid [7]. Subsequently, being already 
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predominantly rural-based. Improvements in its involvement for addressing electricity supply 

could also moreover help access problems in these areas, crucially contributing towards 

development efforts. Despite SA maintaining a continuous improvement in providing electricity 

access with figures at about 91.7% of the population according to the World Bank Group in 2018 

[8]. However, a major fact is that shortages from load-shedding were still rampant at that time. 

Hence, any additional electricity supply support would therefore be incessantly required if 

available. Most mills are based in KZN (KwaZulu Natal), a province where electricity access was 

found to be among the least at 83.5% in 2019, together with the North West (83.7%) and 

Gauteng (77.7%). Compared to Limpopo (92.7%), Northern Cape (91.7%) and the Free State 

(91.2%) [9]. This lower figure was attributed to problems stemming from infrastructure 

underinvestment, lack of adequate income population growth and geographical landscape 

issues. These issues hampered Eskom by preventing it from effectively sustaining mounting 

demand [10]. 

Meanwhile, extensive fossil fuel consumption continues to prove to be incompatible with 

developmental matters in emerging economies [11]. SA is still extensively dependent on coal It 

enacts around a 75% share of the overall national fossil fuel-based consumption figure (Which 

is around 90%), for primary energy resources [12]. With coal-based utilities in decline, the 

commodity’s continuous economic contribution is coming at the considerable intensification of 

GHG emissions (with SA being one of the highest CO2 per capita emitters in the world) [12]. 

Prompting a diversion from this current situation by switching to cleaner, renewable alternatives 

is as critical as ever [13] and, the industry’s cogenerating capabilities are well-positioned to viably 

transform and contribute to national energy security [14].  

SA sugar industry CHP potential may provide an additional path for curbing national GHG 

emissions given the prerequisite responsibility of adhering to the Paris agreement. As 

decarbonisation compliances emerge on the horizon, continued falling RE costs and further 

electricity tariff hikes may look like a much-needed blessing in disguise for an industry being 

described to be at crossroads [15].  

As a result, motivation for cogeneration viability studies is increasing with initiatives advocating 

for the transformation of the sugar industry underway. Industry representatives proposing the 

phasing out of protectionist strategies in order to stimulate competitiveness in the industry were 
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part of efforts to finalise a diversification plan to be implemented in 2020. Assembled inter-

departmental task teams instructed to report to the government will be giving knowledge on the 

amendment of the SASA (South African Sugar Association) constitution and the sugar industry 

agreement [16].  

Commitment to long-term optimal development and inclusive growth is key for transformational 

growth so proposed implementations mandated for diversification project options to be derived 

as part of a 5-year draft transformation masterplan that includes: 

• The establishment of an ethanol fuel market by 2023 with large regulation potential based 

on cost-effectiveness. 

• Brownfields cogeneration electricity (small scale), provided during peak seasons 

increasing to a larger scale in 3 to 5 years (by 2025). 

• Systems involving biogas [16]. 

  BACKGROUND 

The Renewable Energy White Paper (REWP) of 2003 [17], set renewable energy 

implementation targets. However, this suffered from inadequate implementation plans, [18] 

despite Renewable energy feed-in tariff (REFIT) regulatory guidelines being published to spur 

government-supported statutory development procedures. Incentivised initiatives (through 

distributed investments over moderately low cost), were intended to boost biomass-based 

cogeneration technologies, by advancing competition with coal-based utilities, since their short-

term operating and maintenance costs were minimal despite surplus installed power generation 

capacity. Availed funds to assist this cause were unfortunately constrained by other 

predicaments because they were instead, employed to cover other national activities deemed to 

be of higher priority [19]. The 2010 Integrated Resource Plan (IRP) envisioned cogeneration 

deployment resolutions before 2016 on medium-term risk mitigation projects, as part of 

additional capacity for a Revised based scenario (RB). The computations did not account for 

associated water or emissions charges [20].  

This was to establish at least 1 GW (increasing to 2.8 GW in 2017) bearing in mind the 

Greenfields Program under the Independent Power Producers Procurement Program (IPPP), 

an RFB (Request for bid) was designed for CHP projects from the IPP (Independent Power 
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Producer) projects office in the SA DoE (South African Department of Energy in 2015) [21]. No 

reported developments from these initiatives have occurred during the time under consideration, 

despite Renewable Energy (RE) capacity undergoing cost reductions from policy support, 

causing economies of scale and investment attraction [14]. To date, the adoption of renewables 

is still low, hence the absence of considerable advancements, with less than 10% of targeted 

objectives having been achieved [22]. 

  PROBLEM DESCRIPTION 

Brazil as a key producer, holds a majority global sugar market share (of roughly 40% supply). 

Consequently, it often has periods of overproduction which results in saturated world stocks. 

During these times, fellow SA competitors [23] are usually affected, since this occasionally 

contributes towards increases in unsold stock within the domestic markets [24]. Faced with 

maintaining comparative production efficiency with other international players (including cheaper 

imports competing in the country due to low tariffs), this situation can be worsened by trade 

agreements and tariff quotas rates [41]. The adoption of sugar substitute products (such as high-

fructose corn syrups, saccharin, and aspartame), health concerns from excessive sugar 

consumption, and adverse weather patterns (drought, rainfall patterns, etc), are all impacting the 

SA sugar industry’s profitability. These complications threaten sustainability because they are 

attributed to corresponding restrictions in accessing major markets [41]. 

Moving the SA sugar industry towards energy transformation is needed, yet it is complicated. 

Several publications, conferences and gatherings have occurred with dialogue reaching a 

promising point during the National Parliament’s Portfolio Committee on Trade and Industry 

addressing questions on ‘Status on the matters relating to the sugar industry’ meeting held on 4 

September 2019 [16]. Stakeholder discussions on the industry’s transformational pathway came 

amidst many troubles that included Southern African Customs Union (SACU). Local market 

impacts between 2000 and 2019 shrank sugarcane harvests from 1.6 to 1.2 Mt, the lowest figure 

since 1983. This resulted in the sugarcane cultivation area correspondingly declining (evident in 

KZN which experienced a reduction from 60 to 43 MHa over the last 2 decades, at 2% an annum) 

[25], prompting farmers ceasing sugarcane investment in favour of a switch to other crops. This 

has led to job losses in the sector, despite improvements in refining efficiency and increased 

cane yield per unit area [16]. 
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To help combat these issues, the industry agreed to pursue sustainability via meaningful 

transformation. The aim is to move towards diversification, preventing further difficulties by 

proposing options as part of the National Economic Development and Labour Council (NEDLAC) 

Health Promotion Levy (HPL or ‘sugar tax’) process. This process involved governmental 

assurances in the Job Mitigation and Creation Plan (JMCP), inaugurated on 6 October 2016). 

The process proposed the establishment of regulated markets on ethanol fuel (by 2020), biogas 

and electricity (large-scale brownfields cogeneration during peak season by 2022), as well as 

open markets on long-term biochemical and bioplastic refineries [26]).  

 

Figure 1: The production of cane from the cultivation area under cane in the SA sugar 

industry since 2000 [25] 

Government gazetted mandatory blending regulations in the SA fuels bioregulatory framework 

(2020) emphasized ‘a minimum 2% bio-ethanol mandatory biodiesel blending into petrol and 

minimum 5% of biodiesel into mineral diesel (subject to locally produced biofuels)’ [27].  

The sugarcane value chain master plan 2030, published in 2020, acknowledged the long-term 

trend of declining volume and increased costs in the face of depressed global prices. Strategic 
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and competitive diversification options downstream, beyond sugar and molasses refining, were 

recognised as important for securing the industry’s long-term future between a 3-to-5-year period 

of intense focus and effort. This masterplan initiative compels an order for the agreement by 

industrial users and retailers to buy at least 80% of their sugar consumption from domestic farms 

and millers during the first year. This increases to 95% by 2023 as part of the drive to ensure 

that the local industry guards against its decline on falling volumes, partly due to competition 

from cheap, tariff-free imports from Eswatini, as well as, the new sugar tax [28]. This may not be 

enough to save the industry under instances of continued global sugar prices depression. 

The industry plans to focus mainly on diversification in four areas, which are cogeneration, 

biofuels (ethanol), agricultural residue beneficiation and biobased niche products such as 

bioplastics and biochemicals [29]. Biogas production from the anaerobic digestion of waste by-

products generated from the process outputs in the sugar industry can be a vital diversification 

option. The overall electricity generation potential can be estimated by summing up the potential 

yield for each substrate [30]. 

To hasten the leap of transformation in the industry, diversification initiatives hoping to expand 

upon current product offerings, must be driven by interaction amongst industry stakeholder 

groups, (some of whom had been previously disadvantaged). For an industry geared to 

contributing to more profitability and job creation, inclusively supporting, and developing black 

industrialists and black growers gives this enthusiasm more impetus.  

  AIMS & OBJECTIVES 

This research focuses on developing a dynamic model with a framework that produces 

dependable results for the analysis of the SA sugar industry, as its cogeneration system 

transforms towards increasing its surplus electricity provision.  

Since it is mutually a food and energy crop, sugarcane’s imperativeness in RE power source 

configurations is geared to concurrently contribute towards sustainable economic viability, 

energy provision and nourishment [31]. This study aims to analyse feasible options for 

cogeneration to increase the industry’s revenues.  

1.5 
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  RESEARCH QUESTIONS 

Undertaking a comprehensive investigation for this research, ought to provide insight into the 

cogeneration energy landscape in the SA sugar industry, through investigating the following: 

• What is the potential cogeneration capacity that is techno-economically feasible in the 

industry, if the existing system is upgraded to export more surplus power to the grid? 

• How do different CHP technological options compare in different sugar output scenarios?  

  SCOPE OF INVESTIGATION 

The research questions are to be answered with the help of an energy model. The modelling 

horizon covers the wider SA sugar industry value chain, extending from 2018 to 2040, 

considering annual average flows, quantifying energy utilization from the use of fossil fuels used 

when sugarcane is cultivated, transported, milled for sugar production, as well as, costs and 

revenues involved. All 14 SA sugar processing mills are amalgamated and not individually 

modelled, with only the ‘Brownfield’ projects under consideration. The industry value chain is 

split into several separate subcomponents, covering important energy commodities and 

processes contained in the industry. The input information modelled is tracked along the system 

pathways with costs assumed to be constant in real terms over time.  

The demand for sugar is given a hard constraint over the modelling horizon. It considers two 

scenarios for the domestic sugar demand at the base year (2012) levels, ramped up from 

2019/20 levels to 1.6 Mt in 2023 (in line with the sectoral masterplan), [32]  in line with the 

strategic trade protection clause on action commitment (number 5.33). Guided by these sugar 

demand scenarios, the model runs (based on computing least-cost techno-economic 

cogenerating pathways), and embraces a comprehensive outlook over the wider value chain. 

This is emphasised by the model’s transformative appeal, not only being particularly specific to 

the mill and factory setting, but also inclusively accommodating macro-economic and multi-

sectoral contexts into the industry’s cogeneration system dynamics. 

The research considers the whole energy value chain in the sugar industry, and does not focus 

exclusively on power systems, power electronics, power conversion or frequency control. It does 

not explicitly account for spatial-temporal features involved with constraints brought about by 

aspects involved with land use, site layout, arrangement, and design. The model briefly borders 
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upon energy management and overall system component sizing, rather than short term electrical 

and control system dynamics. 

The monetary unit adopted the 2015 Rand (ZAR2015) currency (whose average exchange rate 

was 12.77 when equivalent to the US$), with an 8% real discount rate being used when 

calculating all annualized cost assumptions.  

  BRIEF SYNOPSIS 

The rest of document is organised as follows:  

The second chapter (chapter 2) reviews the literature references and information, providing the 

applicable context for what is important to note when performing this investigation. It details the 

landscape of the sugar value chain, lessons from successful diversification in other states, as 

well as, the appropriate technologies applicable and system considerations.  

Chapter 3 explores the methodological approach used in the study.  

The results produced by the model are then analysed and discussed in Chapter 4, where existing 

system dynamics are compared with the potential outcomes generated from the model.  

Chapter 5 concludes the research study with the appropriate perspectives on generated 

outcomes and recommendations. Other important insights are provided for future development 

and work. 
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2 LITERATURE REVIEW 

  A BRIEF OVERVIEW OF THE SA SUGAR INDUSTRY 

Having existed for over a century and a half, the SA sugar industry makes an important 

contribution to the nation’s annual GDP (Gross Domestic Product), providing employment, and 

a source of foreign currency [33]. Valued at around R12 billion in 2016, it ranked 15th out of 120 

other sugar-producing countries worldwide [34], making it part of the most globally competitive 

players. The sector manufactures predominantly sugar at an annual average of usually between 

1.8-2.2 Mt for trade both in domestic and international markets [35], as well as a diverse range 

of other products [36]. The industry production area is located mainly in the eastern provinces 

of KZN (where nearly 95% of the cane crop cultivated is rain-fed) and Mpumalanga (where 

basically all cane grown is irrigated), as shown in Figure 2 [36]. Resident communities in the 

rural areas are key sustainability stakeholders that form part of the industrial footprint [24]. Large-

scale growers are responsible for 83% of the crop, whilst at least 25 thousand small scale 

growers account for 10%.  

Milling corporations also own estates that harvest at least 7% of the share [37], employing 

roughly over 7000 workers at 14 respective mills [38]. The industry milling sector comprises of 

6 main companies, including- Tongaat Hulett South (THS) Africa Ltd and Illovo Sugar South 

Africa Ltd (both owning 4 mills each), RCL Foods Sugar & Milling (Pty) Ltd (owning 3 mills), 

whilst the rest are Gledhow Sugar Company (Pty) Ltd, UCL Company (Pty) Ltd and Umfolozi 

Sugar Mill (Pty) Ltd (all owning a mill each) [24]. Tongaat Hulett owns its central stand-alone 

refinery in Durban. Malalane is RCL Foods’ white end mill. 

In the SA sugar industry, 4 of the mills are ‘white-end’ mills (mills with refineries that can produce 

refined sugar on their own (TIPS 2019 [39]). These are fitted with ‘back-end refineries’ and 

typically produce other refined products [40]. Factory mills designated as ‘stand-alone’ mills, 

produce raw brown sugar and molasses from cane [40]. In 2007, Rein noted that those mills with 

back-end refineries have 45% lower production costs compared to stand-alone mills [41]. In 

recent times, mills fitted with back-end refineries have become more popular due to energy 

utilization and production cost advantages [40]. Each mill’s cane crushing capacity (hourly) is 

detailed in APPENDIX A. The raw sugar produced is mostly refined before export via the sugar 
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terminal in Maputo, Mozambique, with the bulk of the exporting done via Durban port. The 

produced raw sugar that is not used for refining for export or direct consumption is sent to Durban 

(to be refined at the central THS refinery or stored at the SASA terminal) [39].  

 

Figure 2: A map of SA sugarcane production areas and mills in the northern-eastern 

provinces [42] 
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SA sugar industry regulation is the product of several legislations involving organisations such 

as the International Trade Administration Commission (ITAC), which investigates and submits 

recommendations to the Minister of Trade and industry about progress. Increased Dollar-based 

Reference Price (DBRF) levels are also gazetted by SARS, as a way of impacting employment, 

production, investment, and downstream effects, with the overall mandate of improving 

competitiveness within the industry environment.  

  CULTIVATING SUGARCANE IN SA 

Sugarcane is the world’s largest crop by quantity, with numerous species existing worldwide, 

having been cultivated since ancient times [37]. Scientifically known as ‘Saccharum officinarum’, 

this tall perennial grass identifies with the ‘Poaceae’ family and the ‘Andropogoneae’ tribe in the 

plant kingdom [43]. The plant consists of 4 main parts which are the roots, leaves, stalk, and 

stems. Stems constitute about 75% of the entire plant [37] and are crucial because inside them 

contains the high capacities of biomass yield and sucrose levels, which justifies sugar’s energy 

and food source theme [44].  

In SA, sugarcane is the second-largest field crop after maize from a gross value point of view 

[42], with growth averaging length of 4.25 m and around 5.1 cm thickness when ripe [37]. 

Harvests in SA have 12 to 16-month durations (usually from April up to December coinciding 

with the milling season). During this period, the plant sucrose content is at peak levels, especially 

during periods of cooler weather [45]. From the field, approximately 90% of the national crop is 

assumed to be traditionally harvested by first burning the cane to remove unwanted material 

together with weeds before hand-cutting. Harvested cane is sold to mills using Recoverable 

Value (RV) pricing systems, which incorporate non-sucrose impurities and fibre into the valuing 

formula, since sucrose content deteriorates rapidly soon after harvesting [33]. Transporting 

harvested cane to processing mills is mostly done by road using trucks and tractors, although 

occasionally by rail [46].  

  A BRIEF DESCRIPTION OF KEY OPERATIONS IN SA SUGAR MILLS & 

REFINERIES 

The recovery of raw sugar consists of two distinct departments, namely the milling section and 

boiling house. Processing commences soon after the arrival of the sugarcane delivery to a mill, 
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where a complex set of stages are performed in order to extract sucrose from stalks using steam 

produced from boilers in the boiling house [40]. A portion of this steam is channelled towards a 

series of liquid-solid separation steps that isolate the sucrose required [47]. The milling section 

contains workstations where the cane is shredded using a combination of knives acting as 

levellers for increasing surface area by breaking the exposed juice cells.  

In juice extraction there are usually 2 distinct methods which are either:  

1. mechanical (which involves multiple sets of 3 or more roller mills squeeze passing cane 

by applying pressure and draining juice out of ruptured cells), or  

2. diffusion (involves counter-current washing and leaching processes, forming the mixed 

juice stream processes for sugar recovery via crystallisation). Using the diffusion method 

in well designed and maintained mills can attain counter-current extraction efficiencies of 

even up to 98%. This method is the most common in SA mills (with an estimated installed 

capacity of roughly 80%) [48]. 

Both extraction methods make use of imbibition to treat the remaining fibres that still contains 

left-over juice which is further reduced, until ultimately the sugar remaining after the last 

extraction stage is lost in the leftover final bagasse [49]. This residual juice is diluted by the hot 

imbibition water to break cells that are still intact, dissolving the sugar retained by surface tension 

within the bagasse [50].  

The main thermal energy demand satisfied by the steam generated is in processes such as juice 

heating, crystallisation (concentration in the pan boiling) and evaporators [51]. A simplified raw 

sugar production process illustrating some of these different unit operations in the industry is 

featured in the process flow diagram outlined in APPENDIX N.  

Other common attributes that are typical for SA raw sugar factories are described as follows:  

• The annual milling season ranges in and around 8 to 10 months (from March/April to 

November/December) [51], typically taking anywhere between 210 to 290 days for factory 

Overall Time Efficiency (OTE) values being anywhere between 60-90%, depending on 

the mill and season [52] [53]. 
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• Cane crushing throughputs vary depending on the mill, usually averaging at capacities of 

around 300 t/h (with some larger mills reaching capacities as high as 550 t/h).  

• Steam boilers are co-fuelled, meaning they burn bagasse, wood chips and coal 

(supplementarily). Fuelling quantities vary per mill as a result of cane fibre content, factory 

process design and operating efficiencies attributes [51]. 

• Typically, SA sugar industry high-pressure (HP) boilers are assumed to produce 

superheated steam at average values pressure of around 3 MPa(a) and temperatures of 

about 450 °C [54]. However, general values for typical mills worldwide are assumed to 

operate under pressures ranging from between 4.5 and 6.0 MPa(a) [55], with operating 

temperatures estimates between 340 and 460 °C (averaging around 400 °C) [56]). At the 

higher pressure, steam is commonly ‘let down’ through a bypass valve, exhausting its 

pressure-flow, assisting the factory design handle differences in pressure-demand 

(high/low) [56]. Full exhaust steam pressure control at a steady value is critical, with ‘let-

down’ steam [57] ranging between 5 and 25% of the exhaust steam requirement, 

preferably closer to the higher value during normal operating modes [41]. 

• On average, boiler steam throughput is assumed to be just over 160 t/h for every 300 t/h 

of cane equivalent (0.533 t/tc) [51]. Most SA facilities are assumed to still use old 

technology consuming between 0.4 t/tc (for those considered to be efficient) to as much 

as 0.6 t/tc [58].  

• Steam coming from the boiler is usually exhausted by channelling through prime-movers 

to generate electricity. This is typically at standard pressure and temperature 

approximations of 0.2 MPa(a), and 120°C [51].  

• Mill power requirements range between 35 and 40 KWh per ton sugarcane milled [51], 

although initially, the DME (2004) approximated this to a 30 KWh per ton average [59].  

  COGENERATION SET-UP IN SUGAR INDUSTRY ENERGY SYSTEMS 

CHP energy systems designs for sugar factories are usually optimised for thermal demand, 

since expenses for surplus heat are much lower than for those conveying surplus electricity. 

These systems are thus somewhat principally considered as heat sources, with electricity 

treated as a spin-off instead [6]. After fulfilling factory demand, surplus energy can be utilised by 

downstream processes and/or exported to the electricity grid [48] (depending on thermal energy 
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procedure importance). Modern cogeneration systems are constructed upon the foundation of 

two principal sequences: 

• The ‘Bottom cycle’, where the essential thermal requirement is at high temperatures, and 

hence power generated is done through a suitable waste heat recovery system.  

• The ‘topping cycle’, where vital thermal requirements require low temperatures, 

therefore, power generation is performed first. Most facilities employ this cycle for their 

CHP set-ups [40]. 

Currently, the industry extensively uses the Rankine Cycle via the ‘topping’ sequence which 

necessitates thermal energy at the ‘higher temperature end’. This is because taking advantage 

of this higher-temperature level to initially produce electricity, means that the lower-level 

temperature rejected is still able to meet the thermal demand requirements further along the link 

downstream [60].  

  APPLICABLE SUGAR INDUSTRY CHP ENHANCEMENT MEASURES  

New installations of innovative technological equipment are justified only if the additional costs 

can be recovered from the CHP improvements. Switching to these newer solutions doesn’t 

always guarantee this [63]. To enable the conditions that ensure successful excess electricity 

provision to the national grid requires analysing different aspects, some of these aspects are 

described below. 

 TECHNOLOGICAL INSTALLATIONS FOR INCREASING ELECTRICITY OUTPUT 

Cogeneration configurations available to the sugar industry are as follows: 

• Back-Pressure Steam Turbines (BPST): are the most common type of electricity-producing 

steam turbines in the SA sugar industry. Unlike ‘gas’ or ‘micro’ turbines, steam turbines do 

not consume fuel directly. Instead, conventional steam turbines like BPST utilise the high-

pressure steam emanated from the boiler to propel the turbine blades, transferring power 

to a shaft which in turn supplies energy to a generator to produce electricity [61]. The boiler 

steam goes into BPST’s generating mechanical energy (inefficiently due to efficiency 

losses from gearing) or electrical power. In BPST-based systems, there is usually little to 

no surplus electricity provision, because of inefficiencies and underutilisation [50]. 
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Figure 3: An illustration of a back-pressure steam turbine cogenerating system flow 

diagram [61] 

• Condensing/Extraction Steam Turbines (CEST): are a unique type applied specifically for 

electrical power maximisation in applications, because they efficiently utilise a high 

proportion of the steam’s energy. Compared to BPST’s, they require less steam to generate 

the same amount of electricity under similar conditions. A somewhat significant 

disadvantage of CEST’s is that CHP factories must acquire the flexibility needed to change 

the power to heat ratio, or additional fuel, or accumulated bagasse, to allow the provision of 

surplus electricity during the off-season. This is because CEST’s condense the steam 

exhausted, eliminating the possibility of it being used in processes requiring thermal 

demand. This may result in the intensification of competition for high-pressure steam in 

factory processes’ thermal energy demand from the cogenerating facility. Therefore, 

effective management must be mandated in CHP systems containing CEST’s, to ensure 

that thermal energy demand is satisfied in tandem with profitability maximisation from 

optimal electricity supply [49]. 

 

Figure 4: A condensing steam turbine cogeneration system configuration in the sugar 

industry [62] 
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• Gasification: is converting carbon material to gas via incomplete reduction and 

combustion, resulting in a composition consisting of high CO, CO2 and H2 concentrations. 

Many different fuel types can be utilised. When utilised in the cogeneration cycle 

subsequently on top of the steam cycle, it generates electrical power at rates that exceed 

the 130 kWh/tc threshold, which is more than double current SA sugar industry practice 

[51]. The useful heat released by this arrangement is converted to vast quantities of 

mechanical energy, producing electricity. After cooling, the gas turbine exhaust output is 

recycled to the compressor [63]. Gas Turbine Cogeneration System systems utilise the 

Brayton cycle principle to compress heated atmospheric air which then expands, 

fabricating more energy than that consumed by the compressor [64]. Gas turbines are 

more flexible than steam turbines because they can accommodate different variations of 

electrical and thermal output ratios depending on the intended purpose. ‘Open cycle’ gas 

turbine systems make use of the ‘Open Brayton Cycle,’ where airflow circulation is 

unrestricted, delivering air to the combustion chamber via a diffuser where combustion 

fuel is injected and burnt. Open cycle units can function at ratios of outlet to inlet air 

pressures ranging from 15:1 to 30:1. The higher the temperature, the higher the 

efficiency, until a maximum value is reached. Bagasse digestion into biogas (high 

methane content) from digesters could be an example of how the sugar industry can 

approach this type of option. However, the high costs involved are likely to be a barrier to 

its development. 

 

Figure 5: Gas turbine in an open cycle cogeneration system configuration in the sugar 

industry [64]. 
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• Bagasse Integrated Gasification/Combined Cycle (BIG/CC) applications are best suited 

to ‘Closed or Combined Cycle’ gas turbine systems. In combined cycling system 

configurations, recovered flue gas heat content is used to heat steam to drive turbines. 

By deploying air within a restricted circuit, the heat is supplied to the bagasse gasification 

system via a heat exchanger, rather than as direct fuel combustion [63]. This process 

converts the bagasse fuel into combustible ‘energy-rich’ gas, using high-temperature 

thermochemical gasification processes.  

 

Figure 6: A simplified Bagasse Integrated Gasification & Combined Cycle CHP system 

configuration in the sugar industry [63]. 

 REDUCING PROCESS EXHAUST STEAM CONSUMPTION 

It is important to benefit from exhaust steam and boiler fuel savings, further helping the sugar 

industry offset bagasse and coal fuelling costs (whilst also potentially reducing live and exhaust 

steam) [65]. Significantly reducing energy consumption rate through exhaust steam reduction is 

possible and imperative [66]. Wienese and Purchase (2004) recognised that electricity export 

potential could be achieved by using steam consumption reduction and efficiency improvements 

[51]. Ensinas et al (2007) emphasised the advancement of excess electricity supply via mill 

steam demand reduction [67].  

The introduction of continuous equipment can be factored in place of batch systems prevalent 

within the SA sugar industry milling process. Factory efficiency improvement from energy design 

changes can be achieved from technologies that are available in certain categories (i.e., Plate 
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Juice replacing Shell & Tube Heaters). These types of equipment (provided they are kept clean), 

give more surface area per unit volume (mostly for plate heaters) meaning that theoretically, 

factories can operate on a lower delta temperature value (which is the difference between the 

flow and return water temperatures denoted as ΔT). They can also be used to replace 

conventional energy-intensive ones, enabling potential savings on specified steam consumption 

and cleaning costs [66].  

 IMPROVING BOILER ENERGY EFFICIENCY 

Boiler energy efficiency improvement through better heat recovery and excess air control, 

involves the addition of heat recovery equipment (i.e., economisers, air heater surfaces). 

Exceeding the usual boiler operating temperature and pressure limits correspondingly increases 

parameters like generated steam pressures, subsequently intensifying the maximum cycle 

temperature. For example, as the magnitude of the higher final temperature increases, steam 

consumption (per ton bagasse) lessens (excluding bagasse CV upsurges). For context, steam 

consumption is fixed by the factory’s thermal energy requirement in terms of flow and grade. By 

going to a higher pressure, more energy can be provided (i.e., for electrical power generation) 

without requiring more flow of steam. Beyond maximum thermal efficiency values (approximately 

occurring around the 500 °C mark and over), not much heat transfer to the maximum cycle 

temperature happens, because the system experiences a radical drop in latent heat. Therefore, 

the effectiveness of operations at these exceedingly high pressures begins to fall [35]. 

 ADDING EXTRA FIBROUS MATERIAL FOR FUELING PURPOSES 

Sugarcane agricultural residue (SAR), commonly referred to as ‘tops and trash’, could potentially 

be useful for other products, especially as extra cogeneration co-fuel supply. This material 

consists of tops, brown leaves, and other left-over cane matter. It is usually left in the field after 

cane harvesting since the relative mechanical and fuel costs are too hefty to accommodate after 

performing tasks that require its cutting and loading [68]. It may constitute as much as a third of 

the fibrous mass of the entire sugarcane plant [69].  

SAR is typically quite similar in nature to bagasse; however, compositions do vary a little. For 

instance, the moisture content is usually more prominent in bagasse than SAR [24], although 

there are parallels in calorific values, quality, and quantity. Taking this fact into consideration 
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means acquiring SAR has the potential of doubling cogeneration boiler fuel stocks [70]. Hence 

for this reason alone, it is imperative to investigate its economic value, [71] because its 

determinants affect mill practices. Thus, analyses are required to determine whether 

incorporating SAR for the benefit of increased power generated (perhaps as much as 60 kWh/tc) 

[72] outweighs the benefit to the farmer in sugarcane agricultural cultivation.  

 

Figure 7: The make-up of the sugarcane plant emphasising the extra parts harvested for 

energy production courtesy of F. Botha (Source: SASRI 2006 [73]) 

In SA, it is assumed that abandoning the burning practices maintained before harvests may 

result in as much as 80 to 90% SAR availability as a percentage of cultivated sugarcane [52]. 

Despite cogeneration fuelling benefits, it is important to note that burning the SAR facilitates 

harvesting. Whilst green harvesting without burning is preferable, this applies only if there is 
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some of the SAR left on the field to benefit the farmers, by contributing to weed control, erosion 

protection, moisture retention and fertilisation. Collecting SAR also has implications such as 

losses in efficiency and fertility in the cultivating fields over time [45]. Therefore, considering 

green harvesting options means that costs associated with SAR use are also connected with 

increased difficulty in harvesting, transporting, and collecting the SAR [56]. The SA bioenergy 

atlas renewable energy model estimates for potential biomass energy contributions in 2015, is 

shown in figure 8 [74]. 

Table 1: Cane vegetative structure (% dry matter) [51] 

Constituent Total plant (% weight) 
Part growing above ground (% 

weight) 

Stalk (clean) 50 59 

Tops 10 12 

Leaves 25 29 

Roots 15  

Total 100 100 

With recent technological advancements, all parts of the sugarcane plant are now convertible 

into energy. Consequently, improving cane yield by hastening wanted qualities (herbicide 

tolerance, diseases and pest resistance, cold and drought clemency), has become crucial for 

satisfying mounting mandates accordingly [44]. Using genetically modified (GM) specimens, 

technologically assisted sugarcane could be pivotal for local and regional strategic 

transformations, by influencing the transnational backing for techno-scientific opportunities that 

benefit research communities within SA, as well as, worldwide [75]. According to studies by 

Purchase, Watson, and De Beer (1989-1990), hybrid GM species and different harvest 

techniques can idealistically increase fibre volumes, cane throughput and energy intensiveness 

at mills. Since a 1% fibre increase can result in as much as 13.34 kWh/tc of surplus electricity, 

high-fibre cane cultivated using GM engineering methods will likely contain varied fibre 

compositions of between 10 and 30%. [40]. Although high-fibre GM cane varieties may provide 

successful commercial development in sugar industry electricity and biofuel production [48], its 
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cultivation is expected to depart from traditional sugarcane production norms. This means that 

shifting research findings to the commercial scale may not always tally with experimental 

conditions [76]. Accordingly, any transfer and/or adaptation of new varieties will likely take some 

years to achieve [48]. 

 

Figure 8: Potential fibre availability from SAR (tonnage scale) in SA (Source: Bioenergy 

atlas for SA 2001 [74]) 

 BAGASSE ENRICHMENT 

Bagasse is the remaining fibrous matter obtained after processing sugarcane for juice extraction, 

and accounts for between 22 to 36% of processed cane weight [48]. After washing and drying, 

its typical make-up (chemical) comprises of high moisture content (40-50%), cellulose (40-55%), 

hemicellulose (20-25%), lignin (18-24%), ash (1-4%), waxes (<1%) [77] and sometimes minerals 
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[40]. It is an important constituent in sugar manufacturing mills, because it primarily fuels the 

cogeneration processes when incinerated in the boiler. The residue remaining after its 

combustion in the boiler house is ash [48].  

With fibrous material being the main constituent, increasing the gross CV of bagasse by almost 

a third is possible and this can be done by reducing its moisture content by approximately 20%, 

(from around the standard 50 to 52% to around 30%) [78]. At 0% moisture, the gross CV exceeds 

19 MJ/Kg, whilst at 48% moisture, it varies from 6 to about 9.9 MJ/Kg [31].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

There are various bagasse drying or dewatering processes [78]. Many of these applicable 

concepts depend on the equipment and parameters used. Mechanical methods use types of 

equipment such as solar, stationary, agitated, fluidized, converged and gravity dryers, which 

may be further classified into direct or contact dryers and indirect or non-contact dryers via the 

use of imbibition water (Diffuser). Chemical methods, although less efficient, are also possible 

(for example adding a high polymer of ethylene oxide and ‘polyoxy-propylene’ called ‘extrapol’). 

 

Figure 9: Bagasse pellets (at approximately 20% moisture content) after drying and 

densification [79] 

Bagasse suffers from storage difficulties due to its high susceptibility to chemical reactions, 

proneness to fermentation and slow internal combustion (which is a fire risk). The benefits of 

drying bagasse are that once it is dry, the increase in its CV also then allows it to be stored for 
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up to a year. Other reasons for burning bagasse stem from disposability and stacking problems 

since it contains a low bulk density (around 160 kgm4). Thus, material handling delinquencies 

limited to densification procedures such as ‘briquetting’, ‘pelleting’ and others [40] can be 

practised to save on equipment and facility costs [80] when possible. However, there is no 

current economic case for them in the SA sugar industry yet, due to a lack of incentive to do so, 

as well as, extra costs associated with the condition.  

Bagasse has been identified by the wider consensus within the sugar industrial realm as a 

product with the potential to generate profit if sustainably managed. It can assist cogeneration 

energy provision improvement if facilities consider manufacturing additional co-products 

originating after processing [51]. However, the resulting energy consumption (experienced when 

satisfying demands) intensifies as the use of bagasse for energy increases [41].  

 ENERGY SUPPLEMENTATION USING SOLAR TECHNOLOGIES 

Solar thermal technology applications in the sugar industry CHP systems may be able to provide 

cost-effective efficiency improvements [81] [65], by supplementing both thermal and electrical 

power demand required for processes. Defined as the conversion of energy from sunlight into 

electricity or heat, solar uses electromagnetic rays from the sun in the form of irradiance, to boost 

the efficiency of steam emanating from its collectors. It does this using photovoltaics (PV) or 

concentrated solar power (CSP) applications or a combination of both [82].  

It is estimated that for solar applications in SA, the solar potential possessed by the country is 

approximately twice as much as in central Europe (on the lowest annual sum of global solar 

irradiation determined from an optimally inclined surface). It is also comparatively higher than 

amounts received by other sugar-producing regions such as India and Brazil [65].  

Averaged, annual Global Tilted Irradiation/Irradiance (GTI) and Direct Normal Irradiation (DNI) 

values determined for each facility’s location are relatively constant over the yearly period, but, 

slightly higher during the summer months (from November to April, momentarily in line with 

milling season time frames) [65].  

Optimally integrating solar thermal systems into industrial set-ups is complex, since a plethora 

of considerations must be catered for. Many considerations are at play (i.e., evaluating efficiency 
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measures, thermodynamic calculations (which also include heat recovery thresholds), process 

optimisations, equipment characteristics, material design and planning, etc). Potential 

integration of almost all technologies in CHP facilities depend on the analysis of mass and 

energy flow models [83] and the identification of integration points (IP) where, the physical 

locations of key unit equipment (i.e., heat exchangers, conventional heating media, etc), can be 

replaced according to the predetermined integration criteria wanted. 

Research efforts dedicated to implementing solar applications in the SA sugar industry are 

embodied in works of Hess et al (2016). Hess (2016) identifies ranking criteria at sugar mill 

supply level for respective thermal demands at specific IP’s, for tasks such as boiler feedwater 

pre-heating, exhaust steam generation, bagasse drying, (as well as at processing level for raw 

sugar drying and clear juice heating [81] [65]).  

 TECHNOLOGICAL SYSTEM COMPARISONS FOR CHP INSTALLATIONS 

The different co-generation options available to the sugar industry in SA are summarized in 

Table 2, which gives some details about the type of systems that can be installed, their capacity 

range, thermal output quality, as well as, the types of fuel they can use. 

Table 2: Traits of applicable sugar industry cogenerating systems [84]. 

System Fuel type Operating 
mechanism 

Capacity 
range 

Thermal 
output quality 

Back-pressure steam 
turbines 

All Steam turbine 500 kWe < Medium grade 
steam. 

Condensation extraction 
steam turbines 

All Steam turbine 1 MWe < Multi-pressure 
steam. 

Gas turbines/ 
Reciprocating engine 
& open-cycle 

Biogas, natural 
gas, gas oil 

Gas turbine 1 MWe < High-grade 
steam. 

Biogas, natural 
gas, gas oil & 
heavy oils 

High-efficiency 
gas-powered 
engine 

100 kWe – 
20 MWe  

Low/medium 
pressure steam 

Integrated gasification 
& Combined cycle 

Biogas, natural 
gas, gas oil 

Several 
combinations of gas 
& steam turbine, 
prime movers 

3 MWe < Combustible 
gas for medium 
grade steam 

Concentrated solar 
thermal & other 
(hybrid) 

The sun, other 
(gas, etc) 

Supplementary solar 
thermal in 
combination with 
other technologies  

500 kWe < Any (depends 
on system 
requirements) 
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An overview of their respective advantages and disadvantages are detailed in Table 3.  

Table 3: Advantages & disadvantages of the type of CHP system installation [85]. 

Research on BIG/CC has proven that it is the most expensive, because large funding 

requirements are needed to ensure satisfactory results when compared with the rest of the 

options available for commercial application [48]. Currently, BIG/CC and solar CSP technologies 

are still deemed to be in a developmental stage, as   insufficient funding and technical information 

continues to inhibit progress worldwide. Nonetheless, long-term predictions anticipate 

competitive pricing modules that should positively and meaningfully contribute to CHP 

technological installation efforts [86]. 

  KEY PARAMETERS TO CONSIDER FOR CHP INSTALLATIONS 

 TECHNICAL VS ECONOMIC POTENTIAL 

According to Poole (2003) [87], “the concept of “technical” potential is not thus without an 

economic component”. Accordingly, Poole further emphasised that more realistic guesses 

involved “more rigorous” reviews on a sectorial cost and benefit analysis and are only useful 

under generated value ranges with the inclusion of sensitivity analyses. From this reasoning, 

Schaschke (2014) defines economic potential as the viability of the economic process expressed 

SYSTEM ADVANTAGES DISADVANTAGES 

Back-pressure steam 
turbines 

Multiple fuel input, mature, 
moderately low capital cost 

High O&M costs, low electrical 
efficiency 

Condensation extraction 
steam turbines 

Multiple fuel input, mature, 
moderately low capital cost 

High O&M costs, Moderate 
electrical efficiency 

Gas turbines/ 

Reciprocating engines 
(in an open cycle) 

Mature development, highly 
reliable, multiple state fuel 
input, low capital costs, 
moderate emissions 

High fuel costs, poor efficiency 
during loading, high O& M costs 

Bagasse integrated 
gasification & 
Combined cycle 

Mature development, high 
electrical efficiency, more 
flexible system design 

Feasibility only at a large scale 

Concentrated solar 
thermal & other 
(hybrid) 

More flexible system design, 
low O&M costs 

Feasibility only at large scale, 
high capital & installation costs, 
immature development  
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as the difference between costs and revenue attained in the absence of capital and operating 

expenditure [88].  

The technical potential in this research makes use of a definition from Dingle (2014) understood 

as ‘’the best possible engagement of a particular technology under conditions limited to its 

technological considerations’ [84]. Within a CHP context, these considerations include several 

factors (such as fuel supply and/or energy demand, etc). Economic considerations, such as 

costs, are not primarily factored into technical potential calculations because there are other 

limitations involved. Therefore, in the sugar industry the amount of power that can be 

theoretically generated (considering equipment and process design), is typically greater than 

that which can be generated at an economically sustainable price. This is because the value for 

economic potential is less than technological potential, hence, these stark differences mean that 

they must be thoroughly distinguished from each other [87]. Figure 10 shows the magnitude of 

how the technical potential of surplus generation increases with different levels of upgrades to 

the mill steam system. 

 

Figure 10: A depiction of the scale of increase in surplus electricity generation export 

potential after upgrading the mill steam system [89] 

Additional hikes on tariffs and costs may increase potential profitability margins. With excess 

bagasse being a critical factor in balancing electricity and heat production, this means that 
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existing factory designs (although currently adequate for self-consumption of energy), need to 

justify a return on investment if they want to sell surplus power. As a result, cogeneration 

opportunities are still prone to be hampered by issues such as inefficiency from back-pressure 

and low-pressure systems, seasonal provision, high investment costs and lack of incentives [90].  

Though not explicitly explored in this research but as noted by Peacock et. Al. [49], for sugar 

industries to remain profitable, they should increase sucrose recovery in their extraction plant by 

maximising imbibition water amounts applied to the cane, as constrained by the availability of 

fuel supply. Whilst a sensible principle for raw sugar recovery (when this single product is the 

only priority) on a larger scale, increased steam demand consumption results in increased 

imbibition. This means with the increased possibility, there is likely to be less steam available for 

CHP technologies. By contrast, the amount of cogenerated electrical power maximised by 

alternatively limiting the amount of imbibition applied to the diffuser or milling tandem, when 

necessary, can be a solution for this. This would avail a greater quantity of high-pressure steam 

for use in condensing turbo-alternators, albeit, with the risk of reducing the sugar recovery 

achieved. To ensure that facilities achieve maximum profitability, it may be necessary to optimise 

the amount of imbibition water applied to the extraction plant, whilst maintaining a balanced 

trade-off achieved between the sugar revenue and the earnings from the sale of electrical power. 

The optimal imbibition rate will be a function of the sales prices achieved for both raw sugar and 

electrical power, as well as, a function of the considered factory configuration. It is not advisable 

to extrapolate the results obtained in a study such as this one to other sugar mills, but rather the 

techniques demonstrated should be used to carry out similar optimisation studies on a case-by-

case basis. 

 POWER TO HEAT RATIO 

The power to heat ratio parameter defines the relationship between heat and power in an energy 

cogeneration system. The power to heat ratio varies according to each factory’s proportions of 

electrical and thermal capacities, design configurations, and arrangements [65]. Thus, the 

satisfaction of demands for each must be carefully constructed so that the suitable functional 

systems are met as best as possible. Sugar milling factories are generally set up to primarily 

gratify the heat load. Tailoring supply is manageable for different contexts if electricity supply for 

export is attractive and favourable. This may mean that peaks and variations in supply can 
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adequately be met during different times of the day, season or annually. Shortfalls in the 

electrical demand can be supplemented by grid supply and in the case of the SA sugar industry 

off-season, this option is commonly employed. Exhaust gas boost firing (heating up the gas that 

is already exhausted again back to a higher temperature), is also common to increase the 

thermal demand in times of shortages, boosting heat to power ratios of the cogeneration system 

to match the required load [91]. 

 COGENERATING EFFICIENCIES 

Every CHP system is subject to theoretical efficiency limits resulting from thermodynamic effects 

contributing to inevitable efficiency losses. In electricity transmission and distribution, losses 

from lines are prevalent. Mechanical power losses spring up during stages that are downstream 

from turbines, due to the extracted steam, regardless of the system set-up. Whether in BPST 

configurations or CEST systems (where a larger quantity of energy is stripped off), the exhausted 

low temperature and pressure steam channelled to the condenser also suffers losses attributed 

to the unrecovered latent heat of vaporization. 

Thermal efficiency is described as the amount of heat and electrical power output (including 

cooling in trigeneration systems) per unit amount of heat energy input. Electrical efficiency is 

also pretty much the same as electrical energy distribution, represented as a percentage of the 

overall energy input [92]. For emphasis on power generation in CHP, thermal and electrical end-

use in proximity with consumption zones supports the overall use of the primary fuel supply to 

supersede efficiency levels as high as 80% [93]. 

In CHP technological systems, thermodynamic calculations depend on the governing 

thermodynamic laws based on the overall system efficiency (which also depends on its 

configuration as a bottom or topping cycle, explained earlier in the chapter). Efficiencies 

increased from a rise in boiler steam temperatures, can instead result in amalgamated 

systematic increases. Boiler units catered for in the system are in proportion to the thermal share 

of the power to heat ratio. Therefore, per kWe of electricity produced, the boiler would be costed 

according to the overall thermal balance instead. 

Gas-fired CHP selections consider bagasse gasification conversion to syngas and bagasse 

anaerobic digestion conversion to methane-rich biogas. Applicable CHP prime movers make 
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use of the Carnot, Brayton and Rankine cycles depending on system configurations. 

Theoretically, using oxygen as a medium, steam gasification of bagasse can augment the 

syngas energy content from 13 to 15 MJ.m-3 at standard temperature and pressure [94] before 

purification treatment (CO2 and H2S removal). Calculated syngas is modelled according to 

energy flow that assumes burning with excess air. 

Table 4: A simple range of parameters for general cogeneration systems (Source: Bhatia 

2014 [91]) 

Cogeneration System CODE Heat to 

Power Ratio 

Electricity 

Output 

Overall 

Efficiency 

Units  (KWth/KWe) (per % fuel input) % 

Back-pressure steam turbine BPST 4.0-14.3 14-28 84-92 

Condensation extraction steam 

turbine 

CEST 2.0-10.0 22-40 60-80 

Bagasse integrated gasification – 

combined cycle 

BIG-CC 1.0-1.7 34-40 69-83 

Reciprocating engines/direct 

current motors/hydraulic drives 

RE/DCM 

/HD 

1.1-2.5 33-53 75-85 

Gas turbines (generally) GT 1.3-2.0 24-35 70-85 

For solar implementations, annual efficiencies are based on calculations estimated by Hess in 

the absence of storage. For a solar-powered live steam generation, Hess attributed that a CSP 

installation of area 106 336 m2 could peak performance supply of the entire power demand for 

a mill, (assuming 250 tc/h throughput and the boiler maintaining a thermal production capacity 

of 37 MWth). This means that Parabolic Trough Collectors could thus, match this value and yield 

roughly 1.11 GWhth/m2a of live steam. Modelling this value under the assumption, offers space 

to establish the solar array at respective mills. This notion is facilitated by an additional gauge of 

0.768 GWhth/m2a, resulting in an assumed 12 to 17% savings on seasonal and annual boiler 

energy production operations [81].  

When converting the fuel source into energy, CHP facilities can attain between 75 and 80% 

combined efficiency (sometimes up to 90% in modern configurations) [95]. For historical 
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reasons, many in SA don’t achieve values as high as these because they were not designed to 

do so. In this regard, several investigations on alternate boiler and turbine technological 

configurations for optimising surplus electricity export potential have been conducted by several 

researchers [51]. Botha and Von Blottnitz (2006) maintained that conversion efficiency estimates 

for steam to electricity could achieve values as high as 38% (with overall conversion efficiency 

of fuel energy to electricity being around 30% [96]).  

 THE TREATMENT OF COMPLEXITIES INVOLVED IN SUGAR INDUSTRY CHP 

The components influencing the complexity of modelling the SA sugar industry system can be 

illustrated in the flow diagram in Figure 11, based on studies by Mutanga and De Vries (2018) 

[97]. Arrows show the current flows of physical components within the energy system, show 

influential links affecting each of them. 

 

Figure 11: Complexity involved in modelling flows based on some of the transformational 

aspects in the sugar industry CHP value chain (Mutanga, De Vries (2018)) [97] 
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The resulting incentives to up the ante for surplus power supply predictably intensifies as 

activities increase in importance [127]. Some indirect effects (for instance, levels of bagasse 

stockpiling) are imperative during the milling season, because their economic importance 

becomes attractive for quantifying potential cogeneration investment (since it guarantees boiler 

fuel feedstocks). This is illustrated for example by bagasse processing like pelleting or 

briquetting for storage purposes, where after drying, prolonged storage durations extending 

beyond the milling season can still help sustain cogeneration. Tracking such sequences of 

influence helps to unpack the complexities involved [127]. 

  LESSONS FROM INDIA, BRAZIL & MAURITIUS FOR BENCHMARKS & 

INDICATORS 

In Mauritius, effective energy conservation and efficiency measures were implemented to 

minimise cogeneration energy utilisation in the cane milling factory. This facilitated surplus 

electricity provision to its national grid for transmission.  

Back in 2005, 10 out of the 11 mills in Mauritius exported electricity (roughly 318 GWh from 

bagasse) during the crop season (with 3 employing complementary coal co-fuelling), cultivating 

between 5 and 5.5 Mt sugarcane. The industry in Mauritius produced 0.55 to 0.65 Mt of sugar 

and 40% of the 725 GWh national electricity totals needed. This success was largely due to the 

collaboration and participation of all stakeholders involved with the government simultaneously 

facilitating appropriate guidelines along with the necessary legislative framework [98]. As of 

2019, only 4 mills were Independent Power Producers (IPPs) and supplied around 350 GWh of 

electricity from bagasse to the national grid [99]. It is important to also note that as an island 

nation with no other resources, power is more expensive in Mauritius, therefore, when comparing 

with the context in SA, it must be noted that the economic drivers differ. 

For the Brazilian economy, sugar is socio-politically vital. Its industry has thrived for several 

centuries [100]. With 2 annual harvests, it unanimously leads global production, yielding sugar 

and ethanol biofuels for local and export consumption all year round [101]. Pioneering energy 

sustainability in Brazil means that a little or 40% of the country’s energy is mainly derived from 

extensive renewable sugar industry sources, in relation to the worldwide average of 15%. 

Consequently, the country successfully transitioned from importing 80% of its total oil 
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consumption during the ’70s, paving the way for complete energy independence [102]. Over the 

past 3 decades, major technical advancements enabled its sugar industry to transform into 

modern, integrated refinery units, producing bio-fuel ethanol, sugar, as well as electricity, with a 

diverse range of several other value-added products [59].  

For biofuels, the progressive rise was sanctioned from multi-unit establishments collaborating to 

generate competitive advancements in clean energy programs. Thus, retailing surplus electricity 

during cane harvest season meant simultaneously manufacturing both sugar and ethanol. This 

prevailed until March 2008 when ethanol consumption surpassed that of gasoline, representing 

as much as 50% of fuel use in light vehicles (which are mostly flex-fuel vehicles at nearly 90%). 

This allowed the country reduce its GHG emissions by up to 90% without adversely affecting 

prices nor food supply. 

Table 5: Electricity surplus provision (per ton cane) achieved in some sugarcane milling 

plants in Brazil and India [103] 

Country Technology 

mode of 

configuration 

Temperature and 

pressure operating 

parameters 

Use of SAR 

(tops & 

trash) 

Electricity 

surplus 

Units  Bar °C Y/N KWh/tc 

Brazil BPST 22 300  No 0-10 

Brazil BPST 42 440 No 20 

Brazil BPST 67 480 No 40-60 

Brazil CEST 65 480 Yes (50%) 139.7 

Brazil CEST 105 525 Yes (50%) 158 

India CEST 667 495 No 90-120 

India CEST 87 515 No 130-140 

Through multiple research efforts augmenting ‘traditional CHP’ systems [62], Brazil managed to 

lessen irregularities by intensifying efficiencies through boiler upgrades and replacements, 

substituting lesser efficient turbines and prime movers with electric engines and high capacity 

shredders, reducing steam demand in both the sugar and ethanol production processes [104].  
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Free market rules permitted the launch of fees in accordance with demand and supply 

fluctuations, allowing the administration to achieve equilibrium throughout the sector. The 

conception of market tools (for instance, forthcoming trades or the progression of new prospects 

through removing isolationist barriers and advancing standards), made it possible to establish a 

global trade environment for commodities such as ethanol [60]. 

Table 6: Characteristic performance indicators shown for some typical sugar mills in 

selected countries 

INDICATOR UNITS SOUTH AFRICA 1&5 MAURITIUS 2 INDIA 3 BRAZIL 4 

Cane yield tc/Ha 62.06 71.9 64.5 77.0 

Milling season days 252 116 (Jun-Dec) 100-180 210 

Sucrose in cane % 13.46 12.1 11.5 - 15.0 14.0 

Fibre in cane % 15.41 15.3 12.5 - 15.0 12.9 

Average crush capacity tc/h 127 – 393 70 – 275 100 - 150 100 - 1500 

Cane to sugar recovery ratio  8.25 10.7 10.4 11.0 

Ave bagasse fibre  % 47.7 49.7 48.0 47.0 

Bagasse moisture % 50.2 48.6 45.0 50.0 

Boiling house efficiency % 96.8 98.9 88.0 - 

Reduced boiling house 

recovery 

% 

(Ave) 84.84 86.0 86.5 - 

Steam to bagasse ratio - 1.4 – 2.0 1.9 – 2.5 2.0 – 2.5 2.0 

Steam consumption kg/tc 520+ 550+ 420 – 480 450 - 550 

Power consumption KWhe/tc 30 – 35 28 – 32 25 28 

Surplus power generated KWhe/tc 0 – 5 30 – 126 30 – 130 0 – 60 

REFERENCES: 1. Mbohwa (2009) [56]  2. Deepchand (2005) [98] 3. Birru et. Al (2016) [50]  4. 

Santos et. Al. (2016) [105] 5. Mashoko et al (2010) [106] 

The tactic adopted in Mauritius promoted energy-efficient mass transportation systems based 

on hybrid technologies and cleaner energy sources, since its rainfed cane required less amount 

of land (around 0.12 Ha/tc compared with SA at about 0.15 Ha/tc). Higher Mauritian milling 

efficiencies ensure increased production (per unit energy consumption of co-fuel) [50] at a 0.3 

t/tc rate for bagasse. About 130 KWeh/tc of electricity is produced with steam consumed at 0.5 

t/tc (22.5 KWhth/tc) [107]. Mauritian high-pressure CHP systems utilise temperatures and 

pressures of up to 525 °C and 82 Bar, producing 75 to 140 KWhe/tc of surplus power. On the 

other hand, in SA, this ranges low between 0 and 15 KWhe/tc [40]. Potential replication of 
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successful experiences from Mauritius was deemed to be possible in other African sugarcane 

producing countries (Deepchand 2005) [98]. 

In India, some configurations use 67 Bar boilers at 495 °C, whilst Brazilian factories average 

around 40 Bars. However, they also encompass competitive ethanol refineries as additions 

developed into the national program. SA factories boiler upgrade options in table 6 are set at 82 

Bar and 525 °C.  

  OTHER STUDIES ON SA’s SUGAR INDUSTRY CHP POTENTIAL 

As far back 2005, sugar industry cogeneration had been poised to succeed. A 2013 publication 

by Conningarth Economists determined that surplus electricity generation from bagasse was 

lucrative and should be pursued as an additional income stream, together with the manufacture 

of fuel-grade ethanol, despite the absence of an essential statutory framework [108].  

In 2004, Wienese and Purchase estimated a total electrical capacity of 240 MW for the entire 

sugar industry, although, mills were configured for self-cogeneration [51]. Mashoko et. Al (2008) 

assessed that major SA sugar industry improvement for capacity generation using the best 

available technologies from Mauritius, meant implementations could result in 11 632 GWh of 

annual generation instead, which was around 5% of SA’s generating capacity [109]. Mbohwa 

(2013) appraised that the industry would be able to exceed the current annual production figure 

of 742 GWh by replicating the technology used in Mauritius (potentially increasing it to an 

estimate of 1378 GWh), hiking up the ton per cane crush output from 30 to 65 KWh/tc [35]. In 

2013, Mashoko et. Al. assessed that the SA sugar industry could potentially contribute 960 MW 

of electricity annually, basing these assumptions on the average yearly production rate of 

crushed sugarcane which was 20 Mt at the time [110].  

Mbohwa (2012) evaluated that for BIG-CC technology, cost assumptions were pegged at 

US$2500/KWe of installed capacity, increasing the electricity output more than tenfold. From this 

viewpoint, the sentiment was that during that time, few mills were exporting surplus electricity to 

the grid, therefore, there was a need to take advantage of high-pressure steam boilers and the 

abundance of bagasse produced by the industry through more efficient combustion processes. 

The potential output targets of power generated would then possibly achieve capacities of 

2.9 
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between 343 and 1255 MWe, reducing 8 Mt of CO2 from using less coal whilst producing 11 

TWh. All of this was subject to the appropriate electricity price per KWh [35]. 

Mbohwa further noted that best practice energy management would be necessary to increase 

the cogenerating process efficiencies in the industry. Ways to do this would involve adopting 

conservation and efficiency measures that would save money and reduce coal consumption, 

also coupled with process design improvement. Other measures included informing decision 

making and government policies to surpass the then industry value of annual electricity output 

production (742 GWh), most of which was mill self-consumption [35].  

Table 7: SA sugar industry potential in comparison with Brazil [105] and Mauritius [107] 

Technology type Power 

output per 

ton cane 

Cost of 

technological 

installation 

Electricity 

generated 

Units KWh/tc KW(US$) GWh 

Current technology in SA 30 - 742 

Current technology in Brazil 40 500-600 848 

Current technology in Mauritius 65 - 1378 

CEST cogeneration (all-year round) 150 600-800 3180 

BIG-CC  517 2500< 10960 

Almost a decade later, not much development with regards to the SA sugar industry 

cogeneration has occurred. Technological options identified as potentially promising in future 

are still under consideration. However, the electricity provision market landscape has drastically 

changed due to record cost drops in solar PV and wind over the years. Modern SA mills are still 

very inefficient, with lots of ground to make up before they reach existing high-pressure/high-

efficiency generating figures of 115 to 120 KWh/tc brought about by modern steam turbine 

cogenerating plants [111].  

Nowadays, mills are still generally reliant on designs that are based on self-generation as an 

initial standard feature and this is very prominent especially in SA. To better save costs and 

provide electricity supply security, Rycroft (2019) presumed that cogeneration in the industry 
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must move towards a state where the importance of electricity provision management becomes 

critical. In 2012, Seebaluck and Sobhanbabhu [48] attested that “on the processing side of the 

sugar industry, there was less likelihood for major success with regards to CHP improvement 

unless there is a breakthrough in the use of emerging equipment’’. Dedicated research efforts 

detailing success with cogeneration transformation within a very mature worldwide industry, 

means that factory performance in cane processing regions may have to incur sucrose losses 

(even to the extent of considering them negligible), in filter cake, molasses, and bagasse. This 

also means that a successful CHP system transformation can only be validated if the difference 

in overall sugar recovery from mills is beneficial to the resulting economies of scale. Hence, 

because the trade-off between higher energy production and increased losses in sucrose should 

not be greater, transformations must require established benchmarks to pay close attention to 

mill performance standards, when striving towards long-term targets to help the industry achieve 

its best practice goals. 

 THE SUGAR INDUSTRY IN THE SOUTH AFRICAN ELECTRICITY 

MARKET  

Traditional by-products are limited by market demands [112]. In the past couple of years, the SA 

sugar industry has experienced intensified periods where low global sugar prices have 

continuously plunged. A long-term outlook that is consistent with this status quo bases this fact 

on an average of 65% reduction from 34 to 12 cents (US$ currency) per pound from 2010 to 

2019. Hence, alternative income initiatives from cogeneration provide a welcome sense of 

optimism [113], since it provides an additional income stream less vulnerable to sugar price 

drops [112].  

In 2012, the National Energy Regulator for South Africa’s (NERSA) Electricity Supply Statistics 

for SA confirmed that there were at least 7 sugar mills accredited as licensed operating IPP’s (6 

dual-fired by coal and bagasse and 1 from bagasse only) [114]. Until 2014, at least 3 factories 

exporting electricity from cogeneration were confirmed by Smithers (2014) [115]. Fechter (2011) 

found that the sugar industry electricity exports to the grid could account for as much as 15% of 

the revenue if sugar processing viability improved. Around this time, these assumptions were 

based on the 2010 IRP’s adjusted bagasse fuel value modelled at 19 R2015/GJ (US$2.6/GJ). The 

absence of a comprehensive cost analysis for sugarcane fibre back then also confirmed that as 

2.10 
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a product with a significant commercial value, bagasse’s utilisation in cogeneration for surplus 

electricity would have to have a value complementing higher efficiencies if they sought to get 

higher viability. Consequently, inclusive stakeholders acknowledged that for potential options 

necessary for cogeneration improvements, competitiveness with coal-based generation had to 

be matched with the assistance of a sugarcane fibre tariff [116].  

 

Figure 12: Averaged price per kWh by Eskom from 1994 to 2020 [117] 

The base year revenue from electricity earnings was determined to only contribute between 1 

and 2% of all earnings. However, if the transformation of the scale seen by Mauritian standards 

are met, it could easily quadruple by 2025, in line with diversification goals. 

Historically, despite being ever-present on the sugar industrial scene, electricity exports to the 

grid from CHP was unviable in SA due to infeasibilities from excessive investment capital costs 

and unattractive rates of returns [51]. Within the value chain, this was mainly because of the 
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prevailing low grid-based electricity price. Lately, renewed interest has been prompted by the 

national utility (Eskom) experiencing difficulties in supplying reliable power and the more than 

doubling electricity price in real terms in the last few years. The approved 2019 IRP still offers 

biomass CHP industries a total of 499 MW for power provision to the future energy mix in 

accordance with the NDP [118]. 

Evaluating the economic viability of cogeneration options in a sectoral model requires 

determining what the projections of possible PPA price or electricity market price would be over 

that CHP plants lifetime. However, given all the uncertainties driving this, it is a non-trivial task. 

The REIPPPP tender process permits the loosening of the Eskom-held monopoly over the power 

industry and was designed for private sector investment into grid-connected renewable energy. 

This procedure enables the allowance for electricity sales back to the national grid despite the 

presence of price caps and capacity restrictions. Program implementations are subject to 

maximum allowable costs to sell back to the grid, meaning that these price caps also vary 

depending on the technologies applied.  

As of 2019, the latest version of REIPPPP bid window 4 [119] indicated that supply costs from 

solar PV and wind-based utilities were cheaper than coal-based supply, branded by the Eskom 

mean value. From 2020 onwards, the NDP plans for adding 7 GWe to the national grid from 

renewable energy operations were aimed at augmenting IRP aims to achieve 17.8 GWe by 2030. 

Successful IPP entities accepted into the program providing proof that they meet proposed 

developmental commitments, selling price assessments, IRR project evaluations and foreign 

exchange risks, are then liable to be subject to a 20-year PPA with Eskom. This is supported by 

an implementation agreement with the government to ensure payments are done [120]. For 

biomass and biogas-based CHP projects that are specifically in SA, the energy resource 

certainty concept maintains that bidders must provide documentary evidence by fuel supply 

agreement or market study to confirm the availability of fuel to meet the facilities demand for at 

least the first 2 years of operation. This also includes independent confirmation supporting this 

conclusion [120].  

Potential waivers for renewable technologies look to be promising, since base price charge 

increases have been granted to technologies such as CSP at around 270% daily during peak 
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hours (from 16:00 to 21:30 Hrs). Despite restrictions on capacity, bid windows for REIPPPP 

procurement have achieved tariffs as low as 0.79 R2015/KWh for solar PV, for capacities between 

1 and 75 MWe [120]. These tariffs are expected to continue decreasing to below these levels 

going forward.  

 COMPUTER BASED MODELLING METHODS IN SUGAR INDUSTRY CHP 

SYSTEMS 

CHP models established for the sugar industry provide insight into the complexities affecting 

these systems. Models don’t perfectly replicate real-world situations; however, they are very 

useful as they focus on problematic aspects in question by clarifying issues and improving 

transparency [121].  

Modelling criteria depends on its purpose (in this case contextualising the sugar industry CHP 

landscape). The comprehensive computer modelling methods for CHP enable the calculation of 

both the technical and economic potential involved. This permits the investigation of the best 

case whilst giving freedom to account for several different factors affecting the CHP context in 

question. Several modelling techniques based on computer software have been used to capture 

CHP systems by assessing the behaviour of technologies in a competitive energy market 

environment. Some of these approaches are summarised, providing an outline of what their 

research studies were trying to achieve and, the type of models used to obtain those findings. 

One example that estimates CHP potential involved research that was using the Canadian 

Integrated Modelling System (CIMS). It was employed in a study by Stickland, Nyboer et. Al 

(2002), showing the competition to supply economical process heat between boilers and other 

potential CHP technologies. The addition of competing for CHP technological options was 

demonstrated by this CIMS approach, proving the rigorous and flexible nature of computer 

modelling techniques at a national scale [122]. 

Wickart and Madlener (2004) used computer-based modelling to compare CHP feasibility, 

importantly testing for both against conventional solitary power and heat sources. Analysing the 

role of stochastic fuel & electricity prices on the value of CHP technology investment, they 

reported that from modelling technical CHP potential determined from thermal demand, the 
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maximum achievable share of CHP production would be under the prediction of only heat being 

supplied. The remaining calculations were done outside of the modelling software to illustrate 

the appeal of combining the method with various other techniques (such as feasibility studies, 

surveys, etc) [123]. 

According to Stickland, Nyboer et. Al (2002), using computer modelling (as CIMS), generated 

two scenarios; one where all heat requirements in the Canadian industrial sector were met with 

cogeneration, and one where limitations/restrictions were set to limit the level of cogeneration 

penetration. In this way, they were able to test both pure technical potentials, as well as some 

form of restricted potential [122]. Scenarios generated were also used to test different policy and 

economic conditions (i.e., technological promotion via subsidies and/or carbon credits), in 

addition to their estimate of technical potential.  

For the generic Southern African Sugar Industry, Petersen, Aneke & Görgens (2014) provided 

research on the techno-economic comparison of ethanol and electricity coproduction schemes 

from sugarcane residues existing sugar mills. Using the Monte Carlo simulations, the approach 

concluded that from an energy balance perspective, ethanol and electricity coproduction was 

superior to electricity production alone. The BIG-CC (with a variable drive (VD) combination) 

was found to have the highest process energy efficiency of 32.91%, whilst the CHPSC-EE 

(exclusive electricity generation by combustion with high pressure steam cycles) has the lowest 

energy efficiency of 15.44%. Regarding the economic comparison, it was observed that at the 

most conservative and optimistic pricing strategies, ethanol production using BIG-CC had the 

highest internal rate of returns at 29.42 and 40.74% respectively. It also concluded that 

bioethanol coproduction from the hemicellulose fractions of sugarcane residues, with electricity 

cogeneration from cellulose and lignin, proved to be more efficient and economically viable than 

the exclusive electricity generation technologies considered [124]. 

Besides the research indicated above, there is not much additional work highlighting critical 

areas involved with the wider-value chain. Considerations warranted by the many applicable 

technologies rest on how each one suits its particular situation and operating environment. 

Previous work produced generic research scopes for their techno-economic views, as their 

scenario formulations applied methodological principles that were based on experiences from 
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other countries. As a result, CHP research specifically carried out for the SA sugar industry 

context also did little to expand much further into taking an in depth look into the effect of other 

important interrelated variables at play. With estimates trying to gauge based approaches 

brought about from successful examples other countries, what was missing was a detailed 

assessments highlight key areas of arguments that justify a thorough CHP analysis. This study 

provides a better perspective on the behaviour of technologies in response to the different 

assumptions that make up scenarios. This is important because the model results can then 

highlight the advantages/disadvantage of each technology better, focusing more on related costs 

and the policy measures involved.  
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3 METHODOLOGY 

 OVERVIEW  

The methodology adopted in this study for solving the research questions outlined in chapter 1 

are described in detail in this chapter. The stages employed to fulfil the research aims are 

clarified using the flow process between the tasks taken as represented in Figure 13, which 

follows that used in Dingle (2013) [84].  

 

Figure 13: A flow diagram showing the steps adopted for the general methodology [84] 

 SECTIONS COVERED 

This chapter used computer-based methods to estimate the CHP potential of the SA sugar 

industry relative to the impacts brought about by the constituents of its wider value chain. As a 

result, Figure 14 based on the study by Braude and Montmasson-Clair (2019) [39] represents 

the relationship of some of these value chain constituents and the SA sugar industry, however, 

not all of them are applicable to this CHP context. At the local scale, by guiding the substantiation 

of important segments, the methodological approach involved: 

• Determining the potential CHP capacity; 

• Effectively applying the computer-software model approach;  

• Developing the ideal model framework for the given context;  

• Defining the model parameters required for the research; 
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• Defining the associated costs considered for all the processes involved; 

• Characterising the respective system and its model topological structure; 

• Formulating the appropriate scenarios necessary for the research scope; 

• Generating the results from running the computer software model platform; 

• Analysing and discussing the results produced by the results generated; and 

• Providing fitting conclusions and recommendations from the outcomes interpreted. 

 

Figure 14: A flow diagram depicting the constituents of the SA sugar industry in relation 

to the wider value chain [39] 

 DETERMINING CHP POTENTIAL & CAPACITY 

Assumptions for determining the industry’s value chain model input data, primarily the mill, were 

determined from calculations using the following parameters:  

• B – Co-fuel (PJ) 

• E – Total Electricity produced (PJ) 
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• Pexp – Power export potential (GWh) 

• Eou – Electricity own use (PJ) 

• Eexp – Electricity Export potential (PJ) 

• Hou – Maximum steam demand (process heat + prime movers) (PJ) 

• Ø – Total CHP system efficiency (incl. Boiler) 

• A – The availability factor of the system (as a fraction of the year) 

Co-fueling requirements (in PJ) in GWh for the sector stem from multiplying the available CHP 

Heat requirement (in PJ) with the thermal energy intensity in GWh/PJ according to equation 1: 

 Equation 1 

𝐸 = (𝐵Ø) − 𝐻𝑜𝑢 

Since the industry is driven by BPST technologies, co-fuelled boilers with estimated fixed power 

to heat ratios (r) usually have standardised theoretical capacity factors (usually at about 80%) 

that are homogenous with the implemented electricity supplying CHP technological option. 

Capacity calculations for both electricity export potential and steam demand, utilise industrial 

assumptions attributed to model input assumption values in the formula shown in equation 2: 

Equation 2 

𝐸𝑒𝑥𝑝 = 𝐸 − 𝐸𝑜𝑢 

Combining the equations for electricity production and export potential, provides the expression 

in equation 3: 

 Equation 3 

𝐸𝑒𝑥𝑝 = (𝐵Ø) − 𝐻𝑜𝑢 − 𝐸𝑜𝑢 

Converting from electrical energy (in PJ) output from the CHP system to power export potential 

(in GWh by multiplying the denominator with the factors 31.536 (365 days × 24 hours/day × 3600 

J/s ÷ 1x106)), the CHP systems annual availability factor in equation 4: 
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Equation 4    

𝑃𝑒𝑥𝑝 =
𝐸𝑒𝑥𝑝

(31.536 × 𝐴) 
 

  USING TIMES SOFTWARE FOR CHP ENERGY SYSTEM MODELLING 

 CONTEXT ON THE ADOPTED APPROACH  

This research is conducted using a model constructed using the Times (Markal-EFOM) 

modelling software platform. Originally being designed for strategic research development, 

TIMES was developed and still is maintained by the ETSAP of the IEA who uses it to 

demonstrate national-level energy systems, comprising of linear, multi-period, bottom-up 

optimisation models called MARKAL, which is widely used in developed, transitional and 

developing economies. TIMES also shares similarities with EFOM (developed around the ‘70s 

in a European community research program) through its application for describing entire energy 

systems from primary energy supply to demand sectors. It is used by various communities 

forming part of the tool suite such as that applied to SATIM (The South African TIMES model) 

by ESRG (the Energy Systems Research Group) at the University of Cape Town (UCT) [125]. 

The TIMES modelling framework was selected because it can provide a transparent way of 

systematically comparing different SA Sugar industry CHP configurations for the energy system. 

It achieves this by including an optimization feature, which then allows for some variables to be 

solved endogenously. The default objective function for the optimization is the sum of all 

discounted systems costs (annualized investment costs plus O&M costs, fewer revenues) over 

the modelling horizon. Costs and revenues are specified in ‘real’ terms (i.e., inflation is assumed 

the same across all cost components) and discounted using a ‘real’ discount rate. 

The decision variables for the optimization are: 

• The timing and magnitude of new equipment installations (New Capacity) 

• The operation of equipment once it is installed (Activity). The level of activity determines 

the magnitude of the input and output flows. The input and output flows are related to the 

conversion efficiency that is specified. 

3.2 

3.2.1 



  

46 

 

The capacity variable is defined at an annual resolution (1 value assumed for each year). The 

activity variable can be fluctuating seasonally and diurnally if this is important (e.g., to capture 

sub-annual variations in demand, availability of resources and prices).  

TIMES offers flexibility that makes it easier to represent processes containing more than a single 

input and output commodity. Works on the discounted cash flow principle, using linear 

programming optimization to determine values for decision variables such as investment in new 

capacity and operation of installed capacity, are identified, given techno-economic parameters 

(e.g., cost, efficiency) and constraints (e.g., demand for sugar, available resources). It provides 

a transparent framework for comparing different technology options under different scenario 

assumptions.  

Mathematically, a TIMES instance is a Linear Program, consisting of minimizing the objective 

function subject to linear constraints, also called equations, found in chapter 5 of the TIMES 

manual [126].  

The linear optimization problem formulation consists of mainly 3 entities: 

• Decision variables (new capacity, flows) 

• The objective function 

• Constraints 

 

Figure 15: The basic model constraints for TIMES based on the fundamental principles 

[126] 
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The objective function and constraints are defined in terms of the decision variables and 

parameters (costs, efficiencies, values for limits etc…). 

The core equations of a TIMES model capture 3 basic principles governing an Energy System: 

• Energy Conservation 

• Energy Conversion 

• Installed Capacity providing limits on energy flows 

Other basic equations consist of commodity balances and transformation equations. The 

commodity balance expression (denoted as in TIMES for indices: period (t), commodity (c), 

timeslice (s), for commodity C, where P is the set of conversion processes, C is the set of Energy 

Commodities, and at the unit, time denoted by t as the year (or sub-annual time-slice) is 

expressed in equation 5 below as: 

Equation 5 

∑ 𝐹𝑙𝑜𝑤_𝑜𝑢𝑡𝑃,𝐶,𝑡

∞

𝑃,𝐶

≥ ∑ 𝐹𝑙𝑜𝑤_𝑖𝑛𝑃,𝐶,𝑡

∞

𝑃,𝐶

 

Energy conversion is expressed in equation 6 below where the process efficiency (Ω) is: 

Equation 6 

𝐹𝑙𝑜𝑤_𝑜𝑢𝑡𝑃,𝐶𝑜𝑢𝑡,𝑡 = 𝛺 × 𝐹𝑙𝑜𝑤_𝑖𝑛𝑃,𝐶𝑖𝑛,𝑡 

Capacity constraint is expressed in equation 7 as: 

Equation 7 

𝐹𝑙𝑜𝑤_𝑜𝑢𝑡𝑃,𝐶𝑜𝑢𝑡,𝑡 ≤ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦_𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒𝑃,𝑡 

Objective Function is described as the discounted sum of annual costs (investment, O&M, fuel) 

of all system components over the planning horizon (T) in equation 8 as:  

Equation 8 

𝑁𝑃𝑉 = ∑ (1 + 𝑑𝑡)𝑅𝐸𝐹𝑌𝑅−𝑡𝑇

𝑡∈𝑌𝐸𝐴𝑅𝑆
× ANNCOST (t) 
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Where the annualised cost is denoted as ANNCOST (t) = Investment (t) + O&M (t) + Fuel 

Costs (t), where REFYR is the base year, in this case 2012. 

 DEVELOPING THE FRAMEWORK USED IN TIMES 

The modelled CHP energy system is described by a series of energy flows through a network of 

connected energy conversion processes/technologies as shown in figure 16 [127]. Model data 

sets organized according to such a flow sequence as illustrated in figure 16, briefly encapsulate 

the basic modelling elements essential for analysing the sugar industry value chain.  

The reference energy system (RES) describes how processes and commodities are connected. 

Processes convert upstream commodities (for instance boiler co-fuels bagasse, wood biomass 

and coal), into intermediate commodities (like high-pressure steam) to downstream commodities 

(i.e., low-pressure steam heat and electricity).  

 

Figure 16: The principle of flow optimization when using TIMES as a modelling tool [126] 

Describing BPST based systems in the TIMES model framework is simpler, since they produce 

thermal and electrical energy in a fixed ratio, and the electricity generation is therefore directly 

proportional to the heat generation. Modelled CEST based systems have a flexible ratio of heat 

production to electricity production, usually having a minimum value of 0 and a maximum value 

typically in the range of 0.8–3 (but can be even smaller or larger depending on the calculated 
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input parameters). Nevertheless, both types of CHP systems often additionally support so-called 

reduction operation, where the turbine can be bypassed, and all the steam is directed to a heat 

exchanger for producing heat. Consequently, in BPST based systems, the heat-to-power ratio 

may vary from the fixed value to infinity, and in CEST based systems it may vary from zero to 

infinity.  

For modelling all these different cases for CHP systems in the TIMES framework, Figure 17 

illustrations display the relations between heat and electricity production in different modes of a 

flexible CHP system based on BPST type systems. These modes consider the important fact 

that in sugar industry thermal power plants, there is usually a minimum stable operation level. 

The operating area of the fixed back-pressure turbine system is represented by the line E–F in 

Figure 17. 

 

Figure 17: An Illustration of basic CHP characteristics supported in TIMES [126] 

The corresponding operating area of CEST type systems (without reduction operation) is 

represented in Figure 17 by the polygon A–B–F–E. In some cases, the turbine characteristics 

require a minimum level of heat production in proportion to electricity, and with such a constraint, 

the feasible operating area is reduced to C–D–F–E. Finally, with a reduction operation, the 
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feasible operating area is expanded to the polygon C–D–F–H–G–E. Similarly, the operating area 

of BPST type systems with a reduction operation capability would be expanded to E–F–H–G. 

  GENERAL PARAMETERIZATIONS 

The entire SA sugar industry energy system representation is laid out in TIMES as a modelled 

framework that captures the value chain from the sugarcane cultivation, transport, processing 

stages throughout to sugar commodity revenue-generating stages. The ‘reference energy 

system’ cases show the modelled components of the industry’s energy system, as technological 

nodes/processes throughout the model (coded using the simple naming conventions) as shown 

in Figure 18 [125].  

The modelled scope for the research analysis is outlined in the following summary 

encompassed: 

• The modelling time horizon extending from a 2012 base year up to 2040 has a timeline that 

is selected to capture the minimum allowable duration (generally spanning about 15 years 

and above) considered for operating CHP technologies up to the end of their lifetime [84].  

• The real discount rate of 8.2% was assumed based on the 2019 IRP by National Treasury 

[20].  

• All energy costs involved were denoted in ZAR2015 with an exchange rate of 12.77 to US$ 

[128]. 

• For the model horizon, the time slices were developed to accommodate the seasonal profile 

of the SA sugar industry. The subdivided time slices are convened as ‘the milling season’ 

(abbreviated as S2 with a factor of 83 %) and ‘the off-season’ (S1 having a factor of 13 %), 

according to seasonal fractions revealed earlier in chapter 2.  

All the existing plants are not modelled individually but rather as one entity with distinct sub-

components. The components that were explicitly captured in the model comprise: 

• Sugarcane cultivation 

• SAR (tops and trash) output 

• Coal supply and consumption 

• Wood biomass supply and consumption 

3.3 
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• Filter cake output 

• Unburnt/burnt sugarcane harvest transportation 

• Sugarcane milling 

• Sugar supply output & export 

• Molasses output & export 

• Electricity supply output & export  

• Biogas digesters (anaerobic lagoon type) 

• Concentrated solar system (parabolic trough type)   

• Bagasse supply output & export  

• HP steam boiler 

• Bagasse densification (drying or pelleting) 

• Bagasse gasifier (fluidised bed type) 

• Open cycle gas turbine 

• Combined gas cycle and turbine 

• Back-pressure steam turbine (including new capacity) 

• Condensing extraction steam turbine 

• Electricity grid purchases and export 

• Diesel, lubricants and fuel purchases for cane cultivation and transport 

In TIMES, the CHP back-pressure system operations are defined by several parameters 

(exogenous assumption) and variables (endogenously computed by the model). The 

exogenously assumed parameters are:  

• CHPR (FX, LO, UP) – This is the heat-to-power ratio. If the parameter is fixed (FX) the 

electricity and heat proportions are constant, if lower (LO), this defines the back-pressure 

point (which if so desired, allows more heat production by allowing bypassing the turbine to 

produce more heat). It also has the option to set an upper (UP) parameter if so required. 

The representative equation for this parameter is shown by Equation 9. 

Equation 9 [126]   

𝑪𝑯𝑷𝑹𝑭𝑿 =
𝑬𝑻𝑨𝒕𝒉𝑩𝑷

 𝑬𝑻𝑨𝒆𝒍𝑩𝑷
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Where ETAthBP is the thermal efficiency (thermal out divided by fuel in), and ETAelBP is the 

electrical efficiency (electricity out divided by fuel in).  

• EFF – The overall plant efficiency is defined as. 

Equation 10 [126] 

𝑬𝑭𝑭(%) = 𝑬𝑻𝑨𝒕𝒉𝑩𝑷 + 𝑬𝑻𝑨𝒆𝒍𝑩𝑷 

• NCAP (AF, AFA, AFS) – This is the availability factor as depicted by Equation 11. It is 

relative to either, a unit of production (AF), the annual activity of process to the installed 

capacity provided when ‘ANNUAL’ level process operation is to be installed (AFA), or activity 

of a process in a time slice (AFS for SEASONAL, WEEKLY or ‘DAYNITE’ being at or above 

the process’ time slice level to the installed capacity. For example, if the process’ time slice 

level is ‘DAYNITE’ and NCAP_AFS is specified for time slices on the ‘SEASONAL’ level, the 

sum of the ‘DAYNITE’ activities within a season are restricted, but not the ‘DAYNITE’ 

activities directly. 

Equation 11 [126]     

𝑵𝑪𝑨𝑷𝑨𝑭𝑨 =
𝑶𝒃𝒔𝒆𝒓𝒗𝒆𝒅 𝒍𝒐𝒂𝒅 𝒖𝒕𝒊𝒍𝒊𝒛𝒂𝒕𝒊𝒐𝒏 𝒉𝒐𝒖𝒓𝒔

𝒉𝒐𝒖𝒓𝒔 𝒊𝒏 𝒂 𝒚𝒆𝒂𝒓
 

  COST CONSIDERATIONS FOR THE MODEL  

 LEVELIZED COST OF ENERGY (LCOE) CALCULATIONS  

An LCOE analysis is useful to compare different options with different characteristics (investment 

vs running costs). The LCOE calculations are in ZAR2015 with conversions represented using 

appropriate exchange rates for the year per unit measurement of energy produced (i.e., 

electricity in R2015 per KWh). The LCOE can be expressed as illustrated in Equations 12 (LCOE) 

and 13 (PMT) as follows: 

 Equations 12 and 13  [129] 

𝐿𝐶𝑂𝐸 = ∑ (
𝑃𝑀𝑇𝑡 + 𝑂&𝑀𝑓

365 ×  24
) + (

𝑓𝑢𝑒𝑙𝑡

𝐸(365 ×  24)
) + (

𝑂&𝑀𝑣

𝑓(365 ×  24)
) − 𝑅𝑡ℎ

𝑡

1

 

3.4 

3.4.1 
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𝑃𝑀𝑇𝑡 = (𝑟 +  
𝑟

𝐸(1 + 𝑟)
) × 𝑃𝑉 × 𝐼𝐷𝐶 

Where: 

• LCOE  – levelized cost of energy (R2015/kWh). 

• t  – The facility’s lifetime projection in years. 

• r  – Discount Rate. 

• O&Mf  – Fixed, operations and maintenance costs. 

• O&Mv  – Variable operations and maintenance costs. 

• Rth  – Revenue or cost-benefit heat production. 

• Fuelt  – Annualised fuel costs. 

• E  – Electrical Efficiency (fraction). 

• f  – Capacity factor (fraction). 

• PMTt  – Payment on loan of capital in year t (R2015/kWh). 

• PV  – Present Value loan repayment (R2015/kWh). 

• IDC  – Interest During Construction. 

After generating results for each technology case or scenario, screening curves can be 

constructed to represent the LCOE at varying capacity factors, and these can then be compared 

to determine which option is the most economical for the entire sugar industry according to 

discount rate sensitivity or commodity cost fluctuations [129].  

  SYSTEM CHARACTERISATION 

 MODEL TOPOLOGY  

The energy flows for the model are represented diagrammatically according to the chain links 

shown in Figure 18 RES. Vertical lines represent different commodities as inputs and outputs 

whilst the boxes represent conversion processes or technologies, commodity supply, commodity 

trade, and demand processes that are represented in the system, including their respective 

inputs and outputs as well. 

Technologies and processes are illustrated to show the conversion of energy commodities from 

supply to trade or demand using assumed conversion efficiencies. Colours help distinguish 

3.5 

3.5.1 
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between already existing, and, newer implementations, as well as, between cogenerating and 

non-cogenerating characteristics. The blue components depicted in Figure 18 denote 

transformational modules that are not currently present in the conventional SA sugar industry 

value chain. In the layout, they are represented as options available for selection, subject to the 

fulfilment of their input commodity and process parameter values. 

 

Figure 18: Intended SA sugar industry cogeneration modelling commodity and process 

representative energy flow system constructed in TIMES [126] 

From the derived outlay, the modelled pathways are enabled, through balancing the energy 

standardised all-around the system between new and existing interrelated model components. 

These pathways (qualified from a least-cost perspective) are designed in this way to make the 

O
D

S

B
IW

C
O

A

M
L
S

B
S

C
-B

&
T

B
S

C
-O

T
H

B
S

C

L
P

S

E
L
C

G
S

F
-1

B
IB

S
G

R

H
P

S

B
IO

G
A

S

G
S

F
-2

S
G

R

II
N

D
B

IB

E
L
C

C
-S

M
LS

D
M

D

Secondary Commodities Final CommmoditiesPrimary Commodity

Supply

O
il 

&
 d

ie
s
e
l

W
o
o
d
 b

io
m

a
s
s

C
o
a
l

C
onve

rs
io

n L
1

C
-M

o
la

s
s
e
s
 (

w
a
s
te

 b
y
-p

ro
d
u
c
t)

S
u
g
a
rc

a
n
e
 c

ro
p
 -

 B
u
rn

t 
&

 t
o
p
p
e
d

S
u
g
a
rc

a
n
e
 c

ro
p
 -

 O
th

e
r 

S
u
g
a
rc

a
n
e
 h

a
rv

e
s
t

L
o
w

 p
re

s
s
u
re

 s
te

a
m

E
le

c
tr

ic
it
y

S
y
n
g
a
s
 i
n
 (

in
le

t 
g
a
s
 s

tr
e
a
m

)

B
a
g
a
s
s
e
 

S
u
g
a
r 

p
ro

d
u
c
ti
o
n

H
ig

h
 p

re
s
s
u
re

 s
te

a
m

B
io

g
a
s
 m

a
n
u
fa

c
tu

re
d

S
y
n
g
a
s
 o

u
t 
(e

x
h
a
u
s
t 
g
a
s
 s

tr
e
a
m

)

C
onve

rs
io

n L
2

D
em

an
d

S
u
g
a
r 

p
ro

d
u
c
ti
o
n

In
d
u
s
tr

y
 b

a
g
a
s
s
e

Su
ga

r 
e

le
ct

ri
ci

ty
 e

xp
o

rt
s

M
o

la
ss

es
 s

al
es

Bagasse exports

XINDBIB

Coal supply to mills                               

IMPCOA

Co-fueled Boiler

X-STMBIO

Biomass wood supply Milling & processing

IMPBIW MPF

Electricity export 

Transport – Burnt & topped cane PEXELC

Grid electricity supply X-BSC_B&T

MELC-E

Transport – Unburnt cane Back-pressure steam turbine

X-BSC_OTH CHP-BPST

*****

Diesel transport

IMPODS Off season mill consumption

Cultivation of sugarcane OFFSSN

CLTBSC HP Gas-powered boiler

X-GSFBIO-2

Concentrated solar power

CSP Sugar supply

PEXSUG

Bagasse intergrated gasification

X-GSF

Technologies

Cogeneration – Condensing 

extraction

14 Existing in model BAU and fully Characterized CHPCEST-N

8 Existing in model,fully Characterized transformations, Data Available *****

3 Existing Model additional operators, Data Available

Densification – drying only

Commodities X-DDW

16 Usual

4 Transformational

Cogeneration – Combined 

cycling + gas turbine

Densification – drying + pelleting CHPCCGT-N

TimeSlices X-DPT *****

(Annually/Seasonally)

S1 - Off-season 

S2 - Milling season

Cogeneration – Open cycling + gas turbine

Bagasse anaerobic digestion CHPOCGT-N

X-DGT *****

Exports of Molasses

PEXMLS

-- I 

I 
~ -I 

I ,-- y 
I 

~ I 
I 

I 

I ~-
I I 

I 
I y I ~ -I 

I 
I I 
I 

H 
I - f--
I 
I 

I ~ 
I i f--

I I 

I H h I 

I 
I 
I I ~ 

~ 
I 

J I 

- f--~ 

'l y I 
I u 

~ fl I 

~ 
-J 

H I f--

I 
I I I 

I I 



  

55 

 

transformative context of the resulting model runs more accurate. The demonstrated structural 

framework conveying the relationship between the newer and existing transformative elements 

(denoted in black text in Figure 18), further substantiates the assumed links associating with the 

wider value chain, the standardised energy balance and model parameters.  

 CANE CULTIVATION 

The cultivation process consumes diesel and lubricants (ODS) in PJ, to yield harvested 

sugarcane as illustrated in Figure 19. Costs for this process are specified to capture O&M costs 

on top of the input commodity expenses. A detailed description of how sugarcane cultivation 

data statistics were used to parameterise the process is given in Appendix E.  

Sugarcane harvests values are determined, although, affected by many factors such as rainfall, 

pests, and land use. Efficiency parameters describe relations between input and output 

commodities according to industry statistics summarized in Table 8 from data shown in Appendix 

E (base year values only).  

 

Figure 19: The sugar cultivation process of sugarcane as depicted in the model 

framework 

Costs involved in the cultivation sector were determined using publications and statistics from 

SACGA [130] and SASRI [24], (annually quantified from 2012 to 2014 as depicted in Appendix 

F). The cane cultivation fuel costs are derived from the assumptions found in Ahjum 2016 [131], 

and energy consumption input of 0.1 GJ per tonne cane cultivated in the industry’s annual 

hectarage area. The annual costs values inferred into the model cultivation process came to 

around 58 R/GJ of cane output, accounting for fuelling input and transport costs by subtracting 

their resulting values and tracking them in separate processes. 

3.5.2 
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Table 8: Sugarcane cultivation process parameters determined for model base year 2012 

PARAMETER CODE UNITS DESCRIPTION VALUE REFERENCE 

Diesel use per cane ODS GJ/t Commodity (in) 0.1 Ahjum 2016 [131] 

Diesel price ACT_COST R2015/GJ Cost parameter 379 SA Cane Growers 2014 [132] 

Cultivation fixed costs NCAP_FOM R2015/GJa Cost parameter 
2604 SA Cane Growers 2014 [132] 

Harvest by burning  BSC-B&T Mt Commodity (out) 15.5 SMRI 2012/13 [133] 

No burning  BSC-OTH Mt Commodity (out) 1.8 SMRI 2012/13 [133] 

 

  SUGARCANE TRANSPORTATION TO MILLS  

Sugarcane transportation to the milling process is captured in energy terms and modelled for 

the two different cane harvest types as separate processes (X-BSC_B&T and X-BSC_OTH in 

PJ). Both types are considered to have similar costs, although, the distinction between them is 

that the density of unburnt cane is lower than burnt cane. Therefore, transport costs (per cane 

tonnage) are higher than for unburnt cane [40]. The transported sugarcane flows to the 

processing unit as an amalgamated single commodity (BSC). Therefore, despite differences in 

the make-up, a single cost representative of both types is calculated (with the more costly 

unburnt cane estimated to be 10% of the total [133]).  

 

Figure 20: the cane transportation process showing a representation of the commodity’s 

delivery to the milling process 

Since the transformation action for increasing tops and trash is linked to harvesting cane in the 

absence of burning, the unburnt share of sugarcane is tracked so that it can be expressed as a 

function of the amount of SAR that is potentially obtained. It is modelled as a percentage of 

unburnt sugarcane transfer, to represent the currently non-existent yet potential transfer of extra 

3.5.3 
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SAR. The SAR component (supplemented as extra bagasse and denoted as BIB), is further 

added in different scenarios. This also considers additional transformative costs for the added 

SAR commodity (illustrated later in this) and these are calculated and captured in the model 

depending on scenario conditions.  

Cane transportation to factory mills considers associated cost assumptions, logistics determined 

as for the HHV (higher heating value) and depicted in Appendix F, standardised according to the 

harvest metrics summarized in Table 9 below for the base year.  

Table 9: Sugarcane transport to milling process parameters determined for the model 

base year  

PARAMETER CODE UNITS DESCRIPTION VALUE REFERENCE 

Cane transport cost ACT_COST R2015/GJ Parameter 6.8 

SACGA 2014 

[132] 

Burnt cane transport X_BSC-B&T PJ Process 111 Calculated value* 

Unburnt cane 

transport  X_BSC-OTH PJ Process 12 Calculated value* 

Transported milling 

cane BSC Mt Commodity 17.4 
SMRI 2012/13 

[133] 

The model is observed to account for the amounts of burnt (9% of the overall cane cost) and 

burnt cane (91% of the overall cane cost) in SA before harvesting. This is after the conversion 

from the total amount of cane is calculated into total energy units (123 PJ), a product of the total 

annual cane mass milled (17.4 Mt) and the average annual LCV of fibre bagasse is (7.07 GJ/t) 

depicted in APPENDIX E [133]. 

The values represented are calculated and these statistics are input in the model to show cane 

harvest type flow shares in energy terms according to the reference sources indicated. The 

transport cane price derived from SACGA [132] is derived in such a way that overall cane RV 

prices can be deduced or compared with calculated cost summations from sugar industry 

cultivation processes. This ensures that additional cost contribution stemming from the model 

considers the use of extra SAR which is also captured and summed up together. 
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 OUTLINING SUGARCANE MILLING FACTORY OPERATIONS  

The sugarcane milling process is modelled as a single process that consumes the appropriate 

share quantities of LP steam (LPS), sugarcane (BSC) and electricity (ELC) all in PJ, to produce 

sugar (SGR), bagasse (BIB), filter cake (FLC) and C-molasses (MLS), also in PJ as shown 

according to Figure 21. A detailed description of how available statistics available in 2012 were 

used to estimate the process parameters is given in Appendix E [133]. 

Constraints for capturing the off-season factory activity such as the consumption of electricity 

are useful, because if applied accordingly as a separate process (OFFSSN), it allows the model 

track the electricity consumption of the mill when no cane is being consumed. Once determined, 

the capacity for the entire industry milling activity is deduced and illustrated in Appendix A and 

E for the model base year according to the 2012 annual sugar production and sugarcane milling 

rates (in Mt/yr).  

 

Figure 21: The milling processing factory as captured in the modelling structure showing 

key cogeneration input and output commodities 

From data summarised in appendices A to E, the overall capacities determined for the industry-

wide milling process parameters are summarized in Table 10 for the base year (2012).  

Table 10: The summary of sugarcane milling for the entire industry for the 2012 base year 

PARAMETER 

HOURLY NAMEPLATE 

CAPACITY 

AVERAGE 

CAPACITY 

ANNUAL CANE 

CRUSHED  

SUGAR 

PRODUCED 

Unit t/h t/h Mt Mt 

Total 4520 3820 17.3 1.97 

Average 320 270 1.23 0.14 

REFERENCES Booker-Tate [134] SMRI 2012/13 [133] SMRI 2012/13 [133] SMRI 2012/13 [133] 
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Parameters modelled such as energy consumed for the sugarcane milled are expressed as a 

direct function of the amount of sugar produced (depicted in Table 11 below using an asterisk*). 

Relating sugar production to cane milling in the model is important because it simplifies the 

structure by linking bagasse production with fuel consumption rates. The milling process is 

modelled to the only function during the milling season in line with actual sugar industry operating 

practices. The milling process is also modelled to relate other associated commodities with the 

quantities of (and the earnings from) manufactured sugar.  

Table 11: The milling process model parameters determined for the 2012 base year 

PARAMETER UNIT CODE VALUE REFERENCE 

Energy from milled cane (total)  PJ BSC 123 SMRI 2013 [133] 

Electricity consumption * GJ/t ELC-S 1.34 - 

Steam heat consumption * GJ/t STM-S 10 - 

Bagasse produced * GJ/t BIB 20 SMRI 2013 [133] 

Filter cake as waste % (cane) FLC 1.7 SMRI 2013 [133] 

C Molasses % (cane) MLS 4 SMRI 2013 [133] 

Annual milling availability % NCAP_AFA 69 THS 2018 [135] 

FOM ZAR2015/GJ NCAP_FOM 34 THS 2018 [135] 

Sugar earnings (sales & exports) ZAR2015/GJ ACT_COST 4050 THS 2018 [135] 

Life-time Yr NCAP_TLIFE 30 Dingle 2013 [84] 

Model milling capacity (maximum) Mt/yr PRC_RESID 4.52 - 

Per unit mass of sugar (*) 

All milling process costs considered are based on current cogenerating IPP and sugar milling 

company Tongaat Hulett [135] as shown in Appendix G. These parameters assume the total 

calculated FOM values relative to the production activity occurring for the activities involved from 

the base year throughout as shown in Table 11.  

Modelling sugar price is difficult due to volatility in the market [132]. In the model, associated 

industry cost changes (assumed to be consistent with values from the fin 24 website [136]) have 

price trajectory adjustments aligning with earnings provided by Tongaat Hulett.  
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The production of molasses from the mill is treated as a commercialized waste by-product as 

applicable with assumptions from Merven (2018) [129], valuing it at 889 R/GJ. Consequently, to 

avoid double-counting, the earnings from the commodities included in the total earnings from 

the sugar-related activity are subtracted and accounted for in different processes where 

applicable (such as in the use of molasses in biogas-based scenarios whereby a separate 

process tracks the sale of molasses). 

 BAGASSE UTILISATION  

As the principal co-fuel driving CHP energy boilers, bagasse (coded as BIB in the model) as a 

potentially more valuable industrial commodity. Statistics published by Smith et al in the sugar 

industry milling season annual reviews from 2011 to 2017 [52] [133] [137], provides a strong 

data basis for assuming and calculating bagasse parameters and indicators. Volumetric figures 

for the accumulation of bagasse fibres also depend upon material handling activities, in addition 

to supply obligations for other uses (modelled as an export process coded as PEXBIB in PJ).  

 

Figure 22: Bagasse flows into industry utilisation processes for export and co-fuelling 

amalgamation 

Questions on the best way to ensure a consistent supply of enough cogenerating fuel are 

limitless. However, the model layout in the framework gives precedent to the flow shared 

between the 3 boiler co-fuels in the process coded as X-STMBIO in PJ. The apportionment of 

bagasse provides an advantage for identifying where best to capitalise in operations (for 

instance in applying cost savings). Other uses for bagasse employed within the model as 

3.5.5 
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enhancement options include the option for CV increase (X-DDW for drying and X-DPT for 

pelleting and storage), as well as gasification in biogas digesters (X-DGT) or gasifiers (X-GSF). 

Bagasse production quantities and rates within the model are largely determined by factors 

concerning the milling factory process and all its associated activities with yields proportional to 

the quantity of sugarcane harvested. The bagasse produced, in relation to sugarcane, is 

determined and summarised in Appendix B where it is in a way that portrays the relationships 

between key commodities [133]. 

After determining the appropriate share flows for each type of co-fuel used, the amount of energy 

required for CHP is established with regards to the HP boiler process interactions with the turbine 

and prime mover energy system configurations. The parameters for these options are illustrated 

in Appendix B for the industry cogeneration capacity calculated. The model provides the 

provision of coal use to a value of 1397 MJ per ton of sugar produced, in line with investigations 

done by Mashoko et al [103], furthering this study along with more realistic perspectives.  

Table 12: Valuations for the emanation of requisite bagasse model parameters in 2012 

(base year) 

PARAMETER UNITS CODE VALUE 

Total annual cane crushed  Mt BSC 17.3 

Average fibre composition in cane % - 15.5 

Ave. percentage fibre in bagasse % - 47.5 

Annual bagasse fibre mass Mt - 5.57 

Bagasse sold to other industries  Mt PEXBIB 0.37 

Bagasse for cogeneration Mt BIB 5.2 

Average bagasse CV GJ/t  7.09 

Bagasse energy output * GJ/t PRC_ACTFLO 18.8 

Exportable bagasse PJ - 3.2 

Total bagasse energy available  PJ - 38 

Bagasse produced * GJ/t PRC_ACTFLO 20 

Per unit mass of sugar (*) REFERENCE SMRI 2013 [133] 
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Currently no incentives to increase bagasse fibre for CHP exists, therefore the model initially 

assumes minimal restrictions with no value for bagasse used in CHP, in keeping with Wienese 

(2004) assumptions [51]. Bagasse utilised for other purposes is estimated to be around 7% 

according to estimates from Conningarth in 2013 [138]. Therefore, the quantity is constrained 

according to those limits in the model. Expressing the rate of bagasse emanation for the 2012 

base year within the model is determined from statistics calculated and depicted in Table 12.  

The NCV values depicted in Appendix B accounts for the bagasse on a default wet-basis 

standard. Since it is common knowledge that bagasse is sold, pricing estimates that were done 

for the industry presented no figures that gave a definite picture for the current market. In 2008, 

Lütge proposed the methodology of estimating bagasse price in relation to substitute fuels, 

hence, values of actual bagasse sales are therefore accounted for as part of sugar earnings 

within the modelling framework. 

 SPECIFICATIONS FOR CHP COMPONENTS  

Co-fuelling base year commodity prices and consumption is shown in Table 13. Energy supply 

and utilisation technologies are catered for according to industry performance metrics from 

assumptions from NERSA, SASA and SASRI [51] [65]. As a cogeneration energy commodity, 

higher-pressure steam (denoted as HPS and assumed to be at pressure of 30 Bar [54]) is formed 

according to annual co-fuelling ratios, determining the relationship between bagasse, coal, and 

wood chips usage in the cogeneration boilers.  

Table 13: Boiler co-fuelling aggregation illustrating the energy availed for CHP in the 

entire sugar industry for the 2012 base year 

COMMODITY QUANTITY AVERAGE CV ENERGY VALUE PRICE 

Units Mt GJ/t PJ R2015/GJ 

Bagasse 5.2    1 7.0    1 37.1 1 0 (free) 

Coal 0.769    4 26.6    2 5.49    1 53.8    3 

Wood 0.0067    1 8.29      1 0.0057    1 45.5   5 

Total Co-Fuel 5.97 - 42.6 - 

          REFERENCES: 1. G. T. Smith et. Al [133], 2. SADOE 2014 [139] , 3. J. Holman [140] 4. 

L. Mashoko [103] 5. Merven, B (2020) [141] 

3.5.6 
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Calculated efficiencies, heat, and power ratios for the industry BPST system configuration as 

shown in Appendix D portray a ‘reference case’ which is fulfilling design practicality purposes for 

scenarios conjectured through the model runs.  

The boiler processes considered are depicted by codes X-GSFBIO (Gas boiler) or X-STMBIO 

(Co-fuelled boiler) for combined cycling in gas-powered installations. Several statistics are 

applied in calculations for typical bagasse fired boiler (water tube high-pressure type) efficiency. 

As in the arrangement shown in Figure 23, thermal consumption is summed to be under HPS, 

consistent with common industrial practice [65] [54].  

 

Figure 23: The depicted layout from the model design framework used showing 

provision and utilisation of HP steam in CHP sugar industry processes 

Thermal phases in superheated steam boilers and boiler feed water were adjusted for the 

supposed CHP system and its assumed operating parameters. Enthalpy (a property of a 

thermodynamic system, defined as the sum of the system's internal energy and the product of 

its pressure and volume [142]), is important. Enthalpic calculations are accounted for in the 

process layout. Simulated parameters for temperatures, pressures and flow rates were obtained 

from several publications such as the Bio-refinery techno-economic modelling (BRTEM) 

approach by Starzak and Zizhou in 2015 [143], as well as, Reid and Rein (1983) [57] and Hess 

(2016) [65]. Applying these enthalpic conditions to the generalised SA sugar industrial CHP 

setting standardised the data range necessary to apply in this research context, calculated and 

summarized as depicted in APPENDIX C. 

Calculating the amount of HPS required for the demand in the facilities was determined as a 

percentage fraction of the cane throughput mass assumption (in t/tc). SA facilities were assumed 
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to still use old technology consuming between 400 (for those considered to be efficient) to as 

much as 600 kg steam per ton of cane [58]. This meant that this relationship could be converted 

to express HPS output as a percentage of cane mass (between 40-60% HPS weight per cane 

basis) in the model. This was important because it provided a check that commodity movement 

in the model would do so in line with the calculations basing on the BRTEM approach assigned 

for BPST electricity production [144].  

The energy imparted to the inlet steam converting it to HPS, can be given as a share of the 

overall fuelling energy available for CHP, using the boiler’s assumed efficiency. This boiler 

efficiency is expressed in terms of annualised industry NCV figures (from publications for SMRI 

by Smith et al [133]). Calculations assuming co-fueling conditions for facilities are conveyed in 

Appendix B. Due to flue gas latent heat recovery, only the NCV boiler efficiency is of practical 

value [54], therefore, sometimes it is corrected to ambient temperature. According to boiler 

standards, efficiency was determined from options that use the BS 85 standard method (Anon 

1987) [145]. A much simpler way uses the indirect method involving estimations considering 

thermal losses suffered because of undergoing combustion. Calculations for the boiler efficiency 

utilises the direct method according to Equation 14 [57], for several conditional parameters for 

the boiler fuel, superheated HPS and boiler feed water (BFW). 

Equation 14:     

𝐵𝑜𝑖𝑙𝑒𝑟 𝐸𝐹𝐹 = (
(𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚 × 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑠𝑡𝑒𝑎𝑚) − (𝑀𝑎𝑠𝑠 𝐵𝐹𝑊 × 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝐵𝐹𝑊

(𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙 × 𝐶𝑉𝑓𝑢𝑒𝑙)
) 

On average, excessive process steam to cane ratios in mills arises due to high imbibition rates 

causing very costly boiling schemes. Research advocating for improving cogeneration by 

reducing process steam, identify and focus on ways that lower this figure from about 50 to around 

40 or 45% [146]. Assumptions for cogeneration parameters for the sugar industry are: 

• Calculated boiler and prime-mover efficiencies incorporated into these processes were 

distinctly modelled separate from the overall cogeneration efficiency (respectively 

calculated for the overall system [54]), making use of computations and assumptions from 

key literal references (such as NERSA statistical guidelines [114] and Hess (2016) [65]). 

• For the cogeneration capacity, an estimated milling rate of between 250 and 300 tc/h 
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(requiring 103 t/h live steam which equals to 2.43 tc/t of steam requirement), was inferred 

into the modelled parameters line with Hess 2016 assumptions [65]. 

• Calculations for the thermodynamic factor were consequent of the TLV SSOP (Steam 

System Optimisation Program) website [147].  The thermodynamic factor represents the 

added energy required (per unit amount of bagasse) to be supplied from the bagasse to 

heat the gas boiler steam (to general HPS conditions) generating superheated HPS. It 

was determined to be 469 KJ/kg and calculated by taking the difference between the 

specific enthalpies for the gas boiler’s inlet (2761 KJ/kg for LPS) and outlet (3230 KJ/kg 

for HPS) steam recycle parameter conditions [65] [143]. 

• CHP boiler outlet parameters for super-heated HPS production was pegged at 30 Bar 

[54] and 400 °C [51], with the LPS assumed to be re-introduced back into the boiler at 

120-110 °C and atmospheric pressure [41]). 

The steam turbines representations shown as CHPBPST for the back-pressure steam turbine 

and CHPCEST-N for new condensation extraction steam turbine installations are parametrised 

in GW for the cogeneration output of electricity (ELC) and lower-pressure steam (LPS) 

commodities.  

 

Figure 24: LPS utilisation in sugar factories (also considering the portion of HPS to be 

let-down as LPS without power extraction) 

The LPS from all processes is channelled straight to the milling/processing factory (MPF) to 

meet milling needs. Steam is also modelled to be consumed by earlier mentioned enhancement 

processes to improve cogeneration operations.  
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For values tracking low-pressure steam, thermal let-down steam values vary widely amongst 

individual mills due to variations in steam consumption.  

The summary in Table 14 illustrates the 2012 model base year calculated or assumed values, 

emphasising industry CHP with a preference for thermal production. This also includes 

parameters (outlined earlier in the chapter) obtained from several literal references shown in 

Table 14.  

Table 14: Parameters summarizing factors depicting sugar industry CHP functionality in 

the model 

PARAMETER CODE UNITS VALUE REFERENCE 

Total co-fueling input IFBBIO PJ 42.6 * 

Process heat output IFBSTM-S PJ 19.7 Hess 2016 [65] 

Generated electricity output IFBELC-S PJ 3.26 NERSA 2012 [114] 

Electricity exported to the grid IFBELC-S PJ 0.30 NERSA 2012 [114] 

Milling process electricity 

consumption 

IFBELC PJ 

2.6 

NERSA 2012 [114] 

Mill offseason electricity 
consumption 

OFFSSN 
PJ 0.24 

NERSA 2012 [114] 

Thermal (Heat) Efficiency - % 53.1 * 

Electric Efficiency - % 8-11 * 

Overall CHP Efficiency ACT_EFF % 63.4 * 

Heat to Power Ratio NCAP_CHPR - 6.66 * 

Fixed operating & maintenance costs 
(FOM) 

NCAP_FOM 
R2015/kW 0.35 USEPA [148] 

Capital cost for new capacity NCAP_COST R2015/kW 5770 USEPA [148] 

Tariff for electricity ACT_COST R2015/GJ 335 NERSA 2012 [114] 

CHP capacity (max nameplate) PRC_RESID GW 2.28 * 

Annual availability NCAP_AFA % 69.02 SMRI (2013) [133] 

Technical process lifetime NCAP_TLIFE Yr 40 Dingle (2013) [84] 

Calculated value* 
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3.1.1 ELECTRICITY SUPPLY  

Electricity output (ELC in PJ) is modelled with the intent to fulfil required demand through the 

supply of 2 main processes. These processes are the MPF and surplus exports to the national 

grid (PEXELC) seasonally or annually, through utilising the back-pressure cogenerating 

(CHPBPST) during the milling season (S2) under the current setting. The state utility supplies 

electricity to the mill during the off-season (S1) when operations are shut down and maintenance 

instances are underway.  

A layout of the technologies and processes involving electricity utilisation in the model is shown 

in Figure 25. Monitoring resulting electricity supply output increases can be done by observing 

flows through the electricity export process (PEXELC).  

The process of providing grid electricity supply all year round is modelled with the notion that it 

could exist from the resulting transformation scenario cases applied to the model for 

cogeneration, replacing the option to purchase electricity from the grid (MELC-E) during the off-

season when the mill is not cogenerating due to the absence of cane to mill.  

 

Figure 25: An illustration of the movement of electricity within the model system 

configuration 

The model input values for the 2012 base year for the electricity supply tariff obtained from 

NERSA is depicted as a value of 1.20 R/KWh (which converts to approximately 333 R/GJ) [114]. 

3.1.2 OTHER SYSTEM CONSTRAINTS 

The industrial requirement to supply enough bagasse to other sectors like paper mills that utilise 

the commodity must be honoured. The mill also requires electricity during the off-season when 

there is no milling occurring. These requirements are implemented via constraints. The model 
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fixes the amount of bagasse exportable at 15% of the 2012 emanated total available, in keeping 

with the value published a year later by Conningarth (2013) [138]. Also, for the off-season mill 

consumption, sugar industry values were sourced from the NERSA (2012) figure which was 

calculated to be 0.242 PJ. 

3.2  MODELLING CHP UPGRADES 

This section describes how different CHP upgrade options were modelled. Processes were 

intended to improve upon existing configurations based on formulated scenario cases explained 

later in the chapter.  

3.2.1 PROSPECTS FOR THE INCLUSION OF EXTRA SAR (TOPS & TRASH)  

Leftover SAR sourced from the fields for augmenting cogeneration is contingent on improving 

cane cultivation methods since there are many ways to access this fibre. For determining the 

effect of increasing fibre in the sugar industry, 4 ways are investigated as illustrated in table 15. 

Here, the sugarcane harvest techniques ranging from the whole sugarcane plant which involves 

no topping nor burning (WP), some of the green cane which involves no burning but topping only 

(GT), burning but not topping (BNT), as well as burning and topping (BT), are explored. These 

harvesting techniques were included to bring about quantifiable implications that would in effect, 

assist in many segments of the value chain when decoded into the model through calculations.  

Table 15: A summary of SAR harvesting and acquisition methods and their resulting 

implications 

CHANGES AND EFFECTS  Transformational Current 

 
 

Green cane 

Burnt/Not 

topped Whole plant 

Burnt & 

topped 

CODE UNITS GT BNT WP BT 

Stalk  90.3 91.2 77.8 96.8 

SAR recoverable % 9.7 8.8 22.2 3.2 

SAR % split  
 

0.11 0.10 0.29 0.03 

Mass increase factor  0.07 0.06 0.25 0 

SAR gained (per tc) to the mill % 10.40 9.34 27.62 3.2 

SAR overall gain % 7.20 6.14 24.42 - 

REFERENCE: Purchase, Watson, and De Beer (1990) [40] 
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Calculations that are shown in table 15 display that the model is offered up to a maximum of 

about 24.5% of the cane mass as SAR is up for grabs. Since SAR and bagasse are comparable, 

the amount of SAR (as a percentage of cane) in PJ, can be modelled the same since the CV 

values are quite similar. This is calculated to be correlated to the transporting the extra SAR 

relative to sugarcane (i.e., the cost of sugarcane transfer in terms of the maximum amount SAR 

obtainable, in other words, the cost of the maximum percentage of SAR obtainable from 

sugarcane if harvests prioritise widespread incentives not to top or burn plants during the 

season). Based on work by IRENA in 2019 [149], the assumptions for SAR cost are seen by the 

mill and derived to a value of 63 R2015/GJ.  

3.2.2 BAGASSE FUEL CV ENHANCEMENT FROM DENSIFICATION 

SA milling factories are already engineered to process the burnt cane in the mill, nevertheless, 

benefits from increasing bagasse CV are well documented in published research, despite 

disparities. Bagasse availability deemed insufficient enough to satisfy cogeneration energy and 

production demand requirements in an electricity export-oriented sugar industry milling process, 

requires alternative enhancement plans.  

Alterations brought about by sugarcane cultivation advancement may not be as effective as 

enhancing the bagasse CV using densification processes. Implementing these options in the 

model warrants assuming the effects attributable to the techno-economic implications, such as 

costs mandated for establishing, as well as, running the equipment and system procedure. 

Accommodating densification enhancement options in the model structure makes use of 

parameters and references that acknowledge two distinct methods:  

• The first is dewatering (DW), a bagasse drying process assumed to be performed by a 

standard rotary dryer [150] for a maximum allowable decrease of 10% moisture content 

(roughly from 50 to 40%). Increasing the efficiency via CV improvement is also contingent 

on the consumption of some from thermal energy from the CHP system. Adjustments are 

hence, determined accordingly in order to adequately satisfy operating practice.  

• The other option is pelleting (PT), which involves material handling procedures that allow for 

the removal of a large amount of water in addition to conditioning for storage assumed to be 

performed by a standard electric powered pelleting machine [151]. This machine can 
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achieve a 5-fold size reduction as well as an optimal moisture content value reduction of 

30%, from 50 down to 20% [152]. 

Table 16: A depiction of CV enhancement process options involving bagasse 

densification 

EFFECTS MODEL CODE UNITS PELLETING  DEWATERING  REFERENCES 

 

 

 

PT BT  

Efficiency 

improvement             
 ACT_EFF 

% 1.9 1.3 
Beukes 2016 [150] 

FOM effect                          

 NCAP_FOM 

R2015/GJ 8   1 1.2 2  

1. Fechter 2011 [116] 

2. Birru et. al 2018 [50] 

CAPEX effect                       

 

NCAP_COST R2015/GJ 124 60 

Biopelletmachine 

[153] 

For bagasse CV enhancement implementations, no retention times and capacity rates are 

determined. However, quantified thermal and electrical gains as a result of their implementations 

were calculated and implemented into the model as depicted in Table 16. The resulting costs 

and investment capital associated with the implementation of these technologies are also 

construed. 

3.2.3 SOLAR THERMAL UPGRADES  

According to the approach by Hess, solar thermal installations implementation at certain 

integration points within the sugar mill, are done in a way that results in direct bagasse savings, 

as well as, steam quantity reduction, due to less consumption needed [65].  

Assumptions taken by this study differ in that this model shoulders the notion that no adjustments 

to the current milling CHP process system set-up are made to explicitly account for newly 

installed solar thermal systems. Instead, supposed integration points assume that steam 

generation is produced in an environment that favours competitiveness from a least-cost nature. 

As a result, using CSP at the lowest possible cost (as non-tracking, parabolic troughs collector 

arrays), assumes that it is operating at average-case conditions. From the 4 corollaries Hess 
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(2016) considered in Table 17, only the solar live steam production (LS) option is modelled. The 

other options containing solar feed water heating (FW) and solar exhaust steam heating (ES), 

are illustrated for comparative processes with key parameters such as the overall efficiency of 

the system, as well as, capital and fixed operating and maintenance costs per unit energy.  

Table 17: Modelled parameters for solar CHP systems based on investigations done by 

Hess 2016 [68] 

SOLAR 

OPTION 

SOLAR 

TECH. 

ENERGY 

DEMAND PER 

UNIT AREA 

CALCULATED 

PARAMETERS  
HEAT 

DEMAND 

SOLAR 

FRACTION 

THEORETICAL 

HEAT 

DEMAND 

(MAX) 

  
  

EFF CAPEX FOM    

UNITS 
 

PJ/m2 % R2015/GJ R2015/GJ MWth % PJ 

Live 

Steam 

PTC-

HT 4.41E-05 61 160.40 3.21 74.4 0.12 2.35 

Feed 

Water 

PTC-

HT 2.20E-05 61 321.22 6.42 9.0 0.24 0.28 

Exhaust 

Steam ETC 2.21E-05 32 159.39 3.19 62.5 0.16 1.97 

Other solar thermal considerations such as sugar drying and clear juice heating are omitted from 

this research because they contribute to cogeneration parameters indirectly, although, few 

research papers confirm minimal benefit for mills from increased efficiencies. Another reason for 

their omission stems from the fact that they are well represented inclusively in the model anyway 

if parameters are adjusted to suit their representative values.  

3.2.4 COGENERATION SYSTEM ENHANCEMENT 

Coupling the traits of modelled supplementary CHP technological options with the system was 

intent upon discovering the extent to which they affect the industry’s development when added. 

For validated parameters characterizing transformations, applicable CHP technological options 

influence the central research objectives, by allowing their qualities to be demonstrated when 

they perform their roles within the model configuration proficiently. 
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Credence was afforded to the possibility of facilities assuming additional measures to accounts 

for necessary changes from investment lead-times in new installations, and, let-down steam use 

intensification in sugar industry thermal operations. Capturing thermal competitiveness in the 

modelling activity (by initially accounting for fuel supply availability and energy utilisation), 

simplified the issue surrounding the provision of extra steam for increased electricity production 

in scenarios that require excessive boiler superheating processes.  

Nagel (2019) looked at a range of power generation biogas plants built in SA, as well as, abroad 

and concluded that the costs spread for these plants widely vary [154]. Sourced technologies 

considered cost characteristics for the performance of important CHP equipment (such as HP 

steam boilers). These characteristics were applied into the model structure in proportion to the 

power to heat ratio (i.e., per KWe of electricity production output by a prime-mover would result 

in the addition of five more 1 KWth boilers being added to the overnight capital cost if the heat to 

power ratio was 1:5) 

For gasification-based installations, model structuring shown in Figure 26 allows bagasse and 

mill waste for feedstock in pyrolysis/gasification (X-GSF) to produce syngas (GSF-1) or, 

digestion (X-GSF-2) processes to produce biogas (denoted as BIOGAS and assumed to be via 

a cost-beneficial, covered lagoon type digester [89]).  

 

Figure 26: Incorporating sugar production waste by-products (molasses and filter cake) 

in the model 
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Assumptions made for the use of waste products from the processing facility (namely filter cake 

(FLC) and molasses (MLS) together with leftover bagasse) were accounted for in the model as 

detailed by Figure 26. These waste by-products were modelled by reckoning the amounts 

produced, establishing the state upon which they were employed in the industry. These waste 

by-products are then resolved into the model structure according to their performance output 

when applied to the X-GSF and X-DGT processes after their consideration as feedstock (with 

figures denoted in APPENDIX K).  

Due to the unavailability of a viable market for the industry, the associated costs for energy-rich 

methane gas (as BIOGAS for energy values in PJ) was depicted in the model as having no value 

other than promoting the optimal likelihood of CHP technological employment on a self-

generating basis.  

The filter cake was also assumed of negligible value to the industry, therefore, no export market 

worth was assigned to it in the model, although this may be false due to its employment in furfural 

chemical manufacturing. The prices for the molasses sold in its respectively modelled market 

process (called Export of molasses as PEXMLS) was determined to be 844 R/t [89] as depicted 

in APPENDIX I. The resulting energy-rich biogas produced was further assumed to be liable for 

use in 2 distinct gas-powered CHP technological applications pathways, explicitly modelled as 

open-cycle gas turbines (CHPOCGT) or combined cycling and gas turbines (CHPCCGT), with 

the latter allowing the channelling of the ejected gas (GSF-2) to be utilised in a gas boiler for 

additional high-pressure steam production. 

 

 

Figure 27: Depiction of the model layout for processes concerned with gas-powered 

installations 
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For newer installations, CHP boiler parameters for super-heated HPS production were assumed 

to be at higher pressure and temperature values of 67 Bar and 480 °C [155], (with the LPS 

assumed to be re-introduced back into the boiler at 120-110 °C and atmospheric pressure [41]).  

Table 18: A summarised illustration of all the calculated values inputs for technologies 

input into the model cogeneration system 
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Units  yr yr R/KWe R/KW/yr % % % 

 
 % 

Gas turbine 

(combined-cycling) 

BIG-

CC 3 30 12223 6 603 4 38 42 80 1.7 0 80 6 

Gasifier (fluidized 

bed) 

GSF 

 15 14330 14 1 408 14       

Gas-powered steam 

boiler * 

GSF-

BIO 1 20 4 914 14 940 12   80  0  

Gas turbine (open 

cycle) 

OCGT 

3 40 9056 15 418 16 35 44 80 2.5  80 6 

Biogas digester DGT 3 20 364 17 48 18 
    

 
 

Steam turbine 

(condensing extraction) 

CEST 

3 30 8506 3 1263 3 22 48 70 2.8 0 69 7 

Steam turbine (back-

pressure) * 

BPST 

1 30 5768 3 2804 6 8 71 89 6.7 0 55 7 

Co-fuel fired steam 

boiler * 

STM-

BIO 1 30 3239 5 157 12 
  

58 
 

 
 

Concentrated solar 

(parabolic) 8 

CSP 

1 20 160 4   61    
Densifier (dewatering) DDW 1 

 
60 11 1.2 9 

    
  

Densifier (pelleting) DPT 1 
 

124 11 8 10 
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REFERENCES:  1. Mashoko, et. al. 2008 [103], 2. Bhatia 2014 [91], 3. USDOE 2016 [156], 4. 

NREL 2016 [157], 5. NREL 2012  [158], 6. EPA-CHP 2015 [159], 7. SMRI (2013) [133] 8. Hess 

2016 [65] 9. Fechter 2011 [116] 10. Birru et. al 2018 [50] 11. Biopelletmachine [153] 12. USEPA 

[148] 13. Dingle 2013 [84] 14. Holmgren [160] 15. Comstock [161] 16. IRENA 2015 [162] 17. 

Achinas [163] 18. De Keulenaere [89] 

       NB: * Denotes installations whose costs are based on total energy output instead of 

electrical output, therefore, values are denoted in KWth 

The CHP slope was modelled to give a good representation of the priorities afforded to the 

system as illustrated in chapter 2. The key technologies were modelled and configured to be 

supplemented by additional technologies assisting the industry boost overall CHP performance.  

The model CHP enhancement options were modelled as summarized in Table 18 with their 

respective technology types identified by the model code abbreviations represented. In the table, 

the monitored costs for the overnight investment (in R/KWe) and FOM (in R/KWe/yr) were 

developed and tracked as functions of time progressions, certifying the modelling flexibility 

through capturing changing cost trends (such as those published by IRENA [164] and the IEA 

[165]), for the appropriate technological system option. This included key parameters such as 

lead times and lifetimes involved (in years), the calculated capacity availability factor 

(annualised), thermal, electrical, and overall CHP efficiencies (in percentage units), as well as, 

the respective heat-to-power ratios and CHP slope (unitless). 

 SCENARIOS MODELLED 

Scenario case outlook depends on when what are considered ‘added’ technologies are made 

available for assisting the primary cogenerating system configurations applied per sugar demand 

level, are required when the model runs are initiated. Modelled scenarios considered for the 

configurations were initiated as follows: 

• The base year encompasses statistics sourced from the year 2012 as a calibrating starting 

point. 

• The business-as-usual shortened as ’BAU’ is used as a reference point for the model. It 

comprises of the circumstances depicting the continued maintenance of current sugar 

supply levels with no constraint for the loss of the foreign sugar export market. This stance 

stems from the consequential effect resulting from not improving the industry’s current 

3.6 
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status, posing as a good baseline for comparisons and evaluations against other 

alternative scenarios cases. As a result, the computer model is inclined to run and optimise 

for the time horizon with no input of enhancement alterations of any commodity or process 

for transformative purposes.  

• Cases containing the ’HDD’ (short for high domestic demand), involve forestalling 

projected sugar commodity values towards sustaining the local market needs (estimated 

to be a value of 1.6 Mt according to Merven (2020)) annually from 2023 onwards [141]. 

• Cases consisting of ‘ALL’ are non-cogenerating technologies contributing to improving 

transformation by accounting for instances enhancing model configurations. These 

options are designed to facilitate future sugar industry cogenerating systems upgrades by 

allowing the model to consider options like uptake SAR and bagasse densification (drying 

or dewatering) and CSP based installations.  

• Cases summarised as BPST, CEST, OCGT and BIG-CC, represented the major CHP 

technological prime-mover system installations abbreviated as explained in chapter 2. 

These mainly consisted of new turbine installations (depending on the use of steam or 

biogas). Major contributing technologies (such as new co-fuelled steam boilers in 

condensation extraction systems, biogas anaerobic digesters in open cycle systems, and 

lastly, gasifiers and gas boilers in BIG-CC systems) resulted in scenarios being 

characterised using these types technologies. 

• Scenario cases denoted as TEST A and TEST B are done for comparative reasons only. 

They involve the running of the model in the absence of CHP technological advancement 

options. This is important for gauging what transformations would look like in an 

environment that constitutes no newer system investments. 

The scenario cases formulated were articulated through a matrix as depicted in Table 19, 

illustrating the combinations between the options contributing towards a wider collaborative CHP 

transformation. The matrixial structure depicts the model configuration for transformational 

pathways based on several factors such as techno-economic costs and investment. This 

information is important for characterising these modelled constituents and options so that they 

can be subsequently optimised for the model scenario cases produced. This is fulfilled by 

iterating for the PPA value at the break-even point in 2025.  
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Table 19: The resulting scenario matrix depicting the constituents for each specific 
scenario case investigated in the model 
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The current back-pressure system (no transformation) 

BASE BASE YEAR (2012)            

BAU Business-as-usual             

HDD High domestic sugar demand fulfilment     ×        

Transforming the current back-pressure system 

TEST – A Testing BPST system enhancement at BAU  × × ×   × × ×    

TEST – B Testing BPST system enhancement at HDD × × × ×  × × ×    

The transformation from condensing extraction turbines 

CEST CEST at BAU       ×  ×   

CEST-HDD CEST at HDD    ×   ×  ×   

CEST_ALLHDD CEST & other options at HDD × ×  ×  × ×  ×   

CEST_ALL CEST & other options × ×    × ×  ×   

The transformation from installing gas turbines in open cycling  

OCGT GT & digester at BAU      ×     ×  

OCGT_HDD GT & digester at HDD     × ×     ×  

OCGT_ALLHDD GT, digester & other options at HDD × × × × × ×    ×  

OCGT_ALL GT, digester & other options × × ×  × ×    ×  

The transformation from installing bagasse gasification and gas engines in integrated combined cycling 

BIG-CC GT, gasifier & gas boiler            × 

BIG-CC_HDD GT, gasifier & gas boiler at HDD    ×       × 

BIG-CC_ALLHDD GT, gasifier, gas boiler & CHP options at HDD  × × × ×  ×     × 

BIG-CC_ALL GT, gasifier, gas boiler & other options × × ×   ×     × 

The transformation from all available cogenerating technologies and options together 

ALLHDD All CHP technologies & options at HDD  × × × × × × × × × × × 

ALL All CHP technologies & options × × ×  × × × × × × × 
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4 RESULTS & ANALYSIS 

  A PRELUDE ON THE GENERATED OUTCOMES 

Once iterations occur according to the description articulated in the second column of Table 19 

matrix’ in the previous chapter, the generated results can then be analysed. 

The approach used to develop the model particularly focused on investigating least-cost techno-

economic aspects. Based on the TIMES platform’s framework. Transparent insight provided a 

review of systemic comparisons between features in several energy configurations, optimized 

by endogenously solving variables. Default objective functions optimized the structured 

framework for the summated annualized discounted system costs over the modelling horizon. 

‘Real term’ specification of costs and revenues meant that, for instance, inflation was assumed 

to be discounted using a ‘real’ discount rate (which is the same across all cost components). 

Constant real-term costs assumptions were maintained and averaged over time for commodities 

(like co-fueling coal), with electricity grid imports imposed from historical consumption figures. 

With optimization decision variables consisting of the magnitude, the timing of system 

configurations originated from new equipment installations.  

The O&M of installations (activity) level determined input and output flow intensities concerned 

in the magnitude of specified conversion efficiencies. The defined capacity variables assumed 

values at annual resolution with fluctuating (seasonal or diurnal) activity variables, capturing the 

sub-annual variations in demand and availability in resources and prices. 

In this section, model results gauges understanding from the LCOE analysis, comparing various 

power-generating technologies, where each major cogenerating option plays a major role in the 

SA sugar industry. Simulated conditions encouraging transformation, implemented these 

options in instances involving different scenario cases in chapter 4.  

The analysis of these implemented technological transformation options was proven under the 

influence of mainly sugar industry demand output targets. General parametric emphasis on 

annualised averages over the 2012 to 2040 horizon strictly considered the model cogenerating 

perspective from a ‘Brownfield’ project environment (meaning that in some cases pursuing 

diversification opportunities in other sugar-based co-products was assumed not to be a priority).  

4.1 
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Figure 28: The energy balance of the SA sugar industry as depicted by SASA [166] 

  THE ANALYSIS OF LCOE  

The viability of the cogeneration technological options by comparisons were initially calculated 

(using equations 12 and 13 earlier declared in Chapter 3), before being analysed using LCOE 

screening curves under stable economic conditions as a good way of testing the measure of 

potential between applicable technologies in the country. The LCOE comprised of several 

distinct types of new power generating supply technologies characterised by sourced data 

distributed between the levelised fuel, capital, fixed operation, and maintenance costs.  

Although configurations for SA sugar industry CHP were contingent on bottoming or topping 

sequences and governing cycles, comparisons with other conventional technologies portrayed 

key differences in the pricing per unit energy output (R/KWh). Some of them included Wind (L 

for land or onshore), Solar UPV (Utility photovoltaic), Coal PF (Pulverized-fired), CCS (Carbon 

capture and storage), OC/CC (Open or closed cycle), and, CSP (Concentrated solar parabolic 

type of collectors) or, shown in Figure 29. These technology assumptions were based on the 

IEA Cost and Performance Characteristics published in 2019 [167] alongside the assumptions 

for the CHP technological options, referenced and depicted in Table 18 for BPST (USDOE 2016 

[156], EPA-CHP 2015 [159]), CEST (USDOE 2016 [156]), OCGT (Comstock [161], IRENA 2015 

[162]) and BIG-CC (EPA-CHP 2015 [159], NREL 2016 [157]) in Chapter 3. For natural gas and 

coal for power plant prices, the IRP 2019 [168] was used (75 R/GJ and 25 R/GJ respectively). 

A real discount rate of 8% was applied.  
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Figure 29, shows LCOE ranges between 1 and 1.5 R2015/MWh for CHP options. This is value is 

higher than the LCOE of wind and solar as also observed in the REIPPPP bid window 4 [116] in 

2019. 

  

Figure 29: LCOE contrasts between electricity generation technologies in SA against 

those implementable in the SA sugar industry CHP transformation 

Note that, although LCOE is a useful preliminary “screening” indicator for technology option 

evaluations, it does have some shortcoming, namely, the LCOE shown does not incorporate the 

value of the heat provided by the CHP options, and LCOE does not consider other system 

requirements and constraints (such as intermittency). Thus, this is the reason why the analysis 

presented in this thesis goes to the next step of also evaluating options using a system model.  

 THE EXISTING SYSTEM  

 THE BASE YEAR ENERGY BALANCE 

A view of the overall existing energy balance is depicted by the Sankey diagram in Figure 31 for 

the 2012 base year TIMES model replication, and further detailed in APPENDIX H for the back-

pressure based system currently employed. The units denoted in PJ (except sugar produced 

which is in Mt) shows that the flows depict the transfer of energy movement between 

components in the industry value chain.  
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In Figure 31, the split between the quantity of cane harvested by burning and not burning was 

tracked till delivery. This meant that total cane sales at the mill producing sugar output were then 

representative of the total value, with costs included as part of the overall cultivating process 

summed up to calculate the RV price. Bagasse usage in cogeneration and export for other 

purposes was also tracked in the model despite no cost attachment specifically to its value. 

The electricity exported to the grid showed good model calibration for the base year illustrated 

by the value of 83.8 GWh, which is roughly on par with the actual NERSA value which was 83.4 

GWh [114]. Sugar output and molasses were depicted as being converted from energy metrics 

to mass in Mt. Also depicted were the shares of co-fuelling commodities into the boiler and the 

amount of electricity procured from the grid for off-season consumption. 

 

Figure 30: Cost and revenues depicted for the 2012 base year 
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Figure 31: A Sankey diagram illustrating the resulting energy balance of the SA sugar industry in 2012 (base year) 
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 EXISTING SYSTEM COSTS AND REVENUES 

For the existing system base year, the costs, and revenues (in absolute terms per tc value) 

surpassed the consolidated cane price of 515 R2015/tc (on comparison indicated in Figure 31), 

with the model having this value at 570 R2015/tc. Calculating the overall cost conversion to the 

sugar output metric gave a cost of around 5039 R2015/t. The chart in Figure 31 shows the 

contribution of each process’ costs against core revenues from the industry’s activities i.e., 

molasses (explained in red text) and electricity.  

The price for revenues includes estimates for molasses as well as the sugar export market share 

contribution (which was low in 2012 when comparing with subsequent years). These were 

difficult to quantify accurately because of the fluctuations that occur from year to year, 

nevertheless, they were assimilated into the overall earnings total.  

The gap between revenue and cost would include taxes, depreciation of existing assets and 

profits. Since the revenue in 2012 showed to be only slightly above the cost of production, this 

proved the difficulties the industry had during this base year, further supporting the notion that 

other ways of monetising the cane available needed to be prioritised. 

From the current reality, the base year of 2012 showed to be quite peculiar, with very low 

amounts of sugar to the export market (12%) and skyrocketing sugar imports (an increase from 

0.117 Mt in the previous one to 0.204 Mt (SACGA 2015 [132]). Despite these peculiarities, the 

evolution of costs from the base year to the 2025 ’milestone’ year was instinctively captured and 

monitored throughout the value chain. This was important especially from the point of view of 

key cogenerating components, for instance, the added boiler co-fuelling costs from coal and 

wood chips, back-pressure system costs including differentiated HP steam boiler costs 

(including the O&M cost). 

It was also important to account for the losses incurred during the 2014/15 and 2015/16 seasons 

which resulted in the temporary closure of Darnall and Umzimkulu mills. This was due to the 

seasons having been largely affected by a severe drought experienced throughout southern 

Africa. As a result, cane harvest decreases of as much as 16% (further down from 26% the 

previous year in 2013/14), were reciprocated in the data considered for the model in APPENDIX 

E and F which denote summarized operations and costs

4.3.2 
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 OBSERVATIONS 

In order to find the break-even tariff for a particular upgrade, the model is run several times, 

increasing the tariff each time iteratively until the upgrade is “picked” as part of the new least 

cost system configuration pathway.  

In some cases, certain CHP technological configurations showed to be readily feasible 

upgrades, offering new installations at the 1.20 R/KWh total standard tariff value starting point. 

However, the economic potential of some these types of technologies proved to be limited by 

their capacities, regardless of the price point. This was the case, especially for steam turbine 

systems (which could only optimally attain a maximum additional electricity supply of only 200 

GWh). For CEST systems, limitations on installed capacity were lesser as the surplus electricity 

supply could optimally add up to 500 GWh at a slightly higher break-even point of around R1.23.  

Transformative investment solutions for the installation of newer equipment were, thus, not 

tested at lower price points because the PPA values used were deemed to be overestimated 

because of the presupposed subsidies (compared to REIPPPP offers of 0.73 R/KWh). This was 

because the targeted consumer retail tariff prices assumptions used needed to be closer to those 

designated by Municipalities in order to maximise the value of the subsidies estimated. 

 OPTION 1: TRANSFORMING STEAM TURBINE SYSTEMS 

The first transformation option investigates upgrading the current CHP system by implementing 

steam-based turbine prime-movers in pathways, utilising higher pressure co-fueling steam boiler 

to cogenerate surplus electricity. Overall efficiency improvement gains enabling increased power 

generation export to the grid considers the use of SAR from unburnt cane, as well as, maintaining 

exhaust LP steam for mill thermal consumption for the sugar demand levels. 

 CHARACTERIZING UPGRADES  

The existing cogenerating system information applied for upgrading CEST and BPST 

configurations were characterized based on detailed energy balance from data (annual SASA 

performance publications). This includes presupposed estimates from Letsema (2015) who 

assumed a target installation capacity of up to 750 MWe [168]. 

4.4 

4.5 

4.5.1 
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  UPGRADE SYSTEM TECHNICAL POTENTIAL 

For the modelled BASE YEAR (898 GWh) electricity production industry value, in comparison to 

NERSA 2012 value of 814 GWh shows proof of good calibration. The overall CHP efficiency 

was determined to be currently around 51% for the current BPST based system widely employed 

in the industry. Notably, CEST based technology attributed between 56 and 63% of the overall 

efficiency, however, this value is still less than the possible best-case estimates of 79% 

benchmarked courtesy of USEPA in 2015 [148]).  

Table 20: Results of the technical potential for steam turbines upgrades in the SA sugar 

industry 
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  yr PJ PJ % % % GWh MWe MW 
 

R/KWhe 

BASE 2012 44 20 7 44 51 814 202 1177 14 1.20 

BAU 2025 54 22 6 40 46 904 224 1469 16 1.21 

HDD 2025 38 16 6 42 48 660 164 946 15 1.21 

TEST-A 2025 58 22 6 38 44 1013 235 1630 15 1.20 

TEST-B 2025 45 16 6 35 41 737 183 1238 16 1.20 

CEST 2025 57 31 6 55 61 945 232 1836 16 1.20 

CEST & 
other techs at 

BAU 2025 
58 30 8 51 59 1321 289 1675 11 1.23 

CEST at 
HDD 2025 

35 16 8 48 56 772 173 1038 11 1.76 

CEST & 
other techs at 

HDD 2025 
45 25 9 54 63 1143 241 1287 10 1.20 

4.5.2 
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The slightly higher overall CHP efficiencies obtained for CEST based technologies showed the 

ability to viably operate under the assistance of other additional technologies. This was because 

of the availability of extra steam for electricity generation from investment in CSP technologies 

which proved to be a beneficial contributor to layout configurations involving CEST systems. 

This meant CSP technologies can supplement some of the steam requirement load. This justifies 

Hess’ 2016 diversification approach which alluded to the fact that the benefit of CEST 

installations was strongly linked to its mutual co-existence with other technologies that helped 

cover its thermal shortcomings in the facility. 

Continued BPST employment at the current BAU level showed possibilities of being unable to 

feasibly transform using steam turbines to capacities exceeding a little beyond the 1000 GWh 

mark of electricity output. The best-case upgrade pathway for this technology (at the proposed 

tariff point) depicted the industry being able to minimally increase its overall electricity supply 

capacity by as much as 500 MWe. This was primarily for CEST technologies under the 

assistance of other additional technologies. The industry cannot improve beyond heat-to-power 

ratios of less than 10 for steam turbine-based technologies.  

 UPGRADE INVESTMENT COST  

Proposed estimates (Letsema, 2015) presumed electricity production capacity upgrades from 

around 250 to 750 MWe would cost MR 27.83. For the total costs of the lifetime, projects that 

continue the usage of newly installed steam turbine technologies in the sugar industry will be 

looking to incurring at least 33000 to around 47000 R/KWe turbine capacity for targeted 2025 

implementation plans specified by the industry (for CEST’s). Costs may likely push up to 49000 

R/KW (for BPST’s) due to the advantage of adopting CSP technologies.  

Due to the inefficiencies in the already overly mature technology, the high cost of investments 

means the current steam turbine technologies can only be profitable with the aid from assisting 

measures. Total optimal investment possible along steam turbine pathways will likely be 

between about 1000 and 2200 R/KWe, with installed capacity only reaching around 290 MWe 

(much less than the 750 MWe figure touted by Letsema in 2015). Annualised cost deductions 

resulted in figures of MR 2200 to a little over 3790, comparing well with the LCOE sensitivity.  

4.5.3 
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 UPGRADE O&M COST   

Assuming maintenance and operating system costs scaling in capacity with current BPST 

capacity (probably an overestimate), the cost (excluding investment and fuel) for the 

transformation according to the data provided for the base year in 2012 were around 530 MR, 

rising to 750 MR around 2018. The best case for successful upgrade hinges on improvements 

that will reduce annual O&M costs by about 400 R/KW, assuming an 8% discount rate on a 

turbine with a minimum of a 15-year lifetime. 

 

Figure 32: Annual capital and O&M costs for CEST system upgrade in comparison to the 

base year 
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 FUEL COST AND AVAILABILITY 

Assuming the availability of SAR, CSP and densification technologies that can assist the industry 

to upgrade the cogenerating system, the model proved that steam turbine transformation would 

be able to benefit. The model showed that wood biomass (at about 46 R/GJ) and coal use would 

likely continue in the industry (at about 54 MR/GJ) if steam turbines exist. 

The result of accumulating SAR (estimates from SMRI (2013) being at 433 R2015/t) matched the 

low end of assumptions proposed by IRENA (2019), which were between 10 and 34 US$/t. 

Assuming 2012 calorific values of about 7 MJ/kg, this converted to between 96 and 103 R/t 

(much lower than coal and woodchips). This justifies why they are not feasibly used to 

supplement current steam-turbine based pathways, stemming from a point of it being a non-

necessity rather than cost. 

 BREAK-EVEN ELECTRICITY TARIFF CONSUMPTION  

Assuming the system comes online in 2025, the break-even tariff found after running the model 

several times came in at the tariff value supplied, meaning the system broke even from the onset. 

The upgraded cogenerating system entered the solution, partially replacing the existing BPST 

permitted to continue onward from 2025. The model recapitalized the system further towards 

installing both CSP and CEST capacity instead (from 2030 onwards), saving costs in the 

process. Since the break-even point occurs at quite a high tariff value (subsidised by as much 

as 0.58 R/KWh), increasing the tariff value to force further capacity installation proved infeasible. 

Investigations at lower price points would be able to determine at what point steam turbines 

would be profitable in comparison to other supply technologies. However, this was out of the 

scope of this research which presumed the existence of maximised subsidies.  

Given the next REIPPP rounds likelihood to be lower than 0.62 R2015/KWh value, the model’s 

optimal output capacity restriction substantiates the fact that there is little room for the system to 

be flexibly dispatched, therefore, not making it an attractive diversification option. In the face of 

electricity shortages, swiftly upgrading the industry along this pathway may be valuable, although 

restrictions in possible capacity output means that gains from capitalizing off this pathway make 

investment opportunities very unlikely. 

4.5.5 

4.5.6 
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Figure 33: The energy balance in the SA sugar industry for a cogeneration transformation illustrating condensing 

extraction steam turbines with added enhancement from CSP 
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 OPTION 2: TRANSFORMATION WITH GAS-BASED SYSTEMS 

Secondly, transformation options focused on investigating the upgrade of the current 

cogenerating system when considering the involvement of biogas and syngas produced from 

waste molasses, filter cake, bagasse, and SAR from the unburnt cane. For these technologies, 

pathways for maximising surplus electricity output were prioritised with no market availed for 

biomethane or biogas sales to other industries as low carbon thermal/transport fuelling. Required 

exhaust LP steam for heating in milling thermal consumption at the sugar demand levels was 

maintained throughout the model. 

 COGENERATING SYSTEM CHARACTERIZATION 

The CHP system information applied to upgrade with OCGT and BIG-CC (gas-powered) 

systems were characterized based on a detailed energy balance from data sourced from existing 

literature, due to lack of information from the SA sugar industry. The presupposed estimates 

from Letsema (750 MWe in 2015) assumes the target installation capacity was continued [168]. 

 COGENERATION SYSTEM TECHNICAL POTENTIAL 

For gas-based systems, CHP configurations proved to be able to achieve significant gains in 

generating surplus electricity at break-even tariff values higher than steam turbines (up to 1.36 

R/KWh for OCGT and 1.37 R/KWh for the BIG-CC technologies). However, despite overall CHP 

efficiency values ranging anywhere between 50 and 65% for standalone options, for BIG-CC 

technologies, these numbers were particularly low at in the absence of additional technologies 

with values as low as 49%. This also meant that the addition of non-CHP technological 

processes increased the total energy production by the industry, increasing the availability of 

fuelling commodities for conversion to energy rich gases such as methane or syngas via the 

gasification and digestion processes involved. This also corresponded to the increase of energy 

consumption for the extra power being generated. 

Transformation to systems consisting of anaerobic digestion and open-cycling gas turbine 

proved to be feasible with increases in electrical capacity installed achieving as much as 220 

MWe for biogas digesters fitted with open cycle gas turbines. For BIG-CC based systems, the 

capacity installed reached as much as 670 MWe with the addition of other technologies, closest 

figure so far to the higher end amount of 750 MWe suggested by Letsema (2015). 

4.6 

4.6.1 

4.6.2 
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Upgrade pathway for gas-based systems at the proposed tariff point depicts the industry’s ability 

to feasibly increase overall electricity supply capacity using the OCGT pathway. However, the 

intensification of energy requirements boosts electrical output but at the risk of drastically 

dropping thermal efficiencies by much more than 10%. Successful employment of gas-based 

power supply technologies into the sugar industry would likely result in the halving of the 

industry’s heat-to-power ratio. 

Table 21: The results of the technical potential for cogeneration upgrade with gas-based 

systems in the SA sugar industry   
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 yr PJ PJ % % % GWh MWe MW  R/KWhe 

BASE 2012 44 20 7 44 51 814 202 1177 14 1.20 

BAU 2025 54 22 6 40 46 904 224 1469 16 1.21 

HDD 2025 38 16 6 42 48 660 164 946 15 1.21 

OCGT at BAU 2025 51 27 9 54 64 1332 284 1415 10 1.20 

OCGT & other 

techs at BAU 2025 
71 30 10 42 51 1887 384 2039 10 1.31 

OCGT at HDD 2025 37 20 10 55 64 1011 212 1119 9 1.20 

OCGT & other 

techs at HDD 2025 
52 24 12 47 59 1664 324 1357 8 1.36 

BIG-CC at BAU 2025 67 27 9 40 49 1675 356 1748 10 1.26 

BIG-CC & other 

techs at BAU 2025 
78 32 17 40 57 3605 669 2589 5 1.37 

BIG-CC at HDD 2025 51 23 10 45 54 1337 268 1847 10 1.26 

BIG-CC & other 

techs at HDD 2025 
59 30 11 51 62 1851 356 2027 8 1.37 
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Gains in possible electricity output showed to be able to reach twice the 2012 value for OCGT 

based installations, greatly reducing heat to power ratios (to between 8 and 10). BIG-CC system 

configurations were shown to potentially be able to boost output by as much as three times as 

much as the 2012 value (also at greatly reduced heat to power ratios of between 5 and 10 

respectively).  

 

Figure 34: Annual investment capital costs, fixed operating, and maintenance cost figures 

for gas-powered cogenerating in open-cycle systems with enhancement options 

 UPGRADE INVESTMENT COST  

Bearing in mind costs deduced in Table 18, chapter 4 (according to Achinas (2019) [169], De 

Keulenaere et. Al (2016) [89]), this study once again compares capacity installed in the model 

with the proposed 750 MWe upgrade cost estimate by Letsema (MR 27.83).  
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Upgrading electricity production along pathways favouring gas turbines in an open cycle would 

be promising at the modelled tariff, and value would cost between 30000 to 54000 R/KW (turbine 

capacity). If target implementation plans are specified by the industry to at least 500 MWe in 

2025, in the absence of a biogas market, this may cost as much as 57000 R/KW. 

Since the model context is provided along the lines of the milling industry as the supposed IPP 

provider, this pathway can be further substantiated by sensitivities promoting lower costs due to 

savings from incentives such as not having to transport SAR over as long distances and other 

factors like increased localization of digesters, as well as, scaling and decentralization.  

 UPGRADE O&M COST 

For diversification towards gas-based operations assumed transformation pathways having 

fixed O&M system costs of around 5% [161], scaling in capacity with current BPST capacity 

(perhaps an underestimation). This showed a likelihood of the industry experiencing problems 

from increased fixed O&M costs. 

Excluding fuel and investment, comparing data provided for the base year in 2012 (526 rising to 

as much as 655 MR around 2018), further rises in cogeneration costs were experienced. Costs 

rose by as much as between MR 763and 2200, depending on the case. This worked out annually 

to be between 4500 and 6700 R/KW for upgrades reaching around 670 MWe.  

 FUEL COST AND AVAILABILITY 

The upgraded system assuming gas system installations shows possibilities for increasing 

fibrous material, with the transformative pathway towards this direction having a large uptake of 

SAR (up to 1.9 Mt acquired) for prices of between 103 and 141 R/t (around 8 to 11 US$/t). This 

is an improvement compared to steam-turbines, yet, it is still much lower than the prices touted 

by 2013 SMRI of 328 R/t). 

  BREAK-EVEN ELECTRICITY TARIFF CONSUMPTION  

For systems coming in online from 2025 onwards, the break-even tariff found iterating the 

optimization model several times also meant the solution came at the present electricity sales 

tariff. This partially replaced some of the current system’s capacity at BAU sugar supply levels. 

In the absence of the export sugar market demand, the break-even point rose to 1.37 R/KWh. 

4.6.4 
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With the latest REIPPP rounds achieving 0.62 R/KWh in 2018, this diversification route isn’t too 

attractive either compared to steam-turbine systems, even in the presence of subsidisation.  

The energy balance for the system, once the new cogeneration is in place, shows that there 

would be an allowance for the system to optimally be able to benefit from almost 100 MWe of 

extra power supply at the current model tariff value. At throughputs supplying local sugar 

demand levels, diversification efforts and maximum supply may reach 3600 GWhe, depending 

on the use and adoption of SAR from the field. A sensitivity analysis checking the effect of overall 

energy volumes generated annually on the break-even point can determine further how the 

proposed system targets supply power to the national grid over peak demand slots (morning 

05:00 to 09:00 and evening surges 04.30 to 21:30). This can show the system performance over 

hourly fluctuations substantiating better positions of when to take advantage of baseload 

opportunities that could be potentially available, maybe as a result of future coal plant 

decommissioning and so forth. The role of carbon capture and storage and the biomethane 

supply market cannot be ignored because they are a part of decarbonization requirements, 

therefore, sensitivities along this direction must be explored. 

 OPTION 3: TRANSFORMATION CONSIDERING ALL CHP 

TECHNOLOGIES 

The third series of investigations looked at upgrading the SA sugar industry energy cogenerating 

system with an approach that considered all the available technologies together. The 

investigation of the implemented technologies was maintained at sugar production estimates in 

2025 for the local demand and the export market.  

 CHARACTERIZATION OF SYSTEM 

The system targets at local sugar demand level and business-as-usual export levels were 

maintained for the diversification option. The detailed energy balance from the data sourced 

throughout the investigation was initiated with presupposed estimates from Letsema (2015), 

assuming the 750 MW target installation capacity was continued [168]. 

 

4.7 

4.7.1 



 

95 

 

 

Figure 35: Sankey diagram of the energy balance for cogeneration transformation depicting biogas digesters and 

gas turbines in an open cycling configuration with additional enhancement options in the SA sugar industry 
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 COGENERATION SYSTEM TECHNICAL POTENTIAL 

The overall CHP efficiency was determined to rise to somewhere between 60% and 65% 

considering once you consider all the technologies applicable, largely due to the rise in total 

energy input being as much as 80 and 96 PJ. This translates to the overall heat to power ratio, 

massively dropping from around 14 up to about 5 (mainly due to capitalization in CEST’s, open 

cycling systems and anaerobic digestion, collaboratively increasing the electricity output 

considerably).  

Table 22: The results of technical potential for considering all cogenerating options 

together in the SA sugar industry at local sugar demand levels 

 

The amount of possible electricity supply capacity potential ranged between 600 and 800 MWe 

(justifying the Letsema proposal of 750 MWe), with the industry only able to support around 600 

MWe if expansion in cultivating areas does not occur. Compared to standalone steam turbine 

pathways, the CHP system adopting all applicable technologies together showed massive 

performance advantages with capacity installation figures potentially doubling for CEST, a third 

more than OCGT systems when they are just by themselves. 
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  yr PJ PJ % % % GWh MWe MW  R/KWhe 

BASE 2012 44 20 7 44 51 814 202 1177 15 1.20 

BAU 2025 54 22 6 40 46 904 224 1469 16 1.21 

HDD 2025 38 16 6 42 48 660 164 946 14 1.21 

All techs 

at BAU 2025 
81 36 20 44 64 4407 794 1929 5 1.20 

All techs 

at HDD 2025 
65 28 19 44 63 3441 622 1701 5 1.20 
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 UPGRADE INVESTMENT COST  

Letsema had an estimated 750 MWe in 2015 as part of a 27.83 MR upgrade. A combination of 

all considerations gives investment cost totals of about 80000 to 90000 R/KW (turbine capacity) 

for 670 MWe for the project lifetime of 15-year minimum, for targeted 2025 implementation plans 

at an 8% discount. This works out to an annualized investment total cost of 6000 R/KW (with 

potentially half of that value being attributed to FOM costs only). 

 

Figure 36: Annual investment capital costs, fixed operating, and maintenance cost figures 

for all the available technologies applied altogether in the transformation 

 UPGRADE O&M COST 

Once again, assuming the scaling of O&M costs proportionately to the new system with current 

system capacity (with total costs excluding fuel and investment), the total O&M costs according 
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to the data sourced (including SAR accumulation) works out to be between 3000 and 3200 R/KW 

for up to 680 MWe depending on sugar demand levels.  

 FUEL COST AND AVAILABILITY 

Assuming the availability of SAR, as much as 9 PJ of energy was deemed viable enough to 

assist the industry CHP system upgrade, whilst also further substituting the wood biomass and 

coal in use, the result of accumulating SAR (estimates from SMRI (2013) being at 433 R2015/t) 

was much less than the estimated low end of the 11 and 34 US$/t assumptions by IRENA (2019). 

Instead, after assuming the 2012 approximate CV of about 7 MJ/kg, a figure of between 5 and 

8 R/GJ was attained. This meant that these cost prices were much lower than coal (52 R/GJ) 

and woodchips (43 R/GJ). The non-procurement of wood biomass and coal, largely resulted 

from the model facilitating pathways that sustainably incorporated SAR utilization with increased 

operating efficiencies. 

 BREAK-EVEN ELECTRICITY TARIFF CONSUMPTION  

A competitive cost environment for new system technologies coming online in 2025 could not 

be found by running the model several times because, the model technologies were feasible at 

the electricity sales tariff. This means that the solution replaced the existing system which had 

been allowed to continue with no added costs. In Figure 36, revenue exceeds costs by quite a 

large margin, implying that perhaps at lower break-even tariffs (with less subsidies), an optimal 

combination amongst these technologies can be achieved. It may also mean the overestimation 

of the break-even tariff value, with the likelihood of recapitalization being necessary within the 

next few years.  

For the energy balance depicting the fresh cogeneration system considering all the technologies, 

the system showed surplus electricity exports of 2.88 PJ (0.8 TWh) without the use of co-fueling 

with coal and biomass wood chips. 

After all the data assumptions were invoked, the break-even point obtained at tariff value likely 

proved that the most viable pathways for surplus electricity provision were likely to consist of 

options in combination, mainly between both condensation extraction steam turbines and open 

cycle gas-based CHP systems.  

4.7.5 
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Figure 37: A Sankey diagram of the energy balance for cogeneration transformation of all the viably applicable 

technologies availed in the SA sugar industry 
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With the next rounds of the REIPPP likely to be lower and continued export market 

competitiveness, the industry opportunity at current tariff margins would viably still support about 

2.16 PJ (0.6 TWh) of surplus electricity provision to the grid at local sugar supply demand levels. 

However, this would also be at increased overall industrial energy production and consumption 

levels, as well as reduced industrial thermal efficiencies. 

 DISCUSSION 

SA’s sugar industry survival is contingent upon diversification of its income streams. This 

research investigated several pathways for upgrading its cogenerating system, using 

combinations of technology applications. Gas turbines in an open cycle with biogas digesters 

proved to be feasible only at current sugar output levels. At modelled tariff values, it is feasible 

only without additional technologies. Densification was found to be uneconomic with driers, and 

pelletizers, not featuring in any low-cost cases.  

If the industry does not do anything to diversify, it will likely result in the industry experiencing 

plant closures up to the local sugar demand level as provided for by the 2020 master plan [170]. 

Losses of revenue from the sugar export market will likely drive energy production costs further 

upwards. 

According to investigations, diversification towards recapitalization and upgrades along the 

steam turbine pathway meant that at proposed tariffs (1.20 R/KWh), only a limited amount (from 

200 to only 350 MWe) can be viably installed whilst maintaining current sugar supply levels. 

Model results substantiate this further by showing that installed steam turbine capacity 

development becomes unnecessary due to CSP technologies being economically viable to 

install at the higher value of that price range (supplementing between 2 and 9 PJ of CHP 

depending on sugar supply levels). This substantiated Hess’ approach (2016), that it would be 

cheaper to adopt CSP technologies than to continue steam turbine equipment investments in 

the industry, if the intention is increasing electricity output [65]. 

For gas-based CHP systems, the losses of the sugar export market may mean that installation 

at subsidies of 0.58 R/KWh are likely to be infeasible. Along the open cycling pathway, 

opportunity in the industry is possible for installations of an overall capacity increase of only 

around 50 MWe. After considering SAR from unburnt sugarcane volumes (at the lower price 

4.8 



  

101 

 

point deduced) and lower sugar demand level, the capacity would be able to achieve around 

500 MWe via BIG-CC. However, this would be at break-even points of 1.37 R/KWh with a loss 

of around 50 MR resulting from rediverting molasses to anaerobic digestion. 

Table 23: Summary of findings for the parameters of a transformed SA Sugar Industry 

CHP profile 

  
OPTIONS 

 
Parameters Units BPST CEST OCGT BIG-CC All tech. 

Electrical efficiency % 7-9 6-9 9-12 9-17 6-20 

Thermal efficiency % 35-44 48-55 42-55 40-51 42-46 

Overall CHP efficiency % 41-51 56-63 51-64 49-62 61-65 

Overall heat-to-power ratio 
 

14-16 10-16 8-10 5-0 5-9 

Thermal capacity GWth 0.8-1.2 0.9-1.6 0.9-1.6 1.3-1.9 1.1-1.9 

Electrical capacity  GWe 0.16-0.23 0.17-0.28 0.21-0.38 0.26-0.67 0.18-0.80 

Overall CHP Capacity  GW 0.94-1.63 1.04-1.84 1.12-2.01 1.74-2.61 1.23-2.7 

Overall power production 

(per tc) KWh/tc 37-67 67--80 71-116 85-184 225-241 

Surplus electricity 

production (per tc) KWh/tc 5-10 12-38 26-74 47-142 183-199 

CHP Investment capital 

cost (Annual) MR2015 /yr 
 

299-520 273-517 644-2274 

1862-

2313 

CHP FOM costs (Annual) MR2015 /yr  526-754 536-734 763-993 721-1022 

1893-

2446 

Unfortunately, combined cycling pathways were proven to still be very costly to implement, with 

modelled results showing profitability only being possible at prices well beyond the assumed 

subsidised mark despite large capacity gains. 

In comparison with other cane growing nations, SA diversification towards surplus electricity 

output is highly unlikely with the likelihood of reaching values produced by Mauritius and India 

being very low. For diversification in the absence of SAR and other technological enhancement 

measures, the optimal amount of steam turbine upgrades will only reach surplus electricity 
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production of about 12 KWh/tc. Open cycled gas-powered systems can surpass output from 

India and Mauritius by reaching almost 30 KWh/tc depending on local sugar demand levels, if 

more resources are available to be utilised towards substantiating this pathway. 

Table 24: Detailed cost range summary for the transformed SA Sugar Industry CHP profile 

    OPTIONS 

Costs Units BPST CEST OCGT BIG-CC ALL TECH. 

Non-energy 

cultivation costs 

MR 5310-

6770 

5310-

6770 

5310-

6770 

5310-

6770 

5310-

6770 

Diesel & fuel costs for 

cultivation 

MR 

560-760 560-760 560-760 560-760 560-760 

SAR costs R/t - 96-103 103-42 42-69 64-103 

Cane transport costs MR 540-680 540-740 540-740 540-740 540-740 

Overall costs for cane 

Cultivation 

MR 6670-

8280 

7860-

8280 

7860-

8280 

7950-

8270 

7870-

8280 

Cane processing 

costs 

MR 

2100 2100 2100 2100 2100 

Processing CHP 

costs (FOM) 

MR 

470-550 375-530 326-600 430-715 390-550 

Boiler co-fuel costs MR 0-355 0-355 0 0-360 0 

Investment costs for 

CHP tech.  

R/MW 

2.6-4.1 2.7-5.4 3.4-4.1 4.5-8.4 2.6-4.1 

FOM costs for other 

tech. 

MR 

3.0-3.2 2.2-3.1 3.4-3.6 2.0-3.8 3.0-3.2 

Overall CHP costs  R/MW 3.2-5.0 3.4-6.0 4.7-5.3 6.3-9.5 3.2-6.0 

All costs over project 

lifetime (fixed) 

R/MW 48-75 52-91 70-80 95-142 48-90 

Consequently, cases bringing about successful diversification investment and profit 

maximisation, imply that the industry downsizes to an increased domestic sugar demand level if 

surplus electricity provision is to be viable. Other diversification options that result in the 
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competition of steam thermal demand consumption have a likelihood of hampering energy 

provision diversification efforts, due to increased competition for bagasse and other resources 

important for cogeneration. 

Power generating entities in the SA sugar industry who have the desire to expand and produce 

as much as 500 MWe, may have to do so at costs that are significantly higher than the 

alternatives, at a time when the environment is favourable. Consequently, estimates are 

realistically going to be on the lower-end of the gauge (between 343-1255 MWe) assumed by 

Mbohwa (2012).  

Table 25: Summary of the energy availability from commodities and steps provided for 

the transformed SA Sugar Industry CHP profile 

    OPTIONS 

Parameters Units BPST CEST OCGT BIG-CC All tech. 

Gross Cane production Mt/yr 17.5 14-20 14-20 14.3-19.7 14-20 

Gross sugar production Mt/yr 1.6-2.2 1.6-2.2 1.6-2.2 1.6-2.2 1.6-2.2 

Energy from SAR PJ 0 9-10 10-13 4-6 6-10 

Energy from molasses PJ 0 0 11-15 0 13-15 

Energy from Bagasse PJ 30-42 30-51 30-55 30-46 40-50 

Energy from Coal PJ 5-6 0 0 5-6 0 

Energy from Wood chips PJ 0-1 0-1 0 0 0-1 

Energy from Digestion  PJ  - -  5-10 -  31-23 

Energy from Gasification PJ - -  - 6-28  -  

Energy from CSP PJ  - 0-9 -  2-9  -  

Energy available for CHP  PJ 38-58 35-57 37-52 51-78 65-81 

For large capacity installations surpassing 500 MWe, to reach the 680 MWe modelled figure may 

mean adopting hybrid technologies and increasing the installation of decentralised biogas. The 

adoption of condensing turbines will likely only be for increasing self-generation purposes from 

taking advantage of extracting more electricity from current steam throughput, rather than a full 

pivot towards full scale utility based surplus electricity provision. Although technologically more 
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adept at facilitating large electricity supply capacity increases, gas-based systems are still 

unfortunately expensive. With the gap from sharply falling solar costs widening the rift, it is 

increasingly reaching a point of no return. Feasibility for combined-cycling systems can only ever 

be considered as an option under very unusual circumstances. 

 DEVELOPMENTAL BARRIERS 

It should be considered that there are cheaper and more efficient ways to turn sunlight into 

energy (and in future base chemicals?) than through photosynthesis occurring in cane 

plantations. If the industry wants to diversify into energy, a lot more energy can be cost-

effectively harvested with solar photovoltaics than by planting sugar cane. Determining viable 

prices per unit of electricity from cogeneration will require prices higher than coal to lure project 

investment, since the costs of conversion technologies for renewable energy are higher 

compared to conventional fuels.  

One of the risks potential IPP’s representatives of the SA sugar industry will face is fulfilling the 

20-year PPA with Eskom as most of the CHP transformation technologies may have significantly 

less lifetime durations. Price agreements between biomass-based IPP entities and Eskom must 

also consider how to resolve grid connection issues and developmental cooperation. This is 

important in instances where technical issues affect grid power exports, requiring protection 

systems in place when issues such as lighting and cane fires arise. Grid connection vitality for 

cogeneration upliftment in the SA sugar industry depends on the fulfilment of the maximum 

economic potential afforded, by the fulfilment of effective policies governing IPP relationships 

with Eskom in price agreements and strategies.  

Seasonal bagasse availability will constitute the energy resource’s need for storage, especially 

in the absence of tops and trash from cultivation. Also, likely to compound on this issue is the 

allocation of bagasse for other uses, since not all of it is used for cogeneration, although, the 

model did provide consideration for this. 

Infrastructure development in the absence of appropriate capital sources may remain a sticky 

point over the long-term. Accessing the necessary capital required for transforming the industry’s 

CHP must be prioritised and improved upon, if the considered CHP technologies are to stand 

any competitive chance of supplying surplus power over time. For the industry, embracing long-

4.9 
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term strategic outlooks due to the capital intensiveness of cogeneration transformation projects 

will be key. This may include the minimisation of effects on short-to-medium-term revenues, as 

well as, exercising patience from dealing with achieving viability from untested technological 

advancement. Because of the lack of experience in the country, capital loss from retrofits and 

switches to more efficient solutions will likely encounter reluctance from entities resisting change 

(such as unwillingness to decommission under-depreciated equipment in mills, for instance, 

working less efficient HPS boilers). 

Despite a high maturity level, cogeneration processes may still undergo improvements 

undertaking more aggressive learning curves that can continue developmental progress (even 

without implementation in the industry) up to a point where it can disrupt the current technologies.  
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5 CONCLUSIONS AND RECOMMENDATIONS 

  RESEARCH QUESTIONS RESOLVED 

The research provides insight into key areas that include processes such as sugarcane 

cultivation, transport, milling, converting to sugar, electricity, and molasses production (together 

with waste by-products such as filter cake and bagasse), as well as, their sales to corresponding 

markets. In addition, processes impacting the cogeneration system directly are also explored in 

this study, namely, high-pressure (HP) steam boilers (powered by biogas or, wood chips, coal, 

and bagasse together as co-fuel), anaerobic biogas digestion, gasification, and prime-mover 

technologies (defined as types of steam or gas-powered engines or turbines).  

This is most effective in instances involving a combined effort of CEST and OCGT. We find that 

this hybrid combination of power supply resulting from power plant replacements could 

potentially provide between 600 and 800 MWe of additional power to the grid by the sugar 

industry. This is within the range 750 MWe range proposed estimate by Letsema. For BIG-CC 

technologies, 670 MWe can only be feasibly achieved at subsidies of 0.75 R/KWh to the current 

PPA tariff, although still some 80 MWe less than the Letsema proposed estimate. 

To avoid mill closures from market share losses a complete industrial transformation for the 

industry’s cogeneration by 2025 will have to incorporate other diversification options if it is to 

maintain viability.  

The potential for electricity cogeneration in SA is contingent on the need for an enabling 

environment. This allows for the acquisition of enough capital to source appropriate technology 

at viable price agreements expeditiously agreed upon, to encourage private companies to invest 

in the SA sugar industry cogeneration projects. The research alludes to evidence that potential 

cogeneration capacities could progressively attain 350 to 680 MWe at prices between 1.20 and 

1.37 R/KWh. However, barriers making these values difficult to accomplish must be confronted. 

Eliminating most of these barriers can achieve higher capacity installations, however, the 

presence of much cheaper options means that electricity demand from sugar industry CHP by 

2025 is highly unlikely. However, grid balancing opportunities for supply at peak demand may 

also likely be in the form of further combined efforts from several technologies and enhancement 

measures together, as depicted by cases with both CEST and OCGT installations. 

5.1 
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As a useful screening exercise, the simplified LCOE analysis enabled comparison with the 

TIMES based computer modelling approach which is more thorough. This is because it 

emphasises upon the reasons why the computer modelling technique’s is better. The TIMES 

analysis provided a superior way taking account of the system costs, benefits and constraints 

included in relationships between processes and commodities that would otherwise not be 

captured in the LCOE. This problem with LCOE analysis is that it is not a good metric for CHP 

because it could not capture partial capacity replacement of existing technologies. It also omits 

the assignment of a value to the steam resulting in higher break-even point values than those 

obtained by the TIMES based CHP model. Despite the LCOE showing OCGT options to be 

unviable for new capacity system installations at the current electricity supply tariff value, the 

model proved that installation at the break-even point was feasible. Also considering other 

technologies simultaneously into the least-cost environment did not always positively assist the 

respective CHP system configuration in the case scenario. This was seen by the increase in 

break-even point for the OCGT when other technologies were considered. 

For the policy instruments governing the CHP IPP Procurement Program (CoGen IPPPP), the 

SA sugar industry CHP would be well equipped to fulfil the prerequisite mandated requirements 

of utilising or recovering biomass waste-to-energy. However, this is under conditions that 

subsidies are honoured at tariffs which are at parity with Municipal prices. Although waste or 

discard coal would not be accepted as a primary fuel, any SA sugar industry bidders would have 

opportunities. Primary fuels usage has minimum limit requirements, requiring facilities to burn at 

least 60% (in waste-to-energy processes), or 75% (for industrial biomass CHP) of the total 

annual fuel consumption from a renewable fuel that is linked to the host industrial process. 

  RECOMMENDATIONS AND INSIGHT ON FUTURE RESEARCH 

EFFORTS  

There is a need to carry out a detailed feasibility study of reliable cost estimates for mill 

cogenerating power plants before the projects are embarked on, especially at the mill level. 

Because there are many applicable technologies, the opportunities for potential CHP capacity 

must be flexible enough to anticipate different orientations of a viable market to supply surplus 

electricity to the grid. 

5.2 
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Optimizing available resources, as well as, more detailed characterizations of gas-based 

analyses in the flexible dispatch of peaking power will provide better solutions for the model 

output viability. 

Other interesting work includes explicitly investigating high-fibre crop varieties and GM cane 

potential and the extent to which they can positively contribute to the industry’s value chain 

downstream. These system-wide interactions (and their impacts), can be assessed depending 

on the power requirements (hourly or seasonally, etc), including socio-economic impacts like 

employment.
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7 APPENDICES 

APPENDIX A:  BASE YEAR SUMMARY OF SA SUGAR INDUSTRY STATISTICS & CALCULATIONS 
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Units t/h kt % kt kt kt kt PJ PJ PJ GJ/t 

Malalane 278         

1556  

14.04 465                                  

-    

465 186                    

3.30  

                                   

-    

                      

3.301  

                                               

17.75  

Komati 442             

2076  

13.91 565                                    

-    

565 250                    

4.47  

                                   

-    

                      

4.471  

                                               

17.88  

Pongola 228               

1190  

13.91 362 51 312 132                    

2.52  

                             

0.35  

                      

2.170  

                                                 

19.11  

Umfolozi 228              

1029  

13.75 306                                    

-    

306 110                    

2.08  

                                   

-    

                     

2.077  

                                               

18.88  

Felixton 371              

1465  

16.16 509                                    

-    

509 167                    

3.60  

                                   

-    

                     

3.605  

                                               

21.59  

Amatikulu 306               

1165  

16.53 387                                    

-    

387 133                     

2.81  

                                   

-    

                      

2.814  

                                                

21.16  

Darnall 279                   

915  

17.37 342                                    

-    

342 96                    

2.43  

                                   

-    

                     

2.426  

                                              

25.27  
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REFERENCE: SMRI [133], * Calculated 

 

Maidstone 258                  

906  

17.53 342                                    

-    

342 90                    

2.42  

                                   

-    

                     

2.424  

                                              

26.94  

Gledhow 252               

1109  

16.49 383 54 329 119                    

2.70  

                             

0.38  

                     

2.322  

                                              

22.68  

Noodsberg 265              

1426  

14.76 460 64 396 169                    

3.08  

                             

0.43  

                     

2.645  

                                               

18.20  

UCL 130                  

747  

13.92 233 33 200 91                     

1.57  

                             

0.22  

                      

1.348  

                                               

17.22  

Eston 238              

1253  

15.24 396 56 34 153                     

2.71  

                             

0.38  

                     

2.327  

                                               

17.68  

Sezela 333              

1669  

17.07 565 79 486 186                    

4.26  

                             

0.60  

                     

3.668  

                                              

22.93  

Umzimkulu 216                  

773  

15.92 253 35 217 90                     

1.79  

                             

0.25  

                       

1.541  

                                                

19.91  

TOTAL 3822 17278 - 5569 371.3 5198 1972 39.75 1.20 37.137 20.15 

AVERAGE 273 1234 15.5 397 - - - 2.82 0.09 - - 
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APPENDIX B: HIGH-PRESSURE STEAM BOILER ENERGY CO-FUELING ESTIMATES 
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 Bagasse Coal Wood Utilisation 

Total 

Units Kt kt CV 

(GJ/kt) 

TJ t CV 

(GJ/t) 

TJ t CV 

(GJ/kt) 

TJ TJ 

Malalane                        

915  
465.4 

            

7093  

                 

3301  
32.54 

26.6 0.87 -   -   -   3302.1 

Komati                   

1253  
565.1 

             

7912  

                 

4471  
0.75 

26.6 0.02 -   -   -   4470.8 

Pongola                   

1465  
311.7 

             

6961  

                 

2170  
18.65 

26.6 0.50 3.65                          

8353  

0.030 2170.1 

Umfolozi                    

1109  
306.3 

             

6781  

                

2077  
9.37 

26.6 0.25 1.92                            

8137  

0.016 2077.1 

Felixton                  

2076  
508.7 

            

7086  

                

3605  
16.08 

26.6 0.43 -   -   -   3605.2 

Amatikulu                       

906  
387.2 

            

7269  

                 

2814  
5.78 

26.6 0.15 -   -   -   2814.6 
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REFERENCE: Wienese (2001) [54] 

 

Darnall                   

1556  
342.4 

            

7086  

                

2426  
1.57 

26.6 0.04 0.45                           

8503  

0.004 2426.4 

Maidstone                   

1426  
342.1 

            

7086  

                

2424  
27.95 

26.6 0.74 0.04                           

8503  

0.000 2424.9 

Gledhow                    

1190  
329.2 

            

7052  

                

2322  
7.72 

26.6 0.21 -   -   -   2321.7 

Noodsberg                   

1669  
395.8 

            

6682  

                

2645  
9.75 

26.6 0.26 -   -   -   2645.0 

UCL                       

747  
200.4 

            

6725  

                 

1348  
5.54 

26.6 0.15 0.21                           

8070  

0.002 1348.0 

Eston                   

1029  
340.7 

            

6828  

                

2327  
0.22 

26.6 0.01 0.38                            

8194  

0.003 2326.6 

Sezela                   

1669  
485.7 

             

7551  

                

3668  
14.89 

26.6 0.40 -   -   -   3668.1 

Umzimkulu                       

773  
217.3 

            

7090  

                  

1541  
1.53 

26.6 0.04 -   -   -   1540.9 

TOTAL - 5198 99201 37137 152 - 4.05 - - 0.055 37141.5 

AVERAGE - 372 7,086 2653 - - 0.29 - - 0.009 2653.0 
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APPENDIX C: ASSUMPTIONS AND STATISTICS SIMPLIFIED FOR SA SUGAR INDUSTRY MILL 

COGENERATION 
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 Kt kt Bar ° C GJ/kt TJ GWh TJ TJ TJ 

Malalane 915 377 2 120 2693 1015 92 332 40 71 

Komati 1253 516 2 120 2693 1390 87 313 13 100 

Pongola 1465 604 2 120 2693 1625 64 229 - - 

Umfolozi 1109 457 2 120 2693 1231 38 139 16 9 

Felixton 2076 855 2 120 2693 2303 90 325 24 88 

Amatikulu 906 373 2 120 2693 1005 37 133 23 16 

Darnall 1556 641 2 120 2693 1727 68 244 23 - 

Maidstone 1426 587 2 120 2693 1582 39 142 104 16 

Gledhow 1190 490 2 120 2693 1320 52 186 - - 



 

F 

 

Noodsberg 1669 688 2 120 2693 1851 73 261 - - 

UCL 747 308 2 120 2693 828 32 117 - - 

Eston 1029 424 2 120 2693 1142 45 161 - - 

Sezela 1669 688 2 120 2693 1851 73 261 - - 

Umzimkulu 773 318 2 120 2693 857 34 121 - - 

TOTAL 17782 7326.3 - - - 19727 823 2964 242 300 

AVERAGE 1270 523.3 - - - 1409 64.5 423.4 - - 

REFERENCES: NERSA [114], Calculated * 
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APPENDIX D: COGENERATION PARAMETER DETERMINATIONS FOR ALL SA SUGAR INDUSTRY 

MILLS 

 

Mill Total fuel 

input 

Process heat 

required 

Total 

electricity 

produced 

Electrical 

efficiency 

Heat 

(thermal) 

efficiency 

 Heat to 

power 

ratio 

Overall 

efficiency 

Units TJ TJ TJ % %   % 

Amatikulu 2814 1005 133 4.73 35.72  7.55 40.45 

Darnall 2426 1727 244 10.04 71.16  7.09 81.20 

Eston 2326 1142 161 6.93 49.08  7.09 56.01 

Felixton 3605 2303 325 9.01 63.88  7.09 72.89 

Gledhow 2321 1320 186 8.02 56.85  7.09 64.88 

Komati 4470 1390 313 7.00 31.09  4.44 38.08 

Maidstone 2424 1582 142 5.84 65.22  11.17 71.06 

Malalane 3302 1015 332 10.05 30.74  3.06 40.80 

Noodsberg 2644 1851 261 9.88 70.00  7.09 79.88 

Pongola 2170 1625 229 10.57 74.88  7.09 85.45 



 

H 

 

Sezela 3668 1851 261 7.12 50.47  7.09 57.60 

UCL 1348 828 117 8.67 61.45  7.09 70.12 

Umfolozi 2077 1231 139 6.67 59.25  8.89 65.92 

Umzimkulu 1540 857 121 7.85 55.62  7.09 63.47 

TOTAL 37141 19727 2963      

AVE: 2653 1409 212 7.98 53.00  7.06 63.40 
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APPENDIX E: SA SUGAR INDUSTRY OPERATIONS STATISTICS FOR THE BAU (SEASONS 2012-

2019) 

 

*Estimates 

REFERENCES: SACGA [132], SA Sugar Industry Directory [144] 

*Estimates  

REFERENCES: SACGA [132], SA Sugar Industry Directory [144] 

Annual 

period 

Cultivation 

area 

Average 

rainfall 

Cultivation 

yield 

Cane 

milled 

Cane 

Price  

Cane to 

Sugar ratio 

Recoverable 

value (RV) Bagasse CV 

Yr ha mm t/ha t R2015/t t R2015/t (GJ/t) 

2011/12 0.253 992 66.5 16.8E+06 547.50 9.17E+06 4 688 7.085 

2012/13 0.257 1224 67.2 17.3E+06 514.41 8.81E+06 4 228 7.0715 

2013/14 0.266 907 75.3 20.0E+06 464.09 8.51E+06 3 690 7.1016 

2014/15 0.266 598 65.1 17.6E+06 443.50 8.38E+06 3 438 6.9572 

2015/16 0.273 655 60.6 14.9E+06 413.11 9.12E+06 3 454 7.0303 

2016/17 0.253 1081 59.0 15.0E+06 541.14 9.65E+06 4 729 - 

2017/18 0.257 912 68.5 17.4E+06 503.73 8.72E+06 4 037 - 

2018/19* 0.266 - 75.0* 19.0E+06* - 8.68E+06* - - 
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Yr % % GJ/t % % Cane % Cane t t t 

2011/12 0.31 0.69 17.4 12.94 -   -   1.82E+06 1.69E+06 0.13E+06 

2012/13 0.31 0.69 16.5 13.46 4.09 1.66 1.95E+06 1.70E+06 0.25E+06 

2013/14 0.32 0.68 16.4 13.83 4.02 1.61 2.34E+06 1.54E+06 0.80E+06 

2014/15 0.37 0.63 19.0 14.25 4.48 1.44 2.11E+06 1.65E+06 0.45E+06 

2015/16 0.40 0.60 19.7 13.41 4.7 1.07 1.62E+06 1.57E+06 0.04E+06 

2016/17 0.31 0.69 17.4 12.97 4.61 1.84 2.33E+06 1.53E+06 0.80E+06 

2017/18 0.31 0.69 16.5 13.82 4.09 1.66 2.13E+06 1.19E+06 0.94E+06 

2018/19* 0.32 0.68 16.4 13.86* 4.02 -   2.18E+06* 1.24E+06* 0.94E+06* 
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APPENDIX F: CULTIVATION COST BREAKDOWN FOR SUGARCANE FOR SEASONS 2012-2014 

 

 

 Rainfed - 75% cane share Irrigated - 25% cane share Weighted averages 

 
Type of Costs Units 2012 2013 2014 2012 2013 2014 2012 2013 2014 

FC Farm Staff R/tc 122.88 141.21 149.68 90.04 92.94 98.51 114.67 129.15 136.89 

VC Fuels/Lubricants R/tc 41.39 38.45 36.24 32.29 27.78 26.19 39.11 35.79 33.73 

FC 

Mechanical 

Maintenance 

R/tc 

42.62 39.38 37.12 36.42 31.10 29.32 41.07 37.31 31.26 

FC 

Fixture 

Maintenance 

R/tc 

17.49 16.21 15.29 16.38 14.03 13.22 17.21 15.67 14.77 

VC Cane Transport R/tc 47.17 41.85 40.10 51.61 45.80 43.89 48.28 42.84 41.05 

VC Chemicals R/tc 27.84 26.26 24.76 19.50 16.41 15.48 25.76 23.80 22.44 

VC Fertiliser R/tc 77.43 71.95 67.83 72.03 61.37 57.52 76.08 69.30 65.25 

VC Services R/tc 13.27 12.62 12.09 14.42 12.35 11.83 13.55 12.55 12.02 

FC Administration R/tc 27.31 25.47 24.01 20.07 17.39 16.40 25.50 23.45 22.11 

FC Insurance R/tc 10.04 25.47 24.01 8.55 7.33 6.91 9.66 20.93 19.74 

FC Licenses R/tc 1.21 1.15 1.08 0.54 0.46 0.44 1.04 0.98 0.92 

VC Irrigation R/tc 1.88 1.75 1.65 70.97 60.11 56.66 19.15 16.34 15.40 



 

L 

 

VC Sundry R/tc 47.60 50.34 47.46 38.70 37.98 35.80 45.38 47.25 44.54 

TOTAL O&M R/tc 361.93 493.63 466.19 356.89 436.23 412.14 360.67 479.28 452.68 

Total VC R/tc 

 

267.32 247.86 234.44 

Total FC R/t. yr 

 

12.11 20.03 12.71 

Net income (Cane 

Price) R/tc 

 

547.50 514.40 464.09 

REFERENCE: SACGA [132] 
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APPENDIX G: CANE MILLING & PROCESSING COST DETERMINATION FOR SEASON 2012/2013

    

 

DETAILS OF PARAMETER COSTS AND CONVERSIONS 

 

PARAMETER UNIT VALUE REFERENCE 

 

Sugar sales only R 13.3E+06 Tongaat-Hulett [135] 

 

Earnings from electricity R 0.133E+09 Tongaat-Hulett [135] 

 

Molasses R 11.9E+09 

Merven (2020) [141] /SASI (2013) 

[133] 

 

Actual mill costs R 1.85E+09 Tongaat-Hulett [135] 

 

Cane milled  T 17.3E+06 SASI [133] 

 

Cane CV GJ/t 5.1646 Merven (2020) [141] 

COSTS SUMMARY ACCOUNTED FOR 

TYPE PROCESS UNIT VALUE REFERENCE 

VC Wood purchases R/GJ 45.24 Merven (2020) [141] 

VC Coal purchases R/GJ 53.10 Holman (2017) [171] 



 

N 

 

FC Boiler capacity use R/GJ 4.98 USDOE [61] 

FC CHP (without boiler) R/GJ 421.48 EMM in NEMS [82] 

VC Electricity imports R/GJ 363.89 NERSA [114] 

E Electricity exports R/GJ 333 NERSA [114] 

E Molasses sales R/GJ 889.52 Merven (2020) [141] 

E Sugar sales  R/GJ 1 322.50 Tongaat-Hulett [135] 

CALCULATED MILL COSTS 

FC Mill costs (FOM) R/GJ (c) 610.83 Calculated 

FC Mill costs (adjusted for – no CHP) R/GJ (s) 52.95 Calculated 
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APPENDIX H: DETAILED CHP ENERGY BALANCE FOR THE BASE YEAR 2012 

 

 
Producers Consumers 

 

Commodity Tech description Unit Value 

CV 

(MJ/kg) Tech description Unit Value 

CV 

(MJ/kg) 

Oil & diesel Diesel transport PJ/Mt 0.103 LHV 

Cultivation of 

sugarcane PJ 122 
 

    PJ 1.784     
 

    

Cane crop - Burnt 

& topped 

Cultivation of 

sugarcane PJ 110   

Transport – Burnt & 

topped cane PJ 110 
 

  
Mt 15.6   

    

Cane crop - Other  

Cultivation of 

sugarcane PJ 12.2   

Transport – Unburnt 

cane PJ 12.2 
 

    Mt 1.73     
 

  
 

Cultivation of 

sugarcane 

Transport – Burnt & 

topped cane PJ 110   

Milling/Processing 

Factory - Existing PJ 122 LHV 

 

Transport – Unburnt 

cane PJ 12     Mt 17.278 7.086 

Bagasse  

Milling/Process 

Factory - Existing Mt 5.569   Bagasse Exports                                   PJ 

                              

3.06  LHV 



 

P 

 

  
PJ 

                  

39.7  
 

  Mt 0.4288 

                         

7.136  

     
Co-fueled Boiler PJ 

                              

36.7  
 

    
 

      Mt 5.141   

Sugar production 

Milling/Process 

Factory - Existing PJ 37.1   Sugar supply demand PJ 37.1 19.0292 

    
 

      Mt 1.952   

C-Molasses 

(waste by-product) 

Milling/Process 

Factory - Existing PJ 

                

12.94  LHV Exports of Molasses PJ 

                            

12.94  
 

  
Mt 4.468 

          

2.90  
 

Mt 4.468 
 

Filter cake (waste 

by-product) 

Milling/Process 

Factory - Existing PJ 

                  

5.25    
    

    Mt 0.751 

          

7.00    
 

    

Coal Coal supply to mills                                PJ 5.652 LHV Co-fueled Boiler PJ 5.652 
 

  
Mt 152.34 27.0 

    

Wood biomass 

Biomass wood 

supply PJ 0.094 LHV Co-fueled Boiler PJ 0.094 
 

    Mt 0.008 12.59   
 

    

High-pressure 

steam Co-fueled Boiler PJ 26.9   

CHP – Back-pressure - 

existing PJ 26.9 
 



 

Q 

 

    
 

      
 

    

Low-pressure 

steam 

CHP – Back-

pressure - existing PJ 

                  

19.7    

Milling/Process 

Factory - Existing PJ 

                              

19.7    

    
  

    

Electricity 

CHP – Back-

pressure - existing PJ 

              

2.9637    Exports of Electricity  PJ 0.3004 
 

  Grid electricity supply PJ 0.2417   

CHP – Back-pressure - 

existing PJ 

                              

2.66    
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APPENDIX I DETAILED COSTS & REVENUE FOR THE BASE YEAR 2012 SYSTEM 

 

 

  

Cultivation of sugarcane   
Oil & diesel MR 676 

Cultivation of sugarcane MR 5274 

Transport – Burnt & topped 
cane MR 638 

Transport – Unburnt cane MR 71 

Total cost   6659 

Cane cost R/t 385 

Cane to sugar ratio     

Total sugar  Mt 1.95 

  R/t 3412 

Cane to sugar ratio   8.85 

Revenue from mill activity      

Molasses Mt 0.772 

Value R/t 843.55 

  R/GJ 100.65 

Net sugar sales (export + local) MR 9750 

Revenue from molasses MR 651 

Sugar Production Volumes Mt 1.952 

Sugar Export unit price R/t 4016.90 

I 



 

S 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Existing back-pressure CHP     

CHP Capacity 
GW 
(Power) 

        0.237  

Total O&M Costs MR 656 

  R/kW 2764.49 

  R/t cane 38.0 

  R/t sugar 336 

Additional Fuel costs MR 355 

  R/t cane 20.5 

  R/t sugar 182 

Electricity Costs MR 81 

Electricity Sales Revenue (@1.2 
R/kWh) 

MR 100 

Net Electricity Costs (Revenue-
Cost) 

MR 19 

  R/t cane 0.89 

  R/t sugar 7.89 

Bagasse Sales Mt 3.90 

  
R/ton 
bagasse 

            -    

  MR             -    

Milling & Processing 
  

Mill Capacity Mt cane 21.3 

Cane processed in 2012 Mt cane 17.3 

O&M Costs per unit capacity MR 2093 

  R/t cane 98 

  R/t sugar 869 

O&M Cost per ton processed R/t cane 121 

  R/t sugar 1073 
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APPENDIX J:  PARAMETERS FOR STEAM TURBINE CHP SYSTEM ENERGY BALANCES 

  

 

CHP parameter 
 

Simulated Actual 

    BPST (2012 BASE YEAR) Units Value Value 

Total cost (annual) MR 9772 9845 

Existing capacity MW 237 240 

 
Inputs 

Coal PJ 5.8259 4.065 

Bagasse PJ 37.2 37.1 

SAR (tops & trash) PJ 0 0 

wood chips PJ 0.9756 0.975 

Total  
 

44.0 42.2 

 
Output 

HP steam PJ 19.5 19.7 

Electricity PJ 2.93 2.96 

Total   22.4 22.7 

Electricity GWh 813.8 823.3 

Availability % 55 69 

Turbine capacity GW 0.163 - 

Heat to power ratio 6.65 7.06 

Overall efficiency % 51 63 

Electrical efficiency % 11.5 8 

Total capital cost R/KW 0 0 

Total maintenance cost R/KW 2730 2540 

CEST Units Value 

Total cost (annual) MR 10814 

New capacity MW 290 

Inputs 

Coal PJ 0 

Bagasse  PJ 42.0 

SAR (tops & trash) PJ 9.75 

wood chips PJ 0 

Total  PJ 51.8 

Output 

HP steam consumed PJ 28.3 

LP steam consumed PJ 21.9 

Electricity produced PJ 6.52 

Total   56.7 

Electricity produced GWh 1321 

Electricity (off-season Eskom) GWh 67 

Electricity exported GWh 545 

  

Availability  0.69 

Turbine capacity MW 299 

Heat to power ratio 2.23 

Overall CHP efficiency % 63 

Turbine electrical efficiency % 22 

  

Capital cost R/KW 47423 

New maintenance cost R/KW 2460 

Recoverable SAR R/GJ 9 

 $/t 8.10 
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APPENDIX K: PARAMETERS FOR GAS-POWERED CHP SYSTEM ENERGY BALANCES 
 

OCGT Units Value 

Total cost (annual) MR 11734  
New capacity MW 384 

Inputs 

Bagasse PJ 42.0 

SAR (tops & trash) PJ 13.4 

Molasses PJ 1.90 

Filter cake PJ 1.69 

Biogas  PJ 8.99 

Total   68.0 

Output 

HP steam PJ 29.6 

LP steam PJ 21.9 

Electricity PJ 10.0 

Total   61.5 

Electricity produced GWh 1887 

Electricity (off-season 
Eskom) 

GWh 
67.1 

Electricity exported GWh 1067 

Availability  0.8 

Turbine capacity GW 0.118 

Heat to power ratio 4.61 

Overall CHP efficiency % 38 

Electrical efficiency % 10 

  

Capital cost (per unit 
turb.) R/KW 53890 

New maintenance cost R/KW 3504 

ALL TECHNOLOGIES Units Value 

Total cost (annual) MR2015 12189 

New capacity MW 793 

Inputs 
  

Bagasse PJ 42.0 

SAR (tops & trash) PJ 13.4 

Molasses PJ 4.95 

Filter cake PJ 4.38 

Biogas PJ 23.3 

Total  
 

88.0 

Output 

HP steam PJ 25.7 

Gas boiler content PJ 21.9 

Electricity PJ 23.9 

Total   71.5 

Electricity produced GWh 4407 

Electricity (off-season Eskom) GWh 67.1 

Electricity exported GWh 3587 

 



 

V 

 

  Availability   0.8 

Turbine capacity (CEST) GW 0.229 

Turbine capacity (OCGT) GW 0.429 

Heat to power ratio 
 

5 

Overall efficiency % 55 

Electrical efficiency % 20 

Capital cost (per unit turb.) R/KW 89990 

New maintenance cost R/KW 3084 
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APPENDIX L: LCOE FOR ELECTRICITY SUPPLY TECHNOLOGIES 
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APPENDIX M: INPUT PARAMETERS FOR TIMES ENERGY PROCESS FOR CHP RESEARCH [37] 

PARAMETER TIMES CODE UNIT DESCRIPTION 

Commodity input TOP_IN PJ The commodity that is inputted into the technology for conversion into the 
output commodity. 

Commodity output TOP_OUT PJ The commodity that is outputted by the technology after conversion. 

Efficiency 
ACT_EFF 

 
fraction Efficiency is the conversion factor from input energy to output energy. 

Amount of activity produced by 1 unit of input flow 

Capacity factor 

NCAP_AF / 

NCAP_AFA / 

NCAP_AFC 

 

fraction 

Bound on the annual utilization factor or availability of capacity represents 
the fraction of a time period that a process can operate. The process cannot 
operate for 100% of a time period due to scheduled maintenance and other 
interruptions.  

Investment cost 
NCAP_COST 

 
MR/GW Investment cost represents the total build cost of a process that must be 

spent. 

Fixed O&M cost 

NCAP_FOM 

 

 

MR/GW 
Fixed operation and maintenance cost represents the costs associated with 
a process that does not alter depending on output but are determined by 
total capacity regardless of where that capacity is in use, e.g., rental of land. 

Variable cost ACT_COST 
MR/PJ 

output 
Variable cost represents costs associated with the process’ that increase 
with increased energy output. 

Life Time NCAP_TLIFE years The lifetime of any energy equipment dictates how many years the process 
may stay in operation. 

Lead time 
NCAP_ILED 

 
years 

The lead time variable dictates the time the model needs to bring a 
particular technology into operation. It represents the construction time of 
any energy equipment. 

Heat-to power 

ratio NCAP_CHPR  Heat-to-power ratio* of the CHP system modelled only considered for 
processes defined to be of type CHP. 

  Electricity to heat 

coefficient NCAP_CEH  Coefficient of electricity to heat only considered for processes defined to be 
of type CHP. 
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APPENDIX N: THE RAW SUGAR PROCESSING FLOW DIAGRAM (SIMPLIFIED) [143] 
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