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Abstract 
 

The need to achieve sustainable development has led to devising various 
approaches for the efficient utilization of natural resources. Renewable 
energy technology and energy efficiency measures feature prominently in 
this regard, and in particular for industries such as sugar production:  the 
sugar cane industry’s eponymous feedstock is a renewable resource, and 
mills have potential for increased energy savings via improvements to co-
generation units, electric drive retrofitting, and other measures.  The over-
all objective of this research work is to investigate different approaches of 
efficiency improvements for enhancing sugar cane conversion, thereby in-
creasing the services obtained including surplus electric power delivery. 
Traditional sugar cane mills, i.e. those that lack modern components such 
as high-performance boilers and electric drives, are the focus of this in-
vestigation.  

System simulations show that modern mills generate more electrical power 
as compared to traditional mills, with power-to-heat ratios nearly one or-
der of magnitude higher (i.e. 0.3-0.5).  Comparison of the thermodynamic 
performance of three retrofits showed that such modifications could raise 
the performance of traditional mills to approach those for their modern 
counterparts. Results for a base case traditional plant show that losses re-
lated to mechanical prime movers are high, since the mills and shredder 
are driven by steam and generate excess mechanical power. When consid-
ering press mill stoppages, steam is wasted during the ensuing fuel oil-fired 
start-up period. CO2 emission for such transient conditions can be de-
creased owing via bagasse drying and storage.  
 
In studying both energy and water impacts, a comparison of four techno-
logical improvements demonstrates benefits outside the crushing season 
for three scenarios: recovery of excess wastewater for enhanced imbibi-
tion; recovery of waste heat for thermally-driven cooling; and pelletization 
of excess bagasse. The fourth option, involving upgrading of the mill’s 
cogeneration unit, is advantageous for continuous surplus power supply. 

 
Keywords: Sugar cane, energy saving, heat loss, steady state, transient 
state, CO2 emission; absorption chiller, pellet, bagasse drying, energy per-
formance, traditional mills, modern mills, waste water, surplus power 
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Sammanfattning 
 
Behovet att uppnå hållbar utveckling har lett till olika sätt att effektivisera 
utnyttjandet av naturresurserna. Utbyggnad av förnybar energi och ener-
gieffektiviseringsåtgärder är två framträdande sätt att sträva mot en mer 
hållbar utveckling, och i synnerhet i industrier såsom i sockerprodukt-
ionen: sockerrörsindustrins råvara är en förnybar energiresurs, och anlägg-
ningarna har potential för ökad energibesparing genom förbättringar i 
kraftvärmeverksdelen och installation av elektriskt drivna pressar som ex-
empel på åtgärder. Det övergripande målet med den här forskningsstudien 
är att undersöka olika tillvägagångssätt att förbättra verkningsgraden i 
sockerrörsbruken och på så sätt öka andelen tjänster och produkter som 
inkluderar export av överskottsel. Traditionella sockerrörsbruk, d.v.s. dem 
som saknar moderna komponenter såsom högeffektiva pannor och elekt-
risk drivning av pressar är fokus för den här forskningsstudien. 
 
Simuleringsresultat visar att moderna bruk genererar mer elektrisk effekt  
än traditionella bruk, med en storleksordnings ökning  i kraft-värmekvot 
(dvs 0.3-0.5). En jämförelse av den termodynamiska prestandan i tre olika 
effektiviseringsåtgärder visar att sådana modifikationer kan lyfta de tradit-
ionella sockerrörsbrukens prestanda att närma sig den för de moderna 
sockerbruken. Resultatet från fallstudien av ett traditionellt sockerrörs-
bruk visar att förlusterna som relateras till de mekaniska turbinerna är 
höga, eftersom turbinerna som driver kvarnarna och rivningsmaskinen ge-
nererar överskottsarbete. När transienta driftsscenarion betraktas, där fos-
silolja introduceras under ett driftsstopp, kommer en del av den produce-
rade ångan att kastas bort från det att oljan introduceras till dess att den 
effekt uppnåtts som krävs under stopperioden. CO2 utsläppen för sådana 
transienta driftsscenarion kan minskas genom att torka och lagra bagasse 
som kan ersätta fossiloljan.   
 
När både energi- och vatten effekter studeras, görs en jämförelse mellan 
fyra olika teknologiska förbättringar. I tre av dessa visas på nytta utanför 
sockersäsongen: återvinning av avloppsvatten i överskott för att förbättra 
vatteninfiltrationen (i sockerframställningsprocessen), återvinning av 
värme för värmedriven kyla och pelletering av överskottsbagasse. Det 
fjärde alternativet, som inkluderar att uppgradera brukets kraftvärmeverk, 
kan vara attraktivt om en året-runt produktion av överskottselektricitet är 
det som eftersöks. 
 
Nyckelord: Sockerrör, energibesparing, energieffektivisering, värmeför-
lust, stationär drift, transient drift, CO2 utsläpp, absorptionskylare, pellets, 
bagasse torkning, energipotential, traditionella bruk, moderna bruk, av-
loppsvatten, överskottseffekt, överskottsel 
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A b b r e v i a t i o n s  a n d  N o m e n c l a t u r e  

 

Character Parameter  Unit 

     C Cost [USD]  

     h Enthalpy [kJ/kg] 

     Ė Emission [tonne/day] 

     x Steam Quality - 

     HHV Higher heating value [kJ/kg] 
     PLoss Loss [kW],[MW] or [GJ/day] 

     LHV Lower heating value [MJ/kg] 

     ṁ Mass flow [kg/s] or  [tonne/day] 

      P Pressure [bar]  

      I                              Investment [USD] 

     CP Specific heat capacity [kJ/kg-oC] 

     R Revenue [USD/day] 

     t Time [sec] or [hrs] 

     T Temperature [oC] 

     F Moisture content  [%] 

    Ẇ  Work output  [kJ/s], [kJ/hr] or [GJ/day] 

    Q̇ Heat flow [kJ/s] , [kJ/hr] or [GJ/day] 
     i Interest rate [%] 
     L Loss [%] 

Symbol Parameter  Unit 

     ƞ Efficiency [%] 

     λ Electricity sales price [USD/kWh] 

     ρ Density [kg/lit] 

    r Heat of vaporization of water [kJ/kg] 

    α Power-to-Heat ratio  

    Φ Absorbed power [kWh/TFH] 

Subscript Meaning  

    el Electrical   

    ex Excess   

    f Fuel   

    is Isentropic   

    st Steam   

   me Mechanical   

   sm Shredder and mill   

    w Water   
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    B Boiler   

    act Actual   

    t Total basis   

    d Dry basis   

    O&M Operation and maintenance 

    pur Purchase 

    eqp Equipment 

    eng Engineering 

    ins Installed 

    acc Accumulated 

    tr Transmission 

    fg Flue gas 

    Sen Sensible 

    Lat Latent 

    rad Radiation 

    MM Manufacturer’s margin 

    MA Moisture in air 

    PT Power turbine 

    PS Process 

    BC Base case 

    MC Modified case 
    g Generator 
    pell Pellet 

Abbreviations   

    BPT Back Pressure Turbine  

    CEST Condensing Extraction Steam Turbine                                 

    CRF Capital Recovery Factor  

    EEPCo Ethiopian Electric Power Corporation  

    FSF Finchaa Sugar Factory  

    FW Feed Water  

    LCOE Levelized Cost of Electricity  

    NPV  Net Present Value   

    PBP Pay Back Period  

    TC Tonne of cane  

    TCD Tonne of cane per day  

    TCH Tonne of cane per hour  

    TFH Tonne of fiber per hour  

    MC Moisture content  
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1. Introduction   

Rapid global economic and population growth has resulted in increased 
demand for natural resources. Economic, socially and environmentally 
friendly utilization of these resources are all critical for the sustainable de-
velopment of society. Populations identified in the UN’s Sustainable De-
velopment Goals (SDG’s) as lacking access to two vital natural resources 
– energy and water – face major challenges in modernizing energy services. 
This has resulted in well-known drawbacks including poor standard of liv-
ing, low rates of industrialization, slow economic growth, poor environ-
mental performance, or combinations of some or all of these attributes. 
Thus, the concern to achieve sustainable development through efficient 
utilization of natural resources in an environmentally friendly manner has 
led to shifting to renewable energy resources such as biomass, coupled to 
the deployment of improved energy efficient conversion technologies. 
Added focus on biomass, a water intensive resource, brings water issues 
forward, as its efficient and low-polluting utilization is also critical towards 
achieving sustainability.  

Sugar cane is a biomass resource that has significant potential for supply-
ing clean energy vectors such as bio-ethanol and electricity. Using the en-
ergy potential of sugar mills is one alternative to address the possibility to 
increase the share of renewable electric power generation in a given region 
(Khoodaruth & Elahee, 2013; Deshmukh et al., 2013). Several countries 
are now modernizing their sugar industry to better exploit the cane resi-
dues – cane trash, consisting of tops and leaves; and bagasse, the fibrous 
solid residue that remains after the cane crushing process – for excess 
power generation, but there are still many mills retaining inefficient con-
ventional technologies. Generally speaking, sugar cane mills can be divided 
into two major categories according to the technology used: conventional 
(herein called traditional) and modern sugar mills. A summary of the char-
acteristics of these two types of sugar mills is explained as follows: 

• Traditional sugar mills have low pressure boilers, back pressure 
turbines, have no or very little surplus electrical power produc-
tion, have steam turbine driven mechanical equipment (rollers, 
shredders and pumps), and occasionally employ ethanol produc-
tion.   

• Modern sugar mills feature high pressure and temperature boiler 
installations, with surplus electrical power often supplied by a 
Condensing Extraction Steam Turbine (CEST) operating in co-
generation mode.  Electrical drives are employed in lieu of steam 
turbines for mechanical power supply in most modern sugar mills. 
These mills also feature diffusers for cane juice extraction.  
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The fact that most traditional sugar mills must prioritize residue incinera-
tion for the purpose of handling waste disposal limits generation of sur-
plus power, even if the potential is present. Boilers in traditional sugar 
mills are designed to burn most by-product bagasse with low steam data, 
which represents an inherent inefficiency. Additionally, there is lack of 
power production during off-season, which normally is not offset by ac-
cumulating excess bagasse during the growing season. Field burning of 
cane trash – representing 1/3 of the crop’s energy value – also contributes 
to the problem (Olivério & Ferreira, 2010).  

One possible remedy for handling these shortcomings is to consider ret-
rofitting traditional boilers with high-efficiency cogeneration, in combina-
tion with energy efficiency improvements and measures for enhancing op-
erational performance in the sugar processing. Implementation of such 
measures can contribute positively to environmental performance, includ-
ing water use and waste water treatment (Ingaramo et al., 2009), and lead 
to more favorable economic conditions for sugar mill owners. Little atten-
tion has been paid to such issues as applied to actual mills and with a 
techno-economic perspective. The analysis of energy losses during unex-
pected stoppages in sugar mills with accompanying energy saving options 
is another area which has been largely overlooked.  

1 . 1 .  O b j e c t i v e s  a n d  
r e s e a r c h  q u e s t i o n s  
 

The main objective of this research work is to investigate different ap-
proaches for efficiency improvements in order to utilize the full potential 
of sugar cane as a resource for traditional mills, thus increasing the services 
obtained including surplus electric power delivery. To facilitate the presen-
tation of the research work, the thesis is organized to address the research 
questions below through appropriate methods. 
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Research question 1: What are the differences in energy performance between traditional 
and modern sugar mills? 

Research question 2: a) What is the energy saving potential of traditional and upgraded 
sugar mills both during steady state and transient conditions? 1   

b) What energy efficiency improvement technologies can be implemented in traditional 
sugar mills that can be viable from economic and environmental points of view? 

Research question 3: a) What are the potential areas for waste heat recovery, waste 
water recovery, excess power provision and excess residue recovery in sugar mills? 
 
b) Which of the investigated technological options are most relevant for boosting the 
performance of a traditional sugar mill? 

1 . 2 .  R e s e a r c h  a p p r o a c h  a n d  
m e t h o d o l o g y  

The starting point for the research work is a literature survey on the inter-
national sugar cane industry, which gathers information on the current 
cogeneration practices and available energy efficiency improvement tech-
nologies. In addition, the literature survey involves the collection of key 
statistics of traditional and modern sugar mills in different countries based 
on data from literature as well as correspondence with sugar mill opera-
tors. The gathered raw data is further analyzed for the purpose of com-
parison between the performance of traditional and modern mills. The 
analysis and the results are presented in Paper I and in Chapter 3.   

 
Following an assimilation of this data, various technological improve-
ments are considered for addressing research questions 2 and 3. A case 
study approach is taken for examining options for two similarly sized mills 
located in Ethiopia and Cuba. The sugar mill located in Ethiopia is selected 
as representative of a facility employing a recent retrofit of outdated equip-
ment, allowing for comparison of old and new technology. On the other 
hand, the case study plant in Cuba has other features which align with 
research question 3. It is located in a country where sugar is a major export, 
and it features both old and upgraded equipment. Another relevant factor 
is that the ECOCERT-labeled organic sugar production (UN, 2004) 
makes it a requirement that the mill is more concerned with environmental 
considerations, so self-sufficiency in energy is a priority.  

                                                      

1 Steady state is considered as the state when the sugar factory is working nominally, i.e. all 
processes are being performed in the sugar production at the same time. Transient condi-
tion is considered as the state when there is an unplanned stoppage. 
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The analysis and results for research question 2 are associated with the 
case study sugar mill located in Ethiopia and is presented in Chapter 4 as 
a summary of Papers II and III.  The assessment involves calculation of 
major heat losses and accumulated bagasse during steady state, and also 
involves major heat loss calculations during transient conditions, where 
typical unexpected stoppages are considered. Results from a techno-eco-
nomic optimization are also included.  
 
The analysis and results for research question 3 are associated with the 
case study sugar mill located in Cuba and is presented in Chapter 5 as a 
summary of Paper IV.  The most promising technological route for im-
proved energy efficiency and water use optimization is investigated. The 
comparison involved four technological improvements: 

• utilization of waste heat for thermally driven cooling 

• utilization of excess wastewater for enhanced imbibition 

• bagasse drying for surplus power generation during cane crushing 
season  

• bagasse pelletization  
 

All the analyses provided in the thesis involve numerical modelling and 
incorporate technical, economic and environmental aspects which are in 
line with the initial research concept. 

 
Figure 1-1 illustrates the overview of the research approach discussed pre-
viously.  

 

Figure 1-1: Overview of the research approach 
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The methodology followed in this study consists of: a) data gathering and 
assimilation; b) system simulations of thermodynamic performance; and 
c) techno-economic system analysis and optimization. More information 
on each of these three main methodologies is listed below: 

a) Data gathering and assimilation includes field visits where op-
erational parameters of the particular case study plant are col-
lected, along with a literature survey to broaden the scope and to 
fill in critical gaps. 

b) System simulations of thermodynamic performance employ 
two programming tools, EES and MATLAB. Simulation models 
comprise all primary unit operations of a sugar mill, with focus 
on the cogeneration unit. Integration between components and 
with other blocks of the sugar mill is included.  

c) Techno-economic system analysis and optimization builds 
upon the thermodynamic analyses in order to evaluate the Net 
Present Value (NPV) and other techno-economic values for each 
scenario. An optimization is performed in order to determine the 
most promising upgrades with respect to NPV.  

 
It should be noted that PINCH analysis, an established method for pro-
cess integration, was considered as a potential engineering tool. Previous 
works that employed PINCH in sugar mill analyses include Pina et al. 
(2015), Chavez-Rodriguez et al. (2013), Ensinas et al. (2007), and Mo-
randin et al. (2011). Generally speaking, a simultaneous modification of 
both cogeneration and sugar/ethanol processes can yield advantages in 
terms of achieving improved efficiencies from a thermodynamic perspec-
tive; PINCH techniques are useful in this circumstance. However PINCH 
analyses are not necessarily the most suitable among available methods for 
evaluating upgrades and/or retrofits of existing mills when it is of interest 
to limit the scope of the study to cogeneration only (e.g. surplus power 
generation or bagasse savings). For example, the research presented by 
Alves et al. (2015), Ensinas et al. (2007), and Deshmukh (2013) use various 
methods (excluding PINCH) to evaluate the surplus power potential of 
introducing modern cogeneration equipment in sugar mills where the orig-
inal sugar/ethanol processes are retained. Moreover, the present study em-
phasizes techno-economic evaluation in identifying optimal approaches, 
which is beyond the scope of PINCH analysis.  
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1 . 3 .  T h e s i s  s t r u c t u r e  

The thesis consists of seven chapters and the organization of the chapters 
is summarized in Table 1-1. 

Table 1-1: Thesis structure 

Chapters Content 

1 Introduces the thesis by giving a brief explanation on the background 
and the context of the research. It also presents the objectives of the 
thesis and a brief overview of the research approach. 

2 Presents background information compiled from a literature review 
of the sugar cane industry by providing statistics of top sugar produc-
ing countries and describing sugar production process. The concept 
of cogeneration in the context of sugar industries, energy efficiency 
improvement concepts in sugar mills and state-of-the-art technolo-
gies are briefly discussed in this chapter. 

3 Provides the analysis made on a limited selection of sugar mills world-
wide where comparison among the mills and efficiency improve-
ments are implemented. 

4 Provides the analysis and optimization made on assessing the poten-
tial of the energy saving in a case study traditional sugar cane mill 
located in Ethiopia both at steady state (where the sugar mill operates 
without interruptions) and transient state conditions (where the sugar 
mill encounters unexpected interruption in the operation).   

5 Presents the analyses of the technological improvements in water and 
energy utilization for a case study plant located in Cuba. Comparison 
of the suggested technological improvements is made in order to as-
sess the most viable technologies among them. 

6 Provides discussion based on the findings from the research work. 
The summary of the discussions from the various papers is presented 
by referring back to the initial research idea. Gaps and limitations are 
also identified by examining the initial objectives of the respective 
studies and the results obtained. This will prompt for suggestions and 
recommendations for future work covered in chapter 7. 

7 Provides conclusions and highlights future work with the purpose of 
refining the already made analysis and align the work with more up-
to-date technologies relevant to the sugar cane industry. 
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2. Literature review  
 

Before presenting information related to the sugar cane industry, a brief 
section on overriding energy and water issues is included. Sections 2.2 and 
2.3 are based on a literature review by Birru (2016).   

 
 
2 . 1 .  O v e r v i e w  o f  g l o b a l  e n e r g y  

a n d  w a t e r  s i t u a t i o n  

According to the statistics provided in the World Energy Outlook (WEO) 
executive summary, about 16% of the global population lacked access to 
electricity in 2015 (IEA, 2016a). Energy and water are interdependent as 
the production of electric power depends on water access. Energy is also 
important for the provision of clean water, its transportation, distribution 
and treatment. The demand for both resources is rising and their sustain-
able utilization is a concern for climate, society and economy (IEA, 2017).   

As can be seen in Figure 2-1, fossil fuels dominate as a source of energy 
for electricity generation followed by hydropower. On the other hand, 
there is a significant increase in the share of the renewable sources such as 
solar and wind in the power production sector. China and the United 
States account for 24 % and 18 % of the global electricity production 
(IEA, 2016b). 
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Figure 2-1: Share of energy sources in global electricity production 
(IEA, 2016b) 

Biomass is an attractive form of energy source as it is renewable. It is con-
sidered to be the first exploited resource as a highly demanded energy 
source (Prabir, 2013). Solid biomass is used widely as a traditional cooking 
fuel in developing countries located in Asia and sub-Saharan Africa. It is 
reported that about 38% of the world’s population depends on this for 
thermal uses (IEA, 2016c). The conversion efficiency of using biomass as 
a traditional cooking and heating fuel is quite low, 10-20% (IEA, 2016c). 
From the climate change point of view, biomass is considered carbon-
neutral since for its growth it uses CO2 and its burning results in CO2. 
However, deforestation will lead to CO2 build up in the atmosphere thus 
contributes to climate change.  
 
According to the statistics by World Energy Council, bioenergy contrib-
utes to 10% of the global energy supply (both heat and power) and is the 
largest renewable energy source. In comparison, in the year 2015, the 
global wind power generation capacity accounted for 7% of the total 
global power generation capacity (World Energy Council, 2016). There is 
a strong interest in converting biomass into liquid fuels due to the con-
venience in transporting, storage and handling of liquid fuels as compared 
to the bulky inconvenient form of solid biomass (Dahiya, 2014). Table 2-1 
summarizes the different sources of biomass for producing liquid fuels. 
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Table 2-1: Sources of Biomass (Prabir, 2013) 

Farm products Corn, sugar cane, sugar 
beet,wheat,etc. 

Produces eth-
anol 

 Rape seed,soybean,palm sun-
flower seed, jatropha,etc. 

Produces bio-
diesel 

Lingo-cellulosic 
materials 

Straw or cereal 
plants,husk,wood,scrap,slash,etc. 

Can produce 
ethanol, bioliq-
uid, and gas 

 
The major forms of bioenergy include: heat, power and three forms of 
biofuel (solid, liquid and gaseous fuels). Application areas and/or end 
uses of these forms of bioenergy are shown in Figure 2-2. 
 

 

Figure 2-2: Biomass conversion technologies and primary energy prod-
ucts (adapted from Dahiya,2014). 

 
The major pathways for the conversion of biomass into the different prod-
ucts are: thermal, chemical, thermochemical and biochemical (Dahiya, 
2014). As can be seen from Figure 2-2, conversion of sugar cane for eth-
anol and power generation involves the first three conversion processes. 
Cellulosic ethanol obtained from cane straw is a relatively new research 
field (SugarCane, 2014).  The Brazilian company GranBio implemented 
the first commercial scale second generation cellulosic ethanol facility in 
the southern-hemisphere (GranBio, 2014).  

Sugar cane is a type of grass grown in tropical and sub-tropical climates 
where there is plenty of sunlight, water and high temperatures. Sugar cane 
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is not only an important food but also a bioenergy source that has a sig-
nificant economic value for several countries. It is an efficient energy crop 
that converts solar energy into chemical energy. The chemical energy is 
harvested as sucrose and other biomass with an estimated sugar cane yield 
of 100 tonne of cane per hectare (Moore et al., 2013). Similar to the trop-
ical crops such as maize and energy cane (a high-fiber variety obtained 
through crossbreeding (Matsuoka, 2014)), sugar cane uses the C4 photo-
synthetic pathway during its growth which is considered to be the most 
productive pathway in terms of yield as compared to C3 photosynthetic 
crops such as rice and wheat. Table 2-2 shows the Net Energy Ratio 
(NER) for various feed stocks, where NER is the ratio of renewable out-
put to fossil fuel input. As can be seen in the table, sugar cane ethanol has 
the highest NER as compared to all C3 photosynthetic crops and even 
corn, a C4 crop (Meyer et al., 2011; Macedo et al., 2008).  

Table 2-2: Net Energy Ratios for ethanol production from different 
feed stocks (extracted from Meyer et al., 2011) 

Feed stock Net Energy Ratio (NER) 

Sugar cane 9.3* 
Corn 0.6-2.0 
Wheat 0.97-1.11 
Sugar beet 1.2-1.8 
Cassava 1.6-1.7 
Lignocellulosic residues 
(under development) 

8.3-8.4 

*Based on analysis made on major sugar mills in Brazil. 

 
Sugar cane has thick stems similar to bamboo cane with some varieties 
growing up to 5 m during a typical 12 month rotation period. A sugar cane 
plant has a vegetative structure comprised of clean stalks, tops, leaves and 
roots. Expressed in terms of weight percent of the total plant, the tops 
and leaves account for 40 %, the clean stalks for 50 % (of dry matter) and 
the roots for 15 % (Herrera, 1999). The clean stalks are mainly composed 
of soluble sugars, water and lignocellulose (fiber), which end up as a resi-
due after sugar cane milling (bagasse).  

Sugar cane grows faster than comparable commercial crops (such as 
wheat, maize, rice and soybeans) and can be cultivated with sustainable 
techniques. About 70 % of the global sugar supply has its source from 
sugar cane with sugar beet representing the remainder (SKIL, 2017). 
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Sugar cane is a crop found in more than 100 countries (SugarCane, 2014; 
Meyer et al., 2011). Figure 2-3 shows the top ten sugar cane producing 
countries and their sugar cane production in the year 2014 (FAOSTAT, 
2016). As can be seen in the figure for the year 2014, Brazil has the highest 
sugar cane production followed by India globally. Brazil also ranks first as 
a leading sugar producer. Brazil’s sugar production accounts about 25 % 
of global sugar production and Brazil’s sugar export accounts 50 % of 
world sugar exports (UNICA, 2013a; SugarCane, 2014).  

 

 

Figure 2-3: Sugar cane production of the 10 top sugar cane producing 
countries in 2014 (FAOSTAT, 2016) 

According to the statistics provided in (FAOSTAT, 2016), in all of the 
countries shown in Figure 2-3 the export of bagasse based surplus power 
to the grid is practiced.  

Figure 2-4 shows the share of sugar cane production by continent for the 
year 2014. It can be seen that the Americas account for about half of the 
global sugar cane production followed by Asia, which accounts for 40 %. 
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Figure 2-4: Production share of sugar cane production 2014 for the 
different continents (FAOSTAT, 2016) 

2 . 2 .  S u g a r  p r o d u c t i o n  p r o c e s s  
a n d  c o g e n e r a t i o n  

Sugar production process typically involves sugar cane harvesting, cane 
preparation, juice extraction, clarification, filtration, evaporation, sugar 
boiling (crystallization), centrifugation and sugar drying. Birru (2016) pro-
vides additional information on these steps. 

Figure 2-5 shows a simplified process diagram for cogeneration from ba-
gasse.  Currently, bagasse cogeneration for export of surplus power to the 
electric grid is increasing worldwide. The most known countries in bagasse 
cogeneration for export of power include Mauritius, Reunion Island, Bra-
zil and India (BioEnergy Consult, 2014). Typically, the design of tradi-
tional sugar mills is such that they are self-sufficient in generating their 
own heat and power even steam data is low (ISO, 2009). However, there 
are mills that purchase additional power from grid (Bocci et al. 2009) due 
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to inadequate in-house power generation or use available fuel oil due to 
operation interruptions during cane crushing season (Aderu, 2009).  

 

Figure 2-5: Bagasse cogeneration scheme (WADE, 2004) 

  
Even though most traditional mills are energy self-sufficient, the equip-
ment used in traditional mills in their cogeneration units do not allow for 
larger amounts of surplus power production for sales to the grid, though 
some produce a little surplus at occasions. There is a current awareness 
regarding advantages of investing in more efficient cogeneration systems 
for producing surplus power. Traditional sugar mills generally generate 10-
20 kWh electrical energy per tonne of cane (TC) and have a heat demand 
of 480-550 kg steam/TC (Kamate & Gangavati, 2009). In comparison, 
modern sugar mills supply electrical energy within a range of 115-120 
kWh/TC (Kamate & Gangavati, 2009). Adopting process steam-saving 
techniques can lead to increases in surplus power. A reduction of steam 
demand from 500 to 350 kg/TC was found to increase surplus power by 
24%; this in combination with partial use of cane trash doubles the surplus 
(ISO, 2009). 

The use of low pressure boilers and back pressure turbo generators in tra-
ditional sugar cane mills leads to an underutilization of the energy input. 
Essentially the design of the cogeneration unit for traditional sugar mills 
is such that the process heat demand is balanced with the bagasse burned. 
This is done with the main purpose of avoiding the disposal problem of 
excess bagasse that otherwise accumulate in large quantities (Ogden et al., 
1990; ISO, 2009). Besides, most of such sugar mills have no grid connec-
tions.   

Typical traditional sugar mills produce 250-280 kg bagasse per tonne of 
cane processed, which allows for the supply of 500-600 kg of steam per 
ton of cane (ISO, 2009).  When back pressure turbines use the sugar/eth-
anol process for heat dissipation, the availability of excess bagasse at the 
end of the season is not practical since the bagasse cannot be used in the 
off-season if there are no customers for this stream, for example pelletized 
bagasse (R.S.Enviro Engineers, 2007).   
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The adoption of efficient cogeneration systems allows for surplus electric 
power generation, and relies upon proven steam turbine-based technolo-
gies (Deshmukh et al., 2013; Kamate & Gangavati, 2009). Countries such 
as Brazil (UNICA, 2013a), Mauritius (ISO, 2009), and India (ISO, 2009) 
have implemented this approach. Typical steam data for cogeneration 

units of traditional mills lie in the range of 20-30 bar and 300-400 ᵒC (Pel-
legrini & Junior, 2011), while cogeneration units of modern sugar mills 
feature steam parameters as high as 45-80 bar (just few cases are reported 

to have 100 bar) and over 450 ᵒC (Deshmukh et al., 2013). This indicates 
that the boiler efficiencies in the traditional cogeneration units can im-
prove. The inclusion of other energy-saving measures such as electric 
drives and various measures will further boost the surplus power (Prem-
alatha, 2008). 

2 . 3 .  S t a t e - o f - T h e - A r t  
t e c h n o l o g i e s  

As described in Birru (2016), energy efficiency improvement measures in 
sugar mills can be employed either in sugar/ethanol processing units, in 
the cogeneration unit, or in all of these units for the case of integrated 
mills. As mentioned in chapter 1, the present study excludes consideration 
of integrated mills, so the focus of this section considers the two main 
blocks independently, with emphasis on the cogeneration unit.  

For the sugar/ethanol processing units, some of the possible energy effi-
ciency improvements include (Ensinas et al. 2007; Khoodarut 2015, 
Lehnberger et al. 2014, Lavarack, 2004): steam consumption reduction in 
the crystallizers, use of maximum vapor bleeding in multiple effect evap-
orators, increasing the number of effects of multiple evaporators, and in-
stalling continuous vacuum pans.  

With respect to energy efficiency measures in the cogeneration unit, sev-
eral case studies indicate that  modifications can increase the net electricity 
production capacity (ABB, 2010; Lavarack, 2004; Birru et al., 2015; Ensi-
nas et al., 2007). These modifications include introducing more compact 
and efficient electric drives, installing higher efficiency boilers, use of con-
densing steam extraction turbines together with high efficiency boilers, in-
stalling cane diffusers in place of mill rollers, and bagasse drying. In gen-
eral, in order to achieve energy efficiency, decrease emissions and operate 
at a cost effective level, energy auditing is important.  An energy audit in 
sugar mills is done with the purpose of tracking how the energy flow is 
and how it is being utilized. For intensive industries, the energy auditing 
basically includes: analysis of internal systems with evaluation of thermal 
and overall efficiencies, conducting energy audits for inspecting energy 
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losses at each outlay and improving various processes with proper and 
advanced techniques. For sugar mills some of the inspection areas of in-
terest while energy auditing include systems such as boiler, air ducts, air 
blowers, fuel transporting system, flue gas system and turbine system 
(Nangare, 2012).  

Advanced cogeneration technologies include biomass integrated gasifica-
tion combined cycles (BIG-CC, see Figure 2-6), biomass integrated gasifi-
cation with steam injected gas turbine (BIG-STIG) and biomass integrated 
gasification with gas turbine (BIG-GT). These and other concepts are still 
in the development stage and are thus not a near future solution to im-
prove the cogeneration units of sugar mills (Deshmukh et al., 2013).  

 

Figure 2-6: Process diagram of a BIG-CC system for a sugar factory 
(Deshmukh et al., 2013) 
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3. Analysis of  tradit ional 
and modern mil ls 

In this chapter a summary of the work done in Paper I is presented with a brief descrip-
tion of the methodology and key results. Various models are employed to calculate se-
lected efficiencies, power generation potential and costs associated with the upgrades of 
traditional and modern mills. 

In the introduction section of this thesis, the main concepts of traditional 
and modern mills were presented. Figure 3-1 shows a typical arrangement 
of equipment in a traditional sugar cane mill and Figure 3-2 illustrates a 
simplified arrangement of an upgraded or modern mill. This section in-
cludes an overview and comparative analysis of important technical oper-
ational parameters of selected sugar mills.  

 

Figure 3-1: A simplified arrangement of equipment in a traditional 
sugar cane mill 
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Figure 3-2 : A simplified typical arrangement of equipment in a modern 
sugar cane mill 

3 . 1 .  A n a l y s i s  a n d  m e t h o d  

Out of a data base of 2800 sugar mills acquired through email communi-
cation with F.O. Licht team (F.O. Licht, 2015), 2330 are sugarcane based 
and the remainder are based on sugar beet. The key parameters available 
in the database are state of operation, capacities, number of mills for dif-
ferent countries worldwide. Regardless of the extensive number of entries, 
only about 5% of the raw data is considered in a form that can be analyzed. 
The parameters include, electric power generation capacity, sugar/ethanol 
production and cane crushing capacity. The relationship between electric 
power capacity as a function of crushing capacity plotted in Figure 3-3 us-
ing a set of data grouped according to country of location. (The grouping 
is such that  locations with less than three mills reported are grouped to-
gether; see Paper I for more information.) A weak or non-existent corre-
lation is revealed, as shown by a linear regression analysis on data obtained 
for Brazil, Guatemala, India, and Mexico. 
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Figure 3-3: Total electrical power versus cane crushing capacity for mills that 
have electrical power generation and Sugar/ethanol production values listed 

Figure 3-3 indicates that it is not possible to identify a clear demarcation 
in cane crushing separating the performance of modern versus traditional 
mills. This shows that a further analysis is needed on the available data 
from Licht (F.O. Licht, 2015). In order to fill the information gap, a liter-
ature search is carried out and mill owners as well as operators are con-
tacted. Ten mills could be identified geographically spread throughout Af-
rica (Ethiopia, Mauritius), Asia (India, Sri Lanka), Australia, and South 
America (Brazil). Table 3-1 summarizes the compilation of the detailed 
mill data for the ten mills. 

The analysis of each mill is carried out in order to determine key perfor-
mance characteristics.  Those characteristics include power to heat ratio, 
cogeneration efficiency and Levelized Cost of Electricity (LCOE). With 
these performance characteristics it is possible to describe aspects of the 
traditional and modern mill efficiency as well as assess their improvement 
with equipment upgrades. 

As can be seen in Table 3-1 the ten mills are categorized as modern and 
traditional mills (Paper I). The data is sorted in decreasing order of the 
crushing capacity for the individual category of mills. The mill under in-
vestigation in Papers II and III is among those shown in Table 3-1. The 
mill in Paper IV is not included since it is partly traditional and partly mod-
ern (upgraded), and therefore not applicable in this study. 

Supplementary calculations were conducted as follows. The models for 
the analyses carried out are built using Engineering Equation Solver 
(EES). 
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When not specified the lower heating value (LHV) of bagasse on dry ba-
sis is taken as 17 600 kJ/kg based on calculations by Birru et al. (Birru et 
al., 2015a) and the LHV on total basis is calculated from Eq.3-1 (ECN, 
2012).  

LHVt = LHVd ∙ (1 −
F

100
) − 2443 ∙

F

100
                            (Eq.3-1) 

where LHVt is the lower heating value on total basis in kJ/kg 
LHVd is the lower heating value on dry basis in kJ/kg 
F is the moisture content of bagasse in % 
 
Power output (mechanical and electrical) is calculated from Eq. 3-2. 

Ṗ = ṁ ∙ ∆h                          (Eq.3-2) 

where Ṗ is power output in kW 

ṁ is mass flow rate in kg/s 

Δh is change in enthalpy in kJ/kg 
 
Heat flows (to the boiler and sugar/ethanol process) are calculated from 
Eq. 3-3. 

Q̇ = ṁst ∙ ∆h                         (Eq.3-3) 

where Q̇  is heat flow rate in kW 

ṁst is mass flow rate of steam in kg/s 

Δh is change in enthalpy in kJ/kg 
 
Fuel power is calculated from Eq. 3-4. 

Ṗf = ṁf ∙ LHVt                                     (Eq.3-4) 
 

where Ṗf is fuel power in kW 

ṁf is mass flow of fuel  in kg/s 
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Power to heat ratio (alpha value) is calculated from Eq. 3-5. 

α =
Ṗel

Q̇ps
                                       (Eq.3-5) 

where α is the power to heat ratio 

Ṗel is electrical power output in kW (obtained after multiplying equation 
3-2 by efficiency values) 

Q̇ps is heat flow to the sugar/ethanol process in kW 

 
Boiler efficiency is calculated from Eq. 3-6. 

ηB =
Q̇B

Ṗf
∙ 100                              (Eq.3-6) 

where 𝜂B is boiler efficiency in % 

Q̇B is heat recovered in the boiler in kW 
 
The cogeneration efficiency is calculated from Eq. 3-7. 

ηco =
Q̇ps+Ṗme+Ṗel

Ṗf
∙ 100            (Eq.3-7) 

where 𝜂co is the cogeneration efficiency in % 

Ṗf is fuel power in kW 

Ṗel is electrical power output in kW (obtained after multiplying eq. 3-2 by 
efficiency values) 
 

Q̇ps is heat flow to the sugar/ethanol process in kW 
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Table 3-1: Summary of key comparison parameters for the selected mills (calculated values are indicated in bold face type texts)  

Parameters 

Modern mills Traditional mills 

A  B C D E F G 

 
H 
 

 
I 
 

 
J  

(Lavarack et al.,2004)(Wall-
work&Franklin,2015) 

(Hodgson& 
Hocking,2006) 

(UNFCCC, 2006) 

 
(STAI,2003) 

(UNFCCC,2005) 
(UNICA, 2013b) 

 
(Oliverio & Fer-

reira,2010) 
(Ensinas et 

al.,2007) (FSF,2012) 
(Pelwatte, 2013) 

 
(Lobo et 
al.,2007) 

Name of sugar mill Pioneer Mackayb Savannaha Ugar NRd NRd NRd FSF Pelwatte Agroval 
Location Australia Australia Mauritius India Brazil Brazil Brazil Ethiopia Sri Lanka Brazil 

Cane crushed (tonne/h) 565 500 425 417 875 500 500 178 150 125 

Sugar production  (103 tonne/y) 265.2 
(Wilmar,2015)  

264c 286 

(F.O. Licht, 2015) 
184 

(F.O. Licht, 2015)  
230 238c 220c 100 50 264c 

Total bagasse (tonne/h) 176 132 57 136 241 137  55 41 43 

Net bagasse (tonne/h) 176e 132 57 128 198 126 135 54 41 33 

Excess bagasse (tonne/h) 0 0 0 8 43 12  1 0 10 
Total steam flow (tonne/h) 352 330 130 270 396 254 270 103 82 67 
Mech power (kWh/TC)       23 9 16 18 14 13.7 
Steam to process (tonne/h) 223 225 99 240 396 246 270 103 82 67 

Total el power (MW) 61 43.3 28 44 9 7 6 5 2.2 2 
El power for factory (MW) 17 9 9 14 9 7 6 5 2.2 2 
Surplus power (MW) 44 34.3 19 30 0 0 0 0 0 0 

Live steam T (ᵒC) 383/483 260/510 525 480 300 320 320f 400 380 290 

Live steam P (Bar) 31/66 18/64 82 62 22 22 22f 30 29 22 
Steam to bagasse ratiog 2  2 2 2 2 2 2 2 1.75 2 

El power consumed (kWh/TC) 30 18 22 34  13 12 27 15 15 
El power generated (kWh/TC) 108 86.6 66 106 10 13 12 27 15 15 
Heat to process (MW) 141 142.5 59.2 130.15 244.5 150.2 171 65.5 52.6 42.4 
Power-to-Heat ratio 0.4 0.30 0.50 0.33 0.04 0.04 0.04 0.07 0.04 0.05 

Boiler efficiency (%) 69 68 88 74 69 72 71 70 62 73 
Cogeneration efficiency (%) 61 67 73.4 67.4 67.1 67.9 72.5 64.9 73.4 74 

aThe name has changed to OMNICANE       bOne of Mackay sugar mills                       cEstimated value based on (Practical action,2016) and 200 d/y is considered in cases where the cane crushing days is not available                                              
dThe name is not reported                              e Calculated assuming steam to bagasse ratio of 2                            f Assumed values considering other traditional mills in Brazil        g Ratio of total steam to net bagasse flow 
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The first part of the analysis is such that comparison of the modern and 
traditional mills is done based on selected parameters. Some of these key 
parameters are chosen based literature sources (Kamate & Gangavati, 
2009) and consider the performance parameters of different bagasse-fired 
cogeneration technologies. These parameters include boiler efficiency, 
power-to-heat ratio, electrical power generation index (power per tonne 
of cane processed), cogeneration efficiency, and steam to bagasse ratio.   

The second part of the analysis involves upgrading the traditional mills 
and evaluating the improvements in terms of surplus power generation, 
power-to-heat ratio, LCOE and payback period values. The different 
methods of efficiency improvement technologies discussed in Chapter 2 
are considered to test the performance of the traditional mills after modi-
fication. These include: change to electrical drives, change to high pres-
sure-temperature boilers, change to CEST technology and bagasse drying. 
The various modifications are embedded into three scenarios: Case 1 con-
siders a modification involving back pressure turbine (BPT) and electric 
drives are installed. This is the cheapest and easiest type of modification ; 
Case 2 considers a modification where CEST, HP boilers, and electric 
drives are installed; and Case 3 considers a modification which combines 
Case 2 with bagasse drying. The main equations and input parameters used 
for building the models using Engineering Equation Solver (EES) are 
found in Paper I.  

Levelized cost of electricity (LCOE) is estimated using Eq. 3-8. The fuel 
expense is set to zero as bagasse is free fuel for the sugar mills.  

LCOE =
∑

It+Mt+Ft
(1+r)t

n
t=1

∑
Et

(1+r)t
n
t

    (
USD

kWh
)                                            (Eq.3-8) 

where It is investment (installed capital) cost in year t 
Mt  is operating and maintenance cost in year t  
Ft is fuel expense in year t 
Et  is electricity generation in year t 
r is discount rate 
n is number of years 
LCOE is the levelized cost of electricity in USD/kWh 
 
Except for mills G and E that are considered to have cane crushing days  
of 167 and 180 days per season respectively, a crushing season of  200 days 
is considered for all the mills.  
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The capital investment is annualized using a capital recovery factor 
which is calculated from Eq. 3-9. 

  CRF =
r

100

1+[1+(
r

100
)]

n             (Eq. 3-9) 

Where CRF is capital recovery factor 

Table 3-2 summarizes the type of modification and cost considera-
tions for the models of the three cases. 

Assumptions: 

• An overall efficiency of  90 % including auxiliary losses  is con-
sidered for electric motors (Birru et al. 2015a)  

• The steam to bagasse ratio corresponding to 40 % bagasse mois-
ture content  for Case 3 is considered to be 3 (SBUI, 2014) 

• Mechanical and electrical efficiencies of the power turbines are 
taken as 96% each whereas the isentropic efficiency of the CEST 
is taken as 75 % 

• Power absorbed by the rollers and crushers is 67 % of the me-
chanical power produced by the steam turbines (Birru et al., 
2015a)  

• The discount rate is taken as 6 % (Warusawitharana, 2014) and 
the equipment lifetime is 20 years  

• The electricity sales price is considered to be 0.08 USD/kWh 

Table 3-3 summarizes the values of the varied parameters for the sensitiv-
ity analysis for LCOE. 
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Table 3-2: Summary of the modifications and cost considerations for Cases 1, 2 and 3 

Equipment 

Modifications Cost considerations 

Case 1 Case 2 Case 3 

Case 1 Case 2 Case 3  

Variable 
O&M costa 
(USD/kWh) 

Installed 
capital cost 
(USD/kW) 

Variable 
O&M costa 
(USD/kWh) 

Installed 
capital cost 
(USD/kW) 

Variable 
O&M costa 
(USD/kWh) 

Installed 
capital cost 
(USD/kW) 

Reference 

Electric drive X X X Neglected 150 Neglected 150 Neglected 150 (Alibaba,2014a)c 
(ABB,2014) 

BPT X   0.0025 350     (DOE,2012) 
HP Boiler  X X   0.0025  2000 0.0025  2000 (IRENA,2012) 
CEST  X X   0.0025 600 0.0025 600 (UI,2004) 
Dryer   X     Neglected Variesb (Alibaba,2017)c 

aFixed O&M cost is taken as 1% per year of the installed capital cost (IRENA,2012)  
bThe cost of rotary dryer is estimated to be 250 000 USD for a capacity of 45 tonne/h (Alibaba, 2017). This is varied based on the different bagasse mass flows for the different sugar 
mills considered in the Case 3 modification.   cThe reference for acquiring costs was of interest based on the availability of specific cost of equipment (i.e., cost per unit of consumption 
value) with recent cost values. 

Table 3-3: Varied sensitivity analysis parameters 

Varieda  

parameter 

Equipment  

Electric drive  BPT CEST HP Boiler Dryer 

 Min. Max. Min. Max. Min. Max. Min. Max. Min. Max 

Installed 

cost 

(USD/kW) 

100 400 300 400 500 700 1880 2100   

Installed 

cost (103 

USD)b 

        150 500 

aFixed O&M cost (% of Installed cost /y): Minimum value =0.5 % and Maximum value =2%. Variable O&M cost (USD/kWh): Minimum value = 0.0015 and Maximum value = 0.005. 

bBased on linear upscaling from cost of one dryer (45 tonne/h bagasse flow) (Alibaba, 2017) 
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3 . 2 .  K e y  r e s u l t s  

Figure 3-4 shows the power to heat ratio and the cogeneration efficiencies 
of the modern and the traditional mills. It can be observed from the figure 
that it may not be always the case that high cogeneration efficiency and 
power-to-heat ratios are simultaneously achieved by modern mills. Hence, 
a further analysis of the inputs for the cogeneration efficiency (total power 
and heat production of the mills) would be of interest.  Accordingly, re-
ferring to Table 3-1 mills A-D generate more total turbine power as com-
pared to the traditional mills. In addition, these four modern mills generate 
surplus electrical power and the heat utilized by the mills is at lower tem-
peratures as compared to the six traditional mills listed in Table 3-1. The 
traditional mills have mechanical turbines and they have no surplus power 
production.   

 

Figure 3-4: Comparison of the performance of modern and traditional mills in terms of 
power to heat ratio and cogeneration efficiency 

Figure 3-4 illustrates that the modern mills have power-to-heat ratio range 
(0.3-0.5) and generate more electrical power than the traditional mills. The 
power-to-heat ratio of the traditional mills range is 0.04-0.07. The cogen-
eration efficiency comparison indicates that the total useful energy per 
tonne of cane does not necessarily increase with adoption of electrical 
drives. This further indicates that there are underutilized energy potential 
in modern mills as well.  

The comparison results for the base case (before the traditional mills are 
modified) and the modified case (after the implementation of the techno-
logical improvements in Cases 1-3) are presented in the following figures. 
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As can be seen from Figure 3-5, moving from the base case to the Case 3, 
there is an increase in the power to heat ratio.  This shows the fact that 
the modifications become more advanced as more power is generated. On 
the other hand, as the modifications are made from Case 1 to 3 (see Figure 
3-6), the cogeneration efficiency increases steadily.  The total power in-
crease obtained from the modification in Case 1 is relatively minor, thus 
the base case and Case 1 have similar characteristics. The average percent-
age point increases in cogeneration efficiency values as compared to base 
case are 4 %, 21 % and 31 % for Case 1-3, respectively. This is because 
more surplus power is generated as the technology advances from Case 1 
to Case 3.  

  

 

Figure 3-5: Comparison of the Power to heat ratio for the base case and 
modified cases 

 

Figure 3-6: Comparison of the cogeneration efficiency for the base case 
and modified cases 
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The simulation results for the surplus power in modern and modified mills 
are shown in Figure 3-7. It can be seen that it was possible to reach the 
standard of the modern mills with the technological modifications in 
Cases 2 to 3. On the other hand, it was possible to generate surplus power 
in the case of the modifications made in Case 1, although the surplus 
power does not reach the amount of the modern mills. This is due to the 
fact that the modification in Case 1 is the least complicated one and does 
not involve HP boiler or CEST technologies as is the case with the mod-
ern mills. 

 

Figure 3-7: Comparison of surplus power for the four modern mills in 
Table 3-1 and modified mills (Cases 1, 2 & 3) 

Comparison of LCOE and PBP for the modified mills is illustrated in Fig-
ure 3-8 and Figure 3-9 , respectively. Both these parameters have smaller 
magnitudes for the modification made in Case 1 as the capital cost is much 
lower than the other two cases. Cases 2 and 3 feature similar LCOE values, 
which implies that the added capital costs are balanced out by increased 
revenues.  
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Figure 3-8:  Comparison of LCOE for Cases 1-3  

 

Figure 3-9: Comparison of PBP for Cases 1-3 (for a baseline electric-
ity price of 0.08 USD/kWh) 
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The sensitivity of PBP towards electricity price is illustrated in Figure 3-10. 
As can be seen from the figure, the average value of PBP shortens as the 
electricity price is increased for the individual modifications.  

 

Figure 3-10: Sensitivity analysis result for PBP towards electricity price 

It can be seen from the LCOE sensitivity analysis that LCOE value of 
Cases 2 and 3 is the same (see Table 3-4). On the other hand, the result 
shows that the LCOE is sensitive towards the capital cost and O & M 
costs. The modification made in Case 1 is the most straightforward and 
cheapest, resulting the lowest LCOE value of all the modifications.  

Table 3-4: LCOE Sensitivity analysis result for Cases 1-3 

   
Case 1 

 
Case 2  

 
Case 3  

  Min Base-
line 

Max Min Base-
line 

Max Min Base-
line 

Max 

LCOE 
(USD/MWh) 

8 11 17 50 58 72 50 58 72 

  Values of varied parameters 

  Min Base-
line 

Max Min Base-
line 

Max Min Base-
line 

Max 

Capital cost 
(USD/kW) 

324 386 497 2395 2623 2861 2399 2630 2868 

Annual 
M&O cost 
(USD/MWh) 

0 3 7 4 8 18 4 8 18 
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The total installed cost of biomass based power generation is affected by 
the type of biomass technology and the country where the power genera-
tion plant is located. Analysis results of the LCOE of different biomass 
power generation technologies lies in the range of 0.06-0.13 USD/kWh 
(IRENA, 2012). Comparing the values in Table 3-4, for the different tech-
nological modifications shows that the values obtained are within the 
range of the literature values.  
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4. Case study of  a selected 
tradit ional sugar mill  

 
 

Several studies have shown that bagasse represents an underutilized en-
ergy potential when considering normal (design) operation conditions. 
However, the analysis of energy saving potential of sugar mills during un-
planned stoppages has not been addressed adequately. The contribution 
of Papers II and III is thus, in addition to identifying the energy potential 
during normal operation conditions, to quantify energy waste during un-
planned stoppages for a base case plant (Paper II) and modified plant (Pa-
per III).  

Ethiopia, like many other developing countries, is interested in transform-
ing the sugar cane sector into an industry that can provide surplus power 
to the national grid. The case study is done with the aim of assessing the 
energy saving potential of traditional sugar mills. Finchaa Sugar Factory 
(FSF) is addressed in this study. The base case plant (see Figure 4-1) is 
assessed for its energy saving potential through building two major models 
for steady state operation and transient state operations.  More details on 
the sugar mill layout are found in Paper II. The approach used in the anal-
ysis is such that major heat losses and accumulated bagasse are calculated 
and the results from the models are employed for arriving at a possible 
suggestion for minimizing the losses by using a new setup (see Figure 4-2).  

 

Figure 4-1: A simplified flow sheet of existing sugar factory 
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The modification in Figure 4-2 is made on the cogeneration unit and the 
juice extraction unit. Accordingly, the shredder and mill turbines are re-
placed by electric drives and the two back pressure power turbines are 
replaced by a steam extraction condensing turbine. 

 

Figure 4-2: Modified plant of FSF 

The choice of such a modification is based on information obtained from 
the literature. Currently, sugar mills are introducing more compact and 
efficient electric drives to replace conventional steam driven prime movers 
in order to reduce the large amount of steam wasted at the mills and shred-
der equipment unnecessarily. In addition to the steam saving obtained dur-
ing normal operation (steady state conditions), the most important ad-
vantage with such efficient electric drives is mostly the operational flexi-
bility that can be obtained. Unexpected operation stoppages in the sugar 
mill can occur anytime (Department of Justice and Attorney General, 
2005) and during this period there should be a means to recover the ther-
mal energy that would otherwise be wasted. As mentioned in the intro-
duction section, analysis of such energy wastage during unexpected stop-
pages in sugar mills’ operations has been given little attention.  

 
With respect to the use of condensing extraction turbines, there are several 
cases where such equipment is implemented in sugar mills for the purpose 
of operation flexibility and year-round power production. On the other 
hand, studies in the area of energy efficiency measures in sugar mills are 
based on steady state assessment. No information is available in literature 
that considers transient conditions, where unexpected stoppages in the 
sugar mill are taken into account, including proposed energy savings op-
tions under such circumstances.  
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4 . 1 .  S t e a d y - s t a t e  m o d e l s  

In this section, the steady state models for both the base case plant (see 
Figure 4-1) and the new set up (see Figure 4-2) are discussed.  

Assumptions used during the assessment: 

• 90 % overall efficiency of the electric motor along with the gear-
box is considered based on the information provided in the liter-
ature (ISSUU, 2014). Thus, the loss of transmission considered is 
10 %. 

• The electrical and mechanical efficiencies of the power turbines 
are taken as 98% each. 

• Any excess power produced is exported to the grid and the grid 
 is flexible enough to receive this. 

• The steam turbines driving the two feed water pumps are not re-
placed with electric drives. 

The steady state models assess the thermodynamic parameters (tempera-
ture, pressure, enthalpy, mass flow rates, etc.) at the different state points 
of the cycles shown in Figure 4-1 and Figure 4-2. The model also calculates 
electrical and mechanical power outputs, boiler efficiency, heat flows to 
boiler and process, heat losses for selected major sub-systems2.  

The models are based on the following scenarios: 

BASE CASE: Case 1BC: Steady state with bagasse only as a fuel  

MODIFIED CASE: 

Case 1aMC: Steady state where there is no bagasse drying 
Case 1bMC: Steady state where there is bagasse drying3 
 

                                                      

2 In this study, these are: Fuel, Mills and shredder turbines, Boiler, Feed water pump tur-
bines, Electric drives, Grid, Electric drives, Power turbines, sugar/ethanol Process 

 

3 In all the cases where bagasse drying is involved in this study, the heat from boiler flue 
gas is considered for drying the bagasse. According to a previous investigation (considering 
the same case study plant) (Birru,2007) on the use of the flue gas potential for bagasse 
drying, it was found that the flue gas has enough heat to dry bagasse to a moisture content 

of 30 %. However, additional heat would be needed for further drying.  
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The input parameters for the steady state model for the base case plant are 
taken from Table 4-1. For the steady state models of the modified plant, 
the new power turbine is connected to the national grid and there is a 
possibility of using all the bagasse generated for power production.  

Table 4-1: Input parameters for steady state model Case1aBC 

Parameter Value Unit References 

Net bagasse mass flow,  ṁf,net  15.06* kg/s (FSF, 2012) 

Bagasse moisture content, F 50 %      “ 
Isentropic efficiency of power 
turbine, ηis,PT 

68 %      “ 

Actual power demand by tur-
bines driving feed water 

pump,Ẇact,pump 

474** kW      “ 

Isentropic efficiency of turbines 
driving shredder & mill, ηis,sm 

55 % (Modesto 
et al., 2009) 

Specific heat capacity of water, 
Cp,w 

4.2 kJ/kg∙oC  

*The net mass flow of bagasse is the difference between the total bagasse flow and the excess bagasse 
(0.14 kg/s) at 50 % moisture content 
**Two feed water pumps each with 237 kW. In the transient state modelling, either this value or the 
total is used depending on whether one or both pumps are needed during the stoppage period. The two 
feed water pump turbines are not replaced by electric motors.  

 
The other input parameters are described in this section. Aside from this, 
for Case 1aMC the electrical power required for internal use is taken from 
the steady state model results of the base case plant. The input parameters 
for the determination of the enthalpy values at the different state points 
of both plants (base case and modified case) are shown in Table 4-2.  

Table 4-2: Input parameters for the determination of enthalpy values 
for the steady state models* 

 Base case Modified case 

State 
point 

P 
(bar) 

T 

(ᵒC) 

x h (kJ/kg) State 
point 

P 
(bar) 

T 

(ᵒC) 

x h (kJ/kg) 

1 30 400  h=f(T,P) 1 30 400  h=f(T,P) 
1a 2.09   h=f(T,ηis,PT) 2  T1   
1b   2.09  

 
h=f(T,ηis,sm) 3 2.09  1 h=f(P,x) 

1c 2.09   h=f(T,ηis,sm) 4  96.1  h=f(T,Cp,w) 
3 2.09 

 
1 h=f(P,x) 5 2.09  0 h=f(P,x) 

4 
 

96.1 
 

h=f(T,Cp,w) 6    h5 
5 2.09 

 
0 h=f(P,x) 7 0.15   h=f(P,ηis,PT) 

   6 2.09 105     h=f(T,Cp,w) 8 30 400  h1  
    9    h1  
    10 2.09   Graphically 

obtained  
         

*x is the vapour quality, ηis,sm is isentropic efficiency of turbines driving shredder & mill, ηis,PT is 

isentropic efficiency of electric power turbines and Cp,w is the specific heat capacity of water  
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Case1aMC is a case where the arrangement in Figure 4-2 is kept without 
bagasse drying whereas Case1bMC considers the same arrangement of the 
cogeneration plant but with bagasse drying taken into account.  

The input parameters to the steady state model Case1aMC are provided in 
Table 4-3. 

Table 4-3: Input parameters for steady state model of the new setup (Case 1aMC) 

Parameter Value Unit References 

Total bagasse mass flow,  ṁf,t  15.21 kg/s (FSF,2012) 

Boiler efficiency, ηB 70 % “ 

Net bagasse mass flow,  ṁf,net 15.06* kg/s “ 

Live steam pressure, P1 30 bar “ 
Live steam temperature,T1 400 ᵒC “ 

Bagasse moisture content, F 50 % “ 
Dry basis lower heating value of ba-
gasse, LHVd 

17600 kJ/kg (Birru et al., 
2015a) 

Isentropic efficiency of power tur-
bines, ηis,PT  

75 % (Mujeebu, 2011) 

*The net mass flow of bagasse is the difference between the total bagasse flow and the excess 

bagasse (0.14 kg/s) at 50 % MC 

The steady state model for Case 1bMC of the modified plant has the input 
values shown in Table 4-4.  

Table 4-4: Input parameters for the steady state model for the new 
setup-Case 1bMC 

Parameter Value Unit 

Moisture content of bagasse after drying pro-
cess, Fnew 

30, 35 
& 45 

% 

Live steam pressure, P1 30 bar 
Live steam temperature,T1 410* ᵒC 
Isentropic efficiency of power turbines, ηis,PT 75 % 
Carbon composition on dry basis, Cd 47.2 % 
Hydrogen composition on dry basis, Hd 6.5 % 
Oxygen composition on dry basis, Od 44.2 % 
Ash composition on dry basis, Ashd 2 % 
Flue gas temperature, Tfg 200 ᵒC 
Lower heating value on dry basis, LHVd 17800 kJ/kg 
Actual mechanical power absorbed by the 

shredder and roller mills Ẇ_me_act_sm
** 

2749 kJ/s 

Actual mechanical power demand two feed 

water pumps, Ẇ_me_act_pump
*** 

474 kJ/s 

*Based on the data obtained from FSF (FSF, 2012), the live steam temperature is 400 ± 10 ᵒC 

**The actual mechanical power absorbed by the shredder and roller mills obtained from Paper II 
***Two feed water pumps each with 237 kW. 
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Mass balances for the steady state models of the base case and the modi-
fied plant are shown in Table 4-5. The energy balance equations used in 
the steady state model for the major sub-systems of the cogeneration plant 
as well as the process are presented below. There are different heat losses 
both in the cogeneration and the sugar-ethanol process units, however, 
the losses considered in this paper are those associated with the major sub-
systems discussed. The term process refers to the sugar and ethanol pro-
cesses. 

The total basis LHV is calculated from Eq. 3-1(see section 3.1) and for the 
case of the modified case where bagasse drying (Case 1bMC) is considered 
the value of the moisture content in the equation is replaced by Fnew.  

The mass balance equations for the steady state models of both the base 
case and modified case plants are summarized in Table 4-5. 

Table 4-5: Mass balances for the steady state models 

Base case Modified case 

State 
point 

ṁ (kg/s) Description State 
point 

ṁ (kg/s) Description 

1 ṁst Total steam flow 1 ṁst=m8+m9

+m10 

Total steam flow 

1a 40% ṁst Steam flow to power 
turbines 

2 ∑ ṁ5a +ṁ2 Total exhaust steam be-
fore desuperheating 

1b ṁst-∑ 

ṁ1a,1c,1d 

Steam flow to shredder 
and mill turbines 

3  ṁ3a +ṁ3b Total exhaust steam af-
ter desuperheating 

1c 8% ṁst Steam flow to feed wa-
ter pump turbines 

3a 6%ṁ10 Exhaust steam to 
dearator 

1d 10% ṁst Makeup steam 3b 28.4 Steam to process (taken 
from Part I of paper) 

2 ∑ ṁ1a,1b,1c Total exhaust steam be-
fore desuperheating 

5 ∑ ṁ5a,5b,6 Feed water leaving 
dearator 

3 ∑ ṁ3a,3b Total exhaust steam af-
ter desuperheating 

5a 7%ṁ5 Desuperheating exhaust 

3a 8%ṁ3 Exhaust steam to 
dearator 

5b 5% ṁ5 Boiler blowdown 

5 ∑ ṁ5a,5b,5c Feed water leaving 
dearator 

6 ṁst Feed water for steam 
generation 

5a 7%ṁ5 Desuperheating ex-
haust 

7 ṁ7 Exhaust steam to con-
denser 

5b 5% ṁ5 Boiler blowdown 8 ṁ10+ ṁ7 Live steam to power 
turbines 

5c ṁst  or ṁ5-

∑ ṁ5a,5b 

Feed water for steam 
generation 

9 10% ṁst Make up steam 

   10 ṁ10  Steam extraction to FW 
tank 

   11 2.56 Steam flow to feed wa-
ter pump turbines 
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The explanation and value of the parameters in all the equations for the 
steady state models, if not specified under the equations, can be found 
from Table 4-1 to Table 4-5. 

4 . 1 . 1 .  B o i l e r  
 
The total available fuel energy for all the steady state models is calculated 
from Eq. 4-1. 

  Q̇f,t = ṁf,t ∙ LHVt                             (Eq. 4-1) 

where Q̇f,t is the total available fuel energy in kW 

ṁf,t is the mass flow of fuel in kg/s 
 

The useful fuel energy is calculated from Eq. 4-2. For the base case this 
corresponds to the fuel energy coming from the net bagasse flow at 50 

% MC, ṁf,net and for Case 1aMC the useful fuel energy is the same as the 
total available fuel energy in Eq. 4-1 as the total bagasse flow is sent to 
the boiler.  

Q̇f,net =  ṁf,net ∙ LHVt                      (Eq. 4-2) 

Where, Q̇f,net is the net available fuel energy in kW 

ṁf,net is the net mass flow of fuel in kg/s 
                                                                        
The new total mass flow rate of the dried bagasse for Case1bMC is calcu-
lated from Eq. 4-3.  The value of F in the equation is the moisture content 
of bagasse for the base case (i.e., 50%).  

ṁf,new =   ṁf,t ∙ (
1−F

100⁄

1−
Fnew

100⁄
)                        (Eq. 4-3) 

                                               

where ṁf,new is the mass flow of the dried bagasse in kg/s, 

ṁf,t is the total mass flow bagasse in kg/s 
F is the base case moisture content of bagasse (i.e., 50%) 
Fnew is the new moisture content of the dried bagasse in kg/s 
 
The heat recovered from the fuel is calculated from Eq. 4-4 for both the 
base case and the modified setup for the corresponding state points in 
Figure 4-1 and Figure 4-2 . 
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Q̇B =  ṁst. (h1 − h6)                                               (Eq. 4-4) 

where Q̇B is the heat recovered in the boiler in kW 

ṁst is the total mass flow of steam in kg/s 
h1 is the enthalpy of live steam in kJ/kg 
h6 is the enthalpy of feed water entering the boiler in kJ/kg 
 
The boiler efficiency for the base case is calculated using the direct method 
using Eq. 4-5 and the result from this is used as input to the Case 1aMC 
model. It is also possible to use the indirect method of boiler calculation 
using Eq. 4-6. 
   

ηB =  
Q̇B

Q̇f,net
∙ 100                      (Eq. 4-5) 

                                                                                                                     

where ηB is the boiler efficiency in %, 
 
The boiler efficiencies for the different moisture contents used in Case 
1bMC model is calculated from the indirect method using Eq. 4-6 as there 
are different heating values for the corresponding moisture content. The 
boiler efficiency calculation standard used in this study is the British Stand-
ard, BS 845:1987 (EEA, 2014) and the boiler efficiency obtained will be 
on Higher Heating Value (HHV) basis. This can be transformed to LHV 
basis by multiplying it with the ratio of HHV to LHV. 
                                                  
ηB = 100 − (Lfg + LH2O,Lat + LH2O,Sens + LMA + Lash + Lrad + LMM)  (Eq. 

4-6 
  
where Lfg is heat loss due to dry flue gas in % 

LH2O,Lat is heat loss due to evaporation of water formed due to hydrogen 

in the fuel 

LH2O,Sens is heat loss due to moisture present in fuel in % 

LMA is heat loss due to moisture present in combustion air in % 
Lash is heat loss due to unburned material in residual ash in % 
Lrad is heat loss due to radiation from boiler wall in % 
LMM is manufacture’s margin for heat losses in % 
 
The values for the losses namely, Lash, Lrad and LMM are taken directly from 
the boiler manufacturer’s (ZURN, 2006) design performance data4. These 
values are assumed to be unchanged for the different moisture contents 
of the dried bagasse.  

                                                      

4 According to ZURN’s design document (ZURN, 2006), these losses are Lash=3.5 %,  
Lrad=0.41 % and LMM=1.5 %. 
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Detailed calculation steps (Eqs. 4-7- 4-15) can be found in Appendix.  

4 . 1 . 2 .  P o w e r  t u r b i n e s  
 
The electrical power output (for base case) and the turbine heat loss (for 
all the steady state models) are calculated from Eqs 4-16 and 4-17, respec-
tively. 
 

Ẇel,BC = ṁ1a ∙ (h1 − h1a)          (Eq. 4-16) 

 

where Ẇel,BC is the electrical power output for the base case in kW. The 

turbine heat loss (PLossel) is determined via: 
              

PLossel = Ẇel − Ẇel ∙
ηg

100
∙  

ηme

100
                                    (Eq. 4-17) 

where Ẇel is the electrical power output for base case (from Eq 4-16)  
and modified set up (from Eq 4-18) 

ηg and ηme are the generator and mechanical efficiencies in % 

                           
The electrical power output by the new turbine in the modified cogenera-
tion unit is calculated from Eq. 4-18: 
 

Ẇel,MC = ṁ8 ∙ h8 − ṁ10 ∙ h10 − ṁ7 ∙ h7                     (Eq. 4-18) 

            
The power to the grid is then the difference between the total power gen-
erated and the power needed for the internal consumption (i.e, the power 
needed by the electrical drives and the electrical power needed for the base 
case plant). 

4 . 1 . 3 .  M i l l s  a n d  s h r e d d e r  t u r b i n e s  
The mechanical power generated by the mill and shredder turbines (base 
case model) is calculated from Eq. 4-19 whereas for the modified case the 
mechanical power is associated only with the two feed water pump driving 
turbines.  

Ẇme,sm = ṁ1b ∙ (h1 − h1b)                              (Eq. 4-19) 

where Ẇme,sm is the mechanical power output by shredder and mill tur-

bines in kW. The other input parameter to the steady state model is the 
actual mechanical power needed by the four mill rollers and the shredder 
which is calculated from Eq. 4-22. The value of this power is estimated 
based on the information obtained from Hugot (Hugot & Jenkins, 1986) 
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and accordingly, for Tongatt type shredders with heavy hammers the ab-
sorbed power Φabs_s is taken as 40 kWh/TFH (TFH is tons of fiber hour) 
and for longer tandems the absorbed power per TFH per mill Φabs_m is 
taken as 11 kW/TFH.  The total power absorbed by the shredder and the 

four mills, Φme_abs_sm is then obtained from Eq. 4-20. 

Φme_abs_sm = Φabs_s + 4 ∙ Φabs_m                        (Eq. 4-20) 

As can be seen from Eq. 4-21 the tons of fiber hour (TFH) is obtained 
from the average fiber content of cane, f which equals 14 % (FSF,2012) 
,the average factory time efficiency, λ for the crushing seasons 2006/07-
2011/12 which is equal to 76 % (FSF, 2012) and the cane crushing capacity 

of the plant, ṁcane. 

TFH =
ṁcane

λ∙24
∙ f               (Eq. 4-21) 

The actual mechanical power (calculated in kW) needed by the 
shredder and mill equipment is calculated from Eq. 4-22.  

Ẇme_act_sm = Φme_abs_sm ∙ TFH                                 (Eq. 4-22) 

The values of absorbed power by the shredder and the mill obtained from 
the base case model Case1BC are used as input to the models of the mod-
ified case. The power needed by the new electric drive motors is equal to 
the power absorbed by the mills and shredder with allowance for a small 
amount of loss (See Eq. 4-23). 

 Ẇel_drive = Ẇme_act_sm + Ltr ∙ Ẇme_act_sm                 (Eq. 4-23) 

where Ltr is the transmission loss related to the electric drive system and 
equals 10 %,  

Ẇel_drive is the power needed by the new electric drive motors in kW. 

The mechanical power loss associated with the mill and shredder turbines 
is calculated from Eq. 4-24 for the base case model.  

PLossme_sm,BC = Ẇme_sm − Ẇme_act_sm     (Eq. 4-24) 

 

4 . 1 . 4 .  T w o  f e e d  w a t e r  p u m p  d r i v i n g  
t u r b i n e s  

The mechanical power produced by the two feed water pump driving tur-

bines is calculated from Eq. 4.25 where ṁpump is 2.56 kg/s and the enthalpy 
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values in the equation are obtained for the respective state points of the 
steady state models (See Table 4-2 and Table 4-5).  

Ẇme_pump = ṁpump ∙ (hin − hout)      (Eq. 4-25) 

 
The mechanical power loss associated with the two feed water pump driv-
ing turbines is calculated from Eq. 4-26.  

PLossme_pump = Ẇme_pump − Ẇme,act_pump      (Eq. 4-26) 

where PLossme_pump is the mechanical power loss associated with tur-

bines driving two feed water pumps in kW.  

4 . 1 . 5 .  H e a t  f l o w  t o  S u g a r / e t h a n o l  
P r o c e s s  

The heat flow to the sugar/ethanol process is calculated from Eq. 4-27 

where ṁps is the steam mass flow to the sugar/ethanol process which is 
obtained from the mass balance equation in Table 4-5 for the base case 
and it is then set as an input value to the modified case value as the steam 
demand of the process remains constant for both the base case and the 
modified setup. The enthalpy values in the equation are obtained for the 
respective state points (See Table 4-2 ) of the steady state models. The 
associated losses are not quantified in this study.  

Q̇PS = ṁPS ∙ (hin − hout)                                                        (Eq. 4-27) 
 

where Q̇PS is the heat flow to the sugar/ethanol process in kW, 

ṁPS is the mass flow of steam to sugar/ethanol process in kg/s.
  

4 . 2 .  T r a n s i e n t  s t a t e  M o d e l s  

The transient state models are built in order to understand the behavior 
of both the base case and modified plants. During the field study at the 
selected case study sugar mill, the mill press stoppages are observed to be 
the most frequent types of unexpected stoppages at the factory and on the 
average these occur for two hours per day. The unexpected stoppage of 
the mill presses mean a gradual decrease in bagasse flow which leads to 
decreased electric power generation. The amount of electric power during 
the mill press stoppage period corresponds to the amount required only 
by some parts of the factory excluding the cane preparation units which 
are listed in Table 4-6.  The mass and energy balance equations used are 
as shown for the steady state models except that in the case where furnace 

oil is used, there is no desuperheater flow and T6 equals 127ᵒC. 
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Table 4-6: Electrical power needed by cane preparation units 

Equipment Power (kW) 

Cane unloader 37 
Cane feed table(drive motor) 37 
Main cane carrier 71 
Two cane cutters 600 each 
Prepared cane elevator  
       Motor 1 52 
       Motor 2 55 
Mill house crane 28.5 
Mill roller lathe motor 55 
Total 1535 

The scenarios considered in the transient models for the base case plant 
and the modified plant are listed below. 

Assumptions: 

• During transient state analysis, unplanned stoppage duration of 2 
hours per day is chosen based on observations made during field 
visit to FSF. The typical type of stoppage observed is that of the 
mill presses. 

• The time factor for batch processes is not considered (i.e., how a 
stoppage in a continuous process will affect a batch) 

• Mass flow rates of bagasse and live steam parameters are assumed 
to change within a range of values (actual data is lacking). 

• The four assumptions at the start of section 4.1 are also consid-
ered here. 

 

a) BASE CASE 
The transient scenarios considered for the base case are:-    
Case2aBC : Only furnace oil is used during the unplanned mill press stop-
page  
 
It is assumed that during mill stoppage, the live steam parameters (T1 and 

P1) are decreased by units of 5 ᵒC and 0.02 bar every minute, respectively 
until the amount of power needed during stoppage is reached. The fuel oil 
flow is maintained at 1.21 kg/s as obtained from ZURN (ZURN,2006).  

 Case2bBC : Excess bagasse from 22 h of crushing is used and then furnace 
oil is used for the rest of the unplanned stoppage period. 
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For the first few minutes where the accumulated excess bagasse is used, 
the assumptions made are: 

• the mass flow of the bagasse flow is decreased by a unit of 0.2 

kg/s /min 

•  the temperature of the live steam is decreased by a unit of 5 

ᵒC/min  

• The live steam pressure is decreased by 0.02 bar/min 

 

b) MODIFIED CASE 

The transient scenarios considered for the modified case are: 

Case2aMC: Transient state of modified plant where the mill presses stop 
working and where bagasse drying is not considered (only furnace oil is 
used) 

Case2bMC: Transient state of modified plant where the mill presses stop 
working and where bagasse drying is considered (accumulated excess from 
previous 22 hours cane crushing is used during stoppage) 

The energy balances for the transient conditions are calculated based on 
the equations in section 4.1 and translated into total values per day (con-
sidering two hours of stoppages) through integration as a function of time 
as follows.  

Mass flows in kg or tonne: 

macc = ∫ ṁ ∙ dt
t=2 hrs

t=0
                                             (Eq. 4-28) 

where macc is the accumulated amount of mass of bagasse or wasted 

steam during 2 hours unexpected stoppage in kg or tonne and ṁ is mass 
flow of bagasse or wasted steam in kg/s. 
 
Work (electrical and mechanical) output in MJ:  
 

Wacc = ∫ Ẇ ∙ dt
t=2 hrs

t=0
                                            (Eq. 4-29) 

where Wacc is the accumulated amount of work (electrical and mechanical) 

output during 2 hours unexpected stoppage in MJ and Ẇ is the electrical 
or mechanical power output in kW. 
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Heat flow in MJ:  

Qacc = ∫ Q̇ ∙ dt
t=2 hrs

t=0
                                 (Eq. 4-30) 

where Qacc is the accumulated amount of heat during 2 hours of unex-

pected stoppage in MJ and Q̇ is heat flow in kW. 

Power losses in MJ: 

 PLossacc = ∫ PLoss ∙ dt
t=2 hrs

t=0
                    (Eq. 4-31) 

where PLossacc is the accumulated amount of power losses during 2 

hours of unexpected stoppage in MJ and PLoss is the power loss in kW. 

4 . 2 . 1 .  B a s e  c a s e  t r a n s i e n t  m o d e l s  
        a) Case2aBC : Only furnace oil is used during the unplanned mill press stop-

page  

In the case where the bagasse feeding system stops along with the mill 
press stoppage, bagasse feeding to the boiler will not be possible, since no 
bagasse is being produced. Thus, furnace oil is introduced to the boiler 
furnace instead of bagasse immediately when the mill press stoppage oc-
curs. The boiler specification when it uses furnace oil (#6 oil) is obtained 
from the boiler manufacturer ZURN (ZURN,2006). The boiler efficiency 
is calculated on LHV basis as 92 % and this value is used throughout the 
transient model calculations (LHV of the furnace oil is taken as 40 000 
kJ/kg (TSI, 2004). The ratio of steam to fuel oil at 50% part load is around 
15 kg/kg based on the information on ZURN boiler specification docu-
ment. In the case where furnace oil is used instead of bagasse, the steam 
used for electrical power generation is around 65% of the live steam flow.  
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Since fuel oil burning results in CO2 emission, this is assessed for the 2 
hours stoppage period from Eqs. 4-32 and 4-33. The carbon content of 
the fuel oil obtained from ultimate analysis is 88 %. 

ĖCO2
= ṁoil ∙ C𝑡 ∙ 44

kgCO2

12 kg C
                                               (Eq. 4-32) 

where ĖCO2
 is the carbon dioxide emission and ṁoil is the mass flow fuel 

oil. 

 ECO2_acc
 , the accumulated amount of carbon dioxide during 2 hours 

unexpected stoppage is calculated from Eq. 4-33. 

ECO2_acc
= ∫ ĖCO2

∙ dt
t=2 hrs

t=0
                                             (Eq. 4-33) 

 
b) Case2bBC: Mill presses stop working (excess bagasse and furnace oil are 

used) 

This is a case where during the first minutes of the two hours mill stoppage 
period, the bagasse feeding to the boilers is maintained from the accumu-
lated bagasse during the previous 22 hours of cane crushing of the day. 
An assessment of the accumulated excess bagasse during the 22 hours of 
crushing is done by integration of the excess bagasse flow rate of 0.14 kg/s 
with time and the accumulated bagasse over the 22 hours is equal to 11900 
kg. On the other hand, the bagasse demand for the 2 hours stoppage du-
ration is assessed and the amount exceeds the accumulated bagasse in 22 
hours. Thus, during the stoppage duration, the boiler is partly fired with 
the accumulated excess bagasse in the first period of the stoppage and the 
remaining will be furnace oil fired until the mill starts to crush once again.   

During the replacement of bagasse by furnace oil, the stable operation us-
ing oil is maintained by a constant flow rate of oil to the boiler which 
matches the production of the minimum amount of electric power needed 
during the stoppage. This fuel oil flow rate is set at about 85 % part load 
operation and is close to 1 kg/s. 

4 . 2 . 2 .  M o d i f i e d  p l a n t  t r a n s i e n t  m o d e l s  
a) Case2aMC -Mill presses stop working (no bagasse drying) 

Unlike the case where there are back pressure power turbines and me-
chanical turbines, the modified plant with the new turbine and electric 
motors will not result in a decreased bagasse flow when the mill suddenly 
stops. This means there is enhanced flexibility of operation with regards 
to power generation during stoppages. Since for the modified plant set-
up, the total bagasse flow is considered to be utilized, there will not be 
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accumulated bagasse during the 22 hours of cane crushing. Thus, furnace 
oil is used for the two hours stoppage period. During mill stoppage the 
electric drives will automatically stop receiving power from the power tur-
bine and the cane preparation units will stop working.  The produced ex-
cess electricity will be sent to the power grid. The live steam temperature 

for the duration where furnace oil is used is set as 410 ᵒC (this is the max-
imum allowable boiler pressure (FSF, 2012). The total electrical power 

output Ẇel_t is calculated from Eq. 4-34. 

Ẇel_t = Ẇel_grid + Ẇel_drive + Ẇel_min _stop                         (Eq. 4-34) 

where Ẇel_t the total electrical power output in kW, Ẇel_grid is the elec-

trical power sent to the grid in kW, Ẇel_drive is the power needed by the 

new electric drive motors in kW and Ẇel_min _stop is the minimum power 

that is required by the factory during the stoppage period in kW calculated 
from Eq. 4-35. 

Ẇel_min _stop = Ẇel_tBC
−  Ẇcane_prep        (Eq. 4-35) 

Where the mechanical power for cane preparation units, Ẇcane_prep is 

around 1.54 MW (See Table 4-6) and the power to the electric drives is set 
to zero. The electrical power sent to the national grid is considered to be 
equal to the one for Case1aMC where there is no bagasse drying.  The CO2 
emission is calculated using the same approach as in section 4.2.1. 

b) Case2bMC -Mill presses stop working (there is bagasse drying) 

For the case where the mill presses stop working and bagasse drying is 
considered, the analysis procedure for the steady state model of the mod-
ified plant is followed except that there is a two hours unexpected stop-
page considered. The boiler efficiencies for the moisture contents consid-
ered are obtained from the Case 1bMC model result. The total electrical 
power output during the two hours stoppage is calculated by adding the 
electrical power needed by the factory during the stoppage obtained from 
equation 4-35 and the amount of power exported to the grid (obtained 
from Case 1bMC model results for the different moisture contents). The 

live steam parameters used are 410 o C and 30 bar as the bagasse drying will 
result in improved combustion in the boiler furnace. The amount of total 
steam and steam needed for the process is set to a value which is the same 
as needed for Case 1aMC and is equal to 31 and 28 kg/respectively. It is 
possible to accumulate excess bagasse for unexpected stoppages by drying 
the bagasse.  
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4 . 2 . 3 .  S e n s i t i v i t y  a n a l y s i s   
The sensitivity analysis is made for the transient state model of the base 
case plant. The idea is to check how the final output parameters are af-
fected by the changes made to the assumed values during the modelling. 
One of these assumptions that need to be checked is the unit by which 
the bagasse flow increases/decreases. In addition to this, for the case 
where only fuel oil is used during the stoppage, the live steam temperature 

and pressure values are decreased by a unit of 2-7 ᵒC/min and a unit of 
0.01-0.05 bar/min, respectively in order to see the accumulated (in two 

hours of stoppage) values of ṁ1b_acc, PLossB_acc , and Wel_acc .The stoppage 
duration is also varied from 1.5 – 2.5 hr to see the effect on the stated 
output parameters.  

The sensitivity analysis made for the case where the excess bagasse as well 
as furnace oil are utilized during stoppage involves varying T1 (Decreased 

by a unit of 2-7 ᵒC/min), P1 (decreased by a unit of 0.01-0.05 bar/min), 
and ṁf,net (decreased by a unit of 0.1-0.3 kg/s/min) to see the effect on 

the parameters : ṁ1b_acc, Wel_acc ,PLossB_acc and ECO2_acc
. 

4 . 3 .  E c o n o m i c  a n a l y s i s  

The economic analysis considers only the crushing season and the modi-
fied plant. In this thesis, the total investment cost Cinv includes the equip-
ment purchase cost, Ceqp , equipment installation cost, CInst (taken as 15% 
of the equipment purchase cost) and the  engineering work related cost, 
CEng (taken as 5% of the equipment purchase cost). Cinv is distributed over 
20 years with an interest rate i of 15% as a starting point. In the case of 
Case 1aMC and Case 2aMC , the total investment cost is equal to the sum of 
the equipment costs of the electric motors and turbine. Whereas for the 
scenarios Case1bMC and Case2bMC, the equipment cost of the dryer is 
added. 

From the steady state model results obtained in Paper II , the tons of fiber 
per hour (TFH) is equal to 33 TFH, the power absorbed by the shredder 
is 1309 kW and the power absorbed per mill is 360 kW. The selected gear 
types are planetary gears. The electric motors are considered to be gear 
mounted thus there are only two transmission elements prior the mill roll-
ers and the shredder. For the selection of the electric motors, the power 
required by the electric motors per mill and for the shredder is calculated 
using Eq. 4-36 and Eq. 4-37, respectively. 

The total electric power required by electric motor per mill: 

Ẇel,drive_m = Ẇme_act_m + Ltr ∙ Ẇme_act_m       (Eq. 4-36) 
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where Ltr is the transmission loss which is the difference between 100% 
and the product of the electric motor conversion efficiency (97 %) and the 

planetary gear efficiency (93%), Ẇme_act_m  is the actual mechanical power 

absorbed per mill (calculated by multiplying Φabs_m with TFH) and 

Ẇel,drive_m is the total electric power required by electric motor per mill 

in kW per mill. The total electric power required by electric motor for 
shredder is calculated from Eq. 4-37. 

Ẇel,drive,s = Ẇme_act_s + Ltr ∙ Ẇme_act_s        (Eq. 4-37) 

where Ẇme_act_s  is the actual mechanical power absorbed by the shred-

der (calculated by multiplying Φabs_s with TFH) and Ẇel,drive_s is the 

total electric power required by electric motor for the shredder in kW. 

The selection of the electric motor and gear box arrangement is done 
based on the information obtained from the case study done in Sedl Jay 
Mahesh sugar mill (ISSUU, 2014). The arrangement of the electric drives 
is such that the electric motor is mounted on a gearbox for each mill and 
the shredder.  

An estimate of the cost of such electric motors mounted with planetary 
gearbox is estimated based on the information obtained from (Alibaba, 
2014a)5. The cost of an electric motor mounted with a gearbox with a 
power output of 400 kW is chosen for one mill roller and the equipment 
cost is about USD 10 000 thus the total number of rollers (which equals 
20) becomes USD 200 000. The cost of the electric motor for the shredder 
is chosen for 1400 kW and is around USD 15 000. The total cost of electric 
motors with gearboxes for the 4 mills and 1 shredder is thus USD 215 
000. Since a frequency inverter is also required for speed regulation of the 
mill rollers, the cost of a variable speed frequency inverter is also esti-
mated. The estimation is done using a rule of thumb suggested by ABB 
team (ABB, 2014) (i.e., SEK 1000/kW) and is equal to USD 408 000 mak-
ing the total cost associated with the equipment purchase of electric drives 
to be USD 623 000. The selected steam turbine has one extraction point 
(pressure of about 1.09 bar gauge) and the condenser pressure of about 
0.15 bar. The maximum power output can be 15 MW. Finding a specific 
cost for some of the equipment was of interest in order to take into ac-
count different sizes of the equipment under consideration and thus be 
able to calculate the cost of these. Consultation of different literature val-
ues in search for such specific costs resulted in values from several years 
back thus in order to obtain an up-to-date price and also specific costs 

                                                      

5 This reference for acquiring costs was of interest based on the availability of specific cost 
of equipment (i.e., cost per unit of consumption value) with recent cost values. Import 
duties are not included.  
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from Alibaba website was used. The turbine purchasing cost is estimated 
based on the specific cost USD 250/kW (Alibaba, 2014b)6. The cost of 
the turbine varies based on the power generation capacities required for 
the scenarios whether bagasse drying is considered or not. The summary 
of these costs is provided in Table 4-7. The cost of bagasse dryer is esti-
mated based on the total bagasse flow which is 55 tons/hour and costs 
USD 10 000 (Alibaba, 2014c)7. Although the accuracy of the cost data is 
limited,  these were the best available given the constraints of the study. 
With the model developed, however, the impacts of uncertainties in inputs 
can be easily quantified and improved as new data becomes available. 

Table 4-7: Summary of estimated equipment purchase costs 

Equipment Purchasing 
price (USD) 

Steam turbine set (10 MW turbine)a 2 500 000 
Steam turbine set (12 MW turbine)b 3 000 000 
Variable frequency inverter 408 000 
Electric motor with gearbox (shredder and mills) 215 000 
Total equipment purchase cost (Cpur)a 3 123 000  
Total equipment purchase cost (Cpur)b 3 623 000 

aCase 1aMC and Case 2aMC 
bCase 1bMC and Case 2bMC 
The feasibility of the individual scenarios is checked by calculating the net 
present value (NPV) using Eq. 4-38 (Finance formulas, 2014a). 

NPV =  ∑
Net cash flow

(1+i)n − CInv                                   (Eq. 4-38)        

where n is the number of years.  The net cash flow is the difference be-
tween cash inflows and outflows. In the case of this study, the cash inflow 
is the income from sales of surplus electricity and the outflow is cost of 
operation and maintenance, CO&M.  For all the scenarios considered except 
Case 2aMC where furnace oil is used, the operation and maintenance is ne-
glected as the fuel bagasse is free and it is expected that there will not be 
any additional maintenance cost compared to what is present with the 
equipment today. The electricity tariff in Ethiopia as obtained from 
EEPCo (EEPCo, 2012) is ETB 0.4736 /kWh (High Voltage Industry 

                                                      

6 This reference for acquiring costs was of interest based on the availability of specific cost 
of equipment (i.e., cost per unit of consumption value) with recent cost values. Import 
duties are not included. 

7 This reference for acquiring costs was of interest based on the availability of specific cost 
of equipment (i.e., cost per unit of consumption value) with recent cost values. Import 
duties are not included. 
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@132 kV peak rate). As a base line value, the sales price of electricity λ is 
considered as USD 0.04 /kWh.   

The payback period for each of the cases considered in this study is calcu-
lated from Eq. 4-39 (Finance formulas, 2014b). 

PBP =
CInv

(R−CO&M)
                                                (Eq. 4-39) 

where the revenue, R from the sales of surplus electricity, is calculated 
from Eq. 4-40. 

R = Ẇel_grid[kW] ∙ 200 [
crushing days

year
] ∙ 24 [

hrs

day
] ∙ λ [

USD

kWh
]     (Eq. 4-40) 

The surplus power Ẇel_grid is taken from the results of the individual mod-

els. The operation and maintenance cost for Case2aMC is obtained from 
Eq.  4-41. It is assumed that the use of furnace oil in the boiler is the only 
parameter changed in the total operation and maintenance cost and the 
rest of the values in the equation remain constant. The reason why other 
parameters like labor cost for operation and maintenance is not included 
in the equation is that it is assumed that the exchange for new equipment 
in the factory will not give new costs for maintenance in comparison to 
what it is today; rather it may even decrease (though in the short term 
upskilling operators may incur short lived cost increases). 

CO&M = Coil ∙
ṁfoilacc

[
kg

day
]∙200[

crushing days

year
]

ρoil[
kg

lit
]

                      (Eq. 4-41) 

where Coil is taken from reference (Alemu, 2009) and is equal to USD 

0.5/lit and the density of oil ρoil is taken as 0.92 kg/lit. The accumulated 

amount of furnace oil used during 2 hours stoppage is taken from the 
results of the Case2aMC model. A sensitivity analysis is done by varying the 
discount rate (10 % to 20 %) in order to see how the NPV changes for 
the different scenarios considered in this study. In addition, the variation 
of PBP with electricity sales price is analyzed. 

4 . 4 .  K e y  r e s u l t s  

The results of the steady and transient states considered in this study are 
presented in the following sub-sections.  
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4 . 4 . 1 .  S t e a d y  s t a t e  m o d e l  r e s u l t s   

The steady state model result for the base case shows that the total amount 
of power absorbed by the shredder and mills is 2749 kW (1309 kW is 
absorbed by the shredder and the remaining by the four mills) and the 
cane fiber flow rate is 32.7 TFH. The steady state model result for the base 
case indicates that the mechanical power produced (by the shredder and 
mill turbines) is 23 kWh/TC thus almost 32% of it is not absorbed by the 
mills or shredder equipment. This explains the fact that a significant 
amount of heat is wasted in factories using steam turbines to drive the mill 
presses or shredders.  The fuel power due to excess bagasse during steady 
state operation is 18.2 TJ during the crushing season and this at the end 
of the crushing season becomes quite a big amount which is just wasted 
while it is possible to utilize it for different purposes. Model results for the 
base case show that the heat recovered in the boiler is close to 70 % of the 
total fuel energy available. The single largest contribution to losses in the 
boiler is the wet bagasse contributing to 14.4 %. A larger portion of the 
heat available in the steam cycle is utilized in the sugar/ethanol process.   

The results of the steady state model for the modified set up where bagasse 
drying is not considered (Case1aMC) shows that the mechanical heat loss is 
associated only with the FW pump turbines and this is 0.5 % of the total 
available fuel power (see Table 4-8).  

Table 4-8: Steady state model result of Case1aMC 

Sub-system Available en-
ergy 
(% of  Qf,t) 

Useful en-
ergy 
(% of  Qf,t) 

Heat loss 
(% of  Qf,t) 

Fuel 100% 100%  
Boiler  70% 30% 
New power tur-
bine 

 9.5% 0.4% 

FW pump tur-
bines 

 0.9% 0.5% 

Electric drives  2.2% 0.2% 
Grid  2.4% 0 
Process8  57% Unquanti-

fied 

As compared to the base case plant where the loss associated with the 
shredder and mill turbines accounted for 1.1 % of the total available fuel 

                                                      

8 Process refers to sugar and ethanol process. The heat loss due to this is not addressed in 
this study 
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energy, the loss associated with electric drives is 0.2 % of the total available 
fuel energy which indicates a reduction in losses of more than 75 %. The 
model result also shows that the steady state operation with the new setup 
results in generation of surplus power to the grid amounting 3.2 MW or 
18 kWh/TC and this is for the same live steam parameters as the base case 
plant. The power generated has increased compared to the base case 
power generated as the steam that used to be consumed for mechanical 
power generation in the mill and shredder turbines is now partly used for 
power generation. 

The results of the steady state model (Case 1bMC) where bagasse drying is 
considered show that the surplus power for 30 % bagasse MC amounts to 
7.8 MW or 44 kWh/TC and this is a 60 % increase on the surplus power 
obtained from the scenario where the bagasse MC is 50% (i.e.,Case1aMC).  
As compared to the base case, the boiler efficiency has increased to 82.3 
%, 81.6% and 80 % for the moisture contents 30 %, 35 % and 45 % re-
spectively owing to the increased lower heating value of the bagasse after 
the drying process. The bagasse drying to the moisture contents 30%, 35 
% and 45 % resulted in a surplus power generation of 44 kWh/TC, 40 
kWh/TC and 31 kWh/TC, respectively. This increase in power generation 
due to the bagasse drying can be explained by the fact that the heating 
value of the bagasse increases as its moisture content decreases resulting 
in improved heat recovery in the boiler.  

4 . 4 . 2 .  T r a n s i e n t  s t a t e  m o d e l  r e s u l t s  

The key results of the transient state models for the base case and the 
modified plant are summarized in this section.   

From the Case2aBC results the boiler efficiency increases to 92% as fuel oil 
is introduced for the two hours stoppage period. In total, 9 tons of fuel oil 
is used on daily basis. This results in a CO2 emission amounting 28 
tons/day. Even if the mills and shredder turbines stop working, there is 
some part of the total steam wasted during the period when the live steam 
parameters start to decrease (Case2aBC).  This is due to that there is wasted 
steam amounting 3 tons/day that could have been used for the shredder 
and mill turbines. 
 
The boiler efficiency for Case2bBC, when excess bagasse (at 50% MC) 
firstly is introduced and thereafter fuel oil for the stoppage period, in-
creases to 88% from the base case at steady state. This is a bit lower than 
the value obtained for the case where only furnace oil was used. 

The results obtained for Case2aBC and Case2bBC have only a slight differ-
ence and for the scenario where both excess bagasse and furnace oil are 
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used, furnace oil contributes to 81 % and excess bagasse firing 19 % re-
spectively of the total available energy.  As compared to the Case2aBC, the 
CO2 emission of Case2bBC is significantly reduced with 25 % due to utili-
zation of accumulated excess bagasse obtained during 22 hours of cane 
crushing for Case2bBC. The amount of steam wasted during the 2 hours 
stoppage for Case2bBC which is about 7 tons/day is more than double the 
amount of steam wasted when only furnace oil during the stoppage period. 
The reason is that for Case2aBC, the mass flow of the furnace oil 1.21 kg/s 
which resulted in a lesser amount of total steam flow thus lesser amount 
of wasted steam as compared to Case2bBC.  For both scenarios, the wast-
age of steam occurs during the first part (18 minutes for Case2aBC and 10 
minutes for Case 2bBC), of the two hours stoppage where the boiler pres-
sure and temperature start to decline until a stable operation where the 
minimum amount of electrical power generation needed for the stoppage 
is reached.  

Table 4-9 summarizes the result of the transient models of the modified 
plant Case2aMC and Case2bMC. The results indicate that if the bagasse is 
dried, there will be a possibility to save the bagasse and use it in case of 
unexpected stoppages (which is not practiced at the case study plant) with-
out affecting the export of electricity to the national grid (however this will 
be less than the amount in Case 1bMC and avoiding the use of fuel oil). 

Table 4-9: Surplus electrical power and heat losses for the modified 
case during the two hours stoppage period-Cases 2a and 2b 

Parameter Unit Case 2aMC Case 2bMC 

F=30% F=35% 

Wel_grid_acc MWh 6 8 8 

PLossB_acc GJ/day 29 83 94 

PLosspump_acc GJ/day 2 1 1 

PLossPT_acc GJ/day 2 2 2 

ECO2_acc t/day 29 
  

 

The values of obtained accumulated bagasse during the 22 hours crushing 
for a modified plant are: 141 ton for 30% moisture content, 121 ton for 
35% moisture content and 47 ton for 45 % moisture content. The surplus 
power exported is 3.8 MW for both the 22 hours of crushing period and 
the 2 hours of stoppage period. Since in the model for Case 2bMC, the 
amount of the power to be exported to the grid and the amount of power 
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needed for the factory during stoppage is set to be the same for all mois-
ture contents, as seen from Table 4-9, there is no difference in the amount 
of power exported for the 30 % and 35 % moisture contents. The gain 
from this scenario is that it will be possible to save bagasse for use during 
unexpected stoppages and also be able to export power using this bagasse 
during the stoppage. In case only bagasse is used in the mill during the 
stoppage period, 5800 ton of CO2 emission and a cost of oil amounting 
to 978 000 USD can be avoided in a season of 200 days. 

4 . 4 . 3 .  S e n s i t i v i t y  a n a l y s i s  r e s u l t s  
For the transient condition Case2aBC, the results of the sensitivity analysis 
models show that there is no significant change in the accumulated values 
of the selected output parameters (see section 4.2.3) except the mass flow 
of the steam wasted, when the live steam temperature is decreased by units 

of 2 to 7 ᵒC/min during the selected two hours stoppage. The mass flow 
of the wasted steam decreases from 7.8 tons/day to 2.2 tons/day when 

the temperature is decreased by units of 2 to 7 ᵒC/min. The reason is that 
the duration to reach stable operation (the point where the minimum elec-
tric power generation starts) is shortened as the temperature is decreased 

by units of 2 to 7 ᵒC/min.  On the other hand, the values of the selected 
output parameters (See section 4.2.3) do not change much when the live 
steam pressure was decreased by units of 0.01 to 0.05 bar/min.  

For Case 2bBC, when the live steam temperature is decreased by units of 
2-7 °C/min, it is only the electrical power output which is not varying 
much for the two hours stoppage duration considered (see Figure 4-3). As 
can be seen in the figure, more CO2 emission is obtained as the steam 
temperature is decreased by units of 2 -7 °C/min. This is because the du-
ration to reach stable operation when using the accumulated excess ba-
gasse (the point where the minimum electric power generation starts) gets 

shortened as the temperature is decreased by units of 2 to 7 ᵒC/min which 
leads to the usage of more fuel oil in the remaining stoppage period.  On 
the other hand, for both Cases 2a and 2b, the values of the selected output 
parameters (See section 4.2.3) do not change much when the live steam 
pressure was decreased by units of 0.01 to 0.05 bar/min.  
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Figure 4-3: Sensitivity of accumulated values of boiler heat loss, electri-
cal power output, CO2 emission and wasted steam mass flow versus 
temperature change for two hours stoppage period-Cases 2a and2b  (for 
the Base Case) 

Figure 4-4 illustrates the variation of the payback period with the change 
in the electricity sales price and different moisture contents (F) of bagasse 
for all the scenarios except Case 2aMC. As can be seen from the figure, the 
payback period for all the other scenarios decreases (i.e., a faster return on 
investment is seen) with increase in the electricity sales price as more rev-
enue is obtained. 
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Figure 4-4: Variation of PBP with sales price-Cases 1a,1b and 2b 
(for modified case) 

For the steady state case where there is bagasse drying (Case 1bMC), a faster 
return on investment (i.e. shorter PBP) is observed with decrease in mois-
ture content of the bagasse for a particular electricity sales price and a spe-
cific discount rate. The PBP is sensitive to the electricity sales price and is 
seen to decrease with increased electricity sales price. Comparison of the 
values for Case1bMC and Case2bMC, the PBP for the moisture content 30 
% and electricity sales price of 0.05 USD/kWh is 2.4 years for Case1bMC 
and 4.7 years for Case2bMC. This comparison is made considering the max-
imum electricity sales price for these scenarios and both have attractive 
PBP with Case 2bMC having an extra gain from the consideration of utiliz-
ing excess bagasse during unexpected stoppage periods. 

4 . 4 . 4 .  S t e a d y  s t a t e  m o d e l  v a l i d a t i o n  f o r  
b a s e  c a s e  p l a n t  

A model validation exercise is performed in order to assess the reliability 
of the steady state model for the base case plant. The validation procedure 
first examines the actual data gathered for the base case plant (Mill H in 
Table 3-1). Since the operation parameters provided for the selected mill 
is for an existing sugar mill, it is appropriate to use the values of the pa-
rameters as validation inputs.  
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The output parameters of the steady state model Case1aBC (steady state 
model for base case plant) along with the corresponding values are sum-
marized in Table 4-10. The major input parameters to the model are pro-
vided in Table 4-1 and other input parameters and assumptions are pre-
sented under section 4.1. For the validation process, some of the actual 
parameters of the existing base case plant are taken from Table 3-1 and 
compared with the output parameters of the steady state model for the 
base case plant. The selection of the actual parameters of the existing base 
case plant (also included in Table 3-1 is such that their number and type 
matches with model output parameters.  

Table 4-10: Validation parameters for the steady state model result of the base case 
plant (Case1aBC) 

Parameters Model output  
parameters 

Actual plant  
parameters 

Cane flow in tonne/h 177.6 178 

Electrical power out-
put in kW 

4.9 5 

Mechanical power de-
mand in kW/TC 

15.5* 18 

Heat to process 65.4 65.5 

Boiler efficiency 69.8 70 

*These values do not include the actual mechanical power demand related to feed 

water pumps and it corresponds to power need by mills and shredder. 

As shown in Table 4-10 the values of the model output parameters are 
almost the same as for the actual plant parameters except the mechanical 
power demand values. The reason is that, for the steady state model, the 
analysis of the actual power absorbed is calculated for the mills and the 
shredder where as for the actual plant the value represents the average 
mechanical power demand in the factory. Thus, considering the actual 
amount of power demand related to the feed water pumps (which equals 
474 kW based on Table 4-1) in addition to the mills and shredders, the 
output value for the model will be 18.2 kWh/TC (considering 178 TCH). 
This value is almost equal (with 1.1 % difference) to the actual value for 
the existing plant. 

4 . 4 . 5 .  S e n s i t i v i t y  a n a l y s i s  c o n s i d e r i n g  
s t e a m  d e m a n d  r e d u c t i o n  

As mentioned in section 2.2.3, the most common process modifications 
found in the literature include the following measures: use of continuous 
pans for sugar boiling; vapour bleeding in multiple effect evaporator sets; 
and increasing the number of evaporators. According to the literature, 
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such modifications result in steam economy of sugar mills. The heat de-
mand in cane sugar industries is mainly for the evaporation, crystallization, 
drying and distillation processes (if alcohol production is available as a 
downstream unit), and the power requirement is for the juice extraction 
(milling process), conveyor belts, centrifuges, pumps and other auxiliary 
equipment (Hugot & Jenkins, 1986). In this section, a sensitivity analysis 
is made by considering a hypothetical process modification which results 
in steam saving which in turn is expressed as a percentage of the base case 
plant steam demand (Paper II). The percentage values are assumed to vary 
from 0 - 30 % of the base case process steam demand (28.4 kg/s). The 
analysis is made in order to see the influence of process heat demand re-
duction on the amounts of excess bagasse as well as generated electricity.  

The sensitivity analysis calculation is made such that the saved steam 
amount is varied (0 - 30 % of the base case process steam demand (28.4 
kg/s)) while the excess bagasse and the potential surplus electric power 
are calculated. The calculation of the surplus bagasse flow (steady state 
base case plant-Case 1 in Paper II) and electric power (steady state modi-
fied plant -Case 1a in Paper III) is carried out as follows: 
 

• In the case of the steady state base case plant, it is surplus bagasse 
flow that is calculated as the BPT does not allow surplus power 
generation than the amount needed for the factory. The steam to 
bagasse ratio is 1.9 thus the excess bagasse is calculated using this 
ratio and the saved process steam values.  

• In the case of the modified steady state modified plant Case 1a, 
the saved process steam is considered to be used for surplus 
power generation. 
 

The results are summarized in Table 4-11. 

Table 4-11: Sensitivity analysis result for steady state base case plant 
and modified plant Case 1a 

Percentage 0 5 10 15 20 25 30 

Saved steam 
(kg/s) 

0 1.4 2.8 4.3 5.7 7.1 8.5 

Excess bagasse 
(kg/s)* 

0.14 0.7 1.5 2.2 3 3.7 4.5 

Excess power 
(MW)** 

0 0.5 1.1 1.6 2.2 2.7 3.2 

     *Steady state base case plant (Paper II) 
     **Steady state modified plant Case 1a (Paper III) 
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As has been mentioned previously, there are several process modifications 
that can be implemented on the sugar/ethanol processing units. Such 
modifications combined with other improvements in the cogeneration 
unit allow steam saving which in turn enables additional surplus power.  

4 . 5 .  O p t i m i z a t i o n  o f  s t e a d y  s t a t e  
a n d  t r a n s i e n t  s t a t e  s c e n a r i o s  f o r  t h e  
u p g r a d e d  p l a n t  

 

In this section, the retrofitted plant considered in Paper III is further ana-
lyzed via an optimization of the steady state and transient state models. 
Table 4-12 shows the different configurations considered for these two 
scenarios.) The NPV is one of the important economic performance indi-
cators, and thus the optimization involves maximizing NPV values for 
these different cases (see Table 4-12).  The aim of the optimization is to 
further investigate the performance of the sugar mill cogeneration unit 
during normal operations as well as during stoppages under optimized op-
eration conditions.  More specifically, the idea is to know the optimum 
performance of the different configurations under different electricity and 
pellet prices. Such analysis will provide decision makers with different in-
vestment and operation options.  

 The cost and thermodynamic models of the steady state and transient 
state scenarios for the upgraded plant are taken from the EES models dis-
cussed under sections 4.1 and 4.2. Additional models are built for config-
urations 2 and 3 (see Table 4-12). These models are programmed in 
MATLAB. For all the configurations considered (see Table 4-12), about 1 
% of the available bagasse (15.2 kg/s at 50 % moisture content) is stored 
as a backup in the case of unexpected operation stoppage or for startups. 
The moisture content of the dried bagasse is taken as 30 %. 

4 . 5 . 1 .  I n p u t  p a r a m e t e r s  o f  s t e a d y  s t a t e  
a n d  t r a n s i e n t  s t a t e  m o d e l s  

 
The model of configuration 1 of the steady state is the same as the case 
where the bagasse is dried to 30 % moisture content and only electricity is 
generated (i.e., Case1bMC at 30% moisture content).  For the transient 
state, configuration 1 corresponds to the case where fuel oil is used during 
the unexpected mill stoppage period (i.e., Case 2aMC). 
 
Configuration 2 considers the production of pellets only and the maxi-
mum possible amount of bagasse (after generating electricity that is 
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enough for in-house use) is used for pellet production. To estimate the 
amount of bagasse available for pellet production, first the minimum 
amount of bagasse flow corresponding to the minimum amount of grid 
power that can be generated is estimated, and this is based on the mini-
mum amount of total steam required to meet process demands: 28.4 kg/s 
(steady state) and 17.0 kg/s (transient state) . Thus, for the steady state at 
about 10.7 kg/s of minimum amount of total bagasse flow at 50% mois-
ture content (corresponding to 7.6 kg/s bagasse at 30 % moisture con-
tent), a total of 9.6 MW is generated and out of this 1.3 MW is surplus. 
The total steam flow in this case is 28.5 kg/s. For the transient state, a 
minimum bagasse flow is 3.7 kg/s (at 50 % bagasse moisture content) 
which results a total electrical power generation of 3.7 MW and out of this 
only 7.6 kW is surplus. Unlike the base case plant with back pressure tur-
bine, all the steam is passed through the CEST turbine of the upgraded 
plant and there is always surplus power generated which can be used for 
the pellet plant. Thus, for the steady state, the maximum bagasse available 
for pellet production is obtained by deducting 10.7 kg/s from the maxi-
mum bagasse flow (15.2 kg/s) and after leaving 1 % bagasse for storage. 
For the transient state, the bagasse available for pellet production is ob-
tained by deducting 3.7 kg/s from the maximum bagasse flow (5.7 kg/s) 
and after leaving 1 % bagasse for storage. The maximum bagasse flow 5.7 
kg/s corresponds to the grid power 3.2 MW. 
 
The pellets flow is calculated based on the estimation that 1 kg bagasse 
(50% MC) produces 0.5 kg bagasse pellet (8-10% MC) (NL Agency, 2012). 
For the calculation of the power demand for the pellet production 150 
kWh/t of pellets is considered (Onoszko & Hallersbo, 2015). 
 
The capital cost estimation of the pellet plant is done using economies of 
scale calculation (Birru et al., 2015c) stated in equation 4-41. The assump-
tion is that the equipment or unit operations of an existing system can be 
scaled up or down. A scaling factor R=0.7 is used in the following relation: 
 

COSTsize2

COSTsize1
= (

SIZE2

SIZE1
)

R
                            (Eq. 4-41) 

 

The base system used in this study is the bagasse pellet plant studied by 

Onoszko and Hallersbo (Onoszko & Hallersbo, 2015). The yearly pellet 

production capacity is 7300 t/year and its total investment cost is 
1 307 000 USD.  

Configuration 3 considers a case where both electricity and bagasse are 
produced. This configuration is similar to configuration 2 except that there 
is a minimum and maximum bagasse flow that sets the corresponding 
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bounds for configuration 3 to be as that of configurations 1 and 2, respec-
tively. The cost calculations are similar to that of configuration 2. The val-
ues of the input parameters for the different configurations considered in 
the steady state and transient state models are shown in Table 4-12. 

Table 4-12: Input parameters of steady state and transient state models 

 
Scenarios 

Bagasse flow* 
(kg/s)  

 
Steady 
state 

Case1aMC 15.2 

Case1bMC  

     Configuration 1a 15.2 

     Configuration 2b 10.7 

     Configuration 3c 10.7-15.2 

Transient  
State 

Case2aMC 0.95 

Case2bMC  

     Configuration 1a 5.7 

     Configuration 2b 3.7 

     Configuration 3c 3.7-5.7 
*At 50 % moisture content 
aA case where only grid electricity generation is considered 
bA case where only pellet production is considered 
cA case where both grid electricity generation and pellet production are considered 

 

A similar calculation approach to that discussed in section 4.3 is used for 
the NPV calculations of the different configurations except that the reve-
nue in the cases of configurations 2 and 3 includes sales of pellets. This 
additional revenue from pellet sales is calculated using equation 4-42. 

R𝑝𝑒𝑙𝑙 = ṁpell ∙ 200 [
crushing days

year
] ∙ 24 [

hrs

day
] ∙ λpell [

USD

kWh
]                   (Eq. 4-42)           

The optimization approach is such that a discrete variation of a particular 
pellet price in the range of 0 to 250 USD/t in steps of 50 USD/t is con-
sidered. The NPV of the different configurations is calculated for a par-
ticular electricity price which is varied in the range 0.04-0.13 USD/kWh 
in steps of 0.01. The optimization aims at maximizing the NPV values for 
the different configurations and the results of which will provide infor-
mation regarding the optimum NPV for a particular electricity and pellet 
price. 
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4 . 5 . 2 .  R e s u l t s  o f  o p t i m i z a t i o n  o f  s t e a d y  
s t a t e  a n d  t r a n s i e n t  s t a t e  m o d e l s  f o r  t h e  
u p g r a d e d  p l a n t  

 

The results of the analysis of the steady state is illustrated in Figure 4-5, 
Figure 4-6, Figure 4-7 and Figure 4-8.  

 

Figure 4-5: NPV versus electricity and pellet prices for steady state 
where the pellet price is varied from 0 to 250 USD/t 

The surface plot of the NPV versus electricity and pellet prices for the 
steady state scenario clearly shows the optimum regions of operations of 
the different configurations under different electricity and pellet price 
ranges. Hence, for a particular electricity and pellet price, the investor or 
decision maker is provided with information regarding the profitability of 
a certain configuration. Accordingly, examining the surface plots in Figure 
4-5, compared to configuration 2, case 1a will be feasible only in regions 
of very low pellet prices. On the other hand, configurations 1, 2 and 3 
have their break even region between pellet prices (150-200 USD/t shown 
in Figure 4-5).  

Figure 4-5 is divided into three sections for two different pellet prices and 
NPV versus electricity prices for these sections are illustrated in Figure 4-6, 
Figure 4-7 and Figure 4-8. 
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Figure 4-6 :  NPV versus electricity price for steady state where the pellet price 
is set to 50 USD/t 

The steady state optimization result where the pellet price is fixed at 130 
USD/t is illustrated in Figure 4-7. As can be seen in the figure, the best 
performance is obtained where bagasse drying to 30 % moisture content 
is involved. The NPV break-even point for all the scenarios where elec-
tricity is generated (except for case 1a) occurs around the electricity price 
of 0.1 USD/kWh. Beyond this electricity price configurations 1 and 3 
overlap whereas when electricity prices are lower than this break-even 
point, configuration 3 tends to be feasible for pellet generation only. The 
NPV for Case 1a always lies below the cases where there is bagasse drying. 
Thus, even pellet production is observed to be a more attractive invest-
ment as compared to power only generation with no bagasse drying im-
plemented. 
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Figure 4-7: NPV versus electricity price for steady state where the pellet 
price is fixed at 130 USD/t 

The production of both pellets and electricity becomes attractive beyond 
this break-even point where as production of electricity only (configura-
tion 1) is more competitive in regions where the electricity prices are be-
yond 0.09 USD/kWh (Figure 4-8) until the break-even point. Production 
of electricity alone can also be an option even at lower electricity prices, 
however only if the pellet prices are very low.   
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Figure 4-8:  NPV versus electricity price for steady state where the pellet 
price is set to 250 USD/t 

The results of the transient state scenario are illustrated in Figure 4-9, Fig-
ure 4-10, Figure 4-11 and Figure 4-12.  

A similar trend as that of the steady state scenario is observed in the 3D 
plot illustrated in Figure 4-9. Production of both pellets and electricity 
proves to be more attractive in more than 50 % of the electricity and pellet 
price regions.    
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Figure 4-9: NPV versus electricity price for transient state where the 
pellet price is varied from 0 to 250 USD/t 

Production of only pellets is seen to be more attractive than only electricity 
generation beyond the break-even point of pellet prices between 150-200 
USD/kWh as can be seen in Figure 4-10. 

 

Figure 4-10: NPV versus electricity price for transient state where the 
pellet price is set to 50 USD/t 

As illustrated in Figure 4-11, the break-even point for the case where the 
pellet price is fixed at 130 USD/kWh is around electricity price of 0.9 



 84 

USD/kWh and electricity generation becomes more feasible beyond this 
break-even point. The case where fuel oil is used for power generation 
always has the lowest performance of all the configurations. Unlike the 
steady state scenario, the curves for configurations 1 and 3 do not overlap 
in the region beyond the break-even point.  

  

Figure 4-11: NPV versus electricity price for transient state where the 
pellet price is fixed at 130 USD/t 

Figure 4-12 further strengthens the fact that production of both pellet and 
electricity is more attractive than the other configurations. 

 



 85 

 

Figure 4-12: NPV versus electricity price for transient state where the 
pellet price is set to 250 USD/t 

 

4 . 5 . 3 .  S e n s i t i v i t y  a n a l y s i s  f o r  N P V  
v e r s u s  C A P E X  

In order to see the sensitivity of NPV towards variation of capital invest-
ment for the various configurations discussed in section 4.4, the capital 
investment cost (CAPEX) is varied by -/+ 30% by setting the electricity 
and pellet sales prices at 0.08 USD/kWh and 130 USD/t, respectively. 
The analysis is carried out for both the steady state and transient state 
configurations. The sensitivity analysis result for NPV versus CAPEX is 
shown in Figure 4-13 and  Figure 4-14, respectively. For both the steady 
state and transient state scenarios, the NPV and CAPEX are inversely re-
lated as expected. As can be seen from Figure 4-13 and  Figure 4-14, sim-
ultaneous production of pellet and electricity has the highest NPV of the 
four configurations considered. This is observed for both the steady state 
and transient scenarios. The baseline CAPEX values for the various sce-
narios differs due to inclusion or exclusion of bagasse dryer (See sections 
4.1 and 4.2) and pellet production. In addition, turbine costs differ based 
on whether bagasse drying is involved or not (see Table 4-7 in section 4.3). 
Close to 40 % of the total investment goes to pellet production facility. 
For the considered values of pellet and electricity prices, the trends of con-
figurations 1 & 2 are similar for the steady state as well as the transient 
state. These trends are observed also by referring only to the electricity 
price 0.08 USD/kWh in figures 4-7 and 4-11. 
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Figure 4-13: NPV versus CAPEX for steady state 

 

 

Figure 4-14: NPV versus CAPEX for transient state 
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5. Comparative study of  
improvement 
technologies on Carlos 
Balino 

As seen in previous studies, energy efficiency has been given much atten-
tion compared to water utilization efficiency in sugar mills. Paper IV con-
tains a case study focusing on a sugar mill located in Cuba and unlike the 
case study presented in Chapter 4, a different analysis approach was taken 
in this case study, i.e. one that investigates water use and other issues in-
stead. 

Cuban sugar mills are state owned with 16 mills producing hydrated etha-
nol. Most of the harvesting (around 80 %) is mechanized (Alonso-Pippo 
et al., 2008). Sugar production levels have dropped considerably from 
1991 to 2014, as shown in Figure 5-1. The sugar cane production was 18 
million tons in 2014 (FAOSTAT, 2016).    

 

Figure 5-1: Sugar cane production-Cuba (FAOSTAT,2016) 
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The decline in sugar production is most strongly linked to the fall of the 
Soviet Union, Cuba’s main customer and conversely supplier of fuel oil 
needed for the sugar mills. After this market disappeared Cuban sugar be-
came economically uncompetitive (Alonso-Pippo et al., 2008).  

The case study plant, Carlos Baliño sugar mill which is located in Villa 
Clara, Cuba was founded in 1903. In 2001 the sugar mill started producing 
ECOCERT-labeled organic sugar (UNCTAD, 2004) and currently this ac-
counts for 30% of its total sugar production. The cane crushing capacity 
is 2 300 TCD and the crushing season is between mid-December to April. 
The Carlos Baliño sugar mill is known for its high efficiency equipment 
and high quality product. The process steam pressure is 2.05 bar (abs.).  

 
The process flow sheet for Carlos Baliño sugar mill is shown on Figure 
5-2. The process flow sheet indicates also the wastewater sinks and sources 
of the sugar mill (see (Feychting & Vitez, 2014) for more information). 
The description of the sugar production process is found in Paper IV. 

 

 

Figure 5-2: Flow sheet of Carlos Baliño sugar mill (Feychting & Vitez, 2014) 

Four technological improvements9 as described in Paper IV are discussed 

below.  

                                                      

9 The detailed analysis of the individual technological options can be found on previous 
works (Abdulahi & Larsson, 2014); (Feychting & Vitez, 2014); Onoszko & Hallersbo, 
2015) ;( Nylund & Puskoriute, 2015)  
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5 . 1 .  O p t i o n  1 :  U t i l i z a t i o n  o f  
e x c e s s  w a s t e w a t e r  f o r  e n h a n c e d  
i m b i b i t i o n  

Figure 5-3 illustrates the concept of Option 1, which considers the recy-

cling of the excess wastewater for imbibition (which is the process of add-

ing water or juice during the cane crushing step in order to facilitate juice 

extraction) resulting in higher sugar production. As can be seen from Fig-

ure 5-2, the excess wastewater has the potential to be recycled as imbibi-

tion water without further treatment. The flow of the imbibition water is 

such that maximum profit related to increased sugar production is 

achieved. The optimum amount of imbibition water  needed for maximum 

sugar production is the amount that results in maximum economic gain 

from sales of sugar. The optimum amount of imbibition water was esti-

mated to be 11 kg/s (96 % increase from the currently used amount).  Part 

of the excess wastewater is reused and the remaining is sent to a 

wastewater treatment facility. The treated wastewater was considered to 

be used for irrigation, however, the study result has shown that the equip-

ment for irrigation is expensive and this makes the investment non-viable. 

Thus, for the current study, it is the reuse of part of the excess water that 

is considered.  

 

Figure 5-3: Wastewater for enhanced imbibition 
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5 . 2 .  O p t i o n  2 :  U t i l i z a t i o n  o f  
w a s t e  h e a t  f o r  t h e r m a l l y  d r i v e n  c o o l i n g  

 

Figure 5-4 illustrates the concept of option 2. Wastewater flows of the 

sugar mill were traced and calculated from available data with the purpose 

of determining the amount of waste heat available for thermally driven 

cooling.  In the calculation, the following were not taken into account: 

wastewater flows from filter mud wash, from boiler blow down, and floor 

washing. Moreover, flue gas heat from the boiler was not considered. As 

the temperature of the wastewater is measured to be 96 ̊ C , it is considered 

usable as input for absorption cooling process. The total amount of excess 

wastewater flow is calculated in a similar procedure as for the case of Op-

tion 1. 
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Figure 5-4: Sugar mill waste heat for thermally driven cooling 

 

5 . 3 .  O p t i o n  3 :  U t i l i z a t i o n  o f  
e x c e s s  b a g a s s e  f o r  p e l l e t  

Figure 5-5 illustrates the concept behind Option 3. A more compact form 

of the bagasse as pellets has advantages in improved handling and trans-

portation (Erlich et al., 2005), and pellets can be stored for use during the 

off-season. Drying, milling, conditioning and cooling are the basic bagasse 

pelletization processes. More information on the pelletization principle 

can be found in Onoszko & Hallersbo (2015) and Erlich (2009). The idea 

considered under this option is pelletizing excess bagasse for sale to vari-

ous customers.  
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Figure 5-5: Utilization of excess bagasse for pellets 

5 . 4 .  O p t i o n  4 :  M o d i f i c a t i o n  o f  
t h e  c o g e n e r a t i o n  u n i t  f o r  m a x i m u m  
e l e c t r i c  p o w e r  g e n e r a t i o n  

The concept behind the technological improvement 4 is illustrated in Fig-
ure 5-6. Maximizing the electric power generation via dried bagasse and 
installation of a condensing extraction steam turbine (CEST) are the main 
goals of this technological improvement. As the drying of the bagasse re-
sults in reduced moisture content (MC) of the bagasse, it leads to im-
proved heating value of the bagasse. Moreover, if there is excess bagasse 
for use during off-season, the CEST will enable year round power gener-
ation of electricity for sales to the grid regardless of the absence of 
sugar/ethanol production. 

 

Figure 5-6: Maximum electric power generation using bagasse drying 
and new turbine setup 



 92 

5 . 5 .  M a s s  a n d  e n e r g y  b a l a n c e  
r e l a t i o n s   

The base case plant data is shown in Table 5-1 and Table 5-2 summarizes 

the equations used for calculating some parameters for the different tech-

nological options. 

  

Table 5-1: Selected operation parameters for base case plant (Nylund & Pus-

koriute, 2015) 

Parameter Value Unit 

Moisture content, MC 50 % 
Lower heating value on total basis ,LHVt,50% MC 7960 kJ/kg 

Mass flow of bagass on total basis,ṁb,t 4.25 kg/s 

Mass flow of excess bagasse, ṁb,ex 0.85 kg/s 

Steam generation index,SGI 2.2  
Exhaust steam enthanlpy, hTEX 2726 kJ/kg 
Enthalpy of process steam ,hps 293 kJ/kg 
Enthalpy of superheated steam, hSH 3053 kJ/kg 

Electrical power output of base case, Ṗel,BC 2.8* MW 

Mass flow of excess waste water, ṁww,ex 10** kg/s 

Temprature of excess waste wate, Tww,ex 96** ˚C 
Temprature of imbibition water, Timb 70** ˚C 

 *2 MW is for in-house consumption and 0.8 MW is sold to the grid  **(Abdulahi & 

Larsson, 2014); (Feychting & Vitez, 2014); Onoszko & Hallersbo, 2015) 

 
Table 5-2: Equations used for mass and energy balance related calculations 

Parameter Equation Unit 

Net bagasse flow ṁb,net = ṁb,t − ṁb,ex kg/s 

Total steam flow ṁst,t = SGI ∙ ṁb,net kg/s 

Heat to process Q̇ps = ṁst,t ∙ (hTEX − hFW) kW 

Electrical power output Ṗel = ṁst,t ∙ (hSH − hTEX) kW 

Lower heating value at a 
certain bagasse MCa 

LHVt,MC = LHVd ∙ (1 − MC) − 2443 ∙ MC kJ/kg 

Mass flow of bagasse at a 
certain bagasse MC 

ṁb,MC = ṁb,t ∙
(1 − 0.5)

(1 − MC)
 

kg/s 

Fuel energy to the cycle Q̇f = ṁb,net ∙ LHVt kW 

Efficiency of the cycle 
(Base case plant) ηcyc,BC =

Pel + Q̇ps

Q̇f

∙ 100 
% 

Efficiency of the cycle for 
a specific technological   
option ηcyc,opt =

Pel + Q̇ps + (
Ėsav,opt

topt ∙ 24
)

Q̇f

∙ 100 

% 

aFor Option 4, the dry basis LHV is estimated based on HHV provided in (Nylund 

& Puskoriute,2015) 
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The energy saving for Options 1, 3 and 4 is calculated based on the equa-

tions provided in Table 5-3; for Option 2 data is taken from Feychting & 

Vitez (2014). 

 

Table 5-3: Equations used for calculating energy saving for options 1, 3 & 4 
 

Parameter Equation Units 

Energy savings 

for Option1  

Esav,opt2 = ṁww,imb ∙ cp,w ∙ (Tww,ex − Timb)

∙ topt2 ∙ 24 

MWh/y   

Energy savings 

for Option 2  

Esav,opt1=140* MWh/y   

Energy savings 

for Option 3  

Esav,opt3 = ṁb,ex,prac ∙ LHVtot,50%MC ∙ topt3

∙ 24 

MWh/y   

Energy savings 

for Option 4** 

Esav,opt4 = (ṁb,tot − ṁb,MC) ∙ LHVtot,MC

∙ topt4 ∙ 24 

MWh/y   

*Feychting & Vitez, 2014    **The MC used is 35% 

The equations used for calculating key economic parameters employed in 

the analysis of this study are provided in Table 5-4. In order to see the 

influence of electricity price on the financial gain and DPDP, it is varied 

from 0.25 to 0.34 USD/kWh.  

 

Table 5-4 Summary of equations used for calculations related to economic  

parameters 

Parameter Equation Units 

Cost of capitala Ccapital = (Revopt − Cm&o ) ∙
1−(1+r)−n

r
− Itot   

USD/y   

Yearly net  profitb Profityearly = Revopt − Cm&o  USD/y   
Maintenance and 
operation cost for 
option 1c 

  

-Maintenance cost c Cm,opt1 = 0.1 ∙ Itot,opt1 USD/y   
-Energy price d Eprice,opt1

=
Ṽimb,w ∙ H ∙ ρw ∙ g ∙ λel  ∙ topt2 ∙ 24

3.6 ∙ 106 ∙ ηp ∙ ηm
 

USD/y   

aBy setting the cost of capital to zero and solving for n, the discounted payback period (DPBP) is 

estimated;  bThis is the same as the financial gain for Options 1-4; cThe labour cost is negligible. The 

maintenance cost is assistant to be 10 % per year of the initial investment cost (OIT, 2001); dThe 

volume flowrate is estimated about 22.5 m3/h based on the additional 6 kg/s imbibition water Ab-
dulahi & Larsson, 2014). The water is assumed to be under a 3 m head (Hugot, 1986) and the density 
taken at 96˚C. The pump and electric motor efficiencies are assumed to be 90% each. The acceleration 
due to gravity is 9.81 m/s2.  
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5 . 6 .  K e y  r e s u l t s  

5 . 6 . 1 .  O p t i o n  1  
The main results for Option 1 are provided in Table 5-5. Results showed 

that the excess wastewater flow is 10 kg/s and has a temperature of 96 °C. 

The model result also indicated that there will be a net financial gain of 1.4 

million USD due to the optimized imbibition flow.  

Table 5-5: Results for Option 110 

Parameter Value Unit 

Part of excess wastewater reused for imbibi-

tion,   ṁww,imb 

6d kg/s 

Optimized imbibition water flow, ṁoptim,imb 11d  kg/s 

Crushing season,topt1 140d  Days 
Revenue from sugar produced, Revs

a 1.4 d  106 USD/y 
Investment cost, Iopt1

b 3 500  USD 
Maintenance and operating cost, Cm&o

c 570  USD/y 
acalculated value and refers to the net revenue from the increased sugar production 

          bcost of the pump needed for the additional imbibition water (Alibaba,2016) 
          ccalculated value using equations in Table 5-4 

    dBased on information on Abdulahi  & Larsson, 2014 

5 . 6 . 2 .  O p t i o n  2  

The main results for Option 2 as taken from Feychting & Vitez (2014) 

indicate that the excess water flow is 10 kg/s with a temperature of 96 °C. 

Results of the model for Option 2 also showed that the maximum cooling 

demand is 288 kW and the energy saving is 140 000 kWh per crushing 

season. This magnitude of energy saving corresponds to the current elec-

tricity consumption of the vapor compression units (corresponding to 40 

000 USD/season). Based on electricity price of 0.3 USD/kWh and 0.8 

MW peak export capacity, the potential revenue from excess electricity 

production of the base case plant is 800 640 USD per year.  

5 . 6 . 3 .   O p t i o n  3  

Some of the main results for Option 3 as taken from Onoszko & Hal-

lersbo (2015) are summarized here. The study model results for Option 3 

showed that the seasonal practical and nominal amounts of excess bagasse 

was 11 500 t/season and 37 000 t/season, respectively. The study result 

                                                      

10 In the study by Abdulhadi & Larsson (2014), it was considered that, the wastewater 
was partly utilized for imbibition and partially is available for a wastewater management 
system which will be generating treated water for irrigation. 
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indicated that 7 300 ton of pellets/year can be produced considering the 

practical amount of excess bagasse. In the study, the crushing season was 

considered to be 125 days per year and the investment cost was calculated 

to be 3.4 million USD. 

5 . 6 . 4 .  O p t i o n  4  

This technological improvement option involves bagasse drying and in-

clusion of a condensing extraction steam turbine. Key results for Option 

4 as taken from Nylund & Puskoriute (2015) are summarized in this sec-

tion. Results showed that the investment cost for installing a new dryer 

and turbine is estimated to be 6.3 million USD with a payback time of 1.7 

years. Results also indicated that the maximum surplus electrical energy is 

about 13.4 GWh and the yearly profit close to 3.7 million USD. The crush-

ing season is considered to have 140 days per year. 

 
The electricity sales price was considered as 0.3 USD/kWh for all the four 
technological improvement studies. The reader is referred to (Abdulahi & 
Larsson, 2014) ;(Feychting & Vitez, 2014) ;(Onoszko & Hallersbo, 2015); 
(Nylund & Puskoriute, 2015) for detailed sensitivity analysis of the elec-
tricity price along with other parameters. For technological improvement 
in Option 1, the results from the analysis made in Paper IV, show that 
when the electricity price is varied from 0.25 to 0.34 USD/kWh, the cal-
culated net financial gain and DPBP does not show a significant variation. 
For Option 2, the DPBP and the net financial gain vary from 45 851 to 
33 404 USD/y and 5 to 8 years, respectively. Results show that net finan-
cial gain and the DPBP vary from 526 821 to 847 195 USD/y and 3 to 2 
years, respectively for the technological improvement Option 3. The net 
financial gain and the DPBP vary from 3 million to 4.3 million USD/y 
and 2 to 1.4 years, respectively for the technological improvement Option 
4.  The discount rate was considered to be 15 % for all the four options.  

The results of the calculated parameters for the four options are presented 

in Table 5-6. As compared to the other two options, the cycle efficiency 

shows more sensitivity to the technological improvements Option 3 and 

4. 
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Table 5-6: Calculated parameters and cycle efficiency for the four options 

aEstimated by taking ration of 0.85 to 4.25 from Carlos Baliño data and then recalculating 
from the 8.8 kg/s of Option 1 and 2 
bSteam:bagasse=2.2 (SGI) is considered for options 1-3 and the total amount of bagasse is 
considered with 35% MC for Option 4 
cLHV (@35% MC) 9682.6 kJ/kg and Q̇f (@35% MC) =31.6 MW 

Based on the input data collected from the previous four studies and the 

calculated parameters in Table 5-6, two comparison charts are generated 

as shown in Figure 5-7 and Figure 5-8. Figure 5-7 illustrates the energy 

saving and cycle efficiency increment of the four options.  

 

Figure 5-7: Energy saving and cycle efficiency increment (relative to 
base case) for the four options 

Parameter Unit Option 1 Option 2 Option 3 Option 4 

Mass flow of net 
bagasse 

kg/s 7.0 a 7.0 a 3.7 3.3 

Total steam 
flow,BC is 

kg/s 15.5 b 15.5 b 8.1 b 11.4 

Fuel input MW 56.0 56.0 29.3 27.1c 

Electrical power 
output (2 MW 
in-house and 
0.8MW is sold) 

MW 2.8 2.8 1.6 2.8 

Process heat de-
mand 

MW 37.7 37.7 19.7 18.2 

Efficiency of cy-
cle (BC),LHV 
basis 

% 72.2 72.2 72.8 77.6 

Efficiency cycle 
(Options), LHV 
basis 

% 73.4 72.8 100.4 106.1 
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Figure 5-8 illustrates the financial saving per year and the DPBP for the 

four options. The cycle efficiency for Options 3 and 4 are relatively higher 

than for the other options as surplus power generation (Option 4) and 

pellet (Option 3) are produced. 

 

Figure 5-8: Financial saving and DPBP for the four options 

 

It is known that the use of bagasse for power generation is generally CO2 

neutral and this is one of the contribution obtained from the technological 

improvements Options 3 and 4.  On the other hand, for the technological 

improvements in Option 1 and 2, wastewater reuse and reduction of BOD 

and COD to the recipient are advantages in addition to heat recovery. For 

Option 2, the CO2 emission calculation is made by considering the amount 

of electric power consumed by the existing vapour compression systems 

which amounts 140 000 kWh. The CO2 emission saving for Options 3 and 

4 is calculated in a similar manner based on the amount of energy saved 

per crushing season. The specific CO2 amount 675g CO2/kWh (IEA, 

2015) is used in the calculation of the CO2 emission saved. This specific 

value of the CO2 emission represents the emission from fuel oil based 

power generation. Figure 5-9 shows the CO2 emission saved (tonne/y) 

along with the cost of CO2 reduction per tonne CO2 for Options 2-4. For 

Option 1, it is observed that the CO2 emission is unaffected by the tech-

nological improvement made, on the other hand the sugar yield increases. 

The most cost-effective CO2 reduction technology is represented by Op-

tion 3, although its level is deemed much higher than benchmarks such as 

the EU Emissions Trading Scheme.  

 

Referring to Figure 5-7 and Figure 5-9 , it can be seen that for the various 

technological improvement options there is a correspondence between 

the amount of CO2 emission saved and the amount of energy saved. As 
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opposed to the emission saved from the other options, the CO2 emission 

saved for Option 2 is quite small and is estimated as 94.5 tonne/y. 

 

Figure 5-9: Amount of CO2 emission saved and cost of CO2 reduc-
tion per tonne CO2 for Options 2-4 
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6. Discussion  
 

This chapter aims to provide more insight into the findings and is organized according 
to the published papers. 

6 . 1 .  D i s c u s s i o n s  o n  P a p e r  I  

In Paper I some of the potential efficiency improvement technologies sug-
gested in the literature were analyzed through comparative study of oper-
ation parameters of the sugar cane mills. These included: change to elec-
trical drives, change to high pressure-temperature boilers, change to a 
CEST technology and bagasse drying. Results show that it is possible to 
increase surplus power production by inexpensive modifications such as 
replacement of mechanical steam turbines with electric drives.   The fact 
that data regarding whether there is annexed ethanol production unit ex-
ists or not is not available for all the mills made it impossible to analyse 
further on the amounts of process heat demands.   

The modification of the traditional mills with the purpose of bringing their 
standard to that of the modern mills has showed that with the most 
straightforward alterations considered in the study (i.e., replacement of 
mechanical steam turbines with electric drives), it was possible to generate 
surplus power. With the advanced modifications where high pressure 
boiler, electric drives, bagasse dryer and new turbine were installed, even 
more surplus power than the modern mills were achieved. However, the 
cost associated with the introduction of these new components may not 
make this retrofit attractive for sugar mills located in countries where such 
actions lack government incentives. Specific constraints include high cap-
ital costs, interest rate fluctuations, seasonal variations in sugar cane crop 
yield, political issues, and electricity pricing.  Considering electricity market 
pricing, the economic viability of the cogeneration unit of the sugar mills 
is dependent on the incentive structure in the particular country where the 
sugar mills are located. If there is an incentive encouraging adoption of 
renewable energy that will enable covering the costs including capital in-
vestments associated with production of bagasse based power production, 
the sugar industry sector can become competitive when it comes to sur-
plus power generation. The analysis made in Paper I focused on modifying 
the cogeneration unit for surplus power generation. On the other hand, as 
mentioned in the introduction section of this thesis, there are possible 
changes such as in the ethanol/sugar processing units that can be made 
with the purpose of lowering the internal energy consumption by the eth-
anol/sugar processes.  
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6 . 2 .  D i s c u s s i o n s  o n  P a p e r s  I I  
a n d  I I I  

The steady state model result for the base case plant in Ethiopia (Paper II) 
showed that the total sum of all the losses amount 150 GJ/day except the 
boiler loss. Besides, for the base case plant, the model results reveal that 
there is a considerable amount of energy waste associated with the me-
chanical prime movers that drive the shredder and the mills.  According 
to the assessment made the mechanical steam turbines produce mechani-
cal power exceeding the actual demand of the mill rollers and shredder. 
Gear boxes located prior to the roller mills can have efficiency variations,  
and the overall efficiency can be as low as 42 % as can be seen in Figure 
6-1. There are even cases where electric drives are connected to inefficient 
multi-stage transmission elements, for example in modern sugar mills 
where steam turbines had been replaced (see Figure 6-2).  

 

 

Figure 6-1: Mills 1 & 2 configuration for Sedl Jay Mahesh sugar mill 
(ISSUU, 2014) 

 

Figure 6-2: Modern electric drive system arrangement in sugar mills 
(GAYATRI, 2008) 

 



 101 

Comparing the arrangement of Figure 6-1 with the common arrangement 
in conventional mills depicted in Figure 6-3, it is possible to estimate that 
the loss can be more as the number of transmission elements increases.  

 

Figure 6-3: A typical arrangement of mechanical prime movers and mill 
rolles in conventional sugar mills (GAYATRI, 2008) 

 

The FSF base case plant also has a similar arrangement as shown in Figure 
6-3 in addition to a low speed gear box. Even though a detailed analysis 
of the overall transmission efficiency is not considered in this study, the 
model result of Case1aBC has shown that most of the mechanical power 
generated by the steam turbines prior to reaching the mill rollers and the 
shredder is not absorbed by the rollers and the shredder. This indicates 
the lower overall efficiency of the transmission system. The analysis made 
for the modification made by replacing these steam turbines with an elec-
tric drive system has shown that it is possible to increase the overall effi-
ciency thus decrease the heat loss when there are few transmission com-
ponents that involve electric drives. After introducing electric drives, the 
decrease in heat loss is achieved owing to the fact that steam that used to 
be consumed in the mechanical turbines will now be used for generating 
surplus power instead. 

As stated by Hugot & Jenkins (1986), the heat losses in sugar factories 
account for 0.1-7.3 % of the total heat supplied to the sugar factory. The 
typical thermal demand figures of cogeneration units in sugar factories are 
shown in Table 6-1. 
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Table 6-1: Heat consumption figures for cogeneration units in sugar 
factories as a percentage of the total heat available 

Sub-system % of total heat available 

Power11 10-12 % 
Boiling house 70-78 % (40 % being for evaporation) 
Other uses 0.1-7 % 
Losses 0.1-7.3 % 
Lost in condenser water 9.7-13 % 

 

The steady state model result for the base case plant showed that the total 
heat used for electrical and mechanical power production (i.e., shredder 
and mill turbines, FW pump turbines, and power turbines) after deducting 
the respective losses is 350 MJ/TC and this is 12.7 % of the total available 
energy.  This value is close to the percentage range (10-12 %) of heat con-
sumption for total power production in sugar mills shown in Table 6-1. 
Regarding the losses for the electrical and mechanical power producing 
units (not considering the sugar/ethanol process for which the loss is not 
quantified in this study), the total loss is 58 MJ/TC and this is 2 % of the 
total available energy. This value also lies within the range of the value 
stated in Table 6-1. 

The steady state model for Case 1aMC (the steady state modified set up) in 
Paper III showed that the replacement of the mechanical steam turbines 
with electric drives enabled to generate a total electrical power of 11 MW 
(3.4 MW is exported to the grid) and the total sum of all the losses amount-
ing (except the boiler loss) is 120 GJ/day. The boiler efficiency for both 
cases is taken to be the same. Comparing the results for these two scenar-
ios, it is evident that there is a 20 % reduction in the losses considered 
which resulted in a 57 % power generation increase. The reason behind 
this disproportion is due to the fact that in the upgraded setup, the steam 
that used to be fed to the mechanical steam turbines (in the old case) is 
now used to generate excess power. In addition, the live steam from the 
boiler has high pressure and temperature and expands to a lower pressure 
which improves the power production in the CEST turbine. 

For the base case plant operating at steady state, the excess bagasse accu-
mulated at the end of the cane crushing season (200 days as obtained from 
FSF) and considering a two hours unexpected stoppage per day is 2.4 
kTon per year12. This expressed as a form of fuel power is equal to 21.4 

                                                      

11 Electrical and mechanical power 

12 Excess bagasse accumulated for 22 hours crushing is previously calculated as 12 Ton 
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GJ/year13.  The average furnace oil consumed at FSF over six years period 
of time (for the crushing seasons 2006/07-2011/12) is 1.34 lit/TC (Aderu, 
2009). Aderu (2009) stated that the average furnace oil consumption at 
FSF over 10 years period (1999/00-2008/09) is 1.3 million liters per year 

and the expense to import this fuel is on average USD 650 000 per year. 
If using the excess bagasse during stoppage, 0.4 million litres of oil per 
year, corresponding 216 000 USD/year.  It is obvious that the oil used 
during stoppage is not only costly but also detrimental to the environment 
as shown by the assessment of the CO2 emissions for Cases 2aBC and 2bBC.   

Comparison of Cases 2aBC and 2bBC shows that in both cases there is 
steam wasted during the drop in the boiler pressure for part of the stop-
page. This wasted steam is associated with the steam that could have been 
used to produce mechanical power in the shredder and mill turbines. One 
alternative to minimize such waste is replacement of the back pressure 
power turbines by condensing extraction turbines which have more flexi-
bility as to producing power. The accumulated excess bagasse amount 
from the 22 hours crushing does not fully meet the demand required dur-
ing the two hours stoppage and furnace oil burning becomes inevitable. 
On the other hand, considering the significant amount of carbon dioxide 
emission resulting from the furnace oil firing, care should be taken to min-
imize the duration of stoppage. In addition, energy conservation methods 
like bagasse drying can be considered in order to increase the surplus ba-
gasse amount which can be used during unexpected stoppages and thus 
avoiding the use of furnace oil.  

As bagasse drying will increase the calorific value of the bagasse, the boiler 
efficiency will also be improved which means the boiler loss will decrease.  
The 29 ton/day CO2 emission obtained from the transient state model for 
Case 2aMC (transient state for the modified set up) in Paper III where fur-
nace oil is used is almost the same as the value (28 ton/day) obtained from 
the steady state model result of the base case plant due to the fact that 
almost the same amount of furnace oil is used for two hours for both 
scenarios and the boiler efficiency is also set to be the same. In Case 2aMC, 
the additional gain is the generation of surplus power even during the 2 
hours stoppage which amounts 3.2 MW. This proves the fact that the ad-
vantage with having electric drive system for the cane preparation units 
creates additional flexibility in power distribution. Regardless of the stop-
page, it was still possible to generate surplus power using the steam that 
used to be directed to the electric drives prior to the stoppage, and the 
electric drive system can easily be switched on and off. 

                                                      

13 The LHV of the bagasse (@ 50 % moisture content) on total basis is 8899 kJ/kg 



 104 

The cost associated with the use of furnace oil for Case 2aMC is 978 000 
USD/year and the amount of oil per year considering two hours stoppage 
per day is 2 million liters/year. The modified case has an increased use of 
fuel oil compared to today since in the model there is a stable net power 
export to the electrical grid, which should be maintained during the stop-
page period. On the other hand, the model result of Case 2bMC indicated 
that it is possible to save excess bagasse for cases of unexpected stoppages 
by adopting bagasse drying method. This will avoid usage of furnace oil 
during stoppages thus minimizing CO2 emission that otherwise would oc-
cur. However, it should be noted that the amount of electric power that is 
sent to the grid will be less than the maximum generation of grid power 
as in Case 1bMC, if excess bagasse is saved for use in unplanned stoppage 
situations.  

It is seen from the economic analysis that except for the case where fur-
nace oil is introduced to continue operation during the unexpected two 
hours stoppage considered, all the other scenarios of the modified plant 
have positive NPV. The scenarios where bagasse drying is practiced have 
a better PBP than the case where there is no bagasse drying. Since the 
NPV is very sensitive to the discount rate, the selection of a particular 
investment among the different scenarios also depends on the value of the 
discount rate considered among other factors. The choice of a reasonable 
near future discount rate by itself is challenging and the revenue obtained 
from sales of electricity to the grid strongly depends on the electricity sales 
price.  

6 . 3 .  D i s c u s s i o n s  o n  P a p e r  I V  

As discussed in Paper IV, after assessing different technological options 

for a certain sugar mill, the choice of option depends on its relevance to 

the specific mill. The implementation of waste water re-use for the pur-

pose of achieving optimized imbibition resulted in increased sugar pro-

duction. This technological option is the cheapest measure to implement 

however for a sugar mill where the imbibition is already optimized, this 

may not be attractive. The advantage with implementing bagasse pelletiz-

ing facility and surplus power production (through installing new turbine 

and bagasse drying) together can be, the possibility it provides for sales of 

pellets or storage for use during off-season. The other advantage is use of 

stored pellets during unexpected interruptions. Considering the utilization 

of waste heat for thermally driven cooling the re-use of the waste heat in 

the wastewater for absorption cooling technology does not affect the cycle 

efficiency that much. The implementation of this technological option is 

considered viable if the priority of Carlos Baliño sugar mill is to have a 
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cooling supply which is improved and based on renewable energy re-

source. It should be noted that this technological option does not guaran-

tee a cooling supply during off-season. The other points for the prioritiz-

ing of the four options include: financial gains, PBP and energy saving. 

The CO2 emission saved due to the technological option where surplus 

power is produced is the highest (21 538 tonne/y) and for the technolog-

ical option where waste heat is used for cooling purpose, it is the lowest 

(94.5 tonne/y). The cost of CO2 emission saved for the latter option (high-

est) and where pelletization is implemented (lowest) is estimated to be 423 

and 41 USD/tonne of CO2 emission saved, respectively. Much of the 

study is based on field study and modelling the technological options for 

the case study plant. However, the numerical values obtained from the 

models may change with actual implementation.  The contribution is a set 

of analysis that can now easily be repeated and updated as new information 

for future work. 
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7. Conclusions and Future 
Work 
 

Conclusions with reference to research question 1: What are the differences in energy 
performance between traditional and modern sugar mills? 

Mills that do not have mechanical turbines (i.e., modern mills) generate 
more turbine power than traditional mills. Modern mills export power to 
the grid whereas the traditional mills do not. It is also observed that the 
traditional mills have higher steam consumption owing to use of steam 
turbines for driving cane preparation units. It is not always necessary to 
make expensive and advanced modifications; surplus electricity can be 
made available by adopting modest and inexpensive modifications such as 
replacement of mechanical steam turbines with electric drives. However, 
in cases where there are incentives for bagasse based power generation, 
advanced modifications will enable the sugar industry to be competitive in 
the electricity market. Retrofitting a sugar mill’s cogeneration unit for en-
abling surplus power production may be difficult to achieve owing to the 
seasonality of the sugar cane production and high investment costs asso-
ciated with modern equipment. A clear justification for supplying electric-
ity  for export to the national grid is required.  
 
Conclusions with reference to research question 2: What is the energy saving potential 
of traditional and upgraded sugar mills both during steady state and transient condi-
tions?   

The potential of energy saving in sugar mills can be investigated using dif-
ferent approaches. Obtaining the actual amount of heat losses in sugar 
mills depends on the availability of actual operation parameters that can 
be used as input for steady state and transient state models.  The energy 
saving potential once assessed can further be a starting point for imple-
menting energy efficiency measures for the purpose of generating surplus 
electric power, obtain excess bagasse or other possible downstream prod-
ucts.  
 
The highest power output achieved is through replacement of the me-
chanical steam turbines by electric motors. This is due to the fact that the 
steam consumption by the steam driven prime movers is the highest in 
the cogeneration unit, and when this is replaced with electric motors it is 
possible to save steam for surplus power generation. On the other hand, 
there is a significant amount of investment incurred due to new equipment 
installations. Results show that the total useful energy extracted on a per-
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tonne basis is not always achieved with a change to electrical drives. This 
is a clear indication of underutilized energy potential also in modernized 
mills. Traditional sugar mills have higher steam demand due inefficient 
mechanical steam turbines, which can be improved by replacing them with 
electric drives. The steam demand varies depending on whether a certain 
sugar mill produces ethanol and/or sugar and whether there is a surplus 
power export. However, it is not always the case that modern mills with 
electric drives power export and higher crushing capacities have higher 
process steam demand than traditional mills with lower crushing capacity. 

The steady state and transient state assessments conducted show that by 
replacing the mechanical steam turbines along with the trains of gears by 
electric drive system having only two transmission elements (electric mo-
tor mounted on a gearbox), the associated heat losses can be significantly 
reduced. This allows the generation of surplus power.   The main conclu-
sions from the analyses when addressing research question 2 are: 

• Bagasse accumulation during steady state should also be ad-
dressed in such a way that it ends up being utilized efficiently and 
not just considered a waste stream. 

 

• The mechanical loss is significant in traditional mills where steam 
turbines are used both during stoppage and steady state. Solutions 
would improve efficiency and costs.  

 

• By adopting bagasse drying, it is possible to save excess bagasse 
for use in case of unexpected stoppage in order to avoid the use 
of furnace oil. The amount of excess bagasse that needs to be 
accumulated should be decided based on the typical durations and 
types of stoppages that occur. 

 

• Costs, environmental damage, water and energy can be saved if 
proper analysis of the steady state operation of traditional sugar 
mills is done with the aim of assessing the energy potential from 
possible losses. 
 

• Optimal outcomes are highly dependent upon electricity and/or 
pellets prices, which highlights the need to perform techno-eco-
nomic analyses across a range of assumptions. 

 

Conclusions with reference to research question 3: What are the potential areas for waste 
heat recovery, waste water recovery, excess power provision and excess residue recovery in 
sugar mills? 

From the comparison analysis of the four technological options (recovery 
of excess wastewater for enhanced imbibition; recovery of waste heat for 
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thermally-driven cooling; pelletization of excess bagasse; and upgrading 
the cogeneration unit for surplus power production) it is observed that 
there are different options a certain sugar mill can adopt depending on the 
area of interest and the amount of excess bagasse and waste water that the 
sugar mill generates.  Thus, the prioritization of a certain technological 
depends on the sugar mill’s needs (e.g., cooling, surplus power, bagasse 
pellets and water re-use) and the availability of financial resources for the 
implementation of the technological options.  

For Carlos Baliño sugar mill, the main conclusions are: 

• The cycle efficiency improved due to the implementation of the 
technological improvements involving excess pellets production 
and pellets drying.  

• In comparison to the other technological improvements, the op-
tion that considers thermally-driven cooling can be attractive if 
an environmentally friendly and improved air conditioning unit 
is prioritized. 

• The CO2 emission saving due to the implementation of pellets 
drying is the highest while the one involving thermally-driven 
cooling is the lowest. 

• The cost of CO2 emission saved is the highest for the case with 
thermally-driven cooling, while it is the lowest when excess pel-
lets production is employed. 

Future research recommendations: A follow-on study based on the dif-
ferent technological options suggested in the doctoral thesis is recom-
mended; here several case studies of sugar cane mills should be considered 
in order to study the amount of waste water and waste heat available. Ad-
ditional studies that can be further investigated should consider cane trash 
for producing surplus power with an assessment on integration with other 
mill enhancements.    

The comparison of the performance between traditional and modern mills 
was done with data base from some mills. A larger number of modern and 
traditional mills from different countries would allow to make analyses on 
as many as possible mills worldwide that would represent different char-
acteristics of sugar mills. In the research, physical performance parameters 
were not investigated. These performance parameters include size of 
plant, fiber percent of cane (wt %), sucrose percent of cane (wt %) and 
sucrose percent of bagasse (wt %). 
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The study results from the analyses conducted under research question 2 
are indicative of the energy saving potential in sugar mills during both 
steady state and transient conditions.  The analysis was based on assumed 
values of temperature and pressure (increase/decrease) patterns during 
stoppages thus actual analysis based on actual registered values of temper-
ature and pressure patterns would increase the quality of the model results. 
The economic analysis in this study is also a simplified one and thus a 
more comprehensive cost consideration which will be part of optimization 
process for an integrated sugar mill is recommended.  

The comparison of the four technological options is made on a case study 
plant which has a mixed feature from modern and traditional mills.  
Though this is positive from the point of view of investigating a mill which 
is not purely traditional or modern and also the model can be used for 
traditional mills, an analysis on a traditional mill will give a more relevant 
comparison model. 

As a final concluding remark, from the overall research work, the tradi-
tional sugar mills have indeed a large energy potential which can further 
be investigated and can make the sugar industry one of the leading energy 
sectors that can significantly contribute to the sustainable development of 
a society by providing clean and competitive forms of energy. 
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Appendix 

Equations 4-7 to 4-15: 
 
Step 1: Theoretical air required for combustion is calculated from Eq. 4-7 
 

Lo = [(11.43 ∙ Ct) + 34.5 ∙ (H2t −
O2t

8
) + 4.32 ∙ St] ∕ 100      (Eq. 4-7) 

 

where Lo is the theoretical air required for combustion in kg/kg of fuel, 
Ct is the carbon composition of bagasse on total basis in %, 
H2t is the hydrogen composition of bagasse on total basis in %, 
O2t is the oxygen composition of bagasse on total basis in %, 
St is the Sulphur composition of bagasse on total basis in % (assumed to 
be zero) 
The higher heating value of the fuel is first calculated using the relation in 
Eq. 4-8. 
 

HHVt = HHVd ∙ (1 −
F

100
)                                              (Eq. 4-8) 

where HHVt is the higher heating value of fuel on total basis in kJ/kg, 
HHVd is the higher heating value of fuel on dry basis which is taken as 
19 008 kJ/kg based on the boiler design document (ZURN, 2006), 
F is the moisture content of bagasse at 50 % and for dried bagasse this is 
replaced by Fnew which corresponds to dried bagasse moisture content in 
% 
 
Step 2: Percentage of excess air supplied (EA) is calculated from Eq.4-9. 
 

EA =
O2,fg

21−O2,fg
∙ 100                                                      (Eq. 4-9) 

where O2,fg is the percentage of oxygen in the flue gas and is 5.5 % 
(ZURN,2006), 
EA is the percentage of excess air supplied in % 
 
Step 3: Actual mass of air supplied/kg of fuel (AAS) is calculated from  
Eq.  4-10. 
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AAS = (1 +
EA

100
) ∙ Lo                                                     (Eq. 4-10) 

where EA is the percentage of excess air supplied in %, 
AAS is the actual mass of air supplied per kg of fuel in kg/kg fuel, 
Lo is the theoretical air required for combustion in %       
 
Step 4: Heat loss calculation 

i. Heat loss due to dry flue gas is calculated from Eq. 4-11 

Lfg =
µfg∙Cp,fg(Tfg−Tam)

HHVt
. 100 [%]                              (Eq. 4-11) 

where Cp,fg is the average specific heat of the flue gas and is equal to 0.96 

kJ/kgᵒC.  

µfg is mass of dry flue gas in kg/kg of fuel which can be calculated by 
summing up the masses of the combustion products of the fuel (i.e., CO2, 
SO2, N2 (both in the fuel and in the AAS) and O2 in the fuel).  The total 

mass of flue gas, µfg can also be determined by adding AAS and 1 kg of 

fuel. Tfg is the flue gas temperature in C and Tam is ambient temperature 

which equals 25 C. 
ii. Heat loss due to evaporation of water formed due to H2 in the 

fuel is calculated from Eq. 4-12   

LH2O,Lat =
9∙H2t∙(rH2O+Cp,st∙(Tfg−Tam)

HHVt
∙ 100                       (Eq. 4-12) 

where Cp,st is the specific heat of superheated steam and is equal to 1.88 

kJ/kg ᵒC, 

rH2O  is the mean value for the heat of vaporization at 25 C and is taken 

as 2443 kJ/kg (Hugot & Jenkins, 1986). 
H2t is the hydrogen composition of fuel on total basis in % 

iii. Heat loss due to moisture present in fuel is calculated from Eq. 
4-13. 

LH2O,Sens =
F∙(rH2O+Cp,st∙(Tfg−Tam))

HHVt
∙ 100                       (Eq. 4-13)  

iv. Heat loss due to moisture present in air from Eq. 4-14. 

LMA =
AAS∙HF∙Cp,st∙(Tfg−Tam)

HHVt
∙ 100            (Eq. 4-14) 

where HF is the humidity factor is 0.013 kg of water per kg of dry air 
The heat loss in the boiler in kW is calculated from Eq. 4-15  

PLossB = Q̇f − Q̇B                                                        (Eq. 4-15) 


