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Abstract 

First generation bioethanol generated from feedstocks is a sustainable alternative to fossil 

fuels, and the demand for fuel ethanol has promoted studies on the use of the grain as 

feedstock. This thesis describes various process designs and the economic feasibility for 

producing the main product ethanol and other by-products such as Biogas and DDGS 

(Distillers Dried Grains with Solubles) from the grain. The techno-economic analysis was 

performed by the data provided by Agroetanol industry, located in Norrköping, Sweden. The 

key target of this simulation work was to evaluate the influence of several process designs and 

the main production factors on the ethanol production process, in terms of energy efficiency, 

ethanol production cost and plant profitability.  

The main aim of this work was to simulate the current industrial process and to develop novel 

alternative retrofits by integrating new technologies and for investigating the effects on the 

plant profitability. In the base case, the cost sensitivity analysis was carried out on the grain 

buying price, ethanol and DDGS selling price. Along with the cost sensitivity analysis, the 

capacity sensitivity analysis was performed on the base case model to check the influence of 

different capacities on the plant profitability.  While coming to the study of developing 

alternative retrofits, the three retrofits were developed on the base case process and they are as 

following: Retrofit 1) modifying the distillation and dehydration section of the base case 

retrofit (current process in Agroetanol), Retrofit 2) checking the impact of ethanol 

concentration on technical and economic aspects of the plant and Retrofit 3) installing the 

biogas digester.    

The modelling effort resulted in developing the base case model with an ethanol production 

rate of 41,985 ton/ year. The capital cost of the base case process was calculated to be at 68.85 

million USD and the aspen economic analyzer calculated the product value of the ethanol and 

DDGS as 0.87 USD/litre and 0.37 USD/kg, respectively. Through cost sensitivity analysis 

results, it is identified that the ethanol selling price and the grain buying price have significant 

effects on the plant economy and it is confirmed that they are the main factors playing on the 

plant profitability in the base case model.  

The results of the alternative retrofits clearly demonstrate the importance of higher ethanol 

tolerant strains in ethanol production, which showed a less payback period compared to the 

base case. The payback periods of all the cases are showing the following patterns from the 

least to the highest: Retrofit 2 (17%) > Base case > Retrofit 3 > Retrofit 2 (4%) > Retrofit 1.  

Further retrofitting analysis results also suggested that using the stillage for biogas production 

will help in reducing the energy costs of the plant. The energy consumption of all the retrofits 

in ascending manner is as follows: Retrofit 3 > Retrofit 2 (17%) > Base case > Retrofit 1 > 

Retrofit 2 (4%). The energy usage result comparison of all the cases shows that, in third 

retrofit the overall energy consumption is decreased by 40% than the base case model. 
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Chapter 1                                                                                                                             

Introduction 

The population growth is seen globally, mainly in the developing countries [1]. The search for 

the alternative and sustainable energy sources has become more and more important due to 

the possible shortage of fossil fuels and the environmental threats that occur due to the 

exploitation of non-renewable sources (deplete with time and cannot be reproduced), and CO2 

emission [2]. Thus, there has to be good alternative sources that can replace the non-

renewable resources such as coal, oil, which can reduce the environmental impacts [3].  

With growing concerns over the environmental consequences of greenhouse gas 

emissions from fossil fuels, renewable energy (those that are replaced naturally) has emerged 

as an important component in world energy [4]. Various kinds of renewable energy sources 

include wind power, solar photovoltaic, ocean energy, solar thermal, hydro power, 

geothermal, biofuels etc. [5, 6]. It is estimated that, renewable fuel supply had a share of 

16.7% in global energy consumption in 2010 [7]. In the European Union (EU), the share of 

renewable energy was 12.5% in the year 2010, where 4.42% is used in the road transport [8, 

9]. According to International Energy Agency (IEA), biofuels can satisfy 27% of global 

energy demand for transportation by 2050 [10]. 

The better alternative biofuel should have a net energy gain, environmental benefits 

and should be economically competitive [11]. The biofuels are one of the important 

renewable energy sources, which mainly include bio-gas, bio-diesel and ethanol. Its 

production allows mitigation of greenhouse gases and may even offer employment 

possibilities [12]. Among all biofuels, ethanol is well established fuel for transportation and 

industrial use in many countries [13]. Among world ethanol producers, the USA is the leading 

producer (Table 1: Global ethanol production (million m3
)
.  

The amount of ethanol production around the globe is clearly illustrated in Table 1: 

Global ethanol production (million m3
)
. The ethanol is ethyl alcohol or chemically C2H5OH, 

it has a high octane number (108), broader flammability limits with higher flame speed and 

higher heats of vaporization [1]. The ethanol has a long history as an alternative transportation 

fuel. The ethanol has been used in Germany and France since 1890’s. Since 1990’s, it is 

widely used for fuel purpose even in Europe and United States of America (USA).  

Table 1: Global ethanol production (million m
3
) 

COUNTRY 2011 2012 2013 

USA 52,79 50,34 50,34 

Brazil 21,09 21,11 23,72 

Europe 4,41 4,46 5,18 

China 2,09 2,10 2,63 

Canada 1,74 1,69 1,97 

Rest of World 2,64 2,84 4,81 

WORLD 84,80 82,56 88,68 

[1, 14] 

According to the Renewable Fuel Association (RFA), ethanol production of the United States 

has increased significantly, from 24.68 to 50.34 million cubic meters from 2007 to 2013 

respectively [14]. Brazil is the second biggest producer of ethanol, 40% of Brazil’s petrol 

consumption is substituted by ethanol, and 20% is exported to the US, Europe and other 
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countries [15]. In the USA, the common feed stock is corn for ethanol production, whereas in 

Brazil it is sugarcane.  

The selection of raw materials may also differ based on the geographical location of the 

industries. The selection of raw materials has huge influence on the plant economy and the 

productivity of ethanol [16]. Many techno economic studies were done to understand the 

influence of different factors on ethanol production and the industry economics.  

1.1. Objective 

The purpose of the work presented in this thesis was to develop a simulation model for the 

current Agroetanol industry along with the alternative retrofitting scenarios.  

An experimental and techno-economic study has been carried out in order to find the optimal 

process for first generation ethanol production process. 

The retrofitting analysis was divided as following: 

- Modelling and evaluating the techno-economics of Agro-ethanol industry process 

(base case). 

- Identifying the key factors such as buying and selling prices of feed and products, 

respectively, that affects the economics in the base case process. 

- Analyzing the economic and energy calculations of the plant by making modifications 

in the key sections such as fermentation and distillation processes. 

- Exploring the difference in plant economics by employing the different ethanol 

tolerant strains in the fermentation process for ethanol production.  

- Performing the possible alterations in the distillation process to investigate the 

difference in overall energy consumption of the plant. 

- Installing the biogas digester to meet the energy consumption demand of the plant 

through biogas production.   
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Chapter 2                                                                                                      

Background and Literature 

The demand for raw materials is increasing day to day due to the snowballing ethanol market. 

Different raw materials are used in ethanol production processes, the processes can be 

categorized into types, i.e. first, second, third generation ethanol processes, etc. They are 

classified based on the feedstocks used for ethanol production. At present, this section will be 

focussing on first generation ethanol production process. The first generation feedstocks 

include mainly food crops, the common feedstocks include sugarcane, cassava, wheat, sweet 

sorghum and corn [1,17,18]. The most common feedstocks used in the first generation ethanol 

production are sugarcane and grains (wheat, sorghum, corn, etc.). In the section First 

generation ethanol production process, the 1
st
 generation ethanol production from, sugarcane 

feedstocks are explained clearly.   

2.1. First generation ethanol production process 

The food crops such as corn, grains, and sugarcane are commonly used as feedstock in first 

generation ethanol production process. Based upon the physical structure, composition of 

feedstocks, the steps of ethanol production process differs from each other.  

2.1.1. First generation ethanol production from grain  

The grain to ethanol production process is in wide spread globally, the important grain used 

for ethanol production are corn, maize, wheat, etc. [19]. The process of ethanol production 

from corn is a matured technology and it has wide application as a transport fuel. Most of the 

current ethanol produced in the United States uses field corn as a feedstock. The key 

composition (dry matter) of the corn is as follows: Carbohydrate (84.1%), Protein (9.5%), Oil 

(4.3%) and others (2.1%). 

The corn is transported from the fields to the plant using trucks and stored in silos. The first 

important step in the ethanol production process is grinding the grain. The common grinding 

types used in the industries are either the dry mill (67%) or the wet mill (33%) process [20]. 

The important distinction between wet mill and dry mill facilities is the focus of the 

resourcing. In the case of a dry mill plant, the focus is maximizing the capital return per litre 

of ethanol. In the case of a wet mill plant, capital investments allow for the separation of other 

valuable components in the grain before fermentation to ethanol [19, 21].  

The wet milling process is more capital and energy intensive, as the grain must first be 

separated into its components, including starch, fiber, gluten and germ. Large-scale, capital-

intensive, corn-processing wet mills produce varied products such as high fructose corn syrup 

(HFCS), biodegradable plastics, food additives like citric acid and xanthan gum, corn oil 

(cooking oil) and livestock feed.  
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FIGURE 1: Wet mill corn-ethanol production process. 

 
[22] 

The first step in the wet mill process involves soaking the grain in water to soften the grain 

and make it easier for fractionation (separating starch, fiber and germ). The separated 

substances are preceded further to make a variety of products. The germ is removed from the 

kernel and corn oil is extracted from the germ. The remaining germ meal is added to the fiber 

and the hull to form corn gluten feed. Gluten is also separated to become corn gluten meal, a 

high-protein animal feed. In the wet milling process, a starch solution is separated from the 

solids and fermentable sugars are produced from the starch. These sugars are fermented to 

ethanol. Wet mill facilities are true “biorefineries”, producing a number of high-value 

products  [20, 23]. 

In the dry mill process, the whole grain is processed, and the residual components are 

separated at the end of the process. There are five major steps in the dry-grind method of 

ethanol production; they are Milling, Liquefaction, Saccharification, Fermentation, 

Distillation and Recovery. 
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FIGURE 2: Dry mill corn-ethanol production process 

 
[24] 

The corn is purchased from the nearest farms and transported to the storage tanks using 

trucks. The corn is transported from the storage tank to the mill for size reduction. The milling 

involves processing corn through a mill to produce a corn flour [25, 26]. This whole corn 

flour is slurried with water and heat stable enzymes are added [27] [19]. This slurry is cooked, 

the process is also known as “liquefaction”. The liquefaction is accomplished using jet-

cookers that inject steam into the corn flour slurry to cook it at temperatures above 100°C. 

The heat and mechanical shear of the cooking process to break apart the starch granules 

present in the kernel endosperm, and the enzymes break down the starch polymer into small 

fragments  [19, 27, 28]. The cooked corn mash is then allowed to cool to 80-90°C additional 

enzyme (α-amylase) is added, and the slurry is allowed to continue liquefying for at least 30 

minutes. After liquefaction, the slurry, now called “corn mash,” is cooled to approximately 

30°C and a second enzyme (glucoamylase) is added. Glucoamylase completes the breakdown 

of the starch into simple sugar (glucose). This step called “saccharification,” often occurs 
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while the mash is filling the fermenter in preparation for the next step (fermentation) and 

continues throughout the next step. 

In the fermentation step, yeast grown in seed tanks is added to the corn mash to begin the 

process of converting the simple sugars to ethanol. The other components of the corn kernel 

(protein, oil, etc.) remain largely unchanged during the fermentation process. In most dry-

grind ethanol plants, the fermentation process occurs in batches. A fermentation tank is filled, 

and the batch ferments completely before the tank is drained and refilled with a new batch. 

The upstream processes (grinding, liquefaction, and saccharification) and downstream 

processes (distillation and recovery) occur continuously (grain is continuously processed 

through the equipment). Thus, dry-grind facilities of this design usually have three fermenters 

(tanks for fermentation) where, at any given time, one is filling, one is fermenting (usually for 

48 hours), and one is emptying and resetting for the next batch. Carbon dioxide is also 

produced during fermentation. Usually, the carbon dioxide is not recovered and is released 

from the fermenters to the atmosphere. If recovered, this carbon dioxide can be compressed 

and sold for carbonation of soft drinks or frozen into dry ice for cold product storage and 

transportation. After the fermentation is completed, the fermented corn mash (now called 

“beer”) is emptied from the fermenter into a beer well. The beer well stores the fermented 

beer between batches and supplies a continuous stream of material to the ethanol recovery 

steps, including distillation. After fermentation, the liquid portion of the slurry has 8-12% 

ethanol by weight. Because ethanol boils at a lower temperature than water does, the ethanol 

can be separated by a process called “distillation”. Conventional distillation/rectification 

systems can produce ethanol at 92-95% purity. The distillation process utilizes high energy 

due to its high temperature. In some studies the distillation columns were modified and heat 

integrations studies were done to decrease the energy consumption [29]. The residual water is 

then removed using molecular sieves that selectively adsorb the water from an ethanol/water 

vapor mixture, resulting in nearly pure ethanol (>99%). The residual water and corn solids 

that remain after the distillation process are called “stillage”. This whole stillage is then 

centrifuged to separate the liquid (thin stillage) from the solid fragments of the kernel (wet 

cake or distiller’s grains). Some of the thin stillage (backset) is recycled to the beginning of 

the dry-grind process to conserve the water used by the facility [30]. The remaining thin 

stillage passes through evaporators to remove a significant portion of the water to produce 

thickened syrup. Usually, the syrup is blended with the distillers grains and dried to produce 

an animal feed called “distiller’s dried grains with solubles” (DDGS). When markets for the 

feed product are close to the plant, the byproduct may be sold without drying as distiller’s 

grains or wet distiller’s grains.  
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2.1.2. First generation ethanol production from sugarcane 

In Brazil, the sugarcane is highly used feedstock for producing ethanol. The sugarcane is 

transported from the farms and it is sent for processing as soon as possible to avoid its sugar 

content deterioration.      

FIGURE 3: Sugarcane ethanol production process. 

 
The important steps in sugar to ethanol production process are as following: 

1) Crushing  

2) Pretreatment  

3) Fermentation  

4) Distillation and Dehydration  

A series of rollers crush the sugarcane, most of the cane is crushed within 24 hours of 

harvesting. The cane juice is collected from the bottom of the crusher and the cane fiber 

(bagasse) is sent to the boiler to be burned. The generated heat is turned into high pressure 

steam, which can be used for industrial needs or can be sold to the local municipalities. The 

juice from the cane is pretreated by heating and adding sulphur, lime and thickener. The 

mixture is pumped to rotating filters, which separate the juice from most impurities. These 

impurities form a crumbly residue, known as filter cake, which is used as natural fertilizer on 

the fields. Further the juice is sent to filtration system, where the juice is further filtered from 

the remaining impurities. The purified juice is sent to the fermenter, where the beer is 

produced by the fermentation action of the yeast. The carbon dioxide is also produced during 

the fermentation process; the recovered carbon dioxide can be compressed and sold for 

carbonation of soft drinks or frozen into dry ice for cold product storage and transportation. 

The beer is sent to centrifugation, where the yeast is separated from the beer and recycled 

back to the fermenter after proper treatment. The beer is forwarded to distillation process, 

where 92-95% pure ethanol is recovered. The ethanol is further purified to 99% by using the 

dehydrators, and then the pure ethanol is stored [31].    

The First generation ethanol production process is commercialized all over the world. Even 

though the process is economically feasible it has some problems.  
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2.2. Problems in first generation ethanol production 

The conversion of corn, sugarcane and other food/feed crops into ethanol by fermentation is a 

well-known and established technology. Even though it is a well established process for 

biofuel production, there are some ethical, social and environmental issues, which are 

discussed in this section. 

2.2.1. Environmental aspects 

Arguments in favour of starch-based ethanol production is countered by a myriad of concerns 

related to land-use patterns and diversion of food supply, which generates significant 

uncertainty in the long-term utility of starch-based ethanol production. Production of biofuels 

takes land away from its two other primary uses – food production and environmental 

preservation [32]. Some even argue that biofuels will cause dramatic changes in land-use 

patterns which could offset any CO2 savings derived from the utilization of biomass. The 

land-use changes will cause a net increase in GHG emissions with a doubling of GHG 

emissions over 30 years and increasing atmospheric carbon dioxide concentrations for 167 

years [32, 33].  

The corn ethanol production criticisms are centred on resource consumption, such as water, 

and agricultural practices. It has been estimated that a 50 million gallon per year ethanol 

factory consumes 500 gallons of water per minute, and that intensive corn production uses 

more nitrogen fertilizer has significant phosphorus requirements, and uses more insecticides 

and herbicides than any other crop grown [32].  

The European Union wants ethanol to make up 10 percent of each litre of gasoline sold by 

2020. The World Economic Forum in Davos has recommended that 515 billion dollars a year 

should be spent globally on clean energy development like ethanol until 2030 [34]. But, on 

the other hand the most salient of arguments against 1
st
 generation technologies are, however, 

(environmental and food diversion concerns aside), that grain-based bioethanol is “supply-

limited” and cannot meet the expected transportation fuel demand. For example, even if all 

current US soybean and corn production were dedicated to biofuels, only 12% of the gasoline 

demand and 6% of the diesel demand would be met [32, 33]. Globally, seven crops (wheat, 

rice, corn, sorghum, sugarcane, cassava and sugar beet) account for 42% of cropland. If all 

land currently used to grow these crops were dedicated to biofuels, just over half of the global 

gasoline demand would be met [32]. 

2.2.2. Social aspect  

In addition to the negative environmental effects, sugarcane burning also affects the health of 

people living in areas where burning is intense. Epidemiological studies conducted at Brazil 

in two counties in the state of Sao Paulo (Araraquara and Piracicaba), which are surrounded 

by sugarcane fields, show that respiratory morbidity increased significantly with the 

concentration of aerosol particles from sugarcane burning. During the sugarcane burning 

season of 1995 in Araraquara, a study found a significant correlation between the daily 

number of patients who visited hospitals in the region for inhalation treatment for respiratory 

diseases, and the mass of particle aerosols. In a second study, conducted in the Piracicaba 

region, found a significant correlation between PM2.5 (particulate matter ≤2.5 µm), PM10 

(particulate matter ≤10 µm), and black carbon concentrations, and the number of children and 

elderly patients admitted to hospitals [35]. According to their results, increases of 10 µg/m
3
 of 

the PM2.5 concentration lead to an increase of    20% in the number of hospital admissions. The 

sugarcane burning is responsible for aggravating the health of people prone to respiratory 

diseases, which, in turn, increases the demand and expenditure in the public health system. 

Thus the burning of sugarcane affects several sectors of society, and has negative impacts 
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even for people living outside of sugarcane-ethanol industry areas. Yet sugarcane burning 

continues to be a widely used land management practice in Brazil and some other countries 

[35]. 

2.2.3. Ethical aspects  

The ethical issue with large-scale production of agro fuel is the impact on food security. It is 

argued that government policies around the world to replace oil with ethanol and other liquid 

agro fuels could draw the world into a “food-versus-fuel” battle. They focused in particular on 

the impact on food prices: “Any diversion of land from food or feed production to production 

of energy biomass will influence food prices from the start, as both compete for the same 

inputs” [36]. It is not only the conversion of traditional agricultural land that may spark the 

“food-versus-fuel” battle [36]. Following conversion, areas such as forests and marginal land 

previously used as common-property resources, and which are traditional suppliers of food, 

fodder, fuel wood, building materials and other locally important resources, are now no longer 

available to communities. Putting it starkly, the “food-versus-fuel” game makes it possible for 

a car owner in a developed country to fill a 50-litre tank with agro fuel produced from 200 kg 

of maize, enough to feed one person for one year. The purchasing power of the car owner is 

vastly higher than that of a food-insecure person in a developing country; in an unregulated 

world market, there is no doubt who would win this game [36]. 

2.3. Process simulations 

The simulations are the tools for predicting the behaviour of a process by using basic 

engineering relationships, such as mass and energy balances, and phase and chemical 

equilibrium [37].  

Simulations can be very beneficial, when compared to other models such as statistical 

and conceptual modelling. Because, initially simulation works may take similar time as other 

models, but any further changes or modification can be easily made and analysed. Many 

techno-economic simulations for ethanol production were done in analysing the industrial 

ethanol production process. The techno economical study’s done during last three decades 

shows the intensification of work for ethanol production.  

Among all software packages available, the Aspen tech was used in this project for 

developing simulations. The Aspen stands for ‘Advance system for process engineering’, 

which was developed by researchers at MIT’s laboratory in the 1970s for process simulation. 

In general Aspen Plus is designed to perform technical and economical evaluation of chemical 

and other related processes. It allows in predicting the behaviour of a process by using basic 

engineering relationships, such as mass and energy balances, and phase and chemical 

equilibrium [37]. The actual plant behaviour can be simulated in aspen plus by reliable 

thermodynamic data, realistic operating conditions and rigorous equipment models. Aspen 

Plus can be applied in estimating and regressing physical properties, tabulates output results, 

fitting plant data to simulation models, process optimization, and interfacing results to 

spreadsheets. In addition, the aspen  enables to run alternative cases and perform sensitivity 

studies also [38]. The Aspen plus also contains aspen economic analyzer through which 

investment and profitability analysis also can be calculated [39]. 
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2.4. Literature review 

In this section, different techno-economic studies performed for first generation ethanol 

production process are summarised.  

Based on the Colombian conditions the Quintero et al. compared the ethanol production from 

sugarcane and corn, and evaluated the economic and environmental performance for both the 

processes [19]. For the selected production volume of ethanol (17.8 t/h) and according to the 

feedstock requirements (292,618 tons/h of sugarcane or 50,629 tons/h of corn), it would be 

necessary to plant 6384 hectare more for corn when compared to the sugarcane to produce the 

same amount of anhydrous ethanol under Colombian conditions. Although the ethanol yield 

from corn is higher than that from sugarcane, the lower annual yield of corn per cultivated 

hectare makes it necessary to use larger cropping areas. The main share of production costs 

for a fuel ethanol process corresponds to the raw material. For the Colombian case, results 

obtained show that the fuel ethanol process from corn has worse economic indexes related to 

sugarcane. In addition, the corn process has a greater environmental impact mostly due to the 

utilization of fossil fuels to produce the thermal and electric energy required during grain 

conversion.  

The commonly used grain conversion techniques are wet milling and dry milling. Many value 

added by products (such as gluten, pure yeast cells, etc.) can be produced in the wet milling 

when compared to the dry milling process. But the wet milling process consumes high energy 

than the dry mill process, wet mill facilities are true “biorefineries” producing a number of 

high-value products  [20, 23]. 

The most used methods for corn grain conversion are wet mill process and dry mill process. 

In [27] study, the  corn dry milling process was evaluated using SuperPro Designer. The study 

explores the impact of sensitivity analysis of key economic factors. The study concludes that, 

the cost of producing ethanol increased from 0.235 USD/ litre to  0.365 USD/ litre when the 

price of corn increased from 0.071 USD/ kg to 0.125 USD/ kg [27, 40]. 

In another study the less starchy contaminated feedstock’s (corn contaminated with 

fumonisins) is considered for ethanol production, where the amount of ethanol production is 

analysed between the less starchy contaminated feedstocks and starchy uncontaminated 

feedstocks [28]. The scope of the analysis includes average ethanol concentrations in the 

fermentor in a range of 6 weight % and 3 weight % for noncontaminated corn and strongly 

contaminated corn respectively.   

After producing the ethanol in fermenters, the ethanol is purified by the distillation technique 

in the distillation columns. The distillation process is one of the highest energy consuming 

steps in the ethanol production process. The Karuppiah et.al conducted the energy 

optimisation studies on the corn based ethanol plant, where the heat integration study is 

performed. The study explored the advantage of the multieffect distillation column than the 

stripping column also known as ‘beer column’ for the distillation process. The results indicate 

that it is possible to reduce the current steam consumption required in the transformation of 

corn into ethanol by more than 40% by using multieffect distillation column for distillation 

process [29].  

The Koutinas et.al also performed a similar kind of modification in wet mill ethanol 

production from wheat. The fuel-grade ethanol purification by pressure swing distillation 

(PSD) was optimized in continuous mode using the equation-based software General 

Algebraic Modelling System (GAMS). The application of a PSD system that consisted of a 

low-pressure and a high-pressure column and employing heat integration between the high 

and low pressure columns resulted in reduced operating cost (up to 44%) for fuel-grade 

ethanol production [23].  
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Chapter 3                                                                                                                            

Methodology 

The current work was about simulating the Agroetanol industrial process for ethanol 

production. The ethanol production process and the technologies employed in Agroetanol 

industry are elaborated step by step in this section.  

3.1. Agroetanol industrial process (Base case) 

The whole process of ethanol production mainly consists of four important steps. They are: 

a) Pre-treatment (includes crushing and liquefaction) 

b) Fermentation 

c) Distillation and dehydration 

d) Evaporation and drying 

The main feedstock used in Agroetanol industry is first generation feedstock, i.e. Grain. The 

grain was transported from the farms through trucks and stored in silos. The FIGURE 4: 

Block flow diagram for ethanol production process shows the BFD (block flow diagram) of 

the industrial ethanol production process. The clean grain (18.8 t/h grains with TS of 86.5 %) 

was milled using a dry mill process to obtain flour, which contains 66 % starch, 12 % 

proteins, and 22% others. Furthermore, the flour feed was sent to a slurry tank of volume 40 

m
3
, where it is mixed with the incoming process water and glucoamylase. After that, the feed 

was sent to two liquefaction tanks, which were operating at 73
 o

C and 88
o
C to dissolve as 

much as possible and initiate the conversion of starch to its monomeric form, glucose. The 

retention times for the liquefaction tanks were 2.2 and 2.1 h, respectively. Once the 

liquefaction was complete, the feed was cooled down to 33
 o

C, to facilitate the fermentation 

process.  

About 58.8 t/h cooled feed was pumped into the five fermenters with a retention time of 67 

hours. In the fermentation process, the α-amylase enzyme is added before the mash enters 

fermentor where yeast is present. The yeast converts the newly released sugars into the 

ethanol and carbon dioxide (CO2). Approximately, 5.1t/h (CO2) was released from the 

fermentor, while 5.4t/h ethanol was obtained after fermentation. The fermented mash with the 

ethanol, the residues such as proteins, glucose bases, and other non-fermentable dissolved 

solids were sent to the distillation column for the purification of ethanol.  
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FIGURE 4: Block flow diagram for ethanol production process 

 
 

The fermented mash stream from fermentor was fed to the distillation section, where 91% 

pure ethanol was obtained from the final ethanol outlet of the distillation column (distillate 

stream). The remaining solids and other impurities are called stillage and they are collected 

from the stillage outlet of the distillation column.  

 The purified ethanol stream, resulting after the distillation process, contains excess water, 

which cannot be removed through distillation due to azeotropic nature of ethanol/water 

mixtures. Therefore, a so-called pressure swing adsorption is used to purify the ethanol 

according to the specification. The dehydrators were used for increasing the purity of ethanol 

to >99 %. The pure ethanol was collected from the dehydrator as a main product and the 

remaining moisture traces were sent to waste water treatment.  

As the stillage from the distillation section is a mixture of impure liquid, undigested glucose, 

other proteins and solids, which was sent to a decanter to produce solid wet cake. The solid 

outlet stream from the decanter contains the solid wet cake (where the solid wet cake contain 

about 32 % TS) and the liquid outlet stream contains the thin stillage (which contains 11.7% 

TS). The solid stream was sent to the dryer for the production of DDGS. From the thin stillage 

stream, about 19 % was recycled back to liquefaction, and the remaining feed was sent to the 

evaporator, which was a 5-stage evaporator operating between 80
o
C and 85

o
C. The 

concentrated thin stillage called syrup from the evaporator were sent along with the solids 

from the decanter for the production of DDGS. In addition, the condensed water from the 

evaporators was collected and recycled back to the main process, as processing water. 

The dryers were operated at 115
o
C and then pelletized to produce DDGS. About 7.7 t/h 

DDGS was produced, which contained 90 % TS. The DDGS is stored in silos, before it is sold 

to the market. 
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3.2. Introduction to aspen simulation process 

In the present study, the Agroetanol industrial process was simulated using ASPEN PLUS 

V8.4 software and economic analysis was performed with Aspen Economic Analyser. The 

process modelling result was validated with a reference plant for each unit operation. In 

Aspen Plus, the thermodynamic model NRTL was used to calculate activity coefficients. The 

rigorous calculations related to distillation columns were carried out by RadFrac subroutine.  

In the property section, the following species were specified for the modelling: Water , 

Ethanol, CO2, Glucose, Proteins, Oil, NFDS (Non Fermentable Dissolved Solids), Protsol, 

Glycerol, Oxygen, Acetic acid, Lactic, Xylose, Xylitol, Arabinose, Galactose, Mannose, 

Cellulose, Cellob, Glucolig, Succinic, Xylolig, Arabinan, Xylan, Arabolig, Galaolig, Mannan, 

Unknown, Air, Glyceric acid, Starch, Starch-B, α-Amylase, Gluco Amylase. Among all the 

species the Unknown, Proteins, Oil, NFDS, Arabinan, Xylan, Arabolig, Galaolig and Mannan 

were considered. The exact industrial model explained in the Agroetanol industrial process 

(Base case) section was simulated and all the assumed unit operations are illustrated step by 

step in Aspen plus unit operations section.  

3.3. Aspen plus unit operations  

This section includes the modelling of the whole industrial process with each and every unit 

operation used for simulating the Agroetanol industrial process. The illustrated unit operations 

are as following: Crushing, Liquefaction, Fermentation, Distillation, Decantation, 

Dehydration, Evaporation, Heating and Cooling. 

3.3.1. Crusher   

The grain from the conveyer belts was fed to the dry mill crusher for size reduction. The 

crusher unit operation was selected from the solids section in the ‘model palette’. The feed 

input of crusher was considered as 18.8 t/ hr grain (according to the data obtained from the 

industry), the composition of the crusher inlet is clearly illustrated in Table 2: Comparison of 

Crusher streams. The type of cruncher was considered as ‘Roll crusher’ and 0.5 millimetres 

was specified for maximum particle diameter. In this unit operation the wastage was assumed 

as negligible. The grinded material was discharged from the crusher outlet and directed to the 

mixer tank.  

During modelling, some minor modifications were made in the crusher input to avoid the 

technical problems such as convergence and recycling errors. Both the streams; modified 

streams (aspen inlet) in aspen simulation and the actual industrial input streams (actual inlet) 

are compared in the Table 2: Comparison of Crusher streams.   

Table 2: Comparison of Crusher streams 

Mass Flow (t/h) Actual Inlet Aspen Inlet  

Water   2.5 1.8  

Proteins  1.95 2.25  

Non Fermentable Dissolved Solids (NFDS)  3.57 3.57  

Starch  10.73 11.05  

Others    0.1 0.1  

Total    18.8 18.7  
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3.3.2. Mixer tank 

The crushed grain was mixed with the fresh water and recycled liquid to make up the flow till 

52.27 tons/ hour. The mixer tank was maintained at 58
o
C and the outlet stream from the mixer 

tank was fed to the liquefaction reactor. 

3.3.3. Liquefaction  

The liquefaction process is one of the crucial steps, where starch is converted to glucose. The 

RStoic reactor in the reactors section was assumed as liquefaction tank from the ‘model 

palette’. The liquefaction section was assumed with two liquefaction reactors namely; 

liquefaction reactor-1 (Liq-1) and liquefaction reactor-2 (Liq-2). The discharged material 

from the outlet of the mixer tank was collected in the first liquefaction reactor-1 (Liq-1). 

Along with the mixer tank stream, other water stream-1 (W-1) with water and glucoamylase 

enzyme (10 litres/ hour) was added to make up the flow until 54.27t/h (Table 3: Inlet streams 

of Liquefaction-1 reactor).  

The temperature in the Liq-1 was maintained at 73
o
C and the pressure was maintained at 1 

atmosphere. The reaction was assumed as; starch is converted to glucose with a fractional 

conversion rate of 0.6. 

Table 3: Inlet streams of Liquefaction-1 reactor 

Mass Flow (t/h) Liquefaction 

reactor-1 Inlet (t/h) 

W 1 (t/h)  

Water   35.17 2  

Proteins  2.25   

Non Fermentable Dissolved Solids NFDS  3.95   

Starch  10.73   

Gluco-amylase  0.01  

Glucose bases    0.1   

Total    52.27   

 

The outlet stream of Liq-1 was forwarded to Liquefaction reactor-2 (Liq-2). Along with Liq-1 

stream the other water stream-2 (W-2) was added to make up the flow until 58.8t/h (Table 4: 

Input streams of liquefaction-2 reactor). The temperature and pressure of Liq-2 was 

maintained at 88
 o

C and 1 ATM, respectively, and the reaction assumed was same as the 

reaction in Liq-1, i.e. starch is converted to glucose, but with a fractional conversion rate of 1.  

Table 4: Input streams of liquefaction-2 reactor 

Mass Flow (t/h) Liquefaction 

reactor-2 Inlet (t/h) 

W 2 (t/h)  

Water   37.17 4.5  

Proteins  2.25   

Non Fermentable Dissolved Solids NFDS  3.95   

Starch  4.29   

Glucose    6.43   

Total    54.27   
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3.3.4. Cooler 

The cooler unit operation was selected from the Heat exchanger section in the ‘model pellet’. 

In the cooler the outlet temperature was given as 33
o
C. The outlet stream of cooler was 

directed to the fermentor for fermentation.  

3.3.5. Fermentation  

The RStoic reactor was assumed as fermenter tank from the ‘model palette’. Along with the 

liquefaction-2 outlet stream, the other stream with α-amylase enzyme (12 l/hour) was fed to 

the fermenter. The residence time of the fermentation process was assumed as 66.8 hours 

(from the Agroetanol data).  

In the fermenter specifications section the pressure and temperature was specified as 1 and 

32
o
C, respectively. In the inlet of the fermenter, the major portion was water, with a share of 

40.5 t/ h. Apart from water, the glucose is second major component (11.27t/h) and remaining 

are proteins, Non fermentable dissolved solids (NFDS), etc. The compositions of the 

fermenter inlet stream are shown below in 

Table 5: Fermenter inlet stream. 

Table 5: Fermenter inlet stream 

Mass Flow (t/h) Inlet Enzyme 

Water  40.52  

Glucose  11.93  

Proteins  2.25  

NFDS 3.95  

Ethanol -  

CO2 -  

α-amylase  0.012 

Glucose bases -  

 

The maximum possible reactions (39 reactions) were assumed in the fermenter reactions 

section for the production of ethanol. In the Table 6: Reactions in the fermentation block, all 

the assumed reaction are shown. 

Table 6: Reactions in the fermentation block 

GLUCOSE   -->  1.9 ETHANOL + 1.9 CARBON DIOXIDE + 0.06 SOLIDS 

GLUCOSE + 2 WATER -->  2 GLYCEROL + OXYGEN 

GLUCOSE  + 2 CARBON DIOXIDE   -->  2 SUCCINIC ACID + OXYGEN 

GLUCOSE -->  3 ACETIC ACID 

GLUCOSE   -->  2 LACTIC ACID 

3 XYLOSE   -->  5 ETHANOL + 5 CARBON DIOXIDE 

3 XYLOSE  + 5 WATER   -->  5 GLYCEROL + 2.5 OXYGEN 

XYLOSE  + WATER   -->  XYLITOL + 0.5 OXYGEN 

3 XYLOSE  + 5 CARBON DIOXIDE   -->  5 SUCCINIC ACID + 2.5 OXYGEN 

2 XYLOSE -->  5 ACETIC ACID 

3 XYLOSE   -->  5 LACTIC ACID 

3 ARABINOS   -->  5 ETHANOL + 5 CARBON DIOXIDE 

3 ARABINOS  + 5 WATER   -->  5 GLYCEROL + 2.5 OXYGEN 
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3 ARABINOS  + 5 CARBON DIOXIDE   -->  5 SUCCINIC ACID + 2.5 OXYGEN 

2 ARABINOS -->  5 ACETIC ACID 

3 ARABINOS   -->  5 LACTIC ACID 

GALACTOS   -->  2 ETHANOL + 2 CARBON DIOXIDE 

GALACTOS  + 2 WATER   -->  2 GLYCEROL + OXYGEN 

GALACTOS  + 2 CARBON DIOXIDE   -->  2 SUCCINIC ACID + OXYGEN 

GALACTOS -->  3 ACETIC ACID 

GALACTOS   -->  2 LACTIC ACID 

MANNOSE   -->  2 ETHANOL + 2 CARBON DIOXIDE 

MANNOSE  + 2 WATER   -->  2 GLYCEROL + OXYGEN 

MANNOSE  + 2 CARBON DIOXIDE   -->  2 SUCCINIC ACID + OXYGEN 

MANNOSE -->  3 ACETIC ACID 

MANNOSE   -->  2 LACTIC ACID 

2 CELLULOS  + WATER   -->  CELLOB 

CELLULOS  + WATER   -->  GLUCOSE 

2 GLUCOLIG   -->  CELLOB + WATER 

CELLOB  + WATER   -->  2 GLUCOSE 

XYLAN   -->  XYLOLIG 

XYLAN  + WATER   -->  XYLOSE 

XYLOLIG  + WATER   -->  XYLOSE 

ARABINAN   -->  ARABOLIG 

ARABINAN  + WATER   -->  ARABINOS 

ARABOLIG  + WATER   -->  ARABINOS 

GALAOLIG   -->  GALACTOS 

MANNAN   -->  MANNOSE 

 

The fermenter was assumed to have two outlets: vent outlet and mash outlet. The pure CO2 

was collected from the vent and sent to the CO2 storage tank. The mash outlet of fermenter 

was forwarded to the distillation process for purification and separation of ethanol. 

3.3.6. Distillation column 

The RadFrac column from the columns section was assumed as distillation column, from the 

‘model palette’. The mash from the outlet of fermenter enters the distillation column at a flow 

rate of 53.67t/h, in the Table 7: Distillation inlet stream the compositions of the distillation 

inlet stream are illustrated. 

Table 7: Distillation inlet stream 

Mass flow (t/h) Inlet 

Water 40.52 

Ethanol  5.37 

Protein 2.25 

NFDS  3.95 

Glucose bases 1.58 

 

The distillation process contains three columns; Distillation Column-1 (Dis-1), Distillation 

Column-2 (Dis-2) and Distillation Column-3 (Dis-3). The mash stream outlet from fermenter 

was fed to the Dis-1 and Dis-2 at a split fraction of 0.4 and 0.6, respectively. 

The common assumptions for all the three distillation columns were as following:  
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 In setup options, the calculation type was assumed as Equilibrium.  

 The condenser and reboiler were given as partial-vapour and kettle, respectively.  

The sensitivity analysis was used to find the appropriate inputs, such as number of stages, 

Reflux ratio (RR) and Distillate to feed ratio. According to the sensitivity analysis results, the 

number of stages, Reflux ratio (RR) and Distillate to feed ratio was assumed as 25, 1.66 and 

0.2, respectively, for the first distillation column (Table 8: Distillation columns parameters).  

In the streams tab, the feed streams are given as 11 and the convention was assumed as above 

stage. It was also assumed that the pressure in the first stage is 0.3 ATM. The distillation 

column was assumed with two outlets, which are Distillate outlet and Stillage outlet.  

For second distillation column the inputs were specified according the results obtained from 

sensitivity analysis. The number of stages was given as 25, whereas the RR and distillate to 

feed ratio were assumed as 1 and 0.2, respectively (Table 8: Distillation columns parameters). 

The feed streams convention was assumed as above stage and the number of stages in feed 

stream was considered as 11. In the first stage, the pressure and the stage pressure drop was 

assumed as 0.7 ATM and 0.02 ATM, respectively. 

Both the distillate outlets of Dis-1 and Dis-2 were mixed and fed to the third distillation 

column Dis-3 for further purification. The number of stages for Dis-3 was calculated as 31, 

the RR and Distillate to feed ratio was assumed as 3 and 0.58, respectively, (Table 8: 

Distillation columns parameters). The pressure was maintained at 2.6 ATM in the first stage 

and the pressure drop for the rest of the columns was considered as 0.02 ATM.  

Table 8: Distillation columns parameters 

Column parameters  Dis.1 Dis.2 Dis.3 

Number of Tray 25 25 31 

Optimal Feed Tray  11 11 15 

Reflux Ratio (RR) 1.66 1 3 

Distillate to feed ratio (Mass) 0.2 0.2 0.58 

Pressure (ATM) 0.3 0.7 2.6 

Purity of ethanol in distillate (w/w) 45-51% 45-51% 89-91% 

 

The Dis-3 was also assumed with two outlets, which contain distillate in the top outlet and 

stillage in the bottom outlet. The top outlet was fed to the dehydration section and the stillage 

outlet of all the three distillation columns were mixed and forwarded to the decanter. 

3.3.7. Decanter 

The Sep (component separator) from the separators section was considered as decanter. The 

decanter was used to separate the solids from excess liquid; the inlet flow rate of the decanter 

was 48.3t/h, which contains high-water content, NFDS, Proteins and other solids in negligible 

amount (Table 9: Decanter inlet stream).  

Table 9: Decanter inlet stream 

Mass Flow (t/h) Inlet 

Water 40.52 

Proteins 2.25 

NFDS 3.95 

Glucose bases 1.58 
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It was assumed that the decanter has 2 outlets: solid outlet and liquid outlet. In the separator 

specifications the outlet stream was specified as liquid stream and the sub-stream was 

mentioned as mixed. In the specification row, the split fraction option was selected to specify 

the values. The Table 10: Decanter parameters show the mentioned split fraction values.  

Table 10: Decanter parameters 

Component ID Split fraction value 

Water  0.8 

Glucose  0.81 

NFDS 0.5 

Proteins 0.75 

 

The solid outlet stream with solid cake was directed to the drier and the liquid outlet stream 

was directed to the evaporators and liquefaction section at a split fraction of 81% and 19%, 

respectively. 

3.3.8. Evaporator  

In model palette, the flash unit operation was assumed as an evaporator. Five evaporators 

were employed in the evaporation process (as per the industrial data), where the liquid outlet 

stream (thin stillage) from the decanter enters the first evaporator. Each evaporator was 

assumed to have two outlet streams: vent outlet and solid outlet. The evaporator system was 

assumed with five evaporators: 1E, 2E, 3E, 4E and 5E with 84
o
C, 80

o
C, 80

o
C, 84

o
C, 83

o
C, 

respectively. The liquid outlet from the decanter was fed to the 1E, where the temperature was 

maintained at 84
o
C. The hot vapor from 1E was collected through vent outlet and the 

remaining solid content was forwarded to the next evaporator (2E). The second evaporator 

was maintained at 80
o
C, where some of the liquid was separated as vapor through vent outlet 

and remaining contents were forwarded to the third evaporator. The same process was 

performed in the third, fourth and the fifth evaporator, where the vapor was collected from the 

vent outlet streams. The vapor from all the evaporators was collected, condensed and recycled 

to the main process (liquefaction step), and the solid cake from the fifth evaporators was sent 

to drier. 

3.3.9. Drier  

The solid cake from the fifth evaporator and the solids from the decanter outlets were 

forwarded to the drier. In model palette, the flash unit operation was assumed as the drier. In 

the flash type specifications, the temperature and split fraction options were selected and the 

vapor fraction was assumed as 0.9. The drier was also assumed to have two outlet streams: 

moisture outlet and DDGS outlet. The moisture outlet and DDGS outlet streams were 

forwarded to waste water treatment and DDGS storage tank, respectively.  

3.3.10. Dehydrator  

The distillate outlet stream from third distillation column (Dis-3) contains 91% w/w ethanol 

with traces of moisture was forwarded to the dehydrator section for further purification.  

In the Model Palette, from the Separators, the separator (Sep) was considered as the 

dehydration column. It was assumed that the dehydration system contains two dehydrators: 

Dehydration column-1 (Dehy-1) and Dehydration column-2 (Dehy-2). The Dehydration 

column-1 was assumed to have two outlets; pure ethanol outlet stream and impure ethanol 

outlet stream.  

In specifications, the pure ethanol outlet stream was selected in Outlet stream option and 

mixed was selected in Substream option. The ethanol split fraction values was set to 0.75.  
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The pure ethanol outlet stream was forwarded to the ethanol storage tank and the impure 

ethanol outlet stream was forwarded to the second dehydration column. The Dehy-2 was also 

assumed to have two outlets: DH 2- Impure Ethanol outlet and DH 2- WWT outlet (Waste 

Water Treatment). The input parameters of the Dehy-2 were as following:  

 In the specifications tab, the Substream was assumed as mixed and the Outlet stream 

was mentioned as DH 2- Impure Ethanol outlet.  

 The specification was considered as Split fraction and the values mentioned were 0.6 

and 0.75 for the water and ethanol components, respectively. 

Table 11: Dehydrator inlet stream 

Mass flow (t/h) Dehydrator Inlet 

Ethanol 5.37 

Water  0.53 

 

The  DH 2- WWT outlet stream was sent for waste water treatment and the DH 2- Impure 

Ethanol stream was separated into two streams with 0.4 and 0.6 split fractions, and forwarded 

to the first dehydrator (Dehy-1) and third distillation column (Dis-3), respectively. 

3.3.11. Storage tank 

The storage tanks were used for storing the raw materials, products and by-products. In the 

Model Palette, from the Mixers/ Splitters section, the mixer was considered as the storage 

tank. Four storage tanks were assumed in this process, namely; Grain storage tank, CO2 

storage tank, DDGS storage tank and Ethanol storage tank.  

After specifying all the unit operations, the simulation results were purged by resetting the 

simulation. The simulation calculation was started by pressing the Run button, after running 

the simulation process without errors, the file was saved and exported to economic analyser 

by clicking the ‘Send to economics’ button in the Economics tab.  

3.3.12. Specifying the cost parameters 

In this section the assumed prising data, assumptions for economic analysis, escalation 

parameters, and operating parameters were specified. 

Assumptions for economic analysis 

During economic analysis, some of the parameters were modified and some assumptions were 

made to match the real time industrial process. It is assumed that the plant was located in 

Europe and the currency was considered as US dollar ($). The data considered in Table 12: 

List of assumptions was constant for all the retrofits. 

Table 12: List of assumptions 

MATERIAL ASSUMPTION 

Tax rate 33% 

Cost index USD ($) 

Operating hours/ Year 8000 

Working capital 20% 

Interest rate 6% 

Life time of the plant 20 

Salvage value 5% 

Water 0.5 USD/ m
3
 

Steam 0.01 USD/ kg 

Depreciation method Straight line 
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It was assumed that the plant runs for 8000 hours/ year for 20 years and the Straight line 

method was selected for depreciation calculations. The salvage value was taken as 5%, the tax 

rate was considered as 33% and the working capital was considered as 20%.  



21 

 

FIGURE 5: Base case flow sheet from Aspen plus 
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3.4. Aspen process economic analyser 

The aspen process economic analyser was mainly used for the economic calculations of the 

plant. The main step in aspen process economic analyser was specifying the cost parameters. 

While specifying the input parameters, some important modifications and assumptions were 

made to bring practicality in the work. 

Escalation and operating parameters 

The considered escalation parameters are shown briefly in Table 13: Escalation parameters.  

Table 13: Escalation parameters 

Escalation parameters  Percent (%) 

Project capital escalation  5 

Products escalation 5 

Raw material escalation 3.5 

Operating and Maintenance Labour escalation 3 

Utilities escalation 3 

 

 The escalation parameters were not altered in any categories, the default parameters were 

considered for all the retrofits.  

Table 14: Operating cost parameters 

Operating Cost Parameters  Cost ($/hour) 

Operating Supplies 10 USD/ Hour 

Laboratory Charges 10 USD/ Hour 

Operating Charges 25% 

Plant Overhead 50% 

G and A Expenses 8% 

 

In the operating parameters, the operating and laboratory charges were assumed as 10 USD/ 

hours and the default parameters were maintained for remaining categories. 

Pricing data 

In the current work, it was assumed that ethanol is the main product and DDGS, CO2 are by-

products. The assumptions of products selling prices and cost of the raw material are shown 

in Table 15: Prices of raw materials and products. 

The price of enzymes gluco-amylase and alpha amylase enzymes were considered as 5.35 

USD / kg and 4.58 USD / kg, respectively. The buying price of the grain and water was 

considered as 0.3 USD/ kg and 0.001 USD/ litre, respectively. The selling price of the main 

product ethanol was assumed as 0.875 USD/ litre and the by-products CO2 and DDGS price 

was assumed as 0.088 USD/ litre and 0.37 USD/ litre, respectively (Table 15: Prices of raw 

materials and products). 
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Table 15: Prices of raw materials and products 

COMPOUND RATE PER HOUR RATE UNITS 

RAW MATERIALS   

Gluco amylase 5.35 USD/kg 

Alpha amylase 4.58 USD/kg 

Water 0.001 USD/l 

Grain 0.3 USD/kg 

PRODUCTS   

Ethanol 0.87 USD/l 

Co2 0.088 USD/kg 

DDGS 0.37 USD/kg 

 

After specifying all the necessary economic parameters, the Project evaluation was done. The 

sensitivity analysis was done on the evaluated base case economics file.  

3.5. Sensitivity analysis on base case 

With the help of aspen process economic analyser different sensitivity analysis tests were 

performed to check the effect of the raw material buying price and product selling prices. The 

sensitivity analysis deals about different cases such as: 

 Capacities sensitivity case, which deals with the different ethanol production 

capacities (from 10% capacity to 600% capacity). 

 Buying price of grain.  

 Selling price of products such as, ethanol and DDGS. 

3.5.1. Capacity sensitivity  

The capacity sensitivity analysis was done by altering the capacities of the current base case 

process. The economical behaviour of the ethanol plant can be understood by altering the 

capacities from possible lowest bound to possible upper bound. The capacity of the base case 

is 100% and the tests were done on 10%, 25%, 50%, 100% (base case), 200%, 300%, 400%, 

500% and 600%.  

3.5.2. Grain sensitivity  

The influence of the grain buying price on the plant economics was analysed in the grain 

sensitivity case. In grain sensitivity analysis, the upper bound and lower bound price of the 

grain was assumed to check the influence of grain cost on the plant economics.  

Table 16: Assumed buying price of the grain  

Cost Sensitivity case names USD/ton 

50 350 

100 400 

-50 250 

-100 200 

Base case 300 

In grain sensitivity analysis the buying cost of grain was assumed as 200 USD/ton, 250 

USD/ton, 350 USD/ton and 400 USD/ton (in base case the grain buying price was assumed as 

300 USD/ ton). The considered grain prices are shown in the Table 16: Assumed buying price 

of the grain. 
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3.5.3. Ethanol sensitivity  

The ethanol sensitivity case also deals with the possible upper and lower boundaries of the 

ethanol selling price. In the base case process, the ethanol price was assumed as 875 USD/ 

ton, in ethanol sensitivity the ethanol selling price was considered as shown in the Table 17: 

Assumed selling price of the ethanol.  

Table 17: Assumed selling price of the ethanol 

Cost Sensitivity case names USD/ton 

50 925 

100 975 

-50 825 

-100 775 

Base case 875 

 

3.5.4. DDGS sensitivity  

In the base case the cost of grain was considered as 370 USD/ton, whereas in the DDGS 

sensitivity the DDGS selling price was altered to examine its influence on the plant 

economics. The assumed DDGS selling prices were clearly shown in the Table 18: Assumed 

selling prices of the DDGS.  

Table 18: Assumed selling prices of the DDGS 

Cost Sensitivity case names USD/ton 

50 420 

100 470 

-50 320 

-100 270 

Base case 370 

 

The project was evaluated by considering the selling prices as shown in the Table 18: 

Assumed selling prices of the DDGS.   

After performing the sensitivity analysis on the base case economic analyser file, the 

alternative retrofitting analysis was done to test and develop the ethanol production process 

with better economics and new technologies. 

The three retrofitting analysis was developed on the base case to check the plant behaviour 

and to compare the economically beneficial process for ethanol production. They are as 

following:  

1. Retrofit 1: In the first retrofit, the modifications were performed on the distillation and 

dehydration processes 

2. Retrofit 2: The second retrofit is to check the impact of ethanol concentration on 

technical and economic aspects of the plant 

3. Retrofit 3: This retrofit is designed to produce the value added by-products (biogas).  
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3.6. Retrofit 1 

The first retrofit describes about making modifications in distillation and dehydration area. In 

the base case simulation, three distillation columns were used followed by two dehydrator 

columns to reach a final purity of 99.5 %. In this retrofit, the dehydrator columns were 

replaced by a fourth distillation column to check the difference in the ethanol purity and plant 

energy consumption.  

The input parameters of all the distillation columns are shown in Table 19: Parameters of 

Distillation Columns. 

Table 19: Parameters of Distillation Columns 

Column Dis.1 Dis.2 Dis.3 Dis.4 

Number of Tray 25 25 31 38 

Optimal Feed Tray  11 11 15 20 

Reflux Ratio 0.1 0.8 2 4 

Distillate to feed ratio (mass) 0.19 0.24 0.7 0.87 

Pressure (ATM) 0.3 0.7 2.6 2.6 

Purity of ethanol in distillate 55% 43% 83% 93% 

 

The distillate from the fourth distillation column was stored in the ethanol storage tanks and 

the stillage streams from the bottom of all the four distillation columns were sent to 

evaporation as in the base case process. The BFD flow sheet of the process is shown in 

FIGURE 6: BFD of first retrofit. 

FIGURE 6: BFD of first retrofit 
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3.7. Retrofit 2 

In this retrofit, the plant behaviour was examined by considering the two different ethanol 

tolerant strains. The concentration of ethanol obtained after the fermentation in the base 

simulation was 10 %. However, this concentration was increased to 17 % ethanol (Retrofit 

2A), as there are certain commercial strains of the baker’s yeast that can tolerate this 

concentration. On the other hand, a 4 % ethanol concentration strain (Retrofit 2B) was 

considered to check its effect on energy and economics of the plant. The different 

concentrations of ethanol reflects the amount of water usage in the process, thereby reducing 

or increasing the effect on the distillation column and the overall size of the equipment 

considered.  

The grain input for both the 2A and 2B cases are similar to the base case, which is 18.8 tons/ 

hour. The inputs of both the cases are shown in the Table 20: Inputs of the three cases. 

Table 20: Inputs of the three cases 

Mass Flow (t/h) 4% input 17% input Base case input 

Water 142.7 29.5 40.2 

Glucose 0.002 0.002 0.002 

Proteins 2.5 2.5 2.5 

NFDS 3.8 3.8 3.8 

Starch 11.1 11.1 11.1 

 

After performing the aspen simulation for 2A and 2B cases, the economic analysis was 

performed with the same assumptions as illustrated in the Specifying the cost parameters 

section. The results of the retrofit 2 are illustrated in the results section. 

3.8. Retrofit 3 

Currently in base case, the evaporators are used for the stillage to produce DDGS, and 

process water is recycled. However, in the developing countries, evaporation is often not 

used, as it is an energy-intensive process. The stillage contains leftover organics, and 

proteins, which can be used for the biogas production. Biogas is a combination of methane 

and carbon dioxide, formed due to the anaerobic digestion of organics (stillage). In this 

retrofit, the stillage was used to produce biogas, which can be used to produce steam for the 

process.  

As the stillage contains glucose and other sugars it can be used to produce biogas and 

fertilizer. The stillage was collected and cooled using a condenser, until 45
o
C. The cooled 

stillage was sent to the biogas reactor, where the glucose and other sugars were digested to 

produce biogas, CO2 and other components.  

In the aspen flow sheet, the Rstoic unit operation was assumed as the digester for producing 

biogas. The temperature and pressure is maintained at 45
o
C and 1 ATM, respectively, and the 

assumed reactions are shown in the Table 21: Assumed equations for biogas production. 

The equations used in the digestion are as following. 

Table 21: Assumed equations for biogas production 

S. No Reactants  Products  

1 PROTINS + 6 H2O  -->   6.5 CO2+6.5 CH4+3 NH3+H2S 

2 NFDS + H2O            -->   2.8 C2H4O2 

3 GLUCOSE               -->   3 CH4 + 3 CO2 

4 C2H4O2 + 0.022 NH3 --> 0.022 C5H7NO2 + 0.945 CH4+ 0.066 H2O+ 0.945 CO2 
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The produced biogas and CO2 were collected through the vent outlet and further used for the 

internal energy requirements. The leftover material from the digester was forwarded to 

decanter to separate the excess liquid from the solids. The decanter liquid outlet stream was 

sent to waste water treatment, whereas the solid cake from decanter solid outlet stream was 

sent to the drier to remove the excess moisture. The dried solids from the drier are sold as the 

fertilizer and the vapor from the drier vent outlet was forwarded to the waste water treatment 

system.  

In this retrofit, it was assumed that produced biogas was used for energy and heat supply 

requirements within the plant. The flow sheet of the third retrofit is shown in FIGURE 7: 

BFD of third retrofit. The results for the third retrofit are shown in the results section. 

FIGURE 7: BFD of third retrofit 
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Chapter 4                                                                                                                           

Results and Discussion 

The Aspen plus and Aspen process economic analyser was used for techno-economic 

calculations of the base case and all the retrofits developed on base case process. In this 

section the technical, economic and energy results are illustrated separately in their respective 

sections.  

4.1. Base case technical results 

The results obtained from the base case aspen plus file are discussed in this section. All the 

unit operations were mass and energy balanced based on the data obtained from Lantmännen 

Agroetanol AB, Sweden. The fermentor to produce the ethanol was modelled based on the 

NREL model.  

From the results, it was concluded that the crushed grain size was reduced to less than 50 

millimetre. The content from crusher outlet stream has 66 % starch, 12 % proteins, and 22 % 

others. The pre-treated material from the liquefaction reactor was fermented in the 

fermentation reactor, where the yeast converted the starch into 5.37t/h ethanol, 5.13t/h CO2 

and the remaining components of the fermenter outlet stream are shown in the Table 22: 

Fermenter outlet stream.  

Table 22: Fermenter outlet stream 

Mass Flow (t/h)  Outlet 

Water   40.52 

Glucose   - 

Proteins   2.25 

NFDS  3.95 

Ethanol  5.37 

CO2  5.13 

Glucose bases  1.58 

 

The fermentation and pre-treatment (Liquefaction and crushing) process consumed 0.7 

GW/year and 5.5 GW/year, respectively (Table 24: Energy consumption for base case). The 

mash from the fermenter outlet was sent for the distillation process; where 5.37t/h ethanol 

and 0.53t/h moisture was separated and forwarded to the dehydration columns for further 

purification. The stillage and distillation outlet of the distillate section is shown in Table 23: 

Outlet streams of distillation section.   

Table 23: Outlet streams of distillation section 

Mass Flow (t/h) Distillate outlet Stillage outlet 

Water 0.53 40.52 

Proteins - 2.25 

NFDS - 3.95 

Glucose bases - 1.58 

Ethanol 5.37 - 
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In dehydration process, the pure ethanol (5.37t/h) was separated and sent to the ethanol 

storage tanks. In the distillation column, the heat was transformed between the condensers in 

the third column, to the reboiler of the second column. This heat integration reduced the 

amount of energy consumption in the plant.  

Table 24: Energy consumption for base case 

Name Flowsheet 

name 

Heat 

(GWyear) 

QC 
a
 

(GWyear) 

QR 
b
 

(GWyear) 

Liquifaction-1 LI-RE-1 4.40 0 0 

Liquifaction-2 LI-RE-2 1.15 0 0 

Fermenter FERMENT 0.7 0 0 

Evaporater1 1E 1.05 0 0 

Evaporater2 2E 0.79 0 0 

Evaporater3 3E 0.47 0 0 

Evaporater4 4E 0.47 0 0 

Evaporater5 5E 1.08 0 0 

Dehydrater1 DH1 0.10 0 0 

Dehydrator DH2 0.03 0 0 

Dryer DRYER 1.66 0 0 

Distillation column DISTILL1 0 0.99 1.61 

Distillation 

column2 

DISTILL2 0 0.88 2.07 

Distillation 

column3 

DISTILL3 0 1.27 0.77 

a 
heat duty in distillation column, 

 b 
re-boiler heat duty in distillation 

 

However, about 40 % (7.7 GW/year) of the total energy consumption of the plant was 

consumed for the downstream processing of the ethanol. The aspen energy analyser 

calculated the base case energy consumption as 19.6 GW/year. When compared to the overall 

energy consumption of all retrofits, the retrofit 2A (17%) and the retrofit 3 were showing the 

minimum energy consumption. 

. 
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Graph 1: Overall energy consumption of the plant for different retrofits 

 
 

The third retrofit was consuming least energy due to the reuse of the energy produced 

production from biogas. The results show that, the retrofit 2A is consuming 44% more energy 

than the base case process, which shows the influence of the unit operation sizing in the 

industrial processes.     

4.2. Base case economic results 

The aspen economic analyser is used for predicting the economics of the simulated base case 

retrofit.  

The annual ethanol and DDGS production is equivalent to 41,980 and 61,600 tons, 

respectively. The economic analyser calculated the project capital cost as 68.8 million USD/ 

year, the raw materials and the product sales is calculated as 46.2 million USD/ year and 

63.08 million USD/ year, respectively. In Table 25: Investment for base case, the details of 

base case economics are shown.  

Table 25: Investment for base case   

NAME Million USD/ YEAR 

Total Project Capital Cost 68.8 

Total Operating Cost 56.1 

Total Raw Materials Cost 46.2 

Total Utilities Cost 0.56 

Total Product Sales 63.08 

 

Among the 63.08 million USD product sales, the ethanol sales are equal to 36.52 million 

USD and the remaining are from by-products. Aspen economic analyser also calculated the 

Net Present Value (NPV) and Pay Back Period (PBP), which is predicted as 78.35 million 

USD and 13.19 years, respectively. The results suggest that it is not economically attractive 

to the fullest. It would be interesting to compare the proposed retrofits to the current existing 

base case process in the plant. 
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4.2.1. Capacities sensitivity 

The economics of all the capacities were calculated with the assumptions shown in Table 12: 

List of assumptions. The simulation was performed from the Capacity 10% to Capacity 

600%, the capacity 100% refers to the base case with grain processing capacity of 

150,400t/year. The capacity sensitivity analysis was carried out to a grain processing capacity 

between 15,040t/year (Capacity 10%) and 902,400t/year (Capacity 600%). The amount of the 

grain processed and ethanol produced in each capacity is clearly shown in Table 26: Capacity 

size. 

Table 26: Capacity size 

Capacity name Grain (tons/ year) Ethanol (tons/ year)  

10% 15,040 4198 

25% 37,600 10,495 

50% 75,200 20,990 

100% (Base case) 150,400 41,980 

200% 300,800 83,960 

300% 451,200 125,940 

400% 601,600 167,920 

500% 752,000 209,900 

600% 902,400 251,880 

 

The results suggest that reducing the plant capacity has adverse effects on the plant 

profitability and that reducing the capacity less than 75,200 tons/year, i.e., 25 % of the base 

case, is not profitable. Increasing the plant capacity had an overall positive effect on the 

economics; however, the PBP of the plant remains around 11 years Graph 2: NPV and PBP 

of capacity sensitivity. It could be that increasing the plant capacity also means a higher 

investment, which could not be recovered for at least 10 years with the current processing 

methods. For a plant processing 902,400 tons/ year, the NPV obtained after 20 years was 641 

million USD, while the capital investment was 258 million USD. In Graph 2: NPV and PBP 

of capacity sensitivity, the NPV and PBP of all the capacities can be visualized. 

Graph 2: NPV and PBP of capacity sensitivity 
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On graph, the PBP is not shown for 10% (grain capacity of 15040t/year) and 25% (grain 

capacity of 37,600t/year) capacity because of the negative NPV. But, the payback period 

(PBP) is showing a slope trend from 50% to 600%.  

The cost of ethanol, grains, and DDGS are the important factors, which affect the profitability 

of the plant. A sensitivity analysis was carried out for different prices of raw materials and 

products, suggesting how the market fluctuation affects the economics of the plant. The NPV 

and PBP for different sensitivity analyses are carried out on the ethanol producing plant from 

the grains. The results of sensitivity analysis shows interesting facts that, compared to the 

selling price of ethanol and DDGS, the purchase price of the grains affects the economics of 

the plant adversely (Graph 3: NPV and PBP of grain sensitivity). The results suggest that, 

increasing the grain price from 300 USD/ton to 350 USD/ton lowers the NPV to less than ‘0,’ 

and the maximum price for the grains for the NPV to have a positive NPV was 349 USD/ton. 

Graph 3: NPV and PBP of grain sensitivity 

  
 

When the grain buying price was lowered to 200 USD/ ton, the payback period has 

drastically decreased to 7.3 years with high NPV 234 million USD (Graph 3: NPV and PBP 

of grain sensitivity).  

Although decreasing prices of ethanol and DDGS had a negative effect on the NPV, reducing 

the product cost to less than 100 USD/ton, respectively, for ethanol and DDGS from the base 

case, still had a positive NPV.  
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Graph 4: NPV and PBP for DDGS sensitivity 

 
 

For DDGS sensitivity, the NPV was still at 12 million USD when the DDGS selling price 

was reduced from 370 USD/ton to 270 USD/ton. The minimum cost of DDGS to be sold for 

a zero NPV was calculated as 250 USD/ton. Between  the DDGS and ethanol sensitivity’s, 

the results suggest that increasing the product cost to more than 100 USD/ton shows higher 

NPV in DDGS sensitivity than in ethanol sensitivity (Graph 4: NPV and PBP for DDGS 

sensitivity).  

Graph 5: NPV and PBP for ethanol sensitivity 

 
 

The ethanol selling price in the base case was 875 USD/ ton, whereas the minimum cost of 

ethanol to be sold for a zero NPV has been calculated as 702 USD/ton. A 59 % increase in 

the NPV could be obtained by increasing the ethanol price from the base case by 100 

USD/ton. When compared the both cases of DDGS and Ethanol sensitivity, the results 
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suggest that the DDGS selling price has much influence on the plant economics than the main 

product ethanol selling price. 

4.3. Results for different retrofitting analysis 

In the current section the results of the different retrofitting analysis are discussed. The base 

case retrofit is compared to different retrofits such as removal of the dehydrator column to the 

distillation column, different ethanol-tolerant yeast strains, and utilization of biogas to steam 

instead of producing DDGS. 

The Graph 6: Economic results for different retrofitting analysis shows the different 

economic parameters for the retrofits considered in this study.  

The first retrofitting analysis is similar to ethanol production process used in 

olden days, where they produced low grade ethanol (for instance 93% pure). For this purpose, 

one retrofit scenario was to consider replacing the dehydrator with a distillation column. 

Compared to the base case, adding a distillation column instead of a dehydrator is a 30 % 

capital-intensive process. The ethanol selling price was considered as 775 USD/ton as the 

purity of the ethanol is lower, which resulted in a lower NPV of 30 million USD, compared 

to base case NPV (Graph 6: Economic results for different retrofitting analysis).   

Graph 6: Economic results for different retrofitting analysis 

 
 

The common yeast strain used today in ethanol production is baker’s yeast. 

However, there are certain other strains, which can produce ethanol at higher or lower 

concentrations. Two different strains with different ethanol concentration producing ability 

were considered in the second retrofitting analysis, i.e., 17 % (2A) and 4% (2B) to test the 

sizing and energy consumption of the plant. In principle, the water consumption of the 

process was altered, resulting in the varying sizes of the different unit operations in the 

process. For the 2B case, the size of the equipment was increased by 1.5 times compared to 

the base case, in terms of the direct cost for the equipment; however, a high yeast-tolerant 

strain (2A) could reduce the overall size by 10 %. Considering the energy consumption, the 

2B case consumes more than double the energy compared to that of the base case. The NPV 

for 2B case was 51 million USD, while for 2A case, the NPV was 60 % higher compared to 

the base case (Graph 6: Economic results for different retrofitting analysis).  
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Graph 7: Cash flow for all retrofitting analysis 

 
 

Currently, in the plant, the stillage is sent to produce the DDGS, which is used 

as an animal feed after evaporation and drying. From the base case, we could identify that the 

energy consumption for evaporation and drying of the stillage was 5.5GW h/year. This is an 

energy-intensive process, and in retrofit scenario 3, we evaluated the outcome if an anaerobic 

digester was used instead to produce heat, which can be utilized in the process. The results 

suggest that using the heat for the process is economically more attractive compared to the 

current base case process. In this study, the energy consumption has decreased by 7.4GWh/ 

year, compared to the base case, which could be due to the processing of the stillage for 

evaporation and drying to produce the DDGS. As the by-product DDGS was not produced in 

the third retrofit, when compared to the base case the total product sales went down by 8 

million USD/ year. 
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Chapter 5                                                                                                               

Conclusion  

This retrofitting analysis of first generation ethanol production was modeled using Aspen 

Plus, and it was analyzed based on techno-economic perspectives. The techno economical 

study explored the technical, energy and economics of the plant with possible retrofits. In this 

study, sensitivity analysis and retrofitting analysis were performed on base case process to 

explore the best possible ethanol production process.  

The results of sensitivity analysis suggest that the selling price of ethanol and DDGS can be 

reduced until 703 USD/ ton and 249 USD/ ton from 875 USD/ ton and 370 USD/ ton 

respectively, where the NPV is close to zero. The results of sensitivity analysis also revealed 

that the buying price of the grain has very high influence on the economics of the plant 

compared to the selling price of the products. The capacity sensitivity results showed gradual 

increase in the NPV with the increase in the capacity of the plant, at the same time it also 

reminded the higher investments with the increase in the capacity of the plant. But, the PBP 

of the high capacity processes (200%, 400%, and 600%) is almost the same, i.e., around 11 

years.    

The energy calculations of all the retrofits suggested that the biogas producing retrofit 

consumes very less energy (12.14 GWyear) than remaining retrofits, but the NPV (76 million 

USD) of biogas retrofit was less than the base case NPV (78 million USD) due to the loss of 

valuable by-product DDGS. The comparison of economic results from all the retrofits has 

recommended that, the second retrofit with high ethanol tolerant (2A retrofit) strains needs 

lower investment than all the retrofits including base case, which suggest the importance of 

the sizing in the industrial process. From the results it can be concluded that the pattern of the 

NPV from highest to lowest is as following: Base case> Retrofit 2 (2A) > Retrofit 2 (2B) > 

Retrofit 3 > Retrofit 1. The PBP pattern from highest to lowest is as following Retrofit 1 > 

Retrofit 2 (2B) > Retrofit 3 > Base case > Retrofit 2 (2A).   

Finally from all the results it can be concluded that, the grain buying price is an important 

factor of plant economics and the third retrofit can be considered as the best ethanol 

producing process, if the other valuable by-products are produced along with the biogas.    
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Chapter 6                                                                                                                               

Future work 

There are several interesting suggestions for future studies on this simulation work. The 

future work includes the simulation of integration of the first and second generation ethanol 

production process via fungi. Through integration of second generation process, different 

retrofits can be developed using alternative feedstocks for ethanol production. Along with the 

different feed socks, the appropriate pre-treatment process such as Acid pre-treatment, 

Alkaline pre-treatment and various other pre-treatment processes could also be studied.  
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Appendix 1 

Equipment cost for base case 

Component 

Name 

Component 

Type 

Total Direct 

Cost 

Equipment 

Cost 

Equipment 

Weight 

Installed 

Weight 

1E-flash vessel 

EE  STAND 

HOR  110100 52100 0 392 

2E-flash vessel 

EE  STAND 

HOR  110100 52100 0 392 

3E-flash vessel 

EE  STAND 

HOR  110100 52100 0 392 

4E-flash vessel 

EE  STAND 

HOR  110100 52100 0 392 

5E-flash vessel 

EE  STAND 

HOR  110100 52100 0 392 

CO2-TNK 

DHT HORIZ 

DRUM 86500 13800 1200 3833 

CRUSHER 

ECR S ROLL 

LT  79600 66500 5700 7001 

D-MIX C              0 0 0 0 

D-SP-1 C              0 0 0 0 

DD-TNK 

DHT HORIZ 

DRUM 93500 13800 1200 5142 

DECANTER 

ECT ATM 

SUSPEN 99000 76600 0 935 

DH-1-MX C              0 0 0 0 

DH1 DTW TOWER      288200 59000 7400 25116 

DH2 DTW TOWER      395500 89100 12800 38167 

DH2-SP C              0 0 0 0 

DISTILL1-

bottoms split C              0 0 0 0 

DISTILL1-cond 

DHE TEMA 

EXCH  205300 74900 8400 24608 

DISTILL1-cond 

acc 

DHT HORIZ 

DRUM 206300 53200 9700 19600 

DISTILL1-

overhead split C              0 0 0 0 

DISTILL1-reb DRB U TUBE     140400 51700 6700 14082 

DISTILL1-reflux 

pump DCP CENTRIF    43600 36400 0 1950 

DISTILL1-tower DTW TRAYED     1,05E+07 6,33E+06 1,56E+06 1,98E+06 

DISTILL2-

bottoms split C              0 0 0 0 

DISTILL2-cond 

DHE TEMA 

EXCH  191300 61700 6700 22787 

DISTILL2-cond 

acc 

DHT HORIZ 

DRUM 218900 50100 8700 21810 

DISTILL2-

overhead split C              0 0 0 0 

DISTILL2-reb DRB U TUBE     251800 121100 19400 32810 

DISTILL2-reflux 

pump DCP CENTRIF    42300 35200 0 1934 

DISTILL2-tower DTW TRAYED     9,90E+06 5,98E+06 1,40E+06 1,79E+06 

DISTILL3-

bottoms split C              0 0 0 0 

DISTILL3-cond 

DHE TEMA 

EXCH  180100 51100 6000 21996 

DISTILL3-cond 

acc 

DHT HORIZ 

DRUM 336900 87300 17800 42160 
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DISTILL3-

overhead split C              0 0 0 0 

DISTILL3-reb DRB U TUBE     164800 68400 8900 17109 

DISTILL3-reflux 

pump DCP CENTRIF    142200 130600 0 3452 

DISTILL3-tower DTW TRAYED     8,75E+06 5,03E+06 1,23E+06 1,61E+06 

DRYER-flash 

vessel 

ED  ATMOS 

TRAY 31100 19300 0 116 

DWT 

DHT HORIZ 

DRUM 68700 11000 740 3240 

ET-TNK 

DHT HORIZ 

DRUM 93100 13800 1200 5059 

FE-COOL 

DHE TEMA 

EXCH  132400 29200 3100 15274 

FERMENT 

DAT 

REACTOR    277600 128500 8300 16429 

G-MIX 

DHT HORIZ 

DRUM 120200 19700 1800 7431 

GR-TNK 

DHT HORIZ 

DRUM 99600 14000 1200 4374 

LI-RE-1 

DAT 

REACTOR    270600 123300 7000 14859 

LI-RE-2 

DAT 

REACTOR    278900 129000 8500 16820 

MI-1 C              0 0 0 0 

MIXER1 C              0 0 0 0 

MIXER3 C              0 0 0 0 

PWT C              0 0 0 0 

STLTNK-1 

DHT HORIZ 

DRUM 120200 19700 1800 7431 

STLTNK-2 

DHT HORIZ 

DRUM 68700 11000 740 3240 

STLTNK-3 C              0 0 0 0 

WW-MX C              0 0 0 0 

pump 1 DCP ANSI       130000 22500 990 6999 

01-sep 

DVT 

CYLINDER   138300 24800 2500 8853 
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Cash flow for base case 

ITEM UNITS   

TW  (Number of Weeks per Period) Weeks/period 52 

T  (Number of Periods for Analysis) Period 20 

DTEPC  (Duration of EPC Phase) Period 1,61538 

DT  (Duration of EPC Phase and Startup) Period 2 

WORKP  (Working Capital Percentage) Percent/period 20 

OPCHG  (Operating Charges) Percent/period 0,001282 

PLANTOVH  (Plant Overhead) Percent/period 50 

CAPT  (Total Project Cost) Cost 6,89E+07 

RAWT  (Total Raw Material Cost) Cost/period 4,62E+07 

PRODT  (Total Product Sales) Cost/period 6,31E+07 

OPMT  (Total Operating Labor and Maintenance Cost) Cost/period 3,50E+06 

UTILT  (Total Utilities Cost) Cost/period 560792 

ROR  (Desired Rate of Return/Interest Rate) Percent/period 6 

AF  (ROR Annuity Factor) 16,6667 

TAXR  (Tax Rate) Percent/period 33 

IF  (ROR Interest Factor) 1,06 

ECONLIFE  (Economic Life of Project) Period 20 

SALVAL  (Salvage Value (Percent of Initial Capital Cost)) Percent 5 

DEPMETH  (Depreciation Method) 

Straight 

Line 

DEPMETHN  (Depreciation Method Id) 1 

ESCAP  (Project Capital Escalation) Percent/period 5 

ESPROD  (Products Escalation) Percent/period 5 

ESRAW  (Raw Material Escalation) Percent/period 3,5 

ESLAB  (Operating and Maintenance Labor Escalation) Percent/period 3 

ESUT  (Utilities Escalation) Percent/period 3 

START  (Start Period for Plant Startup) Period 2 

PODE  (Desired Pay-out Period (excluding EPC and Startup Phases)) Period 

 POD  (Desired Payout Period) Period 

 DESRET  (Desired Return on Project for Sales Forecasting) Percent/Period 10,5 

END  (End Period for Economic Life of Project) Period 21 

GA  (G and A Expenses) Percent/Period 8 

DTEP  (Duration of EP Phase before Start of Construction) Period 0,730769 

OP  (Total Operating Labor Cost) Cost/period 1,56E+06 

MT  (Total Maintenance Cost) Cost/period 1,94E+06 
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Appendix 2 

Energy consumption of retrofit 2 

NAME 

FLOWSHEET 

NAME 

HEAT 

(GWYear) 

QC 

(GWYear) 

QR 

(GWYear) 

LIQUIFACTION-1 LI-RE-1 4.25177 0 0 

LIQUIFACTION-2 LI-RE-2 1.14495 0 0 

COOLER1 FE-COOL 0.66763 0 0 

FERMENTER FERMENT 0.04038 0 0 

EVAPORATER1 1E 0.91893 0 0 

EVAPORATER2 2E 0.73476 0 0 

EVAPORATER3 3E 0.432 0 0 

EVAPORATER4 4E 0.43596 0 0 

EVAPORATER5 5E 0.99926 0 0 

DRYER DRYER 1.51228 0 0 

DISTILLATION 

COLUMN DISTILL1 0 0.05471 0.62035 

DISTILLATION 

COLUMN2 DISTILL2 0 0.84603 2.17709 

DISTILLATION 

COLUMN3 DISTILL3 0 1.6027 1.08193 

DISTILLATION 

COLUMN 4 DISTILL 4 0 1.97883 1.79279 

 

Energy consumption of retrofit 3 (4%) 

NAME 

FLOWSHEET 

NAME 

HEAT 

(GWYear) 

QC 

(GWYear) 

QR 

(GWYear) 

LIQUIFACTION-1 LI-RE-1 13.11 0 0 

LIQUIFACTION-2 LI-RE-2 2.21 0 0 

COOLER1 FE-COOL 2.24 0 0 

FERMENTER FERMENT 0.02 0 0 

EVAPORATER1 1E 3.34 0 0 

EVAPORATER2 2E 2.54 0 0 

EVAPORATER3 3E 1.49 0 0 

EVAPORATER4 4E 1.50 0 0 

EVAPORATER5 5E 3.46 0 0 

DRYER DRYER 0.52 0 0 

DEHYDRATION 1 DH1 0.37 0 0 

DEHYDRATION 2 DH2 0.04 0 0 

DISTILLATION 

COLUMN DISTILL1 0 1.65 3.05 

DISTILLATION 

COLUMN2 DISTILL2 0 1.60 4.66 

DISTILLATION 

COLUMN3 DISTILL3 0 1.70 0.23 
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Energy consumption for retrofit 3 (17%) 

NAME 

FLOWSHEET 

NAME 

HEAT 

(GWYear) 

QC 

(GWYear) 

QR 

(GWYear) 

LIQUIFACTION-1 LI-RE-1 2.54 0 0 

LIQUIFACTION-2 LI-RE-2 1 0 0 

COOLER1 FE-COOL 0.47 0 0 

FERMENTER FERMENT 0.04 0 0 

EVAPORATER1 1E 0.71 0 0 

EVAPORATER2 2E 0.53 0 0 

EVAPORATER3 3E 0.31 0 0 

EVAPORATER4 4E 0.31 0 0 

EVAPORATER5 5E 0.72 0 0 

DRYER DRYER 1.10 0 0 

DEHYDRATION 1 DH1 0.21 0 0 

DEHYDRATION 2 DH2 0.03 0 0 

DISTILLATION 

COLUMN DISTILL1 0 0.66 1.05 

DISTILLATION 

COLUMN2 DISTILL2 0 0.52 1.25 

DISTILLATION 

COLUMN3 DISTILL3 0 1.24 1.12 

 

Energy consumption of retrofit 4 

NAME 

FLOWSHEET 

NAME 

HEAT 

(GWYear) 

QC 

(GWYear) 

QR 

(GWYear) 

LIQUIFACTION-1 LI-RE-1 0.62 0 0 

LIQUIFACTION-2 LI-RE-2 1.16 0 0 

COOLER1 FE-COOL 0.72 0 0 

COOLER2 COLER-2 0.67 0 0 

FERMENTER-1 FERMENT 0.04 0 0 

DIGESTER RE2 1.68 0 0 

DRYER DRYER 0.02 0 0 

DECANTER DECANTER 0.004 0 0 

SEPERATER SP-2 0.057 0 0 

DEHYDRATER 1 DH1 0.13 0 0 

DEHYDRATER 2 DH2 0.03 0 0 

DISTILLATION 

COLUMN DISTILL1 0 1.01 1.64 

DISTILLATION 

COLUMN2 DISTILL2 0 0.30 2.11 

DISTILLATION 

COLUMN3 DISTILL3 0 1.24 0.71 

 

 


