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ABSTRACT 
 
 

Excessive water usage and CO2 emissions resulting from industrial systems and processes have 

significantly raised environmental concerns. The primary sources of CO2 emissions are production and 

transportation, while the biofuel industry itself consumes a considerable amount of water in the U.S. In 

this paper, a mixed-integer linear programming (MILP) capacitated lot-sizing model for analyzing the 

economic and environmental feasibility of ethanol production using multiple biomass sources is 

developed. The model minimizes the cost of ethanol production while considering its possible adverse 

environmental impacts such as CO2 emissions and excessive water usage during ethanol production. The 

overall cost of ethanol production includes production, setup, and inventory holding costs with penalties 

for environmental impacts, along with income from ethanol tax credits and electricity generated from 

waste heat. A sensitivity analysis is performed and results are analyzed in order to improve an 

understanding of the economic viability of ethanol production and associated environmental effects. 

Results show that switchgrass is the most profitable and preferred biomass type when there is an 

unlimited supply of all biomass sources, while wheat and corn become more preferable in the case of a 

limited biomass supply.  Compared to low- and medium-demand cases, when there is high demand, total 

costs increase significantly due to multiple production setup costs, excessive water usage, and CO2 

emissions under limited biomass supply. The solution of the proposed model also indicates that if 

ongoing technology investments in the conversion rate succeed, the total cost of ethanol production can 

decrease by 21 percent. Finally, results show that the proposed MILP model provides valuable insights 

and strategies for future investors, decision-makers, and the government on both economic and 

environmental impacts of biofuel production using various biomass types. 
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CHAPTER 1 

INTRODUCTION 

Increased consumption of fossil fuels and high greenhouse gas emissions have necessitated the 

utilization of environment-friendly energy sources. Biofuel, one of the most efficient renewable energy 

sources (European Renewable Energy Council, 2008), can reduce some undesirable effects of fossil fuels, 

such as excessive CO2 emissions and dependence on unstable foreign supplies (United States 

Environmental Protection Agency, 2014). In 2010, worldwide biofuel production reached 28 billion 

gallons and took a 17 percent share among all other fuels produced (Worldwatch Institute, 2013). 

Currently, biofuel production is dominated by food crops, including corn, wheat, soybeans, and 

sugarcane. However, to avoid possible undesirable impacts on the safety of food resources and prevent 

excessive CO2 emissions, researchers have focused on developing alternative biofuel sources, called 

cellulosic biomass (Akgul et al., 2012). Non-food biomass sources such as bio-waste and grasses are used 

to derive cellulosic biomass. These sources have less impact on food supplies and lead to fewer CO2 

emissions (Shalaby, 2013). 

Although biofuel is one of the cleanest sources of energy, its economic viability is a major 

concern (Gonela & Zhang, 2014). In order to assess the economic feasibility of biofuel production, related 

costs must be taken into account. In particular, ethanol production has two main production costs: fixed 

and variable (Bain, 2007). Furthermore, costs associated with holding ethanol inventory to meet future 

demand should also be considered. 

In addition to the economic cost of biofuels, related environmental impacts should also be taken 

into consideration in order to ensure the sustainability of biofuel production. For example, leaving a 

carbon footprint is a major concern in ethanol production, as is the case for any other industrial and 

manufacturing processes. Čuček et al. (2012) note that biomass energy releases a lower carbon footprint 

compared to fossil fuels.  On the other hand, Hammond and Seth (2013) find that the carbon footprint is 

high for first-generation (food-based) biofuels, while the use of second-generation (cellulosic) biofuels 
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could contribute significantly to reducing the carbon footprint. In the optimization model in this thesis, a 

carbon cap is imposed and penalty costs regarding excessive carbon emissions are considered in order to 

reflect environmental costs associated with the carbon footprint. 

In addition to the carbon footprint of biofuel production, its water footprint is also a big concern. 

Čuček et al. (2012) define the water footprint as the total volume of direct and indirect fresh water used, 

consumed, and polluted. For example, a driven car would require 50 gallons of water per mile, 

considering the total amount of water needed for irrigation of the biomass and its subsequent processing 

into ethanol (Dominguez-Faus et al., 2009). The increasing demand for biofuels will adversely impact 

fresh water supplies further unless sustainable biofuel production policies are developed and 

implemented. Similar to the carbon footprint case, this study focuses on developing optimal biofuel 

production plans while imposing a cap on the amount of water consumed to produce biofuels during 

ethanol processing and a penalty for related excessive water consumption. 

In the literature, a significant number of studies focus on the ethanol supply chain and 

corresponding economic costs, while fewer studies focus on ethanol production planning and scheduling. 

Xie et al. (2014) propose a multi-stage mixed-integer linear programming (MILP) model to minimize the 

total cost of the biofuel supply chain, feedstock harvesting, and transportation. Marvin et al. (2012) 

propose an MILP model for optimizing the biomass-to-ethanol supply chain to determine optimal 

locations and capacities of biorefineries while considering harvesting and distribution of feedstocks. Da 

Silva et al. (2013) develop a multi-choice mixed-integer goal programming model for optimizing the 

production planning of an ethanol company. Their model considers traditional collection and process 

methodologies for the design of lots, representing the production cycle among sugar, alcohol, molasses, 

and derivatives. In another study, Corsano et al. (2013) present an MILP model for optimizing the design 

of an ethanol supply chain and production scheduling by considering raw material sites, production 

facilities, and end-users.  

 Apart from studies on economic evaluation, there are also a large number of ethanol supply chain 

optimization papers, including those on associated environmental impacts, but relatively few of them 
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focus on ethanol production planning optimization. Cobuloglu and Büyüktahtakιn (2014) provide a multi-

objective MILP for maximizing the revenue from harvested switchgrass biomass and its environmental 

benefits in the state of Kansas. They implement a sensitivity analysis for addressing uncertainty in the 

budget and productivity, and provide insights into the economic and environmental impacts of 

switchgrass production. Bernardi et al. (2012) present a model to address sustainable transportation 

systems in a biofuel supply chain while accounting for both environmental and economic variables. 

Corsano et al. (2011) propose a mixed-integer non-linear programming model for improving the 

efficiency of a sugar-based biofuel supply chain. They include residue recycling in their model in order to 

reduce the environmental impact caused by disposal during biofuel production. Huang et al. (2010) 

develop a multi-stage MILP model for planning a biofuel production supply chain system. They minimize 

the total cost of this system, from biowaste feedstock fields to end-users, while satisfying demand with 

limited resources. Gonela and Zhang (2014) focus on industrial symbiosis for evaluating concerns of the 

economical infeasibility of biofuel production. Their model collates separate ways of efficiently utilizing 

resources, reducing waste, and increasing profits. Tan et al. (2009) presents a fuzzy multi-objective 

modeling approach to determine an optimal bioenergy system configuration based on three footprint 

metrics: land use, water, and carbon. Their model is implemented to analyze different scenarios for 

integrated production of biodiesel, biofuel, and electricity. Ren et al. (2013) develop a model for 

designing the most sustainable biofuel supply chain by minimizing the total ecological footprint while 

considering the possibility of multiple feedstocks, transportation modes, alternative technologies, 

transportation patterns, and waste disposal methods.  

MILP approaches have been widely used for modeling and solving production planning 

problems.  For example, Hartman et al. (2010) propose new integer programming-based algorithms for 

the capacitated lot-sizing problem by generating valid inequalities via dynamic programming.  On the 

other hand, a few studies focus on the environmental impacts of the general production and inventory 

planning processes.  Benjaafar et al. (2013) demonstrate how CO2 emission concerns can be incorporated 

into an MILP model that includes production, procurement, and inventory-management decisions. They 
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provide insight into the impact of operational decisions and different regulatory policies on CO2 

emissions and evaluate the benefits of investing in CO2-efficient technologies. Absi et al. (2013) 

introduce new environmental constraints, which limit the CO2 emissions of each unit of product into a 

single-item uncapacitated lot-sizing problem. On the other hand, Dai (2012) implements CO2 emission 

constraints and a carbon tax into a lot-sizing model and solves the corresponding model using Lagrangian 

relaxation techniques. Similar to Dai (2012), in this thesis study, a strict CO2 emissions cap is imposed in 

the lot-sizing model and its impact on operational decision making is evaluated. Helmrich et al. (2011) 

restrict costs related to CO2 emissions released during production, inventory, and setup by defining an 

emission constraint, and show that the lot-sizing problem with an emission constraint is NP-hard. 

Previous work has concentrated on biofuel production supply chains without analyzing the 

ethanol production lot sizes from various biomass sources along with corresponding economic costs and 

environmental impacts. Furthermore, a general multi-source capacitated lot-sizing model with CO2 

emissions and water-usage constraints and associated penalties has not been encountered in the literature. 

The study here closes this gap by providing an MILP production planning model that minimizes both 

variable and fixed production costs as well as biomass purchasing and inventory holding costs of ethanol 

production while taking into account its environmental impacts, such as carbon and water footprints.   

 This study provides the following contributions to the literature. To the best of our knowledge, 

this is the first paper presenting an MILP capacitated lot-sizing model with CO2 emissions and water 

usage constraints that is applied to biofuel production. The proposed model determines the best ethanol 

production scenario among various biomass types in order to minimize total ethanol production, 

inventory holding, and biomass purchase costs. This model also penalizes excessive water usage and CO2 

emissions in the objective function. In addition, it evaluates earnings from electricity produced from 

waste heat of biofuel production, while taking into consideration government incentive rewards, such as 

tax credits provided to ethanol manufacturers, in order to better understand their impact on biofuel 

production decisions. Furthermore, the model contributes to the literature by determining the best 

economically and environmentally feasible biomass sources for biofuel production under various 
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conditions. A compact case study data regarding ethanol production cost, environmental impacts, and 

parameters from various biomass sources is also presented. This data set could be utilized by other 

researchers as well as managers. Finally, results of the conducted case study show that the proposed 

MILP model provides valuable insights and strategies for future investors, decision-makers, and the 

government on the cost of biofuel production using various biomass types. 

The remainder of paper is organized as follows. The problem statement is provided in Chapter 2, 

while the mathematical model is described in detail in Chapter 3. Case study data and input parameters 

and their values are presented in Chapter 4. All computational results and analyses are given in Chapter 5. 

Finally, concluding remarks with future directions are provided in Chapter 6. 
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CHAPTER 2 

PROBLEM STATEMENT 

Biofuel production in an ethanol plant requires a number of consecutive decisions such as 

biomass source selection, amount of biomass to be purchased, amount of ethanol to be produced from the 

available biomass, and amount of ethanol stored while satisfying the demand for ethanol. Various factors 

impact an optimal ethanol production plan. For example, the type of biomass selected for ethanol 

production impacts the production cost and ethanol yield. Although a certain biomass type might have a 

high biofuel yield or low purchase cost, the penalty cost associated with CO2 emissions and water usage 

can be high. Since biofuel production contains some conflicting trade-offs, as stated above, it is a 

complex decision-making process by nature and requires adequate assessments and analyses to gain 

further understanding of the economic and environmental impacts of biofuel production and to ensure its 

sustainability. Therefore, an optimization model should be developed for biofuel production planning in 

order to meet economic targets while not harming the environment. 

The aim of this study is to introduce an optimization framework for biofuel production by taking 

into account different sustainability issues such as CO2 emissions and water usage. The model introduced 

in this paper adopts a capacitated lot-sizing approach in which the amount of production capacity and 

available biomass feedstock are limited. The model considers first- and second-generation biomass 

feedstocks that would be used for ethanol production. The total biofuel production cost is minimized in 

this model while determining the optimal design of a biofuel production system based on the following: 

 Amount of biomass purchased from each biomass type in each period. 

 Amount of biofuel produced from each biomass type in each period. 

 Amount of biofuel inventory held in each period. 

 CO2 emissions released and total water used during biofuel production in each period. 

 Penalty and incentive amounts for CO2 emissions of biofuel production.  
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CHAPTER 3 

MATHEMATICAL MODEL 

 An MILP model is formulated for minimizing the total cost of ethanol production as well as its 

negative environmental impacts. The optimal levels for various decisions regarding production volumes, 

biomass preferences, budget allocation to various cost elements, and inventory held are determined by 

solving the MILP model. A detailed explanation of the objective function and constraints of the proposed 

model are given in the following sections. 

3.1 Objective Function 

The objective function of the MILP model includes production costs, setup costs, and biomass 

purchasing costs minus a tax credit for each gallon of ethanol produced and income from electricity 

production, as well as inventory holding costs, a CO2 tax penalty for the excessive amount of CO2 

emissions released, and a penalty for excessive water usage during production, given as  

                           
 
   –                               

 
   ) (1) 

3.2 Production and Capacity Constraints  

  Constraint (2) ensures that the amount of ethanol produced from biomass type i in period t is 

equal to the amount of biomass used from biomass type i, Mit , multiplied by the conversion factor in 

period t, and is defined as 

 Xit   ei Mit          ∀ i,t (2) 

 Constraint (3) implies that the amount of biomass used from biomass type i in period t cannot 

exceed the available biomass amount for purchase from biomass type i in period t: 

                   ∀ i,t  (3) 

 Constraint (4) is the inventory balance constraint, which ensures that the sum of total ethanol 

production in period t and ending inventory in period t–1 is equal to the sum of demand and inventory in 

period t:  

     
 
                        ∀ t (4) 
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 Constraint (5) limits the total production amount to the minimum of the capacity of the facility at 

time period t or the total demand in future periods as  

                
 
     

             ∀ t (5) 

 Constraint (6) ensures that the binary setup variable,    , is 1 whenever     is positive: 

                     ∀ i,t (6) 

3.3  Environmental Constraints 

 Constraint (7) defines the cap for CO2 emissions that occur during the ethanol production step as  

          
 
     +            ∀ t (7) 

Note that    defines CO2 emissions exceeding the predefined emission cap in period t and is penalized in 

the objective function (1). 

Constraint (8) ensures that water consumed during the production of ethanol cannot exceed water 

cap   . Similar to the CO2 emissions case, the exceeding amount, St, is penalized in the objective function 

(1). The water emission constraint is given as 

         
 
       +             ∀ t (8) 

3.4 Bounds on Variables 

Constraints (9), (10), and (11) are bounds and integer restrictions on the variables: 

                          ∀ i,t (9) 

       Ut      St             ∀ t (10) 

                    ∀ i,t (11) 
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CHAPTER 4 

CASE STUDY DATA AND INPUT PARAMETERS 

 This section presents data gathered from several resources for defining the case study and solving 

the model. Since different biomass types are available, for some parameters, various available sources are 

taken into consideration, in order to compile and calculate the model data.  

4.1 Production Cost 

 Production cost includes both variable and fixed production costs, which are presented in the 

following two subsections. 

4.1.1 Variable Production Cost 

 Data regarding the variable cost of producing ethanol from various biomass sources are presented 

in Table 1 (Bain, 2007). The variable production cost includes the cost of several components—catalysts, 

chemicals, electricity, natural gas, water, and utilities—depending on the amount of ethanol produced and 

the type of biomass used. The main factor leading to different ethanol production costs from different 

biomass types is the amount of energy and chemicals required to initiate fermentation. 

TABLE 1 

VARIABLE AND FIXED PRODUCTION COST DATA 

Biomass Source 
Variable  

Production Cost 

($/Gallon ethanol) 

Fixed  

Production Cost 

($) 
Switchgrass 0.23 480,769 

Sugarcane 0.27 96,154 

Corn 0.33 134,615 

Wheat 0.33 134,615 
 

4.1.2 Fixed Production Cost 

 The fixed cost in ethanol production includes labor, maintenance, general overhead, direct 

overhead, and insurance. The fixed cost is charged when the ethanol production is initiated using a 
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different biomass type in a given production period. Table 1 shows data regarding the fixed cost of 

producing ethanol from each biomass type at a plant with production capacity of 50M gallons a year 

(Bain, 2007). The fixed cost per gallon of ethanol for each biomass type is multiplied by the total amount 

of production capacity for a single period, which is 2.08M gallons, in order to find a one-time fixed cost 

in a period of two weeks. 

4.2 Inventory Holding Cost 

 The inventory holding cost represents the cost of ethanol inventory held in each period. The 

approximate inventory holding cost is $0.084 per gallon of ethanol (McAloon et al., 2000). 

4.3 Feedstock Purchasing Cost 

 The purchasing cost of each biomass type is given in Table 2. The purchasing costs of corn and 

wheat are relatively high because of their use in food production. 

4.4 Feedstock Conversion Factors 

 The conversion factor is one of the most critical parameters since it defines the rate of ethanol 

conversion from the biomass source. Table 2 presents the feedstock purchasing costs and gallons of 

ethanol produced from a ton of each biomass type.  

TABLE 2 

FEEDSTOCK PURCHASING COST AND BIOFUEL CONVERSION FACTORS 

Biomass 

Resource 

Feedstock Purchasing Cost Biofuel Conversion Factors 
Value 

($/ton) 
Resource 

Value 

(gallons/ton) 
Resource 

Switchgrass 65 University of Kentucky, 
2013 90 Schmer, 2008  

Sugarcane 29 Bain, 2007 19.5 United States Department  
of Agriculture, 2006 

Corn 107 Bain, 2007 98.21 United States Department  
of Agriculture, 2006 

Wheat 113 Bain, 2007 103.7 United States Department  
of Agriculture, 2006 
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4.5 Electricity Production  

 Electricity is produced in biofuel plants by using a waste-heat boiler that generates steam from an 

oxidizer. Furthermore, any excess electricity is sold to the local power grid (United States Environmental 

Protection Agency, 2007). Electricity production for each gallon is credited by $0.111 (McAloon et al., 

2000). 

4.6 Water Usage  

 The model also tracks the amount of water consumed during ethanol production and penalizes its 

excessive usage. Table 3 shows the amount of water required to produce a gallon of ethanol for each 

considered biomass source.  

TABLE 3 

WATER USAGE AND CO2 EMISSIONS RELEASED 

Biomass 

Resource 

Water Usage CO2 Emissions 

Value 

(gallon/gallon 

ethanol) 

Resource 

Value 

(kg/gallon 

ethanol) 

Resource 

Switchgrass 5.4 Aden, 2007 0.434 Levelton Engineering Ltd., 
2000  

Sugarcane 5.4 Goldemberg et al., 
2008  0.1520 

California Environmental 
Protection Agency Air 
Resources Board, 2009 

Corn 3 Aden, 2007 2.370 Levelton Engineering Ltd., 
2000 

Wheat 1.58 Saunders et al., 2011  0.5070 Levelton Engineering Ltd., 
2000 

 

4.7 CO2 Emissions 

 CO2 emissions include process emissions, combustion emissions, fugitive emissions, and 

chemical life-cycle emissions.  CO2 emissions (kg) per million British thermal units (BTUs) for all 

biomass sources are obtained from sources listed in Table 3. For switchgrass, this is 5.73 kg, for 

sugarcane 2.02 kg, for corn 31.32 kg, and for wheat 6.70 kg of CO2 per million BTUs. It is stated that 

13.21 gallons ethanol produces one million BTUs (United States Department of Energy, 2012). 
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Therefore, CO2 emissions (kg) per gallon of ethanol from each biomass source shown in Table 3 are 

found by dividing the CO2 per million BTU value by 13.21. 

4.8 CO2 Tax Penalty and Tax Credit 

 A CO2 tax penalty is a tax imposed on CO2 and other possible greenhouse gas emissions during 

ethanol production. Currently, there is no CO2 tax penalty for excessive CO2 emissions in the United 

States. The CO2 tax penalty in the model is chosen as $20 per ton of CO2 released, which is similar to a 

case study by the National Association of Manufacturers (2009). The U.S. government is offering a tax 

credit of $0.45 per gallon of ethanol produced (Maley, 2012). This tax credit is implemented in the model 

by rewarding each gallon of ethanol produced from any biomass source. 

4.9 Water Usage Penalty 

 Currently there are no regulations for excessive water usage in industry in the U.S. (Aden, 2007). 

However, it is assumed that each gallon of excessive water usage is penalized with its purchasing cost, 

which equals $0.00314 in Kansas (City of Lawrence, Kansas, 2013). 

4.10 Demand and Capacity 

 This section provides a detailed discussion of how the values for demand, biomass availability, 

CO2 emissions cap, and water usage cap are determined. 

4.10.1 Demand 

 The demand for each period is calculated by randomly generating data based on a uniform 

distribution. The range of random generation is taken between 60 and 80 percent of the period-based 

capacity, which is 2.6M gallons. 

4.10.2 Biomass Availability 

The amount of capacity available in a period is divided by four in order to find the amount of 

ethanol in gallons to be produced from each biomass. Then these values are divided by the corresponding 

biomass conversion factors in order to compute the amount of biomass needed from each source in tons. 

In addition, biomass availability for switchgrass, sugarcane, corn, and wheat is set to 5.87K tons, 27.12K 

tons, 5.38K tons, and 5.09K tons, respectively.  
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4.10.3 CO2 Emissions Cap 

The CO2 emissions cap for each period is calculated by multiplying the average CO2 emissions 

released from all biomass types with the average demand in each period. In the base case, the CO2 

emissions cap is set at 60 percent of the average possible emissions, which is equal to 351.17K tons that 

can occur in a period. In this study, the value of the CO2 cap is set so that it does not affect production 

undesirably. 

4.10.4 Water Usage Cap 

Similar to the CO2 emissions cap, the average amount of water usage per gallon of ethanol is 

multiplied by ethanol demand in a period to find the average amount of total water usage. This results in a 

value of 8.9M gallons and is used as the water usage cap in each period. 
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CHAPTER 5 

COMPUTATIONAL RESULTS 

The MILP model presented in Chapter 3 is applied to a case study in Kansas considering a 

comprehensive biofuel production system using switchgrass, sugarcane, corn, and wheat. In Kansas, 

currently 11 ethanol plants are producing 440 million gallons of ethanol a year (Ross, 2011). In this case 

study, Abengoa Bioenergy’s Hugoton plant is considered the reference for applying the model developed 

here. The Hugoton plant has a yearly production capacity of 55 million gallons. The plant uses corn, 

wheat, and switchgrass as its main biomass supply (Abengoa Bioenergy, 2011). This study considers a 

one-year planning horizon consisting of 26 periods, where each period represents a timeframe of two 

weeks. The length of each period is determined based on the plant production schedule of Abengoa 

Bioenergy LLC in Hugoton, Kansas.  

The proposed MILP model is solved by using the IBM Ilog Cplex 12.5© (IBM ILOG, 2012) on a 

computer with a 1.70 GHz Intel i5 CPU and 8.0 GB of memory. Table 4 presents four different sets of 

experiments corresponding to the demand, emissions cap, water cap, and available biomass parameters, 

respectively. The first four columns correspond to these four different parameters that are investigated, 

while the last five columns present the objective function value, profit, profitability, water penalty cost, 

and CO2 emissions cost for each case, respectively. In each set of experiments, three parameters are fixed 

to the base case values, while the other parameter is set to three different values (base, low, and high) for 

analyzing the impact of the corresponding parameters. Furthermore, for observing the efficiency of each 

biomass type without a supply limit, an unlimited biomass availability case and four different cases where 

only one type of biomass-based production is allowed with unlimited biomass availability are considered. 

All instances considered in Table 4 are solved in less than 5 CPU seconds.  

The objective function value representing total minimum costs is $46.55M in the base case where 

the total amount of demand (38.8 M gallons) is satisfied 100 percent. Wheat fulfills the highest 

percentage due to the corresponding low variable and fixed ethanol production costs compared to other 
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considered biomass sources. Similarly, corn and switchgrass meet the second and third highest 

percentages of total demand because of their conversion-rate advantage compared to sugarcane. Even 

though sugarcane has a lower feedstock purchasing cost, its low conversion factor makes it less preferable 

compared to other biomass types. 

TABLE 4 

COMPUTATIONAL RESULTS FOR DIFFERENT EXPERIMENTAL DESIGNS 

Demand Emissions 
Cap 

Water 
Cap 

Available 

Biomass 

Objective 

Function 

Value/Total 

Cost 
($M) 

Revenue 
($M) Profitability 

Water 

Penalty 

Cost 
($K) 

CO2 

Emissions 
Penalty 

Cost 
($K) 

Base Base Base Base 46.55 70.45 1.51  24.08  704.40 
Low Base Base Base 26.07 41.14 1.57  0.00  398.40 
High Base Base Base 65.05 94.88 1.45  219.43  766.61 
Base Low Base Base 46.66 70.45 1.50  24.08  813.11 
Base High Base Base 45.85 70.45 1.53  24.08  0.00 
Base Base Low Base 46.83 70.45 1.50  299.02  704.40 
Base Base High Base 46.53 70.45 1.51  0.00  704.40 
Base Base Base Unlimited 26.49 70.45 2.65  367.07  212.49 
Base Base Base Low 53.11 70.45 1.32  75.75  519.90 
Base Base Base High 40.36 70.45 1.74  33.32  195.73 

Base Base Base Switchgrass 
only 26.49 70.45 2.65  367.07  212.49 

Base Base Base Sugarcane 
only 49.19 70.45 1.43  259.81  0.00 

Base Base Base Corn only 38.47 70.45 1.83  0.91  1,648.79 
Base Base Base Wheat only 37.05 70.45 1.90  0.00  224.38 

 

 Ethanol sales income is calculated by multiplying total production amount with the current sale 

price of ethanol, which is $1.815 per gallon (Kment, 2014). Furthermore, profitability is calculated by 

dividing the total revenue to the objective function value (minimum total cost) of the respective case.  

Figure 1 shows the profitability values for the base, low, and high demand cases, as well as 

several biomass availability cases. Profitability is 1.51 in the base case, which is considered a reference 

point for this case study. Surprisingly, in the low-demand case, profitability increases up to 1.57, while in 
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the high-demand case, profitability decreases to 1.45. This can be explained by the increase in fixed costs 

for additional production to satisfy increased demand under limited availability of the most profitable 

biomass types. In addition, high production volume causes extensive amounts of CO2 emissions and water 

usage, thus resulting in additional tax penalties. In the unlimited biomass availability case, which is 

equivalent to the switchgrass-only case, profitability increases to 2.65 because of the usage of only 

switchgrass with a single fixed production cost. Sugarcane-only, corn-only, and wheat-only cases have 

relatively low profitability due to their higher production costs compared to switchgrass. Although not 

shown in Figure 1 but as presented in Table 4, it can be seen that reducing the CO2 emissions and water 

usage caps has a slightly adverse impact on the base case results in terms of costs and profitability 

because  the associated penalty costs are much smaller than production-related costs.  

 

Figure 1. Profitability of biomass production 

 Figure 2 displays the cost breakdown for various cost elements in ethanol production. As shown, 

the biomass purchasing cost is higher than any other costs because of the high biomass purchasing costs. 

Furthermore, fixed production costs are the second highest cost since more than one biomass types is used 

in each period, resulting in multiple fixed production costs. A total tax income of $17.46K is obtained 
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from government ethanol incentives, while converting excessive heat into electricity for production leads 

to a savings of $4.30M through all production periods. 

 

Figure 2. Cost breakdown of annual ethanol production 

 Figure 3(a) displays the percentage breakdown of total used biomass, and Figure 3(b) presents the 

total produced ethanol. Although sugarcane meets 2.16 percent of total ethanol production, it comprises 

9.94 percent of the total amount of biomass used due to its low conversion factor, as discussed previously. 

  

    

Figure 3. Breakdown of total used biomass (a) and breakdown of total produced ethanol (b) 
 

 Figure 4 shows the environmental impacts of biomass types with respect to their CO2 emissions 

and water usage. The total amount of CO2 emissions released during the entire production timeline is 

(a) (b) 
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3.85M tons, as shown in Figure 4(a). In addition to emission releases, each biomass type has different 

water-usage requirements for ethanol conversion (Aden, 2007). As shown in Figure 4(b), even though 

27.25 percent of the total biofuel produced comes from switchgrass, its high water usage causes 45.94 

percent of total water usage. On the other hand, corn requires 32.95 percent of total water usage, while it 

meets 35.18 percent of total ethanol production.  

 

  

Figure 4. Breakdown of total CO2 emissions (a) and breakdown of total water usage (b) 

Figure 5 shows a 26-period (one-year) ethanol production timeline for four biomass types and the 

inventory held for the base case. It can be seen that corn, wheat, and switchgrass are the most preferred 

biomass sources for ethanol production. Additional amounts of ethanol produced are kept as inventory in 

order to save from the fixed cost in future periods. The primary use of corn, wheat, and switchgrass for 

ethanol production is preferred over sugarcane because of their high conversion factors compared to that 

of sugarcane.  

(a) (b) 
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Figure 5. Ethanol production timeline including produced ethanol and inventory held in base case 
 

 In the following sections, various scenarios are evaluated by altering several different parameters 

for analyzing results of the MILP model. The first analysis focuses on the impact of different demand 

levels, and the second analysis investigates the effect of the CO2 tax penalty on production and the 

optimal solution. The third and fourth experiments determine the impact of CO2 emissions and the water-

usage cap. The last experiment is based on possible technology improvements and their impact on ethanol 

production. 

5.1 Impact of Demand on Results 

 Two different demand cases are examined for understanding their impact on the results. In the 

base case, demand is uniformly distributed between 60 and 80 percent of total capacity. For the low-

demand case, demand is uniformly distributed between 30 and 50 percent of total capacity. For the high-

demand case, demand is uniformly distributed between 90 and 100 percent of capacity. As shown in 

Figure 6(a), decreasing the amount of demand eliminates the use of switchgrass and sugarcane. Here, 

ethanol is mainly produced from wheat, and for the periods where wheat cannot meet the demand by 

itself, corn is also used. For those periods where corn is used for supporting ethanol production, ethanol is 

produced at the highest possible amount and placed in inventory to be used in future cases when wheat-

based ethanol cannot meet the demand. One possible reason for this preference is that the inventory 
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holding cost for several periods is less costly than an additional setup cost. Figure 6(b) shows the total 

production cost breakdown in the low-demand case. Here, fixed production costs decrease to 15.27 

percent because the variety of biomass sources is reduced compared to the base case. 

  

 

Figure 6. Breakdown of total ethanol production for low-demand case (a)  
and breakdown of total production cost for low-demand case (b) 

 
 In the high demand case, the MILP model uses all biomass types since high demand requires 

utilization of all limited biomass sources, as shown in Figure 7(a). Compared to the base case, the 

biomass purchasing cost increases to 59.64 percent, while the fixed cost decreases to 23.00 percent, as 

shown in Figure 7(b). The emissions penalty is $766.61K because of the total exceeding emissions of 

4,292.36K tons, which is 0.81 percent of the total cost. The total excessive water usage penalty is $239K 

due to total exceeding water usage of 69.88M gallons, which consists of less than 1 percent of total costs. 

 
 

(a) (b) 
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Figure 7. Breakdown of total ethanol production for high-demand case (a)  

and breakdown of total production cost for high-demand case (b) 
 

5.2 Impact of Biomass Availability on Results  

 Seven different biomass availability cases—unlimited, low, high, switchgrass only, sugarcane 

only, corn only, and wheat only—are examined here for understanding their impact on the results. In the 

unlimited biomass availability case, all biomass sources are assumed to have unlimited availability for 

ethanol production. For the low-biomass availability case, biomass availability is reduced to 75 percent of 

the base case amount. Similarly, for the high-biomass availability case, biomass availability is increased 

to 145 percent of the base case amount. In addition to these three cases, four cases where biomass 

availability is allowed for only one kind of biomass in each case are studied. Similar to the previous 

experiment, the cost breakdown among different operations, the ethanol production amounts from each 

biomass type, and the amount of CO2 emissions released under different cases are determined.  

 Figure 8 shows the total cost breakdown in the unlimited biomass availability case. Here, the 

production priority of the model is given to only switchgrass in all periods because its variable production 

cost is lower than other biomass types. Since switchgrass can satisfy demand by itself, only one fixed 

production cost occurs, thus decreasing the impact of the fixed production cost on total cost. In this case, 

the inventory holding cost is increased to 3.30 percent because in each period, the model uses the 

maximum available capacity and keeps the inventory for several periods to avoid fixed production costs 

as much as possible by meeting the demand in a given period by using only the inventory. 

(a) (b) 
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Figure 8: Breakdown of total production cost for unlimited biomass availablity case 

 Figure 9(a) shows the impact of low-biomass availability on optimal production preferences. In 

this case, in addition to wheat, corn, and switchgrass, the MILP model prefers to use sugarcane for 

meeting the demand due to low-biomass availability. It can be seen that the fixed cost increases to 25.52 

percent due to the used biomass variability compared to the base case, as shown in Figure 9(b). The 

emission penalty paid is $519.90K because of the total exceeding emissions of 2.86M tons, while the total 

excessive water usage penalty is 75.75K due to total exceeding water usage of 24.12M gallons. 

   

Figure 9. Breakdown of total ethanol production for low-biomass availability case (a)  
and breakdown of total production cost for low-biomass availability case (b) 

 It can be seen that high-demand and low-biomass availability cases have a similar impact on the 

results, in terms of the increase in total costs and decrease in profitability. The breakdown of total ethanol 

(a) (b) 
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production and the breakdown of total production cost in the high-biomass availability case are shown in 

Figures 10(a) and 10(b). In this case, only switchgrass and wheat are used for biofuel production, as 

shown in Figure 10(a).  Switchgrass and wheat are preferred because of their low production cost 

compared to other biomass types. 

 Figure 11 shows the cumulative CO2 emissions released during 26 periods (52 weeks) of using 

only one biomass source for each type of biomass. This also proves that in addition to the financial 

profitability of switchgrass, it is also one of the most CO2 emissions-friendly biomass sources for ethanol 

production after sugarcane. 

      

Figure 10. Breakdown of total ethanol production for high-biomass availability case (a)  
and breakdown of total production cost for high-biomass availability case (b) 

 
 

 

Figure 11. Cumulative emission release for only one type of biomass production  
during each production period 

 

(a) 
(b) 
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5.3 Impact of CO2 Cap on Results  

 This experiment shows the impact of a low- and high-CO2 emissions cap on total cost. A low 

(high) CO2 cap is determined as 50 percent (150%) of the base cap. As can be seen in Figure 12(a), under 

the low-CO2 emissions cap case, the total CO2 tax penalty increases from 1.03 percent ($704.40K) to 1.19 

percent ($813.11K). On the other hand, under a high-CO2 emissions cap, the CO2 tax penalty decreases 

from 1.03 percent ($704.40K) to 0.00 percent ($0.00K), as shown in Figure 12(b). However, by 

decreasing and increasing the cap by 50 percent, any significant changes in the biomass priorities of the 

model are not observed.  

    

Figure 12. Breakdown of total production cost for low-CO2 emissions cap (a)  
and high CO2 emissions cap (b) 

  
 In order to observe the impact of the CO2 emissions penalty on biomass preferences, five 

different additional cases are studied, whereby the CO2 emissions tax penalty is increased by 2, 4, 8, 16, 

and 32 times (Figure 13). In cases where the CO2 emissions tax penalty is increased by 2 and 4 times, the 

model slowly decreases the use of sugarcane while increasing the use of switchgrass. When the CO2 

emissions tax penalty is increased by 8 times, it can be seen that corn is no longer used due to its high 

CO2 emissions. In the case where the CO2 emissions tax penalty is increased by 16 times, biofuel 

production slightly shifts from switchgrass to sugarcane because sugarcane-based production releases less 

CO2 emissions than switchgrass-based production. When the penalty is further increased by 32 times, 

(a) (b) 
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results do not change. Although, wheat has the second highest CO2 emissions, it is still utilized as the 

highest biomass source due to its low variable and fixed production costs.  

 

Figure 13. Impact of CO2 tax penalty on biomass preferences 

 

5.4 Impact of Water Usage Cap on Results  

 In this experiment, the impact of low- and high-water caps on total cost and production 

preferences is studied. The low (high) water usage cap is determined as 50 percent (150%) of the base 

cap. In the low-water usage cap case, most of the production preferences stay the same, compared to the 

base case. The only substantial difference found is the increase in the total water usage penalty from 0.04 

percent ($24.08K) to 0.44 percent ($299K). Similarly, in the high-water usage cap case, again most of the 

production preferences stays the same, including most of the cost breakdown, while the water-usage 

penalty decreases from 0.04 percent ($24.08K) to 0.00 percent ($0.00). 

 Five more experimental cases for water usage, whereby the water penalty is increased by 2, 4, 8, 

16, and 32 times, are also considered. In any of these cases, a change in the biomass preferences is not 

observed. This result implies that water penalty does not play a significant role in biomass preferences of 
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the model because the associated penalty values are too small compared to other costs of ethanol 

production. 

5.5 Impact of Technology Improvement on Results 

 Ongoing research on improving the efficiency of biofuel production has motivated the study of 

possible impacts of technology improvement on total cost, water usage, CO2 emissions, and biomass 

purchasing costs. In order to study the possible effects of technology improvement, four different cases 

are designed, each increasing the biomass-to-biofuel conversion factor by 5 percent, 10 percent, 15 

percent, and 20 percent at the beginning of the planning horizon. 

 Results show that each improvement in the conversion factor decreases the total cost, amount of 

biomass used, total biomass purchasing costs, and CO2 emissions (Figure 14). When compared with the 

base case, improvement amounts of 5 percent, 10 percent, 15 percent, and 20 percent in the conversion 

rate leads to a cost savings of 6.05 percent  ($2.81M), 11.54 percent  ($5.37M), 16.45 percent  ($7.65M), 

and 20.97 percent  ($9.76M), respectively. Furthermore, the 5 percent, 10 percent, 15 percent, and 20 

percent technology-improvement cases increase the total tax penalty of $704.40K in the base case by 3.56 

percent ($20.09K), 8.05 percent ($56.69K), 12.24 percent ($86.22K), and 15.40 percent ($108.47K), 

respectively. Interestingly, as technology for biofuel conversion increases, the CO2 emissions tax 

penalties increase because the conversion rate of 5 percent or above allows the model to use more 

financially advantageous biomass types such as wheat and corn. Similar to CO2 emissions, in the 5 

percent, 10 percent, 15 percent, and 20 percent cases, the base-case water-usage penalty (24.08K) 

increases to $34.02K, $42.12, $41.24K, and 39.34K, respectively. In the case of 20 percent improvement, 

the water-usage penalty decreases in comparison to other technology improvement cases because the 

model decreases the use of switchgrass. From these results, it can be seen that technology improvement is 

critical for the efficient utilization of limited feedstock supply and reducing costs. Improving efficiency 

allows the manufacturer to be less dependent on different kinds of biomasses. However, in order to 

encourage the use of more CO2 emissions-friendly biomass sources such as switchgrass and sugarcane for 

ethanol production, technology improvement research should focus on these energy crops. 
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Figure 14: Computational results of technology improvement  
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CHAPTER 6 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 In this study, an MILP lot-sizing model that defines the optimal design of ethanol production 

from different biomass sources is introduced. The objective of this model is to minimize total cost as well 

as total negative environmental impacts such as excessive CO2 emissions and water usage. To our 

knowledge, this study is the first to provide an MILP lot-sizing model that considers both economic and 

environmental impacts of ethanol production. The proposed model is applied to a real case study of a 

biofuel production site in Hugoton, Kansas, using four different biomass sources—switchgrass, 

sugarcane, corn, and wheat. As can be seen from the base case results, with current market prices, wheat, 

corn, and switchgrass are the most profitable sources for ethanol production.  Furthermore, in the base 

case, due to its low conversion factor, sugarcane is less preferred for production compared to other 

biomass sources. Results also indicate that the model minimizes total costs by avoiding fixed costs as 

much as possible. This result implies that if biomass availability and production capacity constraints are 

met, then ethanol production using only one biomass type is preferred in order to avoid additional 

production setup (fixed) costs.  

 Different instances are investigated for understanding the impact of demand, emissions, and water 

cap, as well as penalties, biomass availability, and technology improvement on the model outcomes. 

Results indicate that the increase in demand significantly affects total costs because high demand leads to 

high consumption of biomass, thus necessitating the use of different biomass sources, which result in 

additional setup costs. The impact of emissions and a water cap has also been taken into account. Related 

results show that the tightness of emissions and the water cap affects the total cost but not the biomass 

preferences because the cost of production is significantly larger than the cost of the emissions tax and 

excessive water-usage penalties. Furthermore, it can be observed that biomass shortages increase the total 

cost significantly because preferred biomass types are depleted, and thus the model is forced to use less-

preferred biomass types. Moreover, in the case of unlimited biomass availability, switchgrass is chosen as 
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the one and only biomass type for ethanol production to prevent the impact of multiple setup costs. 

Specifically, switchgrass is preferred because of its low production costs and high conversion rate, which 

offset the associated high fixed costs. If demand increases excessively, under limited biomass availability, 

the model prefers wheat, corn, switchgrass, and sugarcane, respectively. Finally, the impact of technology 

improvement is studied to understand possible outcomes of current scientific research on biomass 

conversion to ethanol and technology investments. Experiments show that improvements in biomass-to-

biofuel conversion efficiency decrease the total cost of production and biomass purchasing costs because 

more efficient conversation rates enable demand to be satisfied with a lower biomass and fewer 

production processes. Additionally, possible conversion-efficiency improvements will allow single-

biomass-based ethanol production to be more practical and profitable in regions where biomass shortages 

exist. 

 As the CO2 emission penalty is increased, the model starts to avoid using CO2-inefficient 

biomass types such as corn. This result confirms the importance of government policies on controlling 

CO2 emissions released in the biofuel industry. Current government policies promote the production of 

biofuels by rewarding each gallon produced. However, in order to ensure the sustainability of biofuel 

production, a tax penalty could also be imposed based on the amount of CO2 emissions released from 

ethanol production. Apart from the CO2 emissions, water usage is also an important issue. In this study, 

only the water footprint in terms of water usage during the ethanol conversion phase is considered. In the 

future, the water footprint impact could be extended to include the total amount of water used for 

irrigation during crop production at the farm level in order to more realistically analyze the water-usage 

efficiency of different biomass types. 

Future research could incorporate the impact of additional available biomass types such as 

miscanthus and short-rotation coppice, in order to observe the competition between different types of 

biomass sources. Furthermore, this model can be applied to different regions around the world while 

considering various biomass types and availabilities. In addition, uncertainties can be incorporated into 

the model since demand, price of biomass types, and biomass availability can change over time due to 
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fluctuations in weather and the economic market. In this paper, the uncertainty of some parameters is 

handled by conducting sensitivity analyses. However, stochastic optimization techniques could be utilized 

in order to directly incorporate uncertainty into the model. Future research could also investigate cutting-

plane approaches for solving higher-dimensional applications of the proposed MILP model. 
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