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Introduction

The use of biomass for the production of alternative and renewable fuels is a global focus as the reserve of fossil fuels declines, energy demand increases, and concern for environmental changes increases.  On the national front, we are looking for a way to increase our national security, which can include limiting our dependence on foreign sources of oil.  Biomass is material derived from plants or organisms that can be used in industrial process.  A number of sources are being utilized for biomass, including corn, sugarbeets, switchgrasses, and soybeans and are being investigated as possible renewable sources for alternative fuels. 

Figure 1:  Production of carbon dioxide per gallon of diesel equivalent.1

Algae cells can contain up to 50% oil that can be processed into biodiesel, this amount of oil higher than other biomass feedstock.  The area needed to produce enough algae to replace 50% of the current diesel usage is approximately the size of the state of New Jersey. You are asked to optimize a biodiesel production plant using a) outdoor algae ponds or b) bioreactors to grow algae.  


Background
Biodiesel is the product yielded when oils from biomass are reacted with an alcohol, called a transesterification reaction (Scheme 1). 
 
[image: ]
Figure 2:  Schematic of the transesterification process used to produce biofuel.2

In this process, an alcohol (methanol) and a catalyst (sodium hydroxide) are combined to form an alkoxide.  This alkoxide cleaves triglyceride molecules in the oil, and the resulting molecules are biodiesel and glycerin.  The biodiesel is easily purified from the glycerin because the density of the two liquids differs greatly, allowing the heavier glycerin to settle from the biodiesel solution.  The biodiesel component contains residual alcohol that can be distilled from the biodiesel and reused in subsequent reactions. The biodiesel produced can be sold for $3/gal.   

The growth of algae is highly dependent on the light intensity and the carbon dioxide content.  In the case of an outdoor algae farm, the farm location is the critical factor in determining the amount of light striking the algae pond.  The average and maximum solar radiation for three cities across the US is given in Table 1.  

Table 1:  Annual solar radiation averages and maxima
	
	Tuscon, Arizona
	Seattle, Washington
	Binghamton, New York

	Average Radiation (kWh/m2/day)
	6.57
	4.82
	3.93

	Maximum Radiation (kWh/m2/day)
	7.42
	3.57
	3.16



In the case of a bioreactor the intensity of light and the length of exposure can greatly affect algae growth, and therefore oil production.  In these two algae growth setups, the area of the ponds in the above locations (given light intensity) or the light intensity shone on a 500m2 bioreactor must be optimized to get a large oil supply for biodiesel conversion. 



Economic Data

Algae Growth

The plant producing biodiesel gets is oil supply from an algae farm or bioreactor and run 350 days of the year.  The company is being financed at an interest rate of 7% over 10 years.  The growth rate of algae is related to the light intensity that yields the optimum growth of the algae, Imax, and the maximum growth rate for the algae, max.  The growth rate can be calculated by Equation 1.   


		(1)

where  is the attenuation coefficient given as 0.2804 for the particular strain of algae, I is the intensity of light on the pond or reactor,  is the growth rate for the given light intensity.  When the growing process begins, as starter amount of the algae cells used to inoculate the reactor or pond.  For a bioreactor the inoculation amount, N0, is 100 kg; however, for an algae pond the mass of cells is a function of the pond size, A[m2]/44,800.  The time algae is allowed to grow in either the bioreactor or the ponds is 5 days.  The growth rate is also related to the time of growth by Equation 2.


	 	(2)

where N is the mass of algae cells after the growth time, tgrowth,The cost of the bioreactor is related to the volume of the bioreactor, Vchamber, given by Equation 3.  


		(3)

The utility costs for a growth chamber system include electricity and the cost of carbon dioxide.  The cost of electricity is dependent on the intensity of light and the growth time, as shown in Equation 4. 


		(4)

where A is the area of the bioreactor.  The cost of carbon dioxide is given in Equation 5.


		(5)


Oil Harvesting

Extracting the oil from the algae requires harvesting the algae from the water, and breaking the cells open.  Various processes can be used including chemical extraction or centrifugation.  A 1000 L centrifuge is used to extract algae and oil for further processing.  The amount of algae removed from solution per spin is related to the concentration of algae in the reactor and the volume of the centrifuge, Vcentrifuge.  The time per spin, is 30 minutes and the time per growth batch is calculated using Equation 6.  


		(6)

The cost of a centrifuge is based on the volume capacity, as given in Equation 7, 


	 	(7)

and the utility cost for running the centrifuge is given in Equation 8.  


		(8)

 The oil content in the cell is approximately 50%, but of that, only 75% of the oil can be extracted by centrifugation. 

Heat Exchange

In addition to determining the required light intensity to optimize the EAOC, the temperature of the biodiesel reaction must also be optimized.  The incorporation of a heat exchanger into the system allows the temperature of the oil to be increased to a desired level.  The oil enters the heat exchanger at a temperature of 20°C and must be increased to a temperature no greater than 50°C.  The heating medium has an inlet and outlet temperature of 65°C and 30°C, respectively.  The design equation for the heat exchanger is in Equation 9.  


		(9) 

where mhm and Cp,hm are the flowrate and heat capacity of the heating medium (8 kg/s and 1.67kJ/kg°C), respectively, 


		(10)

and 

F = 0.75 (assume that this is constant for all cases)
U = overall heat transfer coefficient = 350 W/m2K

The cost to operate this heat exchanger is based on the surface area, which can be calculated using Equation 9.  The cost equation is


		 (11)

and the cost for the heating medium, related to the energy of the heat exchanger, Q, is shown in Equation 12.


	 	(12)

Biodiesel Production

The reaction process to convert algal oil to biodiesel can be defined by a rate of reaction as given in Equation 13.


		(13)

where   


		(14)

The temperature in Equation 14 is the outlet temperatures used as the design variable for the heat exchanger.  The reactor has a 1000gal capacity (Vreactor).  The design equation for the reaction is given in Equation 15.


	 	(15)

where XA is the conversion factor for oil to biodiesel which is 85%.  The total time of reaction must also include a 5-hour cleaning cycle.

The cost equation for the reactor is 


		(16)

Utility costs for the reaction include the electrical cost to maintain a reaction temperature and the cost of cleaning.  The cost of heating is given in Equation 17, and the cost of cleaning is given in Equation 18.


		(17)


		(18)
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