3

Process Analysis and Optimization
Version 1

Introduction

	All chemical and biochemical processes have a similar structure.  The goal is to create a more-valuable product from a less-valuable raw material while maximizing the profit.  The generic process structure involves five steps:  1. reactor feed preparation, 2. reaction, 3. separator feed preparation, 4. separation, and 5. recycle.  In this project, you will analyze a generic process to determine the optimum process parameters.

Background

	The generic process flow diagram is shown in Figure 1.  The raw material is A, but the feed stream contains 20 mole% inerts, I (non-reactive impurities), at a total flowrate of 100 kmol/h and 50°C.  The feed stream is mixed with recycled, unreacted A and then preheated to at least 75°C but no more than 150°C before entering the reactor.  The heat source is low-pressure steam at 160°C that condenses at constant temperature.  In the reactor, the reaction that occurs is AB, with a maximum possible conversion of 95%.  The reactor is adiabatic (meaning that no heat is added or removed), and it may be assumed that the temperature rise is 50°C.  The reactor effluent must be cooled to 50°C using cooling water (Cp = 4.184 kJ/kg°C) entering at 30°C and exiting at 40°C.  The separator is assumed to be ideal (There is no such thing in reality!), and pure product B leaves in Stream 7, while all A and I go to Stream 8.  Since not all of the valuable reactant, A, is reacted, it can be recycled rather than discarded (Stream 2).  However, since there is some inert, i.e., a component that does not react, there must be a purge stream (Stream 9) to avoid an uncontrolled increase in I in the system.  It may be assumed that all process streams have the same properties:   = 900 kg/m3 and Cp = 2.1 kJ/kg°C.  The molecular weights of A and B are 100 kg/kmol and the molecular weight of I is 50 kg/kmol.  The heat of vaporization of condensing steam is 2100 kJ/kg.

	An Excel file has been provided that does the material balance calculations for this process.  As you change the fractional conversion in the reactor and/or the fraction of Stream 8 that is recycled to Stream 2, the molar flowrates of each stream are updated.  You should use this spreadsheet as your starting point and add the additional calculations necessary to optimize the process.

Economic Data

	As in previous projects, the objective function for your optimizations is the equivalent annual operating cost (EAOC) of purchasing and installing the equipment and operating the process. 
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where PCi is the cost of each piece of equipment, and OCi is each operating “cost,” which includes the revenue from selling B (a negative cost), the cost of purchasing A, the cost of steam, and the cost of cooling water.

	You should assume that the project lifetime is 12 years at an interest rate of 11%.  A year is assumed to be 8000 hours.

Capital Investment Costs and Method for Calculation

	The reaction rate for this reaction, -rA, is given in terms of the concentration of reactant A (CA) by


		(2)

where
	

		(3)

and T  is the average temperature in the reactor.  The design equation for the reactor is given by:


		(4)

where V is the reactor volume (m3), vo is the volumetric flowrate of fluid into the reactor (m3/s), and XA is the fractional conversion.  The design equation for the heat exchangers is given by
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for streams undergoing a temperature change, or for streams undergoing a phase change (either evaporating or condensing)


		(6)

where

		(7)
and 
F = 1.0 for E-201, F = 0.8 for E-202 
U = overall heat transfer coefficient = 1000 W/m2K
c, h = cold and hot stream, respectively

	The cost of a heat exchanger is based on its area, which can be calculated by solving for A in either Equation 5 or 6.  The cost equation is


		(8)

The cost of the reactor may be estimated by


		(9)

The cost of the separator may be estimated by


		(10)

Operating Costs

	The cost of cooling water is


		()

and the cost of steam is 


		(12)

The raw material A (containing I) is valued at $0.50/kg (total stream flowrate), and the product B is valued at $0.70/kg (revenue, hence a negative cost).

	Stream 9 is a waste stream, and its fate must be considered.  At this time, we are unsure of how this stream will be handled.  If it can be burned for fuel, the fuel value is


		(13)

based on the amount of A in the stream, since the inert will not burn.  This is a revenue (a negative cost).  If it has to be treated, the cost is 


		(14)

We are also negotiating with a company who might want to purchase the stream at a greatly reduced rate from the value of the feed stream, since the stream contains mostly inerts, a lower value chemical.  They suggest a price of 0.025/kg.  Since negotiations are ongoing, we can recommend another price.  Your analysis should suggest this price along with determining optimum operating conditions for each scenario for Stream 9.

	You should feel free to suggest additional process improvements that would enhance profitability.
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Figure 1: Generic Process Flow Diagram for Unit 200
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