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CHAPTER 1 

PLANT DESIGN 
 

 

1.1 ENGINEERING AND DESIGN: VIEW POINTS 

It is necessary to examine the nature of design. Lockyer (1993) gives a good general summary.  

 

Design is a most essential component of our society - it is the art or profession of 

creating a plan for something yet to be. The “something” can be a work of art, a manufactured 

product, a societal system, a business system, or the structure of an organization. It generally 

integrates theory and practice, and requires knowledge, skill and imagination in order to be 

successful. 

 

The purpose of engineering is to create new material wealth. We attempt to 

accomplish this goal in chemical engineering via the chemical (or biological) transformation 

and/or separation of materials. Process and plant design is the creative activity whereby we 

generate ideas and then translate them into equipment and processes for the production of 

new materials, or for significantly upgrading the value of existing materials. In any particular 

company, we might try to generate new ideas: 

 To produce a raw material currently being purchased 

 To convert a waste by-product to a valuable product 

 To create a completely new material (synthetic fibers, food, bioprocessing)  

 

To find a new way of producing an existing product (a new catalyst, a bioprocessing 

alternate) 

 To exploit a new technology (genetic engineering, process compression, expert 

systems) 

 To exploit a new material of construction (high-temperature or high-pressure 

operation, specialty polymers for membranes) 

 

It is necessary to extend the above to include the many aspects of engineering that 

are directed to meeting other concerns of society rather than just the creation of wealth. 

This includes, among other examples, waste treatment and energy conservation. When this 

first became an issue (coinciding with the escalation in crude prices), efforts to conserve 

energy often resulted in a significant return on the investment. However once all the “easy” 

revisions were made, many energy conservation revamps had to be justified on societal or 

environmental bases since there was little hope that they would ever justify the capital 

expense on purely economic grounds. 
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Figure 1.1. The tasks of Process Design. 

 

Figure 1.1 summarizes the Process Design or Analysis task, and whether one is 

using a computer or slide rule, the principles remain the same. The initial step is the 

problem statement. What is to be designed and what is it meant to do? This statement must 

give the component slate and the design specifications. The component slate refers to all 

material that goes in, exists in the system, and comes out as product (reactants, by-

products, products, and wastes). Design specifications are a lot more involved. What is the 

unit capacity? Is there a build-up consideration? What are the feed stocks, reactants and 

products? What utilities are available and what are the characteristics of these utilities?  

For example, what is to be used for cooling – water or air?  Is there a need for refrigeration?  

What are the environmental constraints? 

 

One of the most critical areas in any Process Design or Analysis problem is the 

question of physical and thermodynamic properties. (You are going to get tired of hearing 

this.) If the physical property data or the thermodynamic property data is questionable, 

even the most elegant flow sheet simulator in the world will not provide reliable 

information. The principle of GIGO (Garbage In = Garbage Out) is very true at this stage. It 

may not be exciting stuff, but accurate and reliable data is critical. The more sophisticated 

programs, such as ASPEN, PRO/II or HYSYS, have a very large amount of information 

within their system data banks. However, there will still be many situations when 

additional data must be supplied. Fortunately, these programs incorporate many of the 

most effective and up-to-date estimation routines, which can provide remarkably reliable 

estimates for many physical properties. 

 

Reliable data, coupled with an appropriate statement of the problem, allows the 

flow sheet simulator to reach a solution. The solution of the flow sheet is then expanded 

with specific details of the units, including sizes, costs, and required utilities. These details 
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can be optimized, along with the technical aspects of the design. The flow sheet simulation 

may be revisited, as opportunities for refinements are identified, and an iterative process 

leads to an acceptable design. This point is never really a “finished” design, as the loop 

could be endless.   

 

The stream property package of a design program is very important. It is essential 

information for the engineering specialists who have to carry out the mechanical design 

and construction phase of any project. The heat and material balances produced are 

necessary for these specialists also. The bulk of the equipment and utility sizing and costing 

is likely carried out as an independent exercise from the simulator itself, as we will do in 

our project this year. Some of this information can be imbedded in the actual simulator in 

an analogous fashion to the physical and thermodynamic properties. 

 

Flow sheet simulation has many other applications over and above the initial design 

process. In recognition of this fact, the name of the course includes the term “analysis”. In 

today’s economy, where investment in the petroleum and chemical industries is minimal, 

you will likely encounter these systems more often in analysis than design situations. 

 

All forms of information can be displayed. For example, an on-line simulator and 

operational management system on a process unit can actually carry out on-line rating 

studies, instead of being used for design purposes. This allows an operator to call up the 

flow sheet for a particular part of the process on the console for analysis. Possibly, a 

fractionation column is heavily loaded and the operator wants to see how close the column 

may be to flooding. This situation can have dire consequences for product quality; hence, 

strict monitoring is necessary. An on-line simulator is capable of performing this task by 

constantly scanning the unit for data and updating its calculations. It should be able to 

provide the data concerning the approach to flooding in essentially real time.  

  

1.2 PROCESS FLOW SHEET 

In any design, the most important document by far is the process flow sheet. It is 

essentially the shorthand summary of all the vital information concerning the design. Most 

design manuals may be left to gather dust on some obscure library shelf, whereas the 

process flow sheets are used in many aspects of the construction, start-up and operation of 

the unit. 

 

As can be seen in Figure 1.1, there is usually a certain amount of feedback in the 

design process. This is essential to achieve an optimum design. Generally, this is done off-

line, but many systems have some ability to optimize automatically. This aspect of process 

design is receiving more attention all the time. The same applies for existing processes, 

which are applied to older units to upgrade their performance and increase their 
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competitiveness. Case studies are generally required to satisfy the inevitable “what-if”’ s of 

the management, the market research groups, the operating personnel, and of course, 

those people who must concern themselves with the environmental aspects of the system. 

 

1.3 FUNDAMENTALS OF PROCESS DESIGN 

  A typical scenario for a Chemical Process Design and subsequent involvement of the 

design personnel follows.  

1. Board of Directors Design Problem 2. Discovery of Possible New Projects 
3. Feedback and Customer Reaction 4. Planning and Organizational Design 
5. Preliminary Process Design 6. Layout and Three Dimensional Modeling 
7. Construction 8. Startup and Commissioning 
9. Plant Operation 10. Debottlenecking 
11. Decommissioning  

 

The final design process (steps 6 and on) is usually a linear exercise. However, it is not 

carried out without a significant amount of preliminary analysis and synthesis in order to 

ensure that an optimum choice has been made. In the Chemical Process Industries (CPI), 

and in particular petroleum refining, a great number of designs are comparable to one 

buying a print rather than original. Most clients have no interest whatsoever in being 

innovative. They want a package that has been thoroughly de-bugged, which usually means 

that it is “Number 312 out of a series of 1000”.  

  

It is necessary to introduce the complementary concepts of Analysis, Synthesis and 

Design. Figure 1.2 on the following page comes from an article by Malone and Doherty in 

Foundations of Computer Aided Design.  

 

 
 

  ANALYSIS + SYNTHESIS = DESIGN 

 

Figure 1.2.  The complementary concepts of analysis, synthesis and design. 

 

The innovation and creativity of design often take place in the analysis and synthesis 

stage.  These stages are essential before one can proceed to the final design stage. In the 

field of fine arts, most artists will produce preliminary sketches and or maquettes of the 

finished piece. This is comparable to the synthesis stage – visualizing and planning what 

the final product will be. The amount of analysis and synthesis is directly related to the 
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“maturity” of the process. The success rate of new processes is only about 1 to 3% at the 

research stage, 10 to 25% at the development stage, and 40 to 60% at the pilot plant stage.  

This must be compared with buying an “off the shelf “package for a process unit. The 

research phase usually requires a great deal of analysis and synthesis before the process 

can be moved to the development phase.  

 

At first, we will concentrate on the preliminary stages, Analysis and Synthesis. It goes 

without saying that one must have a thorough grounding in the fundamentals of chemical 

engineering and the related sciences. The ability to think “analytically” is essential, and 

there must be sufficient an understanding of mathematics so that one can express physical 

situations in mathematical terms. Few practicing engineers can function effectively without 

being familiar with computer hardware and software. 

 

1.4 DEFINING ANALYSIS 

What do we mean by analysis? Fractionation is a unit operation that is employed 

almost universally in our profession. One of the most critical issues involved in the design 

of a fractionation system is the selection of the appropriate method for estimating 

vapour/liquid equilibrium. It must be emphasized at this point that most appropriate does 

not mean a method that allows one to achieve a simple and straightforward convergence of 

a simulator model. “Most appropriate” means a method that most closely represents the 

actual behaviour of the system. In this case, analysis of the output is essential to be sure 

that we’ve done what we set out to do. 

 

One of the major criticisms of new graduates in engineering is that they very often 

regard the output from a sophisticated process simulator such as PRO/II or HYSYS as 

almost gospel. Although these programs are immensely powerful and important tools, it is 

absolutely essential that they be “calibrated” against reality for them to be of use. This is 

where the question of analysis comes in. All of the thermodynamic methods for estimating 

vapour/liquid or liquid/liquid phase equilibria are simply mathematical extensions of the 

simple ideal gas law. These extensions, be they Generalized methods, Equations of State, or 

Liquid Phase Activity Coefficient methods, are attempts to better represent the actual 

behaviour of the system. It has been said, perhaps somewhat facetiously, that all the many 

volumes that have been written concerning phase equilibria and the countless PhD’s that 

have been awarded, have resulted in simply many proposed procedures that are nothing 

more than glorified curve fitting routines. 

 

For many systems, years of experience with actual operating units, backed up by a 

great accumulation of plant operating data, has allowed design engineers to select a 

method that will give acceptable to excellent representation of the system in question for 

most common operating temperature and pressure regions. When one must deal with a 
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new system, and of course the number of possible systems is infinite, as is the number of 

operating regimes that one must deal with, there is always some measure of risk in 

selecting an appropriate thermodynamic method. There are some guidelines that will allow 

the designer to select a reasonable first method. For example, relatively ideal mixtures at 

high pressure and temperatures generally can be represented by one of the more common 

equations of state, Redlich - Kwong, or Peng-Robinson. On the other hand, it is well known 

that highly non-ideal mixtures at low temperatures and pressures can only be adequately 

represented by activity coefficient procedures.  

 

If the design is one of many that have been built and operated previously, this is not 

normally an issue. If it is a novel development, there is a very real need to analyze the data 

quite closely to ensure that the predictions are a good representation of reality. This 

analysis can take the form of experimental determination of binary data, statistical analysis 

of plant data, or even pilot plant data.  Often data from similar systems can be analyzed and 

used to give direction as to the best approach. 

 

Analysis is certainly not restricted to engineering. The business world depends on 

critical analysis for the success of most activities. Market research depends on analysis of 

masses of data, as does profitability analysis of any enterprise. There are some quite 

exciting new concepts and technology available for analysis of systems. The question of 

complex and chaotic systems and the mathematics used to describe these systems is an 

emerging area of analysis that would appear to have the potential to allow us to examine 

systems that have in the past appeared to be completely unpredictable. Although the 

subject is most fascinating, we must leave it for another time. 

 

1.5 DEFINING SYNTHESIS 

What do we mean by synthesis? Synthesis is the process of converting an abstract 

description into a more refined description. It is a drawing together of what is known about 

the possibilities for the process, the desired outcomes, and theoretical knowledge that lays 

the foundation for the work. In order to accomplish any of the diverse design requirements, 

there is never one simple straightforward “design”. Design is nearly always a matter of 

compromise.  Hazelrigg suggests that the engineering design process should be regarded as 

a decision-making process rather than a problem-solving process. Problem solving implies 

a linear process where, given the data and appropriate equations or methods, one can plug 

in the data and crank out a “correct” answer.   

 

In the case of a “design”, what makes one design a good design and another a bad 

design? These concepts are value judgments and they depend to a very large degree on 

what are the controlling criteria.  If you are working for a corporation a “good” design often 

means a design that makes a profit. A firm understanding of the principles of 
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microeconomics is an essential for any practicing engineer who has a design responsibility.  

There are other social imperatives that must be taken into consideration in addition to 

simply making a profit.  A superb design that makes a good profit but emits an identifiable 

amount of an environmental Bête noire such as Dioxin would not be acceptable.  

 

When you take the various criteria into consideration and couple this with the 

unavoidable uncertainties in the design process, it should be obvious that there is no one 

“correct” design.  The usual approach to cope with this situation is PROCESS SYNTHESIS, 

where the designer constructs several preliminary design options. By a system of 

comparison and elimination, a choice is made as to what the “final design” will look like.  

Unfortunately, there is usually a lag of some three to five years between having made a 

decision to proceed with a “Process Design” and the eventual start-up of a process. 

Depending on the nature of the process, there can be a great deal of risk associated with 

this design choice. For a well-established, well-known process such as a crude tower in an 

oil refinery, the risk is probably not that significant.  On the other hand, for the first of a 

kind unit to produce a new polymer, the risk can be very considerable.  

 

1.6 TOOLS OF THE DESIGN PROCESS 

Some comments regarding computer hardware and software are in order at this 

point.  The evolution of the tools available to the practicing professional engineer over the 

last forty years, from slide-rules and nomographs to extremely powerful hardware and 

software has happened at an unprecedented rate of change. Most if not all practicing 

professionals will have the occasion to use computers in their everyday work.  Not 

everyone will have the need to use some of the more powerful tools available, but it is 

essential that the young engineer at least have a working knowledge of these systems. It 

should also be obvious that some individuals are better suited for this aspect of 

engineering than others. 

 

There are some important issues to keep in mind that you might call “street smarts”.  

First, it must be recognized that there is an appropriate tool for the task at hand.  It has 

often been observed that young professionals tend to err on the side of using much more 

“horse-power” than is required.  There are many occasions particularly in the analysis and 

synthesis phase of a project where ‘Back of the Envelope” calculations are all that is 

necessary. Since the unit cost of using a sophisticated system has become almost 

inconsequential, it is all too easy to delude oneself into thinking that a more sophisticated 

routine will give a better answer than some quick calculations, using no more than a pencil, 

paper and possibly a pocket calculator. 

 

There certainly is a place for the very powerful systems available such as PRO/II, 

HYSYS, Maple, and MatLab, however one must appreciate that these systems are simply an 
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adjunct to our own ability to think and question. As these systems evolve and become 

increasingly powerful, as they must do, this problem will become even more acute.  

 

What is the role of programming languages such as FORTRAN, and C++? Many 

engineers who were exposed to computers in the sixties learned FORTRAN as a matter of 

survival. FORTRAN is considered by many to be like a weed; others systems such as C++, 

Pascal and so on will come along, but FORTRAN will always are there somewhere.  Does a 

practicing engineer need to be expert in the use of these languages? Alternate 

programming systems such as spreadsheets have become so powerful that they can handle 

a great number of problems that used to require knowledge of a language such as 

FORTRAN. Systems such as Maple, Mathematic, and MatLab, and MathCad provide a 

mathematical suite that was unheard of only a few years ago.  Many are of the opinion is 

that it would be preferable to spend the time examining the higher level systems than 

programming languages.  

 

The vital skills involved in the decision-making process may be engineering, but 

engineers must borrow from other fields such as mathematical optimization, probability 

theory, stochastic risk assessment, microeconomics, utility theory, forecasting and 

regression analysis, decision analysis, operations research and games theory. 

 

1.7 PROCESS DESIGN 

  Process design can be defined as the design of processes for desired physical and / 

or chemical transformation of materials. Process design is central to chemical engineering, 

and it can be considered to be the summit of that field, bringing together all of the field’s 

components. 

   

Process design can be the design of new facilities or it can be the modification or 

expansion of existing facilities. The design starts at a conceptual level and ultimately ends 

in the form of fabrication and construction plans. 

   

Process design is distinct from equipment design, which is closer in spirit to the 

design of unit operations. Processes often include many unit operations. 

 

 

 

http://en.wikipedia.org/wiki/Unit_operation

