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Abstract

New chemical products have historically been created by combining a broad knowledge of existing chemical products with scientific experimentation.  Since a combinatorial explosion of product options will inevitably limit all experimental techniques, it should be preferable to minimize experimentation through a systematic consideration of product formulations prior to experimentation.  This is the essence of product design and engineering.

While the design of a chemical product and its manufacturing process are analogous, some critical differences are so fundamental that a new paradigm and new approaches are needed to successfully solve product design problems.  In addition, chemical product design requires a methodology or algorithm to apply chemical engineering fundamentals.  Product design techniques should draw largely on heuristics when data are limited, followed by more detailed calculations when data become available.  Significant work is still needed to establish a comprehensive generic methodology for engineering chemical products in the absence of complete data.
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1.  Introduction

Chemical Product Engineering and the related area of Chemical Product Design have recently received much attention within the chemical engineering community, with an exponential increase in published papers over the past decade. [1].   A chemical product may consist of an individual chemical, but more frequently it will be a mixture of chemicals with a set formulation and often a set microstructure.  Chemical products of industrial interest include performance chemicals, semi-conductors, paints, cosmetics, inks, pharmaceuticals, personal care products, household products, and foods. [2,3]

While new chemical product development has historically been the domain of chemists, the use of chemical products by consumers invariably involves some transformation of the product due to applied stresses, temperature gradients, physicochemical hydrodynamics, mass transfer, etc., making product use a “process” in the chemical engineering sense. [2,4]  Thus the analysis of product behavior ultimately requires the same fundamentals as the analysis of process behavior, and is well suited to study by chemical engineers.

Notwithstanding the commonalities in the engineering analyses of a chemical product’s behavior and its manufacturing process, there are fundamental differences between the design of a chemical product and its manufacturing process.  For example, chemical process design primarily seeks to identify the lowest cost process.  Even process related issues like reliability, controllability, and pollution control ultimately translate into costs that must be minimized.  Thus, process design easily lends itself to a mathematical treatment.

In contrast, chemical product design seeks to obtain the most added value for a product through enhanced product properties.  This is far more complex than a mathematical treatment to maximize profit, as profit will depend in some unidentified way upon a complex set of product properties that may not even be identified at the outset.   Thus, product design and engineering must not only require new chemical engineering approaches, but even more fundamentally, a new mindset.

2. The 3rd Paradigm

While various comments on chemical engineering paradigms have appeared over the years [1,5-7], an overuse of the word paradigm by society in general may have led to some confusion over the meaning of the term.  One is reminded of the Dilbert comic strip where every engineer says his project is a paradigm but no one seems to know what that means!

The term paradigm was popularized by Thomas Kuhn in his book, The Structure of Scientific Revolutions, first published in 1962.  Borrowing the word from linguistics, Kuhn used the term to indicate a specific way of viewing scientific reality, the mindset of a scientific community.  Some of Kuhn’s examples include Copernican astronomy, Newtonian dynamics, and quantum mechanics.  Each of these paradigms affected the choice of problems that were considered worthy of solution, as well as acceptable approaches to solving those problems. [8]
As pointed out by Kuhn, even when paradigms are known to be inadequate, their inadequacies are frequently minimized or even ignored by a scientific community.  But if and when a paradigm reaches a crisis where its technical inadequacies are brought into focus, perhaps driven by social requirements, a new paradigm will arise to explain what the prior paradigm could not.  Thus the inadequacies of Newtonian mechanics in explaining some observations that had been viewed as anomalies eventually led to Einsteinian dynamics, and the success of this new paradigm in explaining those observations opened up an entirely new set of problems as worthy of consideration. [8]  Of course Newtonian mechanics is still useful and may even be considered as a special case of Einsteinian dynamics.

From this perspective, it should be appreciated that originally chemical engineering had no paradigm.  Chemical processes were studied within the context of various industries, and so engineers studied processes to make soap, dyestuffs, sugar, etc.  Without the mindset of a unifying principle, engineers did not look for and hence failed to see commonality between these processes. [9]

Chemical engineering received its first paradigm in 1915 with the introduction of the unit operations concept. [3,9,10]  This mindset allowed engineers to recognize commonalities between elements of chemical processes despite their use in different industries.  Under this paradigm, chemical engineering was no longer the study of how to manufacture a specific commodity, but rather the study of unit operations.  As a consequence, chemical process design became a matter of deciding which sequence of unit operations was most appropriate to manufacture a desired product.

While still useful to the present day, the unit operations paradigm proved inadequate for solving some important classes of problems.  This awareness led to the emergence of chemical engineering science as a second paradigm in the late 1950’s, as best exemplified by the textbook Transport Phenomena. [3,9-11]  This approach taught engineers to analyze problems by thinking in terms of their underlying fundamental chemical and physical sciences, writing mathematical equations to describe the phenomena, and then solving those equations.  The chemical engineering science paradigm may also be described as the “first principles” approach.

The chemical engineering science paradigm is widely used today.  In fact, its application has been broadened by the incorporation of biological science and new information technology tools.  But as important as these latter elements have been, they have been incorporated into the existing chemical engineering science paradigm rather than lead to a new mindset.  Similarly, specific techniques for solving various classes of chemical engineering problems are not new paradigms, for they fall within the current chemical engineering way of thinking.

On the other hand, until recently the chemical engineering community largely ignored all product issues other than purity as irrelevant, focusing exclusively on processing while leaving product development to chemists.  In the minds of many, chemical engineering is synonymous with process engineering.  Hence product engineering will require a new mindset in addition to new chemical engineering approaches, and should therefore be recognized as a third chemical engineering paradigm, as first hinted in 1988. [9]

Of course, product engineering as a paradigm does not preclude other paradigms from emerging, nor does it replace previous paradigms.  Process engineering may even be considered as a special case of product engineering.  But a product engineering mindset is essential if chemical engineers are going to be able to solve problems where both the product and its manufacturing process must be identified, an entirely new and important class of problems.

3. Product Design Methodologies

New chemical products have historically been created by combining a broad knowledge of existing chemical products with scientific experimentation.  Product development is also at times accelerated through high-throughput experimentation, where large numbers of products are simultaneously made in small quantities, or through experimental design, where statistical techniques reduce the number of experiments performed.  Nevertheless, these techniques have their limitations.  For example, it is impractical to use high-throughput experimentation to make large numbers of structured products (like emulsions or composite powders) in small quantities.  Similarly, experimental design can help determine optimal levels of a specified component but a combinatorial explosion will frequently prevent selection from a list of all potential components.  Thus, chemical product development is all too often random trial-and-error experimentation at present.

However, the systematic identification of problem solutions should be superior to a random identification of solutions, either because better solutions can be identified or because acceptable solutions can be identified sooner or with less resource.  So while it is unrealistic to eliminate all experimentation, it would be desirable to minimize experimentation through the introduction of a systematic consideration of product formulations prior to experimentation.  From this perspective, the object of product design is to specify a small set of formulations likely to meet the product requirements, and which can be confirmed or refined through experimentation.  Thus, chemical product design and engineering should be viewed as a phase of chemical product development that should precede a more focused experimental program. 

Analogous to chemical process design, chemical product design requires a methodology or algorithm to apply chemical engineering fundamentals. Cussler and Moggridge proposed a generic framework for chemical product design, suggesting a 4-step algorithm: (1) identify customer needs, (2) generate ideas to meet those needs, (3) select among the ideas, and (4) manufacture the product.   They also admit that this framework is a simplification that tries to come down on the side of universal applicability rather than effectiveness in specific cases.  [12]  While this framework is an excellent starting point, it may be useful to expand on it.

People who specialize in understanding consumers and market trends typically identify customer needs, often before chemical engineers are assigned to a product design project.  Nevertheless, chemical engineers can help refine the understanding of consumer needs through their understanding of what is physically possible.

Issues surrounding the design of a manufacturing process for complex chemical products have been discussed elsewhere [2,13,14], so I will focus on the remaining two steps, namely how ideas can be generated to meet customer needs, and how to best select from among those ideas.  These steps must be at the heart of a chemical product design methodology.

In practice, significant guidance is needed as to how to generate options and how to best select from among them.  This is not simply a matter of brainstorming ideas and selecting the best option.  While brainstorming and other creativity techniques are often useful for generating novel approaches to problems, a generic methodology is needed to systematically transform each novel approach into a specific set of product alternatives, and to quantitatively analyze those alternatives so as to select from among them.

4. Design of Homogeneous Products

4.1. Overview

Having taught chemical product design to undergraduates at Columbia University, my colleagues and I have developed a useful methodology for designing homogeneous chemical products when limited data are available.  This methodology has nine steps, and can guide a student team through a product design problem of moderate difficulty, each step requiring one week for a team of 3-4 students to complete, except steps 3, 4 and 5, which likely need two weeks each.  Thus the course neatly fits into the time constraints of a university semester.

The methodology assumes that the target behavior of the new chemical product has already been specified, eliminating the need for a step to determine customer needs.  Also, since the required products are assumed homogeneous, their properties will result solely from their components and not a product microstructure generated during processing.  This allows us to design the product and process sequentially rather than simultaneously, greatly simplifying the methodology and making it well within the grasp of undergraduates.  Thus the procedure loosely follows the 4-step procedure of Cussler and Moggridge [12], but adds additional important details.

For example, this procedure includes an analysis of market realities.  A chemical product cannot be designed without a consideration of whether the proposed product will be profitable.  Hence specific steps to assess the marketplace and determine profitability are included.  In addition, recognizing that product design is only the first stage of product development and must be followed by a focused experimental program, the procedure includes an analysis of all uncertainties that should be followed up by experimentation.

In addition, the methodology recognizes a key difference between the economics of commodities and specialty products that is easily overlooked.  There is little risk that a commodity chemical manufactured by a new manufacturer or plant will go unsold if it is priced comparable to the competition.  This is because manufacturers are generally unable to differentiate their commodity products from those of their competitors if they are priced the same, and so by the laws of supply and demand, any small increase in supply will lead to a small decrease in price for all manufacturers of the commodity as the market absorbs all the commodity produced by the new manufacturer.  As all of the commodity manufactured at a new plant will sell at this new market price, the primary business decision is whether the investment in a new plant is justified by its return.

On the other hand, since chemical products are differentiated by their performance specification, a new product will be governed by its own supply and demand equilibrium, and there will be no guarantee that a new chemical product can be sold at any price.  There is no point in trying to calculate the return on investments (a cash flow transient) if the business proposition is not profitable in the steady state, i.e., with investments ignored.  Hence before a prospective manufacturer considers whether the investment is justified by its return, ongoing profitability must be assessed first.  This is typically a calculation of the market size that must be achieved for revenue to cover fixed costs, a situation referred to as “break-even”.
 [15]

The methodology follows below.

4.1.1. Investigate Current Products

The designer should begin by investigating current products, if any, in the marketplace – price, composition, the specific function of any components, strengths and weaknesses (from both a customer/consumer and a supplier perspective), any hidden costs, and total market size.  Even if there is no product just like an intended product currently in the market, there may be other kinds of products indirectly fulfilling the same end function.  For example, instead of using a device to purify drinking water, people may be drinking impure water and going more often to the doctor to treat water-borne illness.  This will all be important information for setting an appropriate price for the new product, which in turn will be critical for determining whether the new product will be profitable.

4.1.2. Initial Technical Analysis

The mechanism(s) by which the new product may be able to work should be analyzed next.  Consider the implications each mechanism will this have on the physical properties of the product.  Also, identify the underlying chemical engineering phenomena (e.g. thermodynamics, reaction kinetics, transport phenomena, etc.) that will be relevant to understanding the behavior of the product.  Where there are multiple properties that must be met simultaneously, consider if there are classes of compounds that can provide some of the required properties if they were present as components.  If so, assume that the complete required property set can be decomposed into subsets of properties which can be achieved separately through their own components.  This will allow the complete property set to be achieved by combining all components.  Also identify any classes of compounds that would be inappropriate in the new product.   This fundamental understanding will be later used to model the properties of the product.

For example, consider the problem of formulating a biodegradable deicer for airplane wings.  One would likely decide that freezing point depression is a more appropriate deicing mechanism than raising surface temperature by heat generation, as the latter effect would be temporary.  This suggests that the product should contain a freezing point depressant.  However, the product must also adequately wet and spread over the aircraft surface, not cause corrosion to wet metal surfaces, and biodegrade at acceptable rates.  As it is unlikely that one compound will meet all these criteria, it can be assumed that the product will consist of (1) compounds that adequately depress the freezing point yet also biodegrade at acceptable rates, (2) compounds to ensure wetting, i.e. surfactants, and (3) compounds to prevent corrosion, i.e. anti-corrosion agents.

4.1.3. Build Product Property Models

For each property subset, the understanding of the underlying chemical engineering phenomena can be used to derive a set of equations that can predict the relevant behavior as a function of composition.  While simplifying assumptions may be made, be careful not to oversimplify.  Verify qualitatively that the models will be useful for predicting the relevant behavior.  

Next, list all physical parameters that will be needed to apply the model with any candidate compound.  In the absence of direct experimental data, decide how the needed physical parameters will be obtained (e.g. tabulated data, appropriate correlations, group contribution methods, etc.)

For example, designing a biodegradable aircraft deicer would require a model of freezing point depression so that one could predict the mass of ice melted per mass of deicing compound at a given temperature.  However, assuming ideal solution behavior leads to the unlikely conclusion that the only property governing freezing point depression is molecular weight, so solution ideality is clearly an oversimplification.  In addition, the design would require a model of drainage rate off aircraft surfaces so that one could predict time to product failure, as well as a model of biodegradation.  These models in turn lead to a need for various physical parameters, including activity coefficients, heats of fusion, and viscosity.

4.1.4. Generate Alternatives 

For each property subset, generate as large a list of potential candidates as is possible, based on an understanding of the underlying chemistry.  This may be done by computer generation of alternatives or by searching through tabulated databases.  Using the various product property models and any other relevant factors, cull each list by eliminating candidates that are inappropriate.

4.1.5. Select Product Composition

For each property subset, define overall performance by assigning a weighting factor to each property in the set.  In the example of the aircraft deicer, while there may minimum targets for freezing point depression and biodegradation that must be simultaneously achieved for a formulation to be given further consideration, assigning appropriate weighting factors to these properties will allow the product designer to consider performance tradeoffs in identifying the formulation with the best performance.

Next obtain raw material costs for compounds that simultaneously meet all the important criteria within that property subset, and using the property models and weighting factors, rank all remaining candidates for their raw material costs on an equal overall performance basis.  Identify any compounds that are less expensive than those used in current products on an equal overall performance basis, including hidden costs.  

Assuming that the complete required property set can be achieved by combining the components for each property subset, identify an overall composition to recommend for experimental study.

4.1.6. Design the Process

For the preferred composition, chose a base case plant capacity and perform a preliminary process design.  This preliminary process design should include a process flow sheet, a material balance for each stream, and sizing of all major equipment.  Determine how much capital will be required to build this plant as a function of capacity.

4.1.7. Analyze the Risks

Identify the key technical risks associated with this project, and recommend how these risks should be managed.  This should include a listing of all key assumptions that were made in designing the product and its process, and an experimental plan for corroborating the conclusions drawn from these assumptions.

4.1.8.  Analyze Finances for Ongoing Costs

Based on cost/performance of the preferred composition and current products, identify a recommended selling price for the new product.  Considering all available factors, identify the market share that may be expected at the recommended selling price. Making reasonable estimates, identify the expected variable costs and fixed costs associated with the new product.
  Identify the market share required for break-even, and compare to the expected market share to determine if the new product is likely to be profitable on an ongoing basis.  Calculate the net profit expected on an ongoing basis.

4.1.9. Analyze Finances for Investments

Making reasonable estimates, calculate the investment expenses that will be required.  Given the expected market share and reasonable assumptions for the ramping up of sales, calculate how long will it take to recoup the initial investment while meeting the internally required discount rate.  Based on this analysis, decide if the investment should be recommended.

4.2. Discussion

This product design methodology will identify a product that meets the preliminary performance specification, and although it assesses both ongoing profitability and return on investments, it guarantees an acceptable level of neither.  However, as with all design, product design should be approached iteratively.  Once a product designer completes the last step of this method, he will know the various factors that influence product performance and economics.  In addition, there may have been multiple product possibilities identified by the methodology, some of which may have been eliminated prematurely.  Hence the product designer will be in a position to take a fresh look at all previous decisions and explore the impact of these decisions on ongoing profitability and return on investment.

It is also possible that the product designed by this procedure can be the starting point for mathematical optimization. Since the product that offers maximum performance regardless of costs is unlikely to be the product that offers maximum profitability, there is value in simultaneously simulating and optimizing the effects of product performance, consumer response, and microeconomics. [16]  As the focus of the product design must be sufficiently narrowed to permit this approach, the procedure outlined above is a good starting point. 

5. Design of Structured Products

The methodology proposed above assumes that a homogeneous product can achieve all the required product properties.  This ignores the class of chemical products known as structured products, which achieve their properties through a microstructure that is determined by the interaction of its components and the manufacturing process. [17]  Product engineering for structured products will be particularly difficult, as the product and process must be designed simultaneously. [2]

Here again, a generic methodology is needed to systematically transform each novel approach into a specific set of product alternatives, and to quantitatively analyze those alternatives so as to select from among them.  As with process design, this product design methodology would likely be hierarchical and iterative.  Two primary approaches are possible: (1) generation and systematic reduction of the number of alternatives through heuristics, and (2) optimization of the set of all potential alternatives through mathematical programming.  By analogy to what has been concluded about process design, it can be expected that product design techniques will draw largely on heuristics when data are limited, followed by more detailed calculations later on. [18]
Where sufficient data to enable a complete mathematical representation of the product-engineering problem exists, mathematical techniques exist for their solution.  However, significant work is still needed to establish a comprehensive generic methodology to generate and systematically reduce the number of alternatives through heuristics, so that product engineering can be accomplished even in the absence of complete data.

Recent work has established how to mathematically represent the generic product-engineering problem [19], and mathematical programming has been successfully applied to these problems. [20]  Of course, these techniques can only be applied where sufficient data are available to enable a complete mathematical representation of the product-engineering problem. 

Conversely, in the early stages of design when such data are generally lacking, heuristics are needed to systematically generate and analyze alternatives.  Others have begun to identify product-engineering heuristics within specific product contexts [21-23], but a comprehensive generic methodology to generate and systematically reduce the number of alternatives through heuristics has yet to be established for the general problem.

6. Conclusions

The methodology for design of homogeneous products outlined in Section 4 highlights some of the real issues that chemical engineers face in product design.  These problems may be quite rich despite the constraint that the product has no microstructure.

On the other hand, a comprehensive generic methodology for structured products as suggested in Section 5 would be significantly more complex and would require significant work to develop.  However, this methodology would allow structured products to be engineered even in the absence of complete data, accelerating new product development well beyond the capabilities of purely experimental techniques.
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� Break-even, the market size size needed for revenues to cover ongoing fixed costs, is not the same as the payback period, the time required for cash flow to cover an investment.  Break-even deals with steady state issues and is measured in either units of money or product volume; payback period deals with the cash flow transient and is measured in units of time.


� Variable costs are ongoing costs proportional to sales volume, and include items like raw materials and delivery charges. Fixed costs are ongoing costs treated as independent of sales volume, although more correctly they are step functions of sales volume.  These include items like depreciation and administrative overheads. [15]  Some costs, like labor and utilities, fall somewhere in between these two idealizations, and may be treated as either.  Note that a fixed capital investment, unlike depreciation, is not an ongoing cost, and hence is not a fixed cost.








