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Although recently several excellent books have been pub-
lished geared toward process chemistry [1-3] or formulation
development in the pharmaceutical industry [4], relatively
little has been published specifically with a chemical engi-
neering (ChE) focus. This book, therefore, is about chemical
engineering applied to the process research, development,
and manufacture of pharmaceuticals. Across the pharmaceu-
tical industry, chemical engineers are employed in R&D
through to full-scale manufacturing in technical and man-
agement capacities. The following chapters provide an em-
phasis on the application of chemical engineering science to
process development and scale-up for active pharmaceutical
ingredients (APIs), drug products (DPs), and biologicals
including sections on analytical methods and computational
methods. This chapter briefly highlights a few industry facts
and figures, in addition to some of the challenges facing the
industry, and touches on how ChE can contribute to addres-
sing those challenges. Chapter 2 by Kukura and Thien
provides further perspective on the challenges and opportu-
nities in the pharmaceutical industry and the role of chemical
engineering.

In general, pharmaceuticals are drug delivery systems in
which drug-containing products are designed and manufac-
tured to deliver precise therapeutic responses [5]. The drug is
considered the “active,” that is, active pharmaceutical in-
gredient, whereas the formulated final drug is simply referred
to as the drug product.

In the United States, federal and state laws exist to control
the manufacture and distribution of pharmaceuticals. Spe-
cifically, the Food and Drug Administration (FDA) exists by
the mandate of the U.S. Congress with the Food, Drug &

Cosmetics Act as the principal law to enforce and constitutes
the basis of the drug approval process [6]. Specifically in the
United States, “The FDA is responsible for protecting the
public health by assuring the safety, efficacy, and security of
human and veterinary drugs, biological products, medical
devices, our nation’s food supply, cosmetics, and products
that emit radiation. The FDA is also responsible for advanc-
ing the public health by helping to speed innovations that
make medicines and foods more effective, safer, and more
affordable; and helping the public get the accurate, science-
based information they need to use medicines and foods to
improve their health [7].”

A review of the structure within the FDA and the drug
review process can be found in the cited references [8]. In
Europe, the European Agency for the Evaluation of Medic-
inal Products (EMEA) is a decentralized body of the Euro-
pean Union with headquarters in London whose main re-
sponsibility is the protection and promotion of public and
animal health, through the evaluation and supervision of
medicines for human and veterinary use [9].

According to PhRMA statistics, more than 300 new
medicines have been approved in the past 10 years that have
contributed to increases in life expectancy. For example,
since 1980, life expectancy for cancer patients has increased
by about 3 years, and 83% of those gains are attributable to
new treatments, including medicines. Death rates for car-
diovascular disease fell a dramatic 26.4% between 1999 and
2005 [10]. The value of the biopharmaceutical industry to the
American economy is substantial. In 2006, the industry
employed over 680,000 people with each job indirectly
supporting an additional 3.7 jobs. Thus, as an aggregate, the
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industry supported 3.2 million jobs in 2006 contributing 1000 | | | | | | |
$88.5 billion in 2006 to the nation’s gross domestic prod-
uct [11]. In terms of the total value that the pharmaceutical 800 m

sector outputs (sum of the direct value of goods produced,

indirect value of goods and services that support the sector, 600 L i
and economic activity induced by the direct/indirect employ-
ees), it is estimated to be over $635 billion for 2006 [12]. 400 L I

$ Billions (USD)

As an industry, global pharmaceutical sales have steadily
increased over the past decade and are now approaching an 200 |
$800 billion industry based on 2009 revenues. Despite the
slowing growth rate over the past decade (Figure 1.1), sales 0 | | | | | | |
are still expected to grow at 4-7% per year to approach $975 2001 2002 2003 2004 2005 2006 2007 2008
billion by 2013 [13]. This is due, in part, from emerging

market countries (China, Brazil, Russia, Mexico, India, 15 T T T T T T T T
Turkey, South Korea) where sales are expected to grow by < 10

13-16% annually over the next 5 years (IMS Health). Amid 5 B 7]
the uncertainty in long-term growth, as an industry sector, the 5] 51 |
pharmaceutical industry still ranks near the top of most 2

profitable industries with approximately 19% return on 0 I I I I I I I I

revenues according to Fortune 500 rankings [14]. The top 2001 2002 2003 2004 2005 2006 2007 2008

15 pharmaceutical companies are listed in Table 1.1 accord-
ing to IMS Health.

The top 15 global selling drugs are shown in Table 1.2,
with Lipitor/atorvastatin topping the list with 2008 global
sales of $13.7 billion. The top 15 drugs total nearly $90
billion and comprise approximately 12% of the global market

FIGURE 1.1 Top: Global pharmaceutical sales with worldwide
pharmaceuticals sales approaching $725 billion for year ending
2008. Bottom: Declining growth rate based on global sales is
defined as percentage change in global sales over the previous year.
Source: Ref. 15.

of $724 billion in 2008. Table 1.3 includes some of the top
selling small-molecule APIs, including their formulation
type and formulation ingredients.

With patent expirations and fewer blockbusters on the
horizon, the pharmaceutical industry is undergoing a trans-
formation in part through consolidation of drug portfolios via

mergers and acquisitions. At the time of this writing, further
consolidation of the list in Table 1.1 includes Pfizer’s ac-
quiring Wyeth and Merck’s acquisition of Schering-Plough
in 2009. Patent expirations for branded pharmaceuticals
create significant financial exposure to the industry. Specif-
ically, products that generated $137 billion in sales face

TABLE 1.1 Top 15 Pharmaceutical Corporations in 2008 as Listed by IMS Health'®

2008 2008 Sales 2007 Sales 2006 Sales 2005 Sales 2004 Sales
Rank (US$) (US$ million) (US$ million) (US$ million) (US$ million) (US$ million)

Global market 0 724,465 673,043 612,013 572,659 530,909
Pfizer 1 43,363 44,651 45,622 45,869 49,401

GlaxoSmithKline 2 36,506 37,951 37,516 32,256 33,231

Novartis 3 36,172 34,409 31,560 29,616 26,404
Sanofi-Aventis 4 35,642 33,819 31,460 30,953 28,446
AstraZeneca 5 32,516 30,107 27,540 24,741 22,526
Roche 6 30,336 27,578 23,354 20,105 16,787
Johnson & Johnson 7 29,425 29,092 27,730 27,190 26,919
Merck & Co. 8 29,191 27,294 25,174 23,872 24,334
Abbott 9 19,466 17,587 16,065 14,849 13,310
Lilly 10 19,140 17,386 15,388 14,232 13,042
Amgen 11 15,794 16,536 16,270 13,435 10,944
Wyeth 12 15,682 15,965 14,695 14,469 14,019
Teva 13 15,274 13,547 12,001 10,053 8,675

Bayer 14 15,660 14,178 12,553 11,828 11,019
Takeda 15 13,819 12,778 11,880 11,370 10,707

Source: Ref. 15.
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TABLE 1.2 Top 15 Global Pharmaceutical Products (in 2008)

2008 Sales
Rank Brand Name Compound Marketer Indication ($ Billion)
1 Lipitor Atorvastatin Pfizer Hypercholesterolemia 13.655
2 Plavix Clopidogrel Bristol-Myers Atherosclerotic events 8.634
Squibb
3 Nexium Esomeprazole AstraZeneca Acid reflux disease 7.842
4 Seretide/ Fluticasone and GlaxoSmithKline Asthma 7.703
Advair salmeterol
5 Enbrel Etanercept Amgen and Wyeth Rheumatoid arthritis 5.703
6 Seroquel Quetiapine AstraZeneca Bipolar, schizophrenia 5.404
7 Zyprexa Olanzapine Eli Lilly & Co. Schizophrenia 5.023
8 Remicade Infliximab Centocor Crohn’s disease, 4.935
rheumatoid arthritis
9 Singulair Montelukast Merck & Co. Asthma, allergies 4.673
10 Lovenox Enoxaparin Sanofi-Aventis Anticoagulant 4.435
11 MabThera Rituximab Roche Lymphoma 4.321
12 Takepron/ Lansoprazole Takeda Antiulcer/gastric 4.321
Prevacid proton pump inhibitor
13 Effexor Venlafaxine Wyeth Depression 4.263
14 Humira Adalimumab Abbott Rheumatoid arthritis, Crohn’s disease 4.075
15 Avastin Bevacizumab Genentech/Roche Metastatic cancers 4.016

Source: Refs 13 and 15. Global sales figures are listed in US$ for 2008.

generic competition from 2009 to 2013 according to IMS
Health [15], which represents approximately 17% of current
global pharmaceutical sales. In addition, the United States is
in the midst of U.S. health care reform (2010). It remains
unclear whether the higher volume of prescription drugs that
the program intends to ultimately provide coverage for, to the
newly insured, will offset the lower price demands and how
this will impact the industry as a whole.

Companies in general are broadly looking for ways to
reduce costs to offset the exposure of patent expirations,
rising generic competition, and current market pressures.
The cost of advancing candidates and entire pharmaceutical
portfolios in R&D is significant. In 2001, the average cost for
an approved medicine was estimated to be $802 million as
reported by Tufts Center for the Study of Drug Development.
In 2008, the cost of advancing a drug through clinical trials
and through FDA approval was estimated to range from $1
billion to $3.5 billion in 2008 dollars [16]. Although these
figures clearly depend on the drug type, therapeutic area, and
speed of development, the bottom line is that the upfront
investments required to reach the market are massive espe-
cially when considering the uncertainty whether the upfront
investment will pay back.

Given there might be 10 or more years of R&D costs
without any revenue generated on a new drug, the gross
margins of a successful drug need to cover prior R&D
investments as well as cover the continuing marketing and
production costs. Figure 1.2 shows the classic cash flow
profile for a new drug developed and marketed. First, there is
a period of negative cash flow during development. When the

drug is approved and launched, only then are revenues
generated, and the drug has to be priced high enough to
recoup the investment and provide a return on the investment.
The net present value (NPV) calculation is one way to assess
return on investment; it considers the discounted revenue
minus the discounted costs and is computed over the product
development and marketing life cycle. These calculations are
used to rationalize investment decisions. For example, a
minimum threshold product price can be computed for which
the NPV calculation hits a desired return on investment
target. If this price is sustained by the market, then the
investment can be considered viable. A discount rate of
10-12% is generally chosen in the pharmaceutical industry
as the rate to which to value products or programs for
investment decisions [17]. Patents typically have a validity
of 20 years from the earliest application grant date based on
applications filed after 1995, so it is in the company’s best
interest to ensure that the best patent protection strategy is in
place to maximize the length of market exclusivity. Related
to this is that patents and intellectual property in general need
enforcement on a global basis to ensure fair competition and
realize benefit in growth into emerging markets.

In some cases, time of market exclusivity can be extended
through new indications, new formulations, devices, and so
on, which are themselves patent protected. Once market
exclusivity ends, generic competition is introduced, which
will erode sales. It should be noted that independent of patent
position or patent exclusivity, the FDA grants new drug
product exclusivity (also known as Hatchman—Wax exclu-
sivity) with specific periods of exclusivity. For example, the
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Positive
cash flow Peak sales
T Impact of competition,
; Product Primary generics, and over-the-counter (OTC) drugs
) uptake patent
el Product expiration
< launch <«—— Period of positive return —» .
% 00— R&D costs | Time
O 5 l 12 15 20 25 30 (years)
Manufacturing
Negative and launch costs
cash flow

FIGURE 1.2 A hypothetical cash flow curve for a pharmaceutical product includes 10-15 years of
negative cash flows of typically $1-3 billion. Reasonably high margins are needed, once the drug is on
the market, if it is to recoup and provide a positive return on investment (ROI) over its life cycle.

following key points are quoted from the FDA on the subject
of new drug product exclusivity.

“Exclusivity provides the holder of an approved new drug
application limited protection from new competition in the
marketplace for the innovation represented by its approved
drug product.” “A 5-year period of exclusivity is granted to
new drug applications for products containing chemical
entities never previously approved by FDA either alone or
in combination.” “A 3-year period of exclusivity is granted
for a drug product that contains an active moiety that has been
previously approved, when the application contains reports
of new clinical investigations (other than bioavailability
studies) conducted or sponsored by the sponsor that were
essential to approval of the application. For example, the
changes in an approved drug product that affect its active
ingredient(s), strength, dosage form, route of administration
or conditions of use may be granted exclusivity if clinical
investigations were essential to approval of the application
containing those changes.” “The Center for Drug Research

DRUG DISCOVERY PRECLINICAL

5,000-10,000
Compounds

PRE-DISCOVERY

IND SUBMITTED

250 5 B

PHASE 1

and Evaluation (CDER) makes exclusivity determinations on
all relevant applications. There is a procedure in CDER that
provides review of all relevant applications, with or without
a request from the applicant, for an exclusivity
determination [18].”

The pharmaceutical industry invested approximately $60
billion into R&D in 2007. It now takes 10—15 years for a new
medicine to go from the laboratory to the pharmacy.
Figure 1.3 shows the typical development activity timeline
from discovery to launch. From thousands of compounds
evaluated for potential therapeutic effect, very few will clear
all the safety, efficacy, and clinical hurdles to make it to
approval. Figure 1.3 also shows how a general range of
volunteers, and therefore clinical supplies, increases for
clinical development through phases I to II with clinical
development lasting 6-7 years. The cost of product
development that includes the cost to manufacture clinical
supplies is estimated to be in the range of 30-35% of the total

FDA REVIEW J LG-SCALEMFG

ONE FDA-
APPROVED

PHASE 2 PHASE 3

NUMBER OF VOLUNTEERS
20-100

100-500  1,000-5,000

NDA SUBMITTED

6-7 YEARS

FIGURE 1.3 Drug research and development can take 10-15 years with one approval from 5 to
10,000 compounds in discovery. IND: investigational new drug; NDA: new drug application. Source:
Pharmaceutical Industry Profile 2009, Pharmaceutical Research and Manufacturers of America

(PhRMA) (www.phrma.org).
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Product
Clinical trials development
35% 30%
Safety and Toxicity
Discovery 15%

20%

FIGURE 1.4 Estimated distribution of product development
costs within R&D with the total cost to bring a new chemical entity
to market in the range of $1-3.5 billion. Source: Ref. 16.

cost of bringing a new chemical entity to market with the
following breakdown of development costs: discovery
20-25%, safety and toxicity 15-20%, product development
30-35%, and clinical trials 35-40%. The distribution is
graphically displayed in Figure 1.4. Clearly, the distribution
will depend on the specific drug, its therapeutic area, dose,
and specific company [16].

1.1 PHARMACEUTICAL DEVELOPMENT

In general, pharmaceutical product development is different
from most other research-intensive industries. Specifically in
the pharmaceutical industry, there is a consistent need to
ensure that clinical supplies are manufactured and delivered
in a timely manner regardless of the current state of devel-
opment or efficiency of the process. In other words, deliv-
ering clinical supplies when they are needed requires using
technology that is good enough at the time even if it is not a
fully optimized process. Further, process development, op-
timization, and scale-up historically tend to be an iterative
approach [19]—clinical supply demands are met by scale-
ups to kilo lab or pilot plant through phase I, phase II, and
phase III and it is through this period R&D development
teams (including chemist/engineers/analysts, referred to as
the ACE model) refine, optimize, and understand the API and
DP processes to enable them to be eventually transferred to
manufacturing. Manufacturing of clinical supplies in kilo
lab, pilot plant, solid dosage plants, and so on occurs under
the constraints of current good manufacturing practices
(cGMP) conditions, which is discussed further in Chapter 22
by Hamm et al. The pilot plant and kilo lab are also
sometimes used to “test” the scalability of a process. In this
way, they serve a dual purpose, which make them unique
compared to nonpharmaceutical pilot plants. In terms of cost,
however, large-scale experimentation in kilo lab or pilot plant
can be significant, so there has been a shift toward greater

predictability at lab scale to offset the need for pilot plant-
scale “technology demonstration” experiments. Engineers
through their training are well versed with scale-up or
scale-down processes and can effectively model the chemical
and physical behaviors in the lab to ensure success on scale.
This helps to reduce the number of larger scale “experi-
ments,” thereby lowering costs during R&D. In this way, with
the recent trend toward increasing efficiency and continuous
improvement, the pilot plant and kilo labs are preferentially
utilized to manufacture toxicological and clinical supplies
rather than being used to “test” or verify that the chemistry or
process will work on scale. This concept of “lean manufactur-
ing” will be touched on in more detail later in this chapter.

The aim of process development is to drive down the cost
contribution of the API to the final formulated pharmaceu-
tical product cost, while at the same time optimizing process
robustness. The impact of API costs on overall manufactur-
ing costs is approximated in Figure 1.5. The cost contribution
of API is expected to increase with increasing complexity of
molecular structures of APIs. It is interesting to note that API
molecular complexity can often impact API cost more than
formulation or packaging costs. Federsel points out that,
“Given the importance of ‘time to market’ which remains one
of the highest priorities of pharmaceutical companies, the
need to meet increasingly stretched targets for speed to best
route has come to the forefront in process R&D” [20].
Recently, it was considered satisfactory to have a good
enough synthetic route that was fit for purpose (i.e., could
support the quantities of material needed) but not one having
best or lowest cost ($/kg of API). The prevailing view was
that the market would bear higher product pricing as com-
pensation for higher cost of goods. Further cost reduction
through new routes could be and was pursued post-launch
with savings realized later in the life cycle. According to
Federsel, and evidenced frequently in contemporary R&D
organizations, this approach is no longer viable, at least not as
a default position. Instead, the best synthetic route to API
(i.e., route with ultimate lowest cost materials) coupled with
best process design and engineering (process with lowest
processing costs) must be worked out as early as possible in

Packaging

Formulation
50%

FIGURE 1.5 Average COG components in final dosage form
across a large product portfolio, but for individual drugs this could
vary widely (e.g., for API from 5% to 40%). Source: Ref. 19.



API process development [21]. The best API process devel-
oped by the time of launch is necessary to extract additional
revenues and respond to reduced cost of goods margins.
Achieving this requires continuous improvement in scientific
and technical tools as well as multidisciplinary skill sets in
the R&D labs, including chemical engineering science.
Specific areas of opportunity for engineering are described
in more detail in Chapter 2. The implementation of process
design principles, drawing on the right skill sets, from both
chemistry and engineering perspectives during clinical phase
I is considered such an important step toward leaner more
cost-effective processes readied for launch that several por-
tions of this book will expand on this concept.

1.2 MANUFACTURING

Pharmaceutical production plants of APIs and drug products
can be generally characterized as primarily batch-operated
multipurpose manufacturing plants. At these facilities, com-
mercial supplies of API intermediates, APIs, and drug pro-
ducts are manufactured before being packaged, labeled, and
distributed to various customers. Pharmaceutical production
plants were typically designed to be flexible to allow a
number of different products to be run in separate equipment
trains, depending on the demand. Further, these facilities
have various degrees of automation, relatively high levels of
documentation, and change control to manage reconfigura-
tions, with relatively long down times for cleanup and
turnover of the plant between product changes [22].
Manufacturing often accounts for more than one-third of a
company’s human resources and a third of the total costs with
expenses exceeding that of R&D [23]. Figure 1.6 shows the
major components of revenues based on 2008 annual reports
averaged over the 17 pharmaceutical companies shown in
Table 1.4. Figure 1.6 shows that the manufacturing costs or
costs of goods (COGs) are on average 27% of revenues where
R&D represents 17% of revenues. The margin, shown in
Figure 1.6, refers to the profit margin at 18%. As an industry
with annual sales of over $700 billion, COGs of 27%
represent close to $200 billion for the industry. For this
reason, COGs have received considerable attention as an
area of opportunity for potential savings [24].

It has been claimed that through adopting quality by
design principles and principles of lean manufacturing,
pharmaceutical companies, on average, could save in the
range of $20-50 billion/year by eliminating inefficiencies in
current manufacturing [25]. This translates to an improve-
ment of 10-25% in reducing current COGs. Another critical
factor in API cost determinations is the tax savings provided
to companies who manufacture in selected countries. At
present, for United States based pharmaceutical companies,
significant tax savings are realized by locating production in
tax-advantaged locations such as Ireland, Singapore, Puerto
Rico, and Switzerland. Manufacturing in tax-advantaged
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FIGURE 1.6 Distribution of revenue and expenses as a percent-

age of sales was averaged over 17 major pharmaceutical companies
(listed in Table ) based on 2008 annual reports.

locations can realize tax savings with tax rates of 2-12%
versus the U.S. rate of 38% [26], so the cost advantages of any
process or operational change need to be carefully deter-
mined and location-specific factors taken into consideration.

The principles of lean manufacturing are often cited as an
approach to reduce COGs in pharmaceutical development
and manufacturing. Lean manufacturing describes a man-
agement philosophy concerned with improving profitability
through the systematic elimination of activities that contrib-
ute to waste; thus, the central theme to lean manufacturing is
the elimination of waste where waste is considered the
opposite of value. Based on the work of Taiichi Ohno, creator
of the Toyota Production System, the following are consid-
ered wastes [27]:

e Overproduction

e Waiting

¢ Transportation

» Unnecessary processing
e Unnecessary inventory
e Unnecessary motion

e Defects

All of these wastes have the effect of increasing the
proportion of nonvalue-added activities. Lean thinking is
obviously applicable to many industries including pharma-
ceutical manufacturing as well as pharmaceutical develop-
ment. Continuous processing, for pharmaceutical APIs and
DPs, is one application of lean thinking applied to pharma-
ceutical manufacturing. The challenge that batch processing
inherently leads to overproduction (e.g., inventory buildup of
intermediates), leading to longer cycle times and excess
inventory, is addressed through the concepts of continuous
manufacturing.

According to Ohno, “The greatest waste of all is excess
inventory” where in simplest terms excess inventory incurs
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FIGURE 1.7 Inventory holdings for 17 pharmaceutical companies (numerical details shown in
Table 1.4) based on inventories listed in each individual company’s 2008 annual report. FG, Raws, and
WIP refer to finished goods, starting materials, and work in process, respectively.

cost associated with managing, transporting, and storing
inventories adding to the waste. Large inventories also tie
up large amounts of capital. Implementation of lean
manufacturing principles can be used to develop workflows
and infrastructures to reduce inventories. One way to reduce
inventories is through continuous processing. Chapter 23 by
LaPorte et al. discusses the technical benefits of continuous
manufacturing. A reliable steady delivery of product API and
DP through small product-specific continuous plants could
potentially reduce the level of inventory required in a dra-
matic way if the workflows were designed to ensure consis-
tent delivery of product to packaging and distribution. The
facilities of continuous production trains would likely be
significantly smaller. Excess inventory represents an oppor-
tunity cost where capital is held up in the form of work in
process (WIP), API finished goods, and formulated finished
goods versus what could be invested elsewhere or back into
R&D.

The costs of inventory holdings are significant, including
both the carrying cost and the cash value of the inventory.
Reductions in inventory equate to a one-time savings of the
value of the inventory saved, which represents real savings
and positive cash flow. The carrying costs of inventory
include two main contributions: (1) weighted average cost
of capital (WACC) and (2) overhead [28].

The weighted average cost of capital for the pharmaceu-
tical industry is estimated to be 12% based on 2007 data and
overhead costs are approximately 8% [29]. Estimates for the
combined carrying cost of WACC and overhead range from
14% to 25%, which translates to approximately 20% return
for every dollar of inventory reduction [28, 30]. In addition,
every dollar of inventory reduced yields a one-time cash cost
savings that can be invested to bolster the company’s bottom
line, for example, in R&D. Technology platforms and new
workflows designed to minimize the need for stockpiling API
and DP inventories across the industry therefore would seem
to offer very rapid payback.

Figure 1.7 shows the range of inventories for the 17
pharmaceutical companies profiled in Table 1.4. For a large

pharmaceutical company carrying $5 billion in inventories,
the holding cost based on the combined WACC and overhead
of 20% is approximately $1 billion/year. Considered another
way, technologies that ensure a reliable and steady distribution
of product with the result of eliminating the need to build and
store massive inventories can return the company cost savings
equivalent to a blockbuster drug (generating billions of dollars
per year). Indeed, one of the three factors having the biggest
impact on the profitability of a manufacturing organization is
inventory with the other two being throughput and operating
expense according to Goldratt and Cox [31]. Continuous
processing if designed for reliable operations essentially
year-round could potentially eliminate the need to accumulate
significant inventories above and beyond 2—4 weeks of critical
safety stocks of finished goods. Continuous manufacturing
across API and DP integrated under one roof as a platform
technology is one long-term approach to transforming the way
the industry manages their commercial supply chain.

One textbook puts it, “Even for very small processes,
continuous processes will prove to be less expensive in terms
of equipment and operating costs. Dedicated continuous pro-
cesses often put batch processes out of business” [32]. The real
point here is that continuous manufacturing is one approach to
lean manufacturing and to reducing inventories and costs but
certainly not the only approach. Other lean systems can be
devised that utilize the existing batch facilities as well.

1.3 SUMMARY

With current cost pressures on the pharmaceutical industry,
there is an ever-increasing need for chemical engineering
skill sets in process development and manufacturing. Chem-
ical engineers are uniquely positioned to help address these
needs in part derived from their ability to predict using
mathematical models and their understanding of equipment
and manufacturability. As Wu et al. highlighted, chemical
engineers can help transform pharma from an industry
focusing on inventing and testing to a process and product
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design industry [33]. Significant pressure exists on what
historically used to be a high-margin nature of the pharma-
ceutical industry to deliver safe, environment-friendly, and
economic processes in increasingly shorter timelines. This
means fewer scale-ups at kilo and pilot plant scales, with
expectation that a synthesis or formulation can be designed in
the lab to perform as expected (and right the first time) at the
desired manufacturing scale.

From R&D through manufacturing within the pharmaceu-
tical industry, chemical engineering can be leveraged to bring
competitive advantage to their respective organizations
through process and predictive modeling that lead to process
understanding, improving speed of development, and devel-
oping new technology platforms and leaner manufacturing
methods. The chapters in this book are intended to provide
examples of chemical engineering principles specifically ap-
plied toward relevant problems faced in the pharmaceutical
sciences and manufacturing areas. Further, the broader goal of
this work is to promote the role of chemical engineering within
our industry, promote the breadth of skill sets therein, and
showcase the critical synergy between this discipline and many
other scientific disciplines that combine to bring pharmaceu-
tical drugs and therapies to patients in need around the world.
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