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ABSTRACT: The fine chemical industry manufactures products that are used by many major industrial sectors, including the food
and beverage, cosmetics, nutraceutical, pharmaceutical, electronics, paper, automotive, painting, and water industries. The industry
saw significant changes in the first quarter of the current century, including the uptake of new “greener” production technology,
digitalization, and changes in the structure and geographical distribution. Despite its relevance and significant annual growth rates
lasting for decades, knowledge of this industry among chemistry and chemical engineering scholars, including graduate and
undergraduate students, is often limited. Providing an updated critical insight into industry and the main changes that have occurred
in the past 25 years, this study identifies the technology and policy drivers of change. The conclusions of the study may inform
further practice-oriented education on industrial aspects of the chemical enterprise.
KEYWORDS: fine chemical industry, fine chemicals, green chemistry, green industrial chemistry, continuous manufacturing

■ INTRODUCTION
The fine chemical industry produces high-value compounds,
today generally priced at no less than $15/kg, manufactured with
a high degree of purity and in relatively small amounts (from a
few tens to several thousand tonnes per year) when compared to
basic chemicals.1 The industry supplies virtually all major
industrial sectors, including the food and beverage, cosmetics,
nutraceutical, pharmaceutical, electronics, paper, automotive,
and painting industries, and many others.
According to Pollak,2 its emergence as a distinct entity dates

back to the second half of the 1970s, when a large
pharmaceutical company was forced by insufficient internal
production capacity to outsource the procurement of the
precursors of the highly successful active pharmaceutical
ingredient (API) cimetidine to a fine chemical company based
in Switzerland. Actually, the industry is even older than the oil-
based petrochemical industry (created “suddenly” between the
1880s and the late 1920s, simultaneously in Europe, the USA,
and Japan),3 having started in the mid-1800s using as raw
materials numerous different natural products.
Evidence that the term “fine chemicals” was used already in

the early 1900s can be found, for example, in volume 27 of The
Journal of the Society of Chemical Industry. Published in London
by the Society of Chemical Industry, the journal at that time was
a collection of issues devoted to inform readers on novelties
from the scientific and patent literature. Section XX of the
journal’s volume 27 (issue 18), published in 1908, opening on
page 956, was entitled “Fine Chemicals, Alkaloids and
Terpenes”.4

In 1993, the industry had revenues of $42 billion, with the
pharmaceutical industry absorbing 50% of the output in terms of
value.5 Twenty years later, in 2014, the industry’s market had
grown to $128 billion, with pharmaceutical customers now
absorbing about 70% of production.6 After another decade, the
market size of the industry exceeded $185 billion,7 and the

overall market was projected to expand at a compound annual
growth rate of nearly 7% (to exceed $340 billion by the end of
2033).7

Despite its industrial and economic relevance, however, this
key industry is not widely recognized by undergraduate and
academic research chemists. It is enough, for instance, to ask a
research chemist (or even a young chemical engineer) the
difference between “fine” and “specialty” chemicals�one would
probably get mixed answers. A similar conundrum (see below) is
reflected in the scholarly literature and even in chemical trade
magazines, where fine and specialty chemicals are often
confused.
In the year 2000, Rajagopal published the “Fine Chemicals:

Technology and Products” chapter in the Kirk-Othmer
Encyclopedia of Chemical Technology.8 In 2018, the same
encyclopedia published the fourth updated version of the
chapter. In 2013, Pollak and Vouillamoz published a chapter on
fine chemicals inUllmann’s Encyclopedia of Industrial Chemistry.2

In early 2011, Pollak published the book Fine Chemicals: The
Industry and the Business (the second edition of which was
published three months later).1 The book remains a key
reference for anyone interested in learning the history, structure,
and scope of this fascinating industry. Besides Pollak’s seminal
book, another important book, focusing on fine chemicals
manufacture, was written in 2001 by one industry practitioner
(Cybulski) and three academics (Moulijn, Sharma, and
Sheldon), one of whom (Sheldon) had worked in the industry
for nearly two decades.5
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A search within “Article title” carried out in the research
database Scopus with the query “fine chemical industry” at the
end of 2024 returned only 77 documents.9 None of these,
however, focused on the fine chemical industry per se. Aiming to
provide an updated insight to inform practice-oriented
education on the industrial aspects of the fine chemical
enterprise, in this study we outline the structure of the industry
and the technology and policy drivers of change in the first 25
years of the 21st century.

■ STRUCTURE OF THE INDUSTRY
Table 1 illustrates the main differences between bulk
(commodity) and fine chemicals in terms of production volume,

mode (plant type), and sales channel. Specialty chemicals
(specialties) are mixtures of different compounds, and not pure
chemical substances, obtained by chemical companies by
“formulation” (dissolution and mixing). They are chiefly sold
to consumers and to a lesser extent also to other manufacturing
companies.
The main customers of the fine chemical industry in 2014

(pharmaceutical with 69% market share, agrochemical with
10%, flavor and fragrances representing 7%, food additives 4%,
dyes and pigments 3%, other 7%)10 were the same a decade later,
with slight variations in the end market share of the industry’s
products.
Fine chemical companies sell their highly pure products

(“ingredients”) to specialty chemical companies. The latter,
including drug manufacturers, formulate the purchased
“ingredients” with other chemical product(s) and sell the
formulations to consumers and to other companies at prices that
are substantially higher than those paid to the suppliers of the
“ingredients”. In order to incorporate the added economic value,
many fine chemical companies are actually divisions incorpo-
rated into larger, specialty chemical and pharmaceutical
companies.1

Production of fine chemicals traditionally takes place in
multipurpose and multiproduct plants (MPPs) typically
consisting of stirred stainless-steel reactors of 1−6 m3 volume
and glass-lined batch reactors with reflux condensers.1 Further
components of MPP plants are the feed systems for gaseous,
liquid, and solid reactants and facilities for recovery of solvents,
storage of product, and effluent treatment.
In 2014, a state-of-the-art MPP equipped with a stirring tank,

centrifuge, dryer, and (corrosion-resistant) rectification unit
installed in Switzerland, a leading country in fine chemical
production, cost 32 million CHF.11 The unit cost for a fully
installed reactor in a MPP in 2010 was $1 million/m3 for a
reactor installed at a fine chemical company based in Europe,
North America, or Japan and $0.1 million/m3 in a plant based in
China or in India.12

These figures alone explain the changes that occurred in the
manufacturing base of the industry, once an old “European and
North American business”.12

Speaking with a chemical industry magazine in 2011, Pollak
noted the following:12

Globally, there are 2,000−3,000 fine chemical companies,
extending from small, “garage-type” outfits in China making
just one product, all the way to the big, diversified
companies. Among the top 20, 17 are divisions of large
chemical or pharmaceutical companies like Albemarle;
BASF; and Boehringer-Ingelheim, and there are only three
pure players. In terms of geography, nine of the top 20 are
located in Europe, which is recognized as the cradle of the
fine chemical industry. ... The second largest geographic area
is Asia, housing seven of the top 20. With four large
companies, the U.S. ranks last. The combined revenues of
the top 20 reached about $10 billion in 2009.
In brief, the industry comprises very large companies (the top

ten individually having sales of $0.5−1.5 billion per year)
followed by a number of midsized companies with sales in the
range of $100−500 million per year, and hundreds of small
companies with sales below $100 million per year.2 The latter
are chiefly located in India and China and originally (when
outsourcing started) specialized in niche manufacturing
reactions with hazardous gases (e.g., ammonia, diazomethane,
ethylene oxide, halogens, hydrogen cyanide, hydrogen sulfide,
mercaptans, ozone, phosgens, etc.).2

Until the mid-1990s, pharmaceutical and fine chemical
companies based in western Europe, the USA, and Japan
produced 90% of the global API market demand.13 In 2017,
however, China was producing about 40% of the global API
output.13 Since the early 1990s, indeed, with the start of the
second Great Globalization (after the first between 1870 and
1914),14 European and North American countries (and partly
also Japan) outsourced (“offshored”) the whole production of
off-patent APIs to companies based in China, India, and Taiwan.
With the introduction of ever more stringent environmental

regulations in Europe, Japan, and North America, production of
fine chemicals was becoming uneconomical, as the cost of
disposing of the waste obtained in the manufacture of a
pharmaceutical intermediate was rapidly approaching the selling
price of the product, due to the “antiquated technologies
involving the use of stoichiometric quantities of mainly
inorganic reagents in the form of oxidants, reductants, and
acids and bases”.15 Coupled to the aforementioned low capital
cost,12 significantly lower operating (labor, environmental, and
taxation) expenditures resulted in the accelerated offshoring of
fine chemical and generic API production to companies in China
and India.
As a result, Europe, North America, Japan, and all former

USSR countries became dependent on imports of said APIs as
well as many other fine chemicals. In 2010, European companies
comprised 7 of the top 10 fine chemical companies.16 Not
surprisingly, in 2019, the top 10 ranking of fine chemical
companies now included two companies from China,17 with
several India-based companies close to entering the ranking.
Furthermore, even though they are headquartered in Europe or
North America, nearly all of the largest fine chemical companies
had opened one or more plants in China.

■ TECHNOLOGY DRIVERS OF CHANGE
In the two decades (2000−2020) during which most fine
chemical productions were offshored to companies based in

Table 1. Main Features of Bulk and Fine Chemicalsa

Bulk (commodity)
chemicals Fine chemicals

Production volume
per product

>1000 t/ab <1000 t/a

Plant type dedicated,
continuous

multipurpose, batch

Sales channel business to business business to business, captive
(or internal) use

aAdapted from ref 2 with kind permission. Copyright: 2013, John
Wiley and Sons. bt/a = tons per annum.
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China and India, three major changes occurred in the
manufacturing technology employed by the industry.
First, the industrial use of biocatalysis and of advanced

chemical catalysis, such as asymmetric hydrogenation using
chiral catalysts and Pd-catalyzed cross-coupling reactions,
became common. Biocatalysis in combination with process
(separation) technology was uptaken for manufacturing not
only antibiotics such as penicillins and cephalosphorins or
organic acids such as citric acid but also a wide variety of food
and pharmaceutical ingredients.18 Asymmetric hydrogenation is
used, for example, for the synthesis of single-isomer vitamin E,
involving the ruthenium-catalyzed asymmetric hydrogenation of
allyl alcohols.19 Cross-coupling reactions, in turn, becamewidely
used across the industry for the synthesis of a wide number of
fine chemicals for the agrochemical, pharmaceutical, cosmetics,
and electronics industries.20 The uptake of new biocatalytic
(enzymatic or microbial) or catalytic reactions, however, did not
require changes in the fermentators or MPPs that remained the
manufacturing core of the industry.
Second, toward the end of the first decade of the 2000s, the

first continuous manufacturing (CM) production units became
commercially available. Given that they had not to face the
substantial costs of replacement of already amortizedMPP costs,
these new manufacturing plants were adopted by the fine
chemical and pharmaceutical industries to manufacture “on-
patent” APIs in Europe, Japan, and the U.S. Coupled with
significantly reduced space (“footprint”) requirements, the
reduction in waste and energy consumption of CM results in
dramatically lower capital and operating expenditure costs when
compared to batch production21�namely, the main barrier to
the chemical industry’s expansion in terms of competition, as
identified by Chandler studying the evolution of the chemical
and pharmaceutical industries.3

Indeed, in the early 2020s, manufacturers of “generics” (off-
patent APIs) in India and China started to resort to CM to
manufacture APIs and agrochemicals used to formulate generic
drugs.22 Showing evidence of this major shift occurring in the
industry, today chemical engineering companies in India
advertise their “vertically integrated end-to-end CMplatform” 23

as a service for small and medium-sized companies not willing to
face the upfront cost of purchasing new CM fluidic reactors.23

The third major technical change in the manufacturing of fine
chemicals has been the introduction of digital process design and
process control technology such as a “digital twin” (a digital
model of a process that serves as its digital counterpart for
simulation, testing, monitoring, and maintenance),24 routinely
used in the petrochemical and basic chemical industries to assist
in the design and optimization of chemical production
processes.25

As a result, fine chemical processes are becoming much more
robust, with process analytical technology supporting real-time
release testing (“the ability to evaluate and ensure the quality of
in-process and/or final product based on process data, which
typically include a valid combination of measured material
attributes and process controls”).26 This allows manufacturers
to dramatically reduce product quality fluctuation, for example,
in continuous biomanufacturing,27 reducing failure rates and
shortening the shut-down times typical of batch processes.
Obviously, digitalization based on the digital twin approach

achieves far better outcomes when applied to “lean” CM
processes, and thus not to the material-inefficient processes
typical of the fine chemical industry having an E(nvironmental)
Factor (the ratio between the mass of waste and that of the

desired industrial product) typically approaching 50 when
producing fine chemicals and exceeding 100 when producing
APIs.28

Finally, a major technology advance currently still unfolding
(promoting, in turn, further uptake of CM) is the recent
introduction of several new generation leach-proof heteroge-
neous catalysts. Their optimal shape and textural properties
(minimizing pressure drop and maximizing heat transfer and
accessibility to the catalytic species) eliminate the need for
catalyst separation from the product, allowing use in the
multistep continuous synthesis of fine chemicals via a broad
range of different conversions.29−31

■ POLICY DRIVERS OF CHANGE
The prolonged disruption of supply chains following the
COVID-19 crisis in 2020 substantially worsened the shortage
of essential APIs in many European, American, and Asian
countries,32 leading many of their governments to incentivize
reshoring of critical API manufacturing.
The political instability in the Red Sea region further

contributed to API shortages in Europe, as ships from India
and China were forced to reroute around the Horn of Africa,
adding 4,000 miles and 30% longer transit time, resulting in
more than a doubling of shipping costs.33

Suddenly, substantial incentives were made available to
pharmaceutical and chemical companies to repatriate produc-
tion capacity. TheU.S. government alone aims to reshore 25% of
“small molecule” APIs in five years.34 Similarly, in Germany, the
government in 2023 enforced new legislation that increased
prices up to 50% for generic drugs for pediatric use and certain
antibiotics, requiring also that in bids for purchasing antibiotics
preference is given to APIs manufactured in Germany and other
EU countries, enhancing the stockpiling period to 6 months.35 A
similar initiative was taken by Japan, where the government
announced in mid-2024 that in order to support the domestic
production of antibiotics and reduce the “heavy exposure on
China”,36 both subsidies to Japanese chemical companies and
preference to domestic producers would be granted in all drug
purchasing public tenders.36 All this will result in incumbent
(and new) fine chemical companies starting API production in
the countries from which they were offshored during the second
Grand Globalization era. Due to the substantially lower capital
and operating expenditure costs of CM, however, these
companies will adopt it as manufacturing technology.22

Evidence that substantial manufacturing innovation is taking
place in the fine chemical industry can be indirectly found in the
topics discussed in recent exhibits involving the industry. For
example, during the 37th International Exhibition for Fine and
Specialty Chemicals (Chemspec Europe) held in Germany in
June 2024, a symposium included sessions in which industry
experts presented the cases of specialty37 or oleochemical38

chemical companies transforming their manufacturing processes
from batch to continuous. The latter process, now running at
commercial scale at a oleochemical plant in Great Britain,
allowed a doubling of manufacturing capacity without building
expansion and with a significant reduction in the amount of
water and energy required.38 Similarly, a German manufacturer
of advanced mixing plants and equipment regularly organizes a
seminar held directly at chemical companies, presenting
successful case studies of companies modernizing existing
mixing and drying equipment used in the production of fine
chemicals and APIs.39
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Concomitantly, fine chemical and pharmaceutical companies
across the world regularly hire young undergraduates and
graduates in chemistry and chemical engineering skilled in flow
chemistry, while they advertise tens of job vacancies in these
areas on the main online job platforms.40

Aware that profound changes are taking place in the industry,
governments in China and India are taking the initiative to
support innovation and expand their national fine chemical
industries. In China, nine government agencies recently issued
the “Implementation Plan for Innovative Development of Fine
Chemical Industry (2024−2027)”.41 One of the three key areas
for the further development of China’s $536 billion industry is
new manufacturing technology.
In India, awareness of the importance of CM for the

manufacture of fine chemicals and APIs is so widespread that
the government of the Telangana State on August 2024 signed
an agreement with a large U.S.-based manufacturer of CM
systems to “collaborate on designing and implementing
programs focused on skilling the local workforce in advanced
manufacturing and chemical engineering technologies”,42

starting from the company’s flow reactors technology.

■ CONCLUSIONS
Providing an updated critical insight into the fine chemical
industry and the main changes that occurred in the first 25 years
of the 21st century, this study (a preprint of which was published
in late 2024)43 reaches three main conclusions:
First, the industry is a large and rapidly growing segment of

the chemical industry, whose revenues exceeding $185 billion in
2022 are expected to expand at a compound annual growth rate
of nearly 7% to exceed $340 billion by the end of 2033.7

Second, three major changes in manufacturing technology
occurred between 2000 and 2024, during which most fine
chemical productions were offshored to companies based in
China and India, namely, the uptake of biocatalysis and
advanced chemical catalysis, the advent of continuous
manufacturing, and the adoption of digital process design and
process control technology.
Third, the sudden and prolonged disruption of supply chains

following the COVID-19 crisis in 2020 led governments in
Europe, North America, and Japan to deploy large financial
incentives to reshore manufacturing of critical pharmaceut-
icals.22

Concluding an editorial entitled “National aspects of the fine
chemical industry”,44 the editor of Nature wrote in 1921 that
“our future position depends upon our chemical ability, and
hence upon the employment of skilled workers directed by
trained chemists engaged in a successful organic chemical
industry.” 44 More than a century later, the relevance of the
“organic chemical industry” for every economically developed
(or developing) nation has further increased.
The disruption of global supply chains in 2020−2022,

followed by the Red Sea crisis, made it clear to governments
in Europe, North America, and Japan that reliance on imports
for critically important APIs was (and is) a threat to public
health. Massive subsidies and incentives were suddenly made
available to chemical companies to reshore productions in their
home countries. Reshoring started in Europe22 and is about to
further accelerate with new incentives lately deployed in Japan36

and in the U.S.34 This will shortly lead to a renaissance of fine
chemical production in all countries from where they were
outsourced. Due to dramatically lower capital and operating

expenses associated with continuous manufacturing of
APIs,37,38,22 most productions reshored will employ CM.
However, we argue, in conclusion, that manufacturing of fine

chemicals based on new, advanced technology (CM coupled to
digital process design and process control) will expand also to
countries and regions of the world�such as Latin America, the
Middle East, former USSR republics, Central Asia, and Africa�
where the production of fine chemicals was hitherto limited to
relatively few countries (Brazil, the former USSR, and South
Africa).
Setting up for such advanced production obviously will

require skilled labor and access to infrastructure and institutions.
Seen from this perspective, significant investments in advanced
education in chemistry and chemical engineering will be
necessary to provide the fine chemical industry with the highly
educated workforce required. Changes to chemical education in
light of this paper’s conclusions include both changes in existing
curricula in catalysis and continuous manufacturing. Education
in catalysis needs to be unified, including all its subdisciplines
basing its teaching on chemical reaction mechanisms.45

Teaching CM needs to effectively merge numerous subfields
of chemistry (organic chemistry, catalysis, analytical chemistry,
materials and polymer chemistry) with chemical engineering to
expose undergraduate students to flow chemistry early in their
education.46 Efforts should be devoted to present students with
practically useful knowledge and skills, showing them, for
instance, how experiments and computation tools such as
multiobjective optimization algorithms can be used to identify
optimum reaction conditions to simultaneously maximize yield
and minimize cost (and waste).47 Students, furthermore, should
receive updated education on the structure (and history)1,2 of
the fine chemical industry, including changes that occurred in
the first 25 years of the 21st century and the drivers of said
changes. The analysis and the conclusions of this study may
inform further practice-oriented education on the industrial
aspects of the chemical enterprise.
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