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Series Preface

Coffee is one of the most complex food chains in the world, involving $15 billion in 
a global market. Spanning the path from planting to production to final consumption 
through industrialization.

During the elaboration of this book, several authors gathered around the central 
theme, the quality, seeking to understand how diverse coffee can be. Also, many 
complex factors in the eyes of science could be explained, decoded, and applied to 
society. Whether in the improvement of production processes or in the form of final 
extraction of the product.

One thing is for sure, a broad collaborative network has remained solid over this 
period, generating new hypotheses, shared understanding of new knowledge and 
skills. Thus, this work presents the reader with a new perspective on areas that are 
closely intertwined with the final quality of coffee.

We do not expect to clarify all doubts in this first approach, this will be immature 
on our part, but we understand that we highlight the fundamental points for a broader 
understanding of the determinants of quality, because of this, that is, we prepare for 
the reader a scientific and technical presentation of parameters that are strongly 
inclined to final quality.

Considering a proportionality relationship, the tacit parameter is that 40% of the 
quality is formed between pre-harvest factors and the remaining 60% is formed by 
post-harvest procedures. In the authors’ view, this relationship does not exist and in 
this first approach we discuss a little of both phenomena, trying to explain to the 
reader, whether academic or technical, how the two lines are blurred. In this new 
perspective, we propose a relationship of equality or multiple correlation between 
various phenomena.

This way, Quality Determinants in Coffee Production initially presents a per-
spective on harvesting and processing operations phenomena. And then, indicating 
how climate factors may impact the production scenario, with a critical view on how 
we understand such phenomena, and focusing on the state of Espírito Santo as a 
zone of Robusta and Arabica coffee production in Brazil.



viii

The authors then present the relationship of soil microorganisms, and their 
 relationship with various factors that will corroborate the understanding of 
 biochemical interaction in the fourth chapter, where we try to explain in a simplified 
way the complex relationships that are formed during coffee processing. Proximity 
and microbiology form and complement each other; however, in this first approach 
we seek to focus on the primary aspects of microbial action in soil, the basic and 
essential source of life for coffee production.

In the fifth chapter, we give the reader an approach to the coffee chemical 
 composition, focusing on volatile compounds and how these compounds can shape 
the final quality of coffee, then discussing the relationship of coffee processing and 
fermentation techniques. Indicating the mechanisms that form during the post- 
harvest strategies.

In a complementary way, the seventh chapter deals with roasting, focusing on 
routine, procedures, understanding the procedures that should be adopted for maxi-
mum extraction of coffee quality. Thus, presenting a scientific and technical per-
spective to the end users of these procedures.

As a conclusion of the work, the authors present the routine of physical classifi-
cation of coffee, focusing on the Brazilian methodology and present the sensory 
indications that are commonly adopted around the world.

Finally, the book’s closure brings a perspective on future quality trends, focusing 
on the Asian public, especially the Chinese and Japanese markets. Indicating refer-
rals on what consumers and producers around the world need to do to deliver spe-
cialty special coffee to the market.

As stated in this brief presentation, we do not have a complete review of all phe-
nomena and quality parameters here; however, we seek to provide an indication of 
key points in this first version, so that the reader can understand the real determi-
nants of coffee quality.

Series Preface
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Preface

New horizons, new perspectives, and especially the trust growth to the activity that 
involves thousands of people around the world, which is a source of income for 
more than 8 million jobs in Brazil, with 78,000 coffee-producing families in the 
state of Espírito Santo.

In the last 20 years of which I am involved in the technical activity and especially 
in the commercial area of coffee growing in Brazil and worldwide, I could witness 
a true revolution. We came out of an unsustainable reality for farmers, where the 
prospect of better remuneration, social and environmental sustainability, and espe-
cially recognition were minimal!

Small actions were emerging along with associations, cooperatives, technical 
institutes, organization of the public sector, professionals, and researchers, taking 
small steps towards a new direction, although unknown. However, with the purpose 
of understanding the conditions of the production of special coffees, in one of the 
regions where were produced the worst coffee in Brazil, consequently in the world.

Understanding the microclimate, soil management, altitude, post-harvest tech-
niques, and other technological factors, which are conditioning factors to produce a 
good fruit and a good drink, were basic. And in the past, the productive chain was 
focused on higher productivity and not on having a superior drink.

Much of the understanding of this was based on a localized culture of the largest 
producing regions of Brazil, such as the South and Cerrado Mineiro, so the inevi-
table comparison brought doubt. Does the state of Espírito Santo really have the 
potential to produce special coffee?

The answer began to be written in the late 1990s and early 2000s, the production 
of Arabica coffee from Espírito Santo was almost entirely intended to supply low- 
quality coffee markets because information and technology was something far from 
the reality of the producers. But with much persistence, studies, testing and imple-
mentation of new methods, which consequently came to break paradigms, of a cul-
ture that was dealing with a rich potential raw material in an obsolete and inadequate 
manner, made possible a new scenario, with a horizon of new perspectives for the 
production of special coffees.
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Nowadays, the coffee produced in the Espírito Santo Mountains (Caparaó and 
Serrana Region) are in the best coffee shops and roasters in the world, sharing the 
shelves with the most expensive and worthy coffees on the planet. But why is that? 
Let’s see, after two decades, the persistent work of these movements and people like 
the authors of this book took the coffee from Espírito Santo to a new direction and 
understanding, bringing real sustainability to the culture that produces the most 
consumed beverage after water.

I invite you to understand this route and the technical paths tested and developed 
by people who really cared about the surrounding coffee culture.

Good reading,
Rafael Marques Cotta
Coffee Specialist

Venda Nova do Imigrante, ES, Brazil  Lucas Louzada Pereira 
Jerônimo Monteiro, ES, Brazil   Taís Rizzo Moreira 

Preface
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Chapter 1
Harvesting, Drying and Storage of Coffee

Juarez de Sousa e Silva, Aldemar P. Moreli, Sergio Mauricio L. Donzeles, 
Sammy Fernandes Soares, and Douglas Gonzaga Vitor

1  General Introduction

Historically, Brazil is recognized as the major producer and exporter of coffee in the 
international market. In 1961, the Brazilian exportation reached 37% of world 
exports of coffee beans, while in 1995 it accounted for only 20% of these exports. 
Despite of this decrease, Brazil produced 27 million bags (60 kg each bag) of coffee 
in 1997, 30 million bags for the 98/99 crop and 45 million bags for the 2016/17 crop 
which represented around 30% of the international market.

With the current production techniques, Brazilian coffee became one of the best 
in the world. In addition to being the largest exporter, Brazil is also one of the major 
consumers behind only of the United States, which is the world’s largest coffee 
consumer. Although the Brazilian “cerrado” has the most professionally coffee 
plantations, due to the appropriated topography, mechanization and the ideal cli-
mate for harvesting. Excellent coffee plantations, with an ideal climate for produc-
tion of fine coffees are spread throughout the mountain forests of Espírito Santo and 
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Minas Gerais, São Paulo, Bahia and Paraná. According to CONAB, the 2020 coffee 
harvest in the State of Minas Gerais showed a record of 30.7 million bags and 
reached almost 60% of the Brazilian production, which was 51.3 million bags 
produced.

For the sustainability of coffee-growing, all the producing countries have to fol-
low a quality standard. Coffee is one of the few agricultural products whose price is 
based on qualitative parameters, varying significantly the value with the improve-
ment of its quality. Details about the quality of coffee are seen in Chap. 3 (soil 
microorganisms and quality of the coffee beverage). Thus, extensive knowledge of 
high-quality coffee production techniques is indispensable for modern coffee grow-
ing. Therefore, quality with sustainability will be the main subjects discussed in this 
chapter.

Coffee quality, which is related to grain characteristics, such as color, appear-
ance, number of defects, aroma and taste of the beverage. These characteristics 
depend on several factors, among them can mentioned:

 (a) Preparation and storage process;
 (b) Roasting; and,
 (c) Beverage preparation.

The first topic is the purpose of this chapter and it is, with the ripe fruit, at the 
ideal harvest point, the ideal raw material to obtain good quality coffee. To maintain 
this quality, it is necessary to use special and careful techniques throughout the 
preparation steps. From harvesting to storage, the coffee goes through a series of 
operations that well executed, will provide a product within consumer standards.

2  Harvesting and Cleaning Coffee Beans

In this topic we will talk about harvesting and cleaning the coffee beans. The reader 
may question: why cleaning if the fruits come straight from the plant? It turns out 
that when you take the fruits out of the plant, even with the greatest care, other 
materials such as leaf, peduncles and pieces of branches can come together with the 
fruits. If these materials are not removed, they make the drying and peeling hulling 
processes more difficult.

Harvesting coffee is a complex operation, it has several stages and demands 
around 30% of the production cost. Besides 40% of the labor employed in the coffee 
plantations is concentrated in a relatively short period of time on the coffee farm.

In the last few years, there is a great mechanization expansion of the harvesting 
operations and is becoming an irreversible process, which aims, above all, the valo-
rization of the labor and the maximization of the harvest results. The traditional 
mechanization methods have only been possible to be applied in land with slopes of 
up to 20%. Which combined with other operational and economic restrictions show 
that coffee farm mechanization always depends on human labor.

J. de Sousa e Silva et al.
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In addition, the machines require operators, maintenance staff and technical 
assistance, which is provide by skilled labor. Also, coffee harvesting is compara-
tively more difficult to execute than other products, due to the height and architec-
ture of the plant, the uneven maturity and the fruits moisture content.

As previously mentioned, coffee harvesting takes place in a short period of time, 
no more than three consecutive months. In Brazil, generally starting in April and 
May in regions with higher temperatures. Other regions such as Araponga—MG 
and Venda Nova do Imigrante—ES the harvesting may extend until October and 
November for properties located at high altitudes.

The quantity of fruits in the plant, the number of fruits fallen in the soil, and the 
harvest season duration are factors to be considered to start the coffee harvesting. It 
is important that all production factors are suitable according to the requirement of 
the crop, because the price of the coffee beans is based on qualitative parameters, 
therefore, farmers will not reach good results, if they do not fit all parameters, even 
using good harvesting practices.

The coffee harvesting should be started when most fruits (90%) are ripe and 
before fruits drop begins. Normally, the harvest period occurs, on average, 7 months 
after flowering and that happens with the first rains (September to November in 
Brazil).

In a single coffee crop, several blooms can occur and this fact does not result in 
a harvest with homogeneous maturation (Table 1.1). The general rule is that the cof-
fee harvest period varies from region to region and four basic harvesting systems are 
used: (1) single-pass stripping: all branches bearing fruit are harvested at once, thus 
collecting unripe, ripe and overripe cherries altogether and it is the most common 
practice in Brazil; (2) multi-pass stripping: only branches bearing mainly ripe cher-
ries are harvested; a method that relies mainly on the ability of the worker; (3) 
multi-pass selective picking (finger picking): only ripe cherries are harvested; and 
(4) mechanical harvesting: different types of machines are used to harvest all fruits 
at once. Therefore, it is important to have knowledge about all harvest operations, 
such as: cleaning under the tree, manual or selective harvesting, manual or mecha-
nized single-pass stripping, handpicking, dirt sieving and winnowing, and 
transportation.

Once started, the harvest can be completed in a few weeks or up to 3 months, 
depending on the conditions of flowering, fruit growth and maturation. However, 
these conditions depend on altitude, latitude and climate. The longer the coffee 

Table 1.1 Moisture content 
of different types of fruits 
during coffee harvest

Types of fruits
Moisture content 
(% w.b.)

Unripe 60–70
Cherry 45–55
Over ripe 30–40
Partially dry 20–30
After pulped 50–55

1 Harvesting, Drying and Storage of Coffee
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remains in the tree or on the ground, after maturation, the greater the incidence of 
black and burned grains, and they are considered, together with unripe fruits, the 
worst coffee defects.

2.1  Cleaning Around and Under the Tree

The cleaning operation consists of removing loose soil, weeds and debris that must 
be heaped between the rows of coffee trees. It should be done before the fruits begin 
to fall on the ground and can be carried out basically in three ways (manual, mechan-
ical and chemical) or an association between them. Manual cleaning and heaping 
are done using appropriate tools. It has as advantage the good quality of the service 
and disadvantage the low work performance and high operational cost.

The mechanical cleaning and heaping consist of the use of machines coupled to 
the tractor. These machines may have blades or blowers, or even an association of 
these equipment’s. The advantage of mechanical heaping is the high yield, low 
operating cost and good quality of service and the disadvantage is the damages of 
the coffee root system.

2.2  Single-Pass Stripping

Harvesting by Single-pass stripping for the production of natural coffee should 
begin when part of the fruit has passed from the mature stage and with a small 
amount of unripe fruits. At this point, fruits that are relatively dry on the surface are 
easy to handle. However, a good proportion of partially dried fruits, depending on 
the weather conditions, fall on the soil.

In order to solve this problem, the soil under the coffee tree must be previously 
cleaned by any operation previously described and in such a way that the fruit fallen 
on the ground can be easily collected after the first harvest. In the case of the mar-
keting of freshly harvested and unprocessed coffee (fresh fruit), it may be consid-
ered that 480 L of clean fruits (cherry) will result in 60 kg of green or processed 
coffee. At the end, a careful harvesting of remaining fruits in the tree or soil should 
be done to avoid the proliferation of the insect known as the coffee borer.

Harvesting by the Single-pass stripping system, usually part of the coffee is par-
tially dry, a significant amount is unripe, ripe or over-ripe. The proportions change 
as the harvest progresses. Although most farmers harvest in a single pass stripping, 
they should perform the harvest in two or more passes in each tree, as a matter of 
quality and avoiding damages to the coffee trees.

Appropriate facilities and techniques (clean water, canals, tanks and pulping 
machine), can reduce defects from inadequate harvesting, which can be done by 
separation in water.

J. de Sousa e Silva et al.



5

Colombia has climate conditions more propitious for harvesting by hand- picking, 
the period extends for more than 6 months during the year and basically 100% of the 
coffee produced is washed coffee.

In the manual striping, the workers run their hands, partially closed, along the 
branches collecting all types of fruits and avoiding leaves of being removed. 
Although, some leaves are removed, it is unavoidable, the worker should be trained 
or receive a prize in order to remove as few leaves as possible. The stripping of the 
coffee cherries can be done on the soil, previously prepared, or on plastic or cloth 
sheets placed under the coffee trees. Even if you have a well-built structure, the 
stripping on soil should never be recommended, because it demands a lot of strength 
from the workers.

If the harvested coffee is mixed with dirt, leaves and branches, as usually happen 
during the stripping on the soil process, it must be pre-cleaned before being packed 
for transportation and volume checking. The farmer should provide some training, 
especially for young workers, so they can develop skills to gain efficiency and pro-
ductivity in the pre-cleaning process.

To increase yield, avoid excessive leaf withdrawal and facilitate the stripping 
operation, the worker should begin harvesting the fruits by the end of the branch and 
not at the beginning, also avoiding any insertion point of the branch.

2.3  Sweep and Collect

Stripping and the collection are very important operations in the Brazilian coffee 
farms. Sweeping is the operation of piling up and picking up coffee that has fallen 
on the soil, this operation is not recommended when quality is a priority. Sweeping 
is done first to separate the fallen coffee from the stripped coffee. For stripping on 
the cloth, sweeping is done later. Sweeping can be done manually or mechanically. 
There are also mechanical blowers, which can facilitate the coffee harvesting, mini-
mizing the physical work.

2.4  Winnowing

When coffee beans are not handpicked, they should be as quickly as possible, trans-
ported to the separation processes before further operations. Separation of unwanted 
foreign material can be achieved by sieving—manual winnowing. Coffee cleaning 
can also be done with a tractor-powered machine or hand-powered machines.

The aim of pre-cleaning is to pack clean coffee and leave the organic waste in the 
field. A good shaking eliminates most of the problems in the post-harvest opera-
tions, avoiding contamination by microorganisms and their consequences.
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The elimination of unwanted materials will avoid constant interruptions in the 
drying, storage and processing operations. Consequently, preventing excessive 
energy consumption, extra labor and unnecessary use of the equipment involved in 
these operations.

If the coffee beans have not been pre-cleaned in the field, they must go through 
the leaf separator and the sieve system, located upstream of the coffee washer 
machine. The rest of the unwanted materials are separated and directed into an 
appropriate open tube and eliminated, by a proper device of each coffee washer, as 
it will be seen further on.

Manual pre-cleaning with sieves, as shown in Fig. 1.1. Different ways of clean-
ing, and bagged clean coffee waiting for transportis a low-yielding, exhausting and 
unhealthy operation in case of coffee being harvested by Single-pass stripping on 
the soil or when the swept coffee is collected. Another drawback is the lack of natu-
ral ventilation, which assists in the elimination of leaves and light foreign materials, 
barks, branches and lights. Regardless of whether it is performed by a man or a 
woman, traditional sieving is painful work: in addition to physical endurance, also 
requires a lot of skill to execute it. The machines used to separate the unwanted 
materials in the field, greatly facilitate the work that comes after the harvest opera-
tion. Pre-cleaning prior to the washing system can result in a significant reduction 
in water consumption by the coffee washer. Also, increasing the separation effi-
ciency of the washer or hydraulic separator.

In selective harvesting especially finger picking, some of the previous problems 
are eliminated. In these harvesting systems, the coffee is practically clean before 
entering the pre-processing unit.

Fig. 1.1 Different ways of cleaning, and bagged clean coffee waiting for transport. Source: Silva 
et al. (2018)
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2.4.1  Motorized Pre-Cleaning Coffee Machine

Due to the difficulties pointed out and the need to increase worker productivity by 
manual harvest, a hand powered machine was developed to shake and separate the 
fruits from foreign materials. The machine is portable, low cost, and easy to operate. 
In the case of a larger coffee-growing, one machine can be used by ten workers. For 
big coffee farms, there are excellent motorized equipment produced by the Brazilian 
industry (Fig. 1.2).

The manual coffee pre-cleaning machine (Fig. 1.3) is an equipment consisting of 
two oscillating sieves and a fixed one (optional), arranged to separate larger impuri-
ties (leaves and sticks) and very small fruits from high qualities coffee fruits.

The sieves vibration is created by a crank or an electric motor and a set of pul-
leys. Charging is done in the hopper located on the top of the machine. From the 
hopper, the material (coffee + unwanted materials) passes through the upper sieve, 
where larger materials (leaves, sticks, etc.) are retained. Then they are directed 
towards the channel, located at the end of the sieves. The waste (small fruit) can be 
collected in the fixed screen (optional) located on the bottom of the machine.

Fig. 1.2 Motorized Pre-cleaning coffee machine produced by Pinhalense. Source: 
Pinhalense (2013)
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2.5  Selective Harvest or Finger picking

At picking or selective harvesting, only the ripe fruits are collected, and can be 
placed in a basket, sieve screen or cloth under the coffee tree. This harvesting tech-
nique is common in places where fruit maturation occurs in more than 6 months in 
a year (in the range close to the equator).

As the demand for special coffee (higher quality coffee) is growing, many 
Brazilian farmers, mainly family farmers, have been adopting this harvest system 
with great success. With better price and special market, it is worth the appropriate 
technology, despite the great need of manpower.

As previously mentioned, it is important to harvest and collect all coffee, because 
the fruit remaining in the soil until the next harvest season facilitates the propaga-
tion of pests and diseases, particularly the coffee borer that significantly changes the 
final type and quality of the beverage.

Whatever the harvesting process, the coffee must finally be measured, bagged 
and transported to the pre-processing unit. It is extremely important to transport the 
coffee in the same day of its harvest. When for some reason the transportation can-
not be done in the same day, avoid air-tight containers such as plastic bag. If the 
pre-processing has to be started in the next day, the coffee should be placed in the 
hopper or reception tank and submerged in running water to avoid heating due to 
both the breathing and the beginning of the fermentation process.

Fig. 1.3 Side view (a) e frontal view (b) of the manual pre-cleaning machine with one fixed sieve. 
Source: Silva et al. (2018)
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2.6  Mechanized Harvesting

Mechanized harvest (Fig. 1.4), despite being developed and applied in regions with 
flat topography, it is a good option only for big coffee producers. Even using rental 
machines, the high yield during harvesting season do not fit with small producers 
pre-processing system. Which means, this technology is used only for a few farms 
in Brazil, where most of the harvesting is done by the hand striping system, due to 
the farm size and mountain topography.

Nowadays, with the difficulty of hiring labor (less problematic in family coffee- 
growing), the natural tendency is the expansion of the mixed system, which is, a 
balanced amount of labor and small machines, especially in mountain regions, due 
to a lack of appropriate technology for these areas.

2.7  Coffee Transportation to the Pre-Processing Unit

The transport of coffee beans is the conducing operation of the fruits already har-
vested and collected from the field to the pre-processing unit, where the post-harvest 
operations must be continued. Whenever is possible, the production should be trans-
ported at the same day of harvesting. If the farm manager needs to wait until the 
next day to transport the production, the coffee beans should be bagged in open 
containers so they can breathe, avoiding fermentation, then the transportation can be 
done with appropriate bags or in bulk.

Fig. 1.4 Mechanized harvesting details. Source: Authors
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As previously said, occurring failure to start the pre-processing operation, on the 
same day of harvesting, the production must be stored in clean and cold water or 
with forced ventilation system. The adoption of a small sprinkler over the receiving 
hopper with a drainage system is a good solution to keep the coffee fruits cool over-
night. The following photos (Fig. 1.5) illustrate how to hold, transport, unload and 
maintain coffee in clean water in the pre-processing unit.

3  Pre-Processing of the Coffee Beans

In Brazil, because of the harvest method used, the production is composed of a 
mixture of unripe, ripe (cherry and greenish), and dried fruits, leaves and branches. 
Also, when coffee beans are harvested directly on the ground, they can contain soil 
and stones, which must be cleaned and separated into their various fractions so they 
can be dried separately. All these operations are called pre-processing and they can 
be performed by a dry way or drying the entire fruit, this way the final product will 
be called natural coffee. The fruits can also be processed by the wet way, which 
consists of drying the fruits without the pericarp or without pericarp and mucilage. 
In this case, the final product is called “Peeled Cherry” and “pulped coffee” or 
washed coffee, respectively. Regardless of the harvest techniques or pre-processing, 
all coffee beans should pass through the washing system and also by the density 
separation system.

Fig. 1.5 Waiting periods for the transport, unloading and maintenance of the coffee beans before 
pre-processing. Source: Authors
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3.1  Washing and Separation of Coffee

The coffee grower who intends to produce high quality coffee should never forget 
that, even removing all impurities (sticks, dirt, stones, leaves, etc.) during the pre- 
cleaning process in the field, the coffee must necessarily pass through the coffee 
washer to separate fine material stuck to the coffee beans surface and the separation 
of coffee beans from unwanted materials by density difference (Fig. 1.6).

It is in the hydraulic separator that, depending on the density of the coffee beans, 
separates them. The fruits called floats (dried, brocaded, malformed and immature) 
floating in the water are separated from the perfect fruits (ripe and greenish), after 
that, they must be pre-processed, dried and stored separately.

Even using the pre-cleaning operation in the field, it is desirable that before 
entering the coffee washer, a cleaning machine will improve the overall pre- 
processing system and subsequent operations, such as pulping, drying and hulling 
as it will be seen later, in this chapter.

If it is possible, it would be desirable that after passing through the cleaning 
system, a size sorter be adapted so that after washing, the coffee can be processed 
into, at least, two more homogeneous batches.

Even producer that does not want to produce peeled coffee must adopt a coffee 
washer machine for technical and economic reasons. With this equipment, the size 
of the drying system and manpower will be reduced and above all, it will produce 

Fig. 1.6 Mechanical system for coffee washing and separation. Source: Silva et al. (2011)
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two differentiated portions (high density coffees and float coffee). It will require a 
smaller terrace dryer and it is estimated that farmers will earn more money during 
the commercialization of the differentiated coffee portions, an additional over 10% 
to the value that would earn for the coffee that did not go through washing and sepa-
ration processes.

Considering that a farm has produced 2100 bags and got an additional average of 
$7.00 per bag, due to the segregation of portions (cherries, floats and unripe fruits), 
the profit from this operation would be a total of $15,700 above the sale price of the 
mixed coffee. Currently, in just one harvest season, the farmer pays off the invest-
ment made in a good washing and separation system, which can be done with the 
money earned through the graded coffee.

Nowadays, the Brazilian industry provides excellent medium to large capacity 
coffee washing machines. However, it is very difficult to find a coffee washing 
machine that fits family coffee production. There are few models, despite the size, 
that may fit family farmers (power 1 HP and 2000 L/H capacity). This model has the 
advantage of having a pre-cleaning system, which later on will facilitate subse-
quent work.

For those who are unable to purchase a mechanized coffee washer or for those 
who have the ability and the conditions to build their own equipment, we suggest 
the models illustrated in Fig. 1.7.

Fig. 1.7 Mobile coffee washer with tilting system to unload high density coffee beans. Source: 
Silva et al. (2014)
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The two models can be easily constructed in a small metallurgical industry or on 
the farm itself. They are ideal for small productions and consist simply of two tanks, 
the first one holding the washing water. They can be constructed of metal sheet and 
fixed on wheels (portable coffee washer), or with the water tank built in masonry 
and fixed on the ground (fixed coffee washer). In both models, the second tank is 
tilting and constructed with perforated plate, which is used to retain the high-density 
coffee beans.

After the low-density coffee beans are withdrawn, by a common sieve, the heavy 
coffee beans are unloaded by the tilting system and transported to the next operation.

Ideally for the operation in this type of coffee washer is to have continuous feed 
(½ inch tubing) with clean water. If there is insufficient running water for continu-
ous renewal of the coffee washing water, the water in the tank must be changed at 
each wash of 500  L of coffee beans (1  L of water per liter of coffee would be 
reasonable).

Another relatively well-functioning coffee washing system, though a bit more 
demanding is the box washer shown in Fig. 1.8. This system seems to be the best 
option for a small farmer who wants to improve coffee production.

Some models can be replaced by the tilt system with an endless thread with per-
forated sheet conductor tube to facilitate water flow. Remember that the bottom of 
the water tank is tilted to facilitate the heavy removal of coffee. Due to the price of 
the auger, it must be adapted to be withdrawn after the harvest season.

One type of coffee washer that can be built on the farm is the traditional 
“Maravilha” (Brazilian name for the coffee washer). The “Maravilha” basically 
consists of a tank and a metal gutter with branched outlet in which is adapted a 
pressure-injected water system to separate the heavy fruits from the stones and to 
direct the cherry coffee to the appropriate gutter. The dry fruits and light material 

Fig. 1.8 Rustic homemade coffee washer using water box and shade screen to separate the high- 
density coffee. Source: Silva et al. (2014)
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pass freely over the false bottom and are unloaded at the end of the floats gutter. 
This gutter is nothing more than the continuity of the main one it came out from 
the hopper.

In the past, it was used when clean water was not a limiting factor, this kind of 
equipment was gradually being replaced by mechanical models. The great disad-
vantage of the “Maravilha” coffee washer is the excessive consumption of water, 
which depending on the construction form and coffee beans dirtiness may exceed 
10 L of water for each liter of cleaned coffee. The high-water consumption of the 
coffee washer is due to the fact that much of the water is used to transport the coffee 
through the separation gutters.

If water is available and everything is taken care of to avoid compromising the 
environment, the “Maravilha” can be built to wash up to 10,000 L of coffee beans 
per hour. To save water, the washer can be built with a total or partial recirculation 
system for the washing water. In this case, after each day worked, the water must be 
used for irrigation or sent to infiltration ponds.

The “Maravilha” coffee washer with water recirculation consists of a hopper 
tank, a receiving tank (washer/separator) and recirculating tank with chicanes for 
decantation of the waste from washing water. A semi-open rotor pump for effluent 
recirculation and outflow is used to supply water for transportation in the gutters.

In addition to the lower water consumption and less use of hand labor, mechani-
cal coffee washers are compact, require less space and can be rearranged or mar-
keted in case of withdrawal from coffee activity. On the other hand, the “Maravilha” 
has the same characteristics as the mechanical washer, if mobility is not considered.

After cleaning and washing, regardless of the type of coffee washer, the coffee 
can be sent to the dry process, which consists of drying the whole fruit “natural cof-
fee”. If the wet process will be used, the coffee must be subjected to the peeling, 
with removal of the mucilage or not and washing (optional) before the drying pro-
cess, which is referred to “peeled” or “washed” coffees.

3.2  Pre-processing by “Dry Way”

In the “dry way” coffee processing, the grower must prepare the coffee beans to dry 
the fruits in their integral form and separated from the unwanted materials, and 
optionally separated by density right after harvesting.

In order to save time, energy and improve coffee quality, the farmer who wishes 
to process his coffee through the dry way process should be advised to do so by 
separating the low-density materials, such as unripe, malformed and brocaded from 
high density materials, ripe and greenish fruits. Coffee beans with high density have 
better quality characteristics. After being separated, fruits with high and low densi-
ties, they must be dried, stored, processed and marketed separately.

Although the process discussed is referred to as a “dry way”, the first operation 
after pre-cleaning is to separate the production by density in the coffee washer. The 
coffee washer, besides removing fine dirt adhered to the fruits, simultaneously 
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performs the separation between floats from high density coffee beans. Therefore, 
the coffee washer/separator is an essential equipment in the coffee pre-processing.

With the well-separated and high-density fruits, in the washing process, they 
must be brought in their entire form to the drying process in isolated batches and 
forming what we call natural coffee. It is expected that if the drying process is exe-
cuted correctly, the high-density fruits will produce a great coffee highly appreci-
ated in the special coffee market.

For the floating fruits, this expectation does not prevail. The producer must make 
analysis and hope that the product that originated the floats is also of good quality. 
In fact, due to the incidence of many brocaded, unripe and fermented fruits, it is 
extremely hard to produce good quality coffee. In order to improve the commercial-
ization, it is recommended that the coffee beans, once they have been processed, 
they should be submitted to a reprocessing operation and after that an electronic 
selection to eliminate defects. Therefore, the transformation of ripe cherry fruits, in 
their entire form into dry fruit, is called “dry way” processing.

Although produced according to good harvesting and preparation methods, it 
produces a coffee with the true natural taste and highly desired by the consumer. 
When the production is harvested by stripping on the soil, hardly provides a higher 
quality coffee.

Drying, storage and processing of dried coffee beans require a longer drying 
time, greater energy consumption, more space for storage and greater machines 
maintenance. The “dry way” is, based on the mentioned facts, the most expensive 
process of coffee processing.

Although the coffee has been washed and separated in water, the process has 
been called the ‘dry way“ to differentiate the process that received the name “wet 
way” due to the fact that after passing by the same operations previously seen, the 
coffee beans, before being sent to the drying operation, must go through up to four 
operations that uses water intensely.

The differentiation from the “dry way” process is that the coffee beans that pass 
through the wet way process are taken to the drying process in the form of seeds 
with parchment, after that, the fruits are subjected to the peeling or pulping, which 
is made by machines that use water to facilitate the outer skin removal and separation.

Although it is known as a coffee producer using the “dry way” process, there is 
good conditions in Brazil for washed coffee production, mainly in the mountainous 
regions where it is easy to find family work and plenty of clean water supply. 
However, nowadays the production of only peeled coffee has grown steadily, show-
ing a well prepared, full bodied and naturally flavored coffee as its advantage.

To facilitate the understanding of the ‘wet way” process without going into 
detail, it must consider that coffee fruits are composed simply of the following 
parts: outer skin, pulp, parchment, silver film and seeds.

The coffee seeds, also known as coffee beans or “green coffee beans”, are 
exported or sold directly to the domestic roasting industry. Therefore, it is not pos-
sible to mistake the unroasted coffee beans, which they are greenish in color, with 
the immature fruits (green and low-density fruits). They are separated in the coffee 
washing machine and together with the partially dried or brocaded coffees are called 
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buoy or floats coffees. Another type of fruit that is not fully ripe and termed as 
greenish fruits are separated from the ripe ones during peeling.

The coffee pulping operation consists in removing the outer skin from the ripe 
fruits by a mechanical peeler and, optionally, subsequent mucilage fermentation and 
grain washing. Peeled coffee has the advantage of requiring considerably less dry-
ing terrace area and less drying time. The required volumes of dryers, silos and bag 
storage can also be reduced by up to 50% if compared with coffee processed by the 
“dry way”. These advantages are due to the uniformity and the low moisture con-
tent, around 50% w.b., when compared to the drying of the integral fruit. In the same 
way, we can also obtain the simply peeled coffee, which differs from the pulped 
ones because it does not go through the fermentation step and remains with a good 
part of the mucilage during and after the drying process.

The removal of mucilage by natural fermentation is a process of solubilization 
and digestion of the product by microorganisms present in the environment. If 
poorly conducted it may jeopardize the quality and acceptance of coffee in the inter-
national market. The ideal fermentation time is very variable and depends on the 
environment temperature. The type and degree of tanks hygiene, the maturation 
stage of the fruits, the quality of the water used, the time elapsed between harvest-
ing, peeling and beginning of the pulping operation. Generally, it varies between 15 
and 20 h.

To speed up the mucilage removal process, the farmers may choose to add small 
amounts of special enzymes, which under environment conditions can complete the 
mucilage digestion in approximately 7 h. The ideal fermentation process for high 
quality coffee can be seen in Chap. 6.

Peeled coffees when well prepared are always classified as high-value commer-
cial drinks. The mucilage is considered by farmers as a deterrent to the initial drying 
process and can be mechanically removed with great success. For this operation, the 
Brazilian market offers excellent machines that consume small volume of water per 
litter of peeled coffee.

In the mucilage remove machine (optional), the wet parchment coffee enters the 
base in a cylinder with a helicoid and an internal axis with nozzles that raise the 
grains to the top, where they leave practically without the mucilage. During this 
operation, the shaft and nozzles must be closed by a cylinder made of perforated 
metal sheet where the mucilage is discarded.

The first image of Fig. 1.9a, shows a traditional machine without the cap and 
with part of the cylinder being opened to show the helicoid and the nozzle system. 
During displacement, the mucilage is removed by water passing between the perfo-
rated cylinder and the shaft.

The processed coffee in this form is called Peeled Cherry. This traditional fer-
mentation and washing processes are widely used in Colombia and Central 
American countries, grains are kept in a reservoir, immersed in water. In the fermen-
tation tank (Fig.  1.9b) the coffee remains, for an enough period of time, so the 
microorganisms can consume the mucilage. After biological mucilage removal the 
coffee should be washed with clean water and sent to one of the drying processes. 
Coffee processed this way, receives the commercial name of “washed coffee”.
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3.3  Reuse and Application of Processing Waters

Regardless of the process of preparing the coffee by “dry way” or, especially, by 
“wet way” a great amount of water is used.

If the option is for the traditional peeled cherry coffee process, a high-water con-
sumption is required, about 3–5 L of water per liter of processed fruits. Also, during 
the washing, peeling and mucilage removal processes, fragments of leaves, branches, 
fruits, mucilage and many other wastes that had adhered to the so-called “ field cof-
fee”, join the water of pre-processing forming the coffee processing water.

Due to the nutritional potential of these waste the coffee processing water cannot 
be released into the rivers or lakes without proper treatment. Therefore, that meets 
the conditions and standards for discharging effluents, as provided in Resolution 
430, of May 2011, of CONAMA (Brazil 2011).

4  Drying

Knowing the techniques and equipment for coffee pre-processing that can be bought 
in the commerce or built in the farm (see equipment construction manual). In the 
same way, the next step is to know how to maintain or to minimize the reduction of 
coffee quality during the drying process.

As there are several possibilities to perform coffee drying, the coffee grower, in 
order to implement a project should be aware of the possibilities to choose the best 
option in each situation. The farmer must decide to purchase an industrialized 
equipment or build a drying system where efficiency, economy and quality are 
priorities.

As will be seen later on this topic, not always the most used technology means 
the best option; the reader will conclude that coffee drying is comparatively harder 

Fig. 1.9 Mucilage extractor machine (a) in detail and in operation and part (b), Peeled Coffee, 
fermentation tank and wash channels after fermentation. Source: Authors
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to perform than other products. In addition to the high sugar content in the mucilage 
and the initial moisture content, generally around 62% w.b., the deterioration rate 
shortly after harvesting is high.

If the aim is high quality coffee, the coffee grower needs to know that only in the 
first 3 days are possible to avoid a reduction in the quality obtained during the har-
vest, since the maximum quality is with the ripe fruit in the plant. Thus, whatever 
the drying system used; the following aspects are emphasized for the success of the 
coffee processing:

 (a) Avoid undesirable fermentations before harvesting, pre-processing and dur-
ing drying;

 (b) Excessively high temperatures should be avoided. Coffee tolerates 40 °C for 1 
or 2 days, 50 °C for a few hours and 60 °C for less than 1 h, without damage;

 (c) Dry the fruits or the peeled cherry, avoiding the harmful effects of temperature, 
in the shortest time up to the moisture content of 18% w.b. (below this moisture 
content coffee is less susceptible to rapid deterioration); and

 (d) Find a way to obtain a product with uniform color, size and density.

To understand how drying takes place and how to control the process, the coffee 
grower and his coworkers need to be trained to properly perform all post-harvest 
operations. It is fundamental that they understand the relationships between the 
environment air and the coffee that is under the drying and storage processes. They 
should be aware of how the changes in environment air (dry and humid) and 
improper management of drying system affect coffee quality. The coffee grower 
must understand that, as in nature the environment conditions (dry or humid) influ-
ence the drying process.

In nature, the coffee fruit, when ripe, dries on the plant, falls on the ground and 
germinates. Good drying does not damage the seed germination. The speed at where 
drying takes place will depend on the air conditions. The drier the air, faster the dry-
ing process. If there is no time control, the coffee may dry more than necessary, 
depending on air temperature and humidity. In face of that, causing damage during 
grain processing and unnecessary energy, labor and coffee weight loss.

For a better understanding of the drying process, one can start with a series of 
questions:

 1. To what extent should the coffee grower dry his coffee?

 (a) The drying or removal of excess moisture must be done in such a way that 
the product enters in equilibrium (does not lose or gain water) with the envi-
ronment air where it will be stored; and.

 (b) It must be made in such a way as to preserve the appearance, the organolep-
tic quality in case of roasting grains, and seed viability for new coffee 
plantations.

 2. What to do to better understand the drying process?

 (a) To understand how drying takes place, it is essential to understand the rela-
tionship between the drying air conditions (temperature and relative 
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 humidity) and the coffee. As in nature, it is the environment air conditions 
(dry or humid) that cause drying or damage.

 (b) Drying in the plant may or may not damage seeds germination. The drying 
time will depend on the air conditions. The drier and hotter the air, faster the 
drying process and greater the chances of damage to the product and 
equipment.

 3. What is relative humidity?
The air that naturally dries out the coffee is the same air we breathe and is com-
posed, roughly, of Nitrogen, Oxygen, Carbon Gas and also Water Vapor. 
Humidity is important because it humidify our nasal mucous membranes and 
lungs. For each temperature condition, the air may contain a maximum amount 
of water vapor. When this happens, we say that the air is saturated or with 100% 
Relative Humidity. When the air is saturated, any small temperature dropping 
leads to the condensation of the air humidity or the steam passing to the water 
liquid form. As the saturated air cannot receive more moisture, it is not able to 
dry any product.
If the system operators do not fully understand what Relative Humidity means, 
they will have difficult to understand the drying process. For example, at 22 °C, 
1 kg of air may contain a maximum of 17 g of water vapor. If the air contains 
only 8.5 g of water vapor, we say that the relative humidity is 50%. The relative 
humidity equals the amount of water the air contains, divided by the maximum 
amount of water it could contain multiplied per 100. Therefore, the relative 
humidity of our example would be: (8.5/17) × 100 = 50%.
If it is difficult to understand the theoretical meaning, they should try to under-
stand through sensitivity. Very dry air makes breathing difficult because of dry-
ness of the nasal mucous membranes. On the other hand, very humid air hinders 
perspiration (much sweat) on the skin. Generally, the ideal environment air is the 
one where we feel comfortable and we say that the climate is pleasant. In this 
situation, the air temperature is around 20 °C and the relative humidity, around 
62%. In general, relative humidity is lower during the day and higher at night. It 
can also be said that during the day the air is drier and at night it is more humid.
In an environment with an average relative humidity of 62% and an average 
temperature of 22 °C, the coffee will dry up to 12.5% moisture and remain at that 
value for as long as it is exposed to that air. On the other hand, if the average 
conditions are 50% relative humidity and 22 °C temperature, the coffee will dry 
up to 11% moisture. If the relative humidity is 40%, the coffee will dry up to 
9.5% moisture. In another scenario, if the average relative humidity is 80%, the 
coffee will only dry up to 16% moisture. This happens a lot with the coffee dried 
in table dryer or suspended terrace in mountain regions. If the conditions above 
remain unchanged, the coffee will equilibrate with the air and will not lose or 
gain moisture.

 4. Why do the mechanical dryers dry faster than the solar terrace drying?
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The coffee grower and his assistants should be instructed to understand a little 
bit more about the drying process and the relationship between Relative Humidity 
and Drying Air Temperature.
To facilitate, first let’s understand how the drying process in terrace dryer hap-
pens. Drying occurs with the terrace surface heating by solar rays and natural 
ventilation to facilitate the removal of steam. Only after heating, at about nine 
o’clock in the morning the coffee should be spread in the terrace, with a coffee 
layer about 4 cm thick. Then, with a suitable tool, small lines should be made in 
the direction of the operator’s shade and should be changed its position once the 
exposed part of the terrace has heated up again. The coffee lines should be 
changed each hour, preferably.
After the fourth or fifth day of drying, the coffee should be piled up at three 
o’clock in the afternoon. The coffee yet heated needs to be covered with a system 
of tarpaulin with thermal insulation to avoid getting humidification at night. The 
next day, at nine o’clock in the morning, the coffee should be spread and stirred 
as explained above and repeated until the end of drying process.
The exclusive use of solar terrace drying by many coffee growers is mainly 
because of the non-care with the product qualitative characteristics after drying 
or because of economic and technical level of the property. Therefore, sunny and 
windy areas should be chosen for the solar terrace dryer construction.
In most producing regions, drying in solar terrace facilitates the development of 
microorganisms on the surface of the fruits, fruit breathing and temperature 
increasing, which are factors that accelerate the fermentation process. Despite 
these risks, small and medium-size producers intensively use solar terrace dry-
ing as the only step for coffee drying.
If the climate conditions are propitious and the drying operation is done within 
the technical recommendations, the natural coffee will be dry in 15–20 days and 
the parchment coffee between 10 and 15 days.
Coffee drying in solar terrace drier is influenced by environment conditions 
(insolation, ventilation and rainfall) and by handling operations. In the other 
hand, coffee drying in the drier mechanized system has other influences, because 
of that, the operator must understand that every time he heats the air (by furnaces 
or burners), the heat will reduce the relative humidity of that air. Therefore, at the 
entrance of the dryer it will be blowing warmer and drier air. With hot and dry 
conditions, the air will have a greater capacity to remove water from the coffee, 
even in unfavorable environmental conditions. So, artificial drying substantially 
reduces the drying time.
The coffee drying process with hot air dryers is very similar to what happens 
with hair drying, and in both of this cases, coffee and human hair, great care must 
be taken with the air and temperature. Thus, if the air has a greater capacity of 
drying, observing the maximum temperature that the product can support, less 
time will be necessary to remove the extra water and leave the coffee with the 
ideal humidity for commercialization.

 5. What is the purpose of stirring the layer of coffee during the drying process?
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This issue is like the previous ones, very important, not only for coffee, but for 
cocoa and many other types of “grains”. To be realistic about the subject, the only 
way to dry coffee fruit without proper stirring is when it is in the plant. In this case, 
the drying is characterized as field drying and has its disadvantages.

One way to work with drying in the plant would be to spread properly the coffee 
on a suspended screen. In this case, the height of the layer would be equivalent to 
the diameter of the coffee fruits. The suspended screen must have natural ventilation 
as in the field. On the other hand, a lack of homogeneity in drying will be noticed in 
some way by a professional grader.

To simplify the drying theory, we can say that a layer of coffee dries as if it were 
composed by a superposition of several thin layers. Also, a thin layer of coffee can 
be considered to be one whose thickness corresponds to the diameter of the coffee 
fruit or the grain thickness of the coffee parchment.

Assuming that the cherry coffee has a diameter of 1.0 cm and the coffee parch-
ment a thickness of 0.5 cm, a “Fixed bed “ type dryer containing a 50 cm layer of 
the product should be analyzed as if was composed of 50 thin layers of coffee fruit 
or approximately 100 thin layers of parchment coffee.

In this “drying layer”, the drying air (heated or at environment temperature) 
enters the lower part through the first thin layer, which is on the false floor (perfo-
rated plate) and is released into the environment (exhaust) after passing through the 
thin layer (layer 50 for coffee fruits or layer 100 for parchment grain, in the given 
example).

When drying in a “fixed or stationary layer” dryer, the air enters hot and dry, then 
is exhausted cold (less hot) and moist from the upper surface of the coffee layer. 
Simplifying a little bit more, the air goes through the entire layer of coffee and 
passes through each thin layer, this way the air is cooled and humidified by the 
water released from the grains of the previous thin layer.

If you understood what it was exposed so far, you may think that it is not neces-
sary to stir the coffee inside a dryer, since all the coffee is dry with the same mois-
ture content. This statement is the big problem; all the coffee hit the equilibrium 
moisture with drying air at high temperature and low relative humidity, therefore 
with very dry air. To better understand what happens when we heat or cool the air, 
we accept that natural or heated air is the medium for drying grain. The natural air 
consists of a mixture of gases (nitrogen, oxygen, carbon dioxide, etc.), steam and a 
number of contaminants such as solid particulate matter and other gases.

Dry air exists when the natural air removes all steam water and contaminants. 
The dry air composition is relatively constant, despite small variations due to geo-
graphic location and altitude. Knowing about air humidity conditions is extremely 
important to many sections of human activity.

Preservation of products such as fruits, vegetables, eggs and others in refrigera-
tion systems depends on mainly in an appropriate blend (dry air/water vapor). 
Storage and handling of grains, including coffee, are also limited by atmospheric 
conditions.

Sometimes the thermal comfort index of an atmosphere depends more on the 
amount of steam present in the air than on the temperature itself. Thus, an air 
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conditioning apparatus promotes greater humidity control and only minor variations 
in the environment temperature value. For those reasons, the detailed study of the 
dry air mixture (N2 + O2 + CO2 + others) and water steam became a discipline, 
called psychometry, which studies the relationships, from measurements of specific 
parameters, atmospheric behavior, mainly in reference to the mixture of dry air and 
water steam or moist air. A study on psychometry is recommended.

For a better understanding, suppose that in a coffee farm, during the drying sea-
son, using fixed bed dryer with the following conditions: environment temperature 
and relative humidity are 22 °C and 62%, respectively. If the air in this condition is 
passed through a 50 cm coffee layer for 250 h, for example, all coffee would be 
dried at moisture of 12.5%. It turns out that a moist coffee, even spending 250 h to 
dry, may have suffered some fermentation in the upper layers and damaged the final 
product quality. To speed up the drying process, the best solution is to increase the 
drying air temperature.

Now imagine that the coffee grower decided to raise the drying temperature to 
40 °C. In this case, the relative humidity of the drying air becomes 25%. This way, 
after a certain time, the mass of coffee will be dried and reached a final moisture 
content humidity of 7%. All the coffee mass is homogeneous in temperature and 
moisture content; however, in this situation the coffee beans are very dry and they 
may break while processing, causing great financial loss due to the loss of weight 
and energy consumption.

To solve part of the fixed bed drying problem, the engineer must plan the size of 
the maximum height of the grain layer equal to the thickness of the drying front and 
tolerating gradients of temperature and moisture content for a particular grain. The 
most common grain, allowing a gradual variation in the moisture content is field 
corn and higher than three percentage points between the driest and the wettest lay-
ers for an average final moisture content of 14% w.b.

Unfortunately, for a quality coffee, the maximum tolerance is an average 0.5 
percentage points from an average moisture content of 12% w.b. and can be mea-
sured by a good moisture meter. If the moisture variation between the grains 
increases, the coffee will present one of the most serious defects, which is the 
“bad roast”.

Thus, it is almost impossible to dry coffee and some types of grains without the 
proper stirring of the layers, especially if the temperature of the drying air is 5 °C 
above environment temperature and the relative humidity is well below 50%. 
Therefore, the coffee must be continuously stirred in special dryers or depending on 
the temperature and airflow, every 2 h in the maximum.

For a better understanding, assume that the “fixed bed” dryer is operated with air 
at 40 °C in environment conditions (22 °C and 62% relative humidity). At 40 °C, the 
relative humidity of the drying air will be 25%. After a period of time (10 h for 
instance), the coffee in the first thin layer will have reached a final moisture of 7% 
and in this time the upper thin layers will still be drying.

If the operator stops the dryer for samples withdrawn because the upper layers 
have reached 12% moisture, it will discharge the dryer with the coffee mass having 
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an average moisture content of 9.5% under a moisture gradient of five points 
between the first and last thin layer.

Now imagine that the operator takes samples from different layers of the coffee 
bed and stops drying when the average moisture content reaches 12%. In this case, 
the upper layers may be more than 17% w.b. e and the first layer 7%. Drying is a 
physical process, and, in that way, it cannot be simplified without something wrong 
happening.

We must remember that the grains moisture content classification does not mea-
sure the moisture of each grain, individually. It provides the average value of the 
sample. Inadequate drying will only be noticed during the processing and, espe-
cially, in the coffee roasting for beverage classification.

Depending on the drying air temperature, airflow, initial moisture and the height 
of the layer inside the drying chamber, the process takes place on a band or front 
that moves from the bottom upwards. The dryer designers call this band as drying 
front, indicating that, after several hours of drying, the drying front has formed and 
it has already moved. Below the drying front, the entire product is dry and in equi-
librium with the drying air and below the front there is no more drying.

As drying time passes (50 h, for example), the drying front will have passed 
through the entire grain layer and the whole product will be dried with the same 
moisture content or at equilibrium with the drying air. Therefore, to avoid over- 
drying of the grain bed or to avoid large gradients of moisture, it is necessary that 
the grain layer is not too deep or that a stirring is done every 3 h of drying at least.

In Brazil, according to technological aspects involved, basically two methods are 
used to dry coffee: in terrace drying, the product is spread on floors, which can be 
built with cement, brick, and asphalt or similar; in mechanical drying, the heated air 
is forced to pass through the mass of grains.

For drying, with most of the traditional coffee dryers, the initial moisture and 
exudation of the mucilage by the fruits stop the operation of stirring the product 
inside the dryer. To solve this problem, a pre-drying in solar terrace pre-dryers is 
necessary.

More recently, drying in combination (pre-dryer/dryer and silo-dryer) has been 
studied and applied in specific locations of the Zona da Mata in Minas Gerais 
(Brazil). In those drying combination, the coffee it is pre-dried in solar terrace pre- 
dryers and the complementary drying in silo with natural ventilation or with the 
slightly heated air. All these systems will be detailed, later, in order to serve as 
alternatives to be adopted in different regions.

It must be remembered that at harvesting time, coffee presents 100% of its qual-
ity potential and that it is during the first 3 days after harvest that special care must 
be taken. If the harvested coffee is well maintained until the third day after harvest-
ing and further operations have been carried out correctly, it will maintain high 
quality until it reaches the consumer. On the other hand, coffee where in the third or 
fourth day after harvest, had reduced its potential quality in 15%, continues to dete-
riorate until the product reaches safe storage moisture content. From the point of 
drying, the two types of coffee had proportionally, the same variation in quality 
reduction. Therefore, if the coffee is dried to a safe moisture level by the third day 
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after harvesting, the coffee grower can deliver a quality product to the final  costumer. 
A safe humidity is 18% w.b. at this moisture level coffee can be dried slowly with 
air and at low temperatures during the storage period in the farm.

In most coffee producing regions, drying in solar terrace facilitates the develop-
ment of microorganisms, increasing temperature and breathing of the product, 
which accelerates the fermentation process. Despite of these risks, small and 
medium-sized coffee producers intensively use solar terrace drying as the only dry-
ing technique.

However, if the climate conditions are suitable and the operation of the terrace is 
done within the technical recommendations, the natural coffee will be dry in 
15–20 days and the peeled cherry coffee between 10 and 15 days. Therefore, drying 
systems that safely dry the product at 18% moisture content, within 3 days or 50 h 
of drying, must be adopted.

Drying with efficient techniques presents the following advantages:

 (a) Allows better harvest control;
 (b) Allows storage for longer periods, without the danger of deterioration or qual-

ity loss;
 (c) In case of coffee seed production, low temperature drying keeps the germina-

tion for longer periods of time;
 (d) Prevents the development of microorganisms and insects; and,
 (e) Minimizes the loss of the product on the trees or in solar terraces during 

rainy days.

As we know drying affects the product and is a process involving the heat trans-
ferring and moisture between the coffee and drying air. The reader should review 
the basic elements of psychometry, grain water content, equilibrium moisture con-
tent, air flow rate, drying speed, grading and coffee quality, in order to take full 
advantage of drying techniques and reduce production costs.

Because is too difficult to address all the points above in a single chapter, we will 
deal with some of the most important:

5  Coffee Moisture Content

The concept of moisture content (water content) is due to the fact that both fruits 
and grains are composed of solid substances and a certain amount of water, under 
many forms. For harvesting, drying and storage operations, the product is consid-
ered to consist only of dry matter and water. Thus, water or moisture content is the 
amount of water present in the coffee or grain in general.

The water content is considered the most important factor that acts in the deterio-
ration process of stored grains. It is necessary to know the moisture content of cof-
fee beans since harvest until the final processing. We must know that, with the 
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removal of the protective layers, the coffee is very susceptible to the absorption of 
odors. As the drying air in the coffee dryers is generally heated by wood burning, 
the removal of excess water from the pre-processed coffee is an operation that can 
contaminate the product with smoke. Also, because of the necessity to obtain a 
homogeneous product, it is not possible to mix coffees with different moisture con-
tent in same dryers and at the same time. Thus, the operator needs to be careful to 
dry the coffee only till the needed moisture content level. Otherwise, excess of 
water removal will cause breakage problems in the hulling process.

It is very important to know the coffee moisture content before hulling. If the 
product has excess of moisture, it must be dried to approximately 12% w.b. In case 
of over drying, the product should go through a ventilation by a vented bin at night 
to absorb water until moisture content of 12% w.b.

Therefore, from the harvest until the final processing, knowing the water content 
of the coffee is extremely important. The purchase of a product with excess mois-
ture content represents losses for the buyer, who will be paying for excess water and 
in possible danger for the final quality of the product during storage. Selling below 
ideal moisture will cause losses for seller as he experiences unnecessary energy 
costs and equipment use, also affecting coffee quality.

As a process applied to biologically active materials, coffee drying can be defined 
as a universal method of conditioning the product (coffee or grains in general) by 
removing the water to a level that keeps them in balance with the storage environ-
ment. In the same way preserving the appearance and quality for the roasting indus-
try, and the viability as seed.

As a hygroscopic material, the coffee beans contain liquid water, which is in 
direct contact with the cellular structure, but is easily evaporated in the presence of 
air with low relative humidity. This water is known as “free water”. Another portion 
of water, called water of constitution, also composing the cellular structure, is 
chemically attached to the material.

During drying, most of the evaporated water is “free water.” To make it easy to 
understand, it will be considered here that the coffee beans are composed only of 
dry matter and free water.

The grains moisture content is expressed by the ratio between the quantities of 
water and dry matter that form the product. Lower moisture content is the most 
important factor in preventing the deterioration of stored coffee. Keeping the water 
or moisture content and coffee temperature low, it will prevent microorganism 
attacks and breathing will have their effects minimized.

The operator must always be aware that at the end of drying the product does not 
lose excess water, causing problems in handling, processing and marketing.

Ideally, moisture content should be determined prior to each subsequent drying 
operation. If there is problem with moisture content when starting a new operation, 
use the solutions previously advised.
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5.1  Coffee Moisture Content Calculation

As said earlier, the amount of water contained in the grains is designated based on the 
weight of the water and is generally expressed as a percentage. There are two ways to 
express the moisture contained in a product, that is, wet basis (w.b.) and dry basis (d.b.).

The grain moisture contained in the wet basis is the ratio of the water weight (Pa) 
present in the sample to the total weight (Pt) of this sample:

 
U Pa Pt� � �100 /

 
(1.1)

 
Pt Pms Pa total weight� �� � �  

(1.2)

Where:

U = moisture content. % w.b.
Pa = Water weight;
Pt = Total weight of the sample;
Pms = Dry matter weight.

The percentage of the moisture content in dry basis is determined by the ratio of 
water weight (Pa) and dry matter weight (Pms):

 
� � � �U Pa Pms100 /

 
(1.3)

 
� � � �U Moisture content on dry basis d b. .

 

From the equations, it is clear that the moisture content expressed in dry basis is 
numerically higher than the moisture content on the wet basis (U′ > U). This is 
because in the second case (U′), with only Pms, the denominator is lower than in the 
first case (U), where it represents the total grain weight (Pa + Pms), and in both 
cases, the numerator remains constant (the water weight).

Usually, the wet basis percentage is used in commercial designations and pric-
ing. On the other hand, the moisture content in dry basis (decimal) is commonly 
used in research and in specific calculations.

5.1.1  Moisture Content Base Changing

A conversion table is useful and precise when it is desired to change from the dry 
base to the wet base and vice versa. The table can be constructed using the following 
equations:

 (a) Changing from w.b. for d.b.

   � � �� ��� ��U U U/ 100 100  (1.4)
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Where:

 U w b andU d b� ��% . . % . .  

Example: if U = 13% w.b., what will be the value of U′?

 
� � �� ��� �� �U or d b13 100 13 100 14 9 0 149/ . % . . .

 

 (b) Changing from d.b. to w.b.

   U U U� �� ��� ��� �/ 100 100  (1.5)

Example: if U′ = 0.13 or 13% d.b., what is the value of U?

 
U w b� �� ��� �� �13 100 13 100 11 5/ . % . .

 

5.2  Moisture Content Determination methods

There are two methods group for grain moisture content determination: (a) direct or 
basic (oven, distillation, evaporation, infrared radiation) and (b) indirect (electrical 
methods, calibrated according to standard oven method or other direct method).

5.2.1  Direct or Basic Methods

By direct methods, the mass of water extracted from the product is related to the 
mass of dry matter (moisture content, dry basis) or to the total mass of the original 
material (moisture content, wet basis). Although they are considered standard meth-
ods, the direct methods require a longer time and meticulous work for their execu-
tion. Commonly used in quality control laboratory analysis the main ones are the 
oven, distillation, evaporation (dweob) and infrared methods.

Oven

The determination of the moisture content by the oven method (under atmospheric 
pressure or vacuum) is done by drying a sample of grains of known mass, calculat-
ing the moisture content through the mass lost during drying. The ratio between the 
sample mass loss taken from the oven and its original mass, multiplied by 100, gives 
the moisture content in percentage, wet basis (Eq. 1.1).

The drying time and the oven temperature are variable and depend on the type 
and product conditions and the type of oven. To use of the standard method, the 
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reader should consult the manual “Rules for Seed Analysis”, which should be edited 
by the responsible departments of each producing country.

Distillation

The grain moisture is removed by boiling a small sample in a vegetable oil bath or 
in toluene, whose boiling temperature is much higher than the water. The water 
steam from the sample is condensed, collected, and its weight or volume deter-
mined. There are two distillation methods: Toluene and Brown-Duvel. The Brown- 
Duvel is the most common, it will be described below and is one of the standard 
methods in the United States of America. The equipment can be made of several 
modules and the moisture is determined by the distillation process.

Sample size, temperature and exposure time change with grain type. It is there-
fore it is advised to consult the equipment manual before performing the moisture 
determination.

The water is removed by heating a mixture of grains and vegetable oil until to the 
boiling point. The boiling temperature of the oil is a lot higher than the water. The 
water steam from the sample distillation is condensed and its volume determined.

Considering the water density as 1.0 g/cm3, the mass of the water withdrawn is 
equal to the volume measured by a graduated cylinder. Commercial Brown Duvel 
has a thermometric system that automatically shuts down the heating source when 
the oil reaches a specific temperature for each type of product.

Despite the many types of moisture meters (direct or indirect) available in the 
market, they are relatively expensive and often suppliers do not provide appropriate 
technical assistance. Due to this fact the DWEOB (Direct water Evaporation in Oil 
Bath) was developed. This method is nothing more than a simplification of Brown 
Duvel. It is inexpensive and has the same precision of the standard method. 
Figure 1.10 shows a simplified scheme of the DWEOB method, which can be built 
with regular and laboratory tools such as thermometer and a scale with a capacity of 
500  g with an accuracy of 0.5  g, or better, and actually putting together the 
DWEOB system.

In order to determine humidity through DWEOB, the operator needs to follow 
the following steps according to the next examples:

Example 1: Determine the moisture content of a coffee sample using the 
DWEOB. Procedures:

 (a) Sampling the coffee production correctly;
 (b) Weigh 100 g of the coffee and place it in a high temperature resistant container 

with 10 cm diameter and 20 cm high, and a perforated lid (screen type) with a 
larger hole to insert a graduated thermometer up to 200 °C;

 (c) Add soybean oil until it covers the coffee layer;
 (d) Weigh the container + product (coffee sample) + oil + thermometer and take a 

note of the initial mass (Mi);
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 (e) Heat the container for approximately 15 min until it reaches the temperature 
indicated in Table 1.2 (in the case of the hulled coffee, 190 °C). Then remove 
the heat source, wait for the bubbling to cease and perform the weighing to 
obtain the final mass (Mf); and.

 (f) The result of Mi − Mf is the moisture content in percentage, wet basis.
For example, if Mi = 458.9 g and M f = 445.4 g;

   Ma Mi Mf g� � � 13 5. .  

i.e., the moisture content of the coffee batch is 13.5% w.b.

Example 2: represent, in decimal dry basis (d.b.), the moisture content found 
in wet basis percentage (w.b.) in the previous problem.

Solution: According to Eq. (1.4):

            
�� � �U % ?

 

        
U % . %.� � � 13 5  

�� � � �� ��� �� �U or d b% . / . . . % . . .13 5 100 13 5 100 15 6 0 156
 

Fig. 1.10 Schematic of a DWEOB (moisture meter) with gas flame. Source: Authors

Table 1.2 Temperature for moisture content determination by the DWEOB method

Product Temp. (°C) Product Temp. (°C)

Beans 175 Corn 195
Rougth rice 200 Soybean 135
Hulled rice 195 Sorghum 195
Dry coffee fruit 200 Wheat 190
Hulled coffee 190
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5.2.2  Sources of Error with Direct Methods of Moisture 
Content Determination

Considered primary or secondary standards, direct methods are subject to errors. 
The main ones are:

 – Incomplete drying;
 – Oxidation of the material;
 – Sampling errors;
 – Weighing errors; and.
 – Observation errors.

Figure 1.11 shows the weight variation of the sample using a direct method. 
Three phases are identified to illustrate the first two types of errors. In the first stage, 
the grains gradually lose water, while in the second drying phase (the sample weight 
remains constant) because all the “free water” has been removed.

Prolonging the time after the second phase, new weight loss begins to occur due 
to sample oxidation. If the process is interrupted in the first or third phase, an error 
will happen. Therefore, the interruption needs to take place in the second phase, 
when there is no change in the sample weight.

Sampling Errors: The purpose of a sample is to represent a population or a big 
amount of certain product. If sampling is not performed according to proper tech-
niques, the value obtained will be not reliable even using the most reliable method.

Weighing errors: The use of inappropriate or inaccurate scales leads to errors 
while determining moisture. The weighing of samples yet hot, causes convection 
currents and really affect the final result.

In order to better characterize the product moisture content, the samples weigh-
ing and the reading in the equipment must be made by a single person. Depending 
on the equipment type, a reading between two known values done by different peo-
ple will hardly have the same value.
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Fig. 1.11 Sample weight 
variation, in function of the 
time, by direct methods. 
Source: Authors
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5.3  Indirect Methods for Moisture Content Determination

The most important are the electrical methods. The equipment classified in this 
category uses a grain property that varies with its moisture content and is always 
calibrated according to a direct method adopted as the official standard.

Because of high speed of the moisture content measurement, electrical or elec-
tronic moisture meters are used in the control of drying, storage and in commercial 
transactions. This equipment provides the value of the moisture content on a wet 
basis. It shows the percentage relation between the amount of water and the total 
mass of the sample, according to Eq. (1.1).

5.3.1  Electrical Resistance Method

The electrical conductivity of a biological material varies with its moisture content. 
In the case of grains, the moisture content (U) is inversely proportional to the loga-
rithm of the resistance they offer to the passage of an electric flowing. In a given 
moisture range, the moisture contained in a grain sample can be given by Eq. (1.6).

        
U K R� � �1 / log

 
(1.6)

On what:
U = moisture content;
K = constant depending on the material; and.
R = electrical resistance.

It is known that the electrical resistance of a material varies according to its tem-
perature and that, unlike metals, an increase in temperature promotes a decrease in 
electrical resistance in the carbon. Since the grains are basically composed of car-
bon, measuring with equipment based on the principle of electrical resistance, the 
operator needs to take care of the sample temperatures. High temperatures can 
induce errors (high temperature results in a low electrical resistance, which in turn 
means high humidity). Therefore, it is necessary to make the temperature correction.

The electrical resistance also depends on the pressure made by the electrodes on 
the grain sample. The higher the pressure over sample, the lower the electrical resis-
tance, which will influence the correct value of the moisture content. That way, each 
type of grain, using the same moisture meter, must be subjected to a specific pres-
sure (read the equipment catalog).

Usually, commercial tools show better results for samples with low moisture 
content (10–20% w.b.).

When using equipment based on electrical resistance, the following points 
should be observed:

 1. Refer to the equipment manual. Each type of grain requires a specific technique 
and the reading cannot be repeated with the same sample. Once passed by mea-
suring it is damaged by the compression system.
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 2. Sampling techniques must be followed.
 3. At each determination the electrodes must go thorough cleaning.
 4. Periodically adjust the compression system. It is subject to relatively high efforts 

and may suffer serious malfunctions.
 5. Beware of hot samples. To avoid errors, it is important to keep the samples in 

repose for some time (homogenizing the moisture inside the beans) and wait 
until their temperature is close to the moisture meter temperature.

 6. In case of grains with wet surface by condensation or rain, it will have moisture 
content above the real value.

 7. Moisture meters shall be periodically evaluated and, if necessary, re-calibrated 
using a direct method.

5.3.2  Dielectric Method

The dielectric properties of biological materials depend on their moisture content. 
The capacitance of a capacitor is influenced by the dielectric properties of the mate-
rials placed between its plates. Thus, by determining the variations of the capacitor 
electric capacitance, whose dielectric is represented by a mass of grains, one can 
indirectly determine its moisture content.

The variation of the dielectric capacity (D) and the moisture content (U) of the 
grains are given by Eq. (1.7).

 U D C� �  (1.7)

On what
D = dielectric;
C = constant depending on the equipment, material etc.; and,
U = moisture content.

The moisture meter based on this principle are quick and easy to operate. Unlike 
electrical resistance systems, they do not damage grain samples.

To properly use a dielectric or capacitive moisture meter, the operator must pay 
attention to the following recommendations:

 1. Since some moisture meters also measure a small electrical resistance, they are 
considered more accurate in the determination of lower moisture contents. This 
method allows measuring the samples moisture content, even hot, due to the 
effect of temperature is lower than that observed in the electric resistance method.

 2. Sampling techniques must be followed.
 3. Proper sample temperature correction is required.
 4. Damping the sample into the moisture meter chamber must be made from the 

same height and with care. There are moisture meters that have automatic devices 
for weighing and loading samples.

 5. Voltage fluctuations can harm the operation and the equipment should be stan-
dardized frequently according to the equipment manual.

J. de Sousa e Silva et al.



33

 6. Moisture meters shall be periodically evaluated and, if necessary, calibrated by a 
direct method.

 7. For each type of grain there is a specific table for moisture content evaluation.
 8. The manufacturer’s instructions must be followed correctly.

6  Equilibrium Moisture Content

The concept of Equilibrium Moisture content is important because it is directly 
related to the coffee drying and storage also other agricultural products. It is useful 
in order to know if the coffee will gain or lose moisture, depending on the tempera-
ture and relative humidity of the drying air or the environment where it is stored. 
When the rate of moisture loss from the product to the environment is equal the 
grain to the environment, it is said that the product is in equilibrium with the air. The 
moisture of the product, when in equilibrium with the environment, is called equi-
librium moisture content or hygroscopic equilibrium. The equilibrium moisture is, 
therefore, the moisture that is observed after the grains are exposed for long period 
of time to a certain environmental condition.

The equilibrium moisture content of a coffee sample is a function of temperature, 
relative humidity and the physical conditions of the product. For example, the dried 
coffee fruit, parchment coffee and hulled coffee have different equilibrium moisture 
contents for the same environmental conditions.

The relationship between the moisture of a given product and the corresponding 
equilibrium relative humidity for a given temperature can be expressed by the 
curves (Fig. 1.12a). In Fig. 1.12b, we can observe the representation of the hyster-
esis phenomenon, where it is verified that the values of the equilibrium moisture 
content are not equal when the coffee gain water (adsorption) and when water is lost 
(desorption).

The rate of adsorption of water by the coffee is a lot slower than the rate of 
desorption, which causes the phenomenon of hysteresis to happen between the dry-
ing curve and the product rewetting.

The mathematical relation most used to represent the equilibrium isotherms is 
given by Eq. (1.8):

 
1� � � � �� �UR CT Ue nexp.

 
(1.8)

Where:

UR—relative humidity, decimal;
exp. – ln base = 2718;
T—Absolute temperature, K;
Ue—equilibrium moisture % d.b.; and,
C and n—constants that depend on the material.
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From Eq. (1.8) and Fig. 1.12a it is observed that:

 – The equilibrium “moisture content” is zero for relative humidity equal to zero;
 – The equilibrium “relative humidity” is close to 100% when the product moisture 

content increases to 100%; and.
 – The slope of the curve tends to infinity when the humidity tends to 100%.

The relation between the Ueq value and the air conditions (temperature and rela-
tive humidity) can also be represented by the following Equation:

 
Ueq a b T c RH� � � �� ��� ��� �ln ln

 
(1.9)

Where:

a, b and c = constants that depend on the product (Table 1.3);
T = air temperature (°C);
RH = relative humidity (decimal); and,
Ueq = equilibrium moisture content (decimal, d.b.).

7  Airflow

When the grains lose moisture during the drying process, the water, in form of 
steam, is carried by the airflow that passes through the grains layer. To properly 
design and operate a coffee drying system, the fundamental principles of air move-
ment need to be understood, especially those related to static pressure, fan charac-
teristics and system operating conditions.

Fig. 1.12 Equilibrium isotherms with T1  <  T2  <  T3 (a) and Hysteresis phenomenon (b). 
Source: Authors
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7.1  Static Pressure

The static pressure of a grain drying system is related to the resistance of the grains 
to the passage of air. Generally, the static pressure variation (PV) per unit height of 
the grain layer (mmca/m) is expressed, and can be calculated according to the fol-
lowing Eq. (1.10).

      
PV aQ bQ� � � �� �2 1/ ln

 
(1.10)

Where (a) and (b) are constants that depend on the product and Q is the airflow 
in m3 per minute per m2 area of the grain layer. Values of the constants (a) and (b) 
for some grain types are shown in Table 1.4. In a well-designed grain drying system, 
more than 90% of the airflow resistance happens in the grain layer and less than 
10% in the distribution channels of air and perforated floor. The characteristic curve 
of the system is a graph showing the variation of the total static pressure of the sys-
tem as a function of the airflow.

8  Fans

During drying and grain aeration forced ventilation systems are required. Also, 
other systems such as separation, cleaning and transportation machines require a 
component to create an energy gradient that promotes air movement through the 
elements of the system and the product. In grain drying, the air carries the product 
evaporated water out of the dryer. In the aeration, the purpose of air is to only cool 
the grains mass, although sometimes carrying small amounts of evaporated water.

Table 1.4 Constant (a) and 
(b) for Eq. (1.10)

Product a b

Dry coffee fruit 0.017 3.9
Parchment coffee For lack of data, use soybean 

values
Shelled corn 0.583 0.512
Rougth rice 0.722 0.197
Soybean 0.333 0.302
Wheat 0.825 0.164

Table 1.3 Constants a, b and c for the calculation of grain moisture content equilibrium, according 
to Eq. (1.9)

Product a b c

Coffee 0.3 0.05 50.55
Corn 0.339 0.059 30,205
Paddy rice 0.294 0.046 35,703
Soybean 0.416 0.072 100,288
Wheat (hard) 0.356 0.057 50,998
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Fans are machines that work by rotating a rotor provided with properly distrib-
uted blades and motor driven, enable the mechanical energy of the rotor to be con-
verted into potential energy forms of pressure and electric energy. Due to the energy 
produced, the air becomes capable of overcoming the resistances offered by the 
distribution system and by the grain mass, so that it can be dried, cooled, separated, 
cleaned and transported.

8.1  Fans Classification

There are different criteria that can be used to classify fans. It will be mentioned the 
most used in the subjects included in this chapter. Also, which ones are the most 
used for drying and storage of agricultural products such as coffee:

According to the energy level of pressure that they reach, the fans can be:

 – Low pressure: up to 2.0 kPa (200 mmwc) and are widely used in aeration of 
small and medium silos;

 – Medium pressure: between 2.0 and 8.0 kPa (200–800 mmwc) used for aeration 
in taller silos and also in high temperature dryers;

 – High pressure: between 8.0 and 25  kPa (800–2500  mmwc). Widely used for 
pneumatic conveying.

Above 25 kPa the fans are classified as compressors. Except for pneumatic con-
veying that must be from medium to high pressure, the fans used in the operations 
of drying, cleaning, separating, sorting and coffee aeration and other types of grain 
are usually done by most medium pressure.

According to the constructive modality they can be classified as:

 – Axial: the rotor resembles a propeller. Air enters and exits the fan parallel to the 
fan axis;

 – Centrifugal: In this fan type, the air enters the casing or volute, parallel to the 
drive shaft then is unloaded perpendicular to the air inlet direction. The rotor can 
be produced and have backward, forward or radial options with straight blades.

The characteristics of a fan can be obtained either in tables or by the characteris-
tic curves provided by the factories.

Axial flow fans normally have a higher airflow than centrifugal fans of the same 
power for static pressures below 1 kPa (10 mbar). If a coffee ventilation system has 
to operate at static pressures greater than 1.2 kPa, a centrifugal fan will provide a 
higher airflow. An axial flow fan, although it is less expensive than an equivalent 
centrifugal fan, it has a higher noise pollution index.
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8.2  The Use of Fans for Drying

The drying rate of a batch of coffee depends on the drying system and drying char-
acteristics of each grain, individually. In general, the drying rate for small grains is 
higher than for large ones. Peeled Cherry coffee dries faster than natural coffee 
fruits. Because of the protective layer, grains of rice in the husk, dry out more slowly 
than the grains of wheat. In the same way, comparisons can be made with the coffee 
beans. If not properly separated by maturation stage such as size and the same phys-
ical conditions, it will be difficult to obtain a final product with homogeneous dry-
ing and the same roast point.

There are two ways to reduce the agricultural products drying time:

 (a) Increasing the airflow passing through the product increases the amount of 
evaporated water. The drying rate is, to a certain extent, proportional to the 
airflow; and.

 (b) Increasing the temperature of the drying air increases its drying potential.

In drying systems using low temperatures, the drying must take place in a time 
that it does not predispose the upper layers of the grain mass to deteriorate. The use 
of an auxiliary heat source can make low temperature drying systems economically 
impracticable, as well as causing the product to be over dried. This way, calculating 
the airflow and using the proper fan are the most practical and efficient ways to 
control the drying time.

9  Coffee Dryers

As will be discussed along this topic, not always the most used technology means 
the best option for coffee drying, especially, for a certain coffee grower. Also, that 
coffee drying is comparatively harder to perform than other agricultural products. In 
addition to the high sugar content in the mucilage, the initial moisture content, gen-
erally above 65% w.b., causes the rate of deterioration to be quite high shortly after 
harvesting.

For quality coffee, the farmers should follow some practices already mentioned 
in this chapter. The careful coffee grower will only have the first 3 days to avoid a 
large reduction in the quality achieved during the harvest operation. As already 
mentioned, the maximum quality is with the ripe fruit in the plant. Therefore, what-
ever the drying methods used, as it will be discussed ahead, we must emphasize that 
“Good Practices” need to be followed throughout the coffee production chain.
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9.1  Terrace Coffee Drying

First, the drying in terrace happens with the heating of the terrace surface by the sun. 
Natural ventilation will facilitate the removal of water steam. Only after the sun’s 
rays have warmed up the terrace at about nine o’clock in the morning, the coffee 
should be spread with a layer of approximately 4 cm thick. Then, with proper equip-
ment, small heaps should form in the direction of the operator’s shadow.

These heaps lines should be changed as soon as the uncovered part of the terrace 
is heated again. The operation of forming and changing the heaps should be done 
hourly, preferably.

After the fourth or fifth day of drying, the operator should follow the operating 
sequence as seen in item 4 and question 4 (Why do mechanical dryers dry faster 
than the terrace drying?).

The exclusive use of terrace drying by many coffee growers is mainly because of 
non-concern with the qualitative characteristics of the product after drying, or due 
to the financial capacity or even the low technical level of the farm.

In most producing regions, terrace drying facilitates the development of micro-
organisms, increasing respiration and fruit temperature, which are factors that 
accelerate deterioration. Despite these risks, small and medium-sized producers 
intensively use the terrace drying as the only step to dry coffee.

If the climate conditions are appropriate and with correct terrace management, 
the natural coffee will be dried in 15–20 days and the peeled cherry between 10 and 
15 days.

9.1.1  Location of the Drying Terrace

A good drying terrace should be located in a flat, well drained, sunny and ventilated 
area. When possible, the terrace should be located at a lower level than the reception 
and initial preparation facilities, and superior to the storage and processing facilities.

Concrete-paved terraces provide better results, are more durable, easier to handle 
and have better sanitation characteristics. It is not conceivable nowadays to continue 
to see a large part of coffee farmers using terrace drying without proper lining. In 
addition to the lack of hygiene, drying is slow and usually humidifying coffee, 
because it does not facilitate the heating of its drying surface, which allows the 
translocation of soil water to coffee.

9.1.2  Types of Drying Terrace

It is very common in Brazil to see drying terrace made with asphalt technology. 
When used for large areas and allowing a good job of machines and the correct 
application of asphalt, the only inconvenience is the high temperature, which can 
cause serious damage to the peeled cherry coffee.
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Unfortunately, there is an inadequate dissemination of a technology that, when 
not properly performed, leads to financial problems, frequent repairs, and quality 
problems due to contamination of the product. In this type of terrace, while using 
asphalts mud some problems were observed such as: problems such as: Asphalt 
layer adhesion, mechanical strength, surface unevenness, high porosity and appear-
ance of vegetation.

Regardless of the type of pavement, one of the restrictions on the terrace drying 
process refers to climate problems.

Because it is considered a bottleneck for many producing regions, the conven-
tional terrace has been considered inadequate because it exposes the product to 
adverse weather conditions, presents low drying efficiency and requires too much 
human labor.

Disregarding the high implantation costs and the labor-intensive requirement, 
the inconstancy of solar radiation and the possibility of rainy periods during the 
harvest season, make the drying terrace unfeasible for the production of quality cof-
fees in regions of altitudes, very common in Zona da Mata de Minas, Serra do 
Espírito Santo, Planalto da Conquista and Chapada Diamantina (Bahia). For all this, 
terrace drying is considered one of the highest cost operations in coffee production. 
To succeed with the technique, it is mandatory periodic maintenance, such as:

Correction and rectification of the terrace floor;
Correction of the drainage system;
Correct management of the terrace, and,
Daily sanitation of the entire system.

9.1.3  Required Area for Terrace Drying

The paved area required for the terrace dryer should be calculated according to the 
average production of thousand trees, the total number of coffee trees and the region 
climate conditions.

If only the terrace is used for drying, the area calculation can be done according 
to Eq. (1.11).

 S = 0.055 QT  (1.11)

In the equation, S equals the terrace area in square meters for the production of 
1000 trees, Q is equal to the average annual production of cherry coffee or the quan-
tity of liters/1000 trees and T is the average drying time in the region, in days. When 
using the terrace for pre-drying to reduce the initial fruit moisture content to approx-
imately 30% w.b, and with the additional drying being performed in mechanical 
dryers, the terrace area may be reduced to 1/3 of the calculated value for terrace 
drying only.
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Whenever possible, the terrace should be divided into blocks, in order to facili-
tate the drying of the lots according to their origin, moisture content and quality 
(Fig. 1.13). Pre-drying in conventional terrace takes place in a period of 6 days.

If the use of drying terrace is mandatory, the recommended one is a good con-
crete paved terrace. It must be able to withstand loads and be fenced in order to 
prevent the entrance of animals and must be built with walls that facilitate the gath-
ering of the coffee also allowing a good cleaning.

If it is used for coffees from different pre-processing days or different types of 
coffees, the terrace must have also movable partitions, when it is necessary to place 
different batches in a same area limited by the fixed walls. It is extremely impor-
tance that the terrace drying be done correctly, and that the daily sanitation of the 
system be maintained.

To protect coffee at night or in rainy days, circular or semicircular barriers can be 
built inside the terrace. These barriers are small walls with a triangular cross-section 
of 5 cm in height and 3 m in diameter, which serves as a place to pile the coffee, 
avoiding the entry of rainwater under the tarpaulin covering the coffee partially 
dried (Fig. 1.14).

Construction of terraces should be avoided in humid places near dams, in shaded 
places by trees or buildings and on the east and west faces. For the south hemi-
sphere, buildings located near the north side of the terrace should also be avoided. 
This orientation is very difficult in mountain regions such as “Matas de Minas 
Gerais” and “Serra do Espírito Santo”.

Fig. 1.13 Terrace with concrete pavement, sanitized, fenced and divided into blocks. Source: 
Silva et al. (2018)
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9.1.4  Drying Terrace Management

As mentioned, the coffee is dried by the action of the solar rays and by the natural 
ventilation. It is advisable to work with homogeneous lots during the drying season, 
considering both the day of harvest and the maturation stage, in order to obtain a 
uniform final product of good quality.

At the beginning of drying, when the coffee is still wet or when it is removed 
from the coffee wash machine, the surface of the terrace also gets wet. If part of the 
terrace surface is not exposed to the immediate drying of excess water, the product 
becomes highly susceptible to contamination due to the high humidity in the lower 
part of the layer.

To do this, the coffee layer should be opened, for at least the first 5 days, to form 
small heaps. The heaps should be broken and redone continuously at regular periods 
of time, never exceeding 1 h and must be done following the shadow of the worker.

The open lanes can be made with the aid of a scraper blade or with a leaf blower 
after the coffee surface water has been removed. In all cases the open lanes will be 
dried and heated by the sunrays that indirectly will speed the coffee drying in the 
next turn.

As drying progresses, the product should be dried in bigger heaps during the last 
5 days of drying. In this case, a more appropriate tool should be used.

After the first 5 days of drying with normal solar incidence, when the coffee is 
partially dry, at approximately 3 O’clock in the afternoon, it is necessary to heap the 
coffee in big heaps, in the direction of the terrace greater slope, which must be cov-
ered with a jute blanket and on top of it with plastic tarpaulins.

The cover, thus formed, will allow the conservation of heat absorbed by the cof-
fee during the exposure to the solar rays, guaranteeing better uniformity and distri-
bution of the moisture inside the coffee fruit or the peeled coffee.

Fig. 1.14 Circular barriers to protect the partially dried coffee in rainy days. Source: Adapted 
from Silva et al. (2018)
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In the morning of the following day, at approximately 9 O’clock, the blanket 
must be removed, and the coffee heaps moved from the overnight place to a dry 
area. Afterwards, the product should be spread over the terrace, repeating the opera-
tions made in previous days, until the ideal moisture content for storage (12% w.b.), 
or until the point of half-dry (35% w.b.), which is ideal to start final drying in 
mechanical dryers.

9.1.5  Drying Terrace Disadvantages

In order to maintain a competitive coffee production in certain aspects such as: pro-
ductivity, quality and economically sustainable, the knowledge of modern produc-
tion techniques is required.

For the international market it is very important that the coffee has desirable 
organoleptic and chemical properties and they depend on the efficiency of pre- 
processing operation. As mentioned before, the drying method used is the operation 
that has the greatest influence on the final quality of the coffee and it is during the 
first 3 days after harvesting that coffee growers are able to maintain the quality of 
the harvested product, to achieve quality standard. In an effort to reach this aim it is 
sufficient that, after being properly prepared, the coffee is dried to 18% before 50 h 
after washing or peeling.

To solve problems with quality loss in a guaranteed way and within the coffee 
growers’ possibilities, furnaces were designed, and they will be discussed later. 
Also, some technologies such as “Hybrid Terrace or Terrace Dryer” are more effi-
cient and economically correct.

Up until recently, no coffee drying system had been developed to satisfy the 
majority of producers, especially those producing coffee in the mountainous regions.

Terrace drying is considered a bottleneck for many producing regions; If the ter-
race is inadequate, it will expose the product to adverse weather conditions, it will 
have low drying efficiency and it will use too much labor.

Commercial mechanical dryers, as we will see later, require maintenance and 
energy availability, pre-drying, and if the quality is deteriorated during pre-drying, 
we cannot expect good qualities from mechanical drying.

A well-designed system, equipped with loading, stirring, unloading, heating and 
ventilation systems will produce a quality coffee if the output from pre-drying (nat-
ural or artificial), is of quality. Thus, the quality of a product in the mechanical dryer 
cannot be improved if it came deteriorated from the terrace pre-drying. Therefore, 
depending on the environmental conditions, if coffee moisture content does not 
reach safe levels until the third day after harvesting, a higher quality coffee cannot 
be expected even when the farmer uses an excellent system for complementary dry-
ing. Also, drying coffee in terraces is near to impossible to get good quality coffee, 
because of the high implantation and labor costs, inconstancy of solar radiation and 
the possibility of rainfall during harvesting.
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9.1.6  Problems with the Use of Solar Energy for Coffee Drying

In terrace drying, the energy used to remove moisture from the coffee beans comes 
from the solar radiation and the enthalpy of the natural ventilation that carries the 
moisture released from the product out. Although, it is widely used by family farm-
ers around the world to dry rice, corn and beans. Solar drying on terraces and plat-
forms are especially used to dry coffee and cocoa, yet, there are some concerns 
about the product quality when talking about disadvantages of drying in terrace.

Even so, there has been great interest in the possibility of using solar energy for 
mechanical drying and in other applications. However, the amount of solar energy 
that fall in a surface perpendicular to the sun’s rays is relatively diluted. In a com-
pletely clear day at a medium latitude of Brazil is approximately 20,000 kJ/day, for 
square meter of collecting area. That means, an absorber surface of 2.5 m2 could, in 
a best scenario, only intercept a quantity of solar energy equivalent to 1 kg of diesel 
oil or 3 kg of charcoal per day. For a medium-sized coffee dryer, approximately 
40 m2 of collector area would be needed.

Unfortunately, the sun does not shine every day and in the absence of solar radia-
tion, it would be necessary to use a furnace coupled to the dryer. Therefore, the use 
of a mixed system (furnace plus solar collector) should be taken in an economic base.

Although, there are several types of dryers that use solar energy, such as those 
used for small coffee production, two systems were built and tested at the Federal 
University of Viçosa. One of these driers resembles a horizontal fixed bed drier, hav-
ing a sunroof (solar collector), a blower, a connecting duct and a drying chamber as 
shown in the second image.

The second is a rotary solar dryer, which is an improvement of the solar table 
dryer. This dryer consists only of a box formed by wooden sides, with front and 
backs in steel screen with square mesh of 4 mm. The box has a central axis, which 
is supported by two small wooden pillars, to allow easy rotation. Natural ventilation 
is the method that takes away heat absorbed along with moisture, as it does in tradi-
tional terrace or table dryer.

The small coffee grower or the one who wants to participate in a quality contest 
may opt to dry the coffee in mobile suspended table dryers, which consists of sev-
eral perforated trays to retain the grains. The trays with appropriate dimensions, are 
constructed on a railing system. The tray set, when not exposed to the sun, is shel-
tered under a fixed cover to protect the product from rain or nocturnal condensation. 
The dryer operator has to pull the trays out to expose them under solar radiation and 
stir the coffee periodically. The system must be oriented in such a way that it can 
receive the solar incidence in the longest possible time.

Because table dryers do not contain the coffee in direct contact with the floor, 
they do not present cleaning and disinfection difficulties and, therefore, the product 
is less exposed to the contamination by undesirable microorganisms. In addition, 
the table dryer or suspended terrace brings some advantages, like natural ventilation 
and less coffee stirring operation.

A big drawback of the table dryer is at the end of drying, which is greatly influ-
enced by dew and wet night winds. One solution that many coffee growers have 
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found is to cover the dryers with a transparent plastic cover that allows solar radia-
tion and protects the coffee from rain. Even with this improvement, the table dryer 
has slowed final drying, because of nocturnal high relative humidity of the air.

A solution would be to completely close the system around the table dryer. As 
Table dryers for big productions are relatively expensive, another option would be 
to transform the table dryer into a forced air dryer heated by an indirect heating 
furnace. To do this, simply build a wall with small axial fans around the table dryer. 
The furnace and the heat exchanger should be adapted under the dryer’s floor.

The heat exchanger, formed by a 50 cm in diameter metal pipe, connects the 
furnace to the chimney. The function of the small fans is to remove heat from the 
heat exchanger and force it through the coffee layer, which must be stirred 
periodically.

Still using the advantage of solar radiation, as in the original model, this dryer 
improvement allows drying during rainy periods and in the absence of solar radia-
tion. Based on cost, the small axial fans can be replaced by a centrifugal fan of 
equivalent power and forcing the air to enter the same points where the small fans 
would be installed.

9.2  High Temperature Drying in Mechanical Dryers

Although the modifications shown in the previous item will be classified with dry-
ing at high temperatures, they will be kept with the drying systems in terraces and 
table dryers for didactic reasons. The reader will understand that, in many cases, the 
producer will encounter problems due to the climate conditions, with consequent 
qualities reduction if he does not use a system that guarantees the drying even in bad 
climate conditions.

To obtain good quality coffee, it is necessary to use mechanical dryers to speed 
up the process. On the other hand, special care is also required to control the tem-
perature of the grain mass, especially when the moisture content is <25% w.b.

For moisture contents lower than this value, depending on the drying system 
used, there is a tendency for the temperature of the grain mass to equal the tempera-
ture of the drying air. This tendency is caused by the difficulty of moisture migration 
from the innermost layers to the periphery of the grains. The maximum air tempera-
ture the coffee should be dried in a conventional crossflow or fixed bed dryer 
is 60 °C.

The drying operation with air at high temperatures is detrimental because coffee 
does not flow easily inside the dryer, primarily at the beginning of drying. While 
part of the product is dried in excess, the other part may not reach the ideal moisture 
content (11–12% w.b.). This fact brings difficulties during roasting process and the 
end result.

In addition to accelerating post-harvest operations, drying in mechanical dryers 
help the coffee grower to be less dependent on climate conditions and to have better 
control of the drying process.
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In the Brazilian market a large variety of industrialized dryers can be found and 
the literature provides models that can be built on the farm.

For the proper functioning of the mechanical dryers, the mass of coffee should 
not have excess water, to facilitate the flow inside the dryer or to avoid blocking the 
perforated plates. Therefore, before bringing the coffee to the dryer, it needs to go 
through cleaning after pre-drying, which is usually done in conventional terrace or 
in pre-dryers such as the fixed bed and the hybrid terrace, as it will be seen later.

With the exception of concurrent flow dryers whose grain flow has the same 
airflow direction, the air temperature can be close to 120 °C. However, for conven-
tional dryers, the drying air temperature should not exceed 65 °C. The coffee mass 
temperature cannot exceed 45 °C for periods exceeding 2 h, in any dryer type.

9.2.1  Fixed Bed or Fixed Layer Dryers

The fixed bed dryer has been widely used in pre-drying or in coffee drying. In this 
case, the recommended air temperature is 50 °C. The coffee layer, depending on the 
conditions of the product, can vary from a few centimeters up to 50 cm thick. In the 
dryer, model UFV (Fig. 1.15), the product should be stirred to homogenize the dry-
ing at each 3 h period. For a dryer with a diameter of 5.0 m, the operator must care-
fully stir the product and attempt to perform the operation in a time no <30 min.

Studies with the dryer, UFV model, showed that coffee drying with a 40 cm thick 
layer, drying air temperature of 55 °C, 120 min of stirring interval, what comes to 
an average 32 h of drying time to reduce the moisture content from 60% to 12% w.b. 

Fig. 1.15 Fixed bed dryer (UFV model). Source: Silva et al. (2018)
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Under these conditions, the drying operation does not compromise the beverage 
quality and the type of coffee obtained is, generally, superior to the same coffee 
dried in conventional drying terrace. Unlike most mechanical dryers, the fixed-bed 
drier can dispense pre-drying in terrace when weather conditions are not favorable 
and can be used as a pre-dryer in more complex systems.

9.3  Concurrent Flow Dryers

Studies made at UFV, on coffee drying using concurrent flows dryer or in dryers 
where the drying air and the product flow in the same direction (parallel flows), 
using temperatures of 80, 100 and 120 °C with initial coffee moisture content of 
25% w.b., showed that it is possible to obtain lower consumption of energy using the 
highest temperatures.

It has been found that, although the recommended temperature is 80 °C, it was 
possible to dry coffee with the drying air up to 120 °C, without damaging the final 
quality of the beverage. In order to do this, a lot of care must be taken to increase the 
speed of the product inside the dryer and make sure that the product is flow-
ing evenly.

The first image of Fig. 1.16 shows the details of a concurrent flow dryer were 
coffee is loaded, revolved and unloaded by a bucket elevator. The second image 
shows a similar dryer where the above operations are performed by a pneumatic 
conveyor. In this dryer the stirring of the product is performed every 3 h during 
5  min. For greater drying efficiency, a hybrid terrace (pre-dryer), which will be 
discussed later, is coupled to the dryer, and works with the same drying fan when 
the product is not being stirred. In this system, the single fan does the loading, stir-
ring, unloading and ventilation operations of the two dryers.

9.4  Rotary Dryers

Coffee drying systems in Brazil remain practically the same since the first mechani-
cal dryers appeared and even with the technological advances available in other 
activities, it does not appear that there will be substantial changes in the way coffee 
is pre-processed and dried around the world.

The traditional rotary dryer is formed by a horizontal tubular cylinder that rotates 
about its longitudinal axis at an angular velocity of up to 15 rpm. A very common 
type and used as a pre-dryer or batch coffee dryer is a horizontal, non-tilted drum in 
which the drying air is injected into a chamber located in the center of the cylinder 
and passes through the coffee mass perpendicularly to the axis of the dryer. 
Regardless of how they work, the rotary dryers available in the Brazilian market are 
very similar and have the same drying characteristics.
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As advantages, products such as pre dried coffee fruits, favoring cleaning and 
have good drying uniformity, when working with homogeneous products. As disad-
vantages, they present high energy consumption at the end of drying. Generally, 
they have high initial cost and, depending on the operation form can cause loss of 
the parchment of the peeled cherry coffee, resulting in non-uniform drying of the 
coffee mass. To solve this problem, it should work at a lower rpm for parch-
ment coffee.

An alternative model for coffee drying is the intermittent rotary dryer developed 
at UFV. If necessary, it can be used for wet fruits or parchment coffee without pass-
ing by the terrace. The new model can also be used as a pre-dryer without the prob-
lems of closing the perforated plate holes.

Unlike the traditional model, it has airflow directed from the center to the periph-
ery, only at the bottom. By being rotated at predetermined times and having the 
cylinder drilled only at the bottom, the dryer can work with half the load. The stir-
ring or turning system of the dryer should be activated for at least 2 min every 2–3 h. 
For this reason, it has a very low power consumption compared to the traditional 
model. With simple work the traditional rotary dryer can be transformed into an 
intermittent rotary dryer.

Fig. 1.16 Concurrent flow dryers (a) with bucket elevator and with pneumatic system (b). Source: 
Adapted from Silva et al. (2018)
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9.5  Hybrid Terrace or Terrace Dryer

As the coffee quality cannot be improved in mechanical dryers, if the product was 
already deteriorated during pre-drying in the terrace. The solution is to adopt artifi-
cial pre-dryers to solve the problem. Therefore, a higher quality coffee cannot be 
expected even when the farm has an excellent system for complementary drying. As 
mentioned in the topic about terrace drying, the costs of construction and labor, the 
inconstancy of solar radiation and the possibility of rainfall during harvesting, make 
impossible the production of high-quality coffees, mainly in regions of altitude 
where in terrace drying is problematic.

To solve these problems, researchers from UFV and EPAMIG analyzed the 
adaptation of a ventilation system with hot air to improve performance and reduce 
the drying time of a conventional terrace.

Despite the use of any source of heat, the authors had chosen to heat the system 
with a charcoal furnace to transform a conventional terrace into high temperature 
dryer during the night, rainy days or in the absence of solar radiation.

The hybrid terrace occupies a small part of the conventional terrace, and for each 
thousand square meters of terrace, it is necessary to adapt 60 square meters in dry-
ing area at high temperatures. The hybrid terrace could have some elements such as 
fan, distribution channels, air inputs and walls to separate different batches of cof-
fee, for simultaneous drying.

As the hybrid terrace is an adaptation of the conventional terrace, the coffee 
grower can make this adaptation in order to obtain success with the lowest possi-
ble cost.

Although slightly more expensive, it is recommended to cover the hybrid terrace 
area containing the ventilation system (furnace, fan, ducts and gutters) with a per-
manent roof. However, to reduce costs, the system can be covered with plastic cover 
overnight or in rainy periods. The hybrid terrace was built above the conventional 
terrace floor, which avoids problems with heavy rains that can get the coffee wet. If 
it is decided to build on the same level, it would be ideal to build a wall.

With the conventional terrace, the energy used to remove the moisture content 
from the coffee comes from the solar radiation and the enthalpy of the air. It has 
been seen that one of the terrace disadvantages is the lack of product quality assur-
ance. Also, it was argued that solar energy has low potential to be used in high 
temperature driers.

For a medium-sized coffee dryer, only 40 square meters of collection area would 
be needed. Unfortunately, the sun does not shine every day and in the absence of 
solar radiation, a furnace coupled to the system is required. Therefore, the adoption 
of a mixed system (furnace + solar collector) should be taken based on economic 
analysis.

If it is convenient, a roof solar collector can be used. In this case, it is more eco-
nomical and practical to leave the product enclose during periods of solar incidence, 
turn off the heating source and use only the energy supplied by the roof solar collec-
tor to dry the product.
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Since the roof of a hybrid terrace is approximately 100 square meters, it has the 
potential to produce, on sunny days, the equivalent of 12 kg of firewood per hour, 
which is the amount of heat that should be supplied by the furnace in the absence of 
solar radiation.

9.6  Drying with Natural Air in Silos and Combination Drying

In box drying in silos or drying in a deep layer (layer over a meter high) should be 
kept in mind that it is a slow process, requires special care, and consumes electricity 
for a long period of time. The cost per ton of dried coffee is inversely proportional 
to the size of the box and, as a limiting factor; each box can only receive a certain 
type of coffee. Thus, in box drying with natural air, which will be detailed later, 
should only be adopted if the producer chooses the production of quality coffee 
(Peeled Cherry). In order to achieve this goal, it is necessary, in addition to wet pre- 
processing equipment, efficient dryers, box or silo with perforated floor, which is an 
important component to complete the desired infrastructure.

Unlike corn, rice and soybeans, the coffee mass due to its high initial moisture 
content, part of the mucilage and fruit fragments adhered to the grains, cannot easily 
flow through the transport system and into the dryers during the drying period. To 
solve this problem, the coffee must first be passed through a pre-drying system to 
allow the necessary fluidity to be homogeneously dried before being transferred to 
the mechanical dryers. With rare exceptions and as mentioned, the traditional ter-
races, regardless of their form of paving, do not safely serve as pre-drying for high 
quality coffee.

Depending on the handling techniques applied to the fresh peeled cherry, coffee 
may be subject to quality loss if its moisture content is not reduced to 18% w.b. 
within the first 3 days after harvesting. Therefore, the use of efficient pre-dryers is 
the technology required to replace conventional terraces that are dependent on opti-
mum climate conditions to produce higher quality coffees.

Thus, in addition to facilitating the flow of the coffee mass inside the mechanical 
dryers and allowing a homogeneous drying, the fast reduction of the initial moisture 
content avoids the possibilities of deterioration by microorganisms and guarantees 
the production of coffee with desirable commercial quality.

A pre-dryer should be used to improve the performance of the mechanical dryer 
(productivity with lower energy consumption) and, when all previous operations 
were performed using Good Practices, ensuring hygienically produced coffee with 
high quality and cost competitive.

A set (pre-dryer/dryer) ideal for parchment coffee should enable the reduction of 
the initial moisture content to 20% in 40 h or less, avoiding mechanical damages, 
being energy efficient and allowing the correct use of temperature and drying time.

A pre-dryer that can be successfully used is the Hybrid-Terrace described above. 
It is simple technology, easy to manufacture/assemble and, when conveniently 
installed/operated, can double the output of traditional coffee dryers.
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Unlike traditional dryers where the drying air is heated to temperatures up to 
70 °C with a drying time near to 50 h, the in box drying with natural air is carried 
out at temperatures of 3  °C above environment temperature due to the heating 
caused by the fan. Therefore, drying with air at low temperatures is a slow process 
and would not finish the coffee drying with high initial moisture content, without 
intense deterioration in the upper layers of the box.

With these considerations, it is suggested, as it will be seen later, one of the dry-
ing technologies in combination with in box drying, which consists of using pre- 
dryers and dryers at high temperatures while the product has a higher moisture 
content that is easy to be removed. When the moisture content of the peeled cherry 
coffee reaches 20% w.b., the coffee must be transferred for additional drying in the 
silo with natural air. In addition to the substantial fuel reduction required for drying, 
the combined system (Pre-dryer/dryer/in box drying) can double the dynamic 
capacity of conventional dryers and improve the drying thermal efficiency. The 
main reasons for better efficiency are:

 (a) Pre-dryers and dryers will operate in a moisture range where the withdrawal of 
water from the product is relatively easy; and,

 (b) The cooling period is eliminated; the product must be transferred for in box 
drying with the residual heat from the partial drying. Optionally, the ventilation 
system can be activated between 4 and 6 h after the addition of the coffee batch 
into silo.

As mentioned, drying in mixed systems reduces the total energy required by 
conventional drying methods and increases the dynamic capacity of the dryers and 
the low drying rate in the silo is due to the small air flow and the small potential of 
natural air drying in mountain regions. As the permissible time for storage of parch-
ment coffee, at 18% moisture is long, it is possible to use smaller fans than in the 
drying of cereal grains.

Due to silo drying be a complementary process it is also understood as drying 
during storage, because even after drying, the product will continue to be stored in 
the same silo until the point of commercialization. The dryer-storage silo presents 
some special features that are not required for silos used for storage only: for uni-
form drying, the floor must be of perforated metal sheets with at least 20% perfo-
rated area. The fan should provide enough air to dry the entire grain mass without 
deterioration in any added layer.

The dimensions of the silo (diameter and height) and the type of product that will 
be stored define the power of the fan to be used. As the small amount of air per unit 
mass of coffee makes the process slow and low air temperatures decrease the ability 
to evaporate water from the product, the process may present difficulties in regions 
with average high relative humidity. To fix the problem, the operator should use a 
supplementary heating source that is reliable and with low cost. The adaptation of a 
humidistat and a thermostat to the silo plenum, will control the heating source 
operation.

In drying with natural air, the drying potential of the air and the small amount of 
heating caused by the fan (3 °C above room temperature) are enough to provide the 
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recommended final moisture content for safe storage in the wide majority of coffee 
producing regions. Drying systems with natural or slightly heated air (maximum 
10 °C above the environment temperature) properly designed and managed are eco-
nomical and technically efficient methods.

In the proposed system, silo-drier without the stirring device, the drying starts in 
the lower layer and progresses until reaching the last layer, in the upper part of the 
silo. After a drying time, three layers or bands of moisture are distinguished.

The first band, which is formed by dry grains, has already reached equilibrium 
with drying air and all grains in this band have the same moisture content, which is 
known as equilibrium moisture (for most coffee producers’ regions, around 12%). 
Values of average relative humidity below 50% are very frequent in the Cerrado 
regions, during coffee harvesting. However, solutions to avoid excess in coffee dry-
ing are of low cost and easily manageable.

In the second band, called “drying front” and that moves slowly during the dry-
ing process, the moisture transferred from product to the drying air is still happen-
ing. The thickness of this band varies around 3 cm and depends on the conditions 
established for the project such as airflow, environmental conditions, type of prod-
uct and its moisture content when added into the silo.

The grains that are not in drying process form the third band. The coffee moisture 
content in this band is equivalent to the initial one, when it was added into silo and 
by going through this layer the air had its drying capacity depleted in the “drying 
front”. As the drying progresses the dry product depth grows and the wet product 
wide decreases. When the base of the drying front reaches the top of the last layer, 
the process is finished and the coffee is ready for commercialization or may remain 
stored in the silo with the ventilation turned off.

Calculation of the drying airflow rate and the choice of equipment should be 
made carefully. The flow rate must allow the base of the drying front to reach the 
last layers in a time set by calculations. For Peeled cherry coffee it should be pro-
vided that the base of the drying front reaches the last layer no more than one week 
after the end of harvest.

For coffee drying in a combined system (pre-drying at high temperatures and 
silo-dryer, with natural air), proceed as follows:

• Peeled cherries or parchment coffee should be transferred to the partial drying 
system (pre-dryer/dryer) as soon as possible and have their water content reduced 
to a pre-set value, according to temperature and relative humidity during harvest-
ing); in the most common cases, for a moisture content of 18%;

• During the operations with the pre-dryer/dryer, the coffee mass temperature 
should not be exceeded 40 °C;

• Optionally, 4–6 h after the transfer of the first coffee lot into the silo, the ventila-
tion system must be started and kept on. Finally, the fan will only be turned off 
when the product on the top of the last layer added in the silo reaches moisture 
content of about 16% w.b.; below this value, the fan will remain on, only during 
periods when the relative humidity is between 60 and 70%. The ideal would be 
to couple a controller to the ventilation system, so that it is automatically trig-
gered for the established relative humidity range; and.
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• Ventilation should be avoided when moisture in the last layer reaches equilib-
rium moisture content (close to 12% w.b.).

When in silo drying is performed with the air at high temperatures or when the 
average relative humidity of the drying air is below 50%, one of the following 
options must be adopted:

 (a) Work with batch drying with a fixed layer of 0.6 m in height (Fig. 1.17) and, 
after drying, transport the product for drying in silos with natural air. Drying 
with high temperature without coffee stirring should not be used. To reduce 
costs, the silo-dryer should be used as a storage unit at the end of harvest sea-
son. As with any high temperature dryer, it is possible to adopt additional dry-
ing during storage at low temperatures, if necessary;

 (b) Work with the full silo (load completed in up to 5 days). In order to avoid the 
formation of the drying front and consequently with excess drying of the lower 
layers, the silo must be equipped with a stirring system similar to the “STIRRING 
DEVICE” system. In addition to revolving the entire grain layer, the equipment 
facilitates the passage of the drying air stream (Silva and Lacerda Filho 1990).

The “STIRRING DEVICE” mixing equipment can be constructed with one or 
more vertical helicoids, which move radially from the center to the silo wall and 
vice versa, mixing the product vertically. Besides the high cost and losing part of the 
static capacity of the silo, due to adaptation of the mixer the system, depending on 
the type of energy for heating the air, results in high drying cost when the product is 
dried to 12% w.b. (Silva and Lacerda Filho 1990).

Fig. 1.17 In silo drying with air at high temperatures. Source: Authors
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9.6.1  Coffee Drying with Seven Silos System

The system consists in the adoption of seven silos-dryers or ventilated boxes (metal, 
wood or masonry), which will be weekly charged with a layer of coffee. The silos 
should be planned to receive, each week, a certain amount of product with a preset 
initial moisture content.

Each silo shall have until the end of harvest, its loading capacity completed. 
When the last layer is added to the last silo, it means that all the others will be dried 
and in equilibrium with the environment. The moisture content on the upper surface 
of the last coffee load should monitor the end of drying. From this point on, the 
ventilation system can be switched off. The silo 7 should be considered a reserve, so 
it should always be empty to solve eventual problems during the harvest period 
(Silva, 2008).

For simplicity, imagine the first harvest day happens on a Monday. Thus, the cof-
fee, after being pre-processed and pre-dried at 18% moisture content (w.b.), should 
be immediately dumped into silo 1 and the ventilation system turned on. On 
Tuesday, the second day of harvest, the product must be taken to silo 2, with the 
same treatment. With this routine, we will arrive at the Saturday, the sixth day of 
harvest, which must be placed in silo 6.

So, in the second week of harvest, which will begin on Monday, silo 1, which 
received the coffee from the first harvesting day, will have dried the first layer and 
will be ready to receive the coffee from the seventh day of harvest. Therefore, the 
eighth day of harvest should go to silo 2 and so on, successively, until the harvest is 
over. Thus, it can be concluded that, one week after the end of the harvest, all the 
peeled cherries will be dry and can remain stored until commercialization.

9.7  Combination of Drying Systems

Now that the different types of coffee drying have been shown, the reader can from 
now on analyze and combine different dryers to take advantage of the advantages of 
each dryer.

The combination of systems consists basically of using two or more drying sys-
tems to perform coffee drying with quality and energy efficiency. As said before, if 
part of the drying is performed in silos, dryers are used at high temperatures while 
the product has higher moisture content and, from the point of safe moisture, trans-
fer the coffee to have final drying during storage.

In addition to the substantial energy reduction required for drying, the combina-
tion of dryers can facilitate the process and also increase the thermal efficiency and 
dynamic capacity of each dryer. The main reasons for this increased efficiency are: 
dryers operate with products in a range of humidity where is more recommended for 
each coffee type and using less energy, time and labor.
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9.7.1  Combination (Conventional Terrace and Mechanical Dryers)

Because coffee drying is quite different from the drying of other grains, we can use 
different possibilities for an efficient combination for coffee drying. Even discon-
sidering the normal combination for other types of grain, most of coffee growers use 
the combination, conventional terrace and mechanical dryers.

For coffee, the combination, Terrace/Mechanical dryer, is the inverse of the com-
bination established for other types of grains where the combination drying starts 
with high temperature and ends with low temperature. This fact happens because 
coffee is a fruit with a high moisture content, it exudes honey during handling and 
has little or no fluidity.

With the advent of the hybrid terrace and the intermittent rotary dryer (UFV 
model), which can receive the coffee directly from the coffee washer or from the 
peeler, it is possible to make several combinations to finish coffee drying in silos as 
it is made for other types of grains.

9.7.2  Combination (Terrace with Dryer Silo)

A second possible combination would be to pre-dry the parchment coffee in con-
ventional concrete terrace and complete the drying during storage in a silo dryer.

Although the drying of parchment coffee in silos does not suffer any greater 
problems due to unfavorable climate conditions, they are however, very unfavorable 
to pre-drying in the terrace. Therefore, the combination, conventional terrace and 
dryer silo (Fig. 1.18a), can only be made if the weather is favorable. In this case, 
with 5 days of pre-drying in the sun, the coffee can be dumped into the drying silo. 
The variation in the coffee quality dried in the terrace during the harvesting season 
is a bottleneck that prevents different coffee lots from being placed into the same 
silo. If the above combination is adopted, the producer must be convinced that the 
product has the same quality or that the silo is planned to contain only one batch.

Fig. 1.18 Combination (a)—concreted terrace with silo-dryer—for peeled cherry coffee drying 
and (b) combination—Hybrid terrace with conventional mechanical dryer. Source: Adapted from 
Silva et al. (2018)
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9.7.3  Combination (Hybrid Terrace with Conventional 
Mechanical Dryer)

A third option to combined drying would be high temperature pre-drying in hybrid 
terrace and final drying in mechanical dryers (rotary or flow driers).

This option is very interesting when you want high drying productivity and when 
working mainly with parchment coffee. This combination greatly reduces the need 
for mechanical dryers since the product can be transferred with a slightly lower 
humidity.

After 20 h of pre-drying in the Hybrid Terrace, the coffee can be transferred to 
the mechanical dryer (Fig. 1.18b). The total drying time will be approximately 50 h 
and there would be no need to use conventional terraces.

9.7.4  Combination (Hybrid Terrace with Silo-Dryer)

The combination of hybrid terrace with silo-dryer is one of the most economical 
options to dry peeled or parchment coffee. This combination avoids or reduce the 
need for large areas of conventional terrace and the coffee grower can reduce invest-
ing in additional dryers to increase drying capacity.

As the drying will be completed with natural air in the silo, there is no need for 
a rigid moisture content control during pre-drying. The great advantage of the in- 
silo drying is that all grains will have the same moisture content at the end of drying.

10  Coffee Storage in the Farm

Despite being less attacked by insects than products such as corn, wheat and beans, 
coffee also suffers from storage damage. In this case, the coffee grower must take 
into account the economic losses due to the reduction in quality and remember that 
the equivalent of a unit of 60 kg of coffee can occupy the same space as a product 
like corn. However, for the same weight, the value of the coffee is more than twenty 
(20) times the corn value and special care should be devoted to the coffee storage in 
the farm.

As most of the time coffee is sold after processing, it stays, after drying, for some 
time stored in the producing farm. In the case of natural or parchment coffee, the 
product must be stored in suitable places to avoid qualities losses.

Because natural coffee requires more storage space, it is usually packaged in 
30 kg jute bags. Off season, these bags are stored in piles according to their pre- 
classification, preparation or origin. The storage location should be clean, well ven-
tilated and sheltered from the sun and rain. The use of jute bags is advantageous 
because they are resistant and facilitate the sealing of openings made at the time of 
sampling.
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Because of the large volume to be stored and the high cost of the storage opera-
tion, natural coffee can also be stored in bulk in labeled bins. In bin storage, despite 
the protection of the outer skin, there is the possibility of physical and chemical 
changes, especially in the upper layers of the bins. A forced ventilation system pro-
tects the product against environment humidity and rainfall problems.

For the storage of parchment coffee, preference should be given to bins or silos 
with ventilation or adopting the complementary drying technique during storage, in 
metal or masonry silos as seen in item 9.6.

11  Coffee Processing of Coffee (Hulling and Classification)

Coffee processing is a post-harvest operation that transforms the dried coffee fruit 
or parchment coffee into coffee beans (green coffee), by removing the dry pericarp 
or the grain parchment. The processing operation must be done as close as possible 
to the coffee marketing season, so that the product can maintain its original 
characteristics.

Depending on the conditions in which the coffee has been dried or even due to 
the changes that may happen during storage, it is advisable to carefully pass the 
product through a high temperature dryer to ensure a homogenization of the mois-
ture content to an ideal value for processing. Also, care must be taken for not pro-
cessing the hot product. Natural cooling prevents the incidence of broken 
coffee beans.

A coffee processing unit, at farm level, should have the following equipment:

 (a) Vibratory cleaner:
It is formed by a group of sieves with different types of holes, to separate the 
coffee from light foreign materials (big and small). This machine (Fig. 1.19a) 
should be located between the entrance pit and the stones and metals separator 
machine; this machine is not necessary if there is a good pre-cleaning system 
before and after the dryer.

 (b) Stones and metals separator machine:
Usually coupled with a ventilation system, the machine is used to separate the 
heaviest foreign materials, including heavy hulled coffee from light ones and 
the husks. The system has a magnetic device that retrieves metallic material 
(Fig. 1.19b);

 (c) Coffee huller:
Coupled with a ventilation system, the huller consists of a group of regulated 
rotary metallic razors and a fixed one. The machine removes the peel and the 
parchment (Fig. 1.19c). Husks are removed by the ventilation system, and the 
coffee bean goes down to a pan, where the clean coffee is separated from 
 non- hulled coffee. The clean coffee may pass to the polisher and, the non-hulled 
coffee returns to the huller;

J. de Sousa e Silva et al.



57

 (d) Classifying machine:
It is a system used to separate coffee beans by size, format and densities. It is 
constituted by a group of sieves with different sizes and types of holes. The 
system has a regulated air column that separates the light foreign material or 
poorly formed coffees beans (Fig. 1.19d).

 (e) Reprocessing machines:
More sophisticated processing units also have reprocessing machines, such as 
the separator by density (Fig. 1.19e) and electronic sorter (Fig. 1.19f), which 
have the purpose of improving the coffee type, according to the market interest. 
The density table, besides being essential in the coffee reprocessing, greatly 
assists the work of the electronic sorter. Other equipment such as scales, bag-
ging, sewing and conveyors should compose an ideal coffee processing unit.

 (f) Coffee processing for small producers:
Like most small and medium-sized coffee growers, they do not have the condi-
tions to invest in their own machines. Without the availability of the cooperative 
service, they generally use the mobile external service. Another processing 
machine for small coffee growers. In any case, some practices must be observed 
to avoid quality loss during coffee processing such as: Keep the beans, parch-
ment and husks completely separate; Separately transport green coffee, parch-
ment coffee, and natural coffee; Avoid re-wetting and; when appropriate, clean 
the transportation system.

Fig. 1.19 Vibratory cleaner (a), Stones and metals separator (b). Coffee huller (c). Sorter by 
sieves (d), Density table (e) and Electronic sorter by color (f). Source: Pinhalense (2013)
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12  Storing the Hulled Coffee

In producing countries, hulled coffee or green coffee beans are traditionally stored 
in bags instead of bulk storage. Despite the many disadvantages, the bag storage 
allows batch segregation. This is very important in stock assessment and quality 
testing. In addition to easy access to coffee lots, the natural circulation of air over 
the bag piles, easy inspection and sampling are important factors to consider when 
using conventional bag storage. Despite of little or no environmental control, it is 
possible to keep the product stored for relatively long periods (for more than 2 
years) without the risk of serious losses, as with products such as corn or wheat.

Although the wide majority of coffee is kept in bag storage, Big Bags storage and 
silos with controlled ventilation are already in use. In the latter case, the product has 
already been classified and transformed in a large batch.

An objection to the bulk storage of coffee is the difficulties of doing accurate 
inventories. Any small variation in apparent density or grain mass compaction can 
cause large errors in the inventory evaluation, which does not happen when the cof-
fee is maintained in bag storage.

The importance of accurate inventories of the amount stored is because coffee 
has a higher value than most grains. The main advantage of bulk storage is the use 
of mechanization that allows a large reduction in the required labor and brings good 
economic results due to the actual cost of the jute bag.

It can be said that: the main disadvantages of the conventional bag storage of 
hulled coffee are: intensive use of labor, high cost of bags and difficulties associated 
with pest control.

Bleaching and density reduction are other problems related to traditional bag 
storage. Depending on the amount of damage during storage, product price reduc-
tions can happen and go up to 40%.

Finally, during storage of bagged coffee, the amount of light incident on the bags 
should be carefully controlled. Under certain wavelengths, the coffee beans may 
suffer changes (bleaching) in the desired commercial coloration. The grain color is 
considered as indicative of the coffee quality. However, bag storage offers some 
advantages such as:

 (a) It allows manipulating lots that vary in type, moisture content and product 
quantity;

 (b) Bag storage does not require sophisticated techniques and equipment to handle 
the product;

 (c) Storage problems that occur in one or more bags can be solved without the need 
of removal of all pile;

 (d) Low initial cost of installation.

In the conventional bag storage, it should be taken into account some points that 
can increase the efficiency and the protection that the warehouse can offer to 
the coffee:
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 (a) Excess light should be avoided because it can cause changes in coffee color 
(bleaching);

 (b) Provide the roof and floor of the warehouse walls with controllable openings 
protected for natural air renewal;

 (c) Install fans, if possible;
 (d) Waterproof the floor or build suspended floors.

13  Energy Use for Coffee Drying

The main objective of this topic is to know the systems and practice the rational use 
of energy in the drying operation. This will contribute to fuel economy and, obvi-
ously, to reduce the coffee drying costs. Additionally, alert for a reduction in energy 
availability for coffee drying. The concern is due to the shortage of natural resources 
used as sources of energy and the frequent increase in the GLP costs, which is also 
used for coffee drying.

13.1  Energy from the Biomass

Understanding and correctly managing a heating system designed to dry the coffee 
will cause some coffee growers to stop using heavily consumed, incorrectly sized 
wood burned in furnaces without proper maintenance and excessive heat loss. Most 
wood-fired furnaces do not have a combustion control mechanism; they are poorly 
operated and producing air pollution in the field, roads and in the urban centers near 
the coffee farms. These facts are some concerns and they make the Public Ministry 
and the Environmental Police close down some drying units due to the amount of 
pollution caused, mainly by burning the coffee husk as energy source.

To avoid problems during the harvest operation, coffee growers should stock, in 
advance, the heat source for their dryers. If wood will be used, it must be properly 
cut, dried and stored. Whenever possible keep a certain amount of prepared fire-
wood under cover. Wet firewood decreases dryer efficiency.

If the option is the heating by charcoal, this fuel should be like the firewood, be 
properly prepared and stored. Although it costs more than wood the choice of char-
coal is more practical and saves manpower in the operation of the drying system.

With the difficulty of using conventional fuels to heat the air, the wood has been 
the most important heat source. Currently the wide majority of coffee dryers are 
operating with this type of fuel. However, most wood-burning furnaces in use, have 
high energy consumption and require a lot of manpower.

Because they are not encouraged to produce firewood for coffee drying, many 
growers use natural wood as firewood or use coffee straw as fuel. They ignore that, 
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with this attitude, they are against the good principles of environment conservation 
and still paying high cost for this option.

In order to solve part of the problems discussed, four (4) types of furnaces were 
designed and tested in the Department of Agricultural Engineering (Federal 
University of Viçosa): the first is a wood-burning furnace for indirect heating of the 
drying air and by the use of the chimney is thermally less efficient. The second fur-
nace designed for direct air heating, does not have chimney and needs dry firewood 
and of good quality to dry peeled cherry coffee. It has lower cost of construction and 
high energy efficiency.

The third furnace is a boiler type under environment pressure. It consists of a 
small pump for recirculating water, a heat radiator and a ventilation system to draw 
hot air. It can work with water for drying air temperature lower than 40 °C or with 
thermal fluid for higher temperatures. Finally, the fourth furnace has charcoal as 
heat source and direct heating type. Depending on the drying temperature, the load 
of this furnace can last up to 10 h of operation without replenishment and without 
having to regulate the pre-set temperature.

All of these furnaces were designed taking into account the initial cost, the pos-
sibility of being built on the farm, the low consumption of charcoal or firewood and 
the preservation of the environment. It is suggested to the reader to look for some 
extra knowledge about fuel and combustion to obtain a good performance of a par-
ticular furnace model.

For furnaces design, combustion control and equipment design using the heat 
generated, it is necessary to know the supply rate of the combustion air and the 
characteristics of the gases generated (composition, volume, temperature, etc.). 
Otherwise, the drying system will consume excess fuel, need furnaces of unneces-
sary size, have poor heat transfer rate, require more frequent maintenance and 
cleaning and, above all, will produce a lot of pollution.

14  Furnaces for the Drying Air Heating

Furnaces are devices designed to ensure complete burning of the fuel, in an efficient 
and continuous way to allow the use of the released thermal energy to obtain the 
greater thermal yield. The design of a furnace for coffee drying should be based on 
the 3Ts of the combustion: temperature, turbulence and time. The furnace size and 
shape depend on the type of fuel, the device used to burn it, and the amount of 
energy to be released over a period of time. For complete fuel combustion to hap-
pen, a homogeneous air-fuel mixture must be done at optimum dosage and at the 
correct time. This results in fuel heating to its self-sustaining ignition.
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14.1  Furnace Types for Coffee Drying

Depending on the way coffee fruits were pre-processed (dry way or wet way) and 
the quality of the combustion, two types of furnace can be used:

Furnace with direct air heating - In this type of furnace, the thermal energy from 
the gases resulting from the combustion are mixed with the environment air, and 
then they are used directly to dry the coffee. However, the mixing of part natural air 
with the gases resulting from the combustion may become undesirable in cases 
where the combustion process is incomplete, generating contaminating compounds 
such as carbon monoxide and smoke. With the direct use of the thermal energy of 
the combustion gases, the furnaces with direct heating, when under complete com-
bustion, present a greater yield. In these furnaces, a tangential decanter or cyclone 
needs to be coupled, which the particles, especially the incandescent ones, they go 
into spiral motion and are separated from the gaseous stream by the action of the 
centrifugal force.

Indirect heat Furnaces - In furnaces with indirect heat system, the thermal energy 
from the combustion gases is fed to a heat exchanger, which is intended to indirectly 
heat the drying air or a second substance, for example, in a steam generator. In this 
category, there is loss of thermal energy by the chimney and to the system, resulting 
in a lower efficiency when compared to the furnace with direct heating. Furnaces 
with indirect heating are intended for agricultural products, which require con-
trolled temperature during drying, such as drying seeds, cocoa and peeled 
cherry coffee.

Talking about firewood, it is observed that furnaces with indirect heating gener-
ally present excessive heat loss, consume large amounts of fuel, do not have precise 
mechanisms to control combustion and temperature of drying air and, despite of 
that, are the most used in conventional coffee dryers. Also, the furnace with indirect 
heating, when the wood has poor quality and is not adequately dried, produces 
smoke while is burning, causing discomfort and leaving a smell or taste in the prod-
uct when the heat exchanger or one of the elements connecting the fan is damaged 
by the thermochemical corrosion process.

Although it is a widely used fuel, wood requires well-planned furnaces, built 
with durable materials and well-defined criteria for its use (size, quality, wood mois-
ture content, etc.).

However, furnaces with indirect heating when using heat exchangers with ther-
mal fluids have, besides other advantages, the easy temperature control of the dry-
ing air. Currently, in the coffee drying, steam boilers have been used for the indirect 
air heating. Although it is a technology available and results in good quality prod-
uct, boilers are only accessible to large coffee growers and are recommended for 
those who operate two or more dryers simultaneously. The high implementation 
cost of a conventional boiler and the small volume of coffee produced does not 
allow small producers to use this technology as one of the options for improving 
coffee quality.
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The lack of interest of the traditional industries in developing systems compati-
ble with the production volume of small farmers is easily understood because they 
are equipment whose economic return is not advantageous in comparison to the big 
coffee processing systems. Thus, the small regional industries are that can have bet-
ter conditions to serve this segment of the coffee chain.

14.2  Furnaces Use Recommendations

 (a) Use wood efficiently. The use of moist firewood in furnaces is an obstacle to the 
production of heat. Evaporation of the water during the combustion of the wood 
removes heat during the firing, resulting in less energy to heat the drying air. As 
drier and denser is the wood, the better its use to dry. It is suggested that the 
extension worker or the furnace manufacturer instructs the coffee grower to 
provide good and dry firewood in advance and to store it in a place protected 
from rain. The moisture content of wood to burn in furnaces must be less 
than 30%.

 (b) During operation, the furnace must be constantly supplied at predetermined 
intervals with firewood of uniform length and diameter. Although it is labori-
ous, it should be avoided that the fire goes down too much to feed the furnace 
again with a lot of firewood. Since indirect heat firewood furnaces has little 
control, careful feeding helps maintain temperatures close to those recom-
mended for efficient drying.

 (c) The firewood shall be separated into homogeneous lots of length and diameter. 
The use of firewood of the same class will facilitate the combustion and better 
performance of the furnace.

 (d) Avoid throwing wood into the combustion chamber, as this may cause cracking 
and contribute to reduce the furnace’s life.

 (e) During furnace feeding for indirect heating, the door promotes the entrance of 
a large excess of air, which decreases the flame temperature, reducing the avail-
ability of energy and causing great loss of sensible heat by the chimney. 
Therefore, avoiding unnecessarily opening of the furnace door.

 (f) For efficient combustion and proper gases circulation, maintain a daily sched-
ule for cleaning all components of the furnace and dryer.

 (g) A furnace model of great interest for indirect heating of the drying air has a 
radiator, combustion chamber and thermal fluid heater. Cold air, when entering 
the radiator is heated by the circulating fluid in the fins of the radiator. The 
maximum temperature of the drying air is determined by the equilibrium with 
the boiling temperature of the circulating hot fluid and the size of the radiator. 
Therefore, the temperature of the drying air will never reach the boiling tem-
perature of the hot fluid, which means, if the circulating fluid is water, it will be 
difficult to achieve temperatures in excess of 70 °C.

 (h) The maximum drying temperature is determined by the airflow, the size of the 
system and the boiling temperature of the hot fluid. Besides the great durability, 
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by working with thermal fluid under relatively low temperatures, the furnace in 
question has the advantage of non-contamination of the drying air. By not 
working at high temperatures, the radiator will hardly be damaged. This aspect 
is of special attention in the coffee drying that, if it smells smoke, will be dis-
carded by some buyers.

14.2.1  Furnaces with Direct Heating

Furnaces for direct heating can be classified, according to the flow of gases from 
combustion, into up flow furnaces and down flow furnaces. In the first case, the 
oxidizing substance enters the lower part of the combustion chamber, crosses the 
grate, comes into contact with the firewood, and mixes with the volatile gases. This 
movement of the gases inside the furnace is in ascending form. Depending on how 
the combustion occurs it may or may not produce smoke. In the second case, the 
oxidizing substance enters the upper part of the furnace, comes in contact with the 
firewood, crosses the grate and, mixing with the volatile gases, forming a downward 
flow inside the furnace. In this case, the flame resulting from the oxidation of the 
volatile gases is formed under the grate and, if the firewood is of good quality, it 
does not produce smoke.

The combustion chamber in the direct heating furnaces is confused with the fur-
nace itself and can be divided into three distinct parts. The first is intended for load-
ing, fuel ignition and combustion air intake. The second part comprises the space 
where the flame develops and where the combustion of the volatile compounds is 
completed. Finally, the third part of the furnace has the function of interconnecting 
the furnace to the cyclone and increasing the residence time of the gases in the 
furnace.

Fig. 1.20 Direct heating furnace having firewood as fuel (a) and Direct heating furnace with char-
coal as fuel—part (b). Source: Adapted from Silva et al. (2018)

1 Harvesting, Drying and Storage of Coffee



64

Below are two types of direct heating furnaces that can be built in local stores. It 
is recommended, however, the most common or easily found material on the farm. 
With this, the cost of construction or adaptation will be greatly reduced. In both 
types of furnaces combustion gases are mixed with ambient air and sucked by the 
fan and injected directly into the grain mass (Fig. 1.20a, b).

If the dryer does not have a system that can suck the air through the furnace, the 
proposed models cannot be executed. In this case, farmer should opt for another 
furnace type.

The option for direct heating is due to the fact that there is no need to build chim-
neys and heat exchangers that turn indirect heat furnaces inefficient and more 
expensive.

As the purpose of the current chapter is general information, the reader is advised 
to consult for constructive details of furnaces (Silva 2008).

Finally, as coffee drying is part of the coffee chain production that requires the 
greatest amount of energy and is responsible for maintaining the product quality 
after harvesting, it is advisable, especially for the extension worker, to adopt guide-
lines for the producer and the operator of the coffee drying system. Good practices 
will reduce energy and maintenance costs in an important and costly system.
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1  General Introduction

This chapter discusses the main consequences of global warming and its direct 
effects on climate change and agriculture, especially with regard to coffee produc-
tion (Coffea sp.). Using data from the scenarios of the Intergovernmental Panel on 
Climate Change (IPCC), the effect of climate change and the impact on areas that 
are currently considered suitable for coffee crop production were analyzed in a 
technical- scientific manner and an extensive edaphoclimate database. The results 
obtained and presented throughout this chapter are, at the very least, impressive and 
give us a macroscale view of future changes in the world’s agricultural landscape, 
since such data are expansive for diagnosis in other regions of the world with pre-
dominance of tropical and subtropical climate.
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2  Global Warming in the Field of Agriculture

Global warming is caused by increased amounts of greenhouse gases in the Earth’s 
atmosphere, and it can lead to changes in terrestrial ecosystems and global vegeta-
tion patterns.

The phenomenon known as the greenhouse effect happens when solar radiation, 
that reaches Earth as short waves, comes through the atmosphere, warms the Earth’s 
surface, and reflects back part of that radiation as heat, in the infrared wave-lengths. 
At the moment this effect happens, the heat is blocked by some gaseous chemical 
components of the atmosphere, therefore, the retention of heat is intensified in the 
lower layers of the atmosphere. This natural phenomenon is important to maintain 
a balanced temperature, considered within acceptable limits to life on planet Earth 
(Cordeiro et al. 2012).

Recent studies show that, unlike most human activities, natural ecosystems do 
not have a high capacity of adaptation (except successful migration) to climate 
change of a significant magnitude if they happen within a short time period, for 
example decades. Natural ecosystems can usually migrate or adapt to climate 
changes that occur on a timeline of many centuries to millennia.

In regard to global warming and vegetation changes resulting from changes in 
land use, especially deforestation in tropical forests and savannas, it is almost cer-
tain that important transitions will happen in ecosystems and even redistribution of 
biomes will occur. These changes are happening rapidly when compared to normal 
natural processes in ecosystems. It brings a serious threat to the massive diversity of 
fauna and flora species in ecosystems, especially in the Amazon, resulting in a sig-
nificant biological lost (Nobre et al. 2005).

In this scenario, agricultural crops are also being influenced by climate change. 
The elaboration of climate zoning for agriculture helps to define which regions have 
the most suitable climate to cultivate certain species. According to the 
Intergovernmental Panel on Climate Change (IPCC), projections of temperature 
increase assist in projection of a new agricultural production scene, which may 
change significantly over the next few years (IPCC 2014).

Some crops will suffer a decrease in their favorable planting regions, such as cot-
ton, rice, coffee, beans, sunflowers, and corn, excepting sugarcane and cassava. The 
areas that are now the largest grain producers may not be able to grow grains by the 
end of the century, which means the conditions that create successful crops will 
migrate to regions where they are not cultivated today.

The Northeast region will suffer significant losses in production of corn, rice, 
beans and cotton. The survival rate for coffee crops will be less favorable in the 
Southeast. On the other hand, the South will become favorable for planting cassava 
and sugarcane, due to increased temperatures and reduced risk of frost.

Soybean crops will be the most affected by climate change, reducing cultivatable 
land by up to 41% in the whole country by 2070. Because of increasing droughts 
and more intense summers, this will cause billions in losses, which could lead to 
projected losses for half of all Brazilian farmers.
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Greenhouse effect intensification indicates that the tropical region of South 
America (i.e. almost exclusively the region of Brazil) will be the most affected in 
terms of temperature, increasing by around 2–6 °C. When it comes to rainfall in 
South America, the most affected areas would be the Amazon and the Brazilian 
Northeast, especially processes related to intensity and position of the Intertropical 
Convergence Zone (Giorgi and Francisco 2000; IPCC 2014; Oyama 2002).

Among these processes, it is important to highlight the atmospheric steam con-
centration in the equatorial region is increasing. However, there is a big disagree-
ment between researchers; while some models point to positive anomalies of 
precipitation over the Amazon and Northeast Brazil, others point to negative anoma-
lies (Giorgi and Francisco 2000; Oyama 2002), although both regions are relatively 
believed to be areas of great climate predictability (Moura and Hastenrath 2004).

Some researchers point out that the geographic distribution of vegetation com-
munities and their relation to the climate have been examined with biogeographic 
models or biome models. These models use as a central thesis that the climate has 
dominant control over vegetation distribution. Biogeographic models can simulate 
potential vegetation (without the effects of land and soil use) based on some climate 
parameters, such as, temperature and precipitation. Due to the simplicity of these 
models and the existence of global empirical rules between natural vegetation and 
climate, these models have been used to estimate the impacts of climate changes on 
vegetation cover (Claussen and Esch 1994; Moura et al. 2019; Nobre et al. 2004).

Along the lines of this research, Oyama and Nobre (2004) developed a model of 
potential vegetation that can represent the global distribution of different biomes. In 
South America, looking at the regional level, other model widely used such as the 
Biome model (Prentice et al. 2009) and BIOME3 (Haxeltine and Prentice 1996) 
have some shortcomings.

These models aid in studies related to temperature rises caused by the high con-
centration of greenhouse gases, which have the potential to negatively impact agri-
culture around the globe. The warming temperatures will bring some advantage 
only for cultivation in high latitude regions. Becoming less cold than they are today, 
these areas in the future may benefit from the cultivation of plants that cannot toler-
ate the cold.

However, predicted damages can be far more significant. The Organization of the 
United Nations for Food and Agriculture (FAO) says that food security can be jeop-
ardized in three ways: availability, access, and supply stability (FAO 2018).

The melting of Himalayan glaciers, for example, could damage water supplies to 
China and India, compromising their agriculture and aggravating food insecurity in 
the world’s two most populous countries. The same must happen in African coun-
tries, because they depend on rains to irrigate agriculture. In Africa, the loss of 
agricultural production could reach 50% in 2020, according to IPCC projections.

Another study addressed by Moura et al. (2019) demonstrated the melting pro-
cess of glaciers in the Andes mountains can raise the water levels of the Amazon 
basin in Brazil. Directly affecting the pluviometric regime of the region, as well as 
changes and occurrences from El Niño and La Niña phenomena in atypical times.
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The panel also estimates that the rainfall level of the tropics will be reduced, 
because of warming, as well as arable farmland. Even a slight temperature rise 
(1–2 °C) may reduce crop productivity, says the panel, which would increase the 
risk of starvation for populations.

The 2007/2008 Human Development Report by the United Nations Development 
Program (UNDP) projected an increase of 600 million undernourished people by 
2080. Some changes already occurring worldwide, like higher number of crop fail-
ures and livestock death, highlights the 2008 World Development Report, from 
World’s Bank (UNDP 2018).

For this reason, the IPCC predicts that several crops will lose productivity, bring-
ing some concerns and consequences related to food security. Some of these projec-
tions were confirmed by studies made by several research and teaching institutions 
in Brazil and around the world. As results, it is clear to see that most Brazilian crops 
will suffer from a temperature elevation (Filho et al. 2016; Garcia and von Sperling 
2010; Marengo and Valverde 2007; Pinto et al. 2004).

2.1  Main Consequences of Global Warming and Climate 
Change on Agriculture

It is a common consensus that agriculture is strongly dependent on climate condi-
tions since farming activities are developed in natural environments, transformed 
into production land (agro-ecosystems), in which there is plant cultivation on soil 
with direct exposure to meteorological elements (light, temperature, humidity, pre-
cipitation, winds, atmospheric gases, and atmospheric pressure). Therefore, climate 
changes can affect agricultural production and bring negative and unpredictable 
consequences to this industry, for the following reasons, studies developed by 
Iamaguti et al. (2015), MAPA (2017), Molion (2008), Silva and Paula (2009).

• An increase in CO2 concentration = increase in photosynthetic activity and its 
effect on plant growth, but not always with increased productivity (creating an 
imbalance in the source-drain relation); and results in higher water consumption 
for plants.

• Increased soil and air temperature =  increased productivity of C4 metabolism 
plants (photosynthetically more efficient plants using light and CO2 to produce 
sugars in conditions with high luminosity and temperature, similar to tropical 
grass species such as, corn, sorghum, sugar cane, and brachiaria, among others) 
depending on the concomitant water relations (which means higher water con-
sumption); increased evapotranspiration (emptying out the soil reservoir); crop 
cycle reduction (accelerating senescence, meaning plant death); increasing respi-
ratory rates due to elevated night temperatures and energy consumption, leading 
to a reduction in productivity; and changing pest and disease dynamics by modi-
fying their biological cycle (which can increase the severity of those already 
existing or transform harmless organisms into new pests or diseases).
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• Heat waves  =  maximum daily temperatures above 32  °C are responsible for 
losses in agricultural production, since they interfere in the phenological cycle 
phases of the crops and in the development of plants’ vital systems. It is expected 
that by the year 2050 the productivity of most agricultural crops in Brazil will 
suffer a significant decrease, because of excess heat.

• Increased droughts and torrential rains (and other extreme situations) = delays in 
planting and a shortened growing season because of extensive droughts; failures 
in germination/emergence and establishment of crops due to a lack of rainfall; 
water deficits in the vegetative and reproductive phases when plant productivity 
is compromised; more intense, more frequent and/or erosive rains and a higher 
occurrence of erosion; excessive soil waterlogging with a decreased nutrient 
absorption and low root growth; changing of the chemical, physical and biologi-
cal properties of soils making them less productive; increased weed infestation; 
and excessive rainfall during harvest season, causing economic losses.

• Summery = a period of drought, followed by heat, strong sunshine, and low rela-
tive humidity in the middle of the rainy season or in the middle of winter, which 
may result in a higher need for irrigation. Growing soybeans may become 
increasingly difficult in the South, and some Northeastern states may lose acre-
age significantly.

• Intense rains and winds = Increasing the frequency of heavy rains and storms in 
the South can cause problems for agricultural mechanization due to flooding of 
cultivated areas. Plantations of sugarcane, wheat, and rice can also suffer losses 
because of strong winds, which lead these crops to lay down. Spraying pesticides 
against pests and diseases will be hampered by strong winds or heavy rain.

As a general consequence, climate change may be so intense in the coming 
decades that it will change the geography of agricultural production in Brazil and in 
the world. Thus, municipalities that today are big producers could lose this status by 
2020 or 2050, for example. There are also predictions that negative impacts will be 
higher in tropical and subtropical regions than in temperate regions (Cordeiro 
et al. 2012).

A study developed by Assad and Pinto (2008), shows that the increase in tem-
perature can cause, in general, a reduction of suitable regions for grain cultiva-
tion. Excepting sugarcane and cassava, all crops would suffer a fall in the low-risk 
area and, consequently in the value of production, which could cause losses in 
grain crops of R$7.4 billion by 2020 (this number may rise to R$14 billion in 
2070). Therefore, it can be affirmed that there is a sensible connection between 
climate conditions and the viability of agricultural production, and of these char-
acteristics with the atmospheric concentrations of greenhouse gases. The balance 
between these factors is influenced by the dynamics of carbon compounds in 
the nature.
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3  The Importance of Coffee for Brazil and the Effect 
of Global Warming on the Production of This Cultivar

Global warming is one of the major challenges that Brazil and the world are facing 
today. It will impact agriculture in many ways and on many scales, some positive 
and some negative. Among the main dangers is the appearance of uncertain and 
extreme weather conditions, affecting areas that are currently favorable for 
agriculture.

For example, higher temperatures increase the energy of the Earth’s climate sys-
tem, intensifying droughts and catalyzing forest fires, also creating heavier storms 
and rains, making them potentially more destructive, causing losses and costs for 
farmers (Mendonça 2003; Mendonça and Danni-Oliveira 2007).

The consequences in Brazil have been higher temperatures in the Northeast, 
Southeast and Central-West. The situation in the South has been disasters caused by 
the intense and constant rains. The IPCC warns, in order to ensure the conservation 
of life on the planet as it is known today, it is necessary to keep the temperature rise 
below 2 °C by 2100. This goal will require drastic habit changes and reductions in 
greenhouse gases emissions by several countries and sectors (IPCC 2014).

It is worth highlighting that climate change has received special attention from 
the segments of agriculture on the planet, generally speaking, given its potential to 
cause losses and/or to promote displacement of cultivated areas. Specifically relat-
ing to coffee production, in recent decades scientists’ and coffee growers’ attention 
have also been focused on global warming, whose effects can reduce or even sub-
stantially affect areas considered traditionally suitable for coffee cultivation in many 
parts of the world (Assad and Pinto 2008).

In the context of climate change, the International Report on Coffee Trends high-
lights a new report on climate change impacts in the coffee industry. According to 
this study by The Climate Institute, under current conditions, rising temperatures 
could reduce by half the traditional coffee-growing area in the next three decades. 
In addition, the wild coffee that still exists in native African forests would be at risk 
of extinction in the next 70 years (Castro Junior et al. 2016). The report also points 
out that this risk is a real concern to scientists, since native coffee plants may con-
tain valuable genetic information that would allow, for example, the development of 
new cultivars more resistant to global warming.

In addition to this analysis, it is important to highlight coffee is a plant of the 
Rubiacea family, whose central origin is in the mountainous regions of the formerly 
known as Abyssinia, which today is the Southwest region of Ethiopia, Southeast of 
Sudan and North of Kenya. Moreover, it is worth noting that global warming would 
also increase the area of pest and disease infestation, such as the case of the rust 
outbreak in Central America and the coffee borer in Africa, which has affected cof-
fee plantations in altitudes originally considered free from this pest (Trigo 2010).

Faced with these climate uncertainties, one of the possibilities for coffee growers 
to mitigate these problems would be to shift coffee cultivation to higher areas; on 
the other hand, this emphasizes the fact that many producers do not have the 
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resources to do so. Another important obstacle in this case would be the need for 
coffee growers to promote deforestation in new, higher altitude areas, leading to a 
number of problems related to the permanent preservation of areas (Assad et  al. 
2004; Bragança et al. 2016).

One way to mitigate such problems is to apply genetic improvement to coffee 
crops, directly contributing to reduce the effects of climate change on coffee cultiva-
tion, through the development of cultivars more adapted to the new climate charac-
teristics and preserving high productivity, multiple resistances, and drinking quality, 
compatible with the Brazilian reality. In this sense, genetic improvement programs 
have been concentrated in the regions considered marginal or unsuitable for coffee 
cultivation in the rainforest. Currently, several research projects have been done in 
laboratories, greenhouses, and in the field, by private properties, research institu-
tions, and universities (Venturin et al. 2013).

According to these authors, the first research programs with genetic improve-
ment for this purpose were started in the 1990s, having as a reference several studies 
carried out in the South, Triângulo Mineiro, and Alto Paranaíba regions. The supe-
rior genotypes were taken to regions considered marginal for be monitoring and 
selection. Recent research has shown that arabica coffee, under irrigated cultivation, 
presents acceptable acclimatization capacity at high temperatures and low relative 
humidity in semi-arid regions, showing up to 90% of well-grained fruits, which is 
considered satisfactory (Silva et al. 2012).

Although the initial viability of coffee trees was confirmed in semi-arid climate, 
with high temperatures and low relative humidity, these conditions facilitated the 
occurrence of scald and infestations of the bicho-mineiro (Leucoptera coffeella). 
These alterations in the plants happens due to higher hours of sunshine; therefore, 
the irradiance observed in these regions may be higher than those required to satu-
rate the photosynthesis, leading to photoinhibition and oxidative stress. Wind is 
another factor that facilitates the bicho mineiro (Leucoptera coffeella) entry and 
the beginning of infestation in the crops, which causes the dispersion of the adult 
insects to a crop (Silva et al. 2012). In addition, the higher water evaporation in the 
leaves provides favorable conditions for the insect larvae development. In face of 
that, in order to have a positive economic return in these semi-arid regions, it is 
essential to apply genetic improvement techniques to the development of cultivars 
adapted to these conditions (Venturin et al. 2013).

In Espírito Santo specifically, Capixaba Institute for Research, Technical 
Assistance and Rural Extension (INCAPER) develops several coffee breeding pro-
grams, launching different varieties with adaptive characteristics for the most vari-
able climate conditions possible, from mountain regions with cold climate to low 
altitude regions, predominantly hot weather (INCAPER 2018).

One of these programs is the Coffee Quality Enhancement Campaign, specific to 
robusta coffee, which has been increasingly used in mixtures with arabica coffee 
(blends). In Espírito Santo, researches and technology transfer work with robusta 
coffee were mainly focused on increasing productivity. As of 2007, efforts have been 
directed towards improving the final quality of the product. In order to produce an 
excellent coffee in the state, INCAPER operates the quality improvement  program. 
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The campaign consists of several educational, technological, training and structuring 
actions: training technicians and coffee growers through different training method-
ologies; dissemination of technologies for quality improvement; awareness about the 
importance of harvesting mature coffee; elaboration and dissemination of the 10 
commandments for quality coffee production, and the expansion of scientific 
research, among other actions (INCAPER 2018).

Due to the importance of coffee culture, these programs are extremely necessary, 
because they aim towards the non-extinction of this culture, which has an appeal not 
only economically, but also socially.

3.1  Economic and Social Importance of Coffee Culture

Coffee cultivation in Brazil began in 1727 and the first seedlings were brought by 
Major Sergeant Francisco de Mello Palheta from French Guiana to the city of 
Belém, where they were planted. In its trajectory, the coffee passed through 
Maranhão, Bahia, until reaching Rio de Janeiro in 1774 and later, it spread, through 
São Paulo, Minas Gerais, Espírito Santo and Paraná (Fassio and da Silva 2007; 
Matiello 1991).

After its diffusion through these states, coffee became an important agricultural 
activity, playing a crucial role for the social and economic development of Brazil, 
creating wealth as well as jobs. It also was an important factor in the establishment 
of labor in the countryside as well as the creation of taxes, contributing to the forma-
tion of the Brazilian foreign exchange rate (Fassio and da Silva 2007; Matiello 1991).

Currently, the coffee industry continues to be an important source of employ-
ment and income for Brazil. For both family agricultural businesses and medium to 
large-scale agricultural businesses, attracting international investments, including 
infrastructure, also leading to higher industrialization of the country (Castro Junior 
et al. 2016).

The productive coffee network has a big influence in other sectors of the econ-
omy, because it is a consumer of raw materials, such as fertilizers, agricultural pes-
ticides, machinery and equipment. Additionally, it is a supplier for many industries, 
with medicinal and pharmaceutical products, sweets and candies, foods and bever-
ages, and so on (Santos et al. 2009).

The coffee industry, for creating millions of jobs and income to the country, has 
given workers and their families, mainly in rural areas, access to health care, educa-
tion, and even digital inclusion programs (MAPA 2017).

It is worth mentioning that more than being just an agricultural crop, coffee has 
a social aspect, because it is present in the daily lives of countless families, repre-
senting social and cultural character. In this sense, climate change can cause not 
only economic losses but also cultural changes in several places due to a change in 
the supply and distribution of different crops, mainly coffee, which will be produced 
in smaller quantity, reducing supply and raising prices, failing to be an easy access 
product to lower income families.
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3.2  Production of Coffee Crop (Coffea sp.)

The coffee production throughout the world and Brazil was concentrated only in the 
Coffea arabica species and only in the late nineteenth century did the Coffea 
canephora species start to be cultivated commercially (Fassio and da Silva 2007).

According to the US Department of Agriculture (USDA 2016), the world coffee 
production for 2016 was 153.3 million bags of 60 kg, and of that total, 61.85% of 
the production comes from the species Coffea arabica while 38.15% was the Coffea 
canephora species.

Currently, the three largest coffee producers in the world are Brazil, which rep-
resents 32% of production, followed by Vietnam and Colombia with 19% and 9%, 
respectively (ABIC 2018; USDA 2016).

The species Coffea canephora, includes several varieties, but in Brazil the most 
cultivated is Kouilou, popularly known as robusta. Because it contains less acidity 
and more soluble solids, it is widely used in the manufacture of soluble coffee and 
in mixtures with the Arabica coffee, to balance the acidity of the coffee and to give 
body to the industrialized product (Ferrão et al. 2007).

Brazil is considered the world’s largest producer and exporter of coffee, and the 
second largest market consumer of the product. Currently, there is an estimated 2.22 
million hectares of coffee plantations, of which 1,759,730 hectares (79.13%) are 
devoted to planting Arabica coffee and 463,734 hectares (20.87%) to robusta coffee. 
The Brazilian coffee production in 2016 was 51.37 million bags processed repre-
senting a growth of 18.8%, when compared to the previous cycle. With this in mind, 
84.4% of the total production refers to Arabica coffee and 15.6% to robusta coffee 
production (CONAB 2018).

According to the survey conducted by the National Supply Company in Brazil, 
the production of arabica coffee is concentrated in the states of Minas Gerais, São 
Paulo, Paraná, Bahia and part of Espírito Santo, while Robusta coffee is planted 
mainly in the states of Espírito Santo and Rondônia (CONAB 2018).

In the state of Espírito Santo, coffee cultivation is the main agricultural activity, 
developed in all municipalities of the state (except Vitória). It generates around 400 
thousand direct and indirect jobs and it is present in 60,000 of the 90,000 agricul-
tural properties in the state. Altogether, 73% of the Capixabas producers are family- 
based and the average size of properties are 8 hectares. There are 131,000 families 
working on coffee crops in the state of Espírito Santo (INCAPER 2018).

Still, according to INCAPER, Espírito Santo is the second largest Brazilian cof-
fee producer, with massive production of arabica and robusta. It is responsible for 
22% of Brazilian production. Currently, there are 435,000 hectares producing cof-
fee in this state. Coffee activity is responsible for 35% of the Agricultural Gross 
Domestic Product (AGDP) in this state.

Coffee cultivation is in all regions of the Espírito Santo state in a very diversified 
way. Diversity begins with the species Coffea arabica and Coffea canephora culti-
vated in the state. In addition, coffee cultivation is present at different altitudes, the 
technological level of the producers is varied, the size of the properties is diverse 
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(small producers are the majority, but there are also large rural companies in the 
coffee industry of Espírito Santo), and the quality of coffee produced in this state is 
also varied. Arabica is most cultivated in regions with lower temperatures and alti-
tudes above 500 m. The robusta is from warmer regions, usually planted in altitudes 
below 500 m (INCAPER 2018).

Regarding coffee production by species in the state of Espírito Santo, INCAPER 
highlights the following information:

• Espírito Santo is the largest producer of Robusta coffee in Brazil, responsible for 
between 75% and 78% of the national production. It accounts for up to 20% of 
the world’s robusta coffee production. Robusta coffee is the main source of 
income in 80% of Capixaba rural properties located in hot climates. It is respon-
sible for 35% of Agricultural GDP. Currently, there are 283,000 hectares planted 
with Conilon in the state. There are 40,000 rural properties in 63 municipalities, 
with 78,000 families producing this species. The robusta coffee generates 
250,000 direct and indirect jobs.

• The state of Espírito Santo is a Brazilian and world reference in the development 
of Robusta coffee, with an average productivity that has already reached 35 bags 
per hectare (bg/ha). Many producers with a high level of technology have man-
aged to harvest more than 100 bg/ha. Productivity has evolved a lot in the last 
25  years, thanks to the technologies developed by the Capixaba Institute of 
Research, Technical Assistance and Rural Extension (INCAPER) in partnership 
with several institutions.

• Arabica coffee is the main source of income in 80% of Capixabas rural proper-
ties located in cold temperatures and mountainous lands. Espírito Santo is the 
third largest producer of arabica coffee in Brazil, behind of Minas Gerais and São 
Paulo. Currently, there are 150,000 hectares of Arabica coffee producing in 
Espírito Santo, 48 municipalities, with 53,000 families in the business. Arabica 
coffee production creates about 150,000 direct and indirect jobs.

• In Espírito Santo, more than 95% of arabica coffee plantations are conducted 
without irrigation. The crops are about 6.4 hectares in size, and are managed by 
the families themselves. The plantations have been renewed under a new tech-
nology base at 5.0% per year. Producers who use INCAPER’s technical recom-
mendations have achieved productivity of 40–80 bags of coffee per hectare, as 
well as a final product with higher quality. The improvement of the final prod-
uct’s quality has been growing considerably—more than 20% of the Arabica 
coffee produced in the state is considered by specialists to be a superior 
beverage.

According to Ferrão et al. (2007) and Souza et al. (2004), more than 90 species 
of coffee have been described. However, the two main species of agricultural and 
economic interest, with emphasis on Brazil and the world, are Coffea arabica, 
known as Arabica coffee, and Coffea canephora, known as Robusta coffee. The 
main differences between these two species are presented in Table 2.1.
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3.3  Influence of Precipitation and Temperature on Coffee 
Quality

Coffee as well as any other crop is directly influenced by weather conditions, especially 
precipitation and temperature. These changes can be positive or negative regarding 
agricultural production. In this sense, Camargo (2010) reports that rainfall distribution 
is one of the elements that provides the greatest interference in coffee phenology, since 
water stress after fertilization impairs fruit growth, resulting in lower yield, besides the 
formation of defective grains.

It is important to note that only a good water supply, whether rain or irrigation 
can increase grain size and quality, as water is responsible for fruit expansion and 
volume. Associated with water supply, solar radiation and temperature condition the 
energy for the realization of photosynthesis, of great importance for the transpira-
tion and metabolic processes of the culture (Angelocci et  al. 2008; Oliveira 
et al. 2012).

In a study developed by Martins et al. (2015), it was evaluated the influence of 
climate conditions on the productivity and quality of coffee produced in the south-
ern region of Minas Gerais. In this study, it was found that water deficit and air 
temperature were the climate variables that most influenced the productivity of 
coffee. The authors also observed that the younger coffee crops were more sensi-
tive to climate conditions, presenting lower yield and higher number of grain 
defects.

Table 2.1 Main differences between arabica and robusta coffee

Characteristics Coffea arabica Coffea canephora

Source Restricted (Ethiopia) Broad (Congo Basin)
Rusticity Smaller Bigger
Fertilization Self-propelled Alogama
Ploidia Tetraploid Diploid
Stalk Monocaule Policaule
Pruning Less frequent Most frequently
Presence Lower Higher
Spacing Closed Open
Propagation Seed Seed and clone
Ripening period 240 days average 300 days average
Leaf and flower Minors Largest
Fruit color Lighter Darker
Ripe grains Fall on the floor Stay in the plant
Soluble solids Low content Higher content
Beverage Soft Taste Differential taste
Caffeine Smaller Bigger
Drying Longest time Shorter time
Industrialization Toasted and ground Soluble and Blends

Source: Adapted from Ferrão et al. (2007), Santos et al. (2016) and Souza et al. (2004)
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Due to the importance of precipitation for the sensory quality of coffee, Silva 
et al. (2005) studied during six harvests different irrigation depths in arabica coffee 
cultivation and concluded that there was a tendency of larger grain size when apply-
ing a larger irrigation depth in the sieve classifications.

Grain quality can also be influenced by shading, in this sense, DaMatta et  al. 
(2007) observed a high percentage of rattle in coffee plantations  exposed to full 
sun, what explains the malformation of the grains due to proven physiological stresses 
in the crop. In addition, climate stresses can lead to accelerated fruit ripening, impair-
ing the development of the organoleptic properties of the fruit, with a negative effect 
on the beverage quality.

According to Souza et al. (2011), one way to mitigate such damage to the crop is 
the realization of afforestation of adequate density, because besides acting as a 
stress reduction measure caused by accelerated ripening, it also provides a produc-
tion of well-formed fruits with superior quality.

Therefore, it can be said that the absence of water in the critical period of grain 
development, as well as high temperatures, reduce the quality of coffee beans. Some 
actions such as irrigation and shading emerge as tools to mitigate the impact of these 
climate variables on crops conditioning quality and quantity yield economically 
profitable for producers (Pereira et al. 2017).

4  Edaphoclimate Zoning for Conilon and Arabica Coffee

Arabica coffee is a plant from a humid tropical climate, mild temperatures, culti-
vated in regions of altitude above 500 m. It is more sensitive to the changes of cli-
mate, not able to withstand high temperatures or extended periods of drought. The 
average annual temperatures for its development are in the range of 19–22 °C, with 
annual rainfall above 1200  mm and an annual water deficiency of <100  mm 
(Matiello 2002; Omena 2014; Pezzopane et al. 2012; Santos et al. 2015).

Temperatures below 18 °C are unfit for the development of Arabica coffee, caus-
ing damage to leaf and trunk tissues, mainly as a result of the formation of frost. 
Temperatures above 22 °C are also considered inapt and may cause damage to the 
plant’s flowering process, compromising fruit production (Tomaz et al. 2012).

Robusta coffee, on the other hand, is less sensitive to weather changes, being 
resistant to high temperatures and dry seasons. The average annual temperatures for 
good growth of the plant are in the range of 22–26 °C, annual precipitations above 
1000 mm and annual water deficiency of <150 mm (Matiello 2002; Omena 2014; 
Pezzopane et al. 2012; Santos et al. 2015).

The soil-plant-atmosphere interaction has a huge influence on the physiological 
and biochemical plant processes, it also influences the excess water or water deficit 
of the system, nutrient uptake by the plant, and interferes in the quality and produc-
tivity of the coffee produced (Malavolta 2008).

The characteristics and conditions of soil and climate for coffee planting should 
also be considered, as they directly influence agricultural production and  productivity. 
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While selecting the best soil types, the physical conditions (color, texture, structure, 
density, porosity and depth) should be prioritized, as they cannot be modified. 
However, the chemical properties (specific surface area, electric charges, ion absorp-
tion and exchange, soil acidity and nutrient content) can be managed aiming to 
improve soil characteristics, with emphasis on liming and fertilization practices 
(Santos et al. 2016).

While choosing locations for coffee planting, preference should be given to areas 
that may favor mechanization, soil conservation and crop management. As known 
already, coffee is a plant that requires a lot of solar exposure, it should be planted 
preferably on the north or west face of a relief, avoiding southern exposure due to 
the cold winds and in zones subject to frost phenomenon; low ground with difficult 
air circulation should be avoided as well (Ferrão et al. 2007; Ferrão 2004).

In addition, soils suitable for coffee cultivation should have the following char-
acteristics: (a) effective depth ranging from 1 m (areas without water shortage) to 
1.5 m (areas with water shortage), (b) be well drained and porous, (c) clay content 
ranging from 20 to 50% and (d) a supply of water, air, and nutrients available to 
plants (Matiello 1991; Omena 2014).

As for the water balance, the objective is to quantify the inputs and outputs of 
water in the system at the macro (hydrological cycle), intermediate (hydrographic 
sub-basin) and local (crop) scale (Omena 2014; Pezzopane et al. 2012).

According to these authors, in general, the inputs of water in the system are rep-
resented by rainfall, dew, surface runoff, subsurface runoff and capillary rise. The 
outflows of water are represented by evapotranspiration, deep drainage, surface run-
off, and subsurface runoff. With the input and output parameters of the system, it is 
possible to quantify the variation of water availability in the soil.

In order to elaborate the Climatological Water Balance it is necessary to deter-
mine the Available Water Capacity, which means the maximum storage of water in 
the soil, also to the measure of rainfall and the Potential Evapotranspiration estimate 
in each period. With this information, the Climatological Water Balance provides 
estimates of Soil Water Storage, Real Evapotranspiration, Water Deficiency, and 
Water Surplus on a daily to monthly scale (Pezzopane et al. 2012).

Among the many applications of the Climatological Water Balance in 
Agrometeorology, it highlights its use to determine the best sowing times, regional 
water availability characterizing droughts or periods with excessive rainfall. 
Moreover, planning and elaborating the soil-climate zoning in order to indicate 
areas of soil and climate suitable for agricultural crops (Pezzopane et al. 2012).

It is also important to point out that agricultural zoning has as a main objective 
to delimit the regions with adequate agricultural potential, climate and soil that 
allow the exploration of a certain crops. In other words, it is a technique that allows 
the spatialization and determination of suitable, restricted and unsuitable areas for 
the development of agricultural crops. According to Santos et al. (2015) zoning for 
agricultural use can be divided into four categories:
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• Category 1: Agroclimate zoning—Delimitation of the regions capability for agri-
cultural cultivation, regarding climate factor, in macroclimate and regional scales 
(Ometto 1981).

• Category 2: Agricultural zoning—It takes into consideration not just the ele-
ments of the climate, but also the association of factors or criteria, such as soil 
(edaphic zoning), parameter socioeconomic, in order to organize a rational dis-
tribution of economically profitable crops, respecting the social and cultural 
characteristics of each region (Ometto 1981; Pereira et al. 2002).

• Category 3: Agroecological or edaphoclimate zoning—It is considered a study to 
complement the natural potential of a certain region for a specific crop, which, in 
addition to climate, edaphic or pedological aspects are incorporated in the study; 
in general, on the same analysis scale of agroclimate zoning (Ometto 1981).

• Category 4: Climate risk zoning—In this category, besides the variables ana-
lyzed (climate, soil, and plant), mathematical and statistical functions (frequen-
tist and probabilistic) are applied in order to quantify the loss risk of crops based 
on history of adverse climate events, mainly drought (MAPA 2017).

Furthermore, four methodological steps are required to elaborate agroclimate 
zoning (Zolnier 1994):

• The study of the climate requirements of the crop;
• The study of the climate characteristics of the region considered for zoning;
• The selection of the climate indexes on which the zoning will be based; and,
• The elaboration of the agroclimate zoning map, delimiting areas where there is 

agreement or not, or restrictions between crop climate requirements and the per-
missible limits of the climate indexes for this crop.

The suitable climate classes normally used for crops and their characteristics are 
presented in Table 2.2.

In the state of Espírito Santo, several agricultural zoning studies for coffee culti-
vation have already been developed, considering, for the most part, climate vari-
ables such as temperature and water deficiency (Pezzopane et  al. 2012; Santos 
et al. 2016).

It is worth mentioning that zoning is a guidance tool and technical support for 
decision-making in agriculture. Although it is widely used by public and private 

Table 2.2 Suitable climate classes for agricultural crops

Class Characteristic
Apt When the thermal and water conditions of the area are favorable for good 

development and production of the crop on a commercial scale.
Restricted When the area presents water or thermal restrictions, or both, that can eventually 

undermine the development stages of the crop, negatively affecting its production.
Inapt When the normal characteristics of the climate are not suitable for crop commercial 

exploitation, because they have severe limitations on water or thermal factors, or 
both, with a significant impact on their production, requiring correction of expensive 
agricultural practices.

Source: Adapted from Zolnier (1994)
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managers, as well as researchers, it must be constantly updated to allow new study 
methodologies, aiming to obtain more information on the climate variables of the 
selected crops and, above all, to provide a higher return on investment in the medium 
and long term (Santos et al. 2015).

When properly used, crop climate zoning can be used successfully to aid and 
enhance the development and productivity of a certain crop.

4.1  Edaphoclimatic Zoning for Conilon and Arabica Coffee 
in the State of Espírito Santo

Below are the four steps and seven sub steps necessary to elaborate the edaphocli-
mate zoning for coffee Conilon and Arabica in the state of Espírito Santo:

Step 1: Climate Requirements for Conilon and Arabica Coffee
This first step consisted of studying the climate requirements of the conilon and 
arabica coffee regarding their aptitude, restriction and inaptitude classes in special-
ized literature (Matiello 1991, 2002; Omena 2014; Santinato et  al. 2008; Santos 
1999), with adaptations of temperature classes, water deficit and edaphic character-
istics (Tables 2.3, 2.4 and 2.5).

Step 2: Climate and Edaphic Characteristics of the State of Espírito Santo
The meteorological data required for the elaboration of edaphoclimate zoning for 
conilon and arabica coffee were obtained from the National Institute of Meteorology 
(INMET), Hydrological Information Systems (HidroWeb) of the National Water 
Agency (ANA) and Capixaba Research Institute, Technical Assistance and Rural 
Extension (INCAPER) representative of a 30-year meteorological series and 109 
stations referring to the state of Espírito Santo and bordering states to the north 
(Bahia), south (Rio de Janeiro) and west (Minas Gerais).

The meteorological database, because it contains gross errors (mistake in read-
ing), systematic errors (of the instrument) and accidental errors (random and only 
statistically detected) was initially corrected by fault-filling techniques (de Oliveira 
et al. 2010) in Microsoft Office Excel® computer application, version 2016.

After database generation and correction (critical) weather, still in the Microsoft 
Office Excel® computer application, multiple linear regression was applied using 
the altitude and the UTM X and Y coordinates of the s weather stations as indepen-
dent variables and temperature as the dependent variable, as shown in Eq. (2.1) 
(Ribeiro Junior 2011).

 T ALT X Y� � � �� � � �0 1 2 3  (2.1)

Where T is the temperature (°C); ALT is the altitude (meters); X is the UTM 
coordinate X (meters); Y is the UTM coordinate Y (meters); β0 is the regression 
constant; and β1, β2 and β3 are the regression coefficients for the variables ALT, X Y.

Subsequently, the acquisition of the Digital Elevation Model (DEM) of the state 
of Espírito Santo, representing the continuous variation of altitude, was performed. 
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Table 2.3 Thermal suitability 
ranges for Conilon (Coffea 
canephora Pierre ex Froehner) 
and Arabica (Coffea arabica 
L.) coffee crops

Aptitude
Temperature (°C)
Robusta coffee Arabica coffee

Apt 22–26 19–22
Restricted 21–22 18–19 and 22–23
Inapt <21 and > 26 <18 and > 23

Source: Adapted from Matiello (1991, 2002), Omena 
(2014), Santinato et al. (2008) and Santos (1999)

Table 2.5 Edaphic suitability 
ranges for conilon (Coffea 
canephora Pierre ex Froehner) 
and arabica (Coffea arabica 
L.) coffee crops

Aptitude Soils (conilon and arabica coffee)

Apt Argisol
Cambisol
Chernosol
Latosol
Fluvic neosol
Litholic neosol
Red litosol
Haplic organosol

Inapt Rock outcrop
Spodosol
Gleysol
Quartzarenic neosol
Indiscriminate soils

Source: Adapted from Matiello (1991, 2002), 
Omena (2014), Santinato et  al. (2008) and 
Santos (1999)

Table 2.4 Water deficit suitability ranges for the cultivation of Conilon (Coffea canephora Pierre 
ex Froehner) and Arabica (Coffea arabica L.) coffee

Aptitude
Water deficit (mm)
Robusta coffee Arabica coffee

Apt Without Irrigation (AWI) <150 <100
Apt With Occasional Irrigation 
(AWOCI)

150–200 100–150

Apt With Complementary Irrigation 
(AWCI)

200–400 150–200

Apt With Obligatory Irrigation 
(AWOBI)

>400 >200

Source: Adapted from Matiello (1991, 2002), Omena (2014), Santinato et al. (2008) and Santos 
(1999)
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The DEM was purchased from the Shuttle Radar Topography Mission (SRTM) 
project, available for free on the Brazilian Agricultural Research Corporation 
(EMBRAPA) portal at a scale of 1:250,000 in the WGS 84 cartographic projection 
(Miranda 2005).

With the UTM X and Y coordinates of the 109 stations exported from Microsoft 
Office Excel® to ArcGIS®, version 10.3, the “trend spatial interpolation” function 
was applied to obtain the matrix images of the UTM X and Y coordinates for the 
state of Espírito Santo.

After obtaining the constants and regression coefficients and altitude matrix 
images (DEM) and UTM X and Y coordinates (independent variables), in the 
ArcGIS® computational application, the “map algebra” function was applied with 
the final objective of generate the matrix image of annual average temperature 
(dependent variable) for the state of Espírito Santo.

The Climate Water Balance (CWB) proposed by Thornthwaite and Mathier 
(1955) was processed in the Microsoft Office Excel® computational application 
using an automatic macro (water balance processing routines) courtesy of Rolim 
and Sentelhas (2014). It is noteworthy that several BHC have already been pro-
cessed for the state of Espírito Santo in recent years (Bragança 2012; Omena 2014; 
Pezzopane et  al. 2012; Santos 1999). However, as weather observations are per-
formed continuously each day, at predefined times by the World Meteorological 
Organization (WMO) (conventional weather stations—12:00 h/18:00 h/00:00 h and 
automatic—hourly Greenwich Mean Time (GMT), a new water balance has been 
updated for the year 2016.

CWB data was exported to the computational application ArcGIS®, with the 
objective of generating a point vector map of soil water deficiency for the 109 
weather stations. Therefore, the function “spatial interpolation by spherical kriging” 
was applied (Mazzini and Schettini 2009), with adjustment of the semivariogram 
(Cressie 1991), aiming to generate the matrix image of annual water deficit for the 
state of Espírito Santo.

In possession of polygonal vector map of soil surveys of the Espírito Santo State, 
in a 1:400,000 scale, available free of charge on the website of the Integrated System 
of Geospatial Bases of the State of Espírito Santo (GEOBASES), this was edited 
with the purpose of demonstrating the main soil types of the state of Espírito Santo. 
Subsequently, the “polygon to raster conversion” function was applied in order to 
generate the matrix image of soil types for the state of Espírito Santo.

The final objective of this step was to generate the matrix images of average 
annual temperature, annual water deficit and soil types for the state of Espírito Santo 
necessary for the reclassification of climate and soil indexes for conilon and arabica 
coffee (Step 3).

Step 3: Reclassification of Climate and Soil Indexes for Conilon and Arabica 
Coffee
With the matrix images of annual average temperature, annual water deficiency and 
soil types (Step 2) in the application computational analysis, the function of “spatial 
reclassification” was applied based on the aptitude, restriction and inaptitude classes 
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(Tables 2.3, 2.4 and 2.5 of Step 1) in order to generate the reclassified matrix images 
of climate and edaphic indices for Conilon and Arabica coffee in the state of 
Espírito Santo.

Step 4: Edaphoclimate Zoning for Conilon and Arabica Coffee in the State of 
Espírito Santo
In this last stage, in the ArcGIS® computational application, the “tabular crossing” 
function was applied to the reclassified matrix images of climate and edaphic 
indexes for conilon and arabica coffee (Step 3) in order to generate edaphoclimate 
zoning for crops of conilon and arabica coffee in the state of Espírito Santo.

Representative matrix images of edaphoclimate zoning for conilon and arabica 
coffee were converted to polygonal vector format using the “raster to polygons” func-
tion. Due to the high number of polygons obtained after the vector conversion pro-
cess, the “polygonal dissolution” function was applied, with the output of a new 
vector image with attributes table containing aptitude classes, restricted and inaptitude.

In the attribute table of the dissolved polygonal vector image three new fields 
were created, with actual data types, titled Area, Perimeter, and Percent. In the state 
of editing, using the function “geometric calculation” was calculated the areas (km2) 
and perimeters (km) for the referred aptitude classes.

Finally, using the field calculator function, the percentage of the aptitude classes 
was calculated, culminating in the edaphoclimate zoning maps for the conilon and 
arabica coffee crops in the state of Espírito Santo.

The preliminary mappings necessary for the elaboration of edaphoclimate zon-
ing for conilon and arabica coffee in the state of Espírito Santo regarding the eda-
phoclimate variables for the state, edaphoclimate aptitude ranges for conilon and 
arabica coffee culture are presented in Figs. 2.1, 2.2 and 2.3, respectively.

The edaphoclimatic zoning for conilon and arabica coffee in the state of Espírito 
Santo is shown in Fig. 2.4. According to the results, it was observed that the areas 
suitable for conilon (Fig. 2.4a) and arabica (Fig. 2.4b) corresponded, respectively, 
to 26.55 and 16.59%. Suitable areas with some kind of restriction amounted to 
38.99% for robusta coffee and 0.66% for arabica coffee. While the areas unfit for 
conilon (Fig.  2.4a) and arabica (Fig.  2.4b) coffee corresponded, respectively at 
22.43 and 67.61%.

According to the results related to the edaphoclimate zoning for the conilon and 
arabica coffee crop in Espírito Santo state (Fig. 2.4), it was verified that the meteo-
rological variables temperature and water deficit have a strong influence on the 
areas apt, restricted and inapt because they are related to the speed of cellular chem-
ical reactions that control plant growth and photosynthetic development dependent 
on both soil water availability and the measurement of the energy level of the water- 
soil- plant-atmosphere system (Cockshull 1992; Santos et al. 2015, 2016; Vianello 
and Alves 2004).

Areas considered suitable, for both, robusta coffee and arabica coffee, are related 
to the high relief amplitude characterized by lower altitudes in much of the state and 
high altitudes mainly in the South and Southwest Mountain Region (Fig. 2.1a, b). In 
this sense, due to the fact that the average air temperature decreases in relation to the 
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increase in altitude (Cockshull 1992; Santos et al. 2015, 2016; Vianello and Alves 
2004), the main municipalities producing Arabica coffee are located in the Mountain 
Region, while those of conilon in the flat and gently undulating relief of the state of 
Espírito Santo.

Regarding the soil types of the state of Espírito Santo, the soils considered unfit 
(Rock outcrops, Spodosol, Gleysol, Quartzaric soil, Indiscriminate soils) for devel-
opment for both conilon and arabica coffee are mostly located in the lower areas 
near the Atlantic Ocean shoreline (Figs. 2.1c, 2.2c and 2.3c). These soils have low 
chemical characteristics that prevent the full development of both crops.

Manrique (1993) and Santos et al. (2016) point out the importance of genetic 
improvement on crop development. It is noteworthy that even with the edaphocli-
mate zoning, techniques of genetic improvement and biotechnology may favor the 
expansion of new agricultural areas (areas currently considered unfit or restricted) 
to the detriment of cultivars more resistant to climatic, edaphic and, above all, to 
pest attack and disease.

5  Scenarios of the Intergovernmental Panel on Climate 
Change (IPCC)

The Intergovernmental Panel on Climate Change (IPCC) is a scientific-political 
organization established in 1988 within the United Nations (UN) by the initiative of 
the United Nations Environment Program (UNEP) and the World Meteorological 
Organization (WMO).

The main objective of this organization is to synthesize and disseminate the most 
advanced knowledge on climate change affecting the world today, specifically 
global warming, pointing out its causes, effects and risks for humanity and the envi-
ronment, and also suggesting ways to combat climate change problems (TRS 2018).

It is worth highlighting, the IPCC does not produce original research, but it gath-
ers and summarizes the knowledge produced by scientists, researchers and special-
ists in the field. The IPCC selects who are references in their research, presenting 
high-level results, whether independent, associated with private organizations, pub-
lic and/or governmental institutions.

Moreover, the IPCC is considered the world’s leading authority on global warm-
ing issues and has been the main basis for the establishment of global and national 
climate policies. Since its foundation, the IPCC has produced five major reports and 
a few other documents. The first report came out in 1990 and the most recent was 
published in 2014. The quality and seriousness of its work, involving thousands of 
the most respected and renowned scientists, allowed this organization to be awarded 
the Nobel Prize for Peace in 2007 (AIP 2018; TNP 2007; TRS 2018; UN 2018).

It is important to point out, the problem of global warming has been predicted 
theoretically since the nineteenth century (Hawkings 2013), and since then studies 
have begun to appear on the basis of precise observations. In the 1970s the subject 
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Fig. 2.1 Edaphoclimatic variables for the state of Espírito Santo, Brazil. (a) Average annual tem-
perature (°C); (b) annual water deficit (mm); and (c) soil types. Source: Adapted from Santos 
(2017)
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was already being studied on a large scale, multiplying the specialized literature, but 
climate scientists and environmentalists faced problems putting their conclusions in 
the agenda of political negotiations.

In order to reverse this scenario, in 1986, the Toronto Conference was the first to 
put climate among the topics under discussion. This conference was attended by a 
group working on the topic of greenhouse gases that are directly responsible for 
global warming (AIP 2018).

According to the Network of African Science Academies (NASAC 2007) and the 
Royal Society (2018), since its creation, the IPCC has been gaining increasing 

Fig. 2.2 Aptitude ranges for robusta coffee crop (Coffea canephora Pierre ex Froehner) for the 
state of Espírito Santo, Brazil. (a) Average annual temperature (°C); (b) annual water deficit (mm); 
and (c) soil types. Source: Adapted from Santos (2017)
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respectability and the support of many other scientific organizations in the world. 
Among these organizations, the International Council for Science stands out, repre-
senting 119 national scientific organizations and 30 international organizations, the 
Royal Meteorological Society of the United Kingdom, Network of African Science 
Academies, with 13 African countries participating with national academies, the 
Joint Report of the scientific academies of 11 countries, the United States National 
Oceanic and Atmospheric Administration, and the European Geosciences Union.

In addition, other important international scientific syntheses are also accepting 
conclusions from IPCC reports, including the UN Millennium Ecosystem 

Fig. 2.3 Aptitude ranges for arabica coffee crop (Coffea arabica L.) for the state of Espírito Santo, 
Brazil. (a) Average annual temperature (°C); (b) annual water deficit (mm); and (c) soil types. 
Source: Adapted from Santos (2017)
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Fig. 2.4 Edaphoclimatic zoning for (a) conilon (Coffea canephora Pierre ex Froehner) and (b) 
arabica (Coffea arabica L.) coffee in the state of Espírito Santo. Source: Adapted from Santos 
(2017)

2 Global Warming and the Effects of Climate Change on Coffee Production



88

Assessment, the Global Environment Outlook series and Vital Forest Graphics, 
written and reviewed by a huge number of experts in the field (MEA 2005).

5.1  IPCC Working Groups

As for the IPCC structure, this organization is divided basically into three working 
groups, task forces, and technical support units. Each group or unit has a specific 
and important role for the compilation, development, revision and final editing of 
the reports before they are released. A summarized report of each one of these struc-
tures is presented below, based on the IPCC (2018).

• Working Group I: The scientific aspects of the climate system and climate 
change are evaluated in this working group. The main topics studied in this group 
are changes in greenhouse gases and aerosols, glaciers, precipitation, sea level, 
atmosphere and earth and ocean temperatures. It also studies paleoclimate 
records, the carbon cycle, climate models in use, biochemistry related to changes, 
data analysis from satellites and other sources, as well as unveiling causes and 
origins of climate change.

• Working Group II: In this working group, vulnerabilities associated with socio-
economic and natural systems in face of climate change are evaluated, and their 
negative effects are discussed, as well as the possibilities of adapting from a 
sustainability perspective. These aspects are studied by region and topic—for 
example, water resources, ecosystems, food and forests, coastal systems, indus-
try and health.

• Working Group III: This group evaluates options to reduce or avoid greenhouse 
gas emissions and the possible options that could be used to remove gases from 
the atmosphere, taking into account the main economic systems in the short and 
long term. It also includes energy, industry, agriculture, forest and waste man-
agement, and the cost-benefit ratio of each area, analyzing the real possibilities 
and the political conditions involved in these scenarios.

• Task Force: This unit compiles national inventories of greenhouse gases emis-
sions, developing and refining internationally accepted methods and software to 
calculate and describe the emissions of each country, encouraging its use by 
participating nations of the IPCC and the Framework Convention United Nations 
Conference on Climate Change.

• Technical Support Unit: In this unit, the activities of the working groups are 
coordinated, and assist each working group (Groups I, II and III) in the report 
preparation as well. Each group creates a chapter of the final report, summaries 
for policymakers, with sections of the report developed to be used by govern-
ments and non-experts, allowing these reports to be accessible to the general 
public.

According to The Royal Society (2018), each working group has two presidents, 
one from a developed country and the other from a developing country, as well as a 
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technical support unit. The three groups prepare the analysis reports on the follow-
ing topics:

• Scientific information related to climate change;
• Environmental and socioeconomic impacts of climate change; and,
• Formulation of response strategies to these climate changes (mitigation and 

adaptation).

The IPCC also produces special reports on specific topics, and methodological 
reports, guiding the creating inventories of greenhouse gases emissions (IPCC 2018).

In addition, the IPCC defines climate change as a statistically significant varia-
tion in an average climate parameter, including its natural variability, that persists 
over an extended period, typically decades or longer. In abstract terms, climate 
change can be caused by natural processes, and indeed in the past there were impor-
tant variations in the climate, such as the glacial periods (TNEAA 2010). The 
reports prepared by the IPCC take into consideration all possible aspects of climate 
change, whether natural or anthropogenic.

5.2  The Fifth and Most Recent IPCC Report

The sequence of IPCC reports has been reinforced by an increasing amount of evi-
dence pointed out since its first publication. The main conclusions summarized in 
the fifth report, are:

 (a) The human influence on the climate is clear. Therefore, greenhouse gases emis-
sions produced by human activities such as industry, burning fossil fuels, fertil-
izer use, food waste and deforestation, are the main causes of the problem. 
Emissions have been growing non-stop and currently are at the highest levels 
ever recorded in history. The negative effects of global warming on human soci-
ety and nature are vast and widespread globally.

 (b) Warming of the climate system is unequivocal, and many of the changes 
observed since the 1950s are unprecedented. The atmosphere and oceans have 
warmed, snow and ice have declined, and the sea level has risen.

 (c) Significant changes have been observed in many climate indicators since 1950. 
The average minimum temperatures have been rising, the average temperature 
of the atmosphere has been rising, high tides have been more intense, and the 
amount of torrential rain has increased in several regions.

 (d) All the theoretical models used project an increase in the average surface tem-
perature of the Earth. The temperature increased 0.78 °C between the average 
of the periods 1850–1900 and 2003–2012. The last three decades have been the 
hottest since 1850. If emissions continue within current trends, heating can 
reach 4.80  °C by 2100. As a result, more frequent and longer extreme heat 
waves are likely to occur, and torrential rains could become more intense and 
frequent.
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 (e) The sea level increased by 19 cm between 1901 and 2010 due to thermal expan-
sion of the waters and the melting of glacial ice. In the most pessimistic sce-
nario, the elevation may reach 82  cm by 2100. The oceans will continue to 
warm up and their level will continue to rise throughout the twenty-first century 
and beyond.

 (f) Continued greenhouse gases emissions will cause even more warming in the 
future, with long-term effects on all components of the climate system, which 
are all interrelated. Large-scale negative effects on humans, wildlife, and on all 
ecosystems are likely to occur.

 (g) Global warming will amplify the risks of environmental problems that already 
exist and will create other problems. Poor countries and coastal communities 
would be the most penalized. In addition to the purely climate effects, far- 
reaching secondary negative effects on food production, social security, econ-
omy, health, and biodiversity, etc., are expected.

 (h) Atmospheric and maritime warming and rising sea levels will continue for cen-
turies even if the concentration of greenhouse gases ceases immediately, due to 
continuing climate change repercussions and the delayed effects happening on 
a global scale.

 (i) Adaptation measures can reduce risks, but alone they will be insufficient, and a 
simple stabilization in the current level of emissions will not be sufficient either. 
Because, if this can delay the production of negative effects, it will not prevent 
them, instead, they will continue being amplified by the incessant accumulation 
of greenhouse gases in the atmosphere, where they will remain for a long time 
due to their slow process of natural recycling. Therefore, effective emission 
reduction measures should be taken to a level close to zero.

5.3  Scenarios of the Fifth Report of the IPCC

In the fifth IPCC report, four possible different greenhouse gases concentrations 
scenarios were simulated that could happen until the year 2100, ranging from sce-
nario 1 (considered the most optimistic), scenarios 2 and 3 (considered intermedi-
ate) and scenario 4 (considered to be the most pessimistic). A summarized report of 
each one of these scenarios is found below, based on the fifth IPCC (2014):

Scenario 1: This is the most optimistic scenario and predicts that the terrestrial sys-
tem will store additional 2.6 watts per square meter (W/m2). In that case, the 
increase in ground temperature could range between 0.30 °C and 1.70 °C from 
2010 to 2100 and the sea level could rise by 26–55 cm over the course of this 
century. In order to make this scenario happening, it would be necessary to stabi-
lize concentrations of greenhouse gases in the next 10  years and act on their 
removal from the atmosphere. Even so, the models indicate an additional increase 
of almost 2 °C in temperature, in addition to the 0.90 °C that our planet has already 
warmed since the year 1750.
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Scenario 2: The second scenario predicts storage of 4.50 W/m2. In this case, the 
increase in ground temperature would be between 1.10 and 2.60 °C and the sea 
level would rise between 32 and 63 cm.

Scenario 3: In this scenario a storage of 6.0 W/m2 is expected; the temperature 
increase would be between 1.40 and 3.10 °C and the sea level would rise between 
33 and 63 cm.

Scenario 4: This is the most pessimistic scenario, in which emissions continue to 
grow at an accelerated level, predicting for an additional storage of 8.5 W/m2. In 
such situation, according to the IPCC, the surface of the Earth could heat between 
2.60 and 4.80 °C throughout the twenty-first century, causing the sea level to 
increase between 45 and 82 cm.

According to previous IPCC reports (reports 1–4), ocean levels have already 
risen an average of 20 cm between 1900 and 2012. If another 60 cm rise with the 
tides, the result will be severe erosion in coastal areas around the world. Rivers such 
as the Amazon, for example, will suffer strong salt backwaters, which will affect the 
entire local ecosystem.

According to this fifth IPCC report, in all scenarios it is very likely (a 90% prob-
ability) that the rising rate of the oceans during the twenty-first century will exceed 
the number observed between 1971 and 2010. The thermal expansion resulting 
from the increase in temperatures and melting would be the main cause.

Ocean warming, the report says, will continue to happen for centuries, even if 
greenhouse gases emissions fall or remain constant. The Arctic region is the one that 
will warm up the most, according to the IPCC.

It is important to emphasize that due to the potential effects on human health, 
economy and the environment, global warming has been a source of great concern. 
Some important environmental changes have been observed and have been associated 
with global warming. Examples of secondary evidence mentioned below (decreased 
ice cover, rising sea levels, changes in climate patterns) are examples of global warm-
ing consequences that may influence not only human activities but also ecosystems.

Increasing global temperature allows an ecosystem to change; some species may 
be forced out of their habitats due to changing conditions while others may spread, 
invading other ecosystems.

However, global warming can also have positive effects, since the temperature 
and CO2 concentration increases can improve ecosystem productivity. Satellite 
observations have showed that productivity in the Northern Hemisphere has 
increased since 1982. On the other hand, the total amount of biomass produced is 
not necessarily very good, because a large production can harm some promising 
species, since biodiversity may decrease to a smaller number of thriving species.

Another cause of great concern is the rising sea levels. Sea levels have been ris-
ing in recent decades, and in some countries in the Pacific Ocean it is worrisome, as 
global warming causes seas to rise primarily because of the thermal expansion of 
ocean water. But some scientists are concerned that in the future, polar ice and the 
glaciers will continue to melt, and increase the level raised by many meters. 
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However, at the moment scientists do not expect further melting in the next 100 years 
(IPCC 2014).

As the climate gets warmer, evaporation will increase. This will cause heavy 
downpours and more erosion. Many people think this may cause more extreme 
results in the climate as global warming progresses.

Global warming may also have less obvious effects. The North Atlantic Current, 
for example, caused by differences in temperature between seas, apparently is 
diminishing as global temperature averages increase. That means that areas such as 
Scandinavia and England that are heated by the currents will have colder climates, 
despite the increase in global heat (IPCC 2014).

5.4  Criticism About IPCC

According to the Netherlands Environmental Assessment Agency (TNEAA 2010), 
IPCC reports occasionally bring some errors, which is difficult to avoid in any sci-
entific research. Successive reports have sought to remedy these errors as knowl-
edge improves and the methods used to collect and analyze raw data are improved. 
However, one of the main criticisms the work has been getting in recent years is that 
they are excessively conservative in the presented results.

In this sense, the IPCC has been characterized by the prudence and caution with 
which it establishes its arguments, and this is due to its great credibility. However, 
political influence cannot be entirely eliminated, since the reports require the 
approval of state representatives. This may be the reason behind smoothing the 
description of the impacts (established scenarios) for future projections (AIP 2018; 
Rosenthal and Kanter 2007).

A large number of independent studies point to the fact that the recent evolution 
of global warming approaches the most pessimistic scenario projected by the 
IPCC. It highlights, on the other hand, the importance of IPCC reports’ alert about 
the problem’s severity and the need of radical and urgent actions to mitigate the 
progress of climate change (Cook et al. 2012; Katzav 2014; Mastrandrea et al. 2011; 
Menzel et al. 2006).

5.5  Impact of Temperature Increase in Areas Suitable 
for Coffee Production in Espírito Santo

According to scenario 4 of the IPCC’s fifth report, which is the most pessimistic 
scenario, in which emissions continue to grow at an accelerated level, providing 
for an additional 8.5 W/m2 storage. In such a situation, according to the IPCC, 
the Earth’s surface could heat between 2.60 and 4.80  °C over the twenty-first 
century.

T. R. Moreira et al.



93

As shown in the methodology of item 3.1, step 2, the current annual average 
temperature was calculated for the state of Espírito Santo. After obtaining the cur-
rent temperature using the ArcGIS application it was necessary to simulate the 
increasing temperature effect of +3.7 °C, obtained by the average temperature incre-
ment proposed by the scenario 4 of the IPCC’s fifth report.

With the matrix images of annual average temperature (Step 2) in the application 
computational analysis, the function of “spatial reclassification” was applied based 
on the aptitude, restriction and inaptitude classes (Table 2.3) in order to generate the 

Fig. 2.5 Temperature suitability class for robusta coffee (Coffea canephora Pierre ex Froehner) 
for the state of Espírito Santo, Brazil. (a) Current annual average temperature (°C) and (b) average 
annual temperature with increase of 3.7 °C. Source: Authors
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reclassified matrix images of temperature indices for Robusta coffee (Fig. 2.5) and 
Arabica coffee (Fig. 2.6) in the state of Espírito Santo.

As shown in Fig. 2.5, it can be seen that there was a reduction in the Robusta 
coffee growing area according to the current temperature (Fig. 2.5a) compared to 
the future area based on an increase of 3.7 °C (Fig. 2.5b). The same trend can be 
observed for Arabica coffee, as shown in Fig. 2.6, it can be seen that there was a 
reduction in the Arabica coffee growing area according to the current temperature 
(Fig. 2.6a) compared to the future area based on an increase of 3.7 °C (Fig. 2.6b).

Fig. 2.6 Temperature suitability class for arabica (Coffea arabica L.) for the state of Espírito 
Santo, Brazil. (a) Current annual average temperature (°C) and (b) average annual temperature 
with increase of 3.7 °C. Source: Authors
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Genetic improvement and adaptability of species may change this scenario. 
However, the change in the area apt to produce coffee varieties has already been 
noted by coffee growers in the state of Espírito Santo.

6  Final Considerations

Considerations about the development of this research can be found below:

• The IPCC reports are an important source of knowledge, drawing attention to 
concerns about possible future changes on our planet. Despite some criticism of 
the reports, for the most part the information released is well accepted by the 
scientific community and governments worldwide. Forecasts published in the 
reports are confirmed through scientific research conducted by experts, institu-
tions, and organizations around the world.

• The IPCC’s predictions on climate change, especially regarding temperature 
increases, may lead to a shift in farming areas that are currently suitable for dif-
ferent crop production, which will make the production process more expansive 
and reduce the supply of products on the market. Additionally, deforestation of 
preserved areas to create new agricultural poles will occur.

• Some foods considered to be food security products by FAO, such as rice, can be 
directly affected by climate change, thereby reducing supply, which may lead to 
direct conflict due to food shortages, especially in developing countries.

• Coffee crops will suffer directly in this process of climate change, with a drastic 
reduction in areas suitable for cultivation and with a possible extinction of native 
species of this crop.

• The study of climate change in regards to soil-climate zoning is an alternative to 
predicting possible damages to the environment and with this, drawing plans and 
goals to mitigate negative impacts to the environment.

• However, the best way to mitigate the environmental impacts of climate change 
is undoubtedly the reduction of greenhouse gases emissions, mainly CO2, so that 
crops and humans can adapt to only natural changes in the climate.
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1  General Introduction

The food production must grow 70% until 2050 to solve the world food demand 
which is growing fast, reaching the number of 7.7 bilious people in 2019 (FAO 
2009). In order to fit this reality, the agricultural sector requires technological 
innovations to increase productivity, income distribution and to reduce the envi-
ronmental impact of important monocultures, for instance, the crop coffee. In 
addition to increasing the production using social and environmental low-cost, is 
also important that production be cheap and healthy. In this context, one way of 
innovations in this sector is taking into account the biological component, since 
it is closely interrelated with physical and chemical components. These three 
components together will influence the productivity and sustainability of agricul-
tural systems. The focus should not be only in increasing production and produc-
tivity, but recognize the role of technological activity aiming to produce better 
and favoring the quality the health, sovereignty and food security (Prates Júnior 
et al. 2019).

The soil is the basis of the agricultural production. Historically, the study of soil 
quality has underestimated the role of biota in many soil functions, focusing mainly 
on chemical and physical attributes. However, the majority of these abiotic factors 
are affected directly by the biotic processes (Lee 1994), with a highlight to the role 
of microorganisms and their processes in the sustainable functioning of ecosys-
tems. The soil microbiota plays an active role in the properties on soil attributes, 
such as: (1) physical attributes; (2) nutrient availability for plants due to participa-
tion in geochemical processes like biological nitrogen fixation, phosphorus cycling; 
(3) reduction of toxic levels of agrochemicals and heavy metals; (4) increasing the 
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tolerance of plant against biotic and abiotic stress. All these features together pro-
vide a better development of vegetal community (Moreira and Siqueira 2006; Tate 
and Klein 1985).

The soil microbiology and biochemistry become a wide field for investigation 
following the molecular biology progress, using DNA sequencing platforms, which 
has been able to study of microbial community independent of cultivation. Besides, 
soil microorganisms present high biotechnological potential, since many of them, 
are able to improve the agricultural productivity, favoring the strategies for getting 
food with higher quality, using lower fertilizer, by using adequate inoculation and 
inducing appropriate fermentation of coffee grains.

The consumption of coffee is increasing in the world, demanding an increase in 
production and productivity by the coffee, and coffee quality beverage, food secu-
rity and environmental conservation. The coffee quality goes beyond stimulating 
and antioxidant properties such as caffeine, chocolate, caramel, walnut and/or 
vanilla flavors, of the sweet, fruity or tannic flavors that please the most demanding 
palates (Pimenta et al. 2018). It also includes socio-environmental and human health 
aspects. Thus, the food with low risk of toxicity by chemical or biological agents, 
with greater durability and added nutritional value, which promotes biodiversity 
conservation and local development, is highlighted worldwide.

The objective of this chapter is to show that soil microorganisms make up the 
coffee microbiome and the groups that most promote coffee plant growth and health 
(Fig. 3.1), as well as discuss how they can act in the final quality of the beverage. 
Thus, it is necessary to understand the microbiome composition in plant, and indi-
cators that determine the coffee quality, which are multifactorial, involving soil con-
ditions, climate, altitude, genetic variability and the production management.

Coffee beverage quality is also a determining factor for marketing. Therefore, 
our intention is to help readers to understand how important soil microorganisms 
are for obtaining this final quality, as what is the main microorganism’s contribution 
(Table 3.1). The rhizosphere communicates with microorganisms and allows them 
to colonize externally and internal plant tissues, which can reach fruits and resulting 
in changes in sensorial characteristics. Besides rhizospheric, epiphytic and endo-
phytic microorganisms can promote plant growth and health, being of broad interest 
for biotechnological applications, others interesting includes all the coffee chain 
production, including the pre-harvest phase, seedling production, plant growth and 
health, as well as fertilization, until post-harvesting, from storage to fermentation 
and beverage preparation.

Microorganisms are ubiquitous and are present in all stages of coffee production, 
from planting to post-harvest, providing nutrients, degrading compounds and excret-
ing metabolites that modulate the final quality of coffee beverage (Fig. 3.1). Thus, they 
are extremely important in soil management, environmental quality, biological control 
and agricultural production, contributing to give regional identity to coffee (terroir), 
because their activities, due to the direct effect and production of secondary metabo-
lites, imply in differences in nutrient availability, food safety, aroma and taste of coffee.

Experimentally, quality is not an easy issue to demonstrate because there are 
complex factors in the interaction between plant and soil microorganisms, along 
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with consumer perceptions. First, quality is a broad concept that can relate to agro-
nomic aspects such as: (a) fruit maturation and availability of soluble solids; (b) 
nutritional, in terms of nutrient availability or caffeine content; (c) organoleptic, 
including perception of fruity aromas, acidity and coffee bitterness. In addition, 
quality may also be referred to in terms of socio-environmental or human health. In 
this case, agroecosystems that increase sustainability through proper management 
of the microbiota can promote increased coffee quality.

Food and food processing have become extremely industrialized, driving consum-
ers away from the beneficial microorganisms that make up the microbiome (= the set 

Fig. 3.1 Role of soil microbiota in the coffee beverage. In the field, soil microorganisms support 
the growth of coffee plants by favoring the uptake of nutrients, as well as protecting them against 
biotic and abiotic stress. Art: Tomas Gomes Reis Veloso. Source: Authors
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Table 3.1 Functional groups of microorganisms and their main contributions to the healthy 
development of the coffee plant. The positive sign (+) shows the function performed by the 
microorganism group

P. P. Júnior et al.
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of microorganisms that inhabit our bodies) that are critical to our well-being. Plants 
also have a microbiome that is essential for keeping them healthy, capable of over-
coming adverse conditions and producing high quality food (Fig. 3.1 and Table 3.1). 
The microorganisms act together with the host plant, forming a metaorganism (holo-
bionte), with a multitude of genes that enable a large amount of functions.

Curiously, the coffee microbiome is a determinant of beverage quality, but also 
coffee consumption and beverage quality can directly influence our microbiome 
(Nishitsuji et al. 2018). Thus, the quality of coffee can contribute to our well-being 
due to the availability of nutrients such as phosphorus, magnesium and potassium 
(Mussatto et al. 2011), as well as beneficial molecules, such as polyphenols that 
diminish the effect of free radicals.

Microorganisms play an important role in plant nutrition by solubilizing and min-
eralizing nutrients and making them available to plants from inorganic and organic 
sources, respectively (Table  3.1). The availability of nitrogen, for example, can 
imply in caffeine and protein synthesis, which are of great importance in the taste of 
the drink. There are microorganisms that act on soil nitrogen dynamics, including 
ammonification, biological nitrogen fixation nitrification, and denitrification, being 
important in the availability of this nutrient, which influences the coffee quality 
(Fig. 3.1 and Table 3.1). In weathered soils, phosphorus limits coffee production and 
beverage quality, however arbuscular mycorrhizal fungi and phosphate solubilizing 
microorganisms may help to make better use of phosphate fertilization.

Microorganisms can promote plant growth through the production of phytohor-
mones and their analogues, nitrogen fixation, and increased nutrient availability, 
such as phosphate solubilization and by organic matter mineralization (Table 3.1). 
Proper nutrition balances protein synthesis, leading to increased metabolic capacity, 
including secondary compounds such as caffeine, as well as increasing resistance to 
attack by pathogens and parasites. Plant disease control mechanisms are known to 
include competition between microorganisms for space and nutrients, antimicrobial 
production, and induction of systemic resistance.

Microorganisms play a role in the secondary metabolism of plants either by 
direct production of compounds or by improving nutritional status and controlling 
pathogens that hinder plant growth and drink quality (Fig. 3.2). The high quality of 
coffee is related to the secondary compounds especially produced by the plants that 
are responsible for the flavor and aroma of the beverage, such as caffeine, proteins, 
phenolic and volatile compounds.

During coffee production, management has direct effects on soil microbiota and 
on the quality of products such as coffee and wine. For example, microbial activity/
diversity in organic farming systems is higher when compared to conventional sys-
tems (Velmourougane 2016). This is because organic matter is an important source 
of nutrients for microorganisms, as well as improving the physicochemical condi-
tions of the soil and consequently the colonization and abundance of a diversity of 
microbial groups.

Soil, including its physicochemical and biological properties has an effect on 
coffee quality (Avelino et al. 2005; Haile and Kang 2019) and that long-term mono-
culture alters the chemical properties and microbial composition of the soil, decreas-
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ing bacterial diversity, as well as the abundance of plant growth-beneficial 
microorganisms such as Nitrospira sp. and Trichoderma sp. (Zhao et  al. 2018). 
These changes may affect the quality of the final product, especially in terms of 
complexity of aromas and flavors and sustainability of production systems.

Plant density, for example, implies soil cover level, amount of light on fruits, root 
biomass and competition between plants. This will entail complementary manage-

Fig. 3.2 Main roles of microorganisms in soil and fruits of coffee. In soil they support the nutrient 
cycling, such as nitrogen and phosphorus. Arbuscular Mycorrhizal Fungi (AMF) increases nutri-
ents and water uptaking. Art: Tomas Gomes Reis Veloso. Source: Authors
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ment strategies such as fertilizer use, frequency of pruning, crop residue manage-
ment, need for spontaneous plant control, pest and disease incidence. It is necessary 
to favor management practices that allow the maintenance of organic matter, con-
tributing to the improvement of soil quality, stimulating microbial communities, 
including increase of biomass, microbial diversity, enzymatic activity and perfor-
mance of important functional groups, such as solubilizes phosphate and nitrogen 
fixators. Under favorable conditions, the microbiota acts on the decomposition of 
organic waste, promoting nutrient cycling, reducing the need for fertilization and 
protecting the plant from opportunistic agents.

The climate is one of the protagonists in the production of coffee with high quality 
drink. In this case, it is necessary to understand that the climate acts directly on the 
plant physiology and selects the associated microbiota, which plays an important role 
in improving the quality of the drink. Associated microbiota improving the plant’s 
nutrition, stimulating the production of secondary compounds or even by the fermenta-
tion of the grains. The regulation of the microclimate can be by shading the coffee trees 
by means of consortia or agroforestry systems, which can favor the coffee quality either 
directly by the effect of light intensity, but also by the modulation of the microbiota.

Changes in soil physical-chemical characteristics could affect plant physiology 
and associated microbiota composition. Winegrowers, for example, recognize the 
influence that soil type has on grape production and hence on wine quality (Wang 
et al. 2015). Thus, we can assure that it is important to keep the microbiota active 
and balanced, capable of providing essential nutrients to coffee plant, transmitting 
desirable characteristics for its quality.

Management practices greatly influence soil microbiota, so it is reasonable to 
assume that techniques such as harvesting, postharvest and processing have impli-
cations for microbiota and coffee quality. In addition, management strategies that 
minimize the impact of productive systems due to consortium use and local input 
use are growing, both in number of farmers and in acreage, resulting in differenti-
ated niche markets that add quality and value to coffee.

In this chapter, we will describe the direct and indirect actions of microorgan-
isms that promote soil improvement and plant health and nutrition. Furthermore, 
management system, microclimate and proper fermentation of beans to obtain high 
quality coffee. It can be said that the plant outsources activities, requiring microor-
ganisms in the processes of nutrient absorption and protection against pathogens. 
Therefore, it is a matter of recognizing the synergisms between soil-plants- 
microorganisms, in a more holistic view of the productive systems.

Next are presented the main groups of soil microorganisms, such as plant growth- 
promoting rhizobacteria (PGPR), diazotrophic (nitrogen-fixing) bacteria, plant 
growth-promoting fungi (PGPF), and arbuscular mycorrhizal fungi, as well as the 
crop management that contribute to plant development and nutrition and beverage 
quality of coffee.
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2  Soil Microorganisms in Coffee Crop Management

2.1  Plant Growth Promoting Rhizobacteria (PGPR)

Plant-growth promoting rhizobacteria (PGPR) constitute a very broad group of 
microorganisms, since under this designation any bacteria living in the rhizosphere 
beneficially influence the growth and health of plant. Some mechanisms of action of 
these bacteria have been elucidated and there are tests carried out in culture medium 
that allow the evaluation of phytohormones production, biological control of phyto-
pathogens, assimbiotic or symbiotic nitrogen fixation and phosphate solubilization 
(Fig. 3.1 and Table 3.1).

Induction of plant growth promotion by PGPR may occur through direct and/or 
indirect mechanisms, including the production of phytohormones and volatile sub-
stances, such as ethylene, solubilization and increasing the availability of low 
mobile nutrients in the soil (e.g. P and Zn), and biological nitrogen fixation. Indirect 
effects include control of pathogenic organisms, increased tolerance to abiotic 
stress, such as weather, water, xenobiotic compounds and heavy metal, in nature.

Phytohormones production is beneficial at low concentrations, but can be detri-
mental at high concentrations, so its role in promoting growth may be a little more 
complex. Biological control, in turn, usually occurs through the production of anti-
biotics, bacteriocins, competition for space and nutrients, parasitism, production of 
Fe+3 chelators, as well as resistance induction. The production of siderophores, for 
example, allows the chelation of ferric ions (Fe3+) produced by microorganisms 
under conditions of deficiency of this element.

Some genera stand out as PGPR, including Pseudomonas, Agrobacterium, 
Enterobacter, Rhizobium, Burkholderia, Bradyrhizobium, Azospirillum, 
Streptomyces, Herbaspirillum, Acetobacter and Bacillus can occur abundantly in the 
rhizosphere, which can influence positively the coffee quality.

Despite the potential benefits promoted by PGPR, the use of growth promoting 
bacteria as inoculants is still lead-off and the results are diverse. The main cause of 
inconsistent results is due to variation in root colonization by bacteria. However, 
PGPR associated with coffee plants can solubilize phosphate (Muleta 2007) and 
reduce the need for phosphate fertilizer and increase productivity by making more 
phosphorus available to the roots, since strains are capable of solubilizing organic 
and inorganic phosphate. It is possible obtain isolates and develop commercial 
PGPR-based products that support the sustainability and quality of coffee.

2.1.1  Diazotrophic Bacteria

The major limitation for biological nitrogen fixation (BNF) in non-symbiotic sys-
tems is the availability of carbon sources to prokaryotes and, consequently, to obtain 
energy, since the process demands a large amount of ATP. This limitation may be 
offset by the plant’s closest location to the diazotrophic bacteria, around or within 
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the roots, as endophytes. Thus, diazotrophic bacteria from non-leguminous plants 
can be grouped into three categories: rhizospheric organisms, facultative endolytic 
organisms and obligatory endophytic organisms (Baldani et al. 1997; Franche et al. 
2009). In the first category are all species that colonize the roots superficially. The 
facultative endophytic microorganisms are those capable of colonizing roots inter-
nally and externally and the third group, considered of greater importance, those 
that colonize the interior of roots and the aerial part of non-leguminous plants.

Once inside the plant, endophytic diazotrophic bacteria are located mainly in the 
intercellular spaces, between the root cortex cells, in the stretching region; however, 
some bacteria can also colonize the plants intracellularly, being present in the cortex 
cells and less frequently in the conducting vessels of the xylem. Endophytic diazo-
trophic bacteria are favored because the interior of the plant represents a habitat 
more protected from other microorganisms, in addition to greater access to nutrients 
provided by plants.

Generally, these bacteria cannot fully meet the plant N demand for NFB alone, as 
is the case with rhizobia that establish a binding symbiosis with leguminous plants. 
However, they can strongly influence the nitrogen nutrition of the crops to which they 
are associated, increasing N assimilation capacity, indirectly, with the increase of the 
root system, or directly, stimulating the plant N transport system (Table 3.1). Research 
suggests that inoculation promotes better absorption and utilization of available N.

Nitrogen fixing bacteria (NFB) can be used to reduce costs and optimize coffee 
plant growth (Mendonça et al. 2017). Stimulation of NFB in soil can be done by 
several methods, such as the addition of coffee residues (coffee grounds), as well as 
by the addition of intercropping plants such as Crotalaria spp. that favors microbi-
ota and nitrogen cycling (Mendonça et al. 2017).

2.1.2  Microorganisms in Biological Control and Pathogen Suppression

Antagonism and disease suppression can occur by the action of various functional 
groups of microorganisms that increases nutritional safety and drink quality, for 
example PGPR, which have potential antagonists. These bacteria are able to reduce 
disease incidence due to siderophores production, antibiotics, enzyme production as 
well as resistance induction, competition due to root colonization (Table 3.1). The 
use of PGPR with potential antagonist can reduce the intensive use of pesticides to 
control pests and diseases that promote social and environmental problems resulting 
from contamination of soil, food and consumers.

For example, rust, caused by the fungus Hemileia vastatrix, is one of the main 
coffee diseases, being the control performed mainly with fungicides. However, it is 
known that the market is increasingly demanding, restricting the use of pesticides, 
which leads to search for alternatives such as biological control. There are microor-
ganisms, among which Beauveria bassiana, Pseudomonas sp. and Bacillus spp. 
capable of producing antimicrobial substances inhibiting the incidence of coffee 
rust (Barra-Bucarei et al. 2019).
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Fungal species may act as antagonists and/or hyperparasites of Hemileia vasta-
trix, such as fungi Lecanicillium lecanii, Acremonium sp. e Cladosporium sp. 
(Cacefo et al. 2016; Haddad et al. 2014; Jackson et al. 2012), contributing to mini-
mize the severity of the disease and, consequently, the use of pesticides reducing 
waste in the production chain.

Therefore, it must be recognized that cultural practices and crop management 
systems create an environment that favors antagonists, induces plant resistance or 
disadvantages environment for the pathogen. Considering that pathogen can be 
spread by soil or the equipment used during the management, attention is needed to 
reduce this kind of contamination, paying attention to what is happening around. 
Strategies of inoculation has also been needing to guarantee the antagonistic popu-
lation in these areas.

2.2  Plant Growth Promoting Fungi (PGPF)

Plant growth promoting fungi (PGPF) can colonize plant rhizosphere, promoting 
growth promotion and protecting against pathogens. Among these species, the 
genus Trichoderma deserve to be highlighted for their role in disease control due to 
their ability to secrete antifungals, as well as their role in promoting plant growth 
(Shaw et al. 2016). Species of the genus Aspergillus are able to act as pathogen 
biocontrollers and solubilize organic and inorganic phosphate, contributing to 
increase nutrient availability to plants.

The dark septate fungi (Ascomycota), such as Heteroconium, Darksidea and 
Phialophora, forming septate and melanized hyphae. They can promote plant 
growth and health by reducing stress abiotic and biotic and increasing the absorp-
tion of nutrients.

Piriformospora indica (Basidiomycota, Sebacinaceae, Sebacinales) is consid-
ered a PGPF and is capable of promoting the growth of a variety of plants of agro-
nomic and forest interest (Zuccaro et  al. 2009). This is because it increases the 
volume of soil explored and allows for increased nutrient uptake, such as phospho-
rus and nitrogen, as well as assisting plant survival under water or saline stress 
conditions (Oelmüller et al. 2009; Varma et al. 2012; Waller et al. 2005). It can be 
used in biological control against Fusarium subglutinans f. sp. ananas on pineapple 
(Moreira et  al. 2016), or Rhizoctonia solani in rice plants (Nassimi and Taheri 
2017). They can be used for in vitro seedling promotion and in the acclimatization 
process of seedlings.
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2.3  Arbuscular Mycorrhizal Fungi (AMF)

Arbuscular mycorrhizal fungi (AMFs) belong to the phylum glomeromycota, are 
considered ancestral fungi and capable of forming mycorrhizal with various plant 
species (Parniske 2008; Schüßler et al. 2001) They are obligate biotrophic microor-
ganisms that colonize 85% of terrestrial plants (Brundrett and Tedersoo 2018). The 
term mycorrhiza refers to a variety of symbiotic associations between plants and 
fungi that colonize root cortical tissues during the period of active plant growth 
(Fig. 3.3). In general, mycorrhizal fungi benefit plants by increasing the effective 
surface area for nutrient and soil water absorption (Brundrett and Tedersoo 2018; 
Smith and Read 2008).

Arbuscular mycorrhizal fungi (AMF) reproduce asexually with the formation of 
spores that are also used in their taxonomy (Fig.  3.4). The hyphae explore areas 
beyond the root depletion zone, as well as the fact that they are smaller in diameter 
than the roots (Helgason and Fitter 2005). Thus, hyphae are more efficient in absorp-
tion and can exploit non-plant accessible microsites. In addition, mycorrhizal fungi 
provide nutrients previously unavailable to plants, either through solubilization, such 
as phosphorus and through the mineralization of organic matter. Thus, plants with 
mycorrhizal association are often more competitive and are better able to tolerate 

Fig. 3.3 (a) Roots of arabica coffee plants colonized by arbuscular mycrrhizal fungi. (b) In this 
association are formed arbuscules (1 and 2) and vesicles (V). (c, d) Arbuscules type Paris. Art: 
Tomas Gomes Reis Veloso. Pictures Marliane de C. S. da Silva. Source: Authors
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environmental stresses, such as surviving in low moisture and nutrient soils (Arriagada 
et al. 2009; Bonfante and Anca 2009; Sanders and Croll 2010; Vergara et al. 2019).

Among seven types of mycorrhizal association, arbuscular mycorrhizae are 
probably the most common and most abundant in all ecosystems in the most diverse 
regions of the planet (Brundrett and Tedersoo 2018). This mycorrhizal association 
are characterized by the formation of non-septate hyphae external to the roots, intra 
and intercellular hyphae in the cortex cell layers, as well as intracellular shrubs and 
intra and intercellular vesicles (Fig. 3.4). The development of this symbiosis results 
in the formation of branched structures within plant cells, which appear to be the 
main nutrient exchange point between fungi and plants (Smith and Read 2008).

The beneficial effects of arbuscular mycorrhizae are most apparent under condi-
tions of limited nutrient availability. Root colonization is found to be significantly 
reduced under conditions of nutrient abundance. However, these regulatory mecha-
nisms have not yet been fully elucidated. From the agronomic point of view, the 
greater development and productivity of mycorrhized plants is the most important 
effect. Plants colonized by AMF have their nutritional requirements reduced by half 
or even 1/10 when compared to non-mycorrhized plants (Siqueira et  al. 1998). 
These effects are most pronounced for nutrients that have low soil mobility, such as 
P, Zn and Cu for most plants, and N for legumes. In this case, although mycorrhizae 

Fig. 3.4 Spores of AMF, collected in arabica coffee plantation: (a) Acaulospora mellea, (b) 
Glomus fuegianum, (c) Acaulospora scrobiculata, (d) Glomus aggregatum (Prates Júnior et  al. 
2019). Pictures: Paulo Prates Junior and Karl Kemmelmeier
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do not have the ability to fix atmospheric N2, they favor N2 nodulation and biologi-
cal fixation, especially under suboptimal P conditions (Pacovsky 1989). Thus, the 
use of nutrients of the soil solution, mineralized or supplied by fertilization will be 
increased by AMF and the fertilizer requirement may be decreased in the same pro-
portion (Silveira 1992). The higher absorption of nutrients such as phosphorus is 
due to the carriers that absorb inorganic P of the soil and transfer it to the plant 
(Bonfante and Anca 2009; Helgason and Fitter 2005). In the tropical regions with 
light and temperature in favorable conditions to plant growth, there are areas with 
serious restrictions to commercial crops due to low rainfall, high acidity and a low 
fertility soil. In the Brazilian Cerrado that is an important area of coffee growing, it 
has adverse conditions to plant growth. In these areas, the mycorrhization is impor-
tant because it helps to reduce negative pressure from the unfavorable environment 
on plants.

The mycorrhizae are widespread in roots of coffee tree, since of initial phase of 
seedling formation (Cardoso 1978) to adult plants (Cardoso et al. 2003; Siqueira 
et al. 1998). Coffee is highly dependent on mycorrhization in the seedling phase 
(Siqueira and Colozzi-Filho 1986), since the roots are very rudimentary and poor in 
root hairs.

Coffee are mainly cultivated in monocultures, which select AMF species that are 
more environmentally friendly but with low efficiency in promoting the benefits of 
mycorrhization (Johnson et al. 1992). Efficient AMF are generally exotic and have 
difficulty staying in the field after transplantation due to low adaptation to new eda-
phoclimatic conditions.

The AMF, such as Claroideoglomus etunicatum and Dentiscutata heterogama, 
provide an increase in the competitiveness of coffee plants in relation to weeds 
(França et al. 2016). It is necessary to recognize that mycorrhizal fungi affect the 
sustainability and quality of coffee, and its diversity and abundance are influenced 
by management systems (Prates Júnior et al. 2019), efforts should be made to favor 
the benefits from them.

3  Effect of Soil Physicochemical and Microbiological 
Characteristics on Coffee Quality

The nutritional aspect of a coffee tree directly reflects on the quality of their fruits 
and, consequently, the beverage quality of coffee. This occurs because a nutrition-
ally balanced plant is more efficient in producing photoassimilate, which can be 
allocated as an energy source for metabolism and defense against pathogens (Huber 
et al. 2012). Biochemically the synthesis of photoassimilates required water (H2O), 
carbon dioxide (CO2) e minerals. Among these, the CO2 does not limit the produc-
tion once it is abundant in the atmosphere, and, except in cases of low rainfall rates, 
the availability of H2O in soil is normally enough for growing coffee trees. Thus, in 
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soil the limiting factor for production is the availability of minerals in soil, including 
the dynamics of the microbial community.

The soil natural fertility depends directly on the activity of soil microorganisms, 
which mineralize the insoluble and indigestible organic compounds, making them 
available for plants. In that way, the presence of microorganisms in soil is an impor-
tant aspect to ensure nutrient availability in soil. For example, the association with 
phosphate solubilizing fungi (Aspergillus niger and Penicillium brevicompactum) 
increases the phosphorus availability and vegetative growth (Rojas et al. 2019).

Although the tropical soils, which are the main coffee producers, have usually 
good physical attributes, with appropriate drainage capacity and water storage, they 
are chemically weathered, with low phosphorus availability. Intending to increase 
the productivity, many crops have displayed nutritional imbalance due to unsuitable 
fertilization, which in many cases uses NPK fertilizers, culminating in the depletion 
of other minerals that are not present in this type of fertilizer (Nziguheba et al. 2009).

The presence in soil of arbuscular mycorrhizal fungi (AMF) is an alternative to 
supply nutrients to the coffee trees, especially a little mobile in soil, like P and Zn. 
The importance of mutual association between AMF and the majority of plants was 
described by Smith and Read (2008), where the exchange of carbohydrates and other 
products produced by plants and mineral nutrients absorbed by AMF is the main 
process. Plants, as well as fungi that participate in the symbiotic process, allowing 
the best distribution of essential nutrients such as nitrogen, phosphorus and zinc.

In addition to the role of AMF in nutrient supply for plants some aspects related 
to physical stability of soil have been reported (Barbosa et al. 2019). Extra-radial 
mycelia of AMF are able to join soil microaggregates (<0.25 mm) to form larger 
aggregates (>0.25 mm), that helps to keep the overall soil structure and increase the 
capacity of water storage. Studies, demonstrated that, overall, the AMF increase soil 
aggregation (Leifheit et al. 2015), due to hyphal net and exopolysaccharide produc-
tion such as glomalin which aid in the aggregate formation.

A good distribution and size of aggregates also influences the oxygen diffusion 
through soil, which can influence the carbon cycling, since cycling is regulated by 
the activity of soil microorganisms which relies on variation of biotic and abiotic 
factors, such as temperature and humidity, influencing the production of secondary 
metabolites.

In addition to physical quality indexes of soil, climate change in micro-scale also 
can influence the microbiota activity in soil, including AMF, due to fluctuation of 
climatic factors, such as altitude, temperature, rainfall, oxygen availability and oth-
ers. Next, it will be evidenced that soil microbial activity is directly related to soil 
nutrient dynamics, coffee nutrition and beverage quality.
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3.1  The Importance of Soil Microorganisms in Soil Fertility 
and Coffee Quality

The microbiota develops an essential role in the ecosystems functioning of coffee 
soil, through the decomposition and cycling of nutrients, acting on the microbial 
conversion of complex organic compounds into simple inorganic compounds, 
increasing their productive capacity (Evizal et al. 2012). In addition, microorgan-
isms act directly on the biogeochemical cycle and nutrient availability to plants. In 
this way, it favors adequate nutrition and, consequently, the quality of agricultural 
products, such as coffee.

Agricultural production in highly weathered soils of the tropics may result in the 
addition of large amounts of mineral fertilizers, however, the costs are significant 
and the socio-environmental liabilities are large. The growth of the organic products 
market and the demand for products with social and environmental responsibility 
seal result in the need to establish strategies to promote soil fertility and decrease 
the use of mineral fertilizers. The development of biofertilizers that use the potential 
of microorganisms to increase the productivity and safety of agricultural products 
such as coffee is booming. Bacterial (PGPR) and fungal (PGPF) isolates have the 
potential to solubilize phosphate, fix nitrogen and produce plant hormones capable 
of stimulating coffee growth and increasing grain quality.

There is a large stock of phosphorus in the soil that is not readily available to 
plants, but functional groups of microorganisms are able to associate with plants 
and make them available. There is phosphate solubilizing rhizobacteria associated 
with coffee that have potential as a biofertilizer due to the production capacity of 
organic acids, such as Pseudomonas spp. and Erwinia (Muleta et  al. 2013). 
Phosphorus is one of the most limiting macronutrients in agricultural production. In 
addition, the coffee tree produces various organic acids (citric acid, malic acid), 
which are important in the quality of the drink, among them phosphoric acid, which 
contributes a lot to acidity, giving a special terroir to high altitude. The availability 
of mineral nutrients are components of many organic molecules, such as proteins 
and secondary metabolism compounds that contribute to the aroma and flavor of the 
drink. All this highlights the importance the coffee growers understand the subtle 
role developed by bacteria in the transformation of chemical elements, such as 
nitrogen, sulfur and phosphorus, biodegradation, neutralization of toxic residues, 
biological control agents and many others functions.

The application low-molecular-weight organic acids have been promoted the 
increase of productivity the quality of coffee beverage (Lemos 2015). Many micro-
organisms present in soil can produce low-molecular-weight organic acids, such as 
citric acid, phosphoric acid, malic acid, which might modulate the final quality of 
coffee beverage. In addition, the organic acids produced by these microorganisms 
transform inorganic phosphorus (Pi) of rocks in forms more bioavailable for a suit-
able fertilization with phosphate.

The implementation of sustainable agriculture encompasses practices that 
improve the activity of beneficial soil microorganisms, capable of modulating soil 
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biogeochemical cycles and affecting soil fertility. AMF play a prominent role in 
coffee nutrition, since has a high degree of mycorrhizal dependence, especially in 
weathered soils with low fertility.

Some efforts to better understand the benefits of AMF inoculation in seedlings, 
associated with seedling substrate composition and phosphate fertilizer doses com-
bined with AMF species pre-inoculation in coffee development and production are 
recognized (Siqueira et al. 1998). In this context, it is important to discuss aspects 
of AMF-coffee symbiosis, seeking to understand the mechanisms and processes 
that influence plant growth and yield results, as well as the pattern of occurrence of 
these microorganisms.

3.2  Effect of AMF on Coffee Growth, Yield and Quality

Mycorrhizal colonization has several positive effects related to nutrient absorption, 
particularly P, being able to favor the increase of coffee growth (Siqueira et  al. 
1998). For example, inoculation with Gigaspora margarita in seedlings of C. ara-
bica 140 days after inoculation resulted in higher dry matter production (7.4 times), 
as well as higher K and P concentration in the shoot (Siqueira et al. 1994).

The inoculation of arabica coffee seedlings with Glomus clarum, Gigaspora 
margarita and indigenous species favored seedling growth, with increased survival 
after transplantation, and yield on average 100% higher than treatment without 
inoculation during the first year of harvest (Collozi-Filho et al. 1994). The evalua-
tion of yield and development of coffee plants for six years, with mixed inoculation 
of Gigaspora margarita, Glomus clarum and 5 isolates of Glomus etunicatum, dem-
onstrated the positive influence on height, crown formation and stem diameter 
(Siqueira et al. 1998).

Inoculation of AMF may also favor biomass production and shoot growth of cof-
fee seedlings subjected to certain concentrations of toxic compounds (Andrade 
et al. 2009). This role played by the AMF opens up possibilities for coffee cultiva-
tion in marginal regions facing problems with salinity or metal contamination 
(Andrade et al. 2010), or with restrictions on commercial crops such as low rainfall, 
acidic and poorly fertile soil, characteristic of Cerrado areas (Collozi-Filho and 
Nogueira 2007). Higher growth in height and survival of plants in the field, when 
associated with a larger number of AMF species in the field, may occur because of 
management practices such as partial shading of coffee, non-use of pesticides and 
reduced mineral fertilization (Retama-Ortiz et al. 2017).

Although AMF may favor plant growth, effects vary depending on the interac-
tion between fungal species, plant species and environment (Bhattacharya and 
Bagyaraj 2002), associated with diverse cultural practices (Andrade et al. 2009) that 
make further generalizations difficult. It is noteworthy that variations in mycorrhi-
zal colonization are also related to the conditions for obtaining data that are quite 
uneven in different studies (Collozi-Filho and Nogueira 2007), which can explore 
soil layers with distinct physicochemical and biological dynamics.
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The best performance of mycorrhized plants is related to the increase in the vol-
ume of soil explored, due to the extension of the extra-root hyphal network that 
contributes to a higher absorption of water and nutrients (Andrade et  al. 2009), 
because the length of FMA hyphae can reach 100 m per cubic centimeter of soil 
(Miller et al. 1995). This feature leads to improvements in nutritional status com-
pared to P (Siqueira et al. 1998); P and Zn (Bhattacharya and Bagyaraj 2002); P and 
K (Siqueira et al. 1994); N, Ca and Mg (Vaast and Zasoski 1992), with inoculated 
seedlings presenting higher concentrations of these nutrients than those not 
inoculated.

Arbuscular mycorrhizal association increase the tolerance to drought, salinity, 
pathogens and high metal concentration (Andrade et al. 2009). It is also related to 
the volume of soil exploited and the improvement of the nutritional status of the 
plants (Fig. 3.5). In addition, from a multifunctionality perspective, AMF promote 
improvements in physical, chemical and biological attributes, compounding to soil 
fertility (Cardoso et al. 2010) that is able to favor the best performance of the coffee 
trees. In this case, it is emphasized that glomalin production and hyphal network 
greatly contribute to the stability of the aggregates and soil water retention (Moreira 
and Siqueira 2006).

Furthermore, mycorrhiza becomes plant able to use nutrient sources by solubi-
lizing inorganic nutrients and mineralizing organic matter. Crop management and 
cultural practices, such as liming, intercropping with legumes, monoculture, among 
others, may alter the physicochemical and biological characteristics of the soil and 

Fig. 3.5 The association with mycorrhizal fungi increases the exploited area of soil around the 
roots. The high input of phosphorus can inhibit the mycorrhizal colonization, therefore decreasing 
the exploited volume of soil. Art: Tomas Gomes Reis Veloso. Source: Authors
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influence the diversity and abundance of AMF (Andrade et al. 2009). Therefore, it 
is important to recognize the various factors that affect the occurrence and diversity 
of these organisms and their biotechnological use.

Soil chemical factors such as pH and Ca and Mg availability have been recognized 
as important aspects for AMF in relation to spore germination and plant colonization 
(Siqueira and Colozzi-Filho 1986). Phosphate concentration affects plant mycorrhi-
zal dependence and symbiotic effectiveness of the fungus (Collozi-Filho et al. 1994). 
It is known that higher availability of P in the soil may contribute to the reduction in 
the percentage of mycorrhizal colonization. However, small applications in poor soils 
may favor this colonization (Moreira and Siqueira 2006; Siqueira and Colozzi-Filho 
1986), as shown in Fig. 3.6. However, the effect of increased P availability may vary 
by AMF species. For example, while higher P availability increased Glomus clarum 
colonization, it resulted in lower Acaulospora mellea colonization in in vitro propa-
gated plants (Vaast et al. 1996). There may also be differences in colonization due to 
nitrogen sources, with ammonium resulting in lower percentage of colonization com-
pared to ammonium nitrate and nitrate (Vaast and Zasoski 1992).

The liming practice can eliminate fungistatic factors that act on spore germina-
tion and composition of AMF populations (Siqueira and Colozzi-Filho 1986) and 
may positively affect the number of spores between coffee rows, perhaps due to the 
occurrence of other plant species that act by stimulating different AMF species. 
There are levels of phenotypic plasticity, with evidence of good adaptability of cer-
tain species to pH conditions, as the presence of Glomus diaphanum, traditionally 
referred to as low acidity tolerance, was recorded at pH 3.9 in the coffee rhizosphere 
(Collozi-Filho and Cardoso 2000). These fungi can also induce pH increase, 
decrease exchangeable acidity and increase exchangeable cation values in the rhizo-

Fig. 3.6 Association between the level of phosphorus in rhizosphere and mycorrhizal coloniza-
tion. Increasing levels of phosphorus inhibit the association, whereas low level content might 
increase it. AMF = Arbuscular mycorrhizal fungi. Art: Tomas Gomes. Source: Authors
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sphere (Vaast and Zasoski 1992), contributing to reduce Al toxicity and allow the 
colonization of species of microorganisms and plants.

3.2.1  Mineral Fertilizers

The level of fertilizers in soil is one of the main factors that must be adjusted, 
because fertilization with phosphate might suppress mycorrhizal colonization 
(Balota and Lopes 1996). For example, 26 months after replanting reduction in 
mycorrhizal colonization was observed due to P application (Siqueira et al. 1998). 
Fertilization with phosphate might reduce mycorrhizal colonization, depending on 
the quantity of P applied, application frequency and the phosphorus content already 
present in soil (Theodoro et al. 2003). However, the inhibitory levels vary according 
to the AMF species involved in the symbiosis and soil conditions.

3.2.2  Organic Fertilizers

Addition of organic fertilizers influences the activity of a great variety of soil micro-
organisms, including AMF. In the organic production systems, the use of rich sub-
strates might become impossible the mycorrhizal colonization and the system 
management to take advantage of mycorrhizal benefits (Trindade et al. 2010). These 
authors recognized the use of manure in substrates for coffee seedlings supports the 
mycorrhizal association due to stimulus of radicular growth, but can disadvantage 
due to greater availability of phosphorus to plants.

In field conditions, the occurrence of AMF spores is reported to be greater in 
organic systems than in conventional or systems using pruning, independently of 
the season (Teixeira et al. 2010). The species diversity is greater in system of organic 
cultivation than in conventional system and some species might sporulate more in 
the conventional (Prates Júnior et al. 2019; Ricci et al. 1999). Nevertheless, it is 
worth highlighting that high number of spores not always indicates the level of 
mycorrhizal colonization, because environment stress can stimulate sporulation in 
some species to increase the possibility of survivor (Stürmer and Siqueira 2011).

The variety of organic inputs is large; therefore, the plant responsiveness depends 
on input source, fungal species and plant genetics (Trindade et al. 2010). In overall, 
the coffee seedlings do not display decrease in colonization when growth on sub-
strates with at least 25% of animal manure (Siqueira et al. 1994). In that way, a 
balanced fertilization using less sources of soluble fertilizers balanced with organic 
sources, which have slow release over time, might contribute to keep the mycor-
rhizal association, although the substitution of mineral fertilizers by organic do to 
ensure the mycorrhizal colonization.
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3.2.3  Green Manure and Other Intercropping or Multiple Crops 
in Coffee Nutrition, Microbiota and Quality

Green manure is an important strategy in availability of nitrogen and other nutrients 
for coffee and soil microbiota, in order of importance: nitrogen (N), potassium (K), 
calcium (Ca), magnesium (Mg) and phosphorus (P). This management technique is 
mainly performed with legumes (Fabaceae), as the ability to associate with nodulif-
erous nitrogen-fixing bacteria called rhizobia (Fig. 3.7). However, green manure can 
be performed with spontaneous plants, many of which are abundant in coffee crops.

It is important to recognize that green manure without proper management can 
result in competition between plants and coffee for water, light and nutrients. The 
identification of the type of weeds is very important for the choice of the appropriate 
management allowing opting for more adequate management practices, aiming at 
the highest efficiency and the lowest cost. It is necessary to manage the plants to 
minimize competition, while the plants used as green manure must cover the soil, 
avoiding direct radiation, moisture loss and nutrients (Fig. 3.8). This favors micro-
biota, soil conservation and the sustainability of coffee production.

Coffee production in less intensive systems using green manure favors the diver-
sity of arbuscular mycorrhizal fungi (Prates Júnior et al. 2019). Studies on the ben-
efits of green manure for coffee production by stimulating AMF populations are 
scarce (Rivera 2010). However, it is known that there are species of green manure 
with high mycorrhizal dependence that are capable of increasing the inoculum 

Fig. 3.7 Germination of Canavalia ensiformis (L.) DC, Fabaceae, after application of green 
manure in arabica coffee cultivation, in Araponga—Minas Gerais, Brazil. Picture: Paulo Prates 
Júnior. Source: Authours
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Fig. 3.8 Green manure supports better water retention in soil and increase microbial diversity, 
allows the presence of antagonistic microorganisms, which produce compounds able to inhibit 
pathogens and help nutrient absorption. Art: Tomas Gomes Reis Veloso. Source: Authors

potential in cultivated and neighboring areas, becoming an important practice in per-
manent monocultures, such as coffee cultivation (Collozi-Filho and Cardoso 2000).

The coffee consortium with Crotalaria breviflora was able to increase the num-
ber of spores and different plant species stimulated different AMF species (Collozi- 
Filho and Cardoso 2000). The use of crotalaria, sorghum and bean (Canavalia 
ensiformis) in Cambisol stimulated native AMF activity, with nutritional benefits 
for seedlings via Glomus intraradices (Rivera 2010). However, the use of G. intr-
aradices together with the above-mentioned green manures in weathered Red 
Ferralitic soil (Nitosol in the Brazilian Classification System) did not guarantee 
effective mycorrhization (Rivera 2010). It is noteworthy that the varied effects cer-
tainly relate to both types of soil, either through the associated microbiota or the 
physicochemical soil characteristics.

In agroforestry systems of Arabica coffee, compared to monoculture systems, 
they may present a higher number of spores in the upper layers and lower number 
in the deepest layers, possibly due to the greater abundance of roots in these soil 
layers (Cardoso et al. 2003). Similarly, in coffee plantation in agroforestry system 
AMF spores were higher than when fully sun exposure (Bonfim et al. 2010).

There are seasonal differences in spore abundance between shaded coffee culti-
vation and non-shaded monoculture (Arias et al. 2012), less sporulation in the rainy 
season, when there is greater vegetative growth of the plant (Bonfim et al. 2010). 
However, a distinct seasonal pattern occurs between species, for example 
Scutellospora spp. and Gigaspora spp. became more numerous during the dry sea-
son, while species of Acaulospora and Glomus decreased during this period (Tchabi 
et al. 2008).
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In Brazil, coffee plants are generally cultivated as a monoculture. However, the 
use of agroforestry systems in coffee crop has been increased. Agroforestry system 
also favors association with AMF, which are considered key elements to the produc-
tivity (Prates Júnior et al. 2019).

Green manure and agroforestry systems are complementary in increasing the 
quality of coffee production areas, as it favors soil microbiota (Colmenares et al. 
2016) due to the release of exudates and litter formation that allows an extensive 
hyphal network of saprophytic fungi (Fig. 3.9). The diversification of coffee pro-
duction systems contributes to favoring biodiversity and enhancing ecosystem ser-
vices such as nutrient cycling, soil and water conservation. It also promotes coffee 
productivity and soil and climate conditions (Moreira et al. 2018), which is a major 
factor for the production of coffees with organoleptic and socio-environmental 
quality.

Coffee production in shading conditions can not only allow the occupation of 
marginal areas for coffee cultivation and protect frost areas, but also affect the 
decomposition capacity, as well as the competition between microorganisms, 
including pathogens and microorganisms beneficial to coffee quality.

Fig. 3.9 Extensive and abundant fungal mycelium, growing just below the litter layer of the ara-
bica coffee agroforest system in Araponga—Minas Gerais, Brazil. Source: Authors
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4  The Role of Soil Microbiota in Biological Control 
and Healthy of Coffee

Metabolites produced by beneficial microorganisms present in soil and rhizosphere 
can control of phytopathogens and could involve in physiological changes in plant 
(Ortíz-Castro et al. 2009) and, consequently, changes in the final quality of the cof-
fee beverage. There is an incredible diversity of microorganisms that integrate the 
coffee microbiome and colonize its rhizosphere (Caldwell et  al. 2015; Vaughan 
et al. 2015; Velmourougane 2016), and they are capable of modulating plant growth 
and health, as well as producing compounds that integrate the quality, aroma and 
taste of the beverage.

There are misconceptions that microorganisms are harmful, only causing disease 
in plants and animals. Most of rhizosphere microorganisms establish harmonic or 
neutral ecological relationships (e.g. mutualism) with coffee roots, and the minority 
act as pathogenic or antagonistic organisms. It should be clarified that the majority of 
microorganisms contribute to healthy crops, for example by controlling harmful 
microorganisms. Thus, it is necessary to establish management strategies that allow 
greater use of the biological potential of agroecosystems (Cardoso and Kuyper 
2006). Example of intercropping coffee is a strategy for conservative biological con-
trol (Rezende 2010) because it allows a favorable microclimate by providing shelter 
and alternative foods (Fig. 3.10) and increased diversity of AMF (Prates Júnior et al. 
2019), favoring the organoleptic and socioenvironmental quality of the drink.

The microbiota from rhizosphere of coffee plants and/or the use of soil, endo-
phytic microorganisms and their metabolites may control the coffee phytopatho-
gens such as Colletotrichum, Fusarium, Hemileia vastatrix and Pseudomonas 
syringae (Botrel et al. 2018; Muleta 2007; Shiomi et al. 2006). The mechanisms of 
disease suppression are diverse and include competition, antibiosis, nutrient avail-
ability, and resistance induction.

Soil microorganisms produce many volatile and nonvolatile substances that 
allow interactions with other organisms and the environment (Leff and Fierer 2008), 
that have potential in biocontrol (Monteiro et al. 2017) and in the composition of the 
characteristic aroma and flavor of coffee. This is because microorganisms produce 
metabolites that diffuse through plant tissues (Ortíz-Castro et al. 2009), reaching 
the beans, directly influencing the final quality of the drink. For example, actinobac-
teria are recognized for their ability to produce metabolites that inhibit pathogen 
growth, promote plant growth (Shimizu 2011), and may produce lipases and prote-
ases that impart special flavors. Some yeasts present in soil have potential for bio-
control (de Souza et  al. 2017) and in the later stages can colonize coffee grain, 
acting on fermentation that will result in special aromas and flavors (Bressani et al. 
2018), like chocolate, fruity or caramel.

The fungus Cladosporium cladosporioides, for example, can be used to protect 
coffee, including biocontrol of seed rot and mycotoxin producing by other fungi, as 
well as to improve coffee beverage (Chalfoun 2010). Control of pathogens, such as 
species of Penicillium, Fusarium, Alternaria are important because they determine 
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the nutritional value of coffee, the aroma and flavor, giving it a smell of wet earth or 
mold (Iamanaka et al. 2014), as well as release mycotoxins (Pimenta et al. 2018). 
These substances, such as ochratoxin A, aflotoxin B1 and sterigmatocystin are 
 hepatotoxic, nephrotoxic and carcinogenic (Joosten et al. 2001), being produced by 
hyphae and excreted. These substances are stable and resistant to different forms of 
storage and processing conditions (Scott et al. 1992).

The mycotoxin reduces the score on the coffee classification, causing economic 
losses. Some markets set acceptable legal limits for mycotoxins in processed coffee, 
due to the health risks of the consumer. In order to minimize and control mycotoxin- 
producing fungi, fungicides, physical control such as temperature and humidity are 
tested. However, it may pose health risks due to the use of pesticides and increase opera-
tional costs for controlling storage conditions. Promising studies involve biological 
control, including plant and microorganism metabolites. Plant secondary metabolites 
such as caffeine content may decrease the incidence of mycotoxin- producing fungi. 
Microorganisms modulate the production of plant secondary metabolites and act as 
antagonists of mycotoxin-producing fungi. Non-mycotoxin producing strains may be 
employed to compete with mycotoxin producers as well as other groups of microorgan-
isms capable of producing antifungal molecules (Dalié et al. 2010).

Fig. 3.10 Arabica coffee production in agroforestry system with banana’s trees and native forest 
tree species, in Araponga, Minas Gerais, Brazil. Source: Authors
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Adequate levels of control of mycotoxin-producing fungi and other pathogens 
that decreases the coffee drink quality can be achieved by symbiotic microorgan-
isms such as AMF (Ismail et al. 2011, 2013).

Arbuscular mycorrhizal fungi are the most common plant symbionts and play an 
important role in promoting growth and better use of fertilizers (Siqueira et  al. 
1998) and increasing the resistance and protection of coffee against pathogens, 
reducing the use of pesticides (Akhtar and Siddiqui 2008).

The management of microbiota and the use of beneficial microorganisms are an 
important alternative to the use of pesticides, contributing to increase the health and 
food safety of the drink, being a quality factor that worries more and more consum-
ers (Kejela et al. 2016). Thus, the food market without the use of pesticides or with 
seals and traceability ensures that these products have been used properly.

Pesticides in contact with the soil can cause microbiota selection pressure, alter 
the species composition and biochemical processes of this environment, with con-
sequent changes in nutrient availability and therefore soil fertility. The microbiota is 
essential for soil fertility, because through its primary metabolism acts in the trans-
formation of organic and inorganic compounds.

The effects of pesticides on AMF may vary depending on the amount, frequency 
and mode of action of the product used, as well as the type of soil or associated 
microbiota (Perrin and Plenchette 1993). Herbicides generally affect mycorrhizal 
colonization, total and active extraradicular mycelium, spore density and diversity 
(Carvalho et al. 2014; Silve 2011). More sustainable farming models, such as agro-
ecological production systems favor the diversity of AMF (Prates Júnior et al. 2019). 
The need to reduce the use of pesticides and agricultural models that favor the use 
of biological soil potential and encourage the use of more sustainable practices is 
recognized. In addition, there are demanding market niches, such as those that 
advocate natural farming, to which Japanese consumers have joined.

It must be recognized that the environment including management, climate and 
soil directly influences all stages of pathogen-host interaction. Climatic factors such 
as radiation, humidity, temperature are important in plant physiology, pathogens 
and their antagonists.

Climate change may alter the composition, diversity and dynamics of the micro-
bial community, influencing the onset of disease. Climate change results in changes 
in soil level such as nutrient availability, depending on the moisture level and oxy-
gen saturation, temperature. Climate change changes soil quality, for example, if the 
temperature of a given region increases by two or three degrees, the concentration 
of CO2 and O2 will increase, with variation in humidity, pH and temperature. These 
factors have an important effect on soil and soil microbiota and the ecophysiology 
of coffee plants, implying differences in the quality of the beverage.
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5  Effects of Topographic and Microclimatic Factors 
on Microbiota and Coffee Quality

The studies of parameters that affect coffee quality has increased in recent years 
(Chalfoun et  al. 2018). This quality depends on several factors biological, topo-
graphic and microcline, such as soil microorganisms, altitude, sunlight exposure 
and slope (Avelino et al. 2005; Haile and Kang 2019). The use of starter of micro-
bial cultures can produce a coffee beverage with distinct aroma (Pereira et al. 2014). 
In Brazil, the coffee processing occurs mainly by the natural method, which pro-
vides the high microbial diversity (Chalfoun et al. 2018). In beginning of fermenta-
tion, there is a predominance of bacteria and in the end of yeast (Vilela et al. 2010). 
Microorganisms have been isolated and inoculated to obtain new flavors and help 
control and standardize the fermentation process and produce coffee beverage with 
new and desirable flavor profiles (Pereira et al. 2014). Yeast plays a complementary 
role when associated with coffee quality by the synthesis of yeast-specific volatile 
constituents (Pereira et al. 2014).

Ho1wever, little emphasis is given to soil microbiota that aids the growth and 
quality of coffee plants (Fig.  3.2). Furthermore, the topographical and microcli-
matic factors may be directly involved in the ecology of soil microbial communi-
ties. By affecting the microbial community, it is suggested that they also affect the 
quality of coffee, since microorganisms play a fundamental role in the bean fermen-
tation process (Neto et al. 2017; Pereira et al. 2014).

The coffee plant is natural from Afromontane forest of Ethiopia, between 1000 
and 2000 m of altitude, with abundant rainfall and optimal temperature for plant 
growth (Daba et al. 2019). It is recognized that climate is one of the factors that 
directly affect the harvest and final quality of the beverage. This is because the cli-
mate causes physiological changes in the plant, due to changes in water balance, 
radiation, and air temperature (Camargo 2010). Acidity, fruity character and quality 
are typical characteristics of coffees produced in cold climates. The volatile com-
pounds such as ethanol and acetone are indicators of these temperatures and, among 
the volatiles detected, most of alcohols, aldehydes, hydrocarbons and ketones 
appeared to be positively linked to high temperatures and high solar radiation 
(Bertrand et al. 2012). Climate change, which generally involves a rise in average 
temperatures in tropical mountainous regions, can have a negative impact on coffee 
quality (Bertrand et al. 2012).

Climate and microclimate changes directly influence the coffee-associated 
microbiota. For example, the structure of the bacterial community may vary as a 
function of slope, since topographic factors cause differences in microclimate, espe-
cially soil temperature, which correlates with soil carbon and nitrogen content 
(Yuan et al. 2015). Soil microbial activity is also influenced by temperature, mois-
ture, and litter leaching, with changes in heterotrophic respiration and differences in 
the dominance of bacterial and fungal groups (Qiu et al. 2005). The reduction in 
growth and yield of coffee plants grown over long periods in monocultures may be 
linked to changes in chemical properties and soil microbial community, such as 
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organic matter and reduced microbial diversity and potentially beneficial microor-
ganisms (Zhao et al. 2018). While the highest carbon values of microbial biomass 
(C-BMS) were verified in Coffee systems in consortium with tree species and 
Urochloa cv. decumbens and coffee in consortium only with Urochloa cv. decum-
bens, greater plant diversification in agricultural systems positively stimulates 
microbial biomass, probably because these systems provide favorable conditions 
for their development, generating favorable microhabitats and places of refuge 
(Guimarães et al. 2017).

Light intensity, temperature and electrical conductivity of the soil are influenced 
by mountain slope elevation, cropping system and/or an interaction of the two, and 
these factors affect soil macrofauna in coffee plantations (Karungi et al. 2018). So, 
the soil microbiota is also affected as they are more sensitive to environmental 
changes. Like shown in Fig. 3.11, where it shows the composition of soil bacteria 
and fungi at different altitudes obtained by the new generation sequencing tech-
nique (llumina Miseq). The bioclimatic characteristics of a region can influence the 
dynamics of soil microorganisms (Criquet et al. 2004; Srivastava et al. 2014). Even 
coffee monoculture for long years can reduce the richness of soil bacteria and fungi 
(Zhao et al. 2018), including arbuscular mycorrhizal fungi (Prates Júnior et al. 2019).

High altitudes and annual precipitation less than 1500 mm are favorable for cof-
fee quality (Decazy et al. 2003). Grain filling is more critical in lower altitude condi-
tions, as the plant completes this process in a shorter time and may suffer greater 

Fig. 3.11 Taxonomic composition of fungi and bacteria in soil of arabica coffee crops throughout 
altitude gradient (700–1100 m) in Espírito Santo, Brazil. Source: Authors
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wear, because it presents shorter fruit formation period and in situations with some 
stress, the plant may not have time for recovery, with damage to the final fruit for-
mation (Laviola et al. 2007).

In locations with milder temperatures, usually found with elevation, there is an 
influence on the allocation phase of photoassimilates in coffee fruits and leaves and 
the prolongation of these phases is directly related to the final quality of coffee, 
leading to a higher accumulation of chemical constituents that are related to the bet-
ter quality of the coffee beverage, while the shortening of this phase caused by 
higher temperatures, is related to the decrease in the final quality of the product 
(Laviola et al. 2007). High temperatures induce the accumulation of foreign flavor 
compounds even after roasting (Bertrand et al. 2012). Increased caffeine content 
and decreased fat content according to altitude have also been reported (Guyot 
et al. 1996).

Higher altitude coffees with open or medium shading have superior grain quality, 
these growing conditions also favored the production of beans with lower content of 
caffeine (Tolessa et al. 2017). Increases in fresh weight of fruits regularly collected 
from flowering to maturity, significant reduction in sucrose content and an increase 
in reducing sugars were observed in shade-grown coffees (Geromel et al. 2008). 
Shadow and altitude, delaying maturity, allow, from a physiological point of view, 
an improvement in quality, which translates into an increase in acidity and sugar 
content, important compounds for aroma formation (Guyot et  al. 1996). Quality 
score changes driven by altitude, shade and harvest period are small, although they 
can induce drastic changes in fraction Q1 (specialty 1) ≥  85 versus coffee Q2 
(80–84.75) (Tolessa et al. 2017). Shade-free coffees are bitterer, which emphasizes 
the importance of shade for quality; an excess of bitterness is detrimental to the 
quality of arabica coffees (Guyot et al. 1996). Coffee quality and soil fertility can be 
maintained under the shaded system compared to the unshaded or open system, and 
the soil microbial population is higher in areas where coffee is grown at higher 
elevations and in shade (Velmourougane 2017).

Crop systems also cause changes in soil microbial populations when compared 
to the natural condition of the native forest environment (Ferreira et  al. 2018). 
Agroforestry systems for example increase the quality of coffee plantation areas due 
to increased soil microbial activity (Colmenares et al. 2016). Macauba trees modify 
the coffee crop microclimate in the agroforestry system, reducing the maximum air 
temperatures and the intensity and availability of photosynthetically active radiation 
and can be considered an adaptation strategy under future climate variability and 
changes related to high and low temperatures (Moreira et al. 2018). Molecular ana-
lyzes have shown that the agroecological management system maintains a greater 
diversity of arbuscular mycorrhizal fungi, even being similar to the diversity of 
natural forest compared to conventional systems, showing that agroecology is a 
management system applicable to sustainable coffee production (Prates Júnior 
et al. 2019).

Among the soil microorganisms that actively participate in the growth and devel-
opment of coffee plants are AMF. Among the factors that affect the community and 
the potential for inoculation of AMF, there is soil revolving, which promotes frag-
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mentation of the hyphae network, exposing them to the incidence of solar radiation, 
high temperatures, humidity variations and predators (Carenho et al. 2010). Thus, it 
is noteworthy that the use of brush cutters and no weeding for control of spontane-
ous plants showed conservative character for mycorrhizal colonization, total and 
active extraradicular mycelium, density, and diversity (Silve 2011).

Factors, such as sunlight exposure (Gehring 2003), water availability, and tem-
perature (Entry et al. 2002) may increase or reduce the occurrence of AMF, given 
the ability to modulate physiological aspects of fungi and plants. Altitude is an 
important parameter that can modify the structure the AMF community as showed 
by denaturing gradient gel electrophoresis (DGGE) technique (Fig. 3.12). However, 
there is a lack of studies that allow discussions at the level of symbiotic mecha-
nisms. Thus, it is necessary to evaluate, for example microclimatic implications 
associated with litter and spontaneous vegetation that may favor the higher occur-
rence of AMF species in coffee plantations (Arias et al. 2012). In addition, the cof-
fee species may favor a certain microbial population, such as Arabica coffee houses 
more AMF species, bacteria, N-fixing bacteria, P solubilizers and cellulose 
 decomposers while Robusta coffee, fungi and actinomycetes (Bagyaraj et al. 2015). 
And also, the locality and sampling period affect the composition of the AMF com-
munity, showing the importance of considering plant phenology and spatial scale 
for sampling (Prates Júnior et al. 2019).

Species occurrence, number of spores and percentage of mycorrhizal coloniza-
tion are known to be affected by crop age, where adult crops commonly have a 
higher percentage of colonization, perhaps due to higher soil shading (Prates Júnior 
et al. 2019), implying the study of microclimatic factors. In addition, it is expected 
that during the coffee bean filling phase there may be a decrease in mycorrhizal 
colonization (Silve 2011), since the photoassimilate consumption during this phase 
is large, causing lower aliquots for the roots (Bonfim et al. 2010), which may restrict 
colonization. It is recommended to carry out works focused on the dynamics of 
interaction throughout the year and to evaluate the possibility of selecting coffee 

Fig. 3.12 Dendrogram following the DICE WARD analysis obtained from the DGGE band pat-
terns of the AMF community in soil of arabica coffee crops, at different altitudes (735–1078 m), in 
Espírito Santo, Brazil. Source: Authors
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varieties to originate genotypes more or less receptive to AMF, or to develop breed-
ing work for better use of symbiosis.

Topographic and microclimatic factors may also influence the phytosanitary 
aspect of the crop. Changing crops from low to higher altitudes may contribute to 
higher yields due to the lower impact of coffee rust epidemics (Daba et al. 2019). 
Research has also been done on endophytic microorganisms isolated from coffee 
tissues, as plant growth promoters and coffee rust biocontrol agents (Silva 
et al. 2012).

Thus, it is possible to understand the importance of topographical and microcli-
mate factors in soil microbiota and consequently in coffee quality. Producing 
healthy fruits also involves the production of healthy plants, and these are directly 
linked to the soil microbial community.

6  Microbial Compounds That Influence Plant Growth 
and Quality of the Coffee

A large part of the world’s coffee production is performed in the Tropical soils (De 
Beenhouwer et al. 2015). In these soils, the mycorrhizal associations (Figs. 3.2 and 
3.3) decrease the negative pressure of the environment on the plants, such as acidity, 
salinity and water availability (Cruz et  al. 1983; Van Der Heyde et  al. 2017) 
Mycorrhizae are very common in coffee plantations and colonize the roots from 
early adulthood (Balota and Lopes 1996; Cardoso et al. 2003; Siqueira and Colozzi- 
Filho 1986). The coffee plant has a high dependence on mycorrhizae in the seedling 
phase (Siqueira and Colozzi-Filho 1986). Furthermore, coffee is perennial plant and 
has been produced by monoculture for several years (Nunes et al. 2009). Thus, this 
mutualistic symbiosis with AMF is very important for coffee plant, so to bean 
quality.

The symbiosis between roots and mycorrhizal fungi is one of the most important 
biological interactions (Allen 1996). It is a nutritional interaction with the 
 bidirectional supply of photoassimilates, nutrients, and water (Berbara et al. 2006). 
Thus, this interaction increases nutrient absorption, competitiveness, and productiv-
ity of the fungus and plant (Moreira and Siqueira 2006). Communication between 
plant and fungal cells occurs through chemical compounds that modulate the 
growth, reproduction, and metabolism of symbiotics (Nunes et al. 2009). Thus, the 
bi- directional sharing of substances between plant and fungus (Fig.  3.13) can 
directly or indirectly influence the quality, aroma, and taste of coffee beans.

The beneficial effects of mycorrhizae on plant nutrition contribute to the sustain-
ability of agricultural production (Berbara et al. 2006; Moreira and Siqueira 2006). 
The positive effects of mycorrhizal fungi on growth and yield of a variety of agro-
nomic crops (e.g. coffee, rice, soybeans, maize, cassava, yerba mate, and, sugar 
cane) have been observed (Bernaola et al. 2018; De Beenhouwer et al. 2015; Van 
Der Heyde et al. 2017; Silvana et al. 2018).
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Nutrient uptake and translocation to roots are one of the most important roles of 
extra-root hyphae (Nunes et al. 2009). According to this author, the expression of 
acid phosphatase genes that intensifies the organic phosphorus mineralization is 
activated by the symbiosis action (Fig. 3.13). These fungi also increase the absorp-
tion of other nutrients, such as phosphorus, zinc, molybdenum, copper, cobalt, iron 
and nitrogen (Berbara et al. 2006) (Cruz et al. 1983; Akond et al. 2008; Lambers 
et al. 2009). In this case, coffee beans can accumulate these essential elements for 
human health. Furthermore, mycorrhiza stimulates acid phosphatase synthesis for 
organic phosphorus mineralization (Kiriachek et al. 2009).

Mycorrhizal association induces the synthesis of metabolites that plant growth- 
promoting and synergistic interactions among other beneficial microorganisms, 
such as, PGPR (Fig. 3.1) and nitrogen-fixing bacteria (Akhtar and Siddiqui 2008; 
Cwala et al. 2010). Increasing photosynthesis rate and drought tolerance, salinity, 
and pH values are the main fungal factors that contribute to plant growth. 
Furthermore, root protection against microbial pathogens and nematodes and resis-
tance to heavy metals and toxic compounds promoted by symbiosis aid in plant 

Fig. 3.13 The bi-directional sharing of metabolites between plants and soil microorganisms. 
Source: Authors
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development and yield and quality of the grains (Ferreira et al. 2018; Metwally and 
Abdelhameed 2018).

Extra-root hyphae are also responsible for the production of glomalin-soil related 
proteins (GSRPs, Fig. 3.13) and other chelating compounds of nutrient and mineral 
(Leake et al. 2004). This glycoprotein is a structuring agent that promotes stable 
bonds between soil particles for the formation and stabilization of aggregates 
(Wright and Upadhyaya 1998; Wu et al. 2007). Thus, this protein influences the 
physical quality of the soil, which is very important for plant growth and grain for-
mation (Silva et al. 2012).

Information sharing among living organisms is necessary for establishing eco-
logical interactions (Nunes et al. 2009). In the rhizosphere, plants establish positive, 
negative or neutral interactions with a large number of microorganisms through 
chemical compounds (Moreira and Siqueira 2006). The first communication 
between the plant and the fungus is through root exudates (Bonfante and Genre 
2010). Then, the hyphae produce the recognition compounds, called Myc factors 
that stimulate root growth (Maillet et al. 2011). These factors are sulfated and non- 
sulfated lipo-quito-oligossacarídeos similar to the Nod factors of Rhodobium sp. 
(Nunes et al. 2009). Mycorrhizal fungi also synthesize antibiotics, phytohormones, 
and ergosterol and induce the production of plant growth phytoregulators, such as 
indoleacetic acid, abscisic acid, indole butyric acid and cytokines (Niemi et  al. 
2002; Herrera-Medina et al. 2007). Thus, these fungi stimulate the formation of new 
mycorrhizal interactions and modulate plant growth (Fig. 3.3).

Ergosterol plays an essential role in stabilizing the fungal cell membrane (Mohan 
et  al. 2014). This compound is present in plant pathogenic and symbiotic fungi. 
However, plant ergosterol receptors may differentiate them (Granado et al. 1995; 
Mohan et al. 2014). This sterol contributes to increasing in plant resistance to patho-
gens. Furthermore, the presence of ergosterol in coffee beans is a source of pro- 
vitamin D.

Bidirectional communication between plants and fungi may also be involved in 
the synthesis and accumulation of aromatic and alkaloid compounds responsible for 
taste in coffee beans (Fig. 3.13). In addition, plant nutrition directly contributes to 
grain quality. Mycorrhizal plants have higher photosynthetic rate, enzymatic activ-
ity, and phytoregulatory production than other plants (Bernaola et  al. 2018; De 
Beenhouwer et al. 2015; Van Der Heyde et al. 2017).

According to Wright (2009), soil quality and agricultural production depend on 
the management of the microbial community with an emphasis on inorganic phos-
phate solubilizing bacteria and fungi (Gyaneshwar et al. 2002; Mendes et al. 2013). 
The soil microbial community also plays an important role in maintaining soil 
moisture due to the translocation of water from soil particles to roots and the release 
of water by metabolic pathways (Moratelli et al. 2007; Moreira and Siqueira 2006). 
According to Costa (2010), maintaining soil moisture ensures better productivity 
and quality of beans and beverages of coffee.

Rhizobacteria and soil phytopathogenic fungi establish competition for space, 
nutrients, and water (Whipps 2000). Under iron-limiting conditions, rhizobacteria 
produce siderophores that remove iron from the soil and render it unavailable to 
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phytopathogenic fungi (Loper and Henkels 1999). Rhizobacteria also inhibit the 
growth of these fungi by spore degradation (El-Tarabilyif et al. 1997). According to 
Chernin et al. (1995), the production of chitinolytic enzymes and bacterial proteases 
is involved in the control of spore germination and mycelial growth of phytopatho-
genic fungi in the rhizosphere. Furthermore, studies have shown the occurrence of 
resistance induced by PGPR. This resistance is achieved by signaling pathways sen-
sitive to ethylene and jasmonic acid (Knoester et al. 1999; Mauch-Mani and Métraux 
1998). In this resistance, the plant strengthens the physiological barriers against the 
invasion of microbial pathogens. Thus, these bacteria contribute positively to plant 
health and fruit quality.

Plants with mycorrhizal associations also produce defense signals against micro-
bial pathogens and nematodes (Song et al. 2010). According to these authors, these 
signals that are characterized by foliar production of jasmonic and salicylic acid are 
transmitted in the soil by hyphae to induce resistance in healthy plants. In tomato 
study, it was observed fat droplet movements with these chemical mediators in 
hyphae (Ritter et al. 2017; Song et al. 2010). In addition, the emission of volatile 
compounds (e.g. ethylene, jasmonic acid, and salicylic acid) is a way of signaling 
the presence of herbivorous predators, such as wasps and caterpillars (Farha- 
Rehman et al. 2010; Mccormick 2016).

Studies have shown that phosphorus-deficient plants contain more active com-
pounds than plants without this deficit due to the formation of mycorrhizal associa-
tions (Kiriachek et  al. 2009; Tawaraya et  al. 1998). The plants also produce 
compounds to promote growth and branching of the hyphae, such as strigolactones 
which are derived from the biosynthetic pathways of carotenoids (Matsubara et al. 
2009) and flavonoids (Akiyama et al. 2002). In this case, carotenoids and flavonoids 
may also be transferred to the fruits (Fig. 3.13). Furthermore, auxins, cytokines, 
gibberellins, ethylene, abscisic acid, jasmonic acid, and salicylic acid are also 
involved in the control and development of mycorrhizae (Kiriachek et al. 2009).

The process of communication between symbiotics also involves fungal mole-
cules (Kiriachek et al. 2009). Thus, chemical signal sharing between the fungus and 
the plant plays a key role in the selectivity and distinction between beneficial and 
harmful microorganisms (Gianinazzi-Pearson 1996). Also, plant phytoregulators 
play different roles in plant development, including cell division, ethylene biosyn-
thesis, tissue vascularization, tissue differentiation, apical dominance, fruit and 
flower development, photo and geotropism, and response to abiotic and biotic 
stresses (Campanella et al. 2004; Lu et al. 2010). These stresses may be mitigated 
by the induction or synthesis of phytoregulator by AMF (Kiriachek et al. 2009).

Despite the enormous economic importance of coffee, there is very limited 
knowledge about the association of AMF with the roots of this plant (De Beenhouwer 
et al. 2015). These authors described the AMF communities in the roots of Arabica 
coffee cultivated in Ethiopia by pyrosequencing. In this study, they showed that 
phosphorus availability decreases AMF diversity. In addition, they identified 207 
operating taxonomic units (OTU) of AMF in the rhizosphere, being approximately 
70% classified in the Glomeraceae family. Coffee plants (cultivar Catuaí Vermelho 
IAC 99) inoculated with AMF (Glomus clarum, Glomus etunicatum and 
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Scutellospora heterogama) are resistant to water stress that shows the benefit of the 
fungi for the adaptation and development of the plant (Freitas et al. 2015). Strawberry 
plants with mycorrhizal associations also showed the highest specific activities of 
superoxide dismutase and catalase, which shows the benefits of this symbiosis dur-
ing oxidative stress and the elimination of toxic forms of oxygen (Meira 2004).

We did not find studies that correlate the accumulation of flavonoids, alkaloids, 
carotenoids and other compounds responsible for the aroma and taste of coffee 
drink with the presence of mycorrhizae in the roots of the coffee plant. However, 
this relationship has been observed in other cultures (Castellanos-Morales et  al. 
2010; Cecatto 2014; Lingua et al. 2013). Cecatto (2014) related the quality of straw-
berry fruits to mycorrhizal fungi inoculation. According to this author, AMF pro-
vide better nutrient absorption, higher production of phenolic compounds and 
anthocyanins than the controls, stimulate the defense system and increase dry mass 
productivity. It also shows that the Rhizophagus clarus fungus acts positively on 
strawberry crop providing higher yield and higher accumulation of vitamin C and 
phenolic compounds than in control. These compounds contribute to the aromas, 
taste and nutritional and medicinal properties of strawberries. The isolates of 
Acaulospora morrowiae and Scutelospora heterogama stimulate anthocyanins syn-
thesis by the plant (Cecatto 2014). Furthermore, AMF have an effective action in the 
synthesis of bioactive compounds and amino acids (asparagine, glutamic acid, gly-
cine, citrulline, GABA and arginine) in plant fruits (Castellanos-Morales et  al. 
2010; Lingua et al. 2013; Matsubara et al. 2009; Moe 2013; Okada and Matsubara 
2012). The induction of amino acid synthesis by mycorrhizal fungi may influence 
caffeine production which is a purine alkaloid derived of glycine, L-aspartic acid 
and L-glutamine (Peres 2004). Thus, we suggest that AMF also contribute to the 
productivity and accumulation of these functional compounds in coffee fruit.

The inoculation of AMF in medicinal and aromatic plants favors the biosynthesis 
of secondary metabolites that are the active principles of these plants, including 
quality of the essential oils (Freitas et  al. 2004). In addition, AMF-inoculated 
Manihot plants have higher levels of sulfur, manganese, and zinc and proteins than 
uninoculated plants.

The production of triterpene alkaloids by Scloroderma sp. that establish mycor-
rhizal association with pine and eucalyptus was observed through mycelial growth 
in Petri dish (Morandini 2013). These results are important because they show the 
ability of the fungus to produce bioactive compounds. These alkaloids also contrib-
ute to the aroma and taste of foods and beverages and have anti-cancer, anti- 
inflammatory, antiviral and antimicrobial activity (Morandini 2013). Also, caffeine 
is a type of alkaloids (Fig.  3.13). Thus, fungal alkaloids may aid in caffeine 
production.

Santos (2008) studied the diversity of endophytic bacteria associated with coffee 
fruits (Coffea arabica L.) to establish a relationship between coffee drink quality 
and the presence of certain bacterial species. He concluded that the populations of 
endophytic bacteria has a high diversity and comprise different phyla. However, the 
functional role of these bacteria in coffee fruits was left unanswered in this study. In 
a study similar, Cordero (2008) concludes that the existence of a diversity of endo-
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phytic bacteria in coffee beans highlights the urgency of functional studies, espe-
cially with precursor compounds of aroma, taste, and acidity. Unlike these two 
studies, Nunes (2004) showed that endophytic bacteria of coffee beans, Pseudomonas 
putida, can degrade caffeine. This author has also identified bacterial species that 
produce cellulase, protease, chitinase, and pectin lyase. In a more recent study, 
Miguel (2011) evaluated the diversity of endophytic bacteria at different stages of 
Coffea canephora bean maturation. In this study, the highest and lowest diversity 
was observed in green and ripe fruits. According to the author, the lowest microbial 
diversity in ripe fruit may be due to the highest concentration of caffeine and sugars. 
In addition, he observed that the diversity of gram-positive bacteria was greater than 
that of gram-negative bacteria in green fruit and ripe fruit there is no difference 
between these microbial groups.

The results by Nunes (2004) and Miguel (2011) show that endophytic microor-
ganisms modulate chemical composition at different stages of fruit maturation and 
may have a positive influence on the aroma and taste of the drink.

Therefore, soil microorganisms, mycorrhizal fungi and diazotrophic bacteria, 
including fruit endophytic bacteria, favor the growth, resistance to pathogens and 
water stress of the coffee plant and contribute to the production and accumulation of 
compounds responsible for the aroma and taste of the beverage.

7  Final Considerations

Soil microorganisms are of great importance in coffee quality, including organolep-
tic attributes (e.g. aroma, flavor and soluble solids) and aspects of the healthy human 
and environmental. These microorganisms can modulate plant physiology and 
directly or indirectly influence the biochemical composition of the beverage of cof-
fee. This is because they provide essential nutrients for plant growth that can ensure 
size and homogeneity in fruit ripening. They are responsible for releasing some 
volatile and nonvolatile compounds that affect the final quality of the beverage. 
However, it is necessary for the greatest success in increasing the productivity and 
quality of coffee drink to establish strategies for the use and management of soil 
microorganisms capable of promoting growth and nutrition of plant, control of 
 diseases and substances harmful to the environment and human health, such as 
mycotoxins and pesticides.

However, to increase grain yield and coffee drink quality, the development of 
strategies for the use and management of soil microorganisms is required. These 
strategies can promote plant growth and nutrition by controlling diseases and sub-
stances harmful to the environment and human health, such as mycotoxins and pes-
ticides. In this case, there are two challenges to be overcome. In this case, the 
inclusion of agricultural management using microorganisms and microbial products 
to increase coffee quality may be a viable strategy.
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It has long been recognized that more effective durable forms of disease control 
might be devised if we had a better knowledge of both the dynamics of the pathogen 
populations and the factors that determine host resistance or susceptibility.

Climate and microclimate, including insolation, humidity and temperature are of 
great importance in the composition and diversity of microbial communities, as 
well as in the quality of coffee. This implies assessing the effects of microclimate on 
the microbiota and managing coffee crops to favor beneficial interactions that pro-
mote coffee quality.

Finally, it is necessary to establish the influence of endophytic microorganisms 
and soil in the production and accumulation of substances that give aroma, flavor 
and proper health to the drink. Molecular biology tools have broadened and facili-
tated the study of the structure and function of microbial communities, making it 
possible to make better decisions about more sustainable coffee management.
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1  General Introduction

The sensory properties of coffee are studied for many years and with the increase in 
world consumption, the interest for the flavor and aroma of the coffee has gained 
strength from the industry and the scientists.

The search for aromas and flavors in coffee has become the subject of numerous 
research and technologies. In the intense existing debate, it is believed that much of 
the quality, sensory level, comes from the chemical properties of the beans, related 
to genetics, edaphoclimatic conditions, crop management and postharvest. The 
intrinsic quality of coffee beans, such as their chemical composition, will determine 
the differentiated quality of a specialty coffee (Giomo and Borém 2011). After the 
roasting process, the chemical compounds present in the raw beans are considered 
as precursors of the quality, because the flavors and aromas that will characterize the 
quality of the final beverage will result from them (Farah et al. 2005).

The quality of the beverage, or coffee, has broad concepts and can be understood 
according to its contextualization. From the point of view of “quality of the coffee 
product”, contrary to the concept related to “consumer preference”, is necessary to 
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understand that its intrinsic quality matches all the properties that a normal and 
healthy bean may have, whether related to the chemical composition or to the physi-
cal and physiological characteristics. In literature, it is recorded that the intrinsic 
properties of the beans vary according to the genetics constitution of the plant which 
originated said beans in interaction with the environment, as well as by the process-
ing method of the recently harvested fruit (Bertrand et al. 2006; Bytof et al. 2005). 
This means that, as a final product, these properties are manifested in the form of 
sensory attributes after the roasting of the raw beans and beverage preparation.

By evaluating these sensory attributes and the concept of quality, you can assign, 
or not, quality to some particular coffee. There are coffee classification agencies or 
associations, such as the Specialty Coffee Association—SCA, which through stan-
dardized methodologies assist buyers and producers in evaluating the sensory qual-
ity of their product, especially for fair and more attractive trade.

For the SCA, the definition of quality beverage comes from specialty coffees, 
which are characterized for not having any kind of defect in the beverage, getting at 
least 80 points in the rating scale for specialty coffees, in addition to presenting dif-
ferentiated quality and high potential for aroma and taste expression. The aroma and 
flavor of coffee should stand out within certain attributes, must be pleasing and per-
ceptive at the same time. This quality of the coffee beverage is considered a consoli-
dated criterion to reach the markets that best remunerate the product (SCAA 2013).

In the world market, the demand for specialty coffees is growing in much larger 
proportions than common coffees (SCAA 2013). However, obtaining specialty cof-
fees that produce a sensory quality beverage of relevant aroma and taste cannot be 
explained by a single process or variable, or just by a particular chemical character-
istic of the bean. The quality of the coffee as a beverage is strictly related to the 
chemical constituents of the roasted beans, which depends on the green coffee (or 
raw bean, refers to the dry unroasted bean) composition. These, in turn, contain a 
wide range of different chemical compounds, the so-called flavor precursors 
(Fig. 4.1), which react and interact with each other in all roasting phases of coffee, 
resulting in final products further diversified (Ribeiro et al. 2011).

About 50% of the final compounds of aroma and flavor of the coffee is displayed 
only after roasting, the other 50% are remnants of the green coffee bean. These 50% 
of new flavors and aromas are produced from what we call flavor precursors (Fig. 4.1). 
The chemical composition of the raw bean brings in its constitution the entire genetic 
load, crop management, edaphoclimatic conditions, but also the biochemical trans-
formation which happens between harvest and drying, during postharvest.

The quality of the coffee is closely linked to postharvest, where different pro-
cesses of processing are used and thus, we have different products. In Brazil three 
processing methods are used for coffee production: dry, semi-dry and wet process 
(Esquivel and Jiménez 2012; Pimenta et al. 2018). In the dry processing method, the 
whole fruit freshly picked, after harvest and removal of leaves, soil, and twigs, is 
dried on platforms and then the coffee beans are subjected to hulling and polishing 
(removing the husk layer which covers dried coffee beans) (Lee et al. 2015). In the 
semi-dry method, hull, part of the pulp and mucilage are removed mechanically and 
then the beans are conducted to drying. The amount of mucilage removed depends 
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on the characteristic of the machine used. In the wet process, pulp and husks are 
mechanically removed, leaving the mucilage adhering to the beans (Lee et al. 2015). 
These coffees beans are transferred to water tanks where transformations occur for a 
period of time considered optimal (0–48 h), depending on the temperature. During 
this process, the remaining mucilage is transformed and solubilized. The beans are 
then removed from the tanks and dried (Silva 2014a, b).

Dry processing is relatively simple and requires little machinery because pulping 
is natural (Silva et al. 2000). In this process the removal of mucilage occurs without 
the use of fermentation tanks, that is, it occurs directly on a platform (Vilela et al. 
2010). The sun drying process is carried out in approximately four weeks, until the 
beans reach 12% humidity (Matiello et al. 2010). If drying is required in a shorter 
time, the beans may be subjected to mechanical dryers after exposure to the sun 
(Silva et al. 2000, Matiello et al. 2010).

Fig. 4.1 Green coffee beans compounds (flavor and aroma precursors) and final compounds in 
roasted beans. Source: Lee et al. (2015)
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The wet processing (Fig. 4.2) includes the steps of coffee fruit (also called berry 
or cherry) harvesting; washing and sorting of floating beans, which will be pro-
cessed separately; hulling, pulping or mucilage removal of the fruits; fermentation 
or use of commercial enzymes or chemicals to remove mucilage adhering to the 
grain; washing to remove the remaining mucilage and drying (Borém et al. 2016).

Wet coffee processing was a practical necessity, it did not emerge as an  alternative 
to modifying the coffee beverage. As arabica coffee, originating from subtropical 
climate, started to be planted in tropical areas, there was an intense fermentation 

Fig. 4.2 Flowchart overview of coffee processing by the wet method. Source: Adapted from 
Freitas (2018)
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process of cherries immediately after harvesting, with negative impact on the qual-
ity of the final product. In order to prevent the occurrence of this type of  fermentation, 
the removal of the sugar-rich mesocarp began to be performed (Borém et al. 2016). 
Thus, oriented coffee fermentation in this process has as its original objective to 
facilitate the removal of the seed’s mucilage layer (Brando 2004).

Within the wet processing, there are still different processing options, pulped, 
hulled, washed, not washed, fermented, not fermented, etc. So, one can imagine that 
it is possible to obtain different final products, due to different ways to obtain of the 
green coffee bean.

Accordingly, considering the diversity of products obtained from the wet pro-
cess, this chapter intends to exploit fermentations (with or without starter cultures) 
as a principle of improving the beverage, being a unit operation having the potential 
to alter the chemical composition of green coffee beans to obtain different beverages.

Fermentation is no news in the coffee processing and can be applied in different 
ways. Variations in the fermentation process within the wet system can involve wet 
and dry fermentation. At first, water is added to submerge the hulled coffee beans in 
the fermentation tank, while in the second, the hulled coffee beans ferment in a tank 
without water (Jackels et al. 2005). In Kenya, the coffee fermentation is commonly 
done through dry or wet fermentation. The wet fermentation process is commonly 
used when the conditions are very hot and need to be controlled. Similarly, the cof-
fee processors may use different equipment during coffee fermentation (Gitonga 
2004). These variations in method and equipment used can cause changes in the 
parameters responsible for the final quality of the coffee (Kinyua et al. 2017).

The wet processing, predominantly used in Colombia, Central America and 
Hawaii, basically for Arabica coffee, is characterized by fermentation/degradation 
of the mucilage by enzymes and microorganisms form the coffee. In this method, 
the cherry coffee is peeled and mechanically pulped and fermented in tanks for 
24–48 h until the mucilage layer is removed. Traditionally, producers determine that 
the fermentation of mucilage is “complete” by manual inspection. After fermenta-
tion is done, the beans are rinsed thoroughly. Some studies indicate that prolonged 
fermentation “Over-fermentation” is usually considered detrimental to the quality 
of coffee (Castelein and Verachtert 1981; Lopez et al. 1990; Puerta-Quintero 1999, 
2001), and its control is usually a component from quality and consistency improve-
ment programs aimed at gaining access to specialized markets.

This text intends to extend this process and above the mucilage removal, for the 
generation of aroma and flavors for a beverage of sensorial quality or differentiated 
by the metabolism of selected microorganisms or the environment itself, through 
concepts, characteristics, differentiations and/or attributes of quality of fermented 
coffees by the addition of starter cultures or spontaneous fermentation (performed 
only by the addition of water and the pulp/hull to the pulped beans).

However, it should be noted that the modifications provided by the fermentation 
are biochemicals, the result of the metabolism of the bean itself (subject to various 
postharvest conditions) and microbial community added or pre-existing. 
Furthermore, as stated earlier, the beverage quality cannot be associated only with 
fermentation, but also to the conditions of production and processing of the coffee 
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itself, such as genetics, edaphoclimatic conditions in cultivation, management, unit 
operations postharvest (harvesting, drying, etc.) and roasting.

2  Fermentation

Fermentation can be described as a process in which microorganisms alter the 
 sensory and functional properties of a food producing a final product with desirable 
characteristics for the consumer (Guizani and Mothershaw 2007). Additionally, it is 
an important technology in extending the lifespan of the perishable product, as well 
as making food more digestible, nutritious and safe. According to Campbell-Platt 
(1987), fermented foods are food products subjected to the action of microorgan-
isms or enzymes, so that desirable biochemical changes cause significant changes in 
the final product. The term fermentation is also related to microbial metabolism, in 
which an organic substrate, usually a carbohydrate, is incompletely oxidized for 
energy generation (Adams 1998).

The ancient populations may have discovered the fermentation by accident, as 
they observed that food stored under specific conditions turned into products with 
different organoleptic profiles, but with pleasant aspects to the palate. In this sense, 
fermentation became, together with drying and salting, one of the first methods used 
by populations from various regions of the world to extend the storage time of food 
(Swain et al. 2014). As a method of food preservation, fermentation was developed 
as a low energy consumption technique used to keep food fit for consumption lon-
ger. Perhaps the best-known examples are the application of Lactic Acid Bacteria 
(LAB) in the manufacture of dairy products and the use of yeast in the production 
of alcoholic beverages. However, it was only in the mid-nineteenth century that it 
was discovered that the agents responsible for fermentation were microorganisms 
(Gest 2004). This was the milestone for the use of fermentation in much broader 
biotechnological applications, such as antibiotics production. Today, fermentation 
is used in many areas, including the production of food ingredients such as artificial 
flavors and sweeteners, enzymes, industrial chemicals, pharmaceutical products and 
cosmetic ingredients.

2.1  Fermentation as a Method of Food Preservation

Food preservation methods are technologies developed to ensure that products 
available for consumption have the desired/determined quality aspects. The main 
technologies used to preserve the quality and microbiological safety of foods are 
based on practices to prevent access of microorganisms in products, inactivate exist-
ing microorganisms and/or prevent or retard their development (Prokopov and 
Tanchev 2007).
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Fermentation is a food preservation methodology which uses the multiplication 
and activity of desirable microorganisms in the transformation of food raw materi-
als, promoting the microbial stability of the end products (Anal 2019). The develop-
ment of fermenting agents delays or prevents the multiplication of undesirable 
microorganisms in food, as metabolites generated during metabolism create an 
unfavorable environment (Di Cagno et  al. 2013). This preservative action is 
 attributed to the combined action of a variety of antimicrobial metabolites produced 
during fermentation (Ross et al. 2002). These include organic acids, especially lac-
tic acid, developed as end products of metabolism. Acid compounds provide an 
unfavorable environment for the development of food contaminating microorgan-
isms by reducing the pH of the product. As a consequence, there is also a reduction 
in the cytoplasmic pH of undesirable/sensitive microorganisms, which is probably 
the main cause of multiplication inhibition (Savard et al. 2002).

In addition to acids, fermenting strains can produce a variety of other antimicro-
bial metabolites, such as ethanol, hydrogen peroxide, diacetyl, bacteriocin, and 
related protein compounds and antibiotics (Höltzel et al. 2000; Atrih et al. 2001). 
There are several studies on the conservative capacity of bacteriocins, which have 
been shown to be potential for use in food biopreservation. They are ribosomally 
synthesized antimicrobial compounds produced by many different bacterial species, 
including many members of LAB. The nisin is currently the only bacteriocin with 
GRAS status (Generally Regarded as Safe) for use in specific foods (Bourdichon 
et al. 2012).

Since a microorganism can produce several inhibitory substances simultane-
ously, its antimicrobial potential is defined by the joint action of its metabolic prod-
ucts on undesirable bacteria. Thus, each antimicrobial compound produced during 
fermentation provides an additional barrier to the pathogenic and spoilage bacteria 
present in food.

In addition to extending the shelf life of perishable foods, fermentation gives the 
food a distinctive aroma, flavor and texture. During the fermentation of coffee 
beans, for example, several studies have identified that in addition to physiological 
changes in the fruit leading to reduced water content and simple sugars, there is the 
development of important aroma and taste precursors in the differentiation of spe-
cialty coffees (Bertrand et  al. 2006). However, for any fermented product, the 
amount and diversity of compounds produced depends on the microbial strains 
involved, the substrate and the food processing condition such as the fermentation 
temperature. Aromatic compounds are formed through various metabolic ways, 
such as those responsible for carbohydrate, lipid and protein metabolism (Van 
kranenburg et al. 2002). Although carbohydrates present in most part of fermentable 
raw material such as milk and meat, are mainly converted to lactic acid by LAB, a 
fraction of pyruvate (the intermediate product of the fermentation of disaccharide) 
may alternatively be transformed into various aromatic compounds, as diacetyl, 
acetoin, acetaldehyde or acetic acid (Pastink et  al. 2008). On the other hand, in 
cocoa fermentation, yeasts are primarily responsible for producing ethanol from the 
sugar in it. Only after approximately 12 h of fermentation, LAB can multiply and 
produce lactic acid in the environment.
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During the fermentation of foods, free fatty acids, ketones, lactones, among other 
products are formed by the enzymatic degradation of lipids. Lipolysis products and 
secondary reactions are responsible for specific organoleptic characteristics, with 
filamentous fungi being the microorganisms responsible for these reactions (Hassan 
et al. 2012). In addition, proteolysis also plays an important role in flavor and  texture 
formation in many fermented foods, such as high-ripened cheeses. The metabolism 
of amino acids by microorganisms in aldehydes, alcohols, acids and sulfur com-
pounds is responsible for the development of specific flavors and odors in this type 
of product (Sousa-Gallagher and Ardö 2001).

Although fermentation has as main objective the preservation of perishable food, 
this technique is used to provide diversification of food, as well as ensuring the 
improvement of palatability and nutritional quality of food.

2.2  Main Groups of Microorganisms Used in Food 
Fermentation

A variety of microorganisms are often used in the preparation of fermented foods. 
Among them, LAB, acetic acid bacteria, yeast and filamentous fungi stand out. 
Microorganisms associated with fermented foods can be classified as starter (start-
ers) or secondary (adjuncts) cultures. Traditionally, a starter culture is added to a 
feedstock to drive the fermentation process, ensuring lactic acid production during 
the early stages of food preparation. In this case, LAB plays a central role and has a 
long and safe history of application and consumption in the production of fermented 
foods, being the genera Lactococcus and Streptococcus the most used (Holzapfel 
and Wood 2014). Contrarily, adjunct cultures are involved in secondary reactions of 
metabolism, being responsible for the organoleptic characterization of foods. In 
most cases, these crops belong to the dominant microbiota of matured products 
(Beresford and Williams 2004). Several non-starter LAB (NSLAB) genera are iden-
tified as part of the microbiota of fermented foods such as Lactobacillus, 
Enterococcus and Pediococcus, as well as filamentous fungi and yeast. Examples of 
fermented products in Table 4.1.

The production of fermented foods can be done in artisanal or industrial form. 
Artisanal food production is characterized by the development of the microbiota 
naturally present in the raw material, added to the microorganisms normally incor-
porated by the addition of a small amount of the fermented product from previous 
production. In this type of methodology, the quality of the final product depends on 
the initial microbial load, the characteristics of the raw material, as well as the pro-
cessing conditions (Montel et al. 2014). However, microbial ecology and population 
dynamics (successions in the microbial population) during fermentation are not 
well known. This production method is used in the fermentation of coffee beans 
(Haile and Kang 2019; Schwan et al. 2012) and cocoa (Schwan and Wheals 2010) 
as well as in the production of artisanal cheeses, fermented vegetables, such as 
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 sauerkraut and meat sausages; this type of product being highly appreciated by 
consumers, especially for its sensory characteristics (Yang and Lee 2019).

Nevertheless, industrial production of fermented foods is based on the addition 
of starter cultures as a way of ensuring a high degree of control over fermentation 
and standardization of the final product. Controlled use of microbial cultures reduces 
the risks of fermentation failure and undesirable variations in sensory, nutritional 
and rheological properties of products (Di Cagno et  al. 2013, Ross et  al. 2002). 
However, the diversity of compounds formed during metabolism and present in the 
end products may be reduced.

2.3  Fermentation and Health

Fermentation has long been used to preserve and improve the shelf life, taste,  texture 
and functional properties of foods (Hutkins 2018). However, the consumption of 
fermented foods has been associated with beneficial health effects (Marco et  al. 
2017). The beneficial effects can be direct when foods carry live and active micro-
bial cells, which are identified as probiotic. According to FAO/WHO, probiotic 
microorganisms are defined as living organisms which, when administered in ade-
quate amounts, confer health benefits to its host (Vaughan et al. 2005). Currently, 
dairy products are the main foods marketed with probiotic claim (probiotic micro-
organism vehicles), with fermented milks, cheeses and infant formulas being the 
main products available on the market. Among the main LAB species associated 
with these foods are Lactobacillus acidophilus, Lb. helveticus, Lb. johnsonii, Lb. 
casei, Lb. reuteri, Lb. plantarum, Lb. rhamnosus and Lb. fermentum. Additionally, 
strains of the genus Bifidobacterium are also widely used (Anadón et al. 2016).

The fact that a food is produced by fermentation does not necessarily indicate that it 
contains living microorganisms. In breadmaking, yeasts that are added for fermenta-
tion to occur are inactivated in sequence by heat when the product is baked. Similarly, 
other fermented foods are heat treated after fermentation, but with the aim of increasing 

Table 4.1 Fermented industrial products

Main ingredient Microbial group Foods

Milk LAB Yogurt cheese and buttermilk
Milk LAB + Yeast Kefir, kumys
Cucumber LAB + Yeast Pickles
Cabbage LAB Sauerkraut
Beef LAB + filamentous fungi Meat sausages
Barley Yeast Beer
Grape Yeast Wine
Cocoa LAB + Acetic Acid Bacteria + Yeast Chocolate
Coffee LAB + Bacillus + yeast and filamentous 

fungi
Brewed coffee
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food security or extending shelf life. It is the case of soy sauce and some fermented 
vegetables that become more stable to storage after heat treatment. However, even if 
there are no active microorganisms, the final product contains the compounds produced 
by the cultures used (Rezac et al. 2018). It is the case of coffee, the most consumed 
beverage in the world, which can contain antioxidants, polyphenols and flavonoids 
produced by yeast during fermentation of green coffee beans (Kwak et al. 2018).

In this sense, the consumption of fermented foods can have indirect effects on 
health. These are related to the fact that the products contain secondary metabolites 
of microbial metabolism that present health promoting properties (Hayes et  al. 
2007). In this case, several bioactive compounds have been associated with fermen-
tation by members of the genera Lactobacillus and Bifidobacterium. Several studies 
in in vitro and animal models have indicated that some metabolites, such as bioac-
tive peptides (Castellano et al. 2013; Torino et al. 2013), exopolysaccharides (Wang 
et  al. 2014), short-chain fatty acids (Ruijschop et  al. 2008), and the antioxidant 
capacity of bioactive phytochemicals such as polyphenols and carotenoids (Landete 
et al. 2015) can contribute significantly to the health-promoting attributes of fer-
mented foods. Among the positive aspects associated with the consumption of fer-
mented products, there is the reduction of symptoms of lactose intolerance, 
stimulation of the immune system, reduction of cholesterol level (Guzel-Seydim 
et al. 2011; Wang et al. 2014). Moreover, some substances contained in this food 
group have also displayed properties immunomodulatory, antibacterial, antihyper-
tensive (Ai et al. 2016), antimutagenic and anticancer (Guzel-Seydim et al. 2011), 
obesity, aging and anti-constipation (Kim et  al. 2011); besides influencing liver 
function (Wang et  al. 2014), and prevention of cardiovascular and inflammatory 
diseases (Carvalho et al. 2018; Saini et al. 2010).

The publication of studies demonstrating the relationship between the consump-
tion of certain foods and disease prevention, coupled with aging and the increase in 
population income, has boosted the consumption of foods associated with digest-
ibility and well-being. There are several consumer segments that are emerging from 
these trends, including the demand for functional foods and the growth of a new 
generation of natural products. In this sense, food industries have invested in inno-
vations in fermented products, especially of milk origin, based in the increased 
natural aspect (less processed) that the products elaborated by this technique can 
provide.

2.4  Fermentation and Coffee Sensory Quality

The fermentation of coffee, spontaneous (performed by the microbiota in the beans) 
or through cultures of introduced microorganism, is set as being the reactions per-
formed by microorganisms in order to degrade, consume and at the same time pro-
duce other compounds that may, or not, add differential to the coffee, be it of 
biochemical, chemical, sensory and/or commercial interest. Unlike the original con-
cept of fermentation, defined previously, which is a special type of metabolism car-
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ried out by microorganisms or cells for energy production, in the absence of oxygen, 
through the consumption of glucose and mainly lactic acid or ethanol production.

The fermentation that happens in coffee is the result of catabolism (destruction) or 
anabolism (production) reactions that take place during postharvest, in the presence 
or absence of oxygen, where substrates (consumption) or products are somewhat 
interesting (and not harmful to the final beverage). The contribution of these 
 microbiological reactions are not limited to producing only ethanol or lactic acid, 
with glucose consumption, but also amino acid degradation, polysaccharides, pro-
duction of other acids, decrease/increase of phenolic compounds, decreased caffeine 
content, etc.

The coffee fermentation occurs, predominantly, with the presence of environ-
mental microorganisms present in the fruit, leaves, air and soil or in structures and 
equipment. The fermentative activity of microbiota naturally present in coffee fruits 
has been discussed by some authors (Lee et al. 2015; Masoud et al. 2004; Masoud 
and Jespersen 2006; Silva et al. 2000, 2013; Wang et al. 2019).

It should also be noted that the presence of microorganisms is not required so 
that biochemical reactions that produce different products occur: the bean itself, 
through its cellular activity, can perform different catabolism and anabolism reac-
tions after harvest (Selmar et al. 2005, 2006), only during the storage period the 
seed (bean) dies (Couturon 1980). The fermentation acts as an increment to the 
biological processes that occur in the endosperm of the bean.

Undesirable fermentations can also occur, but what we want to approach is the 
fermentation technique for improvement and process control, as when performed in 
a controlled manner with microorganisms added or desirable overlaps the deleteri-
ous microorganisms, capable of generating compounds harmful to the final bever-
age, as occurs with Rio type coffee.

The fermentation in coffee proposed to be discussed (Fig. 4.3), being it in the 
spontaneous process or with starter cultures, is not controlled in relation to factors 
such as temperature, pH, or other microorganisms.

Fermentation technology is complex due to the large number of microorganisms 
and enzymes types on one hand, and to the diversity of food systems on the other. 
In order to control fermentation in food, it is necessary to control the factors that 
influence the growth and metabolism of microorganisms. The most common control 
methods include: acidity (and pH), alcohol content, use of starter cultures, tempera-
ture, presence of oxygen and salt content. For coffee fermentation, ambient tem-
perature which is basically determined by the location, is one of the main 
fermentation control factors, either by selecting the microorganisms present in the 
environment which will then be the cultures present in the fermentation of beans or 
allow the use of selected starter cultures.

Basically, it will be the microorganism which will maximize biochemical reac-
tions to obtain a differentiated product. Some studies indicate that during the post-
harvest process the microorganisms are fundamental, that the final quality of coffee 
is due to the relevant colonization of environmental microbiota, and some are better 
than others, because of microbial types installed in that process environment.
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Evangelista et  al. (2014a) evaluating the improvement of the coffee beverage 
quality using selected yeast strains during fermentation in the dry process, con-
cluded that it is possible to use selected yeast for fermentation in the dry process, 
and that the inoculated yeasts persisted throughout the fermentation and resulted in 
a beverage with a characteristic flavor (caramel and fruity) with good sensory qual-
ity. Further research should focus on the choice of selected strains or improvements 
of the fermentation by wet processing, in order to increase the pleasant feelings 
obtained for the coffee. The use of starter cultures in coffee fermentation is an eco-
nomically viable alternative to get a differentiated coffee, add value to the product 
and standardize the production process (Evangelista et al. 2014a).

Producers and some researchers indicate fermentation for mucilage removal 
only, and do not evaluate the impact on aroma and flavor. In fermented green coffee, 
the process of mucilage removal must be effective, but can also contribute to the 
quality due to the biochemical changes resulting from their degradation. Besides the 
impact in the beverage quality, there are other benefits in the process of fermenta-
tion, as decrease in fungi contamination, and thus the production of aflatoxin, and 
the possibility of standardization of flavors and aromas in batches or micro-lots.

Coffee flavor and aroma are the result of the generation of volatile compounds 
(through precursors) or the degradation/production of acids/sugars/phenols, and 
these are generated through the inherent grain compounds and microbial metabo-
lites formed/transformed during fermentation (Yeretzian et al. 2002).

Aromas, flavors and all compounds involved are very variable and dependent on 
the regions of the coffee production, the genetics, types of microorganisms, 
 postharvest conditions, etc. Especially the composition and concentration of vola-
tiles can be influenced by the environment, variety of the plant, soil chemistry, alti-

Fig. 4.3 Hulled Catuaí coffee being prepared for fermentation along with husks/pulp. Source: 
Authors
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tude and even the storage conditions (Yeretzian et al. 2002). As stated, there are 
numerous factors that influence the final beverage, being the action of microorgan-
isms (Esquivel and Jiménez 2012; Gonzalez-Rios et al. 2007), a potential differen-
tial of quality.

Fermentation acts to promote flavor and aroma, and it is noteworthy that in 
 different experiments carried out, its impacts on these characteristics are positive. 
The score of coffees has been improved from 1 to 5 points, using SCA score as a 
reference. Another point is that in some coffees, although not scoring higher, it was 
possible to differentiate the flavor and aroma of the final beverage.

Some studies indicate that fermentation has greater potential on beans from 
lower quality coffees, where the improvement in sensory quality is more pronounced 
or more noticeable, such as low altitude coffees. Coffees with higher quality poten-
tial, especially of higher regions, get less improved in relation to the score (unpub-
lished data), although there are sensory changes.

Fermentation (with starter cultures or spontaneous) should be viewed as a post-
harvest process of improvement, not transformation. To illustrate that, through some 
results, as in Fig. 4.4, fermented beans analyzed by gas chromatography with mass 
spectrometry, chemical substances that comprise the flavor the samples coffee were 
observed. The aromatic role of volatiles in coffee is a balance between all com-
pounds and their perception threshold as a function of concentration.

In these chromatograms there are these profiles of volatiles chemical compounds 
from a coffee Catuaí fermented by yeast and a commercial Colombian coffee 
(unfermented). The profile of volatile compounds determined in fermented Catuai 
coffee is represented by the green line and the commercial coffee in samples of 
Quindío by the dark line. It is observed that, in general, aromas had the same com-
pounds (similarity between the peaks) but in the coffee is Catuai these compounds 
were more concentrated (higher peak area) (Fig. 4.4).

These differences should not only be sustained by fermentation, since coffees are 
of different origins, however, they serve to exemplify the existence of subtle differ-
ences between coffees, and that fermentation has the potential to make these differ-
ences after roasting, either by the concentration or decrease of some compounds, or 
by the incorporation of others.

Another example of the relationship of volatile compounds and the fermented 
coffee aroma profile is shown in Fig. 4.5. The chromatogram represents the volatile 
compounds of coffee fermented by a starter culture of lactic acid bacteria (pink line) 
and its control, unfermented coffee (black line). As showed, basically coffee have the 
same aroma profile, characterized by the same volatile peaks, however, it is possible 
to realize a different peak for fermented coffee (near 46 min of elution), indicating a 
different volatile compound (not present in the control), which may possibly have 
been produced after fermentation, by the metabolism of the bacteria, which changed 
the composition of the green coffee beans as compared with the control (unpub-
lished data).

Although new volatile compounds are potentially formed during coffee fermen-
tation, the transformations are generally subtle and a new compound will not repre-
sent alone improvement in the aroma, because the aroma results from the interaction 
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Fig. 4.4 Chromatographic profile of fermented coffee with starter culture versus Colombian coffee. 
Source: Cardoso et al. (2017)
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of thousands of compounds simultaneously, generated during roasting over a green 
coffee bean matrix. Therefore, fermentation should not be seen as a correction pro-
cess for the generation of high sensory quality drinks, but as another processing 
option for quality improvement, remembering that improvement also implies the 
existence of intrinsic quality.

Fermentation as a quality improvement process is being carried out by several 
researchers and producers. Some studies seek to determine the best conditions or 
prospect of potential microorganisms or to understand the biochemical steps of 
transformation from cherry to green coffee (processed) bean.

Biochemically, it should be thought of fermentation as the use of certain sub-
strate and generation of a product. The agents are the enzymes of the beans itself, 
bacteria, yeast and different fungi. The chemical composition of the bean is com-
prised of volatile and nonvolatile components formed by aldehydes, ketones, sug-
ars, proteins, amino acids, fatty acids, phenolic compounds, among others (Agresti 
et al. 2008; Bandeira et al. 2009; Clifford 1999).

Analyzing Table 4.2 below, it is noticeable the ranges of constituents of the green 
coffee bean and roasted coffee. This table shows average values, subject to different 
changes in levels due to culture conditions, location, genetics, postharvest, roasting 
and preparation of the beverage.

Physicochemical analyzes indicate that different organic compounds present in 
coffee bean samples may be derived from microbial metabolism during the fermen-
tation process (Yeretzian et al. 2002). Fermentation/degradation of mucilage also 
reflects in the endosperm of beans, where high concentrations of final metabolites 
of microorganisms (for example, lactic acid, acetic acid, ethanol, glycerol and man-
nitol) occur (De Bruyn et al. 2017).

On one hand, submersion anoxia in beans triggers endosperm germination, result-
ing in a more intense anaerobic carbohydrate consumption response during prolonged 

Fig. 4.5 Chromatographic profile of fermented coffee samples versus control coffee (not- fermented). 
Source: Authors
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fermentation of pulped coffee beans (Bytof et al. 2005; Selmar et al. 2008; Waters 
et  al. 2015) the coffee beans under anoxic continuously consume carbohydrates 
resources through glycolysis, decreasing the sucrose concentration in the endosperm. 
On the other hand, during immersion, osmotic pressure facilitates the loss of mono-
saccharides and microbial metabolites accumulated during fermentation. Thus, the 
soaking step performed on the fermented coffee beans facilitates a significant  washing 
of these compounds, which may impact the coffee quality due to a lower degree of 
acidity and will lead to a smoother taste. It is well known that dry matter loss is asso-
ciated with fermentation and immersion due to endogenous metabolism and exosmo-
sis, thus influencing the quality of the coffee cup (Brando and Brando 2014).

All of these processing steps contribute to differences in concentrations of spe-
cific coffee compounds (Bytof et al. 2005; Knopp et al. 2006). Consequently, tech-
nological aspects (especially the duration of fermentation, soaking and drying) may 
be decisive for endosperm composition, since the accumulation of microbial metab-
olites and endogenous mobilization of macromolecules resources may alter the 
overall composition of the green coffee.

The complex taste and aroma of the coffee beverage result from the combined 
presence of various volatile and nonvolatile chemical constituents (Chalfoun and 
Fernandes 2013). The main aromatic compounds active in the coffee beverage, such 
as furans, pyrazines and pyrroles, are not found in raw coffee beans.

Variations in chemical composition are believed to be due to degradation mecha-
nisms, in other words, free glucose and fructose resulting from hydrolysis of poly-
saccharides, quinic acid from breakdown of chlorogenic acids and phosphoric acid 
from phospholipid degradation (Ribeiro 2017).

Thus, the quality of raw coffee beans is determined by the main nonvolatile con-
stituents present in the raw material, such as sugar, amino acids, lipids, trigonelline and 
phenolics. These aroma precursors will still suffer changes in postharvest processing 
steps due to the process of seed germination and lipid oxidation. Between the different 

Table 4.2 Composition of green coffee, roasted and ground beans and the final beverage

Composition Green coffee (%) Roasted and ground coffee

Total polysaccharides 50–55 24–39
Reducing sugars (glucose, fructose) 0.1–1.2 0.3
Sucrose 6.0–10.51 0–3.5
Triglyelin 0.6–2.0 0.2–1.2
Caffeine 0.9–1.3 1.1–1.3
Chlorogenic acid 4.1–7.9 1.9–2.5
Citric acid 0.3–1.57
Malic acid 0.44–0.57
Protein 11.0–13.0 13–15
Amino acids 0.1–2.0 0.0
Lipids 12.0–18.0 14.5–20.0
Minerals 3.0–4.2 3.5–4.5

Source: Clarke and Macrae (2003), Borém et al. (2016), Moon et al. (2009)
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steps in processing postharvest coffee, removal of mucilage by microorganisms has 
great influence on volatile composition of processed beans (Pereira et al., 2018b).

In this sense, fermentation is potentially beneficial in coffee processing, not only to 
remove mucilage, but also to create essential sensory quality characteristics in the deg-
radation/formation of compounds from precursor macromolecules, carbohydrates, 
proteins, lipids and phenolic compounds (Haile and Kang 2019). During the fermenta-
tion of the grain different biochemical processes occur by which enzymes produced by 
yeasts and bacteria degrade sugars, lipids, proteins and acids present in the mucilage, 
transforming them into alcohols, acids, esters and ketones (Fig. 4.6). These formed 
substances are responsible for the characteristics of aroma, taste, color, pH and the final 
composition of roasted coffee beans (Puerta-Quintero and Echeverry-Molina 2015).

Lee et al. (2015) concluded that improvements in the quality of aroma coffee are 
caused during fermentation and are probably attributed to the modifications of the 
aroma precursors composition, such as proteins, carbohydrates and chlorogenic 
acids in green coffee beans observed after fermentation.

Although the role of fermentation in processing can improve coffee quality, poor 
process control can negatively impact sensory attributes. When performed under 

Fig. 4.6 List of biochemical processes, substrates and final products responsible for the flavors 
and aromas of coffee. Source: Authors
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improper conditions, fermentation can impart unpleasant stains and flavors to the 
raw bean (Lee et  al. 2015; Petracco 2001). In case of incomplete fermentation, 
mucilage remnants can cause secondary fermentation during drying and storage, 
resulting in an abnormal coffee flavor. On the other hand, excessive fermentation 
with high production of butyrate and propionate would be responsible for bitter 
flavors (Lopez et al. 1990).

3  Fermentation and Precursing Compounds

3.1  Organic Acids

All of the following observations on fermented arabica coffees attempt to explain 
how this process affects the final beverage, from the precursors to the flavors and 
aromas after roasting. However, the coffee bean is greatly influenced by genetics, 
crop conditions and other points already discussed. So, not all explanations can 
apply to all coffees. What was sought was to create discussion topics on the bio-
chemical impact of fermentation of the beans, which allow knowledge on the deli-
cate and complex process of generating flavor and aroma on the final beverage.

The primary taste sensation in the coffee beverage is the acidity. The acidity of 
coffee, along with the aroma and bitterness, is a key factor for sensory impact 
(Ribeiro 2017). In general, the acids present in coffee account for about 11% of the 
weight of raw beans and about 6% of the weight of roasted coffee beans. Citric, 
malic, quinic and chlorogenic acids are considered the main acids of raw coffee 
beans, which contribute to the formation of the sensory characteristics of the drink 
(Ginz et al. 2000; Bressani et al. 2018).

The concentration and type of acid present in the green coffee bean is related to the 
sensory perceptions of the roasted grain, identified mainly through the aroma. For 
example, citric acid confers lemon flavor, the lactic acid a buttery flavor and malic acid 
confers an apple flavor. Organic acids are also responsible for contributing to the for-
mation of acidity, as they tend to produce higher amounts of hydrogen ions 
(Lingle 2011).

Organic acids are characterized by having carbon atoms. Of these, the largest 
group is carboxylic acids (Damodaran et al. 2010). Carboxylic acids have important 
organoleptic properties. The characteristic sour taste was the first criterion for the 
classification of these compounds. Formic (methane) and acetic (ethane) acids have 
an intense, irritating smell and sour taste. Acids of four to eight carbon atoms have 
unpleasant odors. However, in small concentrations, carboxylic acids are responsi-
ble for many fragrances. Although not the largest in volume among acids, organic 
acids tend to produce more hydrogen ions. This increase in hydrogen ion concentra-
tions, as measured by the medium pH, is associated with acidity. The order of inten-
sity of these acids present in coffee is generally given as tartaric, citric, malic, lactic 
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and acetic acid. Higher acid concentrations have also been shown to significantly 
impact the perception of other basic flavors, particularly sweet (Lingle 2011).

During fermentation, various organic acids are produced, being acetic and lactic 
acids dominant; butyric acids, especially propionic acids, develop in the later stages 
of fermentation (Clarke 1985). Lactic acid is an important organic compound for 
coffee fermentation that assists in pulp acidification without interfering with the 
quality of the final product (Pereira et  al. 2017). In contrast, high production of 
butyric, acetic and propionic acid may indicate excessive fermentation, which leads 
to reduction of the quality of the beverage, off-flavor (unpleasant taste or smell) 
when present in concentrations greater than 1 mg mL−1 (Lopez et al. 1990; Silva 
et al. 2013).

A recent study (Ribeiro et  al. 2018) identified and quantified the main acids 
involved in coffee fermentation (citric, malic, succinic and acetic acid). Three vari-
eties of arabica coffee were fermented separately in concrete tanks filled with water. 
The results showed that citric acid occurred in higher concentration, increasing 
from the beginning of fermentation until after drying of the fermented bean. The 
maximum concentration of citric acid in the fermented dry grain was 8.94 mg g−1 in 
one of the varieties. The same behavior was observed for malic acid, reaching the 
final concentration of 1.24  mg  g−1. Succinic acid, unlike citric acid, showed a 
decrease in fermentation for drying. Similar behavior was observed for acetic acid. 
Lactic acids, butyric, propionic, oxalic and tartaric acids were not detected in any of 
the coffee varieties.

The use of starter cultures in the fermentation process in addition to sensory 
quality reduces processing time and standardizes coffee quality. Inoculation of 
Pichia fermentans YC5.2 yeast influenced the low lactic acid production in the sys-
tem and, consequently, higher final pH values. The coffee beverage produced pre-
sented velvety body perception, caramel flavor and intense perception of lactic, 
citric and phosphoric acids (Pereira et al. 2015).

Other studies have pointed to increased acidification in fermentation systems (16 
and 36 h) due to the accumulation of lactic acid and acetic acid during the processes. 
After fermentation, higher concentrations of citric acid and lower caffeic acid and 
certain isomers of chlorogenic acid (3-caffeoylquinic and 4-caffeoylquinic acid) in 
fermented beans were observed in relation to fresh beans (De Bruyn et al. 2017).

Acetic and lactic acid production throughout fermentation was also verified by 
Evangelista et al. (2015) when studying the microbial diversity involved in arabica 
coffee fermentation in two main producing regions of Brazil, with distinct environ-
mental characteristics. The authors identified a reduction in concentrations of malic 
and citric acids during fermentation, while the succinate acid showed a slight 
increase in end of the process. The sensory results showed that the coffee from one 
region presented citrus and herbaceous flavor, and from the other presented, besides 
these flavors, nutty sensation characteristics.

Furans and ketones are the volatile compounds that contribute to the formation 
of citrus and herbaceous attributes, while pyrazines and pyrroles may give nutty 
notes (Evangelista et al. 2015; Pereira et al. 2018b). The latter are mainly formed by 
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the degradation of nonvolatile acids, such as citric and malic, and volatile acids, 
such as acetic (Pereira et al. 2018b).

As can be noticed, there is a difference in the production of acids mainly on the 
acid type which is related with the presence of microorganisms during fermentation. 
Silva et al. (2013) points out that the selection of microorganisms for the fermenta-
tion of the coffee must be based on the production of pectinase and acidic  compounds 
and other metabolic compounds, since these factors affect the final quality of the 
beverage.

Other flavor precursor acids are chlorogenic acids, the main representatives of 
the phenolic fraction found in the coffee seed (Farah and Donangelo 2006). Such 
compounds have antioxidant action and have several health benefits due to their 
functional properties (Paula et  al. 2016). Previous studies report higher levels of 
these compounds in fermented coffees (Duarte et  al. 2010; Arruda et  al. 2012). 
According to Arruda et al. (2012), the content of chlorogenic acids in the husk and 
pulp of mature coffee beans is low in relation to the seed; however, during the fer-
mentation there is loss of ions and low molecular weight molecules, which could 
explain the increase of these compounds.

From another perspective, more recent studies suggest that the fermentation pro-
cess promotes a reduction in chlorogenic acid content (Lee et al. 2016a, b; 2017), 
which may explain the superiority of coffees processed by wet processing, since 
these compounds are degraded during roasting resulting in the formation of a series 
of low-molar mass phenolic compounds that have widely varying sensory charac-
teristics, including bitterness and astringency in the beverage (Pereira et al. 2017; 
Toci et al. 2006).

3.2  Sugars

The free sugars in coffee beans are one of the main precursors of aroma and taste of 
the coffee beverage. Glucose, fructose and sucrose are the main sugars present in 
coffee (Bressani et al. 2018), they are produced and accumulated in the pulp and 
endosperm of the cherry bean during the development of the grain.

In general, in the early stages of development, until half the maturation, glucose 
and fructose are the main free sugars, with glucose concentration consistently twice 
the concentration of fructose (Rogers et al. 1999). At the end of grain development, 
concentration of glucose and fructose diminish for both species to 0.03 and 0.04% 
in dry weight, respectively, while sucrose, 5–12% of dry weight, was essentially 
100% of total free sugars in mature grains (Redgwell and Fischer 2006). The meta-
bolic state of the grains in the steps of maturing/processing will affect the final 
chemical composition of the mature coffee cherries and the influences that modu-
late this metabolic state are factors that affect the quality of the coffee bean 
(Redgwell and Fischer 2006).

Sucrose and reducing sugars are involved in the fragmentation and carameliza-
tion reactions in roasting as well as in the Maillard reaction.
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The main way of coffee aroma formation is the Maillard reaction and Strecker 
degradation, responsible for the generation of various classes of compounds such as 
pyrazines, pyrroles, thiols, furans, furanones, pyridines and thiophenes. Reducing 
amino acids and sugars generated from extensive protein and sucrose hydrolysis 
during roasting are precursors of key attributes that participate in the production of 
the characteristic roasted coffee aroma (Lee et al. 2015; Zhang et al. 2019). High 
correlation between total sugars parameters and volatile nitrogen (pyridines, pyr-
azines, pyrroles and aldehydes) was observed by Arruda et al. (2012).

Postharvest alters the content of sugars in the green coffee, especially in the fer-
mentation process, where microorganisms act on the degradation of sugars present 
in the pulp and mucilage, creating different metabolic pathways and sensory pat-
terns (Pereira et al. 2018b).

Ribeiro et al. (2018) observed a reduction in fructose and glucose concentrations 
at the end of the fermentation process, while sucrose contents increased throughout 
the process. The authors related this increase in sucrose concentration to the action 
of enzymes involved in sucrose synthesis, such as sucrose phosphate synthase, pres-
ent in coffee beans.

In addition, Lin (2010) identified a higher content of reducing sugars after fer-
mentation, presumably due to the degradation of the mucilaginous layer, which had 
a positive impact on coffee aroma. The increase in the concentration of reducing 
sugars (glucose and fructose) after fermentation may be attributed to sucrose hydro-
lysis by the action of invertase enzyme from yeasts present in the medium (Carvalho 
Neto et al. 2018).

Reduction in sugars is suggested by some studies as a result of spontaneous 
fermentation to remove mucilage. During fermentation the decrease in sugar con-
tent is linked to the consumption of sugars by microorganisms and also to the 
metabolism of the grain (Bytof et  al. 2005; Knopp et  al. 2006), which even in 
anaerobic process (submersion of beans) leads to the consumption of reducing 
sugars and endosperm sucrose. Alternatively, during immersion, the osmotic pres-
sure facilitates the loss of monosaccharides.

As mentioned earlier, during the process of fermentation, the coffee beans under 
anoxic continuously consume carbohydrates resources through is glycolysis, 
decreasing sugars concentration in the endosperm. It is well known that in the wet 
processing under anoxic conditions, plant tissues are able to change their respiration 
to alcoholic or lactic fermentation (Knopp et al. 2006).

In contrast to the wet process, the coffee dry processed remains in a well- 
ventilated environment during treatment, wherein the respiratory metabolism can be 
kept until the reduction of water content take it to a virtual standstill of metabolic 
activity. Compared with respiration, fermentation processes consume much more 
hexose molecules for the generation of the same number of ATP molecules. The 
decrease of glucose and fructose in green coffee processed through wet processing 
is a consequence of consumption of glucose intensified by fermentation due to 
anaerobic fermentation in the endosperm of the coffee (Knopp et al. 2006).

Some authors relate decreasing of the content of glucose and fructose to meta-
bolic events which occurred during drying in the wet processing (Wootton 1973; 
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Kleinwächter and Selmar 2010). But with the use of prolonged fermentation with 
starter microorganisms, the decrease of sugars is more pronounced. In some pro-
cesses of fermentation approximately 60% of the sugars are utilized as substrate for 
microbial growth which produces significant amounts of ethanol and acetic and 
lactic acids, resulting in lowered pH (from 5.5–6.0 to 3.5–4.0) (Avallone et al. 2001; 
Jackels et al. 2005).

Some experiments made with natural or fermentation with bacteria or yeast 
showed green coffee beans with a lower content of reducing sugars (unpublished 
data), a reduction of up to 70% compared to controls. De Bruyn et al. (2017) also 
related that after fermentation, the concentrations of fructose, glucose and sucrose 
in the endosperm diminished significantly. Ordinary (unfermented) coffees have up 
to 1.2% fructose, 0.8 to 1% glucose and 2–8% sucrose (Table 4.2—Composition of 
green coffee, roasted and ground beans and the final beverage Table 4.2).

The consequence of the lower sugar content in the endosperm of green coffee 
beans can lead to changes in the generation of aroma and flavor during roasting, 
especially in the degradation processes of sugars for the production of organic acids, 
on the caramelization and the Maillard reaction.

All degradation reactions continue to occur, however, there may be changes in 
reaction dynamics, given the types and quantities of sugars available. Once the 
reducing sugars glucose and fructose are mainly from sucrose hydrolysis, both par-
ticipate in the Maillard reaction, but come with different ways and possibly different 
end products. Generally, an excess of reducing sugar to that of an amino compound 
accelerates Maillard reaction (O’Brien and Morrissey 1989).

In Maillard’s reaction, the darkening reaction with fructose occurs at a faster rate 
than with glucose (Maillard 1912). Another example is that the degradation of fruc-
tose produces furfural, and glucose produces hydroxymethylfurfural. Besides the 
Maillard reactions, sugars are also involved in other reactions such as degradation 
with acid production, pyrolysis and caramelization, and other aromatic compound-
ing producing reactions.

Sugars, particularly sucrose as the most abundant, act as aromatic precursors, 
originating various substances (furans, aldehydes, carboxylic acids, etc.) that will 
affect both the taste and aroma of the beverage (Farah et al. 2005). A small amount 
of sucrose is pyrolyzed and caramelized (parts of non - enzymatic darkening reac-
tion), while another considerable fraction is hydrolyzed into glucose and fructose. 
The decrease in sucrose level can be as high as 98% during roasting (Mauron 1981; 
Trugo and Macrae 1984).

During roasting of the coffee, the compounds of low molecular weight are con-
sidered more reactive than high molecular weight compounds. As such, aldopen-
toses are generally more reactive than aldohexoses (Spark 1969), and 
monosaccharides are more reactive than di- or oligosaccharides. Aldoses more reac-
tive than ketoses (O’brien and Morrissey 1989). Lewis and Lea (1959) reported that 
sugars, when placed in decreasing order of reactivity, have the following sequence: 
xylose> arabinose > glucose> lactose> maltose> fructose.

Thus, decreasing sugars from reducing sugars can change the dynamics of reac-
tions within the endosperm, requiring hydrolysis of sucrose to generate reducing 
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sugars. Still it may be expected changes in the compounds generated, for example, 
organic acids which are attached to the sensory profile of the beverage.

Some studies indicate the increase of organic acids, due to the absence of reducing 
sugars. Wang et al. (2019), evaluating the organic acid fermented and roasted beans, 
realized a significant increase of organic acids in roasted beans from fermented green 
beans, where the concentration of reducing sugars was practically zero. Being that the 
roasted beans of fermented green coffee that were supplemented with glucose, pre-
sented low concentration of organic acids similar to the control, without fermentation. 
Indicating that sucrose plays a fundamental role in the origin of these acids and thus 
in the final acidity. The content of sucrose has also been positively associated with 
coffees with higher acidity (Bertrand et al. 2006; Decazy et al. 2003).

The sugars in the endosperm during roasting, either sucrose, or fructose and 
glucose, lead to the formation of organic acids by fragmentation of molecules, reac-
tion that is concurrent with the formation of color, indicating that they are probably 
produced from similar reaction pathways (Buffo and Cardelli-Freire 2004). This 
fraction of acidity generated during the roasting of the coffee can be attributed to the 
formation of the four acids aliphatic formic, acetic, glycolic and lactic. The addition 
of sucrose, glucose or fructose to green coffee beans, resulted, in comparison to 
untreated beans, in significant increases in the yields of the four acids subsequent to 
roasting (Ginz et al. 2000).

Although some authors indicate that the fermentation favors the reduction of 
reducing sugars and prevalence of sucrose in the endosperm, and thus higher pro-
duction of volatile organic acids, other studies indicate that there is no increased 
production of organic acids in the presence/absence of reducing sugars (Evangelista 
et al. 2014a, b; Lee et al. 2016a). In any case, fermentation was not able to reduce 
the acidity resulting from the degradation of sugars and may contribute to its 
increase.

Another sensory modification which can be linked to the metabolism of reducing 
sugars in the endosperm is the concentration of funans (mainly furfural) in the bev-
erage, which in beverages from fermented coffees appear in lower concentration, 
which can be connected to lower reducing sugars concentration, and/or also a lower 
capacity of sucrose to generate these compounds. In some studies, it is suggested 
that sucrose may produce less furans than reducing sugars such as glucose and fruc-
tose (Nie et al. 2013).

Furans are among the most abundant volatile groups present in coffee, being 
described as responsible for the caramel, burnt sugar and malt aromas in roasted 
coffee. These substances are predominantly produced by pyrolysis of sugars. 
However, there is evidence that furans would also be formed from organic acids and 
fatty acids. Furanones are produced by the Maillard reaction after aldol condensa-
tion and are part of the furan formation pathways, being associated with the sweet 
and caramel aroma formation in roasted coffee. The large number of furan deriva-
tives indicates the important role that carbohydrates and free sugars, such as sucrose, 
play in the final quality of the beverage (Crews and Castle 2007; De Maria et al. 
1999; Getachew and Chun 2019; Ribeiro et al. 2009; Sunarharum et al. 2014).
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Works by Evangelista et al. (2014b), with fermentation with up to 720 h, showed 
lower levels of furfural on roasted beans (an average of 20% lower than the control).

A study conducted on modulation of the coffee aroma by fermentation of arabica 
coffee beans, the total levels of furanones in fermented roasted coffees, of medium 
and dark intensity, was 50% lower than the respective unfermented coffee (Lee et al. 
2016b). The authors of the present study suggested that the decrease in furanones 
levels may be attributed to the metabolism of reducing sugars during fermentation, 
which led to decreased concentrations of sugar aroma precursors.

Wang et al. (2019) working with coffee fermentation supplemented or not with 
glucose, found a significant reduction of furans related to the concentration of the 
reducing sugars in the fermented green coffee without supplementation. For green 
coffee fermented and supplemented with more glucose in their constitution, there 
was an increase in the production of furans, reaching three times more than the 
control (unfermented and not supplemented), depending on the type of roasting.

As stated above, furans have been proposed as responsible for burnt sugar and 
caramel aromas in the roasted coffee (Leino et al. 1992) as well as the caramel fla-
vor in the coffee beverage (Flament 2001). Despite being a characteristic aroma in 
coffee, the decrease in its content may allow the perception of other aromas. Aromas 
produced possessed by these compounds in the positive and negative sensory evalu-
ation of coffee, depending on the concentration in the roasted coffee (De Maria 
et al. 1999).

The production of less furans in the beverage of fermented beans is only an infer-
ence about the fact of lower sucrose content and other reducing sugars, but also can 
be connected to chemical conditions of given fermented green coffee, as well as the 
roasting process because it is worth remembering that there are numerous interac-
tions and other compounds that contribute to the formation of furan (Fig. 4.7).

Furans detected in the roasted coffees consisted mostly of furfurals, which are 
formed through the 3-deoxyosone route in a Maillard reaction and a similar pathway 
in caramelization. In coffee roasting, the carbohydrates that are more accessible for 
pyrolytic reactions would be hexoses, including glucose and fructose, both in the 
free form and from sucrose hydrolysis. With the hexoses, the 3-deoxyosone route in 
the Maillard reaction leads to the production of 5-hydroxymethylfurfural, which is 
degraded into furfural and 5-methylfurfural (Mariscal et al. 2016; Parker 2015).

Figure 4.7 illustrates the different paths for the formation of furans such as ther-
mal degradation of carbohydrates only or in the presence of amino acids, thermal 
degradation of some amino acids, oxidation of ascorbic acid at elevated tempera-
tures and oxidation of polyunsaturated fatty acids (PUFA) and carotenoids 
(Gruczyńska et al. 2018; Peres-Locas and Yaylayan 2004). The possibility of furan 
formation by different ways indicates that a lower sugar concentration is not a guar-
antee of low levels of furans in the beverage.
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3.3  Free Amino Acids and Proteins

Amino acids and proteins are important suppliers of the free amino group which, com-
bined with the carbonyl group of reducing sugar, through the Maillard reaction, are 
responsible for the aroma, taste and color of heat-treated foods (Francisquini et al. 2017).

The biochemical reactions that happen on the postharvest of coffee beans inter-
fere significantly with the quality and quantity of free amino acids (Bytof 2003; 
Bytof et al. 2005; Selmar et al. 2002). Arnold and Ludwig (1996) evaluating the 
fermentation in the wet processing without considering the drying process, found 
changes in the free amino acids profile in the coffee (before drying). Free amino 
acids contents such as aspartate, glutamate and alanine were quantified in fermented 
coffee (wet processed). The accumulation of these amino acids is associated to the 
hydrolysis of proteins in order to generate raw material for the germinating process 
(Knopp et al. 2006).

For Nigam and Singh (2014) the free amino acids could be released in the beans 
after the protein degradation during the process of fermentation of coffee. During 
postharvest, in the fermentation, there may be protein degradation, in addition to the 
consumption and production of amino acids during the microbial metabolism.

In the famous Kopi Luwak coffees, Marcone (2004) found evidence of protein 
hydrolysis that was attributed to the permeation of digestive enzymes and gastric 

Fig. 4.7 Ways of furan formation in food. Source: Adapted from Peres-Locas and Yaylayan (2004)
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juices through the coffee cherries endocarp and the bean surface as they cross the 
animal’s gastrointestinal tract. Changes in amino acid composition would in turn 
have a significant impact on coffee aroma, since amino acids are important precur-
sors of aroma in roasting. Protein hydrolysis would also be responsible for decreas-
ing the bitter taste in the final fermentation, while tasting results also revealed that the 
Kopi Luwak beverage has low body and acidity. Marcone (2004) also suggested that 
the characteristic taste of Kopi Luwak could be assigned to a unique way of wet pro-
cessing, given the similarity in the acidification and fermentation processes occurring 
in the digestive bioprocessing of civet (Fig. 4.8) and traditional wet processing.

Lee et al. (2016a) performing solid state fermentation (SSF) of coffee with a fun-
gus, found a significant increase of free amino acids and ammonia in the coffee green 
bean. However, in another study from the same team (Lee et al. 2017), using SSF 
with one yeast, found a different amino acid profile in fermented beans, with a 
decrease in free amino acid contents. It is clear the importance of the microorganisms 
used in the fermentation, and how they will modulate the compounds of the green 
coffee, ranging from the production of acids and other metabolites in consumption or 
liberation of sugars and free amino acids.

The free amino acid, present even in small quantities, can produce significant 
changes in the organolithium quality of the beverage (Kaanane and Labuza 1989). 
The amount and kinds of amino acids affect the strength and quality of aroma, by 
roasting, during the Maillard reaction and Strecker degradation (Dills 1993).

In the roasting process many chemical reactions occur simultaneously within the 
grain, with amino acids being key compounds for the end result. The chemical pro-
cesses that occur in the first part of the heating cycle appear to be mainly hydrolytic 
reactions involving the simple saccharides present in green coffee bean, giving rise 
to glucose, fructose, mannose and galactose.

Cellulose, polysaccharide that composes the coffee grain structure, also begins to 
hydrolyze in the mildly acidic environment of the bean, increasing the glucose con-
centration and decreasing the hardness of the grain structure. To the extent that the 
temperature exceeds 100 °C, water that is not strongly linked to organic molecules 

Fig. 4.8 (a) Civet and cherry coffee that are part of its diet. (b) Coffees from the digestive systems 
of the civet, bioprocessed. Source: http://juliafleck.com.br/wp-content/uploads/2016/10/civeta.jpg
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starts vaporizing. When the vapor pressure is sufficiently high, some of the weak-
ened cellulose walls start to crack, leading to the first cracking sound in the roaster 
of coffee beans that by expanding releases excess of pressure. As the temperature 
continues to rise, a number of amino acid sugar ring-opening reactions (Maillard 
reactions) begin to occur.

The aldosamine (glucose plus amino acid) and ketosamine (fructose plus amino 
acid) compounds formed in these initial reactions may cyclize or may also react 
with other compounds (and then cyclize). As the temperature rises to 160  °C, 
another reaction (Strecker Degradation) begins. These reactions involve the conden-
sation of dicarbonyl compounds (formed from activated sugar molecules oxidation) 
with amino acids. These initial linear condensation products degrade, emitting CO2, 
to form amino ketones and aldehydes, which can then cyclize (Yeretzian et al. 2002; 
Wang 2012, 2014).

Whatever the mechanism of reaction of these compounds, the synthesis involves 
mainly sugar molecules which react with several free amino acids (17 of which 
were identified in the green coffee bean), forming a wide variety of organolithium 
compounds by the Maillard reactions and Strecker Degradation, mainly (Lyman 
et al. 2003) (Fig. 4.9).

In sensory perspective, these chemical compounds generated by the reaction of 
amino acids, during Maillard reaction through the Strecker degradation produces 
flavor diversity. Aromas formed from carbohydrates and amino acids can be divided 
into: a specific amino acid pathway and a non-specific amino acid pathway. For the 
non-specific amino acid pathway, α-dicarbonyl reacts with most types of amino 

Fig. 4.9 Overview of Maillard reaction showing flavoring compounds and end products. Source: 
Ho (1996)
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acids by forming α-aminoketone via Strecker degradation, which leads to the for-
mation of alkylpyrazines, oxazoles and oxazolines. In the specific amino acid path-
way, amino acids such as cysteine and proline, α-aminoketone or α-dicarbonyl are 
involved in the generation of thiazoles, thiazolines, pyrrolines and pyridines.

Amino acids with sulfur, cystine, cysteine and methionine in green coffee (mostly 
bound to proteins), degrades in roasting and interact with reducing and intermediate 
sugars of Maillard to form volatile intensively aromatic, for example, furfurylthiol, 
strong aroma with a very low threshold perception (threshold value), and thiophenes 
and thiazoles. Hydroxy amino acids such as serine and threonine react with sucrose 
to yield volatile heterocyclic compounds and alkylpyrazines. Proline and hydroxy-
proline react with the intermediate of Maillard to give pyrroles, pyrrolizines, pyri-
dines, alkyl-, acyl- and furfurylpyrrols.

Other work from Wong et al. (2008) on the aromatic potential of amino acids in 
the Maillard reaction under acidic conditions, in relation to glucose–amino acids 
(individually and in combination) to 100  °C, where the produced aromas were 
determined and compared by trained tasters. Proline produced a pleasant, flowery, 
fragrant aroma. Phenylalanine and tyrosine produced dried rose aroma. Alanine 
produced a fruity, flowery odor, while aspartic acid and serine produced a pleasant, 
fruity aroma. Arginine, produced a pleasant, fruity and sour aroma. Glycine, lysine, 
threonine and valine produced a pleasant caramel odor. Isoleucine and leucine pro-
duced a burnt caramel aroma. Methionine has developed fries odor. Cysteine and 
methionine produced salty, fleshy, soy sauce-like flavors. A combination of these 
free amino acids produced different types of aroma.

The free amino acids are essential for Strecker degradation, which can produce 
different aromatic compounds, especially aldehydes. Although Strecker degrada-
tion has been delegated to a category of “underreaction” in Maillard’s reaction 
scheme, however, in its broadest definition, it may play a more critical role than is 
currently assumed by shifting to direction of the Maillard reaction for an aromatic 
(aroma and flavor) and non-aromatic way (color) (Fig. 4.10) (Yaylayan 2003).

Strecker degradation is considered a significant source of flavor compounds. If 
the Maillard reaction can be seen as amino-catalyzed sugar degradation, from 
another point of view, Strecker degradation can be taken as the degradation of the 
amino acids initiated by the reactive carbonyl species produced in the first phase of 
the Maillard reaction.

In Strecker degradation dicarbonyl compounds (formed in Amadori rearrangement) 
react with amino acids to produce carbon dioxide, aldehydes (Strecker aldehydes) with 
a carbon atom and α-aminoketone which are key precursors of heterocyclic flavor com-
pounds, such as pyrazines, pyrazines, oxazoles and thiazoles (Fig. 4.11) (Yaylayan 2003).

Common Strecker aldehydes include ethanal (sweet and fruity aroma), methyl-
propanal (malted) and 2-phenylethylanal (floral/honey aroma) (Flament 2001). The 
condensation of two aminoketones can produce pyrazine derivatives which are also 
powerful aromatic compounds (Yaylayan 2003).

With peptides and proteins, and in the absence of free amino acids, the Strecker 
degradation cannot occur, and this has consequences for generating flavor. In 
 principle, the free amino acids may be generated during heating from proteins or 
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Fig. 4.10 Relationship of Strecker degradation (SR) and Amadori rearrangement (AR) to aroma-
genic and chromogenic pathways of Maillard reaction. [O] oxidation, [H] reduction. Source: 
Yaylayan (2003)

Fig. 4.11 Strecker degradation, with formation of Strecker aldehyde and an α-aminoketone. 
Source: Dias 2009

peptides if hydrolysis occurs, but this is limited to the same thermal treatments as 
roasting. What remains is that sugar degradation products may react with the side 
chain amino groups of lysine, arginine and tryptophan residues.

An example of the importance of Strecker degradation is the alkylpyrazine 
 formations. These are the second largest group of aromatic compounds in roasted 
coffee after furans. It has aromatic notes that contribute to the good quality of the 
coffee beverage. Pyrazines are characteristic volatile aromatic compounds of heat- 
treated foods (De Maria et al. 1999). These compounds contribute to the formation 
of numerous sensory attributes present in roasted coffee, such as walnuts, hazelnuts, 
sweet, pungent, earthy, walnut, among others, according to the type of substance 
formed (Pereira et al. 2018b).
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Elevated levels of pyrazine derivatives were detected in samples of fermented 
and roasted coffee and can be attributed to increased concentrations of amino acids 
such as phenylalanine, aspartic and glutamic acids in green coffee after fermenta-
tion. Studies indicate that the production and types of pyrazines formed during the 
Maillard reaction will be influenced by the type of nitrogen source (free ammonia 
or amino acids linked to nitrogen) (Lee et al. 2016b).

Evaluating some studies, the increase in the concentration of different pyrazine 
isomers with increase in free amino acids of the green coffee bean is dependent on 
the reducing sugar levels.

Table 4.3 shows the results of two studies conducted by Lee et al. (2016b, 2017). 
Evaluating the fermentation of green coffee beans rehydrated, the fungus Rhizopus 
oligosporus and the yeast Yarrowia lipolytica. It can be noticed in Table 4.3 that 
there is a relationship between amino acids, reducing sugars and production of pyr-
azines. That is, the guarantee of higher concentration of pyrazines is dependent on 
free amino acids and reducing sugar content. Possibly, Strecker degradation needs 
the reactive carbonyls coming from the Amadori or Heizn rearrangement (reaction 
of a sugar and amino acid) that together with free amino acids will produce 
pyrazines.

Wang et al. (2019), working with coffee fermentation (supplemented or not with 
glucose) found that the majority of amino acids analyzed was significantly reduced in 
both fermentations, and various amino acids (i.e., leucine, isoleucine and methionine) 
were reduced to levels lower than detection limit, and this reflected in the content of 
pyrazines of fermented and roasted bean. And even the coffee fermented and supple-
mented with glucose, showed about 20 times less pyrazines, after roasting, than control.

All these results and discussion demonstrate that even the production of aromas 
and flavors characteristic of coffee is a complex system and very dependent of free 
amino acids.

Table 4.3 Evaluation of the production of pyrazines during roasting of fermented green coffee 
beans by R. oligosporus and Y. lipolytica. Source: Lee et al., 2016a, b; 2017

Fermentation by Rhizopus oligosporus fungus Light roasting Medium Dark
Total 
concentration of 
free amino acids 
(mg/g dry wt)

Total 
concentration of 
reducing sugars 
(mg/g dry wt) Total pyrazine (ppb dry wt)

Green 
coffee beans 
fermented 
for 5 days

1911 ± 47 7.7 ± 0.42 21,621 ± 1385 15,682 ± 2012 12,198 ± 988

Control 1659 ± 202 11.13 ± 1.00 17,507 ± 2390 11,863 ± 647 9410 ± 685
Fermentation by the Yarrowia lipolytica yeast
Green 
coffee beans 
fermented 
for 4 days

2981 ± 209 1.99 ± 0.15 8049 ± 584 5140 ± 708 5877 ± 694

Control 3738 ± 119 1.61 ± 0.16 8397 ± 804 4787 ± 810 6205 ± 495
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3.4  Phenolic Compounds

Besides having nutritional and antioxidant properties, phenolic compounds influ-
ence multiple sensory food properties, such as taste, astringency and color. Phenolic 
compounds contribute to the aroma and taste of many plant foods. In coffee, pheno-
lic compounds contribute significantly to the taste and aroma of the final product 
(Pimenta and Vilela 2002). Highlight for the chlorogenic acid (Fig. 4.12) and its 
products generated during roasting, which are the most characteristic flavor and 
aroma compounds of coffee.

These phenolic compounds, chlorogenic acid, caffeine, and others, are macro 
elements, its existence is associated with fruit and seed, being required correct bean 
maturation to keep these compounds in the optimal range, and avoiding the presence 
of other compounds such as quinine acid, which gives off flavor to the beverage 
(Rogers et al. 1999). Several authors have described the high content of these poly-
phenols in coffee fruits and in particular of chlorogenic acid. In the ideal maturation, 
chlorogenic acids (CGA) are major phenolic of the coffee bean (including the green 
hue of the grains being the result of these compounds) (Fig. 4.13).

Chlorogenic acid is responsible for 5–10% of coffee beans, which is much 
larger than caffeine (1–2%). It is thermally unstable and is easily decomposed into 
quinic acid and caffeic acid. And strongly influences the taste of coffee, as astrin-
gent, sweet and sour flavors, which change with concentration (Pimenta and 
Vilela 2002).

CGAs are a family of esters formed between certain phenolic acids (trans- 
cinnamic acids) and quinic acid (Parras et al. 2007). The main subgroups of CGA 
found in green coffee beans are the caffeoylquinic acids (CQA), dicaffeoylquinic 
acids (diCQA) and feruloylquinic acid (AQF), each group having at least three iso-
mers (Farah and Donangelo 2006), like CQA isomers (Fig 4.14), among which 
5-CQA (Fig. 4.14) is the predominant species (Oestreich-Janzen 2010).

Thus, as the sugars, proteins and amino acids, phenolic compounds, represented 
mainly by chlorogenic acid, quinine acid and caffeic acid, are important precur-
sors present in the green coffee beans, which play an essential role in the formation 
of aroma and taste of coffee (Variyar et al. 2003). During roasting, the thermal 
 degradation of polysaccharides and simple sugars is responsible for the formation 
of caramelization products. Sugars, proteins, amino acids participate in the 
Maillard reaction. Similarly, chlorogenic acids along with other nonvolatile phe-
nolic derivatives are hydrolysed to hydroxycinnamic acid derivatives. Furthermore, 

Fig. 4.12 Chlorogenic 
acid. Source: https://
upload.wikimedia.org/
wikipedia/commons/5/57/
Chlorogenic-acid-2D.svg
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hydroxycinnamic acids such as ferulic acid, caffeic, quinine, still suffer more 
decarboxylation and other chemical reactions resulting in the formation of potent 
volatile phenolic compounds such as guaiacol, p-vinylguaiacol and phenols 
(Dorfner et al. 2003).

The main route of formation of volatile phenolic compounds seems to be the 
degradation of free phenolic acids (p-coumaric, ferulic, caffeic, quinic acids) during 
coffee roasting (Dart and Nursten 1985; Trugo and Macrae 1984) being that most 
free phenolic acids co-produced by CGA undergo degradation during roasting.

Studying the effect of roasting on the composition of these acids, a loss of 60.9% 
and 59.7% was determined for arabica and robust respectively, after mild roasting 
(205 °C–7 min). Under more severe conditions there is increased degradation of 
chlorogenic acids, but there is a decrease in related volatile phenolic compounds 
(Trugo and Macrae 1984).

Volatile phenolic compounds, in general, have very varied sensory characteristics, 
being responsible for the smell of burnt matter, spices, cloves, smoke and also the feel-
ing of bitterness and astringency found in coffee. Phenol is often observed in the vola-
tile fraction of roasted coffee, along with methyl phenols (or cresols). The phenols 
most commonly found in roasted coffee are 4-vinyl-guaiacol, guaiacol or methoxy 

HighLow

Green
Coffee Bean

Chlorogenic Acid Levels

Roasted
Coffee Bean

Fig. 4.13 Representation 
of acid chlorogenic levels 
in the green coffee bean. 
Source: https://www.cebm.
net/2014/07/
can-chlorogenic-acids-
green-coffee-help-blood-
pressure-management/
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phenol and phenol. In addition to these three components, cresol isomers (o-, m-, p-) 
are also part of the group of major roasted coffee phenols (Moreira et al. 2000).

In relation to the flavor and potential odor of these components, the guaiacol and 
4-vinyl-guaiacol were considered potent odorants for roasted coffee, since they 
have lower limits of detection, besides being present in relatively high concentra-
tions in the bean toasted (Trugo and Macrae 1984; Moreira et al. 2000).

In addition to volatile compounds, the taste ratio of phenolic compounds has a 
contribution of chlorogenic acid (CGA) and its decomposition during roasting in 
the production of quinic and caffeic acid.

Caffeic acid and quinic acid are nonvolatile phenolics (some are not degraded to 
volatile compounds). They are often formed as by-products of different CQAs, 
which can further degrade into phenol and catechols, among almost 30 other chemi-
cal compounds (Moon and Shibamoto 2009).

Caffeic acid and quinine acid may remain in roasted beans, but some of them will 
inevitably become volatile and lost compounds (Moreira et al. 2000). Another study 
suggested they react with Maillard reaction products (Perrone et  al. 2012). This 
means that the decomposition of these CQAs can lead to a series of other reactions 
linked to the taste of the coffee.

Chemically, both caffeic and quinic acids are considered phenolic acids and are 
typically associated with astringency as found in a wide variety of beverages. In 
coffee, these effects can be seen when moving from a light to a dark roasting, with 
corresponding levels of increased bitterness. The sheer presence of these phenolic 
compounds not only affects tactile sensations such as astringency, but over time also 
changes the acidity level of the drink.

These two acids are also present in the green coffee and may, like chlorogenic 
acid, be affected by the postharvest process. It was observed that different types of 
coffee processing methods led to significant differences in the concentrations of free 
amino acids, reducing sugars and phenolic compounds present in green coffee beans 
of the same variety (Arruda et al. 2012).

Postharvest process the fermentation has decreased chlorogenic acid content in 
green coffee and these beans have produced higher levels of volatile phenolic com-
pounds, mainly phenol, guaicol and vinylguaiacol (Fig.  4.15) (Lee et  al. 2016a; 
Wang et al. 2019).

Some authors point out this reduction of chlorogenics in fermented green coffee 
as a result of microorganism metabolism. The significant decrease in the concentra-

Fig. 4.15 Chlorogenic acids in fermented coffees. Source: Lee et al. (2016a, b) and Wang et al. 
(2019)

4 Biochemical Aspects of Coffee Fermentation



182

tion of total phenolic compounds after fermentation pointed to the metabolism of 
these compounds by Y. lipolytica (Lee et  al. 2017). The detection of cinnamoyl 
esterase in other yeast species such as S. cerevisiae (Coghe et al. 2004) explain the 
decrease in chlorogenic acid concentration after fermentation by Y. lipolytica. 
However, the hydrolysis of chlorogenic acid did not correspond to an increase in the 
concentrations of hydrolytic, caffeine and quinic products. This can be explained by 
the higher catabolization rate (Lee et al. 2017).

For nonvolatile phenolic compounds of roasted fermented coffee, there is no 
reduction in the concentration of residual chlorogenic acids relative to unfermented 
roasted beans, but there is a reduction in the concentration of quinine acid in the 
fermented roasted bean.

This reduction in the amount of quinic acid comes from the reduction of green 
coffee quinine acid itself during fermentation. Lee et al. (2016a) indicated that fun-
gal metabolism may be linked to degradation and consumption of quinine acid dur-
ing fermentation but there is also loss of this acid during immersion of the beans for 
fermentation. De Bruyn et al. (2017), also indicated that the concentrations of citric 
acids, quinic acid, caffeine, trigonelline decreased after the soaking step.

During coffee fermentation, potentially lactic bacteria can decompose phenolic 
compounds through metabolism illustrated in Fig. 4.16. The metabolism of hydroxy-
cinnamic acids through the activities of the enzymes, acid phenol decarboxylases 
and reductases (Fig. 4.16) was confirmed after 24 h of fermentation (Filannino et al. 
2014). In particular, caffeic, p-coumaric and ferulic acids may be reduced to dihy-
droileic, floretic and dihydroferric acids, respectively (Fig.  4.16, pathway A), or 
decarboxylated to the corresponding vinylic derivatives (vinyl catechol, p-vinyl 
phenol and vinyl guaiacol, respectively) (Fig. 4.16, pathway B). Subsequently, the 
vinyl derivatives may be reduced to their corresponding ethyl derivatives (ethylcat-
echol, ethylphenol and ethylguaiacol, respectively) (Fig. 4.16, pathway C) (Filannino 
et al. 2014; Rodrìguez et al. 2009).

Quinic acid concentration in fermented green coffee beans is not influenced by 
the decrease of chlorogenic acid concentration. The decrease in the concentration of 
the latter would probably be attributed to the hydrolysis catalyzed by microorganism 
actions. According to Lee et al. (2016a), in fermentation it is plausible that quinic 
acid metabolism by R. oligosporus may have canceled the increase in concentration 
caused by hydrolysis of chlorogenic acid. The same can be repeated for caffeic acid.

According to Lee et al. (2016a), this observation can be attributed to numerous 
ways of biotransformation involving caffeic acid which were reported. It was dis-
covered that caffeic acid is generated from the demethylation of ferulic acid 
(Mathew and Abraham 2006), while others species of fungi and yeasts convert caf-
feic acid in volatile phenols such as guaiacols and ethyl phenols (Cabrita et  al. 
2012). This latter metabolic pathway would explain the significant increase in the 
levels of volatile phenolic compounds in fermented green coffee beans.

Wang et al. (2019), also reported a reduction in phenolic compounds during fer-
mentation with the use of starter cultures. 5-CQA degradation and caffeic acid gen-
eration occurred during fermentation of green coffee beans. However, the increase 
in caffeic acid was not sufficient to stoichiometrically balance the loss of 5-CQA.
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A large proportion of green coffee CQAs disappear through Maillard-like reac-
tions on more complex macromolecules, i.e. melanoidins, and partially decompose 
to quinic acid and caffeic acid to form quinides and to be incorporated into melanoi-
dins. Another transformation leads from decarboxylation and cyclization to phenyl-
indanes, identified as a strongly bitter component of coffee (Oestreich-Janzen 2010).

Phenylindanes are formed from hydroxylated cinnamates such as caffeic acid 
(4), during roasting of coffee beans (Frank et al. 2007). Higher concentrations of 
phenylindans are found in dark roasted coffees (longer roasting times) such as 
espresso, and are largely responsible for the bitter taste of dark roasted coffee blends 
(Frank et al. 2007).

Another compound altered by fermentation was the ferulic acid concentration 
decreased significantly after fermentation. This was supported by evidence of fun-
gal mediated biotransformation in the literature (Mathew and Abraham 2006; 
Filannino et al. 2014). Non-oxidative decarboxylation of ferulic acid and  elimination 
of the unsaturated side chain acetate portion of ferulic acid were two major meta-
bolic pathways of ferulic acid observed in many fungal species that resulted in the 
generation of volatile compounds such as guaiacols, p-vinylguaiacol and vanillin 
(Mathew and Abraham 2006). This was again consistent with the observations 
obtained from the volatile profiles of green coffee beans after fermentation.

In summary, the main change resulting from fermentation in relation to phenolic 
compounds is the decrease of chlorogenic acids and quinine/caffeic acid (improve-
ment of quinine/chlorogenic acids, as happens in grains with correct or late matura-
tion) in grains as effect of metabolism of microorganisms. In the degradation of 
chlorogenic acids smaller phenols are generated that will alter the chemical route of 
volatile generation, and there is a higher production of aromatic compounds such as 

Fig. 4.16 Metabolic pathways (a, b, and c) of caffeic, p-coumaric, and ferulic acids by lactic acid 
bacteria. Source: Filannino et al. (2014)
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guaiacol and vinylguaiacol as the main aromatic phenols. During roasting chloro-
genic acids are hydrolyzed to form mainly quinic acid, being that part of these 
quinic acids will remain as part of the final taste of the beverage, however, on a 
lower concentration than in non-fermented coffee.

3.5  Lipids

The lipid fraction of green coffee beans is mainly composed of triacylglycerols, 
sterols, tocopherols and diterpenes of the caurine family. Fatty acids are found in the 
combined state, most of which are esterified with glycerol in triglycerides; about 
20% are esterified with diterpenes and a small proportion is found in sterol esters. 
Coffee lipids contribute to the texture and feel of the beverage in the mouth 
(Oestreich- Janzen 2010).

A study conducted by Arruda et al. (2012) revealed that postharvest techniques 
(wet, semi-wet and dry) do not affect the fatty acid profile of coffee. On the other 
hand, Lee et al. (2015) detected the presence of methyl palmitate methyl ester in 
fermented coffees, attributing its formation to transesterification of triglycerides 
containing palmitic acid with ethanol or direct esterification of free palmitic acid 
with ethanol. According to the authors, ethyl palmitate contributes to the formation 
of fruity aromatic notes.

Esters play a key role in the sensory quality of fermented beverages and constitute 
the most important set of active yeast aroma compounds derived from Saccharomyces 
cerevisiae yeast. There are two main categories of flavoring esters in fermented bev-
erages. The first group is represented by acetate esters (the acid group is acetate, the 
alcohol group is ethanol or a complex alcohol derived from amino acid metabolism), 
such as ethyl acetate (solvent aroma), isoamyl acetate (banana aroma), isobutyl ace-
tate (fruity aroma) and ethyl phenylacetate (roses, honey). The second group com-
prises the medium chain fatty acid ethyl esters (the alcohol group is ethanol, the acid 
is a medium chain fatty acid), which includes ethyl hexanoate (anise, apple aroma) 
and ethyl octanoate (sour apple aroma) (Saerens et al. 2010).

Short chain fatty acids and their esters, such as 2-methyl butanoic acid ethyl 
ester, 3-methyl butanoic acid ethyl ester and cyclohexanoic acid ethyl ester, may be 
produced when excess fermentation occurs and may cause damage to the quality of 
the product if present in concentrations above 1.8, 13.9 and 14 mg kg−1, respectively 
(Bade-Wegner et al. 1997).

4  Biochemical Coffee Fermentation Routes

As stated above in the definition of fermentation that occurs in coffees as a set of 
metabolisms of various microorganisms, thus, it is expected to occur beyond the 
fermentation, metabolic pathways of respiration, especially the glycolytic pathways 
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followed by the citric acid cycle, with degradation/release of different metabolites 
(Figs. 4.17 and 4.18).

The glycolysis in Fig. 4.17 is also called the Embden-Meyerhof pathway, from 
the pyruvate it follows to the citric acid cycle (Fig. 4.18) for oxidation of the pyru-
vate molecule to CO2 and thus production of more ATPs (energy). Biochemically, 
both respiration and fermentation begin with glucose or fructose. Use of sucrose 
requires the sucrase enzyme, which hydrolyzes sucrose into glucose and fructose, 
which enter the pathway. The glycolysis pathway for glucose dissimilation 
(Fig. 4.17), as well as the TCA cycle discussed below (Fig. 4.18) are two pathways 
that are at the center of metabolism in almost all bacteria and eukaryotes. These 
routes not only dissimulate organic compounds and provide energy, but also provide 
the precursors for the biosynthesis of life-making macromolecules. These are legiti-
mately called amphibolic pathways, as they have an anabolic and catabolic function.

In bacterial (prokaryotic) fermentation processes there are three major glycolysis 
pathways: the classical Embden-Meyerhof (Glycolysis) pathway (Fig. 4.19a), which 
is also used by most eukaryotes: phosphoketolase or a heterolactic pathway related to 

Fig. 4.17 Glycolytic pathway and the main sugars of the coffee used in the pathway. Sucrose is 
hydrolyzed to fructose and glucose. Source Authors
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hexose-pentose derivation (Fig. 4.19b); and the Entner-Doudoroff pathway. Bacteria, 
whether fermenting or not, will utilize sugars through one or more of these pathways.

Fermentation process using the Embden-Meyrhof pathway can produce ethanol 
or lactic acid. Homofermetative microorganisms generally use these pathways, as 
do animal cells. Lactic acid bacteria reduce the pyruvate to lactic acid (lactate); 
yeast reduce the pyruvate to alcohol (ethanol) and CO2 as shown in Fig. 4.19a below.

The phosphoketolase pathway or heterolactic pathway is shown in Fig. 4.19b, 
this pathway is used by heterofermentative microorganisms, and leads to the pro-
duction of ethanol, acetic and lactic acid and carbon dioxide.

As you can see, fermentation for lactic acid production can occur in two pathways: 
homolactic (or homofermentative), if lactic acid is the only product formed; and het-
erolactic (or heterofermentative), when products other than lactic acid such as acetic 
acid, ethanol, CO2, etc. are formed. (Caplice and Fitzgerald 1999) In  addition, the 
lactic acid bacteria can produce, even though in smaller amounts, other organic com-
pounds responsible for flavor and taste to the fermented product, such as diacetyl, 
acetoin, secondary alcohols, aldehydes, organic acids, etc. (Caplice and Fitzgerald 1999).

Fig. 4.18 TCA Cycle. Source: Berg et al. 2002
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Embden-Meyerhof bacterial fermentations may in addition to lactic acid lead to 
a wide range of end products, depending on the pathways taken in the reducing 
steps after formation of pyruvic acid. Figure 4.20 below shows some of the path-
ways from pyruvic acid in certain bacteria. Typically, these bacterial fermentations 
are distinguished by their end products in the following groups (Todar, 2015).

 1. Homolactic Fermentation. Lactic acid is the only end product. Pathway of 
homolactic acid bacteria (Lactobacillus, Lactococcus and most streptococci).

 2. Acid mixture fermentations. Mainly the path of Enterobacteriaceae. The end 
products are a mixture of lactic acid, acetic acid, formic acid, succinate and etha-
nol, with the possibility of gas formation (CO2–H2).

2a. Butanediol fermentation. Forms mixed acids and gases as above, but, more-
over, 2,3 butanediol from the 2 pyruvate condensation. The use of the pathway 
decreases acid formation (butanediol is neutral) and causes the formation of a 
distinct intermediate, acetoin. Examples of Klebsiella and Enterobacter bacteria

 3. Butyric acid fermentations are performed by clostridia, the masters of 
 fermentation. In addition to butyric acid, clostridia form acetic acid, CO2 and H2 
from sugars fermentation. Small amounts of ethanol and isopropanol may also 
be formed.

Fig. 4.19 (a) The Embden Meyerhof pathway of homofermetative microorganisms and (b) the 
Phosphoketolase pathway of heterofermentative microorganisms. Source Pessione et al. 2010
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3a. Butanol-acetone fermentation. Butanol and acetone are the main end 
products of Clostridium acetobutylicum fermentation.

 4. Propionic fermentation. This is an unusual fermentation performed by propa-
noic acid bacteria, which includes Propionibacterium and Bifidobacterium. 
Although sugars can be fermented directly to propionate, propionic acid bacteria 
will ferment lactate (the end product of lactic acid fermentation) to acetic acid, 
succinic acid, CO2 and propionic acid. Propionate formation is a complex and 
indirect process involving 5 or 6 reactions. In total, 3 moles of lactate are con-
verted to 2 moles of propionate +1 mole of acetate +1 mole of CO2, and 1 mole 
of ATP is generated in the process.

The heterolatic (Phosphoquetolase) pathway (Fig. 4.19b) as a fermentation path-
way is mainly employed by the heterolactic bacteria, which include some species of 
Lactobacillus and Leuconostoc. Heterologous species of bacteria are occasionally 
used in the fermentation industry. For example, kefir, a type of yoghurt-fermented 
milk, is produced by a heterologous species of Lactobacillus. Similarly, sauerkraut 
fermentations use Leuconostoc, a heterolactic bacteria, to complete the fermentation.

The Entner-Doudoroff Pathway (Fig. 4.21) is used by few bacteria, especially the 
Zymomonas, which employ this pathway as a strictly fermentative way of life. 
However, many bacteria, especially those clustered around pseudomonas, use the 
pathway as a way to degrade carbohydrates for respiratory metabolism. The Entner- 
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Doudoroff pathway produces 2 pyruvic acid from glucose (same as the Embden- 
Meyerhof pathway), but like the phoscoquetolase pathway, oxidation occurs before 
cleavage, and the net energy yield is 1 mole ATP per mole of glucose used.

In addition to the metabolites in highlights in the above pathways, other impor-
tant biochemical metabolites are acetic and citric acids.

Acetic acid is produced by the transformation of ethanol into acid, which occurs 
in the presence of oxygen and bacteria of the genus Acetobacter. Acetic acid pro-
duction occurs from an aerobic metabolic process that may be of bacterial origin or 
product of the oxidation of ethanol produced by yeast (Silva et al. 2008). A recent 
study indicates that ethanol may originate from endogenous grain metabolism 
(Zhang et al. 2019).

The citric acid is produced with the use of citric acid pathways (Fig. 4.22) for 
some microorganisms.

Fig. 4.21 The Entner-Doudoroff Pathway of Fermentation. The overall reaction is Glucose → > 2 
ethanol +2 CO2 + 1 ATP (net). Source: Todar 2015
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Fig. 4.22 Schematic representation of the metabolic reactions involved in citric acid production, 
the enzymes (italics), the known feedback loops (dashed lines) and their locations within the cel-
lular structure of Aspergillus niger. Source: Papagianni (2007)
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5  Microbiota in Coffee Fermentation

Microorganisms are microscopic species found on land surface, sea and under-
ground. We often associate its existence with adverse factors such as infections, 
disorders, diseases and spoiled foods. However, most microorganisms assist in 
maintaining the balance of life in our environment. Marine and freshwater microor-
ganisms form the basis of the food chain in oceans, lakes and rivers. Those present 
in soil are responsible for the degradation of waste and incorporation of air nitrogen 
gas into organic compounds, promoting the recycling of chemical elements from 
soil, water, living organisms and air (Tortora et al. 2016).

There are still microorganisms that live inside plants and generally inhabit their 
aerial parts, such as leaves and stems, but apparently do not cause any damage to 
their hosts, they are called endophytic. Fungi and bacteria are the main endophytic 
microorganisms. Studies have shown that these microorganisms have important 
functions for their hosts, as they have symbiotic interactions with them, and are able 
to protect plants from insect attack, diseases and herbivorous mammals attack 
through toxin production (Azevedo et al. 1998; Santos and Varavallo 2011).

The study of coffee microbiota has sought to promote better survival conditions 
for coffee diseases and growth, production practices and quality of the beverage 
(Shiomi 2004; Sette et al. 2006; Vaughan et al. 2015). The microorganisms involved 
in these studies may be naturally present in the plant, endophytic or epiphytic, 
 present on the surface; or they can be added, as occurs, in some cases, during wet 
processing of the fruit to obtain the processed coffee.

Coffee seedlings are colonized by seed endophytes, with some microorganisms 
attached to the parchment and others present in the germination substrate. In the 
field, seedlings are exposed to prevailing environmental conditions, providing addi-
tional microbial colonization from a variety of sources. At the harvest stage, the 
sources of microbial agents to which the fruits are exposed may come from equip-
ment or from humans. The main microorganisms associated with coffee seeds are 
bacteria belonging to the genera Enterobacter, Bacillus, Lactobacillus, Lactococcus, 
Leuconostoc, Weissella; and the Aspergillus, Penicillium, Fusarium, Pichia, 
Saccharomyces fungi. (Vaughan et al. 2015). During processing, the processes used 
remove fruit fragments, allow microbial growth and promote fermentation, which 
can alter the physical, chemical and biological properties of seeds.

The presence of environmental microorganisms in coffee beans invariably leads 
to the fermentation process. This fermentative activity of the naturally occurring 
microbiota in coffee fruits and its role in coffee quality have been discussed by some 
authors (Esquivel and Jiménez 2012; Vilela et  al. 2010. Silva et  al. 2000; Silva 
et al. 2013).

These microorganisms are naturally present in coffee and may also be introduced as 
inoculant cultures and the various compounds present in the pulp and mucilage are 
consumed as nutrients during respiration and or metabolic fermentation (Silva 2014a, 
b; Pereira et al. 2017). Microorganisms (e.g. yeast and lactic acid bacteria in addition to 
degrading mucilage (pectinolytic activity), have the potential to inhibit the growth of 
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mycotoxin-producing fungi and perform fermentation with production of flavoring 
components (Pereira et al. 2017), with beneficial or harmful effects on the beverage 
(Gaime-Perrat et al. 1993).

There are different types of coffee beverage characterized by different nuances in 
terms of body, aroma, acidity and astringency. Among the factors that influence the 
final beverage, the action of microorganisms is one of them (Esquivel and Jiménez 
2012). Microbial metabolites produced during the postharvest period might diffuse 
into the beans and influence the final quality. The microbial diversity in this process 
is high and several species of bacteria, yeast, filamentous fungi that have already 
been identified (Silva et al. 2008).

In an effort to better understand coffee fermentation, a number of studies have 
examined the microbial diversity of coffee seeds during the use of different coffee 
processing methods. Other studies have looked beyond the fermentation process 
and have monitored microbes throughout the processing chain, from endophytic 
communities of coffee seeds and fruit to epiphytic communities present during 
green coffee storage (Vaughan et al. 2015).

More than eighty bacterial genera in spontaneous fermentation have recently 
been identified, many of which were first detected during coffee fermentation, 
including Fructobacillus, Pseudonocardia, Pedobacter, Sphingomonas and 
Hymenobacter. The presence of Fructobacillus suggests an influence of these bac-
teria on fructose metabolism during coffee fermentation. Leuconostoc and 
Lactococcus bacteria were identified as the main representatives of lactic bacteria at 
the end of fermentation. The metabolism of lactic acid bacteria was associated with 
high lactic acid formation during fermentation (Carvalho Neto et  al. 2018). The 
acidic environment of the fermentation process is caused by microbial metabolism, 
which causes pectinase to degrade mucilage pectin into organic acids (Feng 
et al. 2016).

The use of lactic acid bacteria keeps the pH as close as possible to natural fer-
mentation, where acidification is important. This practice standardizes the coffee 
fermentation microflora and, consequently, enables the quality control of the final 
product (Avallone et al. 2002). Avallone et al. (2001) observed an increase in lactic 
acid bacteria and yeast during fermentation.

As the fermentation process occurs, pectinolytic microorganisms produce alco-
hols, acids and other metabolic compounds capable of interfering with the final 
quality of the beverage. The growth of microorganisms during the processing stages 
may confer additional flavor notes due to the metabolites produced by fermentation, 
and their subsequent potential to migrate to the seed (Evangelista et al. 2014a, b).

Fermentative changes in mucilage were reflected in the beans, in which high 
concentrations of microbial metabolites were found (e.g., acetic acid, ethanol, 
glycerol, lactic acid and mannitol). However, it was found that during immersion, 
osmotic pressure facilitated the loss of monosaccharides and microbial metabolites 
accumulated during fermentation. Immersion of the fermented coffee beans causes 
the leaching of these compounds, which may impact the quality of the coffee 
resulting in a lower acidity score, giving a smoother flavor. In dry processing, a 
small accumulation of microbial metabolites such as gluconic acid, glycerol and 
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mannitol occurred in the bean. These results support the relationship between the 
effect of microorganisms on the chemical profile of dry processed coffee beans and 
may imply a slow but observable migration of microbial metabolites to the seed 
(De Bruyn et al. 2017).

A study on bacterial diversity during spontaneous fermentation in arabica coffee 
has shown distinct characteristics among different coffee varieties, especially in 
relation to the total population of bacteria, volatile compounds and sensory profile. 
Thirty-six mesophilic bacteria and six lactic acid bacteria were identified, among 
which Lactobacillus plantarum and Leuconostoc mesenteroides were found in all 
varieties. The volatile profile of fresh coffee beans changed during fermentation, but 
more significantly during the roasting process. The main volatiles produced 
belonged to the classes of acids, alcohols, aldehydes and hydrocarbons (Ribeiro 
et al. 2018).

The presence of Bacillus licheniformis bacteria during the fermentation of ara-
bica coffee of the Yellow Gold variety was associated with the highest sensory acid-
ity score, described as similar to citric acid (Ribeiro et  al. 2018). These 
microorganisms are known producers of citric acid (Vandenberghe et al. 1999).

The inoculation of Pichia fermentans YC5.2 yeast in the arabica coffee fermenta-
tion process increased the production of specific volatile aromatic compounds (eth-
anol, acetaldehyde, ethyl acetate and isoamyl acetate) and decreased the production 
of lactic acid during the fermentation process. These metabolites, derived from 
yeast, were identified in roasted beans from inoculated treatments, suggesting their 
diffusion to the seed during fermentation. The presence of these compounds in 
roasted beans contributes to the presence of fruity, floral and sweet notes to the food. 
(Pereira et al. 2015).

Potential use of lactic acid bacteria in the wet process promoted accelerated acid-
ification of coffee pulp. The Lactobacillus plantarum LPBR01 strain used also sig-
nificantly increased the formation of volatile aromatic compounds during the 
fermentation process (such as ethyl acetate, ethyl isobutyrate and acetaldehyde) and 
enabled the production of beverages with distinct sensory notes and a noticeable 
increase in quality in relation to the spontaneous conventional process (Pereira et al. 
2016). Stimulation of lactic acid bacteria growth and consequently the production 
of lactic acid and volatile organic compounds (1-hexanol, nonanal, 2-phenethyl 
acetate, 2-methyl butanoic acid) positively influence the final quality of the beverage.

Although the purpose of fermentation is to disintegrate the thick mucilage layer 
over the parchment, it has been reported that in coffee “natural or spontaneous fer-
mentation” (wet process fermentation) is imperative for flavor development and a 
high standard of quality (Velmourougane et al. 2000). Recent studies on the wet 
process fermentation process have observed that during fermentation, various 
strains of aerobic bacteria, lactic bacteria and yeasts increased in number (Avallone 
et  al. 2001). This microflora consumed simple mucilage sugars and produced 
 significant amounts of acetic and lactic acids, resulting in reduced pH. Only low 
levels of ethanol (produced by yeast) and other organic acids were detected, and the 
yeast population grew to significant numbers only after 10–15 h of fermentation. It 
has been suggested that yeast and ethanol generated by them may play some role in 
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 coffee aroma and taste degradation due to excess fermentation (Castelein and 
Verachtert 1981).

Bacterial yeasts and filamentous fungi have been reported during wet process 
fermentation (Avallone et al. 2001). The microbiota involved in dry processing is 
much more varied and complex than that found during wet process fermentation, 
but the actual role of each group of microorganisms during natural processing cof-
fee fermentation is still unknown.

Silva et al. (2008) investigated the natural microbial fermentation of coffee cher-
ries, isolated and characterized the microorganisms in addition to the biochemical 
alterations of coffee involved during fermentation, drying and storage. Several 
strains of bacteria, yeast and filamentous fungi were isolated during natural coffee 
processing. Bacteria were isolated in large numbers at the beginning of fermenta-
tion, when the moisture in coffee beans was about 68%. Gram-positive bacteria 
accounted for 85.5% of all isolated bacteria, and the Bacillus genus was predomi-
nant (51%). Gram-negative species of the genus Serratia, Enterobacter and 
Acinetobacter were also found. Approximately 22% of the 940 randomly selected 
isolated microorganisms were yeast. Debaryomyces (27%), Pichia (18.9%) and 
Candida (8.0%) were the most commonly found genera.

Nasanit and Satayawut (2015) investigated microbial communities during the 
fermentation of arabica coffee in wet processing. Bacteria were the most abundant 
microorganisms throughout the process, with Enterobacteriaceae such as 
Enterobacter agglomerans, Erwinia dissolvens, Escherichia coli and Klebsiella 
pneumonia being common. In addition, lactic bacteria were frequently found 
throughout fermentation and included Leuconostoc mesenteroides, Lactobacillus 
brevis, Lactococcus plantarum and Enterococcus casseliflavus. Spores forming 
gram-positive bacteria such as Bacillus subtilis and B. cereus were also found dur-
ing fermentation. The number of yeasts increased after 24  h of fermentation. 
Candida, Pichia, Debaryomyces, Kluyveromyces and Saccharomyces were the most 
common yeast genera. Filamentous fungi were minimal during fermentation, espe-
cially Penicillium, the most common fungi. The genera and species identified 
include members known to have pectinolytic activity.

In the wet fermentation process, the main groups of microorganisms involved are 
mesophilic bacteria and lactic acid (Evangelista et al. 2015). The microorganisms 
responsible for fermentation are native species that originate as natural process con-
taminants, including yeast, bacteria and filamentous fungi. Research has shown that 
the most frequently occurring yeast species during coffee fermentation are Pichia 
kluyveri, Pichia anomalous, Hanseniaspora uvarum, Saccharomyces cerevisiae, 
Debaryomyces hanseniie and Torulaspora delbrueckii. In addition, bacteria with 
pectinolytic activity belonging to the genera Erwinia, Klebsiella, Aerobacter, 
Escherichia and Bacillus, and a variety of filamentous fungi are also frequently 
isolated (Pereira et al. 2015).

The introduction of starter cultures in the coffee fermentation process aims to 
select microorganism for pectin degradation efficiency, alcohol production, sugar, 
organic acids and metabolites rate produced during fermentation. The use of starter 
cultures in coffee fermentation is an economically viable alternative to get a differ-
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entiated coffee by adding value to the product and standardizing the process of 
production (Evangelista et al. 2014a, b).

Consortia of Saccharomyces cerevisiae, Lactobacillus plantarum and Bacillus 
sphaericus (1,1,1) at 10% inoculum concentration showed significance in coffee 
bean mucilage removal with noticeable improvement in alcohol production 
(70.26 mg/mL), sugar (5.5 mg/mL) and pectinase (11.66 U/mL) compared to natu-
ral fermentation (Havare et  al. 2019). Evangelista et  al. (2014a, b) evaluated the 
improvement of coffee beverage quality using selected yeast strains during dry pro-
cess fermentation, it was concluded that it is possible to use selected yeasts for dry 
process fermentation, and that inoculated yeasts persisted throughout fermentation 
and resulted in a drink with a characteristic flavor (caramel and fruity) with good 
sensory quality.

An important feature of microbial control during coffee fermentation concerns 
the promotion of beverage quality, as a wide variety of microbial metabolites during 
the fermentation process can diffuse into coffee beans and act as aromatic precur-
sors of coffee roasting process (Carvalho Neto et al. 2018).

6  Natural Fermentation or Fermentation with Cultures 
Starters

In the food industry, in order to obtain fermented products, such as cheese and sau-
sages, the use of starter cultures in the fermentation process improves food quality, 
providing control and standardization of the final product (Tamang 2014). Starter 
cultures in coffee fermentation are pre-selected microorganism, basically composed 
of single or multiple microbial cultures with high cell concentration, to excel the 
microorganisms naturally present in the medium. The use of starter cultures is a 
promising alternative and an economically viable approach to improving the sen-
sory quality of the coffee beverage and increasing the final value of the product 
(Bressani et al. 2018; Evangelista et al. 2014a, b). Based on this technique the fer-
mentation of coffee for soft beverage production was structured.

During coffee fermentation, bacteria, yeast and enzymes act on mucilage degra-
dation, turning pectic compounds and sugars into alcohols and organic acids. It is 
evident that fermentation is a complex process that involves factors with the action 
of different microorganisms that can act in both improvement and quality loss. 
Hence the importance of better understanding the action of microbiota and fermen-
tation processes during the production of specialty coffee.

The flowchart of the Saccharomyces cerevisiae starter culture fermentation pro-
cess is described in Fig. 4.23.

In the application of fermentation, higher quality products can be obtained. 
However, different flavors and classifications at the end are the result of variations 
in the application of the referred method and the environmental differences of the 
production sites and the moment of fermentation. As examples, different location 
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and ambient temperature, allow the existence of an intrinsic microbiota that, com-
bined with starter microorganisms, provide different results. The microbial diversity 
present in coffee beans depends on environmental factors of the cultivation region, 
such as humidity, temperature, time of year, soil microbiota, variety of cultivated 
coffee and management. Variations obtained in the process also result from the 
quality of the bean/cherry and changes made by the producer.

In fermentation, a large amount of yeast is added that will ferment the wort sugars 
from the pulp/husk and mucilage, producing compounds that may  promote the devel-
opment of bacteria and other yeasts from the environment. The microorganisms of 
the environment will develop together and thus may alter the final organoleptic prop-
erties of fermented coffee. The added yeast will also help to inhibit spoilage microor-
ganisms that may develop in the grain. Fermentation, in addition to the production of 
various substances during sugar breakage and microorganism control, provides a 
direct microbiological action on the degradation of mucilage.

To perform the wet fermentation process, one of the most important steps in the 
production process is the harvesting of cherry coffee, which must be performed by 
selective harvesting, when the branches are more than 80% mature. In the case of 
Brazil, which does not have a selective harvest, the cherries must be selected during 
the washing and conduction of the coffee for hulling. After harvesting, the fruits 

Fig. 4.23 Flowchart of the wet fermentation process with starter culture of Saccharomyces cere-
visiae. Source: Authors
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should be processed on the same day, with an interval of 8–10 h after the fruits have 
been removed from the plant.

The coffee must be washed, floated, to separate the fruits: greens, cane greens, 
greenish, raisins, hollow or buoys. In order to avoid batch contamination or quality 
reduction with imperfect fruits.

Hulling takes place on the automatic machinery and is set to the same execution, 
the hulled beans are separated in one tank, while the pulp/husk will be collected in 
another. At the end of hulling, the beans will be mixed with pulp/husk and water for 
fermentation wort formation. For the formation of the wort the beans and their pulp/
husk must be mixed with water, in the proportion of 20–100% of water on the 
weight of the beans and pulp/husk. The amount of water to be selected is not an 
individual choice of each property, based on the producer’s experience and the type 
of final coffee he intends to get.

Addition of yeasts should be performed slowly, followed by stirring/mixing for 
about 5 min to ensure homogeneous distribution of microorganisms and at the same 
time to avoid lump formation. 0.1–2.0% of yeast Saccharomyces cerevisiae sp., in 
the form of powder (lyophilized) or tablet (pressed) in relation to the weight of the 
beans, pulp/husk, must be added. Again, the amount of yeast goes from the pro-
ducer’s experience related to the type of final coffee it prefers.

Fermentation should take place in drums or masonry tanks, always well cleaned 
and sanitized. They should be kept closed throughout the fermentation. The wort 
should be stirred occasionally with a wooden shovel (or stainless steel) to ensure 
movement of microorganisms and enzymes throughout the wort and at the same 
time prevent niches of spoiling microorganisms from developing.

Fermentation time will vary, recommending at least 36  h and a maximum of 
96 h. This time will be given by the producer’s experience and preference with the 
use of fermentation and the desired type of coffee. The temperature of the days dur-
ing fermentation can influence the process duration, cold days require longer times, 
with a minimum of 48 h. On hot days, fermentation may be faster, around 36 h.

Once fermented, the coffee beans will be separated into batches of each fermen-
tation for drying. In this process there is no need to wash the beans, which when 
removed from the fermentation tanks, must be drained on steel sieves and taken 
directly to drying on suspended terraces with thickness of 1.5 cm (layer). Batch 
sorting allows quality monitoring after the drying process.

Drying can also be performed by industrial dryers if the producer has such equip-
ment on the property. The drying temperature should be between 30 °C and 40 °C 
in the coffee mass. Higher temperatures shorten the drying time, however, may 
reduce the quality of the coffee.

The dry coffee bean water content should be between 11 and 12%, thus stopping 
the fermentation action. Lower contents than these may impair the quality of the 
coffee, leaving it brittle at the time of processing. Higher values reduce coffee qual-
ity, allowing microbiological action (fungal and bacterial proliferation), such as 
mold action, bean whitening and may compromise sensory quality at the time of 
tasting.
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After drying, the green coffee beans should be stored for at least 20 days protected  
from light and humidity, being fit, after this period, for tasting, roasting and/or 
commercialization.

7  Final Considerations

Coffee fermentation and quality, although we now realize that are associated, have 
been relativized for years basically for the degradation of mucilage and thus to 
facilitate the drying of coffee, either by wet (in tanks) or dry process. It was still 
believed that fermentation was bad for coffee quality, as some spontaneous or natu-
ral fermentations do not always provide the best results.

However, in recent years much has been studied about fermentation as a factor 
for improving the sensory quality of coffee, with positive and encouraging results. 
The themes of fermentation process, starter cultures, wild microbiota and new 
microorganisms, among others, are new sources of study, in a new gap of opportuni-
ties to improve the final quality of the coffee beverage.

The coffee beverage is known to be the second most consumed in the world, only 
behind water. Quality is a major factor in the price balance of the product, because 
the value is dictated by the quality delivered by the coffee producer. Thus, the fer-
mentation method is a sustainable alternative to enhance quality and enable the 
producer to add more value to their coffee.
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Chapter 5
Chemical Constituents of Coffee
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1  General Introduction

Coffee quality is the main factor for its valorization, several factors influence the 
final product, however it is the chemical constituents that attribute the final flavor 
and aroma to the coffee. The formation of these chemical constituents in coffee 
beans may be affected by processing at both the field and industry levels, in a com-
plex and interconnected way, the factors that contribute to this are: genetic, environ-
mental, nutritional, cultural treatments, harvesting techniques, postharvest, drying, 
processing and storage, roasting and beverage extraction.

This chapter presents a clear and objective view of coffee chemistry, providing 
groundbreaking reflections on volatile compounds, the perception of organic acids 
and how they can interact with quality, discussing bioactive compounds in coffee, 
and also representing the impact of shapes of processing on the final quality of cof-
fee, with a final reflection on the chromatography technique applied to the analysis 
of the chemical composition of coffee.

The contents and composition of volatile and nonvolatile constituents contribute 
to the formation and aroma of the coffee beverage, although there are several studies 
aimed at unraveling the optimal chemical composition for quality coffee, there are 
still many questions to be debated by science.

In terms of beverage, Coffea arabica L. (Coffee arabica) is considered by the 
market with superior quality compared to Coffea canephora (conilon or robusta), 
these species present differences in the chemical composition of green beans, so 
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after the roasting step different volatile compounds are formed and their aromatic 
attributes that generate such distinctions (Couto et al. 2019).

The species of C. arabica L. and C. canephora presented significant differences 
in relation to the levels of: trigonelline, sucrose, caffeine, chlorogenic acids and 
lipids. Figure 5.1 shows some average values found for these constituents (in 100 g−1 
on a dry basis) in C. arabica L. and C. canephora raw coffee beans. Regarding the 
caffeine content C. canephora (2.2%) is almost twice that found for C. arabica 
L. (1.2%), just as the values of total chlorogenic acids are higher for C. canephora. 
As for sugar content, sucrose is found twice in C. arabica compared to C. canephora, 
and the lipid and trigonelline content are higher for C. arabica.

Higher levels of chlorogenic acids in C. canephora compared to C. arabica may 
contribute to greater astringency of its drink (Ribeiro et al. 2011), an attribute that is 
widely discussed in the technical field by professionals who perform sensory analy-
sis of coffee. According to Da Silva Taveira et al. (2014), C. arabica has a drink of 
greater smoothness and sweetness, for this reason has greater consumer acceptance, 
and the average sucrose content in grains is almost double that presented by 
C. canephora.

However, within the species itself chemical composition and sensory properties 
may vary, indicating that strategies for genetic improvement and the use of appro-
priate cultivation and management techniques can contribute to drink quality gains 
(Martinez et al. 2014).

The geographical location of the coffee crop may also influence the chemical 
composition of its fruits. Climate, relief and intensity of solar radiation are relevant 
factors in the production of different quality coffees (Pereira et al. 2018). According 
to Babova et al. (2016), the chlorogenic acid and caffeine content of green beans of 
C. arabica and C. canephora species cultivated in nine countries: Brazil, Colombia, 
Ethiopia, Honduras, Kenya, Mexico, Peru, Uganda and Vietnam. Compared, for the 
authors, higher levels of chlorogenic acids and caffeine were found for C. canephora 
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Fig. 5.1 Chemical constituents in g 100 g−1 on dry basis in raw coffee beans of commercial variet-
ies: C. arabica and C. canephora. Source: Adapted from Martinez et al. (2014)
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(Vietnam and Uganda) and smaller amounts were observed in C. arabica of Ethiopia 
(Fig. 5.2 and Table 5.1).

Based on the results, the green beans of C. arabica from Kenya were considered 
suitable to be used for dietary applications, due to the high antioxidant capacity and 
low caffeine content compared to the other studied coffees. Green coffee extract can 
be used as a nutraceutical food due to antioxidant action, for this reason coffees with 
higher chlorogenic acid/caffeine ratio are desirable (Babova et al. 2016).

Dias and Benassi (2015) studied analytical methods to differentiate arabica and 
robusta coffees, for this they made mixtures with different proportions of these cof-
fees in three degrees of roast. Then they evaluated color parameters and the levels 
of caffeine, trigonelline, chlorogenic acids (5-CQA) and nicotinic. Caffeine content 
was the best parameter to discriminate coffees, regardless of roasting degree, as it 
was stable up to 238 °C.

Management can also influence the quality of coffee, highlighting the harvest 
stage that must be performed properly. The main recommendation at this stage is to 
harvest only 100% ripe fruits, that is, a selective harvest, aiming to optimize the 
sensory quality in the postharvest phase.
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from C. arabica and C. canephora of different geographical origin. Source: Babova et al. (2016)
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At this stage, most coffee beans have maximum maturity, which may contribute 
to higher levels of sugars and other constituents that may favor desirable character-
istics to the quality of the beverage after the roasting of beans, such as: aroma, fla-
vor, sweetness, body, acidity, and balance (Giomo 2012).

Rogers et al. (1999) found changes in the concentrations of mono and oligosac-
charides, alcohols, carboxylic and inorganic acids in coffee beans evaluated at dif-
ferent stages of grain development in three C. arabica cultivars (Arabica) and two 
from C. canephora (robusta) by High Performance Anion Exchange Chromatography 
Coupled with Pulsed Electrochemical Detection (HPAE-PED).

The analyzed components were accumulated during the second half of the grain 
development period. A significant increase in sucrose concentration was observed, 
which was the main translocation sugar in phloem, which through catabolic reac-
tions can generate energy and carbon source for the biosynthesis of other com-
pounds, including phenols and aldehydes.

Thus, the degree of maturity of coffee beans is of great importance in obtaining 
a quality drink due to the accumulation of photosynthes during the fruit growth 
period (Fagan et al. 2011).

After the harvesting stage, the coffee must be immediately processed, fermented 
and put to an end, so that no deterioration occurs due to the exogenous or endophic 
microorganisms present in the coffee fruits.

Table 5.1 Origin of coffee samples analyzed

A-Brasil C. arabica Arabica Arabica Natural Terraforte Brasil
A-Colombia C. arabica Arabica Colombia Excelso Raphael Lavato Colombia
A-Ethiopia C. arabica Arabica Sidamo Grade 2 Ethiopia
A-Guatemala C. arabica Arabica HB ep Guatemala
A-Honduras1 C. arabica Arabica HG ep “Margay” Honduras
A-Honduras2 C. arabica Arabica HG ep “Margay” Honduras
A-Honduras3 C. arabica Arabica Catuahi, Caturra, Icatu Honduras
A-Honduras4 C. arabica Arabica HG ep “Margay” Honduras
A-Honduras5 C. arabica Arabica Catuahi, Caturra, Icatu Honduras
A-Kenya1 C. arabica Arabica Arabica low grade Kenya
A-Kenya2 C. arabica Arabica Arabica AK2 Kenya
A-Kenya3 C. arabica Arabica Arabica AK3 Kenya
A-Mexico C. arabica Arabica PW ep Mexico
A-Peru1 C. arabica Arabica Jacamar Peru
A-Peru2 C. arabica Arabica Tinamous Peru
C-Brasil C. canephora Caracol Moka Fine Crop Brasil
R-Uganda1 C. canephora Robusta Jolly Quartz Uganda
R-Uganda2 C. canephora Robusta Jolly Quartz Uganda
R-Vietnam1 C. canephora Robusta Unwahed Vietnam Vietnam
R-Vietnam2 C. canephora Robusta Clean Vietnam Vietnam

Source: Babova et al. (2016)
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Thus, the drying of coffee contributes to the preservation of beans during stor-
age, being one of the main stages of coffee postharvest when it is desired to obtain 
a good quality product (Resende et al. 2011).

In one hand, during drying, the water content of coffee beans is reduced from 
60% to values in the range of 11–13%, eliminating the risk of oxidation and fungal 
and bacterial growth. On the other hand, if proper drying techniques are not used, 
grain quality may be impaired due to undesirable physical, chemical and sensory 
changes (Borém et al. 2008).

Once the drying step is completed, coffee can be stored on the property or in 
external warehouses, the second very common in Brazil. Coffee is usually stored in 
coco,1 in bulk in wooden bins or in processed coffee burlap sacks, respectively. New 
technologies are being applied for quality conservation such as paper bags or 
Grainpro-lined packaging.

On the farms, in warehouses or even roasters, storage locations should be dry and 
well-ventilated to increase storage time and prevent quality losses. In warehouses, 
already benefited coffees should be arranged in a structure that provides high con-
servation and appropriate conditions (Ribeiro et al. 2017).

Post-harvest coffee processing can contribute to obtaining different quality bev-
erages. In Brazil, dry processing is predominant, in which case the beans are dried 
in natural in sun dried or in mechanical dryers, impurities such as branches, clods 
and leaves are separated, through washers that can be separated into green, cherry 
and dry grains providing uniform lots (Giomo 2012).

In wet coffee processing, the bark is removed only from cherry grains, the buoy 
fruits are separated by density difference and go straight to drying yard, the greens 
are separated and cherry to be peeled. Coffee in the cherry stage is husked, the green 
beans have more resistant husks. Using this process can minimize the risks of devel-
oping microorganisms responsible for unwanted fermentations (Santos et al. 2009).

During wet processing in the debarking step lots of lower quality green coffees 
are obtained. Nobre et al. (2011) analyzed green (immature) coffee fruits, processed 
wet and dry, submitted to different rest periods before peeling with and without 
water. The raw material used was lots of green arabica coffee obtained in the pro-
duction of the husked cherry coffee. The immature fruit peeling stage increased the 
physiological and chemical indicators of green grain quality. Thus, the peeling of 
immature fruits soon after the first peeling operation of ripe fruits (cherry coffee) 
did not change the grain quality. The use of water during the resting of immature 
fruits did not affect the coffee quality.

The roasting stage has a great influence on the coffee drink quality. Green coffee 
roasting is usually completed at temperatures above 200 °C for 10–15 min. During 
the roasting, several chemical reactions occur and cause the formation of volatiles 
that are responsible for the coffee beverage aromas and flavors.

1 Coffee in coco—natural name used in Brazil to protect the coffee inside the warehouse. This 
process the coffee bean still with mesocarp, pericarp, parchment and fruit.
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In the roasting process, the volume of coffee beans increases by 50% or more, 
the mass decreases by one fifth, leading to moisture loss and the production of vola-
tiles and carbon dioxide (CO2) which triggers an increase in internal pressure, the 
grain expands and cracks occur in the cell wall tissue of the grain, in the phenome-
non known as ‘crack’.2 After the desired degree of roasting is achieved, the beans 
should be cooled rapidly in a chiller. This roasting process has to be well conducted 
using long roasting times, volatile compounds are eliminated or degraded, so coffee 
can be obtained with adulterated or quality impairing sensory attributes (Illy and 
Viani 2005).

De Morais et  al. (2008) analyzed the chemical composition of robusta coffee 
submitted to three types of roasting: light, medium and dark. The total phenol con-
tent decreased significantly with the degree of roasting. Proanthocyanidins3 concen-
tration increased as the degree of roasting increased. Chlorogenic acid levels 
decreased as the roasting degree increased, and for 5-caffeoylquinic acid (5-ACQ), 
the differences between roast were significant. The levels of 5-ACQ determined in 
robusta coffee were higher than arabica coffee in light and medium roasting and 
lower than dark roasting.

Volatile constituents of robusta coffee were analyzed by gas chromatography 
coupled to mass spectrometry (GC-MS) after standardized coffee samples were 
subjected to three degrees of roasting: light, medium and dark. The essential oil 
yield of robusta coffee subjected to medium roasting was superior to the other types 
of roasting and the highest content of compounds that provide mild aroma in coffee 
were found for light roasting coffee (do Nascimento et al. 2007).

In coffee roasting there are several reactions and thus volatile compounds are 
generated, at this stage there is the Maillard Reaction (condensation of carbonyl of 
a glycide with an amino grouping of an amino acid) known as caramelization of 
sugars, degradation of chlorogenic acids, proteins and polysaccharides, reaction of 
hydroxyamino acids that undergo decarboxylation and dimerization, among others. 
Coffee, whether C. arabica or C. canephora, contains several volatile compounds 
after processing, and these components are superior to any other food or drink 
(Moreira et al. 2000).

The aromas of raw and roasted coffee are very different, raw coffee has about 
250 different volatile compounds, while roasted coffee can have over 1000 of these 
components. These volatile compounds of roasted coffee are formed during the 
roasting step by several reactions, as mentioned above, being the Maillard 
Reactions4, where the reducing sugars condense with amino acids, responsible for 
the formation of melanoidins that give dark color to the coffee beans.

2 Crack—expression used by coffee roasters to indicate the point of expansion of the fruit in the 
roasting process within the roaster.
3 Proanthocyanidins are a class of polyphenols found in a variety of plants. Chemically, they are 
oligomeric flavonoids.
4 The Maillard reaction is a chemical reaction between amino acids and reducing sugars that gives 
browned food its distinctive flavor. It is named after French chemist Louis-Camille Maillard, who 
first described it in 1912 while attempting to reproduce biological protein synthesis.
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In an attempt to understand coffee quality relationships, cupping taste analysis is 
a worldwide accepted and applied technique, despite its subjectivity (Pereira et al. 
2017). Studies have attempted to find a relationship between physicochemical prop-
erties and the quality of the drink may help the sensory analysis in a more standard-
ized and accurate way (Borém et al. 2008; Pereira et al. 2018).

The aspects evaluated in sensory analysis can be compared with chemical ana-
lyzes, such as: acidity, which can be assessed by pH measurements, total titratable 
acidity, greasy acidity; the sweetness can be compared with the total and reducing 
sugar contents; the body astringency for caffeine content, chlorogenic acids, trigo-
nelline; and the aroma and fragrance by volatile constituent analysis, which can be 
analyzed by gas chromatography. However, few studies can be precise in these 
actions, due to the range of interactions that occur during the formation of the fruit 
until the final consumption of coffee.

Acidity is an important attribute in coffee sensory analysis and its intensity varies 
depending on the species (arabica or conilon), the fruit maturity stage, place of ori-
gin, type of harvest, processing method, drying type and conditions, climate during 
harvesting and drying (Lima Filho et al. 2015). Increased acidity may be associated 
with decreased coffee quality, and lower drink coffees may exhibit higher acidity 
(Lima Filho et al. 2013).

The minimum total titratable acidity found for the red Catuaí variety was 
226.29 mL and the maximum observed value was 316.91 mL, among the six ranges 
studied in the experiments of this thesis. These data are in agreement with values 
described by Malta et al. (2002).

Voilley et  al. (1981) suggest a good correlation between aroma intensity and 
acidity (beverage), confirming that the higher the total titratable acidity, the better 
the coffee quality.

Analyzes of total titratable acidity may enable the classification of coffees by 
quality, giving greater confidence to the ratings made by cupping taste (Malta et al. 
2008). The pH value is indicative of possible transformations of coffee fruits, as the 
undesirable fermentations that occur pre or post-harvest, leading to defects (de 
Siqueira and de Abreu 2006).

The highest grease acidity values are found for lower quality coffees. According 
to Pinheiro et al. (2012), high grease acidity values for dry coffee in farmyard com-
pared to the dry value in dryer. Direct exposure to coffee in the sun and excessive 
light can favor photochemical reactions and increase coffee grease acidity levels. At 
high temperatures, cell membranes can rupture and lead to fatty acid leakage, which 
can compromise coffee quality due to the possibility of oxidation (Coradi et  al. 
2008) and rancification reactions.

Lipid levels in coffee beans affect the quality of the drink and are also related to 
fatty acids, but there are few studies in this regard (Borém et al. 2008).

Potassium leaching and electrical conductivity tests have been used as possible 
indicators of cell membrane integrity. Coffees that presented lower quality bever-
ages (riada and rio) had the highest values of potassium leaching and electrical 
conductivity (Nobre et al. 2011).
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Higher values of electrical conductivity and potassium leaching for dry robusta 
coffee in a direct fire dryer were higher than those found for samples of dry coffee 
in a greenhouse. Higher potassium leaching, higher ion content and electrical con-
ductivity may be associated with the high temperatures used during drying, which 
compromises the structure of cell membranes, influencing coffee drink quality 
(Borém et al. 2008).

The highest values of electrical conductivity and potassium leaching were 
observed in line with the worsening drink quality of robusta coffee samples, evalu-
ated when kept in bags from 0 to 10 days after harvest (Abraão et al. 2016).

Sugars, also known as carbohydrates or glycids, are organic molecules made up 
of carbon, hydrogen and oxygen. Carbohydrates can be classified as monosaccha-
rides, formed by a unit of formula (CH2O)n, where “n” is the number of carbon 
atoms, examples: glucose, fructose and galactose. Carbohydrates can also be classi-
fied as disaccharides, formed by two monosaccharide units, linked by a glycosidic 
bond, having for example sucrose (glucose + fructose) and, there are polysaccha-
rides, formed by the union of several monosaccharides, having as main examples 
the cellulose and starch (Lehninger et al. 2013).

Sugars can also be classified as reducing and non-reducing, when there is a free 
aldehyde group or, from a ketone that can isomerize to an aldehyde in the molecule, 
sugar is considered reducing. The aldehyde group in the presence of an oxidizing 
agent such as a metal ion (Cu2+ or Fe3+) can be oxidized and the metal ion reduced 
so that sugar functions as a reducing agent. Glucose is a reducing sugar due to the 
presence of the free aldehyde group, but there are also examples of disaccharides 
(Fig. 5.3) (Lehninger et al. 2013).

Sucrose is an example of non-reducing sugar, but after hydrolysis, in acid 
medium, releases glucose and fructose that have the aldehyde group and are reduc-
ing sugars. In cyclic form, reducing sugar is defined as sugar that has free anomeric 
hydroxyl, as shown in Fig. 5.4 (Lehninger et al. 2013).

To determine the content of reducing, non-reducing and total sugars in foods, 
traditional methods are based on the determination initially of reducing sugars, 

Fig. 5.3 Oxidation of D-Glucose (reducing sugar) in the presence of Cu2+ ion. Source Adapted 
from Lehninger et al. (2013)
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which are oxidized in the presence of salts containing ions such as cupric (Cu2+), 
ferric (Fe3+) and silver cation (Ag+) (Demiate et al. 2002; Silva et al. 2003). As not 
all sugars present in foods are in the form of monosaccharides, such as sucrose 
(fructose and glucose), in order to obtain the total sugar content, the sample obtained 
from the food has to be hydrolyzed and in then oxidized in the presence of the men-
tioned ions (Paula et al. 2012).

Carbohydrates in coffees can be analyzed by high performance liquid chroma-
tography (HPLC) and sucrose, fructose, glucose and others can be quantified sepa-
rately. Higher sugars in coffee give the beverage a sweeter taste when the roasting 
process is well conducted. During the roasting process of coffee, the reducing sug-
ars mainly react with amino acids (Maillard reaction), giving rise to desirable col-
ored compounds, responsible for the brown color of the coffee. In these reactions 
volatile compounds are produced that have great effect on the aroma of the final 
product, which gives it a better quality (Wang and Lim 2017).

Non-reducing sugars, in particular sucrose, are found in larger quantities in cof-
fee and have great sensory importance. These substances are influenced by roasting, 
act as flavor precursors, and are responsible for color formation (Crews and 
Castle 2007).

Thus, the introduction session introduced many points about chemistry structure, 
discussing that coffee chemistry impacts come from different routes. Now the next 
chapters introduce the readers a vision about volatile compounds, organic acids and 
the interaction between quality, bioactivates compounds, environment and process-
ing impacts of chemistry structure and finally, we discussed the chromatography 
with an analytical analysis to understand coffee quality beverage.

Fig. 5.4 Sucrose hydrolysis and release of reducing sugars, glucose and fructose, containing free 
anomeric hydroxyl. Source: Adapted from Lehninger et al. (2013)
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2  Volatile Constituents of Coffee

The volatile constituents of coffee are of great importance in the quality of the bev-
erage, which are responsible for the roasted coffee aroma. The chemical processes 
involved in the formation of coffee volatiles are as follows: (1) Maillard or non- 
enzymatic browning reaction between nitrogen containing substances, amino acids, 
proteins, as well as trigonelline, serotonine, and carbohydrates, hydroxy acids and 
phenols on the other; (2) Strecker degradation; (3) degradation of individual amino 
acids, particularly sulfur amino acids, hydroxy amino acids, and proline; (4) degra-
dation of trigonelline; (5) degradation of sugar (caramelization); (6) degradation of 
phenolic acids, particularly the quinic acid moiety; (7) minor lipid degradation and 
(8) interaction between intermediate decomposition products (Coffee Research 
Institute 2018).

During the roasting stage, volatile coffee compounds are formed, and sucrose is 
an important precursor of these compounds, since in this stage it is dramatically 
degraded by pyrolysis (caramelization), fragmentation and/or Maillard (sugar) reac-
tions. Reducer + amino acid) (de Maria et al. 1999). Figure 5.5 shows a scheme 

Fig. 5.5 Precursors in coffee flavor formation during the roasting step. Source: Adapted from 
Yeretzian et al. (2002)
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containing a summary of the classes of volatile and nonvolatile compounds gener-
ated during the roasting step responsible for the aroma and taste of coffee and other 
foods (Yeretzian et al. 2002; Kosowska et al. 2017).

The volatile composition of coffee is quite complex, more than 800 compounds 
have been identified and found in descending order: furans (38–45%), pyrazines 
(25–30%), pyridines (3–7%) and pyrroles (2–3%), in addition to other classes (car-
boxylic acids, aldehydes, ketones, sulfur compounds and others) (Nijssen et  al. 
1996; Uekane et al. 2013).

The Maillard reaction begins when the carbonyl group (C = O) present in reduc-
ing sugars is nucleophilic attacked by the amino group (-NH2) present in amino 
acids or proteins, leading to the formation of imines, known as “Schiff Bases,” due 
to the presence of the functional group RN = CR’R”, which can cyclize and lead to 
the formation of glycosamine, an unstable, colorless substance that has no taste and 
aroma (Fig. 5.6) (Davidek et al. 2008; Nursten 2005).

As the stages of Maillard’s reaction proceed, Amadori rearrangement from the 
Immonium ion occurs, leading to the formation of the Amadori Product (Fig. 5.7) 
(Li et al. 2014; Nursten 2005).

After enolization and oxidative cleavage of aminoketosis (Amadori’s product), 
several smaller molecular weight products can be formed from the α-dicarbonyl 
compound (Fig. 5.8) (Halford et al. 2010; Nursten 2005).

Fig. 5.6 Mechanism of the initial stages of the Maillard reaction. Source: Nursten (2005) and 
Davidek et al. (2008)
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Fig. 5.7 Mechanism for Amadori product formation. Source: Nursten (2005) and Li et al. (2014)

Fig. 5.8 Formation of α-dicarbonyl and lower molar compounds from the Amadori Product 
(Maillard Reaction). Source: Halford et al. (2010)
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In later stages, α-dicarbonyl compounds formed from Amadori Products may 
react with amino acids, producing α-amino ketones and Strecker aldehyde, this 
stage of the Maillard reaction known as Strecker Degradation. The mechanism of 
this step is shown in Fig. 5.9, the reaction between an α-dicarbonyl and an amino 
acid, with initial loss of water, leads to the formation of Schiff Base, followed by 
enolization. By nucleophilic attack of a water molecule two products are obtained: 
α-amino ketone and α-keto acid. The latter eliminating a CO2 molecule provides the 
formation of Strecker aldehyde (Fig. 5.9) (Nursten 2005; Van Ba et al. 2012).

Self-condensation and oxidation reactions of α-aminoketones (derived from 
Strecker degradation) can lead to the formation of pyrazines (Fig. 5.10) (Nursten 
2005), compounds that may contribute to coffee aroma (de Maria et al. 1999).

Alkyl substituted pyrazines are formed in the coffee roasting step by the reaction 
of reducing sugars + amino acids (Maillard) and Streck degradation, as mentioned. 
Depending on the position and size of the alkyl group chain, pyrazines contribute 
differently to the coffee flavor. Figure 5.11 presents structures and sensory attributes 
of compounds belonging to this class, already found in coffee volatiles (de Maria 
et al. 1999; Lee et al. 2015; Yang et al. 2016).

Gloess et al. (2018) studied the chemical composition of coffee volatiles by ion 
mobility spectrometry-mass spectrometry (IMS-MS), which allowed an online 
analysis of the coffee roasting step, the compounds were monitored by positive and 
negative ion modes and in the positive mode found that the alkylpyrazine isomers 
exhibited different profiles in relation to time and intensity of roasting.

In another study, alkylpyrazines were found in roasted coffees (arabic and 
robusta), with 2-methylpyrazine as the major constituent (2000 μg/100 g of coffee 
beans). could be used to monitor the roasting step of coffees. Pyrazines are gener-
ally found in higher concentrations in robusta coffee volatiles than in arabica coffee 
(Hashim and Chaveron 1995). Ground-negative pyrazines are found to be higher in 
robusta coffee, which may be one of the reasons why this coffee drink is less appre-
ciated than arabica coffee (Toledo et al. 2016).

In addition to pyrazines, during coffee roasting by the Maillard reaction, com-
pounds belonging to various classes are generated, such as: furans, pyrroles, pyri-
dines, thiazoles, imidazoles, aldehydes and ketones. Substances with beneficial 
antioxidant activities are generated, however there is also nutrient loss and genera-
tion of toxic substances such as 5-hydroxymethylfurfural (5-HMF) and reactive 
species.

Furans can be obtained during the roasting stage due to caramelization of sugars. 
Figure 5.12 presents structures and sensory attributes of compounds belonging to 
this class, already found in coffee volatiles (de Maria et al. 1999; Lee et al. 2015; 
Yang et al. 2016).

Furans and pyranes are heterocyclic compounds found in large quantities in 
roasted coffee and include functions such as aldehydes, ketones, esters, alcohols, 
ethers, acids and thiols. Quantitatively, the first two classes of coffee volatiles are 
furans and pyrazines, while qualitatively sulfur-containing compounds along with 
pyrazines are considered the most significant for coffee flavor (Czerny et al. 1999). 
About one hundred furans have been identified in roasted coffee, mainly from the 
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degradation of coffee glycids and characterized by the smell of malt and sweet 
(Sunarharum et al. 2014; de Maria et al. 1999).

The potential precursors of furan formation in roasted coffee are: sucrose, glu-
cose and linoleic and linolenic acids, these compounds are found in significant 
amounts in green coffees (Mesias and Morales 2015).

Fig. 5.9 Strecker Degradation Mechanism. Source: Van Ba et al. (2012)
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In a study of the influence of time and temperature during roasting of coffee 
beans at lower temperatures and longer times, specifically at 140 °C and 20 min, 
there was a decrease in the final furan content (Altaki et  al. 2011). Furans were 
analyzed in green arabica and robusta coffees produced in Brazil and after toasters 
in different degrees (light, medium and dark). No furans were detected in green cof-
fees, while in roasted coffees were found in contents of 911 and 5852 μg/kg, the 
highest furan concentrations were found in darker robust coffees (Arisseto 
et al. 2011).

The way coffee is brewed influences furan concentration using furan, 
2- methylfuran, 3-methylfuran, 2,3-dimethylfuran and 2,5-dimethylfuran, it was 

Fig. 5.10 Mechanism of pyrazine formation by the condensation reaction of two α-amino ketone 
molecules. Source: Nursten (2005)
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found that coffees prepared using filter paper, fully automatic, capsule machine and 
instant coffee there were significant differences in the content of these furans.

In instant coffee no detectable levels of furans were found, while coffee obtained 
from the fully automatic machine had the highest concentrations of the five furans 
mentioned above. With coffee cooling furan concentrations decreased significantly, 
with a reduction of 8.0–17.2% on average when coffee reached the temperature in 
the range of 55–60 °C in ceramic cups (Rahn and Yeretzian 2019).

Fig. 5.11 Structures and sensory attributes of pyrazines present in roasted coffee volatiles. 
Source: Authors
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Furaneol, which belongs to the furanone class, despite having a caramel and 
sweet aroma in roasted coffee, this compound is used in the flavoring industry 
because it has strawberry and pineapple flavor. Its formation occurs via Maillard 
reaction or non-enzymatic browning (Schwab 2013).

Furan-2-ylmethanethiol is an important component in volatile coffee because it 
has a characteristic odor of roasted and ground coffee. This compound has been 
identified in several heat-treated foods such as breads, sesame seeds and meats 
(Schoenauer and Schieberle 2018). Furans attached to the pyrrol ring may have 
unwanted coffee odors such as old, green, hay, as shown in Fig. 5.13.

Pyrroles are formed during the Maillard reaction and Streck degradation, and 
they are closely related to furans, some pyrroles may contribute pleasant and desir-
able aromas to roasted coffee and others such as alkyl and acetylpyrroles have been 
considered to have negative odors (Amanpour and Selli 2016). 1-Methylpyrrol is an 
example of a negative scoring compound and has been found in defective coffee 
beans (Ribeiro et al. 2012).

The degradation of trigonelline can lead to the formation of pyridine and nico-
tinic acid. At the beginning of the roasting stage, high concentrations of pyridine are 
found. (Baggenstoss et al. 2008; Caporaso et al. 2018). Nicotinic acid is formed 
from trigonelline during the roasting step (Fig.  5.14), the nicotinic acid content 
depends on the type of roasting.

Pyridines are substances present in roasted coffees, these substances can be gen-
erated in addition to thermal degradation of trigonelline, pyrolysis of amino acids, 
degradation of “Strecker” or via reaction of “Maillard.” Pyridine may be considered 

Fig. 5.12 Furan and furaneol structures found in coffee volatiles and their sensory attributes. 
Source: Authors
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Fig. 5.13 Pyrrol and 1H-indole structures found in coffee volatiles and their sensory attributes. 
Source: Authors

 

Fig. 5.14 Structure of trigonelline degradation derivatives, pyridine and nicotinic acid. 
Source: Authors
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responsible for the unpleasant odor of old roasted coffee, 2-methylpyridine was 
responsible for an astringent sensation similar to hazelnut and 2,3-dimethylpyridine 
for a rubbery and burnt-related odor (de Maria et al. 1999). The 2-acetylpyridine 
substance may have a corn and popcorn odor, but may also be associated with 
greasy, dusty and nutty notes in roasted coffees (Amanpour and Selli 2016).

The main pathway for the formation of volatile phenolic compounds in roasted 
coffees is the degradation of free phenolic acids derived from chlorogenic acids, 
they are: p-coumaric acid, ferulic, caffeic, chemical, the content of free phenols is 
small in green coffee beans.

In roasting occurs an increase in the content of phenolic compounds and the 
formation of these compounds is directly related to the degradation of chlorogenic 
acids (Fig.  5.15). Phenols found in most roasted coffee are 4-vinyl guaiacol 
(8–20 mg/kg of roasted coffee), guaiacol (2–3 mg/kg) and phenol (1.2–2.2 mg/kg), 
in addition to these three components, cresol isomers (o-, m-, p-) are also part of the 
group of major roasted coffee phenols (Moreira et al. 2000).

According to Arruda et al. (2012), the washed process had the highest volatile 
phenolic content, followed by fully washed and natural phenols were the third class 
of major compounds found in roasted coffees (9% on average).

Highlights were 2-methoxy-4-vinylphenol (vanillin) and 4-ethyl-2- 
methoxyphenol phenols. Guaiacols are the main phenolic representatives of roasted 
coffee flavor, formed from ferulic acid residues, disruption of lignin structure or 
decarboxylation of chlorogenic acids, as already mentioned (Arruda et al. 2012).

Other classes of compounds are found in smaller amounts of roasted coffee vola-
tiles, but they also contribute to the aroma of the beverage, such as: carboxylic acids 
formed from sugar fragmentation, fatty acid degradation or chlorogenic acid (acidic) 
degradation. Aldehydes and furan (furfural) aldehyde formed by the Maillard reac-
tion and Streck degradation, as already mentioned, as well as α-dicetones, 
β-damascenone obtained by oxidation of carotenoids and sulfur compounds derived 
from suffused amino acid reactions (cysteine, cystine and methionine) with reduc-
ing and intermediate sugars from the Maillard reaction; Strecker degradation and 
interactions between intermediate decomposition products (Uekane et al. 2013).

Sensory structures and attributes of compounds of these classes already detected 
in roasted coffee volatiles were presented in Fig. 5.16.

In green coffee beans they may contain aldehydes and short chain fatty acids that 
may give the coffee an unpleasant odor and taste. Acetic acid has an unpleasant and 
pungent odor, propanoic acid has a butter or sour milk odor, butanoic acid has a 
rancid butter odor, pentanoic acid has an unpleasant fruity aroma, hexadecanoic, 
heptadecanoic and ocadecanoic acids have a rancid odor (Flament and Bessière- 
Thomas 2002; Garg 2016).

In roasted coffee, short chain acids may have a cheese, vinegar and foot odor, in 
low concentrations they do not influence the aroma or the odor of the drink (Moreira 
and Trugo 2020).

Hexanal can give a rancid taste to coffee and some other aldehydes also derived 
from the oxidation of polyunsaturated fatty acids, such as linoleic acid, which are 
abundant in coffee. These compounds showed exponential increases in coffees 
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stored under oxidizing atmospheres, and hexanal was suggested as a marker com-
pound for coffee storage (Makri et al. 2011).

The concentration of furfural in the coffee drink depends on the method of prepa-
ration, Chaichia et  al. (2015) found lower furfural contents after brewing by the 
boiling method and in the preparation of instant coffee, but its concentration after 
espresso was found in higher concentration.

The β-damascenone has tea, flower and fruit aroma that roasted robusta arabica, 
but has low solubility in water and may have no impact on the flavor of the drink (do 
Nascimento et al. 2007).

Several studies have been conducted in order to find the desired volatile profile 
for quality coffee, one of the most studied points is the sensory differentiation asso-
ciated with the chemical composition of arabica and robusta coffee.

Fig. 5.15 Phenols present in coffee volatiles obtained from the degradation of chlorogenic acid 
derivatives. Source: Authors
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Fig. 5.16 Structures of compounds of different classes (carboxylic acids, aldehydes, alpha- 
dicetones, alpha, beta-unsaturated ketone and sulfur compounds) and their sensory attributes in 
roasted coffee. Source: Authors
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3  Volatile Compounds of Arabica and Robusta Coffee

Recent discussions about the quality of arabica coffee and robusta coffee have 
sparked international markets, especially with studies that optimize the final quality 
of coffee through biotechnological processes.

In this line of thought, robusta coffee presents higher concentrations of pyrazines 
are found, as for example: pyrazine, ethylpyrazine, 2- and 3-ethyl-2,5- 
dimethylpyrazine 1-methylpyrazine, 2,6-dimethylpyrazine, 2,5- dimethylpyrazine. 
Whereas the furfural compounds, 1-(acetyloxy)-2-propanone, 2-acetylfuran, 
ethyl- 6-methylpyrazine propanoate, 2-ethyl-5-methylpyrazine, furanol, 
2,3- butanediol, acetoin and 1- hydroxy-2-butanone are found in higher contents in 
arabica coffees.

Therefore, understanding the volatile composition of both materials that are 
widely used in the global industry is of utmost importance, therefore, for under-
standing the final quality of coffee.

Arabica contains higher concentrations of 3-methylbutanal, 2,3-butanedione and 
2,3-pentanedione than robusta coffee; and robust may have higher levels of phenols 
(Caporaso et al. 2018).

Some volatile constituents can be used to discriminate arabica coffee from 
robusta coffee. Hovell et al. (2010) aiming to discriminate these coffees observed 
differences between the levels of three phenols (4-ethyl-2-methoxy-phenol, 
2-methoxy-phenol and 2-methoxy-4-vinylphenol) already reported in the literature 
from four of the furans found. in other works (2-acetylfuran, furfuryl acetate, 
2- furancarboxaldehyde and 5-methyl-2-furfural), of a terpene alcohol (trans- 
linalool oxide), an aromatic compound (4-ethenyl-1,2-dimethoxybenzene), pyri-
dine and a fatty acid (hexadecenoic acid).

According to Colzi et  al. (2017) found predominantly in arabica coffee 
2- acetylfuran, furfuryl alcohol, furfuryl acetate, furan and 2 (5H) -furanone, acetal-
dehyde and 2-methylbutanoic acid over robusta, all of these desirable flavor com-
pounds such as: notes of sweet fruit, malted, roasted and caramel sweets. In robusta 
coffee, the compounds with the highest contents were: 1-methylpyrazine, 
2- ethenyl-6-methyl-pyrazine, guaiacol and sulfur-containing compounds (methyl-
thiazole, methanethiol and thiazole), these compounds have sensory notes of earth, 
green and Walnuts.

Thus, large differences in the volatile profiles of arabica and robusta coffees were 
found, the sweet-roasty and caramel-like attributes predominated in C. arabica and 
the earthy-roasty and spicy attributes in C. canephora.

Volatiles were determined for mixtures of arabica and robusta coffee, in the sam-
ple containing 80% arabica coffee compounds of various classes were found in 
greater abundance, such as: alkanes, alkenes, aldehydes, alcohols, acids, ketones, 
esters, furans, lactones, oxazoles, pyrroles, pyrazines, pyridines, pyranones, thia-
zoles, thiophenes, sulfur compounds, phenolic compounds, benzene compounds 
and terpenes, in the sample containing 80% robusta coffee sulfur compounds were 
found in greater proportions (Sanz et al. 2002).
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Sugar roasted coffee, known as Torrefacto5 coffee is consumed in European 
countries such as Spain, France and Portugal, so it was used to compare with other 
aforementioned blends. Higher alkanes, alcohols, ketones, furans, phenolic com-
pounds, pyridines, pyrazines, pyranones and terpenes were found in sample A20: 
R80 50% Torrefacto compared to the sample containing 80% natural roasted robusta 
(Sanz et al. 2002).

Kalschne et al. (2018) performed a steam treatment on defective C. canephora 
beans to improve the sensory quality of the coffee and used this vaporized coffee to 
prepare C. arbica blends to determine the volatile profile.

After this vapor treatment there was a change in the volatile composition, the 
authors found that there was an increase in some constituents, such as benzyl alco-
hol, acetoin, maltol, 2-furfurylthiol, 5-methylfurfural and 2,6-dimethylpyrazine.

There was a decrease in the contents of other compounds, such as: isovaleric 
acid, 4-ethylguaiacol, 3-diethyl-5-methylpyrazine, 3-methoxy-3-methylpyrazine, 
methional and 2,3-diethyl-5-methylpyrazine. A blend of up to 30% of steam treated 
robust coffee (5  bar/16  min)  +  70% consumer acceptable arabica coffee can be 
obtained.

In this line of reasoning, in order to reduce the differences in flavor between 
robusta arabica coffee robusta green coffee beans, were pretreated with acetic acid, 
the coffee samples before and after treatment were analyzed. The robusta coffee 
submitted to pretreatment had modified levels of pyrazines, furans and sulfur com-
pounds, after sensorial analysis it was confirmed that the robusta coffee drink that 
had been pretreated with 2% acetic acid had a similar aroma to the one of arabica 
coffee (Liu et al. 2019).

Another treatment of robusta coffee to improve its sensory acceptance was per-
formed by adding different solutions containing fructose, glucose and sucrose sug-
ars to robusta coffee beans, using concentrations of 0, 3, 6, 9, 12 and 15 g/100 g for 
30 min at 100 °C with 2 bar pressure and 1 rpm rotation using a steam retort with 
four repetitions each. After the treatments, it was observed that there was a signifi-
cant influence on the volatile composition with changes in the levels of pyrazines, 
furans, ketones, nitrogenous compounds and organic acid (p  <  0.05). The most 
promising treatment was 15  g/100  g of fructose, in which case 80% of robusta 
treated when mixed with arabica showed no significant differences in aroma when 
compared to 100% arabica coffee. In addition, robusta-treated fruit coffee presented 
superior aroma stability than arabica coffee during six weeks of storage (Liu 
et al. 2019).

In recent years, substantial progress has been made in the scientific field through 
the introduction of analytical techniques aimed at understanding the precursors of 
the quality of food products, especially coffee. Differences between the structure of 
volatile compounds of arabica coffee and robusta coffee have been clearly and 
objectively described. The scientific progress of the coming decades will certainly 

5 Torrefacto: refers to a particular process of roasting coffee beans, common in Spain, France, 
Paraguay, Portugal, Mexico, Costa Rica, Uruguay and Argentina.
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be concerned with actions aimed at optimizing the processes that can give even 
more special grades and attributes to the two genetic matrices.

The next chapter introduces the bioactive compounds of coffee, addressing their 
benefits to human health.

4  Bioactive Coffee Constituents

Coffee has biologically active compounds, which are beneficial to human health, 
such as chlorogenic acid, trigonelline and caffeine (de Oliveira Fassio et al. 2016).

Chlorogenic acids, in addition to exerting physiological and pharmacological 
roles as antioxidant activity, also stand out by contributing to the flavor and aroma 
that characterize the coffee drink. These acids are degraded during the roasting 
stage, giving rise to the following compounds: caffeic acid, lactones and different 
phenols through Maillard and Strecker Reactions, resulting in greater bitterness, 
astringency and aroma (Ayelign and Sabally 2013).

Chlorogenic acids (CGAs) are compounds derived from the esterification reac-
tion between trans-cinnamic acid (caffeic, ferulic or p-coumaric acid) and quinic 
acid (Fig. 5.17). These acids may be present in red fruits, apples and occur most 
abundantly in coffee beans.

In the roasting stage, chlorogenic acids are responsible for the formation of phe-
nolic compounds, which can give aroma and flavor to coffee as mentioned above, 
together with the derivatives of sugars, amino acids and fatty acids (Monteiro and 
Trugo 2005; Oliveira and Bastos 2011).

The main polyphenols present in coffee are chlorogenic acids, which may vary 
from 12 to 18% in relation to the dry mass in green coffee. The structures of the 
main chlorogenic acids found in coffee were presented in Fig.  5.18, these com-
pounds can be grouped into three groups. CQAs (caffeoylquinic acids), the most 

Fig. 5.17 Structures of chlorogenic acid precursors. Source: Authors
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Fig. 5.18 Structures of chlorogenic acids that can be found in coffee. Source: Authors
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abundant in coffee is 5-O-caffeoylquinic acid (5-CAQ), CQAs (feroloylquinic 
acids) and di-CQAs (dicafferoylquinic acids) (Clifford and Knight 2004; Ciaramelli 
et al. 2018).

With roasting, chlorogenic acids can be degraded to lower molar compounds 
(lactones and phenolic derivatives), can be hydrolyzed or isomerized, contributing 
significantly to the aroma and taste of the final product and are therefore responsible 
for the astringency of the product. Drink (Farah and Donangelo 2006).

The levels of 5-CAQ of 3.44–5.61% were found for arabica coffee and 
4.42–6.47% for robusta coffee in green beans, após à torra média os valores desse 
mesmo ácido clorogênico foram de 0.70% e 1.43%, para café arábica e conilon, 
respectivamente (Toci et al. 2006).

Chlorogenic acids are classified as phenolic compounds, originated from the sec-
ondary metabolism of plants, their formation can be influenced by environmental 
factors and stress conditions (Farah and Donangelo 2006). These polyphenols have 
important biological activities and therapeutic benefits such as: neuroprotective, 
nervous system stimulant, antioxity, antimicrobial, antiviral, antipyretic, cardiopro-
tective, anti-obesity, antihypertensive and hepatoprotective (Kwon et al. 2010; Tajik 
et al. 2017; Naveed et al. 2018).

Trigonelline corresponds to an N-methyl betaine (Fig. 5.19) which may be pres-
ent in the range of 0.6–1.3% and 0.3–0.9% in green beans of arabica coffee and 
robusta coffee, respectively (Macrae 1985). During roasting, this substance under-
goes demethylation and is responsible for the formation of niacin, also known as 
vitamin B3, vitamin PP or nicotinic acid (Trugo 2003).

Vitamin B3 is important to humans in maintaining cell health and protecting 
DNA, can contribute to lower cholesterol levels, helps control diabetes, can prevent 
diseases such as cataracts, atherosclerosis and Alzheimer. Niacin deficiency can 
trigger the onset of pellagra, a serious condition that causes darkening of the skin, 
severe diarrhea and dementia (Zhou et al. 2012; Garg 2016).

In addition to niacin formation, during the roasting process trigonelline can lead 
to the formation of volatile constituents, such as pyridines and pyrroles, which con-
tribute to the final aroma of the drink (Trugo 1984; Monteiro and Trugo 2005).

The trigonelline content in roasted coffee depends on the roasting step, the more 
drastic the roasting, the lower trigonelline contents are found in the beverage. In 
samples of commercial coffees trigonelline contents were found trigonelline con-
tents that ranged from 0.2 to 0.5 g 100 g-1 of roasted coffee (Monteiro and Trugo 

Fig. 5.19 Structure 
of trigonelline. 
Source: Authors
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2005). Despite the low concentration of trigonelline in roasted coffees, in some 
studies it was observed that better quality coffees had higher trigonelline contents 
(Farah and Donangelo 2006; Alves et al. 2007).

Trigonelline has a low toxicity compared to caffeine, acting mainly on the central 
nervous system, bile secretion and intestine (Saldaña et al. 1997).

Among known flavor precursors, trigonelline manifests itself after coffee roast-
ing and is responsible for flavor formation, such as pyridine, alkyl pyridines, furans 
(Ky et al. 2001; Campa et al. 2004). For Clifford and Willson (1985), trigonelline 
does not contribute to the bitterness present in the coffee drink. Alves et al. (2007) 
understand that due to the large variation of trigonelline, and the lack of stability 
during roasting, it contributes to the bitter taste and the formation of aromatic com-
pounds due to pyrazines, pyridines and derivatives.

Caffeine (Fig. 5.20) is an alkaloid present in a range of beverages (teas, coffees, 
sodas, etc.) and it acts on the human body primarily as a stimulant of the central 
nervous system and diuretic. Caffeine is free in the cytoplasm in a complex way as 
potassium chlorogenate, which is poorly soluble and therefore finds some mobility 
between tissues (Macrae 1985; Farah and Donangelo 2006; McLellan et al. 2016). 
The main action of caffeine in the human body is characterized by diuretic property. 
In addition, it excites the central nervous system, acts on the circular muscular sys-
tem, especially the cardiac muscle. In small doses, it reduces fatigue (Saldaña 
et al. 1997).

The average caffeine content found in C. canephora is around 2.20%, almost 
double the value found for C. arabica, which has an average of 1.20% of this sub-
stance (Martinez et  al. 2014). During the roasting stage, caffeine is very stable, 
although it is an odorless substance, has bitterness and may contribute to this sen-
sory characteristic in coffee drink (Monteiro and Trugo 2005).

Among the various compounds it is known that sucrose, caffeine and trigonelline 
are genetically controlled (Scholz et  al. 2013). Several components of coffee, 
including caffeine, potassium and phenols, have been responsible for the reduction 
in weight gain, but the causative agents and their mechanisms of action have never 
been clearly identified (Shin et al. 2010; Ludwig et al. 2014).

In this perspective, chlorogenic acids (CGA), caffeine and trigonelline have been 
the subject of investigations in view of their potentially positive biological effects in 
humans (Duarte et al. 2010).

Fig. 5.20 Structure of 
caffeine. Source: Authors
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According to Flores et al. (2000), recent epidemiological studies have found a 
possible association of the benefit of moderate daily coffee intake with a lower inci-
dence of cirrhosis and suicide among adults, as well as a significantly lower inci-
dence of Parkinson’s disease.

5  Coffee Acidity and Its Impact on Quality

Coffee acidity in sensory analysis is a very important attribute. In terms of quality, 
the increase in acidity may be associated with lower (Lima Filho et al. 2013) or 
higher (Agnoletti 2015).

A well-balanced acidity that interacts with a fruity, aromatic note, rounded by a 
slight almond aroma, often, it is considered as an important feature of a good coffee 
(Gloess et al. 2018).

The acidity in coffee has been the subject of several scientific controversies. For 
Mazzafera (1999), low quality coffee is associated with high acidity, mainly due to 
harmful fermentation. Franca et al. (2005) suggest that there is a tendency that when 
acidity increases, coffee quality decreases.

Muschler (2001) showed that shading increased the acidity and sucrose content 
of arabica coffee, both important ingredients of organoleptic evaluations, generating 
finer coffees. The results of Bosselmann et al. (2009) point out that acidity, body and 
sweetness are negatively influenced by the shade coverage in arabica coffee.

The pH of the aqueous extract of coffee is used to specify its perceived acidity, 
being determined from the hydrogen ion concentration, which is related to the 
degree of ionization or dissociation of a certain acid present in an acidic aqueous 
solution or the acid mixture. In coffee, non-volatile organic acids such as citric, 
malic, oxalic tartaric, and pyruvic acids (Fig. 5.21) can be found (Woodman 1985; 
Jham et al. 2002). Volatile acids such as acetic, propionic, butyric, and pentanoic 
(valeric) (Fig. 5.21) may also be present in coffee, these acids may be produced by 
endogenous routes and/or undesirable fermentations (Martinez et al. 2014).

According to Sivetz and Desrosier (1979) pH variations are extremely important 
in consumer acceptance of the product and the authors indicate that the ideal pH is 
from 4.95 to 5.20 to make the coffee palatable.

In addition, acidity may indicate possible changes or deteriorations in coffee 
beans caused by unwanted fermentations during pre or post-harvest, giving rise to 
undesirable compounds with an unpleasant taste, resulting in a reduction in pH and 
a lower quality beverage (de Siqueira and de Abreu 2006).

With increased acidity, Carvalho et  al. (1994) observed a decrease in quality 
when evaluating coffees classified as strictly soft, soft, only soft, hard, riada and rio. 
In another study, they found higher acidity in rio coffee when compared to better 
quality coffees (Pinto et al. 2001). However, Pádua et al. (2001) did not observe 
significant difference when evaluating the acidity of soft drink coffee and rio drink, 
verifying only difference for samples of hard drink coffee and robusta coffee.
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The pH value = 5.25 was found for the espresso drink from natural coffee beans 
and pH = 5.31 from husked coffee beans, statistically equal values (p > 0.05). In 
blends of arabica and robusta coffee it was observed that with increasing concentra-
tion of conilon there was an increase in pH in the blend, because arabica coffee 
presents higher acidity than robusta coffee (Lima Filho et al. 2015).

The chemical composition and contents of some acids may influence the taste of 
the drink, which makes the issue more complex and surrounded by questions. 
According to Martinez et al. (2014) the acidity resulting from citric and malic acids 
confer desirable acidity to coffee quality, while acidity resulting from acetic, lactic, 
propionic and butyric acids produce undesirable effects on coffee quality.

Arabica coffee is more valued and is recognized for the acid taste characteristic 
of its drink compared to robusta coffee, Rogers et al. (1999) found higher concentra-
tions of citric and malic acid in arabica coffee than in robusta coffee.

6  Environmental and Processing Influence on Chemical 
Composition of Coffee

One of the factors that can influence coffee quality is the place of cultivation. At 
higher altitudes, the coffee tree may have greater accumulation of photoassimilates 
in its leaves and fruits (Laviola et al. 2007). Altitude influences temperature and 

Fig. 5.21 Structure of non-volatile and volatile acids present in coffee. Source: Authors
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rainfall; at every 180 m altitude, the temperature decreases around 1 °C and these 
regions present more rainfall (Fritzsons et al. 2008).

Coffee grown in higher altitude regions has slower maturation, so there may be 
greater accumulation of sugars in the beans. Recently, Zaidan et al. (2017) evaluated 
the effects of altitude (range 600–1200 m), mountain slope orientation and varieties 
of Coffea arabica (‘red catuaí’ and ‘yellow catuaí’). The samples were sensorially 
analyzed and the environmental factors and the variety had an influence on the cof-
fee quality of the region.

In another study, Arabica coffee of the Catuaí variety (red and yellow) grown in 
the same region (Matas de Minas) at different altitude ranges (below 700  m, 
700–825 m and 825–950 m), taking into account crop exposure slopes (north and 
south) were sensorially analyzed. The mature coffee (cherry) fruits of the yellow 
Catuaí variety cultivated at higher altitudes after processing were tasted and pre-
sented better sensory quality. All factors together contributed to the quality of the 
drink. Altitude was the factor that most affected the results and the northward orien-
tation contributed to obtain better quality coffee (de Souza Silveira et al. 2016).

Lima Filho et al. (2013) performed the physicochemical and sensory character-
ization of robusta coffee submitted to three types of processing: dry, wet without 
fermentation or wet with fermentation. Only cherry grains were used in the process-
ing and all samples presented excellent quality drink patterns. Thus, by using the 
most economically viable (dry) processing from cherry robusta coffee, unwanted 
fermentations can be minimized and a quality beverage can be obtained.

According to Pereira et al. (2018) the fruits of the coffee when being processed 
allow the emergence of a spontaneous or wild fermentation. The sugars and pectins 
present in the mucilage allow the growth of microorganisms, especially bacteria and 
yeasts. This fact may have influenced positively the fermentation with water for the 
experiment located in the South-Southeast and influenced it negatively in the exper-
iment located in the East.

If the environment affects the final quality, consequently, both wet and dry pro-
cessing significantly influencing the microbial community structures and hence the 
composition of the final green coffee beans. This systematic approach researches 
the coffee ecosystem contributes to a deeper understanding of coffee processing and 
could constitute a state-of-the-art framework for the further analysis and subsequent 
control of this complex biotechnological process (de Bruyn et al. 2017).

While, on the one hand, many studies assess the impact of edaphoclimatic condi-
tions on coffee quality, few scientific studies analyze the influence of altitude on 
robusta coffee quality. According to Sturm et al. (2010), to investigate the relation-
ship between altitude and quality of C. canephora, used crops with different geno-
types of this species, in order to avoid interactions of genotypes with specific 
environments. The crops are located in the state of Espírito Santo. In this study cof-
fee samples were used from seven planting seasons at different altitudes: below 
250  m, 250–500  m and above 500  m. Based on sensory analysis and statistical 
analysis, there was influence of altitude on the quality of robusta coffee drink, the 
higher the altitude, the higher quality.

P. F. Pinheiro et al.



239

Indicating possibly that robusta coffee may migrate in the near future to areas 
that are not conducive to arabica coffee production due to weather conditions.

Shading is another factor that can influence the productivity and quality of coffee 
beans. In Brazil, there is a culture of planting coffee in full sun, especially in the 
case of C. canephora. In other Latin American countries, including Colombia, 
Costa Rica, Ecuador, and Guatemala, cultivation of C. arabica using shading is a 
traditional technique for producing specialty coffees (Jaramillo-Botero et al. 2006).

Some studies have been performed in Brazil to verify the viability of coffee 
being grown in shaded environments. Dandengo et  al. (2014) evaluated shading 
levels on growth and quality of C. canephora seedlings and found that seedlings 
under shaded conditions presented higher growth and better quality than those kept 
under full sun. In another work, C. canephora was cultivated in association with 
Gliricidia sepium and Erythrina poeppigiana (arboreal legumes) and a system was 
cultivated in full sun. In this case, shading provided reduction of soil temperatures, 
leaf and minimized thermal amplitude (Ricci et al. 2013).

Coffee quality depends on a number of factors; however, it is the chemical con-
stituents that directly influence the taste and aroma of the beverage. The chemical 
composition of grains may be influenced by environmental factors, crop treatment 
and processing, but the particular contributing factor in this composition is genetic. 
The species of C. arabica and C. canephora, as well as other species of Coffea pres-
ent different levels in relation to the levels of: caffeine, trigonelline, chlorogenic 
acids and sucrose.

Table 5.2 presents some percentage values found in the chemical constituents of 
100 g−1 on dry basis in raw coffee beans of commercial varieties: Coffea arabica 
and Coffea canephora. Percentages of chemical constituents of non-commercial 
varieties such as Cofeea eugenioides, Coffea liberica, Coffea congensis, Coffea 
kapakata and Coffea racemosa were also presented.

Regarding caffeine levels, different values are found in Coffea arabica (1.2%) 
and Coffea canephora (2.2%). While Coffea canephora and Coffea congensis have 
similar caffeine contents, the species Coffea kapakata and Coffea racemosa have 
similar levels of caffeine to that described for Coffea arabica (Table 5.2).

Among the values found for total chlorogenic acids, the highest values are 
reported in Coffea canephora. As for sugar content, sucrose is found twice in Coffea 
arabica compared to Coffea canephora, however higher values of reducing sugars 
are described for Coffea canephora. Lignins, lectins and proteins are found in simi-
lar levels, with trigonelline being higher in Coffea kapakata and Cofeea eugenioides 
(Martinez et al. 2014).

Robusta coffee has higher caffeine and chlorogenic acid contents than arabica 
coffee, which may contribute to the astringency of the drink. Arabica coffee (C. ara-
bica) has a smoother and sweeter beverage, for this reason it has greater consumer 
acceptance and the average sucrose content in beans is almost double that of robusta 
coffee (C. canephora). However, within the species itself chemical composition and 
sensory properties may vary, indicating that genetic improvement strategies may 
contribute to beverage quality gains (Martinez et al. 2014).
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In addition to environmental factors, it is known that postharvest condition is one 
of the determinants of coffee quality at this stage, studies such as Borém et  al. 
(2008) observed that the drying time of coffee is affected by the different types of 
drying and processing. In this line of reasoning, according to Pinheiro et al. (2012) 
better quality parameters of robusta coffee were observed for dried coffee samples 
in suspended cement yard covered with clear plastic tarpaulin (covered yard) when 
compared to mechanical dryer dried samples.

For these samples, lower values of electrical conductivity, potassium leaching, 
total titratable acidity and higher levels of reducing sugars were found. Higher 
grease acidity values were observed for the dried samples in sun dried (common and 
greenhouse).

The aromas of raw and roasted coffee are very different, raw coffee has about 
250 different volatile compounds, while roasted coffee can have over 800 of these 
components. These volatile compounds of roasted coffee are formed during the 
roasting stage by several reactions, as mentioned above, being the Maillard 
Reactions, where the reducing sugars condense with amino acids, responsible for 
the formation of melanoidins that give dark color to the grains coffee (Nijssen et al. 
1996). Table  5.3 shows the main classes of volatile compounds present in 
roasted coffee.

Table 5.2 Chemical constituents (g 100 g−1 on dry basis) in raw coffee beans

Components
Coffea 
canephora

Coffea 
arabica

Cofeea 
eugenioides

Coffea 
liberica

Coffea 
congensis

Coffea 
kapakata

Coffea 
racemosa

Lipids 10.0 16.0 16.7 13.7 10.7 16.0 11.3
Acids _ _ _ _ _ _ _
Total 
chlorogenic

10.0 6.5 4.8 3.3 4.9 4.1 4.4

Aliphatic 1.0 1.0 _ _ _ _ _
Quinic 0.4 0.4 _ _ _ _ _
Caffeine 2.2 1.2 0.93 0.5 2.0 1.1 1.3
Trigonelline 0.7 1.0 1.9 0.5 1.3 2.1 1.3
Ashes (41% K) 4.4 4.2 _ _ _ _ _
Polysaccharides 48.0 44.0 _ _ _ _ _
Sugars _ _ _ _ _ _ _
Sucrose 4.0 8.0 _ _ _ _ _
Reducers 0.4 0.1 _ _ _ _ _
Amino acids 0.8 0.5 _ _ _ _ _
Lignin 3.0 3.0 _ _ _ _ _
Pectin 2.0 2.0 _ _ _ _ _
Protein 11.0 11.0 _ _ _ _ _

Source: Adapted from Martinez et al. (2014)
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7  Chromatography Applied to the Analysis of the Chemical 
Composition of Coffee

The determination of the chemical composition of coffee is of great importance, 
both in relation to obtaining parameters to correlate with its quality of drink and also 
being a food product.

Coffee is considered a functional food, and quantifying and analyzing its chemi-
cal constituents and antioxidant properties is not only a matter of academic interest, 
but also important information to be obtained and passed on to consumers of the 
beverage. Thus, volatile and nonvolatile coffee compounds have been analyzed and 
quantified by chromatographic techniques (Monteiro and Trugo 2005; Vignoli et al. 
2014; Yashin et al. 2017).

Chromatography is a physicochemical method used in the separation of compo-
nents of a mixture through the distribution of these components in two phases, 
which are in close contact (mobile phase and stationary phase). Components that 
are strongly held by the stationary phase move slowly with the flow of the mobile 
phase. Meanwhile, components that interact weakly with the stationary phase move 
faster. As a consequence of these differentiated migrations, the various components 
of the mixture separate into discrete bands and can be analyzed qualitatively or 
quantitatively (Collins et al. 2006; Lanças 2009).

Chromatography comes from Greek (chroma, color and grafein, spelling). At the 
beginning of the twentieth century, the technique was created by Mikhail S. Tswett 
(Russian botanist) who studied leaf pigments extracted from plants using a glass 
column containing carbonate. Calcium (CaCO3) and the solvent used was 

Table 5.3 Main classes of 
volatile compounds present 
in coffee

Compound class Number

Hydrocarbons 80
Alcohols 24
Aldehydes 37
Ketones 85
Carboxylic acids 28
Esters 33
Pyrazines 86
Pyrroles 66
Pyridines 20
Other bases (quinoxalines, indols) 52
Sulfur compounds 100
Furans 126
Phenolic compounds 49
Oxazols 35
Others 20

Total = 841

Source: Nijssen et al. (1996)
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petroleum ether. From column chromatography, chromatographic techniques have 
evolved and currently there are different chromatographic techniques coupled to 
various detectors that are used according to the nature of the analysis. The choice of 
the appropriate technique depends on the chemical nature and complexity of the 
mixture that will be fractionated (Collins et al. 2006; Pacheco et al. 2015).

Modern chromatographs feature automation, modern columns filled with thin 
films containing stationary phase, sensitive and selective detectors. The gas chro-
matograph (GC) which has an inert gas as a mobile phase is composed of: injector, 
column (micrometer thickness), which is in a heating oven (temperature controlled), 
detector (DIC or FID, MS, MS/MS), the data are recorded and analyzed on the 
computer, generating the chromatogram. The high-performance liquid chromato-
graph is composed of an injector, solvent pump, mixer and the most modern ones 
have degasser, detector (UV, fluorescence, DAD, MS, MS/MS), the data are recorded 
and analyzed in the computer, generating the chromatogram (Pacheco et al. 2015).

Columns and detectors are used depending on the nature of the analytes. 
Analytical methods are created by varying the chromatographic conditions to opti-
mize the run, in order to obtain better separation, resolution, shorter analysis time, 
linearity, selectivity and repeatability (Collins et al. 2006; Pacheco et al. 2015).

The non-volatile constituents, which are thermosensitive, are generally analyzed 
by high performance liquid chromatography (liquid mobile phase, interacting with 
the analyte) and the volatile constituents by gas chromatography (inert gas, used as 
the mobile phase), in which case the samples are injected at high temperatures into 
the equipment. Chromatography can be used to identify compounds by comparison 
with previously existing standards; for the purification of compounds by separating 
undesirable substances; and for the separation of the components of a mixture 
(Collins et al. 2006; Lanças 2009; Pacheco et al. 2015).

The use of chromatographic techniques to determine the chemical composition 
of coffee began in the 1980s. Trugo (1984) performed an analysis of nonvolatile 
constituents (chlorogenic acids) by high performance liquid chromatography cou-
pled with sequential mass spectrometry (HPLC-MS) in coffee samples.

From this work, HPLC analyzes have been used to quantify important constitu-
ents of coffees, such as: chlorogenic acids (Clifford 2000; Farah et  al. 2005; 
Pyrzynska and Sentkowska 2015), caffeine (Casal et al. 2000; Shrestha et al. 2016), 
trigonelline (Casal et al. 2000; Monteiro and Trugo 2005; Vignoli et al. 2014), sug-
ars (Pauli et al. 2011), amino acids (Arnold et al. 1994; Murkovic and Derler 2006), 
organic acids (Jham et al. 2002) and others.

The volatile constituents of coffee have been analyzed by gas chromatography 
(GC) and mass spectrometry-coupled gas chromatography (GC-MS). This analysis 
is of great importance because these low molecular weight compounds are mainly 
responsible for the aroma and taste of coffee. In addition, the Solid Phase Micro 
Extraction (SPME) and GC-MS-coupled technique has been used in the analysis of 
coffee volatiles, having as main advantages: the high sensitivity in the analysis and 
because it is free from organic solvents (Petisca et al. 2015; Várvölgyi et al. 2015; 
Bressanello et al. 2017).
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Gas chromatography is one of the most useful instrumental tools for separating 
and analyzing organic compounds that can be vaporized without decomposition. 
The relative amounts of the components in a mixture can also be determined. In 
some cases, gas chromatography can be used to identify and quantify various com-
pounds (Collins et al. 2006; Pavia and Engel 1998).

Solid phase microextraction (SPME) is a technique used in miniaturized sample 
preparation (extraction of organic constituents), without using solvents, for chro-
matographic or spectrometric analysis. In this technique, analytes are extracted in 
gas or liquid phase by adsorption or absorption using a thin polymer coating fixed 
to the solid surface of a fiber, inside an injection needle or inside a capillary 
(Pragst 2007).

The steps used for SPME analysis are shown in Fig. 5.22. A known amount of 
sample (liquid or solid) is placed inside a vial (glass vial) (I), in which case it is 
sealed by a rubber septum contained within of a thread; This vial is heated inside an 
incubator (II) at the desired temperature and then the fiber is placed inside the vial 
and exposed only after this step (III).

The fiber may contact the sample by immersion, which is the method used for the 
analysis of urine, pesticides or semi-volatile substances or the headspace mode 
(HS-SPME) may be used where the fiber does not contact the sample and adsorbs 
only the volatiles released by the sample at a given temperature and extraction time 
(Pragst 2007).

Fig. 5.22 Steps used in SPME volatile analysis by headspace mode (HS-SPME). Source: Pragst 
(2007) (with modifications)
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After this step, the fiber is placed inside the gas chromatograph injector and the 
volatile constituents are desorbed and injected directly into the column (IV). Using 
suitable chromatographic conditions, the compounds may be separated and when 
the analysis is performed by the combination SPME-GC-MS, mass spectra are 
obtained, which allow the identification of the compounds by comparison with 
those in the library and or by performing the calculations of retention rate or pattern 
injections to corroborate the information.

Analyzes of volatile constituents of coffee are generally performed by the 
HS-SPME technique combined with CG-MS (Budryn et al. 2011; Caprioli et al. 
2012; Bressanello et al. 2017) more than 800 volatile compounds in roasted coffee 
(Kim et al. 2018).

Thus, chromatographic techniques have been of great importance in the studies 
of the chemical composition of coffee non-volatile (HPLC) and volatile constituents 
(GC, GC-MS and combination of HS-SPME-GC-MS).

GC is the first analytical method for the separation of volatile compounds. It 
combines analysis speed, resolution, ease of operation, excellent quantitative results 
and moderate costs. Requires only micrograms of sample, but provides data for the 
qualitative identification of unknown compounds (structure, elemental composition 
and molecular weight) as well as their quantification (Pragst 2007).

The taste and distinctive sensory qualities of coffee vary greatly around the 
world, due to the influences of genetic strain, geographical location, unique cli-
mates, different agricultural practices and variations in the processing method 
applied, with aroma or odor arguably the component. Most important coffee flavor 
(Sunarharum et al. 2014).

Volatile compounds are responsible for the characteristic aroma of the beverage 
and are produced during roasting of green coffee, but they are generally degraded in 
the roasting process by the Maillard reaction. Therefore, the characteristic volatile 
compounds of roasted coffee are not normally present in the original matrix, but 
they are produced during the technological process (de Maria et  al. 1999). This 
aroma will be formed by an extremely complex mixture of numerous volatile com-
pounds that have different qualities, intensities and concentrations. Thus, the contri-
bution of each of these volatile compounds to the final aroma of coffee is quite 
varied, and there may still be synergistic and antagonistic interactions between 
these different compounds (Moreira and Trugo 2020).

Volatile coffee compounds comprise various chemical classes that have been 
identified in roasted beans: furans, pyrazines, ketones, alcohols, aldehydes, esters, 
pyrroles, thiophenes, sulfur compounds, benzene compounds, phenol compounds, 
phenols, pyridines, thiazoles, oxazoles, lactones, alkanes, alkenes and acids, such as 
other bases (e.g. quinoxalines and indoles), furanones, among others (Sunarharum 
et al. 2014).

For Czerny et  al. (1999), the coffee flavor profile is mainly caused by 
2- furfurylthiol, 4-vinylguaiacol, various alky pyrazines, furanones, acetaldehyde, 
propanal and the aldehydes from Strecker degradation through the formation of 
CO2, and many aldehydes are important substances that add flavor and aroma 
to coffee.
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Furans and pyranes are heterocyclic compounds found in large quantities in 
roasted coffee and include functions such as aldehydes, ketones, esters, alcohols, 
ethers, acids and thiols. Quantitatively, the first two classes of coffee volatiles are 
furans and pyrazines, while qualitatively sulfur-containing compounds along with 
pyrazines are considered the most significant for coffee flavor (Czerny et al. 1999). 
About one hundred furans have already been identified in roasted coffee, mainly 
due to the degradation of glycids present in coffee and characterized by the smell of 
malt and sweet (Sunarharum et al. 2014; de Maria et al. 1999).

Pyrazines are in an abundant class of compounds present in coffee, with low 
concentrations that often determine the sensory threshold for coffee flavor 
(Sunarharum et  al. 2014). They are derived from the product generated by the 
Maillard reaction (Moon and Shibamoto 2009). This compound can be explained by 
protein degradation through heat and amino acid residues that participate in the 
Maillard reaction and contribute to the formation of nitrogen-containing com-
pounds, generating the characteristic caramel aroma (Hwang et al. 2012).

Pyridines are described in coffees with roasting intensities and form from the 
Maillard reaction between an amino acid and a sugar. Notably, the literature argues 
that in roasted coffee beans under high intensities, pyridines intensify (Moon and 
Shibamoto 2009) and contribute to the smoky aroma (Flament 2001; Ludwig 
et al. 2014).

Ketones of low molecular weight are abundant and, like aldehydes, decrease dur-
ing storage of roasted coffee. These substances have widely varying sensory proper-
ties. Propanone has a fruit odor, but butane-2,3-dione has a butter-like aroma. Cyclic 
ketones, such as 3-hydroxy-2-methyl-4H-pyran-4-one (maltol) and cyclotene, pres-
ent odors that may be associated with burnt sugar. β-damascenone has a tea and fruit 
aroma and is considered one of the impact substances for the final coffee aroma (de 
Maria et al. 1999). Also, as a product of the Maillard reaction, aldehydes and esters 
are responsible for fruity flavors and maltose notes in coffee, while diketones con-
tribute to the butter aroma (Ludwig et al. 2014).

Furfural and its derivative, furfuryl alcohol are known to form from monosac-
charides, and their flavor characteristics are known to be sweet, sweet breadlike, and 
caramelized (Hwang et al. 2012). Alcohol is generated by yeast through a metabo-
lite process that reacts with fatty acids to form esters that give the product a tasty 
odor (Zhang et al. 2014).

Phenolic compounds are formed by the degradation of chlorogenic acids, which 
are present in large concentrations in green coffee beans (Hwang et  al. 2012). 
Phenol is one of the most volatile in coffee, its degradation route may suffer many 
interferences, and may generate different volatiles that may or may not be associ-
ated with quality, results that may be due to the formation of different precursors 
(Moon and Shibamoto 2009).

Alkenes or alkenes are hydrocarbons responsible for the formation of aromatic 
rings in coffee. The relative abundance of alkene aromatic hydrocarbons increases 
with roasting temperature (Fisher et al. 2015) and its derivatives are associated with 
coffee aroma.
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Coffee plants contain two different types of alkaloids delivered from nucleotides. 
One type are purine alkaloids such as caffeine (1,3,7-N-trimethylxanthine) and 
theobromine (3,7-N-dimethylxanthine); The other is pyridine alkaloid, trigonelinic 
acid (1-N-methylnicotinic acid). The distribution of caffeine and trigonelline in the 
plant kingdom is different; Caffeine is present in coffee and tea, but trigonelline is 
found only in coffee (Ashihara 2006).

Finally, some fatty acids and esters have been described in volatiles as responsi-
ble for the formation of aromatic fruity rings. Methyl acetate palmitate and ethyl 
palmitate were detected in aromatic oil extracts as active aromatic compounds. 
Esters are the main volatile compounds found in most fruits and responsible for 
fruity notes (Kesen et al. 2013). Most fatty acids are found in the combined state, 
most are esterified with glycerol in triglycerides, about 20% are esterified with 
diterpenes, and a small proportion are found in sterol esters (Speer 2001). These two 
classes are related to the aromatic compounds of coffee.

Many volatile compounds are linked to the definition of specialty as well as non- 
specialty coffees. Investigations into the formation, origin and chemical mecha-
nisms that form them have been widely debated in the scientific field, with special 
focus on the formation and structure of volatile coffee compounds, either C. arabica 
or C. canephora.

Chemical analysis techniques that optimize the perception of compounds that 
form the structure and sensory experience of consumers are increasingly applied to 
the industrial routine, aiming at a clearer understanding about the chemical matrix 
of coffee.

Chapter 7 discusses the relationship of the roasting process, addressing the 
respective developments observed in the sector at the industrial and laboratory lev-
els. Thus, describing the impacts of these processes on the final quality of coffee.
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1  General Introduction

This chapter presents a review of the different factors inherent in quality, with the 
initial approach focused on the application of coffee processing and fermentation 
techniques.

After reading the previous five chapters, the central discussion about coffee fer-
mentation ends, considering that in recent years this theme has grown in the aca-
demic and professional environment, seeking for techniques that can act as 
final quality optimizers of the coffee.

Thus, the cut on the theme of quality is presented on different understandings of 
the processes that contribute significantly to the final quality of coffee.

In the twenty-first century, the central theme of all production systems has been 
the relentless pursuit of the production of quality products, the introduction of tech-
nical standards, monitoring and verification of production processes, control of 
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certifications, among several methodologies that assist production and processing in 
the production process quality control.

Concerning the food safety of agricultural products, quality control is indispens-
able and essential, given the marketing and technical requirements imposed by the 
product maker actors in the global market. Coffee Processing has been widely rela-
tivized as a decisive stage of quality for the final composition of the coffee beverage 
throughout coffee production in the world, various techniques and routines were 
developed, disseminated, reviewed, and improved.

In general, it is possible to understand that all coffee fruits will undergo some 
fermentation process, due to the chemical charge (primary compounds) that are 
converted into secondary compounds, given the action of microorganisms, as widely 
discussed in Chap. 4 (Biochemical Aspects of Coffee Fermentation) and Chap. 5 
(Chemical Constituents of Coffee).

Even with all the scientific-technical apparatus observed in the last decades, sev-
eral factors need to be widely debated and better understood, such as the real impacts 
of the coffee’s internal microbiota, which are not yet fully understood, the microbial 
succession during the fermentation stages, droppings generated by the microorgan-
isms during the processing phase, in addition to the process control relationship in 
the fermentation stage itself.

In this relation, the observation about the condition of the must pH, the water 
quality, the minerals present, the fermentation time, the temperature, and the gases 
that are formed in the processing stages, are being studied by several scientists 
around the world to understand what are the real factors that help in the composition 
of the final quality of coffee.

One thing is for sure, hundreds of pieces of information on the topic are being 
swept around the world, within a few years we may have a much broader under-
standing of the topic in question so that it is possible to reformulate processes that 
result in quality improvement for producers who are in areas without a terroir and 
offer a natural and spontaneous  specialty coffee, thus introducing processes that 
ensure food safety, process control, and total hygiene at all stages of processing.

2  Processing and Fermentation, Determining Quality

Brazil is the largest producer and exporter of coffee in the world market and the 
second largest consumer of this product. The coffee production chain involves 
approximately ten million people, directly or indirectly, from production to final 
marketing (Monteiro 2008).

It is well known that coffee is essentially a terroir product, that is, directly influ-
enced by environmental aspects, both natural and human. Indeed, taste characteris-
tics, or simply the production methods used, make the specialty coffee original 
products that fetch a better price, as they are sought after by roasters and consumers. 
The emergence of these quality coffees on the market explains why coffee 
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producing countries are showing an increasing interest in environmental factors and 
local techniques that affect quality, terroir effects (Avelino et al. 2015).

The different cultivation methods, as well as the different harvesting and drying 
techniques that reflect the local know-how, and the particular conditions of climate, 
soil, and relief, associated with the genetic characteristics of the different varieties, 
create the identity of the drink and imply a nonrepetition of harvests, either in the 
qualitative or quantitative aspect (Alves et al. 2011).

Coffee quality is closely related to the various physicochemical constituents 
responsible for the flavor and aroma characteristic of the beverage. Among the 
chemical compounds  that stand out  are sugars, acids, phenolic compounds, caf-
feine, volatile compounds, lipids, proteins, some enzymes, whose presence, con-
tents and activities give the coffee a unique flavor and aroma. These compounds 
may change due to the processing and fermentation routine that the producer 
chooses to use after the fruit is harvested.

Two coffee species are intended for consumption, namely arabica coffee (Coffea 
arabica) and robusta coffee (Coffea canephora) (Silva et al. 2000). In terms of cup 
quality, arabica coffee is appreciated by consumers due to its better taste and high 
acidity compared to robusta, famous for its bitterness and intense flavor (Strickler 
and Mathieu 2015).

Robusta coffee has sensory attributes that normally present neutrality as to the 
sweetness and acidity; it has a remarkable aroma of roasted cereal, and it stands out 
for its body more pronounced than the arabica coffee.

The technologies inherent to the harvesting and processing methods dictate the 
new dynamics of quality research. Quintero (2000) describes that during the fruit 
ripening process, several metabolic changes and modifications allow the chemical 
composition of the fruit to reach its ideal harvesting point.

The coffee cherry (Fig. 6.1) is composed of an exocarp, which is an external film, 
the mesocarp comprising the mucilaginous pulp known as pulp and mucilage, and 
the endosperm consisting of two grains containing the embryo. Each grain is cov-
ered by a sperm and is surrounded by parchment (endocarp). If one grain aborts, its 
place remains empty, and the other grows in a more rounded shape called peaberry 
(Wintgens 2004).

It is estimated that 40% of the grain’s physical, chemical, and sensory character-
istics are defined by pre-harvest factors, and the remaining 60% of the quality indi-
ces are determined by the postharvest processing method (Musebe et al. 2007).

There must be a full balance between production conditions, crop management, 
soil, and plant nutrition, with proper choice of genetic varieties so that the fruits 
arrive healthy at the processing stage, and maximum quality is extracted.

Harvested coffees have a great diversity of microorganisms, and the predomi-
nance of microbiota in coffee fruits occurs due to variations in different sources of 
nutritional availability of soil, plant, as well as factors such as air, precipitation, 
animals, crop management (Silva et al. 2000). Thus, microbial and climatic compo-
sition (Muschler 2001) may contribute to fermentation during the processing step, 
either in liquid or solid state (Schwan et al. 2015).
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Coffee beans (bark, pulp, and seed) serve as a substrate for the development of 
bacteria, yeast, and filamentous fungi, supplying them from carbon and nitrogen 
sources, as they have cellulose, hemicellulose, pectins, reducing sugars, sucrose, 
starch, oils, proteins, acids, and caffeine, causing biochemical transformations to 
occur, as discussed in Chap. 4.

Thus, the use of proper harvesting and postharvest techniques must be followed 
precisely to provide better quality coffees and reduce the risk of unwanted fermen-
tation processes. However, the influence of these factors on the final quality of cof-
fee is not yet well understood (Pimenta 2003; Sunarharum et al. 2014; De Melo 
Pereira et al. 2019).

Still, from the perspective of processing, arabica coffee can be conducted in dif-
ferent ways, according to the distinctive postharvest methods of each microregion, 
or according to the rules present in each territory (countries). For Pereira et  al. 
(2017) coffee producers in mountainous regions usually choose to process coffee by 
the wet processing, it has become common practice that the high moisture load in 
these regions is responsible for the loss of coffee quality when processed by the dry 
processing. However, these parameters are being widely revised and modified, 
given the use of quality optimizing techniques.

After harvesting, coffee cherries go through a series of postharvest processing 
steps to be processed into a more stable, transportable, and roasted form.

Depending on the nature of the product, the early stages of postharvest process-
ing ensure the safe transformation of highly perishable cherries into green coffee 
beans with a moisture content of 10% to 12% wet basis, thus being more stable, 
avoiding unwanted fermentation. (Kleinwächter and Selmar 2010).

Fig. 6.1 Longitudinal section of the coffee fruit. Source: Adapted from Avallone et al. (2000)
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There are usually two ways of processing coffee after harvesting; keeping the 
fruit intact, commonly referred to as natural coffee (Dry natural processing or Dry), 
or processing it by a wet process, which can be understood and unfolded in three 
ways: removing only the peel and part of the mucilage, called peeled cherry (PD); 
removing the cascara and mucilage mechanically (demucilated); or by mechani-
cally removing the cascara and mucilage by (pulped) fermentation (Reinato 
et al. 2012).

The wet processing technique is widely adopted by several Central American 
countries, resulting in pulped, peeled, or demucilated coffees, with the presence of 
the spontaneous fermentation phase (Santos 2008).

Many producers use this technique to avoid harmful or phenolic fermentation 
during fruit drying, because in this method the removal of green, float, and dried 
fruits is performed, which, when combined with correct processing, as well as dry-
ing, become essential  factors for contributing to improving the final quality of 
the coffee.

At the technological level, the most effective method for removing green, float, 
and dried fruits is the wet process, where ripe fruits are pulped (Dias et al. 2012), 
generating coffees with high levels of acidity, floral aroma, and very sweet.

In recent years, substantial progress has been made in understanding the meta-
bolic processes that occur within coffee seeds during the processing and fermenta-
tion stages. For example, some studies have shown that seed germination initiates 
during coffee processing. Since green coffee beans are no longer considered as an 
inanimate commodity, they are now seen as viable organisms, whose physiological 
state may offer capacity and potential for quality improvement (Schwan et al. 2015).

For Selmar et al. (2006), these metabolic processes are directly related to the 
germination processes that occur in fruits after harvest, because the high load of 
water activity in fruits (52%) (Wintgens 2004) generates an environment favorable 
to microbial action and interaction.

Thus, Bytof et al. (2007) describe that there is viability in the analysis of factors 
that occur during wet processing. Since the fruit pulp (mucilage) is mechanically 
removed, allowing seed germination initiation, consequently, the formation of com-
pounds secondary, due to the biochemical processes that form in fruits that are 
immersed in water (Bytof et al. 2005).

After harvesting, commonly in mountainous regions in Brazil, producers use wet 
processing. For Evangelista et al. (2014), wet processing is adopted to remove pulp 
and/or mucilage, and the grains that are fermented are immersed in tanks with a 
large volume of water.

 Through technology, the controlled fermentation of coffee can increase the fla-
vor curve and add special flavors. In addition, this coffee can receive more added 
value during roasting, if the process is properly controlled  (Centro Nacionale de 
Investigación de Café – Cenicafé 2015; Lin 2010).

In this perspective, coffee growing is inserted in this universe of transformations; 
and increasingly new scenarios are inherent to the process of adding value to the 
image of the coffee farmer and his product in markets spread in the most diverse 
consumer squares in the world.

6 Relationship Between Coffee Processing and Fermentation



260

3  Spontaneous Fermentation by Wet

Spontaneous fermentation (Fig. 6.2) applied to the wet pathway is the oldest known 
fermentative process. The process consists of placing freshly pulped cherries in 
tanks, usually masonry, with water. The main objective is to promote the removal of 
the mucilaginous layer surrounding with water, rich in simple sugars and pectin 
(Ukers, 1922).

The fermentation function is often relativized as a goal of mucilage degradation 
(only for the removal of sugars present in the parchment to facilitate coffee drying), 
be it either in liquid fermentation when the coffee is processed by wet processing (in 
tanks), or by dry processing, when the fruits go to natural drying.

Fermentation with water (washed), also called spontaneous or indigenous, occurs 
to the natural fermentation of coffee Different biochemical processes occur, in 
which enzymes produced by yeast and bacteria present in the same mucilage, fer-
ment and degrade their sugars, lipids, proteins, and acids, and convert them into 
alcohols, acids, esters, and ketones (Quintero and Molina 2015).

Producers opt for this processing because of the low infrastructure investment as 
they use a fruit retention box where the husked coffee is placed and submerged in 
water. Conventionally, a common sense has been generated that in areas of high 
relative humidity this process would be more recommended to avoid harmful fer-
mentation of coffee quality. Thus, occurring in a widespread process in Central 
America and South America.

Since fermentation time may vary by region of use, IOC (2018), this removal of 
mucilage from most coffees takes 24–36 h, depending on temperature, mucilagi-
nous layer thickness, and microbial concentration. The end of the fermentation is 
evaluated by touch, because the parchment that surrounds the grains loses its 

Fig. 6.2 Spontaneous fermentation tank for the washed method. Source: Authors
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viscous texture and gives a feeling of greater harshness, being a simple strategy, that 
producers use daily.

Laboratory observations indicate that the pH in the spontaneous fermentation 
phase for 36 h ranged from 5.26 to 4.46 for the washed method, as shown in Fig. 6.3.

Mucilaginous mesocarp composition of mature coffee fruits includes sugars, 
complex polysaccharides, proteins, lipids, and minerals. Coffee from dry process-
ing have a greater amount of these hexoses, arabinose, and mannose than washed 
coffee, whereas the levels of arabinose and mannose are intermediate between those 
in washed and unwashed coffee (Hameed et  al. 2018). To the detriment of this 
chemical composition, they become a favorable medium for the growth of bacteria, 
fungi, and yeast (Avallone et al. 2000).

Washed processing consists of the removal of the cascara (exocarp) by a mechan-
ical process known as pulping or peeling, and in this action, some variations may 
occur, such as peeling, removing only the cascara and the pulp; demucilated by 
mechanically removing the skin, pulp, and mucilage; and pulped, removing the 
mucilage by fermentation after peel and pulp removal (Borém et al. 2006).

The earliest reports of the use of wet method technology (Wet Method) date back 
to western India around 1725, and during this period, the most reliable account says 
that the introduction of the wet method of preparation made manual harvesting 
unnecessary at that time (Ukers, 1922).

Naturally brewed coffee is known as washed coffee in the international market. 
Fermentation in coffee simply means the process, which deals with the degradation 
of mucilage by the combined action of bacteria, yeast, and enzymes, which act as 
catalysts in the fermentation process, which in the case of spontaneous technique 
occurs naturally in coffee fruits with the growth of microorganisms (Sivertz and 
Desrosier 1979).

Fig. 6.3 PH monitoring during the spontaneous fermentation phase for the washed method. 
Source: Authors
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After peeling the coffees are transferred to water tanks, where they are allowed 
to ferment for 6 to 72 h, which depends on the ambient temperature, during which 
the remaining mucilage is degraded and solubilized. Later the grains are removed 
from the tanks and dried in the sun (Evangelista et al. 2015).

The perception of exotic notes from spontaneously fermented processing may be 
associated with specific compounds detected in this process and strongly suggests 
an important role of wild microflora in the development of these flavors (de Melo 
Pereira et al. 2015).

To obtain washed coffee, after peeling, the part of the mucilage that is still 
attached to the fruits is removed in fermentation tanks (Malta et  al. 2013). 
Fermentative degradation of the remaining mucilage is then performed before the 
grains are dried (Kleinwächter and Selmar 2010). Mucilaginous residues are 
degraded during the fermentation phase and then washed off. The resulting grains 
are covered by the endocarp, called parchment.

It is known that the chemical composition of wet and dry-processed coffee may 
differ significantly for free amino acids, organic acids, and non-structural carbohy-
drates (Joët et al. 2010), indicating that fermentation may be one of the determinants 
of quality.

These catabolic processes of oxidation of organic substances, especially sugars, 
which are transformed into energy and simpler compounds such as ethanol, acetic 
acid, lactic acid, and butyric acid, are caused by bacteria and yeast, and the end 
final result of fermentation is dependent on the set of bacteria and yeast present dur-
ing these processing stages (Quintero et al. 2012).

This suggests that the metabolic processes generated during the spontaneous fer-
mentation phase had a significant effect on the production of some compounds that 
impart greater acidity to coffee.

Applications for wet processing have historically formed under different condi-
tions, as it was believed that the high load of relative humidity in producing regions 
would be able to ferment coffee and cause it to lose quality (Ukers, 1922).

The use of wetland technology was mainly adopted in the equatorial regions, 
where there is continuous precipitation during the harvest period, being considered 
improper to dry processing (Nobre et al. 2007; Malta et al. 2013; Santos et al. 2009).

Quintero (1996) explains that in the case of dry processing in these regions, there 
is a greater risk that coffee will contract undesirable fermentations since the fruit 
stays in contact with the pulp and mucilage for a long time, which represent a bar-
rier to rapid moisture decline, ranging from 60% to 75% at the beginning of the 
process. The high moisture content and sugar composition of its pulp at the cherry 
ripening stage turn the coffee into a fruit with all perishable conditions, making its 
quality to be closely related to the efficiency of the coffee (Nobre et al. 2007).

In addition to avoiding undesirable fermentations, Borém et al. (2006) argue that 
the recent choice of Brazilian producers for peeled cherry coffee is due to its pre-
dominantly ripe fruit (Fig. 6.4), which favors the obtaining of better-quality coffees.

Sucrose is the sugar found in the highest amount in raw grain (Fig. 6.5) and is 
between 6 to 10% in arabica and 5 to 7% in robusta. Factors such as species, variety, 
grain maturity stage, and processing conditions interfere with sucrose contents. 
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Reducing sugars range from 0.1 to 1% in arabica coffees and from 0.4 to 1% in 
robusta. Glucose and fructose present at higher levels and in smaller amounts are 
stachyose, raffinose, arabinose, mannose, galactose, ribose, and rhamnose (Ribeiro 
et al. 2012).

At the beginning of coffee fermentation, sugars such as glucose, sucrose, and 
fructose may be used, thereby decreasing the availability of sugars and other micro-
organisms (Silva et al. 2008). Metabolic processes occur differently in postharvest, 
depending on the processing method that is employed. The chemical composition of 
coffee beans may be altered due to the physical, biochemical, and physiological 
changes that occur during the processing and drying of beans (Dias et al. 2012).

Spontaneously processed and fermented coffee (Fig. 6.6) through the humid way 
usually provides characteristic flavors with high acidity, compared to natural coffees 
with medium body, medium sweetness, and much balance among the other 
attributes.

Although different typologies exist and each producing region has its character-
istics concerning the commonly used methods, a rereading of the optimization has 

Fig. 6.4 Cherry coffee fruits in full ripening stage. Source: Authors

Fig. 6.5 Arabica coffee fruits in full ripening stage. Source: Authors
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been undertaken in an attempt to generate sensory gains in the production of wet- 
processed coffees.

4  Fermentation by Fully Washed Method

For Shuler (2017), fully washed fermentation (Fig. 6.7) consists of the mechanical 
removal of the exocarp and part of the mucilage, then the remaining mucilage is 
removed through spontaneous fermentation and subsequent washing.

This fermentation process can be conducted by leaving the coffee itself in a tank 
to rapidly acidify the environment and prevent yeast. After fermentation, the grains 
are subjected to a period of water immersion (Clarke and Macrae 1987).

Solid coffee fermentations in closed systems present a more complex beverage, 
producing a diversity of notes such as fruits, citrus fruits, and chocolates. When 
brewing coffee in open systems, fruits, chocolates, and sweets are favored, while in 
closed fruit sweet, hazelnut, and vanilla. However, floral and earthy flavors are also 
produced (Quintero and Molina 2015).

However, the full oxygenation condition, that is, the fermentation environment 
with high availability of O2, ends up being unfavorable for the action of fermenta-
tion, in such circumstances, the microorganisms may act in a respiratory and non- 
fermentative manner, given that a range of microorganisms have optional functions 
in the presence of O2, e.g. they may choose to breathe and reproduce rather than 
ferment and metabolize secondary compounds.

Fig. 6.6 Coffee in fermentation phase with water, dry, and without cascara. Source: Authors
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During fermentation, lactic acid bacteria and yeast develop while pectinolytic 
microflora remains stable. However, at the end of fermentation, yeasts are quantita-
tively important when pH is lower due to their greater resistance to acidic conditions 
(Avallone 2001).

In general, microorganisms first consume easily metabolizable substrates such as 
monosaccharides, also called simple sugars, before hydrolyzing polysaccharides. 
Due to the high sugar content of mucilage, bacteria preferentially consume them 
before using pectin decomposition products (Avallone 2001).

After fermentation, fructose, glucose, sucrose, and caffeine concentrations in 
endosperms decrease significantly. Prolonged fermentation time results in a drop in 
sucrose concentration and increased concentrations of acetic acid, ethanol, glycerol, 
glycuronic acid, lactic acid, mannitol, and succinic acid (De Bruyn et al. 2017).

Fig. 6.7 Dry fermentation 
process—fully washed 
without water. 
Source: Authors

Fig. 6.8 Temperature stage for washed and fully washed methods. Source: Authors

6 Relationship Between Coffee Processing and Fermentation



266

If the natural temperature relationship in the fermentation stage is observed with 
the washed and fully washed without water method, Fig. 6.8 indicates that the inten-
sity of microbial action occurs in the first hours of fermentation, with a stabilization 
rate at the end of the process using 36 h without temperature control.

Procedures used with or without water may also result in some changes in amino 
acid profiles, these are important for protein synthesis and other nitrogen com-
pounds (Dias et al. 2012).

Such compounds, in turn, act as essential substrates in the Maillard reactions that 
occur during coffee roasting, producing important aroma and taste compounds in 
the sensory quality of the beverage.

This process has been widely applied in specialty coffee producing countries, 
however, few studies have been thoroughly developed to understand the quality 
relationship as a result of this fermentation strategy.

According to Pereira et al. (2020), the environment and process affected the final 
quality and, consequently, may have influenced the microbial community structures.

Thus, it is understood that the metabolites formed by the microbial communities 
may be determinant for the final coffee quality as a function of the applied fermenta-
tion and processing technique.

5  Spontaneous Fermentation with the Semi-Dry Method

This process started in the 1990s as an intermediate system between traditional dry 
and wet methods. Originally used in Brazil, it is also called natural pulped in order 
to clearly identify it from dry and wet processes (Brando and Brando 2019).

The process called semi-dry peeled cherry is in expansion among Brazilian pro-
ducers, requiring greater research investments, to answer several questions about 
the quality of the resulting grains from this type of processing (Silva et al. 2004).

According to Vilela et al. (2010) was observed a microbial succession with bac-
terial species prevailing in the early stages of fermentation, reaching log 7 cfu/g 
during the first 24 h of fermentation. Yeasts dominated the later stages (as the mois-
ture content decreased) reaching log 6.9 cfu/g after 5 days.

From the perspective of spontaneous fermentation with the semi-dry method, 
(Pereira et al. 2020) point out that higher altitudes, spontaneous water-washed fer-
mentations, or spontaneous semi-dry fermentations were shown to be more promis-
ing. For the specialty coffee (Ribeiro et al. 2017) indicate that using starter cultures 
in coffee fermented by a semi-dry process, the variety OA showed better sensory 
characteristics after inoculation.

This systematic approach dissecting the coffee ecosystem contributes to a deeper 
understanding of coffee processing and could constitute a state-of-the-art frame-
work for the further analysis and subsequent control of this complex biotechnologi-
cal process (De Bruyn et al. 2017). Indicating that the semi-dry method, in high 
altitude regions, does not require yeast or bacteria inoculation, but for warmer 
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regions, the inoculation strategy may be favorable for the production of specialty 
coffees.

The semi-dry process form is a variation of the wet process (Vilela et al. 2010), 
the mucilage in the parchment is maintained, as little water is used. The fermenta-
tion process occurs in the yard hanging under the sun (Vilela et al. 2010). Pereira 
et al. (2017) observes that coffees processed by the semi-dry method may go through 
changes in mucilage color ranging from red, black, or yellow, with yellow being 
more commonly.

These coffees are called by the market as Red Honey, Black Honey, and Yellow 
Honey (Fig. 6.9). As far as is known and defended, these fruits change color due to 
the drying process that is affected by the action of polyphenoloxidase or enzymatic 
browning.

In the case of semi-dry processes, the method does not employ the addition of 
any microorganism other than those already present in the coffee fruit. The occur-
rence of this volatile was only present in this method, indicating, therefore, that this 
compound can also be present in naturally fermented coffees, from natural micro-
biota (Pereira et al. 2020).

According to (Pereira et al. 2018), the overall quality of the coffees presented the 
most promising results for wet processing through water fermentation when com-
pared to the no fermentation method (semi-dry) for the experiment located in the 
South-Southeast region. This indicates that the action of natural microorganisms 
may be definite for the formulation of coffee quality.

In this method, coffee farmers just wash, float, separate green and ripe fruits, and 
peel cherries. After the process, the fruits are immediately dried, with all mucilage 
present on the parchment. The coffee is dried in a thin layer on cement patios or 
covered terraces for a period of 10 to 15 days to allow greater aerobic degradation 

Fig. 6.9 Fresh mucilage of arabica coffee, black, yellow and red honey. Source: Authors
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of the mucosa. The fermentation process occurs directly on the parchment (Vilela 
et al. 2010).

The mucilage remains clinging to the outside of the parchment during drying, or 
it may be removed immediately via demucilagers. From a cup quality point of view, 
semi-dry processing with or without mucilage also produces different cup qualities. 
In semi-dry coffee processing, cup quality also varies based on the decision to eradi-
cate or keep the mucilage clinging to the parchment. (Hameed et al. 2018).

This type of processing (semi-dry) has a range of complexity during the execu-
tion phase because the spontaneous fermentation that occurs in fruits happens 
anaerobically, that is, generating a dependence on the available microbiota in fruits. 
According to observations of (Pereira et al. 2020), for higher altitudes, spontaneous 
water-washed fermentations or spontaneous semi-dry fermentations were shown to 
be more promising.

This discussion generates a new perspective of scientific studies because, accord-
ing to (De Bruyn et al. 2016), this systematic approach in researching the coffee 
ecosystem contributes to a deeper understanding of coffee processing and could 
constitute a state-of-the-art framework for further analysis and subsequent control 
of this complex biotechnological process.

6  Spontaneous Fermentation by the Natural Method

The dry process (natural) method, with natural, spontaneous fermentation, is widely 
applied in Brazil and several coffee-producing countries. It consists of a simple but 
complex process of understanding the metabolite products that form during this 
processing.

During dry processing, acetic acid bacteria (i.e., Acetobacter, Gluconobacter) 
were most abundant, along with non-Pichia yeasts (Candida, and 40 
Saccharomycopsis). Accumulation of associated metabolites (e.g., gluconic acid 
and sugar 41 alcohols) took place in the drying outer layers of the coffee cherries 
(De Bruyn et al. 2017).

In the drying method, the wet parchment coffee bean at this stage consists of 
approximately 57% moisture. The coffee parchment moisture needs to be reduced 
as soon as possible to an optimum 12.5% either in the sun, in a mechanical dryer, or 
by a combination of the two. The sun-drying is done on extensive flat concrete or 
brick areas, known as patios, or on tables made of fine-mesh wire netting. The beans 
are laid out in a layer of 2–10 cm and frequently turned to ensure even drying. Sun- 
drying should take from 8 to 10 days, depending upon ambient temperature and 
humidity.

Coffee dries more quickly if raised on tables because of the upward draught of 
warm air. The use of hot-air drying machines becomes necessary to speed up the 
process in large plantations where, at the peak of the harvesting period, there might 
be much more coffee than can be effectively dried on the terraces. However, the 

L. L. Pereira et al.



269

process must be carefully controlled to achieve satisfactory and economical drying 
without any damage to quality (Lin 2010).

The processing variables involved in converting coffee cherries into green beans 
appear to be of major importance. Of these processing variables, natural or sun- 
drying is the most commonly used, and it is the oldest, cheapest, and easiest way to 
transform the cherries into green beans (Hameed et al. 2018).

The dry process (natural—Fig. 6.10), which results in so-called unwashed or 
natural coffee, is the oldest and simplest method of processing coffee. The dry pro-
cess is often used in countries where rainfall is scarce, and long periods of sunshine 
are available to dry the coffee properly. The dry method is used for about 95% of 
Arabica coffee produced in Brazil, most coffee produced in Ethiopia, Haiti, 
Indonesia, and Paraguay, and some Arabica produced in India and Ecuador. This 
method involves the fermentation of whole fruit and usually produces coffee that is 
heavy in body, sweet, smooth, and complex (Silva et al. 2008).

The sucrose accumulated in the beans is one of the organoleptic compounds in 
coffee. Sucrose plays an important role in the ultimate aroma and flavor that is deliv-
ered by a coffee grain or bean. Sucrose is a major contributor to the total free reduc-
ing sugars in coffee, and reducing sugars are important flavor precursors in coffee 
(Somporn et al. 2012).

The main difference between the sugar contents of continuously dried green cof-
fee beans and those dried with pauses—and thereby mimicking a sun drying—is 
because the observed alterations in the contents of the various sugars are slightly 
more pronounced. This points out that the metabolic events responsible for these 

Fig. 6.10 Dry process (natural). Source: Authors
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fluctuations in sugar metabolism should also be more distinct. A possible explana-
tion for this effect could be due to a synchronizing effect of the applied day-and- 
night-rhythm. However, despite these differences occurring in the differentially 
dried beans, the particular concentration in the resulting dried coffee beans—either 
continuously dried or with pauses—are more or less identical. Consequently, they 
are not affected by the drying method applied. Thus, the sugar composition cannot 
be the direct cause for the observed quality differences in differentially dried coffees 
(Kleinwächter and Selmar 2010).

Naturals have a greater amount of these hexoses, arabinose, and mannose than 
washed coffee, whereas the levels of arabinose and mannose are intermediate 
between those in washed and unwashed coffee (Hameed et al. 2018). According to 
(Borém et al. 2008), natural coffee presented higher levels of reducing sugars than 
pulped coffee. This may be justified by the presence of the coffee husk and mucilage 
during drying.

For the authors Simões et al. (2008), the percentage of cherry fruits, above 90%, 
is a determinant for the high quality of the beverage because it is influenced by the 
percentage of verdoengo fruits, which detract from the coffee quality, generating 
undesirable flavors.

As the coffee tree in the mountainous region of the state of Espírito Santo pres-
ents more than one flowering, fruits with various stages of ripeness are generated. 
This coffee is usually mostly harvested by full melt with the presence of green, ripe 
or “cherry,” overripe or “raisin” fruits, and dried fruits (Krohling et al. 2013).

7  Yeast-Induced Fermentation

Several authors have already described induced fermentation as a fermentation con-
trol procedure that naturally occurs in coffee during post-harvest processing (Silva 
et al. 2013; de Melo Pereira et al. 2015; Pereira et al. 2017).

Besides discussing the impacts of edaphoclimatic conditions as preponderant 
quality, in recent years there has been a growing search for understanding the com-
position of the coffee microbiota, according to Silva et al. (2008) and Pereira et al. 
(2014), there is a significant effect of yeast during the fermentation process as well 
as bacteria. These microorganisms are detected and quantified during the coffee 
fermentation process, generating significant impacts on coffee quality (Quintero et 
al. 2012; Evangelista et al. 2014; Masoud et al. 2004).

The use of optimizing parameters and starter cultures suitable for postharvest 
fermentation in wet processing may give desirable attributes to the coffee aroma, 
while uncontrolled fermentation inevitably leads to unpleasant flavors (Jackels et al. 
2005). In the line of studies, which indicate that induced fermentation is capable of 
modifying the taste and quality of coffee, are the studies of Evangelista et al. (2014), 
Evangelista et al. (2014), Ribeiro et al. (2017) and Pereira et al. (2020).

The use of selected cultures, such as S. cerevisiae, may play an important role in 
the succession of wild yeasts. Inoculation of Saccharomyces during the 
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fermentation process (Fig.  6.11) causes an increase in the microbial population 
compared to other species, due to its overcrowding when added to the fermentation 
process, thus suppressing non-Saccharomyces indigenous species (Ciani et al. 2010).

In the processing that uses these types of fermentations, the presence of oxygen 
(aerobic condition) in tanks occurs naturally and simultaneously to the lactic fer-
mentation by Lactobacillus spp. and Streptococcus spp., and alcoholic fermentation 
by yeast, mainly Saccharomyces cerevisiae (Quintero and Molina 2015), which is 
not always feasible for the optimization condition of the microorganism in the fer-
mentation phase.

According to Cardoso et al. (2016), it is suggested the use of 0.1–10% of micro-
organisms addition as a function of coffee weight, for the formulation of fermenta-
tive must with yeast addition, in the specific case of Saccharomyces cerevisiae.

Thus, during coffee fermentation, bacteria, yeast, and enzymes act on mucilage 
degradation, transforming pectic compounds and sugars into alcoholic and organic 
acids (MartineZ 2010). The results presented by Lee et al. (2015) reinforce the dis-
cussion about fermentation, considering that desirable attributes can be optimized 
during the induced fermentation process. During fermentation, some volatiles were 
degraded while the generation of some volatiles could be correlated with the metab-
olism of aroma precursors in green coffee beans by R. oligosporus.

The addition of starter cultures helps to control the fermentation process, thus 
ensuring the formation of desirable aromas and fluids, which increases the possibil-
ity of producing specialty coffees (Ribeiro et al. 2017). Important characteristics, 
especially aroma, body, taste, and acidity, have been modified in coffees processed 
under fermentation with starter cultures (de Melo Pereira et al. 2015).

Fermentation of coffee pulp sugars by yeast can produce a wide range of volatile 
metabolites that are well known for their aromatic and flavoring properties (Swiegers 
et al. 2005).

Fig. 6.11 Water-free and water-added fermentation must with Saccharomyces cerevisiae. 
Source: Authors
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In the case of coffee fermentation, it is clear how these volatiles can impact the 
taste of the beverage, since they must diffuse into the beans and through the meta-
bolic excretion processes generated by the microorganisms, thus impacting the cof-
fee quality. As discussed, by Pereira et al. (2020), some volatile compounds found 
in roasted coffee beans come from specific fermentation processes.

Induced fermentation can also contribute not only to the production of new sen-
sory pathways but also to quality assurance by acting as bioprotectors in processing 
and preventing microorganisms responsible for quality depreciation from multiply-
ing with excess sugars available in the mucilaginous layer of coffee (Schwan 
et al. 2015).

Yeast inoculation (Fig. 6.12) during coffee processing significantly reduces the 
total incidence of Aspergillus niger and Aspergillus ochraceus fungi, which produce 
ochratoxin A in coffee parchment and cherry, without affecting the quality of the 
beverage (Velmourougane et al. 2011).

Thus, the microorganisms present in coffee directly influence the quality of the 
beverage, either by the degradation of compounds present in the beans or excretion 
of metabolites that diffuse into the beans, therefore, the knowledge of microorgan-
isms and their role in fermentation is of great importance to obtain a quality product 
(Vilela 2011).

According to Evangelista et al. (2014), the use of yeasts during coffee fermenta-
tion through dry processing provides a distinctive flavor, thus making it an economi-
cally viable alternative to obtain a distinctive coffee with a distinctive caramel and 
fruity flavor, thus adding value to the product and standardizing processes.

In postharvest coffee processing, the selection of indigenous yeast strains with 
large extents of pectinases, volatiles, and organic acids production for controlled 

Fig. 6.12 Peeled cherry coffee and bark in induced fermentation process with Saccharomyces 
cerevisiae inoculation. Source: Authors
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coffee cherry/coffee parchment fermentation has led to the production of coffees 
with distinctive aroma profiles (Lee et al. 2016).

Finally, the inoculation of yeast Candida parapsilosis and Saccharomyces cere-
visiae onto depulped coffee cherries in semi-dry processing give coffees caramelic 
and bitter attributes (Evangelista et al. 2014).

8  Fermentation by Carbonic Maceration

Carbonic Maceration is a process that leads to fermentation involving whole coffee 
cherries (unruptured cherries) with intact in an Anaerobic (oxygen-free) environ-
ment of Carbon dioxide (CO2) in a closed container (Gudi 2017).

This process is described in the literature as a fermentation that explores the 
adaptability of coffee berries to a closed, oxygen-deprived, carbon-dioxide-filled 
environment. Excess CO2 causes the transition from respiratory anaerobic metabo-
lism to fermentative anaerobic metabolism within each fruit (Tesniere and 
Flanzy 2011).

In this system, the air within the container is expelled to produce a substantially 
anaerobic atmosphere in which the grapes undergo intra-cellular fermentation. The 
containers comprise sealable plastic bags that incorporate a one-way valve to allow 
release but not the entry of gases. The container preferably contains solid CO2 to 
expel air by vaporization of the solid CO2 (Hickinbotham 1986).

In the condition of full anaerobiosis, microorganisms choose to ferment, trans-
forming the raw material (sugars) into energy or other metabolic products. 
Fermentation always occurs in the cytoplasm (or cytosol) of the cell with the aid of 
enzymes, which act as catalysts. Thus, fermentation is an energy production path-
way that uses an organic matter such as glucose.

However, more recently, the endophytic microbiota present in coffee plants, and 
especially in coffee cherries, has received considerable attention, when its diversity 
and potential contribution to positive attributes of brewed coffee began to be appre-
ciated (Oliveira et al. 2013).

For example, according to (Syed et  al. 2012), bacterial endophytic flora from 
Coffee arabica L. was screened and evaluated for caffeine degrading experiments. 
Among the endophytes isolated bacterium belonging to Pseudomonas sp., exhibited 
98.61% caffeine degradation. The bacterium was capable of growing luxuriantly 
when caffeine was supplement as a sole source of carbon and nitrogen.

The possible action of endophytic microorganisms should also be analyzed, 
since they have already been described in coffee fruits by Genari (1999), Yamada 
(1999), Sakiyama et al. (2001), and Oliveira et al. (2013), and may be directly inter-
fering with metabolic activity during the fermentation process.

Endophytic microorganisms inhabit the interior of plants, being found in plant 
organs and tissues. This endophytic community consists mainly of fungi and bacte-
ria, and unlike pathogenic microorganisms, it does not cause damage to their hosts. 
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Endophytes may play a relevant role in plant health, as they act as controlling agents 
of phytopathogenic microorganisms (Neto et al. 1998).

Naturally occurring endophytic microorganisms in coffee fruits play an impor-
tant role in the production of secondary metabolites that positively or negatively 
interfere with beverage quality. Growth characteristics and induced pectinase syn-
thesis are functional characteristics that possibly contribute to the metabolic pro-
cesses that result in higher quality coffee precursor compounds (Monteiro 2008).

These recent results provide new insights into the anaerobic fermentation envi-
ronment for coffee, indicating a long way to study and understand the effects of 
fermentation on the formation of secondary compounds associated with beverage 
quality.

The metabolic process of fruits occurs only by intracellular enzymatic kinetics, 
the action of enzymes present in cherries. Fermentation by carbonic maceration is 
considered highly desirable because it produces natural aromatic qualities that are 
generally not produced by the fermentation of crushed grapes. This process pro-
duces glycerol and some other constituents, breaks down malic acid, alters the phys-
ical appearance of the berries, and produces a more complex flavor 
(Hickinbotham 1986).

For example, according to (Tesniere and Flanzy 2011), wines produced by car-
bonic maceration provoke intense fruity and floral notes when young. In general, 
the best wine structure is obtained when it occurs between 30 and 32 °C for a period 
of 5 to 8 days. For fermentation at lower temperatures (15 °C), the time extends to 
20 days.

To carry out the fermentation system with a carbonic maceration application, it 
is necessary to use a fermentation system that enables the CO2 injection and purifi-
cation of the system, associated with temperature control, as shown in Fig. 6.13.

First, coffee cherries absorb CO2 gas and begin oxygen-free fermentation that 
breaks down the sugars in the coffee cherries and lowers the acidity. While this is 
happening, the anthocyanins and tannin in the skins make their way into the pulp 
turning giving it a pink, purplish color. At this point, the temperature strategy will 
be crucial to provide the ideal conditions for microorganisms to act in 
fermentation.

According to De Bruyn et  al. (2017), points to reduced fructose and glucose 
levels decreased during the substantial accumulation of metabolites associated with 
microbial activity, including acetic acid, ethanol, glycerol, lactic acid, and mannitol. 
Accumulation of these compounds begins after processing, and concentrations 
increase in proportion to the fermentation time.

However, it is evident that there are different discussions regarding the origin of 
the aromas and flavors described in coffees subjected to different forms of process-
ing that include spontaneous or induced fermentation, developed exclusively for 
coffee processing or from other products such as coffee wine, for example.

The application of vinification processes has already been described in coffee in 
an experimental factory in Soubre, Côte d’Ivoire, such fermentation was organized 
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in vats, where the fermentation time is temperature-dependent. In warmer regions, 
the fermentation time is shorter, while at higher altitudes, where the climate is 
milder, fermentation lasts around 48 h (Clarke and Macrae 1987).

The completion of the maceration process depends on the temperature at which 
the fermentation process will be conducted, i.e. at higher temperatures it is possible 
to reduce the fermentation time. After that, the coffee cherries can be removed from 
the tank and follow to the peeled or natural cherry processing. In the case of low- 
temperature fermentations, it is necessary to extend the fermentation step by 
5–8  days. Both methods can expect fruity flavors such as strawberry, raspberry, 
cherry, and banana, which are trademarks of this process (Gudi 2017).

It is therefore recommended that the carbonic maceration process (Fig. 6.14) be 
performed with strategies of at least 4 days of fermentation at a constant tempera-
ture of 36 °C or 6–8 days with temperatures of 26 °C.

The technique of carbonic maceration fermentation is still recent in the coffee 
industry, requiring further studies to better understand the phenomena that form 
during coffee processing under the conditions exposed above. However, 

Fig. 6.13 Fermentation system for carbonic maceration. Source: Authors
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fermentation at this stage is considered a real possibility, indicating a new strategy 
for the formulation of sensory profiles for coffee.

9  Anaerobic and Aerobic Fermentation in Coffee Process

Catabolic processes of oxidation of organic substances, especially sugars, which are 
transformed into energy and simpler compounds such as ethanol, acetic acid, lactic 
acid, and butyric acid, are caused by bacteria and yeast, the final result of the fer-
mentation is dependent on the bacteria and yeast present during these process-
ing stages.

Thus, ecological succession can be defined as a directed change in the composi-
tion, relative and spatial abundance of species comprising a community. Fermentation 
on a solid substrate is performed by microorganisms naturally present or inserted 
therein. Thus, in natural fermentation, the present microbiota alters the organoleptic 
and nutritional characteristics, besides providing the inhibition of toxic compounds 
(Silva 2004).

Producers typically opt for mixed fermentations that use water availability, as 
seen in wet coffee processing by the washed method. Beans are then put in a fer-
mentation tank with a water stream and allowed to ferment to degrade a hygroscopic 
mucilaginous layer (inner mesocarp), which constitutes an obstacle to the drying 
(Avallone et al. 2002).

In this condition, a fermentation must form, that is, in an environment with avail-
ability of water (water tank), coffee, sugars, and other organic compounds, which 
will be consumed by some microorganisms (bacteria and yeast), which will 

Fig. 6.14 Ripe coffee fruits subjected to carbonic maceration process. Source: Authors
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decompose. Available organic products, that is, break down long-chain organic mol-
ecules into smaller, simpler ions or molecules by consuming oxygen. These micro-
organisms break down the nutrients into smaller molecules and then use these 
molecules for the synthesis of new cellular components. They release the chemical 
energy stored in the nutrients and use it later to perform other processes (Abu 
Shmeis 2018).

In the initial phase,  for aerophilic mesophilic microorganisms to obtain 
the energy needed to maintain their metabolism, one of these processes is neces-
sary: cellular respiration or fermentation.

In these two processes, the sucrose molecule (Fig. 6.15), available in the coffee 
pulp, is broken down into smaller molecules, releasing some of the energy con-
tained in their bonds to the cell. However, this break occurs differently in these two 
processes. First, cellular respiration (respiration could be aerobic or anaerobic 
according to the availability of oxygen), (Abu Shmeis 2018), followed by coffee 
deposition for fermentation. Sucrose will break down in the presence of oxygen 
(aerobic) and have, at the end of the reaction, carbon dioxide and water (this carbon 
dioxide can be used by photosynthesizing cells to form new carbohydrates) (Abu 
Shmeis 2018).

Oxygen gets into water by diffusion from the surrounding air, by aeration, or as 
a waste product of photosynthesis. Dissolved oxygen is essential to the survival of 
organisms in a stream. Thus, organisms that are more tolerant of lower dissolved 
oxygen levels may thrive in a diversity of natural water systems, including aerobic 
bacteria (Abu Shmeis 2018).

After this succession, without a supply of oxygen, as in an anaerobic environ-
ment, the cell will undergo fermentation, (Abu Shmeis 2018), with a reduction of O2 
in the fermentation environment, converting the available compounds in other 

Fig. 6.15 Sucrose dehydration synthesis in washed process. Source: Authors
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secondary that will be reflected in the final consumption of the drink. Therefore, 
there is a distinction between the sensory profile of washed coffees (Fig. 6.16) and 
natural coffees.

An understanding of microbial dynamics during natural fermentation should 
enable more rapid fermentation and better quality of the final product (SILVA et al. 
2008). Moreover, Wootton (1974) discusses that a long soaking time, and conse-
quent greater loss of sugars due to their high solubility, might be the reason behind 
the lower sucrose content in washed coffee, confirming the role of microorganisms 
in this type of fermentation.

Until now, the evolution of each microflora (aerobic, anaerobic, lactic, yeast, and 
pectolytic microflora) was not studied as well as the biochemistry of the fermenta-
tion (Avallone et al. 2002).

For instance, different microbial groups were associated with wet and dry pro-
cessing. Additionally, the accumulation of metabolites associated with the respec-
tive microorganisms took place on the final green coffee beans (De Bruyn et al. 2017).

Studies on natural coffee microbes always emphasize filamentous fungi isolation 
and identification, but the predominant microorganisms during the fermentation and 
drying period are bacteria and yeasts. Traditionally, naturally processed coffees 
originate from stripping the berries at various stages of ripeness. Microbial succes-
sion was established with the predominance of bacteria at the initial fermentation 
stages and with the presence of filamentous fungi and yeasts throughout the entire 
process on fermentation days. Gram-negative bacteria predominated in the initial 
fermentation phases (up to the 12th day—19% moisture) because they are less resis-
tant to low moisture content than Gram-positive bacteria. D. hansenii and Pichia 

Fig. 6.16 Coffee in spontaneous fermentation—washed process. Source: Authors
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were the most frequent among the yeast isolates but were still present in smaller 
populations than bacteria and fungi species. However, the yeasts identified have 
been reported to inhibit filamentous fungi mycelial growth and could thus be poten-
tially used for biocontrol of filamentous fungi growth. This inhibition of fungal 
development may be of importance in coffee regions where the atmospheric condi-
tions are adverse during natural coffee fermentation (high humidity, no sunshine, 
and high rainfall) (Silva et al. 2008).

Fermentation strategies in completely oxygen-saturated environments have 
increased and become recurrent in coffee growing. Many producers are applying O2 
restriction processes to promote anaerobic fermentation with or without added 
microorganisms.

In the process of anaerobic respiration, carbohydrate can be metabolized by a 
process that utilizes oxidative phosphorylation via an electron transport chain, but 
instead of oxygen serving as the terminal electron acceptor, an inorganic molecule 
such as nitrate or sulfate is used. Also, other organisms may turn to this form of 
respiration if oxygen is unavailable (facultative anaerobes). Anaerobic respiration 
tends to occur in oxygen-depleted environments (Abu Shmeis 2018).

With low oxygen levels (anaerobic stage of fermentation), favor initial coloniza-
tion by yeasts, which utilize the pulp carbohydrates to produce ethanol. The decline 
in  the yeast population is followed by a phase during which bacteria, principally 
LAB and AAB, dominate the fermentation (de Melo Pereira et al. 2016).

Finally, there is an increasing structural change in the sensory profile of coffees 
that undergo fermentation under mixed conditions (aerobic and anaerobic) com-
pared to coffees fermented under anaerobic conditions, indicating a horizon of bio-
prospecting possibilities for scientific studies.

According to Pereira et al. (2019), the dry fermented coffee beans with cultures 
of Saccharomyces cerevisiae showed a higher sensory profile than all other methods 
(fully-washed and semi-dry). The advantage of using this technique is directly 
related to the reduction of water consumption by 89% in the post-harvest stage. All 
groups of yeast-fermented coffees presented clustering homogeneity, regardless of 
the experimental range, indicating a potential of preference of this sensory profile 
for North American graders.

However, concomitant to the sensory results according to the process employed, 
the regression models indicate that washed fermentation provided improved coffee 
quality due to altitude, which shows that the microbiota present in the fruits can take 
charge of the fermentative processes and that the fermentative action occurs to solu-
bilize polysaccharides6 that are present in the coffee pulp. Consequently, during the 
fermentation, microorganisms will act in the degradation of the sugars present in the 
pulp, creating metabolic routes and different sensorial patterns. For higher altitudes, 
spontaneous water-washed fermentations or spontaneous semi-dry fermentations, 
are more promising (Pereira et al. 2020).
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10  Microorganisms Present in Coffee Fruits

The microorganisms present in coffee (Fig. 6.17) directly influence the quality of 
the beverage either by the degradation of compounds present in the beans or by the 
excretion of metabolites that diffuse inside the beans. Therefore, knowledge of the 
microorganisms and their role in fermentation is of great importance to obtain a 
quality product (Vilela 2011).

Microbial populations develop in various habitats, interacting and modifying 
chemical and physical aspects of the environment. In this process, they can colonize 
various substrates, modifying them by excreting their metabolic products.

Fig. 6.17 (a) Counting the number of colonies in the outer cascara of ripe coffee fruits and verdo-
engos in two properties. (b) Internal count for property 1 pulp. Values are represented in logarith-
mic basis 10. Asterisks (*) indicate F significance at 0.05%. Source: Adapted from Coffea em 
stages (2019)
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Coffee beans (bark, pulp, and seed) serve as a substrate for the development of 
bacteria, yeast, and filamentous fungi, supplying them from carbon and nitrogen 
sources, as they have cellulose, hemicellulose, pectins, reducing sugars, sucrose, 
starch, oils, proteins, acids, and caffeine.

However, some precautions should be observed when applying fermentation 
techniques, according to Coffea em stages (2019), the colony-forming units (CFU) 
isolated from the coffee husk, indicate that in both properties, the number of colo-
nies was higher in ripe fruits compared to verdoengo fruits, and, when contrasting 
the two properties, we noticed that property 1 obtained 24.1 times more CFU in ripe 
fruit than in verdoengo and in property 2 this relation was 88.6 times riper compared 
to verdoengo, that is, the coffee producer must always prioritize the harvesting of 
fruits with full ripening stage. Thus, for microorganisms isolated from the peel, 
Log10 values (CFU/mL) were obtained from 4.9 from green fruits and 6.3 from 
mature fruits.

There are also microorganisms present internally in the fruits, in the case of 
endophytic bacteria of the genera Acetobacter, Acinetobacter, Actinomyces, 
Agrobacterium, Bacillus, Burkholderia, Azospirillum, Curtobacterium, Pantoea, 
Pseudomonas, and Xanthomonas, among others, have been frequently used to pro-
mote growth plants (Dos Santos and Varavallo 2011).

Mucilaginous mesocarp composition of mature coffee fruits includes sugars, 
complex polysaccharides, proteins, lipids, and minerals. In detriment of this chemi-
cal composition, they become a favorable medium for the growth of bacteria, fungi, 
and yeast (Avallone et al. 2000; de Castro and Marraccini 2006).

When these microorganisms act, they can promote fermentative actions that may 
or may not be beneficial to coffee quality. About the mesocarp, Yamada (1999) dis-
cusses that the action of microorganisms and their metabolic products in coffee 
fruits can negatively or positively affect the expression of the final quality of the cof-
fee drink, and these epiphytic microorganisms, naturally occurring in coffee fruits, 
play an important role in the production of secondary metabolites, which positively 
or negatively interfere with coffee quality (Santos 2008).

Thus, if fermentation is not carefully planned and structured, undesirable micro-
organism species may be responsible for taste defects such as acidifiers, those that 
produce acetic acid and molds. This then results in a need to precisely control the 
growth of polysaccharide-consuming microorganisms and the formation of aro-
matic volatiles such as phenolics, aldehydes, and ketones (Poltronieri and 
Rossi 2016).

When detected by the tasters, these flavors demonstrate a quality problem and 
can be classified as riado coffee, since the coffee has a slight iodoform flavor. When 
such a flavor of iodoform is pronounced, it is denounced coffee rio. The coffee rio 
zona has to have a very sharp aroma and taste, similar to iodoform or phenic acid, 
being repugnant to taste (Schmidt and Miglioranza 2010).

Lin (2010), in his study, found that the fungi Rhizopus oryzae and Aspergillus 
niger were able to degrade part of the coffee mucilage and pectin in 24 h fermenta-
tion to have reduced sugar 10.65% and 11.38%. The presence of Aspergillus section 
Niger and A. westerdijkiae was related to poor drink quality, presenting a negative 

6 Relationship Between Coffee Processing and Fermentation



282

sensory evaluation and producing attributes such as moldy and fermented. (Iamanaka 
et al. 2014).

On the other hand, the effects of Y. lipolytica fermentation of green coffee beans 
on the volatile profiles of roasted coffees were most evident at light roast levels. 
Some of the fermentation effects, such as the generation of 2-phenylethanol, vola-
tile phenols (4-vinylguaiacol and 4-vinylphenol), and acid metabolism by Y. lipo-
lytica, were preserved after light roasting. Furthermore, the levels of ketones and 
volatile sulfur compounds were modulated by the changes in sugars and amino acid 
concentrations induced by fermentation, which influenced volatiles formation dur-
ing roasting. Despite the decreases in sugars and amino acid concentrations after 
fermentation, similar levels of pyrazines were detected in roasted fermented and 
unfermented coffees (Lee et al. 2016; Lee et al. 2016).

Yeast classes such as Debaryomyces hansenii and Pichia may inhibit filamen-
tous fungi micellular growth, so they can potentially be used for the biocontrol of 
filamentous fungal growth. This inhibition may contribute to the maintenance of 
quality in coffee regions where atmospheric conditions are adverse during natural 
coffee fermentation (high humidity, lack of sunshine, and high rainfall) (Silva 
et al. 2008).

The impact of yeasts on the production, quality, and safety of foods and bever-
ages is intimately linked to their ecology and biological activities. Recent advances 
in understanding the taxonomy, ecology, physiology, biochemistry, and molecular 
biology of yeasts have stimulated increased interest in their presence and signifi-
cance in foods and beverages. This has led to a deeper understanding of their roles 
in the fermentation of established products, such as bread, beer, and wine, and 
greater awareness of their roles in the fermentation processes associated with many 
other products (Fleet 2007).

The most common genera of bacteria present during coffee fermentation are 
Lactobacillus, Bacillus, Arthrobacter, Acinetobacter, Klebsiella, and Weissella. 
Yeasts tend to increase during fermentation/drying and may reach higher values 
than the bacterial population. Among the yeasts are Saccharomyces, Pichia, 
Candida, Rhodotorula, Hanseniaspora, and Kluyveromyces, being the most com-
monly found yeast genera (Evangelista et al. 2014). Avallone (2001) identified the 
yeasts Cryptococcus laurentii, Kloeckera apis apicuata, Cryptocccus albidus, 
Candida guilliermondii and Kloeckera apis apiculata.

Among the genera of Kloeckera, Candida, and Cryptococcus have a good fer-
mentative capacity of ethanol production. Spiky strains such as Kloeckera apis 
apicuata are usually found in plant fermentation when the alcohol level is low, as 
observed in coffee fermentation (Avallone 2001). Avallone (2001) identified lactic 
acid bacteria Ln. mesenteroides dextranicum and Lb. Brevis and Evangelista et al. 
(2014) complement that the most common bacterial genera present during coffee 
fermentation are Lactobacillus, Bacillus, Arthrobacter, Acinetobacter, Klebsiella, 
and Weissella.

Microbial succession in the spontaneous fermentation phase maintains the pre-
dominance of bacteria in the early stages of fermentation (Silva et  al. 2008), 
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regardless of the process the bacterial population is larger than the yeast population 
at the beginning of fermentation (Evangelista et al. 2014) having the presence of 
filamentous fungi and yeast throughout the process on the days of fermentation 
when aw was around 0.8 (Silva et al. 2008).

However, LAB is isolated in high numbers in wet processing due to the anaero-
bic or low oxygen conditions present, which favor their development. In dry pro-
cessing, the common species are Bacillus subtilis, species of the Enterobacteriaceae 
family, Debaryomyces hansenii, Pichia guilliermondii, and Aspergilus niger. In the 
wet and semi-dry processing, the species commonly isolated are Leuconostoc mes-
enteroides, Lactobacillus plantarum, Enterobacteriaceae, Bacillus cereus, 
Hanseniaspora uvarum, and Pichia fermentans (de Melo Pereira et al. 2016).

Microorganisms, in general, are in large quantities in the coffee bean regardless 
of the process used. Such microorganisms are directly linked to the final quality of 
coffee due to the production of its metabolites, new fermentation techniques with 
the inoculation of microorganisms are being used to enhance the coffee quality.

However, the incorrect application of these microorganisms can cause loss of 
quality, coffee decay due to the long fermentation time used, generating the forma-
tion of mycotoxins that can be harmful to health. Therefore, users of coffee fermen-
tation techniques must have scientific knowledge for the safe use of fermentation 
procedures, thus generating a risk-free product for human health.

11  Coffee Mycotoxins

Since the rise in food prices in the 2008 global economic crisis, there have been 
several reports addressing concerns about the challenge of feeding nine billion peo-
ple by 2050. As a result, several technologies have been created in the fields of plant 
genetics, plant pathology, irrigation, plant nutrition, area management, and logis-
tics. Such investments are necessary to optimize and make more efficient agricul-
tural activity (Grafton et al. 2015).

Just as important as feeding nine billion people around the world is ensuring that 
these foods are produced sustainably and distributed following food safety stan-
dards. The latter is necessary due to the imminent risk of intoxication resulting from 
various factors ranging from planting to inadequate transport and storage of agricul-
tural products.

Currently, the control of toxic levels in food is a global concern as it causes 
 economic damage and consumer health. To diagnose and manage food security 
around the world, an important group of contaminants, called mycotoxins, should 
be specially considered, given their widespread occurrence on all continents and 
widespread climate adaptation, harming the world economy, human  and 
animal health.
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11.1  Mycotoxins

The term mycotoxin comes from the Greek word “mykes” meaning fungus and 
from Latin “toxican” meaning toxins. The term is used to refer to a group of com-
pounds produced by some filamentous fungal species during their growth and 
development, which can cause various pathologies or even death when ingested by 
humans or animals (Audenaert et al. 2013).

The United Nations Food and Agriculture Organization (FAO) estimates that 
about 25% of world commodity agricultural production is contaminated with myco-
toxins, leading to significant economic losses (Jalili 2016).

Human exposure to mycotoxins from contaminated food consumption is a public 
health issue worldwide. Mycotoxins are compounds with recognized toxic activity 
in animals and humans, which may be present in food. As they are natural contami-
nants, it is not possible to eliminate their presence from food, but they can and 
should be reduced to levels that pose no risk to populations (Chalfoun et al. 2008).

On the one hand, mycotoxin production is dependent on fungal growth, so it can 
occur at any time during food development, harvest, or storage. However, fungal 
growth and the presence of toxins are not necessarily associated, since not all fungi 
produce toxins. On the other hand, mycotoxins can remain in food even after the 
fungi that produced them have been destroyed. The genera of fungi most commonly 
associated with toxins are Aspergillus, Penicillium, and Fusarium (Chalfoun 
et al. 2008).

Throughout history, over 300 mycotoxins have been reported and identified. 
However, some are worth mentioning for being contaminants commonly found in 
food. These are aflatoxins, ochratoxins, fumonisins, patulin, zearalenone, and 
trichothecenes (Alshannaq and Yu 2017).

11.2  Coffee Mycotoxins

During harvesting, processing, and storage, coffee beans are exposed to sudden 
changes in humidity and temperature, which contribute to fungal development. 
Several fungi are associated with coffee fruits and beans throughout the production 
cycle and may cause quality losses, under specific conditions, producing unpleasant 
odors, tastes, and, in some cases, toxic metabolites (mycotoxins), compromising the 
safety characteristic of the product and a substantial economic loss. The most com-
mon mycotoxin present in coffee is ochratoxin A (OTA), followed by aflatoxin 
(Chalfoun and Parizzi 2014).

L. L. Pereira et al.



285

11.3  Ochratoxin A

Mycotoxin ochratoxin A (OTA) is a low molecular weight ubiquitous secondary 
metabolite, a weak organic acid consisting of a phenylalanine amino acid and a 
peptide bond dihydroisocoumarin (Table 6.1).

Ochratoxin A has been the most reported mycotoxin in coffee contamination. 
OTA was first reported in 1965 (Van der Merwe et al. 1965) and 9 years later was 
described in coffee (Levi et al. 1974). This mycotoxin has wide toxicity including 
neurotoxic, teratogenic, immunotoxic, carcinogenic, hepatotoxic, nephrotoxic 
embryotoxic (Coronel et al. 2010).

Although humans can be exposed to OTA by inhalation or dermal contact, dietary 
intake is the main source of OTA for humans as it is found in a wide variety of 
foods. More recently, its presence has also been detected in bottled water, food col-
orings, and vegetable food supplements (Leitão 2019).

12  OTA Food Safety

Due to its toxic properties, OTA is subject to international regulation. The toxicity 
of OTA became evident in the late 1970s and its maximum levels regulated in the 
1990s. This is in contrast to other mycotoxins, in particular aflatoxins, where in the 
US the first limits for aflatoxins were established in the 1960s (Do Rego et al. 2019).

Several countries have set maximum OTA levels in food, including Brazil, Israel, 
Switzerland, Uruguay, and the European Union. In Brazil, the National Health 
Surveillance Agency (ANVISA) is the body responsible for making this determina-
tion. In the European Union, maximum OTA levels in foods were determined by the 
European Food Safety Authority—EFSA.  The European Commission shall set 

Table 6.1 Structure, formula and other characteristics of ochratoxin A (OTA)

Name
N-[(5-chloro-3,4-dihydro-8-hydroxy-3-methyl-1-oxo-1H-2-benzopyran-7-yl) 
carbonyl]-l-phenylalanine

Chemical 
structure

Formula C20H18ClNO6

Molecular 
weight

403.8 g·mol−1

Source: Adapted from Leitão (2019)
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maximum levels of 5.0 μg/kg OTA in roasted and ground coffee beans and 10.0 μg/
kg in instant coffee. In Brazil, the maximum limit of OTA is 10.0 μg/kg for all types 
of coffee. Therefore, to avoid Brazilian coffee export barriers, it must meet the inter-
national maximum limits for OTA (Do Rego et al. 2019).

13  Ocratoxin Producers Fungi

The toxicogenic capacity of a fungus is defined in proportion to its ability to pro-
duce toxic metabolites (Chalfoun et al. 2008).

In tropical regions, the fungal genus Aspergillus is considered the largest pro-
ducer of coffee OTA.  The species commonly associated with this mycotoxin in 
these regions are Aspergillus niger (Fig. 6.18), Aspergillus westerdijkiae (Fig. 6.19), 
Aspergillus ochraceus (Fig. 6.20), and Aspergillus carbonarius (Napolitano et al. 

Fig. 6.18 Morphology of Aspergillus niger: (a) two-week-old colonies growing in minimal 
media; (b) microscopic image of a conidiophor producing asexual spores. Source: Svanström (2013)
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Fig. 6.19 Morphology of Aspergillus westerdijkiae: (a) colonies of Aspergillus westerdijkiae; (b) 
Aspergillus westerdijkiae conidiophor, bar = 20 μm. Source: Visagie et al. (2014)

Fig. 6.20 Morphology of Aspergillus ochraceus: (a) Aspergillus ochraceus colonies; (b) 
Aspergillus ochraceus conidiophor, bar = 20 μm. Source: Visagie et al. (2014)

Table 6.2 Minimal water 
content activity (aW) for 
fungal development and 
toxigenesis (book)

Events

Water 
activity 
(aW)

Humidity 
(%)

Louzada Pereira_461033 0.76 14.2
Louzada Pereira_461033 0.81 15.5
Louzada Pereira_461033 0.85 20.0
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2007). While in temperate regions, the genus Penicillium, represented mainly by the 
species Penicillium verruculosum, Penicillium. brevicompactum, Penicillium. crus-
tosum, Penicillium. olsonii, and Penicillium. oxalicum are usually found (Alvindia 
and de Guzman 2016).

Despite the imminent risk of contamination in coffee, the conditions that allow 
the production of mycotoxins by potentially toxigenic strains are naturally more 
limited than those that allow fungal growth (Table 6.2).

13.1  Aflatoxin

Aflatoxins (AFs) are considered worldwide the most important mycotoxins in food 
and feed due to their hepatotoxicity and carcinogenicity. The fungal species most 
commonly associated with FA production are Aspergillus flavus, Aspergillus para-
siticus, and Aspergillus nomius (Coppock et al. 2018).

Aflatoxin-producing fungi, Aspergillus spp. are widespread in nature and have 
highly contaminated food supplies from humans and animals, resulting in health 
risks and even death. Therefore, there is a great demand for aflatoxin research to 
develop adequate methods for its quantification, detection, and control to ensure the 
health of consumers (Coppock et al. 2018).

14  Conditioning Factors of Micotoxin Occurrence in Coffee

Similar to other crops, coffee is exposed to contamination and consequent coloniza-
tion by microorganisms during the different stages of development, harvest, trans-
port, and storage of beans.

During the pre-harvest stage, the most critical points considered include the 
period immediately before harvest, when the coffee tree is subjected to water stress 
and other injuries from biotic and abiotic origins and thus more susceptible to fun-
gal colonization, and during harvesting, when grain should avoid direct contact with 
the soil, which is considered an important source of contamination (Chalfoun 
et al. 2008).

Differences in ochratoxin A levels have been observed in samples from two cof-
fee species of major commercial interest. Coffea canephora (robusta) is more sus-
ceptible to contamination when compared to Coffea arabica L (arabica). 
Nevertheless, the idea is maintained that this difference occurs mainly because of 
differences in crop management in the postharvest stages of the crop, promoting 
greater exposure to the risk of ochratoxin A contamination (Chalfoun et al. 2008).

The postharvest phase is of great importance in preserving the safety character-
istics of the product and the hazards, and critical control points are determined for 
each type of preprocessing, as follows.
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15  Fruit Washing and Separation

To get a higher quality drink, you should pick the fruits at the cherry stage, identi-
fied by the color red. In practice, fruits are also harvested before and after such a 
stage. Harvested fruits are processed dry or wet. In wet processing, the fruits pass 
through the washer, where the buoys of the greens and cherries are washed and 
separated, and by the peeler, where the cherries are peeled and separated from the 
greens, thus obtaining the peeled cherry and the peel (Soares et al. 2007).

Buoy beans are made up of fruits that have lower density and therefore float at 
the time of washing the coffee. Several factors can influence the lower density of 
coffee fruits, among them the malformation of the beans, injuries caused by insects 
and pathogenic fungi, fruits that pass from ripe (dried fruits), and dry out in the 
plant. Thus, this fraction may leave the most vulnerable field in terms of risks of 
contamination, so it is of great importance to separate these fruits to reduce the risks 
and to continue the following phases (Chalfoun et al. 2008).

16  Dry Coffee Processing

The dry process is the oldest and corresponds to the simplest and most natural way 
to process freshly harvested coffee fruits. In this method, coffee fruits are dried with 
all their constituent parts, giving rise to coffees called natural or terreiro (Silva 2014).

In favorable environmental conditions, it has been reported that this processing 
method involves a greater likelihood of exposure to mycotoxins. This is because 
coffee pods tend to have the largest source of mycotoxins for the bean. Proof of this 
was the work published by Suárez-Quiroz et al. (2004a, b), where they observed a 
high level of fungal contamination in dry processed grains.

With this in mind, it is recommended that the drying of natural coffee is per-
formed under strict care to avoid the development of pathogenic fungi in the grain 
husk and consequently in other regions.

17  Wet Processing of Coffee

Wet processing is considered a less contamination-prone method as performing 
grain debarking significantly reduces the risk of contamination. In a study con-
ducted by Batista et  al. (2009), it was found that wet-processed samples signifi-
cantly reduced grain contamination. This reduction is because mucilage is an 
excellent substrate for the development of potentially mycotoxin-producing fungi.

In addition to eliminating a significant fraction of OTA-producing microorgan-
isms, grain stripping accelerates drying, reducing the risk of fungal development 
and OTA production. However, the initial quality of the harvested fruits, the 
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presence of OTA-producing fungi, as well as the conditions of the processing site 
can certainly contribute to the formation of OTA in wet coffee processing (Bucheli 
and Taniwaki 2002).

18  Coffee Drying

Drying is one of the most important steps for preserving the quality of the coffee. 
According to Bucheli and Taniwaki (2002), drying is also considered one of the 
ochratoxin A contamination pathways. Therefore, harvested coffee must  be pre-
pared as soon as possible and subjected to drying to avoid unwanted fermentation 
processes and quality losses. Thus, correct postharvest management is also essen-
tial, particularly regarding the time of exposure to microorganisms, which initiate 
infection in the plant and persist after harvest, and during the drying period.

Batista and Chalfoun (2007), gave as an example the case of the fungus 
Aspergillus ochraceus, which can grow in a temperature range that varies from 8 to 
30 °C, and the optimum growth temperature ranges from 25 to 30 °C and in mini-
mum water activity for its development of 0.76 aW; for ochratoxin A production the 
minimum activity is 0.85 aW with the optimum range ranging from 0.95–0.99 aW.

Extrapolating these data for fruits and coffee beans, ochratoxin A production 
occurs when the product has a moisture value above 20% in the dry base. However, 
with a water activity of 0.80 aW coffee beans are protected from A. ochraceus devel-
opment and consequently from ocratoxin synthesis (Suárez-Quiroz et al. 2004a, b).

Thus, drying conditions, the management of drying, the presence of microorgan-
isms producing ochratoxin A, and the geographic and climatic conditions of the 
producing area, are more important in the generation of OTA in coffee beans than 
the drying method itself. Besides, it is important to note that all steps are intercon-
nected and that if drying is not performed correctly, it is more likely to lead to con-
tamination during storage (Batista and Chalfoun 2007). If the coffee is dried 
efficiently, additional contamination during storage can be minimized by maintain-
ing storage conditions (Paterson et al. 2014).

19  Coffee Storage

Storage conditions are especially related to humidity and temperature to maintain 
low levels of mycotoxins in coffee. Grain spoilage is considered minimized when the 
storage environment temperature is kept below 26 °C, and the relative air humidity 
(RH) ranges from 50 to 70%. Regarding the grain itself, the ideal range of moisture 
at the end of drying should be 10–12%. This water content is considered unfavorable 
for the development of mycotoxin-producing fungi in coffee (Paterson et al. 2014).

If contamination of stored coffee batches is suspected, storage conditions should 
be considered, such as the possibility of sources of rising air humidity conditions. 
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Then it is suggested to survey the suspicious lots. Once completed, representative 
batch samples should be collected and sent for analysis to determine the eventual 
level of contamination. Also, in cases where the coffee is exposed to conditions 
completely favorable to contamination, the batch should immediately be considered 
unfit for consumption (Chalfoun et al. 2008).

20  Methods for Determining Ocratoxin A

Given the existing problems with Ochratoxin contamination in food, several ana-
lytical methods have been and are being developed to determine OTA in biological 
materials. The most commonly used and traditional analytical techniques include 
thin layer chromatography, HPLC, and ELISA (Malir et al. 2016).

Also, other methods used for OTA determination include gas chromatography 
(GC-MS), fluorometry kits (fluorometer-coupled immunoaffinity columns), fluo-
rescence polarization immunoassay (PFIA), and isotopic dilution. More recent 
methods for OTA determination include ICP-MS and capillary electrophoresis tech-
niques (Malir et al. 2016).

Regardless of the determination method used, continuous attention should be 
given to contamination risk factors, with the ultimate goal of protecting public 
health and preventing economic losses.

21  Methods of Mycotoxin Degradation

Once present in food, mycotoxins become difficult to reduce due to their stability. 
For this reason, many methodologies based on physical, chemical, and biological 
processes have been developed in an attempt to decontaminate such products. The 
objectives of decontamination methods are to destroy or modify mycotoxins, 
thereby reducing their levels to acceptable and safe levels, avoiding alteration of the 
nutritional value of the product (Bryden 2012).

22  Roasting and Industrialization

Decontamination studies have already shown that the different groups of mycotox-
ins are resistant to temperatures between 100 and 210 °C (Milanez and Leitão 1996; 
Soares and Furlani 1996; Fonseca 1994; Hoseney 1991; Scott 1984) during indus-
trial or domestic food preparation processes. Boiling and frying temperatures 
at around 100 and 150 °C also rarely contribute to the destruction of mycotoxins.

For coffee, specifically, the roasting process has been considered a significant 
degrader of ochratoxin. Castellanos-Onorio et  al. (2011) studied two different 
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coffee roasting methods at 230 ° C and found that for the fluidized bed technique, 
the percentage reduction in OTA levels found was 75%. For the rotating cylinder, in 
turn, the percentage found was 96%. Also, other authors investigated the percentage 
reduction in ochratoxin levels by roasting (Table 6.3).

However, the authors comment that the consumption of a less roasted coffee is 
needed to maintain the antioxidant benefits of coffee, as a milder roasting process 
makes the degradation of said mycotoxin less efficient.

23  Caffeine

Caffeine is a pharmacologically active alkaloid belonging to the xanthine group, 
and its main dietary sources are coffee, mate, and guarana (Arnaud 1999). Caffeine 
(1,3,7-trimethylxanthine) has an inhibitory effect on some mycotoxin-producing 
species, such as Aspergillus and Pericillium, by reducing the production and growth 
of aflatoxins, ochratoxin A, sterigmatocystin, patulin, and citrinine (Buchanan et al. 
1982; Nartowicz et al. 1979). Caffeine concentration in coffee varies with species. 
Thus, Arabica coffee (Coffea arabica) contains approximately 0–6% caffeine, while 
Robusta coffee (Coffea canephora) approximately 4% (Oestreich-Janzen 2010).

In a study conducted by Akbar et al. 2016, aimed at investigating the influence of 
caffeine concentration on the ability of colonization of ochratoxigenic fungi to pro-
duce ochratoxin A (OTA), it was evidenced that for the studied strains (Aspergillus 
westerdijkiae, Aspergillus stenyl, Aspergillus niger, and Aspergillus carbonarius), 
there was a significant decrease in ochratoxin A levels as caffeine content increased 
(Fig. 6.21).

Despite the clear evidence that caffeine may contribute to lower OTA levels, 
further studies are needed to address a broader spectrum of mycotoxin-producing 
species. Moreover, the natural caffeine concentration in the arabica (Coffea ara-
bica) and robusta (Coffea canephora) coffee beans, which are considerably differ-
ent, should be considered. This could be important in terms of ochratoxygenic 
fungal colonization and OTA contamination in both types of coffee beans. However, 
few studies have considered this aspect (Akbar et al. 2016).

Table 6.3 Reduction of ochratoxin A levels through the roasting process.

% Reduction Methodology Reference

67
63
74
53
84

Temp = 470 °C; Time = 2.5 min; Lot = 5 kg
Temp = 490 °C; Time = 2.5 min; Lot = 5 kg
Temp = 490 °C; Time = 4 min; Lot = 10 kg
Temp = 400 °C; Time = 10 min; Lot = 15 kg
Temp = 425 °C; Time = 10 min; Lot = 15 kg

Van der Stegen et al. (2001)

79.1 Temp = 260 °C; Time = 5 min; Lot = 0.5 kg Perez de Obanos et al. (2005)
31.1 Temp = 280 °C; Time = 10 min Nehad et al. (2005)

Temp temperature

L. L. Pereira et al.



293

24  Coffee Bioprotectors

Biological control is a promising option for reducing toxic levels in food. Through 
this methodology, an undesirable microorganism can interact with others, creating 
unfavorable conditions for its development. The microorganisms that perform this 
role are known as bioprotective agents.

The genus Cladosporium has been considered a very promising microorganism 
as a biological agent. This is because this genus produces a metabolite called clado-
sporol, responsible for its bioprotective effect against fungi that perform undesir-
able actions on fruits. The first report of Cladosporium sp. in coffee fruits was 
carried out by Bitancourt (1957), who observed the fungus under field conditions in 
dried fruits and plants.

The high occurrence of Cladosporium in samples without previous disinfection 
demonstrates as characteristic of this fungus to be colonizer of the external parts of 
fruits and coffee beans (Fig. 6.22). The external growth of this fungus acts as a bar-
rier to the entry of other quality-damaging fungi (Fig. 6.22).

Fig. 6.21 Effect of caffeine concentration on ochratoxin A (OTA) growth and production in 4: 
Aspergillus species: (a) Aspergillus westerdijkiae, (b) Aspergillus steynii, (c) Aspergillus niger and 
(d) Aspergillus carbonarius. Source: Akbar et al. (2016)
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25  Final Considerations

Whatever processing the coffee producer employs, some fermentation process will 
occur during the postharvest process. In this context, users of such technologies 
should consider procedures that do not cause quality loss, nor does it generate food 
safety risk for the end consumer.

Recent discoveries regarding the optimization of processing and fermentation 
forms present a new horizon for specialty coffee producers and consumers, who end 
up benefiting from having better quality products, differentiated taste, texture, acid-
ity in their hands, sweetness, which are processed under different conditions.

Thus, the selection procedures for the production of specialty coffees should 
consider the final markets, i.e., the producer must prioritize brews according to the 
existing market in his region, ensuring the maintenance of coffee quality according 
to the existing supply.

Finally, the maintenance of terroir is a relevant action for the production of cof-
fees from spontaneous fermentation, focusing on friendly and simple processes that 
guarantee the extraction of the greatest microbiological, biochemical, and sensorial 
potential that coffee fruits can generate.
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1.1  General Introduction

In the roasting chapter, the reader is presented with a broad, technical, and practical 
approach to the observed developments in the sector, the matrices that are employed 
in the roasting process, as well as the chemical, sensory, and qualitative constraints, 
considering that such processes can impact on the structure of the factors mentioned.

The taste and distinctive sensory quality of coffee vary widely around the world 
due to the influences of genetic stresses, geographical location, climatic condition, 
different agricultural practices and variations in the postharvest processing method, 
making the aroma or fragrance of coffee arguably its most important component 
(Sunarharum et al. 2014).

However, after all the postharvest steps are complete, the coffee needs to be 
roasted. This process takes place at initial temperature of 120 °C and is complete 
between 180 and 200 °C. In the course of this relatively simple process, a series of 
events occur in line with the roasting process, causing the green bean to completely 
change its structure to release the coffee-forming compounds in the cup.

Roasting is a time-temperature-dependent process whereby chemical changes 
are induced in the green coffee beans, though marked physical changes in the struc-
ture of the coffee are also evident. There is a loss of dry matter, primarily as gaseous 
carbon dioxide and water (over and above that moisture already present), and other 
volatile products of the pyrolysis (Clarke 2011).

Physical and chemical properties of roasted coffee are highly influenced by pro-
cess conditions during roasting, in particular by the time-temperature conditions 
within the coffee bean as a function of heat transfer (Baggenstoss et al. 2008).

Roasting induces a range of physical and chemical transformation to the green 
coffee. Visible and physical changes include color, texture, density, and size. 
Furthermore, and most importantly, the typical coffee flavor is generated during the 
roasting process (Wieland et al. 2012). Physical changes in coffee during roasting 
include a reduction in mass due to loss of moisture and decomposition of carbohy-
drates, an increase in the volume of coffee beans, and lowering of density due to the 
roasting process (Mwithiga and Jindal 2003).

According to Schenker et al. (2002), different time-temperature led to distinct 
aroma compounds in the coffee profiles industry. Precise control of roasting time 
and temperature is required to reach a specific flavor profile. The effect of excessive 
roasting on aroma composition, when compared to low temperature-long time 
roasting, high temperature-short time roasting resulted in considerable differences 
in the physical and kinetics properties of aroma formation. Excessive roasting gen-
erally takes to decreasing or stable amounts of volatile substances, except for 
hexanal, pyridine, and dimethyl trisulfide, whose concentrations continued to 
increase during over-roasting (Baggenstoss et al. 2008).

Endothermic process and reactions (water evaporation) occur in the first stages 
of the roasting, while the undesirable exothermic pyrolysis of saccharides may 
occur at the latter roasting stages (Fabbri et al. 2011).
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The first phase corresponds to the drying (bean’s temperature below 160 °C), and 
the second phase is the roasting (bean’s temperature between 160 and 260 °C). In 
this last phase pyrolytic reactions start at 190  °C causing oxidation, reduction, 
hydrolysis, polymerization, decarboxylation, and many other chemical changes, 
leading to the formation of substances that, among others, are essential to give the 
sensory qualities of the coffee. After this second phase, the beans must be rapidly 
cooled to stop the reactions (using water or air as a cooling agent) and to prevent an 
excessive roast which alters the quality of the product (Hernández et al. 2007).

1.2  Volatile Compounds and Coffee Flavors

During the roasting process, various chemical compounds are transformed and suf-
fer changes in the thermal structure employed in the roasting process. In the roast-
ing process, the formation of CO2 and other volatile compounds increases internal 
pressure, causing the coffee beans to expand and crack (Clarke and Vitzthum 2001).

Roasting is a crucial step in coffee processing, which aims to change the chemi-
cal, physical, structura,l and sensory properties of green beans through heat-induced 
reactions. Thus, the roasting process makes the coffee beans suitable for beverage 
consolidation.

Volatile compounds, products of the roasting process, are responsible for the 
characteristic aroma of the beverage and are produced during the roasting of green 
coffee but are generally degraded in the roasting process by the Maillard reaction 
when they reach uncontrolled levels.

As discussed in Chap. 5, the Maillard reaction is characterized as sugar and 
amino acids as precursors to the caramelization process  that, triggered by the 
Maillard reaction, will progress during roasting to produce bitter brownish glyco-
sylamine and melanoidins to give the specialty coffee flavor. Finally, this reaction 
tends to give the coffee drink a balanced performance, flavor, and softness (Lin 2010).

Therefore, the typical volatile compounds of roasted coffee are not normally 
present in the original matrix but produced during the technological process (de 
Maria et  al. 1999, Moreira et al. 2000). That is, due to the roasting process that 
develops there are different chemicals (reactions), these phenomena can influence 
the chemical and sensory composition of coffee.

Volatile coffee compounds comprise various chemical classes identified in 
roasted beans: furans, pyrazines, ketones, alcohols, aldehydes, esters, pyrroles, thio-
phenes, sulfur compounds, benzene compounds, phenol compounds, phenols, pyri-
dines, thiazoles, oxazoles, lactones, alkanes (Mondello et  al. 2005), alkenes and 
acids such as other bases (e.g. quinoxalines, indoles), furanones, among others 
(Sunarharum et al. 2014).

The coffee flavor profile is mainly caused by 2-furfurylthiol, 4-vinylguaiacol, 
various alky pyrazines, furanones, acetaldehyde, propanal, and the aldehydes from 
Strecker degradation through the formation of CO2, and many aldehydes are impor-
tant substances for adding flavor and aroma to coffee (Czerny et al. 1999). Furans 
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and pyrans are heterocyclic compounds found in large quantities in roasted coffee 
and include functions such as aldehydes, ketones, esters, alcohols, ethers, acids, 
and thiols.

Quantitatively, the first two classes of coffee volatiles are furans and pyrazines, 
while qualitatively sulfur-containing compounds along with pyrazines are consid-
ered the most significant for coffee flavor (Czerny et al. 1999).

About one hundred furans have already been identified in roasted coffee, mainly 
from the degradation of coffee glycids and characterized by the smell of malt and 
sweet (Sunarharum et al. 2014; de Maria et al. 1999).

Pyrazines are in an abundant class of compounds present in coffee, with low 
concentrations that often determine the sensory threshold for coffee flavor 
(Sunarharum et al. 2014). They come from the product generated by the Maillard 
reaction (Moon and Shibamoto 2009).

This compound can be explained by protein degradation through heat and amino 
acid residues that participate in the Maillard reaction and contribute to the formation 
of nitrogen-containing compounds, generating the characteristic caramel aroma 
(Hwang et al. 2012).

Notably, the literature discusses that in roasted coffee beans under high intensi-
ties, various compounds are lost (Moon and Shibamoto 2009), especially those that 
contribute to aroma (Flament 2002; Ludwig et al. 2014), because the lack of control 
in the roasting process is a crucial part for the consolidation of the final coffee 
quality.

Different researches report the impact of the roasting process on the chemical 
composition (volatile compounds) of coffee by analyzing the exposure of beans to 
the roasting time and temperature gradient, such as: (Nagaraju et al. 1997; Schenker 
et al. 2002; Dorfner et al. 2003; Baggenstoss et al. 2008). On the other hand, the 
coffee roasting process is  a highly determining factor in high molecular weight 
(HMW) compound development (López-Galilea et al. 2008).

Given that the volatile profile changes considerably during roasting and with the 
original green coffee composition, and also that it presents a direct impact on coffee 
flavor, it should provide a more reliable measure of the roasting degree (Franca 
et al. 2009).

With the technological developments proposed in the current century, it is neces-
sary to discuss the impact of the roasting matrix, that is, the mechanisms that are 
adopted to complete the roasting process, and how such matrices cause impacts on 
the formation of volatile coffee compounds.

1.3  Roasting Procedures

The coffee roasting process is a relatively simple action, anyone who has a little 
green coffee in their hands, within the minimum moisture (10–12  min), with a 
closed or partially closed cylindrical surface, can perform the roasting process, 
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which consists in heating the metal that will heat the grains, leading to the chemical 
reactions already discussed initially.

Thus, roasting a sample of coffee is a relatively simple process, but with the use 
of technology and innovation, several processes have been developed to give more 
consistency to the process of green coffee industrialization.

Some of the roasting machines used include a manually operated rotating drum 
that is heated externally (Okegbile et al. 2014). Because of this, roasting is a com-
plex process involving both energy (from the roaster to the bean) and mass (water 
vapor and volatile compounds from the bean to the environment) transfer implied in 
the main changes of the coffee beans in terms of weight, density, moisture, color, 
and flavor, Complementarily, the process efficiency and quality of the roasted coffee 
depend on several factors including gas composition and temperature, pressure, 
time, relative velocity of beans, and gas flow rate (Fabbri et al. 2011).

Chemical changes induced in coffee by heating, most of which happen in the 
glucydic fraction are accompanied by physical changes, indicating all those phe-
nomena that do not concern molecular transformation:

Loss of Humidity and Dry Mass (Fig. 7.1) Typically, the coffee bean goes to the 
drum roaster initially at 11% moisture. In the first minute, the temperature inside the 
drum system goes down from 150 °C to 80 °C. After the first minute, the tempera-
ture increases according to the strategy of the roasters. These processes are respon-
sible for creating the first phenomena inside the roasting process.

With the heating of the coffee beans within the roasting system, the coffee 
expands because there is a loss of mass due to the evaporation of water retained in 
the beans. According to (Vargas-Elías et al. 2016), when the grains are heated from 
145 °C to 185 °C in the drying stage, they expand linearly to 20% at a rate of 2.6% 
at 10 °C with a coefficient of determination of 90%. The apparent expansion during 
drying does not depend on the process temperature, as it ends when the grain tem-
perature is above 185 °C. The drying process of the roasting process resulted in a 
10% loss of total mass and an apparent 30% volume increase (Fito et al. 2007).

Traditional coffee bean roasting machines are usually of rotating cylinder type, 
with internal baffles for mixing and tumbling beans, encased in an electric or gas- 
fired oven. The basic disadvantage of these traditional machines is that they require 
high temperature-long time (HTLT) to roast the beans.

The consequence of these high temperatures and longer periods of 15–18 min is 
the scorching of some beans, oil, and char deposits on the cylinder walls, and, 
invariably, fires when doing a dark roast. Furthermore, the machines are difficult to 
clean after processing, resulting in roasted beans with an acrid, smoky taste 
(Nagaraju et al. 1997; Putranto and Chen 2012).

Heat transfers by contact, conduction, radiation, and convection. Although all 
types of heat transfer take place during roasting, convection is the most effective and 
appropriate for uniform roasting. Almost exclusively, convective heat transfer is 
achieved by fluidized bed roasting, which allows fast roasting and results in low 
density, high-yield coffee. Traditional horizontal drum roasting involves more con-
ductive heat transfer and is slower. Fast roasting yields more soluble solids, less 
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degradation of chlorogenic acids, less burnt flavor, and lower loss of volatiles 
(Baggenstoss et al. 2008).

However, other points are relevant before deciding the best technologies to be 
adopted. For example, according to (Castellanos-Onorio et al. 2011), considering the 
roasting process, the fluidized bed is insufficient for OTA degradation to obtain safe 
products when the level of green bean contamination is high and the degree of roasting 
is very dark. Indeed, the OTA degradation rate was higher in the fluidized bed, but the 
processing time was too short to achieve a secure degradation level, with temperatures 
up to 230 °C for both roasting processes. In conclusion, the rotating cylinder is more 
effective for OTA degradation compared to the fluidized bed at the same roasting degree.

Approximately 60–100 kcal are required to roast 1 kg of raw coffee. This energy 
can be transferred to coffee beans through different physical processes: by conduc-
tion, through contact with the heated surface of the roasting chamber wall; by radi-
ation, by heating the surface of the grains because of the proximity to the heated 
walls of the chamber; by convection, through the hot air surrounding the grains 
forming a laminar and turbulent flow (Silva 2008); by fluidized bed; and by micro-
wave radiation.

Thus, the next steps introduce the advantages of these technologies of the roast-
ing process.

Fig. 7.1 Dehydration in the roasting phase. Source: Authors

Horizontal Drum: Perforated Wall and Solid Wall The Horizontal drum is the 
most common roaster in the specialty coffee industry. In this system, the coffee 
beans spin inside the cylinder, and the temperature reaches them performing the 
roasting process.

Inside the drum, the coffee is mixed homogeneously, allowing the heat emitted 
by a flame system to reach the mass, resulting in a more uniform, homogeneous and 
harmonious roasting. This process goes on for 8–14 min, depending on the load and 
volume capacity of the machine. After this process, the coffee is poured into a cool-
ing compartment that reduces the temperature quickly, thus avoiding the roasting 
process to continue.

Horizontal drum—Perforated wall roasters are not as widely used today as they 
were by the coffee industry during the nineteenth century and the first half of the 
twentieth century.
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In the equipment (Fig. 7.2), the fire that is radiated by the firing system reaches 
the metal wall, consequently reaching the coffee beans, causing chemical actions to 
trigger events that are not always controllable (Silva et al. 2018). According to Silva 
et  al. (2018), polycyclic aromatic hydrocarbons (PAHs) are organic compounds 
formed by the incomplete combustion of organic materials.

Fig. 7.2 Perforated wall roaster, flame burner image. Source: Authors

In Brazil and other coffee-producing countries, it is common to find small-scale 
roasting machines that still use this perforated wall process. However, gradually, 
this procedure has been completely replaced by the horizontal drum with solid wall.

Horizontal drums are widely used as dryers, grinders, mixers, granulators, 
extractors, calcinators, and chemical and biochemical reactors (Fernanda et al. 2017).

Roasting by Conduction or Direct Fire This is the oldest way to roast coffee. 
Thermal transmission occurs by conducting radiation between the flames with the 
outer drum wall, which in turn conducts it between the inner drum wall and the cof-
fee bean bed, thus reaching the raw coffee bean.

The roasting of coffee by convection consists of upward or downward movement of 
matter in a fluid causing advection to occur, i.e. for horizontal movement, for air masses.

Thermal convection is an expression that encompasses the sum of the two physi-
cal phenomena—convection and subtraction—provided that they are induced by 
temperature differences in the coffee roaster fluid. At the moment of grain roasting, 
it occurs due to the dependence of the fluid intensity to the temperature, generating 
a thermal expansion and the buoyancy rules (less dense rises, denser descends). The 
internal fins on the roaster drum are responsible for providing such movements.

Although all types of heat transfer take place during roasting, convection is the 
most effective and most appropriate for uniform roasting. Traditional horizontal drum 
roasting involves more conductive heat transfer and is slower (Baggenstoss et al. 2008).

7 Roasting Process



310

In a drum roaster (Fig. 7.3), the coffee beans are placed in a rotating cylinder, 
which is attached to a hot air inlet. In this roaster, heat is mainly transferred by con-
duction from bean-bean contact or inlet-bean interactions (Fadai et al. 2017), the 
conduction generates a heat transfer process that causes the grain to start the roast-
ing process, which generally lasts for 12–15 min.

Roasters dedicated to the construction of sensory profiles have devices that allow 
a quick, more efficient response to the temperature rising and reduction commands, 
highlighting the factors linked to the materials that make up these structures, thus 
providing a wider diversity of features machines to extract the maximum from the 
raw material in the industrial process.

Fig. 7.3 Drum coffee roaster machine. Source: Authors

Preheated Air Cooling Currently, this is the most common method and consists of 
preheating an airflow with a burner and then is directed to a drum containing the 
charged coffee. Heat transfer occurs through the convection of laminar flow between 
air and coffee, and conduction between the beans. During the first minutes, the tem-
perature drops dramatically, and after 2–3 min, it quickly warms up the grains.

Fluidized Bed Roaster It consists of letting the preheated air pass through the bed 
(drum) where the beans are deposited at speeds fast enough to suspend and give 
them a fluid appearance. Heat transfer occurs through flow convection, given the 
force employed in the roasting drum (Basile and Kikic 2009).

Almost exclusively, convective heat transfer is achieved by fluidized bed roast-
ing, which allows fast roasting and results in low density, high-yield coffee. Fast 
roasting yields more soluble solids, less degradation of chlorogenic acids, less burnt 
flavor, and lower loss of volatiles (Baggenstoss et al. 2008).
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A fluidized bed (Fig. 7.4) is achieved when a fluid (gas, liquid) flows through a 
solid bulk material and fluidizes the particles. Due to their high mass and heat trans-
fer, as well as their good mixing properties, fluidized beds are often used in indus-
trial processes (Idakiev 2018).

With the fluidized bed roaster, the beans are placed in a chamber with hot air 
blown vertically through the bed of beans, this causes the beans to become sus-
pended in the air, and the main heat transfer mechanism in this roaster is convection 
(Fadai et al. 2017).

Fig. 7.4 A schematic diagram of hot air fluidized bed roasting system. Source: Adapted from 
Yodkaew et al. (2017)

An advantage of this method is the high energy input per square meter of the 
particle surface area, which results in fast heating and cooling. Moreover, the gas 
temperature inside the fluidized bed chamber is precisely controllable (Idakiev 2018).

The major advantages of fluidized-bed combustion (FBC) are fuel flexibility 
and low emissions, such as CO2 (Johnsson 1994). Fluidization can be used as an 
effective and efficient technique to modify the structure of the grain (Murthy 
et al. 2008).

For example, when the fluidized bed is applied, the amounts of CO2 retained in 
roasted coffee beans at any given roast degree are independent of the roast tempera-
ture (230 and 250 °C). However, the CO2 degassing rates for coffee beans roasted at 
higher temperatures are significantly faster than those roasted at lower tempera-
tures. As the roasted beans are ground from coarse to fine grinds, 26–59% of CO2 is 
lost (Wang et al. 2016).

Structural carbohydrates of the intercellular matrix are also degraded, in part by 
pyrolysis reactions. CO2 is produced by these reactions and the bean’s porosity 
increases due to both the destruction of the cells and the degradation of the intercel-
lular matrix (Fadai et al. 2017).
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Among these, the fluidized bed roaster is used for large scale roasting of coffee 
beans for making instant coffee. The advantages of fluidized bed roasters are unifor-
mity of product and better control of process parameters. The fluidized bed method 
of roasting allows us to precisely control the air temperature surrounding the coffee 
(Kelly and Scott 2015).

Coffee roasters currently used for large-scale roasting consist of fluidized bed 
(Castellanos-Onorio et al. 2011). However, these units pose problems when han-
dling medium and small batches (Nagaraju et al. 1997).

Fluid bed roasting has gained new contours and more attention in recent years, 
given the efficiency of standardization of different raw materials that are always 
subjected to the same process through automation.

However, these measures are obtained outline. Automation is limited by the lack 
of captors allowing to follow the quality in real-time and by the process conditions 
(the mass of beans is always in agitation), which makes instrumentation difficult 
(Hernández et al. 2007).

Furthermore, different coffee beans have different traits and would require dif-
ferent coefficients; thus, it is necessary to understand all factors inside the roasting 
to decide the best strategy to conduce the roasting process (Pramudita et al. 2017).

Pressure Roasting Chemical interactions are remarkably complex during the 
roasting process. During the industrialization process (roasting), the coffee under-
goes several modifications that impact the composition of aroma, taste, and acidity. 
As a direct result of the roasting process, CO2 is produced and represent more than 
80% of the gases formed (Wang et al. 2016).

The mass transfer of CO2 in roasted coffee matrices involves several phenomena, 
including Knudsen diffusion, transition-region diffusion, pressure-driven viscous flow, 
surface diffusion, and desorption from various constituents (Anderson et al. 2003).

Although much of the CO2 produced is lost during roasting, significant portions 
of CO2 remain trapped in the beans, which slowly diffuse out during the subsequent 
storage. Thus, roasted coffee needs to be tempered to adequately remove the 
entrapped CO2 before packaging to prevent package swelling that can lead to 
unwanted leaking or bursting. Usually, coffees are partially degassed to minimize 
aroma loss and packaged in active packaging systems that are equipped with a vent 
valve to allow the release of CO2 during storage.

The amounts of CO2 retained in roasted coffee beans, at any given roast degree, 
are independent of the roast temperature (230 and 250 °C). However, the CO2 degas-
sing rates for coffee beans roasted at higher temperatures are significantly faster 
than those roasted at lower temperatures. As the roasted beans are ground from 
coarse to fine grinds, 26–59% of CO2 is lost (Wang et al. 2016).

1.3.1  Coffee Industrialization Processes: Roasting Procedures

Roasting is the main process developed for the industrialization of coffee, as it is 
responsible for determining the physical properties of the bean and creating new 
flavors. This occurs because, in this process, there is energy and heat insertion that 
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induces dehydration and partial or complete thermal decomposition of specific raw 
or green grain compounds, giving rise to chemical reactions that generate different 
compounds and flavors and alter the grain structure, making it brown and fit to be 
ground for extraction (Basile and Kikic 2009; Schenker and Rothgeb 2017).

However, roasting is extremely complex, as distinct factors are constantly in this 
phase, such as energy (from roaster to grain) and mass transfer (water vapor and 
volatile compounds from grain to the environment), which influence the weight, 
density, humidity, color, and, especially, the final flavor of coffee beans (Oliveros 
et al. 2017; Hernández-Díaz et al. 2008).

It is because of these complexities and the importance of roasting as a coffee 
product processing, that roasting has been studied and discussed not only at the 
academy but also in the research departments of large roasters.

1.3.2  Roasting Procedures of Coffee Bean

Unlike other foods, such as cocoa, coffee needs to be roasted at higher temperatures, 
so initial roasting temperatures are around 120 °C and final temperatures around 
200  °C. The development and evolution of this temperature are followed by the 
roasting master who will define the time, which can vary from 3 to 20 min, that the 
bean will be exposed to heat, to have at the end of the process a coffee that stands 
out in the cup for being flavored, full-bodied, and tasty (Silva 2012).

The roasting process is composed of three main phases, which are dehydration, 
roasting, and cooling (Silva and Pasquim 2018). Dehydration is the release of water 
molecules that culminate in mass loss. In roasting, pyrolysis exothermic reactions 
that change the chemical composition of the grain occur. And cooling is the abrupt 
reduction in temperature, which prevents the grains’ carbonization (Sivetz and 
Desrosier 1979; Illy and Viani 1995; Schwartzberg 2002).

1.3.3  Dehydration

During the roasting process a forced flow of hot gases, which can be obtained by 
burning oil or combustible gas, passes through a moving bed to the still raw grain, 
causing heat to be transferred from the hot gas to the grain, by convective mecha-
nisms and, depending on the technique, also by radiation and/or direct contact with 
the roaster walls (Fabbri et al. 2011).

The grain (Fig. 7.5) that initially had about 8 to 13% of water, now heated, begins 
to dehydrate or dry, losing mass and starting to expand its volume due to the rapid 
release of water vapor.

The highest moisture content is evaporated between the second and fifth minute 
when the grain reaches temperatures ranging from 127 °C to 150 °C, but depending 
on the desired roasting curve variation can reach up to the eighth minute at 
188 °C. At this point, the color changes from green to yellow, and the coffee loses 
about 10% of its mass (Venegas 2015).
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It is important to emphasize that the water content (Fig. 7.6) varies in the same 
proportion as the grain mass loss, regardless of the roasting temperature, which is 
why 90% of the mass loss corresponds to water, but only 72% of it corresponds to 
the initial grain moisture content of the coffee, the other 18% relates to water formed 
during pyrolysis reactions (Botelho 2012).

Fig. 7.5 Development of the coffee bean in the dehydration phase. Source: Authors

Fig. 7.6 Water content in the grain as a function of mass loss during roasting. Source: 
Venegas (2015)
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The total water content that a coffee bean initially has is fundamental in the 
roasting process and plays an important role in the development of chemical and 
physical changes in the bean, as some chemical reactions are interrupted when the 
moisture content decreases excessively, that is, taste-generating reactions depend on 
water availability.

The porosity that coffee beans assume after roasted also has its formation in the 
dehydration process. The coffee cell walls are thick and dense, with intracellular 
cavities, the heat emitted by the dehydration process starts the destruction of this 
structure, making the walls thin. The cytoplasm is shrunk and pushed against the 
wall so that the cavities have a large space. Gases formed, like water vapor, occupy 
the void in the cavities, forcing the walls to get thinner and thinner (Schenker and 
Rothgeb 2017). This process increases the grain volume and porosity as demon-
strated by Fig. 7.7.

Fig. 7.7 Cryogenic scanning electron microscopy of the tissue structure of a roasted coffee bean. 
Biological cells show considerable changes in roasting-induced cytoplasm (CP) in surrounding 
cell walls (CW). Source: Schenker (2000)

1.3.4  Roasting

The yet raw grain has other important constituents besides water, some are soluble 
as caffeine, trigonelline, niacin, chlorogenic acids, low molecular weight carbohy-
drates, carboxylic acids, and some proteins and minerals, others insoluble as poly-
saccharides, cellulose, lignin, hemicellulose, proteins, minerals, and lipids (Borém 
et al. 2014), and these are some of the constituents that react in the roasting process.

Roasting begins when the grain reaches temperatures above 180 ° C, heat trans-
fer culminates in pyrolytic reactions causing oxidation, reduction, hydrolysis, 
polymerization, and many other reactions that severely alter the chemical structure 
of the grain to form new volatile compounds. Nonvolatile factors are responsible for 
color, aroma, taste, sweetness, acidity, body, and therefore the final quality of coffee 
(Schwartzberg 2002; Silva 2008; Bottazzi et al. 2012; Venegas 2015). Among these 
reactions, those that stand out for their importance are the reactions of Maillard, 
Caramelization, and Pyrolysis (Schenker and Rothgeb 2017).

7 Roasting Process



316

The Maillard reaction (RM) is represented by a complex sequence of reactions 
that arise during prolonged heating of the beans, favoring the formation of com-
pounds responsible for the aroma, taste, body, and color of coffee (Francisquini 
et  al. 2017). The reaction between the amino acid and a reducing carbohydrate 
occurs in it forming compounds such as melanoidins that have the typical dark 
color. With the continued application of energy, the caramelization reaction occurs, 
which dehydrates sucrose and condenses the new sugars formed in the grain wall.

The Pyrolysis reaction, on the other hand, is characterized by the degradation 
and thermal dehydration of sucrose due to the action of high temperatures. In this 
process, gases such as carbon dioxide and water vapors are released, which culmi-
nate in internal pressure in the grain molecules, doubling their volume until the 
original molecular structure is disrupted. As a consequence, aromatic compounds 
such as aldehydes are formed, ketones, acetic acid, methanol, triglycerols, and glyc-
erol, many of which are volatilized (Sivetz and Desrosier 1979; Silva 2008).

At this moment, one can observe the first “crack”, which is characterized by a 
distinct sound like small “pops”. After the first crack, if still under constant energy, 
the grain continues to darken, and its aromas are enhanced, carbon dioxide is 
released more intensely, and a second crack occurs. At this stage, the grain becomes 
extremely dark, and enhanced flavors have bitter and toasty sensory notes. For this 
reason, the roasting industry prefers to proceed with roasting curves that generally 
end between the first and second crack (Fadai et al. 2017).

1.3.5  Coffee Cooling

At the end of the desired roasting curve, the roasting process is abruptly interrupted, 
and the roasted coffee is subjected to a rapid and successive cooling system to con-
dense the aromatic substances within the grain by the aroma and taste of coffee and 
paralyze the pyrolysis reaction (Sivetz and Foote 1963; Silva and Pasquim 2018).

The cooling can be done by air or water spray for a time of 5 min. In some cases, 
where the volume of roasted beans is higher, water is injected into the roasting 
chamber. It is important to note that the water used for cooling evaporates until the 
end of the process.

1.3.6  Blending the Coffee

The use of blends is a common practice in the industry, so coffees of different ori-
gins and species, commonly Arabica and Robusta, are used in this practice.

Each of these species has its own physical and chemical properties that, when 
mixed in different proportions, culminate in new possibilities for the development 
of differentiated and specialized products.
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Thus, after establishing and defining the proportion of this mixture, another 
important decision to make is whether the mixture should be roasted whole, i.e. 
blend-before-roast, or fractionate the mixture and toast fractions. Individual blend- 
after- roasts, also known as split roasting, mix the roasted beans (Schenker and 
Rothgeb 2017).

This decision is fundamental because Arabica coffee beans develop differently 
from Robusta coffee beans during roasting since their chemical compositions are 
different (Table 7.1), therefore, if roasted together, such mixture can cause a differ-
ence in color and color visible volume (Folmer 2017).

Table 7.1 Chemical composition of green coffee bean

Compounds Arabica coffeea Robusta coffee

Caffeine 1.2 2.2
Trigonelline 1.0 0.7
Chlorogenic acid 6.5 10.0
Aliphatic acid 1.0 1.0
Quinic acid 0.4 0.4
Sucrose 8.0 4.0
Reducing 0.1 0.4
Polysaccharides 44.0 48.0
Lignin 3.0 3.0
Pectin 2.0 2.0
Protein 11.0 11.0
Free amino acids 0.5 0.8
Lipids 16.0 10.0

aValues expressed in g 100 g−1

Source: Adapted from Clarke (2003)

Blend-before-roast (Fig.  7.8a) is the most common among industries, as it is 
more cost-effective since the blend is roasted at once, in contrast, the roasting will 
not look homogeneous.

The blend-after-roast (Fig.  7.8b) is based on the application of an optimized 
roasting but individually applied to parts of the mixture, which is beneficial when 
looking for specific organoleptic characteristics, such as body, acidity, and intensity 
of coloring. However, this approach is more complex as it requires more storage 
silos for roasted coffee and a blending unit.
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1.3.7  Roast Profile

The search to optimize the roasting process has made the roasting industry present 
its product to the consumer in a simple way. Roasted coffee is described and pre-
sented by the degree of roasting: light, medium, and dark roasting (Franca 
et al. 2009).

Thus, one of the parameters used to identify when to stop the roasting process is 
the color of the grain, so the Specialty Coffee Association—SCA and the US com-
pany Agtron (Fig. 7.9) have developed a standard to monitor the degree of roasting. 
This is based on a scale from 0 to 100 determined by analyzing the absorption of 
infrared light by the coffee bean or dust. Based on this, Agtron created color discs 
according to the standards defined in the scale, which was universalized due to its 
practicality (Melo 2004).

a b

Coffee-A

Coffee-A Coffee-B
Coffee-A Coffee-B

Coffee-B

Fig. 7.8 Illustration of blend-before-roast (a) and blend-after-roast (b) roasting. Source: Authors

Fig. 7.9 Illustration of Agtron disks. Source: Adapted from Staub (1995)
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However, this practice can lead to errors since observation is not objective and 
the color inside the grain may present small variances concerning the surface color 
(Venegas 2015), so the roaster must also observe the raw grain (volume, mass, den-
sity) and define roasting parameters such as the desired degree of roasting, time, and 
temperature to which the grain should be exposed, and the relationship between air 
and grain that is made within the roaster. These parameters together give rise to a 
curve and the so-called roasting profile (Fig. 7.10) (Schenker and Rothgeb 2017).

Roasting profiles may vary according to the strategy of each company because if 
elaborated effectively, they can highlight the desired flavors or properties in 
the coffee.

When the profile for the “Light roast” is developed, the grain loses 15% of its 
mass and reaches 200 °C. If the grain remains exposed to an increasing temperature 
up to 213  °C, with about 17% less mass, it reaches the “Medium roast” profile. 
While at 232 °C, with a dark brown hue and 20% of mass loss, the grain assumes 
characteristics of the “Dark roast” profile (Sivetz and Foote 1963; Silva 2008; 
Venegas 2015).

In the roasting process from light to dark roasting profile, the grain increases in 
size, its porosity develops, and its density decreases, respectively.

Regarding the taste, the brighter the roasting, the more acidity is present; the 
darker, the greater is the bitterness, which causes the intense taste sensation. 
However, there is a balance between acidity and intensity of non-bitter but caramel-
ized flavors located in the middle roasting. As for the body, it increases as the degree 
of roasting grows, although, after a certain moment, it loses intensity again (Schenker 
and Rothgeb 2017).

Fig. 7.10 Illustration of roasting curves and their respective sensory attributes. Source: Authors

7 Roasting Process



320

Thus, during the development of the roasting process and a roasting curve, com-
plex chemical reactions occur and give rise to the characteristic sensory attributes of 
each profile.

Sucrose, which constitutes 7–8% of the green grain, during the roasting process, 
undergoes degradation resulting in caramelized products responsible for the color 
and sweet taste, however, this degradation is influenced by the temperature and the 
time the grain is exposed (degree of roasting), the longer and darker the color of 
roasting, the more pentoses such as arabinose and ribose originate from sucrose, 
and the products that were once caramelized, are charred to an intense taste of 
toasted almonds (Schenker 2000).

Pentosans are partially decomposed to furfural early in the roasting process, so 
this compound is present at a very high level in light roasting, being identified by the 
cereal fragrance (Sivetz and Foote 1963).

Chlorogenic acids also occur with greater intensity in light roast, as it degrades 
as the roasting degree develops, giving rise to caffeic and quinic acids whose flavors 
are more bitter and astringent (Fernandes and Pinto 2001). Citric acid also decom-
poses rapidly during roasting, so its concentration is higher in light and medium 
roasting degrees (Sivetz and Foote 1963).

The pH and acidity, which are extremely important for the quality of coffee in the 
cup, are more present in light and medium roast, since they are little modified in the 
early roasting phases and then fall due to acid formation in the reactions of sugar 
decomposition (Silva 2008).

Proteins are denatured at temperatures lower than pyrolysis reactions. Hydrolysis 
of peptide bonds releases carbonyls and amines that culminate in a fishy and ammo-
niacal odor that are very common in dark roasted coffees (Silva 2008).

In the development of roasting occurs the breakdown of the grain cell structure, 
which releases the colloidal oils that give rise to reddish smoke and move within the 
grain. In a dark roast, this oil is physically evidenced by droplets on the grain sur-
face (Sivetz and Foote 1963).

Carbon dioxide is the result of the decomposition of carboxylic acids released 
during the roasting process and is more present in medium and dark roast.

It is important to emphasize that the first chemical reactions that develop in the 
grain are endothermic since the grain is absorbing heat, however, at temperatures of 
approximately 190 °C, the reactions become exothermic and emit heat. Another fact 
to be pointed out is that these chemical reactions are not completely elucidated due 
to the difficulty of simulating them in the laboratory (Silva 2008), thus the data 
obtained are the results of a comparison between the components of raw and roasted 
coffee that led to the conclusion of reactions such as Maillard, Strecker degradation, 
pyrolysis, and caramelization, which are of paramount importance to the aroma, 
taste, and color of roasted coffee (Jansen 2006).
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1.3.8  Relation: Time and Temperature

Roasting time and temperature play a key role in the development of good coffee since 
when roasting profiles with different temperatures and time, the roasted bean has differ-
ent characteristics in the cup, even at the end of the process, both have identical colors.

Roasting profiles that are developed for a short time need to have higher tempera-
tures, so heat transfer is also more intense, dehydration occurs faster, and chemical 
reactions develop at a faster rate, which means that it culminates in more intense gas 
release and consequently early volume increase.

In this type of roasting, the taste is more intense, there is a higher generation of 
soluble matter, which is beneficial depending on the roasting industry’s objective, 
there is also higher humidity and higher release of colloidal oils in the dark roast 
(Schenker and Rothgeb 2017).

However, in longer roasting, coffee is exposed to a less aggressive temperature 
longer, which leads to better development and use of the reactions of Maillard and 
Caramelization that give more balance to coffee either in terms of taste or body.

Therefore, it is clear that not necessarily shorter roasting will be better than lon-
ger ones since they develop aromatic compounds in both of them, but some aro-
matic compounds are preferably generated in faster roasting, while others in shorter 
ones. In long roasting profiles, coffee has higher acidity, less body, and a roast note, 
as high temperatures can result in intense internal heating of the bean that culmi-
nates in a characteristic burnt surface.

Coffee with a long roasting profile is more balanced, with medium body, and 
notes of fruit, caramel, and toasted almonds, however, it is important to emphasize 
that a very long roasting can result in the cooking of the grain, i.e. the grain is 
exposed for a long time to temperatures that are not sufficient to fully develop 
chemical reactions (Schenker and Rothgeb 2017).

There is also the traditional roasting profile, which is characterized by being 
mixed, that is, it starts with a slow profile and ends with a fast profile, the grain gets 
heat gradually in the beginning, so the dehydration process is slow and the Maillard 
chemical reactions start slower.

During the roasting process, the heat transfer increases, especially in the final 
phase, accelerating the caramelization chemical reactions. The grain of this profile 
will have more volume, porosity, flavor intensity, and higher extraction yield.

Consequently, it can be stated that what will define which roasting profile to use, 
short, long or mixed, for a certain degree of roasting (light, medium, dark), is the 
consumer of this coffee, which through its preference will generate a demand for the 
roasting industry.

1.3.9  Roaster Profile Stages

The roasting profile defined for a certain degree of roasting (light, medium, dark) 
(Fig. 7.11) should have in its development some stages that relate directly to Agtron 
color standards (Melo 2004), as shown in Table 7.2:
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The yellow stage, which starts from the moment the grain receives heat energy 
and intensifies between 90 °C and 120 °C, is characterized by the loss of moisture 
that gives the grain a yellow color and the smell of wet grass.

In the cinnamon stage, the grain begins to acquire brownish color and smell of 
baked bread and begins to expand due to the endothermic reactions that are taking 
place. Raising the temperature to 130 °C, the American stage is recognized by the 
first crack, where the grain loses mass and expands to the point of breaking the 
walls, exothermic reactions have already started and a large amount of moisture has 
been released. It is important to be careful with the temperature of the roaster at this 
time so that it is increasing, otherwise, sucrose melting will occur, which happens at 
approximately 188 °C and is within the coffee caramelization temperature range 
(170–205 °C). As soon as the temperature decreases in the middle of the caramel-
ization process, the coffee acquires a bitter taste due to the rupture of the long poly-
meric chains (Melo 2004).

Table 7.2 Overview of Agtron roasting stages relating to temperature and color

Phase Grain properties
Agtron 
number

Temperature 
(°C) Grain appearance

Crude Raw grain with 12% 
mass\water.

99–81 Ambient 
temperature

Green.

Yellow Moisture loss. 30–100 Yellow coloring, grass aroma.
Cinnamon Volatile vapors cause 

grain to expand.
80–75 90–130 Light brown, light body, 

minimal aroma, tea-like 
flavor. No oil on the surface 
of the grain.

American The beans are still 
expanding. This is the 
stage at which the first 
crack begins. Higher 
acidity than sugar.

74–65 170–190 Dark brown. Big in size. 
Evident acidity, grain surface 
without oil.

City 64–60 210–220 Cracks in the grain due to the 
release of gases.

Full city Grain almost at maximum 
expansion. The first crack 
stage ends.

60–50 224–230 Chips of grain begin to come 
loose. Oil is slightly visible. 
Balanced acidity, fuller color, 
generally dry grain surface.

Vienna Maximum grain 
expansion. Sugar acid 
balance. The second crack 
stage starts.

49–45 230–235 Darker brown, grain has oil 
on it. Slight bitterness. Low 
acidity, dense body.

Espresso More gases are released, 
the second crack stage 
ends.

44–35 235–246 Black with oil stains, shiny 
surface. Dominant bitterness.

Italian Decreases aromas. 24–15 246–265 Black, shiny surface. Burnt 
flavor predominates.

Source: Adapted from Bald mountain coffee company, apud Melo (2004)
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In the City stage, between 205 °C and 213 °C, the crack is closed, and the coffee 
is brown in color since about 50% of the sugars have caramelized. In this phase, the 
coffee has a strong flavor. In the Full City stage, the internal temperature of the grain 
reaches 213–230 °C; there is a lot of internal pressure by stirring the carbon dioxide 
resulting from chemical reactions. This gas breaks the cellular matrix of the expand-
ing grain to escape, then it begins to crack and release the oil with greater intensity, 
causing the surface to be shiny. At this moment, the grain assumes characteristics of 
burnt roasting.

In the Vienna stage, an aggressive roasting occurs, with temperatures from 
231 °C to 240 °C. In the Espresso stage, the grain is subjected to high temperatures 
(243 °C to 265 °C), the caramelized sugar begins to degrade rapidly, and Cellulosic 
grain structures are carbonized. The bean continues to expand and lose mass, the 
drink becomes light-bodied as aromatic compounds, oils, and soluble solids are 
eliminated from coffee compounding the intense smoke and caffeine decrease 
(Sivetz and Foote 1963; Melo 2004; Silva 2008).
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Fig. 7.11 Development of 
coffee bean during the 
roasting process. 
Source: Authors
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Finally, there are several strategies implemented to encourage coffee consump-
tion among different social strata. For Spers et al. (2004), the motivation to improve 
product quality has contributed to new forms of consumption. According to Della 
Lucia et  al. (2007), more recently, there has been the importance of observing 
what is the consumer criteria based on when choosing, buying, and consuming a 
product.

Among these factors, the roasting point is directly associated with the final qual-
ity of the drink, being the various chemical interactions, as well as the Maillard 
reaction, the degradation of chlorogenic acids, among other factors, responsible for 
the formation of aroma and distinctive flavor of coffee. The characteristic aroma of 
coffee is provided by the presence of volatile compounds mainly in the form of 
aldehydes, ketones, and methyl esters, which are formed during roasting and are 
trapped in the cellular structure of roasted beans.

2  Structure Changes of Coffee Bean Cells During 
Production Roast of Specialty Coffee

Valentina Moksunova, Anna V. Kopanina, Inna I. Vlasova, and 
Anastasiaya I. Talskikh

2.1  Introduction

The specialty coffee industry, commonly using 1–25 kg gas cast iron drum roasters, 
has few relevant scientific data on processes inside the bean during the roast. Kelly 
and Scott (2015), Schenker (2000), and other studies were based on laboratory 
roasts made by hot air, i.e. these studies analyze the influence of high-temperature 
airflow on the coffee bean in the roast chamber. Other studies describe results based 
on bean changes during the roast in an oven with direct heating (Jokanovića et al. 
2012). This study describes the impact of energy produced by heating elements 
without the motion of air. Furthermore, neither of them suggested that time and 
temperature profiles are used in the specialty coffee industry. However, depending 
on the design of the roasting equipment, roast profiles, and technical parameters of 
the production area, critical temperatures on the surface and inside the beans can be 
different from model parameters and those achieved during experiments in a con-
trolled lab environment.

Illy and Viani (2015) describe supposed profiles of temperature, pressure, and 
water contents in the bean during the roast. It is suggested that roasting reactions 
(like browning) start at the bean surface and move towards the inner dry pre- 
expanded structure of the bean. The roasting itself is described as a counter-current 
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process with heat transport inside and mass outside. It is assumed that a bean is half 
of ellipsoidal body. Authors have performed math modeling of temperature gradient 
of the bean with and without the influence of latent energies, displaying the model 
of heat distribution around the core of the semi-ellipse. Another experiment mea-
sured the change of surface temperature, between core and surface, and in the core 
of the bean for a 600-sec roast (method not mentioned). They found that the roasting 
process is much faster in the outer sections of the bean compared to the core, prob-
ably leading to high thermal stresses in the outer parts of the bean.

However, green coffee beans do not exhibit a uniform and homogenous morphol-
ogy. At the periphery of the seed, there is one single layer of epidermal cells. The 
main bean part consists of parenchymatous storage cells (Dentan 1985). In the mid-
dle part of a transverse section, one can distinguish a thin layer of mucilaginous 
material in which is embedded the small embryo (Schenker 2000).

Volume increase, dehydration, and chemical reactions during roasting lead to a 
profound microstructural change of both the cell wall and the cytoplasm of the 
green bean. Immediately after subjecting the bean to a high temperature, the cyto-
plasm is pressed towards the walls and a large void occupies the cell center. The 
layer of modified cytoplasm becomes thinner in continuation of roasting, cell sizes 
are increased. Filament-like structures stretching from one cell wall side to the 
opposite appear later during the roast and are more frequent and typical with higher 
degrees of roast. The numerous voids in the shape of burst bubbles embedded in the 
cytoplasm layer are most likely connected with the breakup of oleosomes and the 
subsequent mobilization of coffee oil (Schenker 2000).

The current study was made to identify key structural changes occurring in the 
cells of coffee beans of various origin, density, and processing methods during pro-
duction roast in a specialty gas shop roaster, with the use of light microscopy. The 
main purpose was to describe the quality and quantity parameters of structural 
changes of the beans for samples pulled each minute during the roast.

2.2  Experimental Procedures and Raw Material of the Study

To select the method of samples preparation two options were checked: samples 
could be either roasted by identical temperature profiles, with various heat applied 
to achieve them, or could be roasted using the same energy profile with various 
temperatures displayed. Since production equipment has a big variance in data 
transmitted via the temperature probe, it was decided to use the same energy profile, 
i.e. the same burner setting. In case of a timely stop, the selected roast profile pro-
duces an acceptable tasting coffee for each origin.

The roast was performed on February 25, 2015, in the production facility of 
Hummingbird Coffee, LLC in Moscow. The room temperature was 18 С°. 1000 g 
of natural Brazil Hummingbird Blend NY2 SS FC 17/18 and 1000 g of washed 
Kenya Zahabu AB+ were each loaded into Giesen W1A gas roaster at 165 °C bean 
temperature, the burner was set at 10% and roasted until 212 °C bean/240 °C air 
temperature. The end temperature was selected as a minute next after the end of the 
second crack for Brazil and was kept the same for Kenya according to temperature 
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readout. The roasting time of Brazil sample was 10 min, with 11 min in the case of 
Kenya. Every minute throughout the roast a sample of 1.5–2.5 g was drawn using 
the trier. For detailed roast profiles please refer to Table 7.3.

Transverse sections of 1–2 coffee beans from each sample were photographed 
using Canon EOS 600D, Canon lens EF 50 mm 1:1.8 with two extension tube sets 
(36, 20 and 12 mm rings).

Beans from each sample (B0-B10, K0-K11) were fixed in ethyl alcohol (96%) 
and glycerin (mixed using 3:1 ratio). Transverse, radial and tangential sections 
10–25 microns thick were made using HM 430 Sliding Microtome with a fast freez-
ing unit (Thermo Scientific, USA). The coloring of sections was made with the use 
of regressive method (Prozina 1960; Barykina et al. 2004). Permanent preparations 
were made with the use of synthetic mounting solutions. 20–30 sections of each 
minute sample were prepared. Despite there were 11 cuts made for Kenya, only 10 
would be presented in this study, because cell walls destruction at this stage does not 
allow to accurately measure cell dimensions.

Analytic study was made with a light microscope Axio Scope А1 (Carl Zeiss, 
Germany) and ZEN Carl Zeiss 40v4.6.3.0. software.

Table 7.3 Temperature readout parameters of experiment roast of Brazil and Kenya beans in a 
Giesen W1A gas roaster

Natural Brazil Hummingbird Blend
NY2 SS FC 17/18 Washed Kenya Zahabu AB+

Time

Bean surface 
temperature, 
°C

Exhaust air 
temperature, 
°C

Sample 
taken and 
other 
comments

Bean surface
temperature, 
°C

Exhaust air 
temperature, 
°C

Sample 
taken and 
other 
comments

0:00 165 183 B0 165 180 K0
1:00 126 177 B1 127 175 K1
2:00 106 176 B2 107 174 K2
3:00 115 184 B3 114 181 K3
4:00 130 191 B4 128 190 K4
5:00 144 199 B5 141 197 K5
6:00 157 207 B6 153 205 K6
7:00 169 215 B7

First crack 
starts at 7:15

165 212 K7
First crack 
starts at 7:30

8:00 182 223 B8
Second 
crack 
starts at 8:45

176 219 K8

9:00 195 231 B9 187 224 K9
10:00 212 240 B10 97 231 K10

Second 
crack starts 
at 10:00

11:00 212 240 K11
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The study focuses on structure changes in epidermal cells and 2–3 layers of 
parenchyma storage cells right beneath. 32 measurements were made for each type 
of cells each minute: radial and tangential cell widths, cell wall thickness (inter-pore 
spaces). Sampling average and confidence intervals were calculated (95% confi-
dence level).

2.2.1  Results and Discussion

Key milestones commonly used by specialty coffee roasters such as color change 
from green to yellow, beginning of Maillard reaction, first crack and second crack 
(Rao 2014; Hoos 2015) are well observed on macro-level, proving that there are 
more events to manage during specialty coffee roast than drying, pyrolysis and 
cooling stage (Sivetz and Desrosier 1979). It is obvious that beans of Brazil and 
Kenya (Fig. 7.13) consume energy at various pace; reactions throughout the layers 
of Kenya beans are less uniform than of Brazil.

Results presented in Figs. 7.12 and 7.13. However, one needs to take a closer 
look at events on a micro-level to identify which of the macro visual changes cor-
respond to which events on cell level.

Fig. 7.12 Macro observations of minute changes of Brazil Hummingbird Blend and Kenya 
Zahabu AB+. Source: Authors
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Fig. 7.13 Macro observations of minute changes of Brazil Hummingbird Blend and Kenya 
Zahabu AB+. Source: Authors
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Structure changes in cytoplasm of parenchyma cells under epidermal layer of 
cells and in deeper layers of parenchyma begin from the first minute of roast 
onwards (1–3 min). Most cells display plasmolysis (cytoplasm detaches from cell 
walls). Visual density of cytoplasm increases, which can be partly explained by 
oleosomes (spherosomes) merging into bigger drops. Cells nucleuses become unob-
servable. These processes are most clearly visible in Fig. 7.14. At this stage cyto-
plasm of epidermal cells remains structurally unchanged.

Fig. 7.14 Structure changes in cells of Brazil and Kenya beans during 0–3 min of roast. Source: 
Authors. 1 – epidermal (outer) layer of coffee bean cells; 2 – simple pore in a cell wall; 3 – cytoplasm

L. L. Pereira et al.



331

The structure of parenchyma cells changes significantly in samples of Brazil 
beans at fourth minute of roast. The cytoplasm of these cells loses its structure orga-
nization and becomes homogeneous, however plasmalemma preserves its integrity. 
Epidermal cells and first layer of parenchyma cells under them (seldom second 
layer) preserve structured cytoplasm. Kenya displays these results at fifth minute of 
experiment (Fig. 7.15).

Fig. 7.15 Structure changes in cells of Brazil and Kenya beans during 4–7 min of roast. Source: 
Authors. 1 – epidermal (outer) layer of coffee bean cells; 2 – simple pore in a cell wall; 3 – cyto-
plasm; 4 – remains of the destroyed cytoplasm
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Next key stage of cytoplasm transformation occurs in Brazil coffee beans during 
the eighth minute of roast when, probably, plasmalemma destroys and oxidized 
contents of cytoplasm spreads throughout all available space of the cell and “sticks” 
to the inner side of the cell wall (Fig. 7.16). An explosion of cytoplasm is accompa-
nied by the sound of “first crack,” which is commonly used as a benchmark by 
specialty coffee roasters. At this stage epidermal cells display only partial visual 
thickening of cytoplasm. In case of Kenya destruction of cytoplasm occurs in tenth 
minute. In our experiment Kenya displayed remarkably uneven beginning of critical 
steps of cytoplasm destruction throughout layers of parenchyma cells.

Brazil coffee beans samples from tenth minute of roast display that cytoplasm is 
completely destroyed in both parenchyma and epidermal cells, the cell wall is sig-
nificantly deformed, it becomes brittle. Kenya coffee beans reach this stage at 11th 
minute. This corresponds to the end of “second crack.”

Fig. 7.16 Structure changes in cells of Brazil and Kenya beans during 8–10 min of roast. Source: 

Authors. 1 – epidermal (outer) layer of coffee bean cells; 2 – simple pore in a cell 
wall; 3 – cytoplasm; 4 – remains of the destroyed cytoplasm
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Fig. 7.17 Changes of radial size of epidermal cells of Brazil and Kenya coffee beans during the 
roast. Source: Authors

Fig. 7.18 Changes of tangential size of epidermal cells of Brazil and Kenya coffee beans during 
the roast. Source: Authors

In our study we did not prove. Illy and Viani (2015) suggestion that the roasting 
process is much faster in the outer sections of the bean compared to the core, prob-
ably leading to high thermal stresses in the outer parts of the bean.

Quantitative analysis of epidermal and parenchyma cells performed during the 
study shows that cell dimensions and cell wall thickness (interpore spaces) are stable 
and do not significantly increase during the roast, up to final destruction of cell walls. 
Tables 7.17 to 7.20 display the results of measurements (Figs. 7.17, 7.18, 7.19 and 7.20).
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Studies like Schenker (2000) note that cell volume increases during the roast. 
Our study does not prove this thesis. Structure changes of cell walls during the roast 
are associated with deformation of cellulose fibers and hemicelluloses. These 

Fig. 7.19 Changes of radial size of parenchyma cells of Brazil and Kenya coffee beans during the 
roast. Source: Authors

Fig. 7.20 Changes of tangential size of parenchyma cells of Brazil and Kenya coffee beans during 
the roast. Source: Authors
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Fig. 7.21 Changes of parenchyma cell wall size of Brazil and Kenya coffee beans during the roast. 
Source: Authors

changes in cell walls are most apparent in the areas of pores: the thickness of cell 
wall in these areas decreases during the roast, which can be found on Brazil sample 
of eighth minute and Kenya sample of tenth minute. See Fig. 7.21.

2.3  Final Considerations

Structure changes in the coffee beans are associated with the destruction of cyto-
plasm. The rise of temperature in the first minutes of roast leads to plasmolysis in 
parenchyma cells, followed by loss of structural organization of cytoplasm, the for-
mation of oil drops, and further destruction of plasmalemma and oxidation of cell 
contents and destruction of cellulose fibers of cell walls.

It was found that structure organization of cytoplasm of epidermal cells remains 
stable up to second crack. This may be explained by less number and size of pores in 
walls of epidermal cells. Such isolation of epidermal cells from the remaining paren-
chyma cells decreases the degree of hot water steam penetration into intracellular space.

The identified structure changes of coffee bean cells vary depending on origin, 
processing method and other parameters. It was found that destruction of cytoplasm 
in parenchyma cells of Kenya beans occurs later as compared to Brazil. Besides, 
Kenya characteristic feature is a non- uniform occurrence of critical stages of cyto-
plasm destruction in parenchyma cells.

Parenchyma and epidermal cell volume stability probably means that the coffee 
bean volume increase occurs due to bean fold opening driven by hot gases and vapor 
moving out of the bean and, probably, deformation of fibers of a coffee bean.
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3  Roasting for Specialty Coffee

Hisashi Yamamoto

3.1  General Introduction

The rise of specialty coffee is a major point in being able to write about specialty 
coffee roasting like this. Although industry is growing, learning about roasting is 
currently only possible though working as an assistant roaster or self-learning 
because no comprehensive roasting schools are available. You may think that roast-
ing is just input green beans in a roasting machine and applying heat but roasting for 
specialty coffee is not that simple. Even as specialty coffee industry is expanding 
now, specialty coffee roasting is still hard to learn in a logical way. In this book I 
would like to write about my accumulated experiences which I have learned, heard, 
and incorporating them into myself.

3.2  Understanding the Raw Materials

This is not only for roasting but is related to all the other things about coffee. It is 
important to know what the good raw materials are and It also important to use 
those good raw materials and even more important to make the use of those raw 
materials at the end.

Firstly, I will talk about understanding the raw materials which also means to 
consider about the raw materials themselves.

3.2.1  Think About Different Situations in Roasting

There might be many different situations when you roast green beans.
Even though some of you might not roast sample green beans to source green 

beans, roasting is not only for making product but also useful in many ways to ana-
lyze the raw materials.

Let’s talk about a little more precise.
There are three large categories to think about the situations.
In Fig. 7.22, it is possible to alter a word “Roasting” to “Cupping.” For instance, 

“Roasting for buying green beans” to “Cupping for buying green beans.” In this way 
those three different situations for roasting is equals to cupping. First scene is 
“Roasting (=Cupping) for buying green beans.” The important thing in here is to 
know in advance how these green beans are used in your shop. More precisely, if 
these green beans will use for blend coffee or for highest quality lines at your shop 
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for instance. Normally green buyer will share the idea of the use of green beans but 
roasters must understand their use and need some ideas beforehand when roasters 
actually roast the beans. In this first situation, it is recommended to roast (=cupping) 
considering all the categories on cupping form. Even if for the blend coffee, consider 
all the eight categories on cupping form which is explained later to roast aiming for 
no negative impression in taste. Especially it is important to bear in mind to roast to 
highlight acidity clearly which is important aspect in specialty coffee. Coffee which 
has good quality of acidity can be useful in many ways even if there is not much 
characteristic flavors in the coffee. When you roast those green beans, it is also 
important to bear in mind not to spoil those acidity and avoid over-calorie roast but 
develop well at the same time. The second situation is “Roasting for assessing the 
use of long storage green beans.” Sometimes roasters have some difficulties in use of 
longer stored green beans which is not suited to sell as single origin coffee line.

Fig. 7.22 The three large categories to think about roasting. Source: Authors

What is important for roasting in this situation is that no stale flavors are developed 
or not. It is important to remember that there is always possibility to develop dried 
wood-like flavor which is a characteristic for stale coffee. It is also recommended to 
roast considering Clean Cup and Aftertaste attributes in the eight categories on cup-
ping form. I believe if Clean Cup and Aftertaste have 5 or 6 points (on Cup of 
Excellence Cupping Form), it is good enough to use for blend coffee line even if there 
is no outstanding flavor and acidity. Cleanliness is the base for specialty coffee and if 
both Clean Cup and Aftertaste are not good enough there is no use for blending with 
other coffees which will be ended up specialty coffee lacks cleanliness but with bad 
aftertaste. The point here is even if the green beans are left longer storage period 
which already lacks flavor and acidity found when its flesh, it will be still used as long 
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as Clean Cup and Aftertaste are good enough. For roasting it is important to avoid 
too-fast roasting and over-calorie roasting, rather than try to develop well. This roast-
ing method may not be considered for specialty coffee. But roasters must understand 
this situation, because sometimes it is unavoidable for all of us. And the last situation 
is “roasting (=cupping) for proper roast”. Which means product roasting and roast 
(=cupping) for showcasing the potential of the green beans. What is important here is 
to pay attention to the quality and character of the acidity. That is very important point 
here. But then, what is the acidity which is one of eight categories on cupping form? 
The acidity is evaluated only by the quality and not by strength in the cupping form. 
But what is the quality of acidity then? Acidity is a crucially important aspect in spe-
cialty coffee. And it is also very important for espresso taste. I believe it is not ade-
quate to explain this acidity in one word as just “acidity”. In Japan, we do not evaluate 
acidity only by strength. And it is important to make our customer understand the 
quality of acidity because in the end it leads to the growth of specialty coffee industry. 
There are various views on acidity, but I recognize it by subdividing it as follows. 

There are four categories related to acidity. Namely, Clean Cup, Mouthfeel, 
Flavor, Aftertaste. And it is explained them as follows:

 1. Clean Cup of acidity… Cleanliness of acidity. Crucially important aspect of all.
 2. Mouthfeel from acidity…Whether there is smoothness connect to acidity and 

whether there is any additional positive aspect.
 3. Flavor related to acidity…Whether there is any fruit flavor comes from acidity.
 4. Aftertaste with acidity… Whether the acidity is lasting long comfortably and 

finish cleanly.

As you see in Figs. 7.23 and 7.24. When we consider acidity connect to above 
four categories, we will be able to understand the quality and the character of acidity.

Fig. 7.23 Attributes of specialty coffees. Source: Authors
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In summary when roasting green beans roasters need to consider above four 
aspects of acidity and find which aspect will be highlighted positively and negatively. 
Next step is to focus on the quality and character of flavor (Figs. 7.25 and 7.26).

Flavor is the one category easy to understand by our customers in specialty coffee 
market. Then It is important to understand what kind of flavors are and how much of 
those are found in the coffee. When we share the flavor comments after cupping ses-
sion, sometimes we hear so many flavor comments and that is nice to hear as positive 
comments, but in the contrary it is sometimes also important to be more real, exact 
and precise. Because coffee which has more obvious flavors is more flavorful coffee 
at the end. In Barista Championship, there is a category in sensory score sheet 
“Accuracy of Flavor Descriptors” which is times three points category as an impor-
tant part. This category is to see the accuracy of what a barista mention and judge 
actually find in the espresso. That is, barista needs to make judges find the same fla-
vor clearly. For this reason, what we normally do to decide the flavor descriptors for 
the barista championship we firstly noted flavors personally and later share the com-
ments and see which flavors are more common. For roasting, roasters need to recon-
sider the tendency of the flavor character for your roasting in the way you see in next.

 1. Check if it is easily found spicier note or more chocolate and caramel from cara-
melize or more fruit-like note.

 2. If the tendency is more fruit-like. Then check if it is more citric or malic or tar-
taric or tropical fruit note.

 3. And for example if more citric note is found often. Check if it is like lemon or 
grapefruit or orange.

In this way roasters will be able to assess own roasting tendency.

Fig. 7.24 Assessing the quality and the character of acidity. Source: Authors
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Fig. 7.25 SCA flavor wheel. Source: SCA

Fig. 7.26 Cup of excellence score sheet. Source: ACE
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3.2.2  The Importance of Cupping

Previously in Sect. 3.2.1 “Think About Different Situations in Roasting,” as we consider 
a word “roasting” and “cupping” equally, cupping skill is a crucial skill for rosters. When 
we decide if the result of roasting is adequate or not is through cupping skill. Roasters 
have to understand the importance of cupping. In some companies there might be a 
roaster, a quality-control and a buyer separately. But they are all connected through cup-
ping skills (Fig. 7.27). For this reason, the importance of cupping skill is more obvious.

There are many different cupping forms and available to everyone, but here I prefer 
to use this Cup of Excellent cupping form. Cup of Excellence is a contest or competi-
tion which is evaluate quality of coffee and praise high quality coffee and this competi-
tion is not to value premium brand-focused coffees. Cup of Excellence started in Brazil 
in 1999 and this year in 2019 is their 20th anniversaries. What they have been achieved 
are enormously valuable and it is not too much to say that they improve the quality of 
coffee worldwide. This Cupping form is also used in BSCA (Brazil Specialty Coffee 
Association) and SCAJ (Specialty Coffee Association of Japan). It is considered as an 
evaluation form focus on quality. All the eight categories on the cupping form are 
important and seven categories except overall is important when you buying green 
beans. Although sometimes it is possible to focus on less categories for a certain situa-
tion for buying green beans. Using this cupping form, it is possible to know which 
aspect was good and bad more precisely later on. When we visit origin countries there 
are many different lots even in the same coffee like different harvest period of lot. When 
we cup those similar coffee, if we utilize the cupping form and evaluate all the details. 
Then it is possible to know the reason to choose the lot in the end. Cupping for roasting 
is just as important as for buying green beans. Roasters must get used to cupping. It is 
good to evaluate though all the eight categories when we roast many batches of the 
same lot or roasting the same coffee over a long period of time through different seasons.

Fig. 7.27 Cupping session at Cup of Excellence. Source: Authors
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3.2.3  Coffee Information

Information details of farm is very important for roasters like the area, altitude, 
variety and process of the coffee. This information is known as a general informa-
tion. It will be discussed on 3.4.4 “The Importance of Measurement” later on, points 
in below are also information related to roasting (Figs. 7.28, 7.29 and 7.30).

• Moisture levels
• Density
• Water activity
• Screen size
• Aroma and color, etc.

Fig. 7.28 Coffee drying on raised bed system. Source: Authors
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Fig. 7.29 Checking the quality of coffee cherries. Source: Authors

Fig. 7.30 Coffee processing after harvest. Source: Authors
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3.2.4  Recently Fermentation Process Affects Roasting Even More

Nowadays anaerobic fermentation process (Fig. 7.31) is widely used in many coun-
tries and green beans processed by this method is easy to receive heat on the surface 
of the beans even when the moisture content is relatively high. For this reason, it can 
be easily burnt the surface and need to carefully apply calorie to the green beans. 
Especially it needs to pay full attention from right before the first crack because heat 
will be rapidly enter the surface of the beans at this stage. For above reason, infor-
mation from the farm is one of the important factors to understand the raw materials.

Fig. 7.31 Stainless tanks for anaerobic fermentation process. Source: Authors

3.3  Make the Most of Raw Materials

What is the roasting for showcasing the potential of raw materials? I’ll explain how 
I think about it. It can be not possible to apply the same method for all the roasters 
because it will depend on the roasting machines, facilities, climates and raw materi-
als on each roaster use. But I believe showcasing the potential of the raw materials 
is the concept of roasting for specialty coffee. I’ll explain basic ideas of it in here.
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Fig. 7.32 Changes in roaster levels. Source: SCAJ

3.3.1  Roast Levels

Have you ever seen like this image (Fig. 7.32) of roast levels before? When I think 
about what the roast levels means, I believe it is explained as the changes in color 
caused by time lapse and heat application. For specialty coffee roasting, it is impor-
tant to understand that the degree of roasting is the result of roasting that showcase 
the raw material, not judged by the color of the beans.

3.3.2  Flow of Roasting and Condition of Green Beans

Below Fig. 7.33 shows the flow of entire process of roasting.
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Fig. 7.34 Heat transfer on the coffee bean. Source: Authors

Fig. 7.33 Flow chart of roasting. Source: Authors

Firstly “puffing” occurs after start heating green beans. It is a phenomenon 
decreasing moisture and weight but increasing volume in green beans. Then green 
beans start change the color and create aroma and taste. To explain this phenomenon 
from the standpoint of roasting, endothermic and exothermic reaction is occurring 
during roast (Fig. 7.34). This endothermic and exothermic reaction is occurring in 
different ratio and balance from the beginning to the end of roasting process. These 
reactions are not stable reactions. Understanding these reactions will lead to roast 
for showcasing the potential of raw materials.
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Fig. 7.35 Three different heats on roasting process. Source: Authors

3.3.3  Understanding the Endothermic Reaction

Type of heat which transfer to the green beans is not only one. There are three types 
of heats affect green beans during roast and they are not occurring equally. They are 
occurring differently depend on the amount of green beans inside the drum and 
input temperature. It is important to understand which of these three types mainly 
use at each stage and how green beans in each stage receive those heat.

The three types of hears are;

 1. Radiative heat (far infrared)
 2. Convective Heat (hot air)
 3. Conductive heat

This Fig. 7.35 is to show these three types of heats visually. There is a bonfire in 
metal barrel and there are three types of heats transfer to human. First heat is a radia-
tive heat which reach far and feel all around the body softly. Second heat is a con-
vective heat which is transferred with hot air from the fire. Third is a conductive heat 
which is directly feel from the metal barrel. It is important to consider which of 
three heats and the balance of those heats are mainly utilize to roast in a roast 
machine. I believe it is always better not to try to add the taste by roast but to dam-
age less from the heat during the roast for showcasing the potential of raw materials. 
Those three types have different speed to heat the beans.

The more quickly transfer the heat the less damage to green beans (Fig. 7.36).
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In this way, it is easy to think that convective and conductive heat is better than 
radiative heat. But conductive heat is actually the most damaging heat of all on the 
surface of the beans. In summary convective heat is the one least damage on the 
surface of green beans and able to roast (develop) quickly at the same time. Hot air 
roast machine I use can be rapidly carbonized after 13mins. Efficient heat transfer 
and causing less damage on the surface of green beans lead to roast for showcasing 
the potential as I already explained (Fig. 7.37).

Fig. 7.36 Different curve on heat transfer. Source: Authors

Fig. 7.37 Rapidly carbonized after 13 min. Source: Authors
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3.3.4  The Basic Idea of Specialty Coffee Roasting with Utilizing Hot Air

This Fig. 7.38 shows the roast curve (bean temperature) for the basic idea of spe-
cialty coffee roasting. First, think about what is happening on green beans during 
roasting process. In Fig. 7.38 there is 100 °C and 160 °C point. What is happening 
on both points are follows. On 100 °C the free-water inside the green beans become 
active. In real sense green beans get moistened. In other words, there will be an 
inner pressure caused by evaporation of water. And for the hot air roasting, Maillard 
reaction begins at around 120 °C. The heat creates amino acid. Then caramelize will 
start later. At this stage inner pressure getting stronger with CO2 and changes occur 
more rapidly. The balance of endothermic and exothermic reaction changes during 
roast as follows.

 1. Until 100 °C, roast only by endothermic reaction. Long time ago I read an article 
says input temperature should be low enough to avoid damage to green beans but 
this is obviously not true because this stage is the least possible stage to damage 
green beans as long as the input temperature is not way too high.

 2. Start exothermic reaction and balanced with endothermic. But at this stage endo-
thermic is still a little dominant.

 3. Balanced both reactions. And roasters need to have an image which from this 
stage exothermic reaction will be dominant.

 4. Exothermic is dominant. Moisture content of green beans is mostly lost.

From above reasons it is easily to understand the importance after around 
160 °C stage.

It means roasters needs to control the balance of both endothermic and exother-
mic and try to efficiently apply heat to green beans. It also means that roasting 
process to showcase the potential of the green bean is stared from this stage. In 
another word developing stage starts at this point. The key point is in caramelize 
stage and it is also means that there are two different kinds of inner pressures around 
here (pressure from water evaporation and pressure from CO2) and this stage is 
close to the point which green beans start to change.

7 Roasting Process



350

Fig. 7.39 Changes occurring in green beans. Source: Authors

Fig. 7.38 Bean temperature (red line) and a basic idea of specialty coffee roasting. Source: Authors
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In upper part of Fig. 7.39 is just a common illustrate to show the inside the beans 
during roast. I added in lower part for relative temperature range and condition of 
the beans on each stage. It is the same idea with “the roast curve (bean temperature) 
for the basic idea of specialty coffee roasting” but this is easier to understand with 
an image of inner structure. It is after around 160 °C to start caramelizing with water 
bubbles developed inside green beans. Development needs to happen at this stage. 
At this stage both water evaporation pressure and inner CO2 pressure are occurring. 
It is incredibly important that this caramelize stage is the stage to make the use of 
the potential and fully showcasing the character. Roasters must have an image to 
take a development action around this point.

3.3.5  Summary of Basic of Roasting

There are basic five key points for roasting (Fig. 7.40). It needs to be done from one 
to five in numerical order but it might not be able to achieve Point 3 when the bot-
tom temperature is below 100 °C (Point 2) because of the type of roasting machine 
and environment are different. For this reason, the bottom line can be above 
100 °C. It is worse to adjust bottom temperature below 100 °C but not be able to 
follow Steps 3–5 because of that. Five key points are explained later in Chap. 3 with 
more details. Figure 7.40 below explains briefly about these key points.

Fig. 7.40 Five basic key points on roasting process. Source: Authors
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3.3.6  (For Reference) The Practice of Sample Roasting with The Basic 
Roasting Method

This section explains four different sample roasting results roasted by the basics of 
roasting method which is previously explained (Fig. 7.41). The coffee used for these 
sample roasting is Costa Rica Cup of Excellence 2018 #4 La Minilla. It has a clear 
definite characteristic flavor of apple pie and sweet cinnamon. By selecting this kind 
of strong characteristic coffee, it will be easier to analyze if the roasting method is 
adequate or not. Below are the results of four sample roasting.

Fig. 7.41 Different sample roasting results roasted by the basics of roasting method. 
Source: Authors

Unfortunately, it is not possible to cup these samples with readers but difference 
on each sample are huge even not easy to think the coffee was the same. The four 
sample roastings were roasted as follows. Roast machine for this roast is a sample 
roaster.

Sample 1 is an appropriate roasting follows the basics of roasting method 
explained previously. Total roasting time is 9:55 and finish 1:45 after first crack. 
This roast does not relay on conductive heat and roasted with an image of absorbing 
heat with hot air during the first stage. Then later during caramelize stage applying 
more calories and it leads to more conductive heat to the beans. After first crack 
reducing calories and it leads to more radiative heat to the green beans.

Sample 2 is an over-roast. Total roasting time is not very long 10:40 min roasting 
but finished longer 1:45 after first crack and drop before second crack. From the 
point of view of heat transfer, applying more calories after first crack even if the 
beans already start emitting the heat. It is also explained as heating up the drum and 
heat transfer from the drum to the bean. That is roast mainly by conductive heat.
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Sample 3 is a fast roast. Total roasting time is 6:30 and finished 45 s after first 
crack the same as Sample 1. Not applying heat when the beans start emitting the 
heat but applying high calories from the begging. That leads to inadequate changes 
and not develop well in the end. It has strong acidity but the acidity is not well con-
nected to sweetness. From the point of the view of heat transfer, this is also roast 
mainly by conductive heat.

Sample 4 is a long roast. Total roasting time is 16:45 and finished 45 seconds 
after 1st crack the same as sample 1 and 3. This roast is done by more radiative heat 
and reducing conductive heat with lower heat.

Even if the coffee is top quality coffee, when roaster failed to showcase the char-
acter of the green beans results are different like these three samples.

3.4 Practice of Specialty Coffee Roasting

In the previous item 3.2 of this chapter explained the basics of the roasting to show-
case the potential of green beans with knowing the information details of the green 
beans. That is to think about how the green beans need to be handled without dam-
aging by heat. Then following chapter is to explain the idea of appropriate roast plan 
without damaging beans and idea of measuring and brushing up the sense in daily 
roasting practice.

3.4.1  Practice of Roasting and The Sense of Speed

RoR (Rate of Rise = Increasing temperature in a certain period of time like 1 min or 
30 s) (Figs. 7.42 and 7.43). That is like a speed meter of car. It will help roasters to 
know the speed of roasting during roasting process. This also helps roasters to know 
the progress of appropriate roasting. The Term RoR is already widely used and even 
possible to know in real time during roast through log recording equipment. It is 
used to be recorded by hand writing in each 30  s or 1  min and adjust roasting 
according to the results during roast, but this method is to adjust roasting by past 
RoR found after each 30 s or 1 min. Past RoR is for the results and this is not for 
controlling roast by knowing RoR at the real time. There is no good or bad for 
knowing real time RoR or calculating RoR. It all depend on the situation and cir-
cumstance if real time RoR is available or not. In this chapter, the process we will 
take is as follows; roasting by previously planned RoR and measure the beans and 
cupping the roasted beans, and then make some adjustment for next roasting. What 
is the appropriate RoR and its range? To know this, roasters must think about which 
step has higher RoR and need to lower RoR. This will find out by considering the 
previous endothermic and exothermic reaction section. RoR will be zero from start 
(input) to bottom point. Then from bottom point to just before caramelize point has 
higher RoR. After this point to first crack has medium RoR, and then even lower 
RoR after first crack.
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This high RoR ratio is depend on the ratio of the amount of green bean and the 
capacity of the roast machine (Fig. 7.44). If the amount of green bean is small com-
pare to the capacity of the roast machine, RoR will be easily higher.as I previously 
explained, the first stage is mainly endothermic stage and green beans have more 
moisture and also structure of the bean is still hard. I recommend to input smaller 
amount of green beans to be able to increase temperature even only by the drum 
temperature to make sure the development on after caramelize stage later on. I nor-
mally input 20–50% of green beans compare to the capacity of the roast machine. 
Enough amount of calorie will be needed after caramelize stage until first crack. RoR 
in this stage will be not very low but much lower compared to RoR from bottom to 
caramelize stage. After first crack green beans already lost the most of moisture and 
are heated mainly by exothermic reaction at this stage. At this stage it needs to adjust 
lower RoR and not to input too much calorie. These RoR images are the appropriate 
method to develop the green beans and showcase the potential of the raw materials.

Fig. 7.42 Roasting machine. Source: Authors
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Fig. 7.44 Different RoR during roasting. Source: Authors

Fig. 7.43 Rate of rise. Source: Authors
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Next Fig. 7.45 is to show how much calorie (power) will be input on each stage.
Start from lower input so as not to damage on the surface of green beans. Green 

beans will be input when the drum is well heated. After bottom point temperature 
increases even with low calories, and moisture of green beans decrease without 
damaging the surface of green beans. To think about the effect of the heat to green 
beans, the first stage before caramelize is roasted with mainly by radiation and con-
ductive heat. Next caramelize stage will need more power to develop. At this stage 
the temperature of the drum is lower than we think because in the first stage rela-
tively lower power is input and green beans even absorb the heat. Green beans at 
this stage still need to absorb the heat because there are big changes occurring inside 
green beans which is caramelize stage. After this stage first crack will start. From 
this stage green beans need to emit the heat and roasters need to lower the power. In 
this roasting method, ratio of green beans to capacity of the drum is important. If 
input the maximum capacity of green beans, this method will be difficult to follow. 
But if the input is way too small, it will be easier to increase the temperature but will 
be difficult to decrease the temperature. To lower RoR it needs to lower calorie 
input, and if the timing is too late, more heat will be added to the beans as an excess 
heat when they actually need to emit the heat. This leads to over roast because of the 
excess heat. On the contrary, reducing calories too early it will be difficult to increase 
the temperature because there is too much space inside the drum. Roasters need 
some experience to control the heat after first crack.

Fig. 7.45 Power output and roast curve. Source: Authors
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Let’s think about next three stages more specifically.
There are three stages as follows. Drying Stage (until Yellow Point), Roasting 

Stage, Development Stage. Yellow Point will be explained later on item 4.2 
(Fig. 7.46).

Recommended RoR in each stage is as follows.
Drying Stage: around 15–40 °C/min 5:00–6:00 min
Roasting Stage:around 10–15 °C/min 2:00–3:30 min
Development Stage:around 3–10 °C/min 0:30–2:00 min
These ranges will be depending on the roast machine and its setting circum-

stance. I have used Probat and Loring Smart in the past and the ranges were ade-
quate for those roast machines.

Fig. 7.46 Three stages on roasting. Source: Authors

3.4.2  Yellow Point

What is Yellow Point?

Roughly speaking, it means Maillard reaction. But this is not the point when 
Maillard reaction starts. What I mean is that Yellow Point is the stage when Maillard 
reaction start and all the beans turn yellowish. Each roaster has a slightly different 
definition for Yellow Point and if you have more than one rosters in your company, 
it should be careful to talk about this point. Next question is, are Maillard reaction 
and caramelize the same? They are different.

Let’s review the image of green bean structure during roasting. Maillard reaction 
include Yellow Point and it is occurring just before caramelize stage.
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Which means Yellow Point is when all the green beans change the color and 
ready to be in caramelize stage. It also means Yellow Point is a sign for roasters to 
start input calorie to develop green beans. Then when is the caramelize point and 
how roasters find the point. I always find this point by aroma. This caramelize point 
is not must-check point because roasters already input calorie. But it is good to see 
the changes as one of key stage for roasting process. This also needs rosters sensory 
skills. It will be not only roasty aroma but more characteristic aroma and new aro-
mas are coming up. This means development is occurring inside the green beans.

The Fig. 7.47 is to show the Yellow Point roast with product roast machine.
With this roast machine the Yellow Point is just before 170 °C which is 168 °C 

(Fig.  7.48). There is no partially whitish or greenish color on the surface of the 
beans but the color is more like evenly light brown at the Yellow Point. Around this 
stage roasters need to check the color with a sample spoon with constant rhythm. 
This Yellow Point is not the same with the start of Caramelize Point and the result 
of test roasting with controlling both Yellow Point and Caramelize Point was very 
interesting. The results of three sample roast were in a next Fig. 7.49.

<Cupping session>
Three samples with different Yellow point/Caramelization timings

 1. Timing between Yellow Point and Caramelization is close
 2. Timing is between 1 & 3
 3. Timing between Yellow Point and Caramelization is far

Fig. 7.47 Yellow point. Source: Authors
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Fig. 7.48 Roaster processing. Source: Authors

Fig. 7.49 Results of the sample roasting. Source: Authors

Later in this chapter the importance of measuring will be discussed. Here it also 
shows the color difference between grounds and beans (Figs. 7.49 and 7.50).

7 Roasting Process



360

The best results among three samples are Sample 2. Often Sample 1 is consid-
ered the best because the Roast Value (color differences) is small, but when we 
cupped the sample the acidity was dark and bitter in taste even if there are some 
sweetness. On the other hand, Sample 3 has bright acidity but that acidity was 
slightly sharp and not unite with sweetness. The point here is to explain the color of 
inside and outside roasted beans does not have to be the same or close.

3.4.3 The Importance of Dual Pressure

This is already discussed in previously. As in Fig. 7.51 this chapter will explain two 
different types of pressures are occurring inside the drum and the importance after 
Yellow Point stage.

Fig. 7.50 Color difference between grounds and whole beans. Source: Authors
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Fig. 7.51 Dual pressure zone. Source: Authors

Higher Pressure means more changes is occurring inside green beans and it 
means it should develop well in this Dual Pressure Zone. Especially when roasters 
take a method to roast with short total time and short develop time, it will need to be 
well developed in this stage otherwise the results will be undeveloped coffee.

3.4.4  The Importance of Measurement

Both sensory and numerical measurement are important. For example, the situation 
when roasting the same way but the result is worse—then adjust after checking the 
numbers. Roasting the same way but the result is better—then check the numbers. 
In this way, always checking numbers when you get better and worse results will 
often lead to solve the problems roasters have. It is also important to note that always 
measure the same way. It means for example measure right after roasting or next 
day, and need to be the same for the timing of measuring, the amount used and 
number of times for measuring and the same operation method for using measuring 
tool. The importance of the same method is also can be apply when roasters check 
the first crack. When I check with the sample spoon I take out a spoon 3 s every 
time. Then I define first crack when a bean in the sample spoon popped. I recom-
mend to measure the same timing every time in following measurements.
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Moisture Levels and Density

Especially moisture level is must-check number. Storage condition affect the mois-
ture level as well. It should be measured both green beans and roast beans. Timing 
should be decided for roasting beans for instance measuring after cooling down or 
after color sorting. It also should be decided how beans are put in the measurement 
cup. When you measure both green beans and roasted beans, it is also able to calcu-
late the loss of organic substance and it will be useful concept for checking the roast 
(Figs. 7.52 and 7.53).

Fig. 7.52 Importance of measuring moisture levels and density. Source: Authors
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Fig. 7.53 Measuring process. Source: Authors

This is the formula to calculate the loss of organic substance. Weight of green beans 
minus weight of roasted beans − weight of water in green beans minus weight of 
water in roasted beans = loss of organic substance

Roast Color

In first chapter I explained roasting is not to roast by checking color.
Roast color in here is the results of roasting without damaging beans and fully 

open up the potential. The color of roasted beans should be measured every single 
time for all the batches. It will be one of reference when the result is different from 
usual one. There is another reason to check the color. In this picture (Figs. 7.54 and 
7.55), measuring both whole beans and ground beans after roasting. Then calculat-
ing the differences. It not means that the difference is better in close or wide. It 
means it will be good to remember the number when you get a good result. This 
aspect is also useful when roasters need to adjust roast. Since the color of the roasted 
beans are changing even after cooling down, it also should be decided the timing to 
measure the color of roasted beans.
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Fig. 7.54 Color measuring equipment. Source: Authors

Fig. 7.55 Formula to calculate the loss of organic substance. Source: Authors
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Water Activity

This is not exactly measurement for roasting but it is also good example to explain 
an importance of measurement (Fig. 7.56). This is about water activity. Water activ-
ity is often measured when roasters open the new bags of green beans. In the first 
place, water activity is related to the water contained in foods such as mold and 
fermentation. Water is necessary for microorganisms to grow in food and these 
microorganisms are classified as bound water, dissolved water, and free water. 
Bound water is bound to the component of food and not available to microorganism. 
On the other hand, free water is the one evaporates and moves depend on the cir-
cumstance and is available for microorganism to grow. And the ratio of free water is 
measured as Water Activity (Aw). It is usually recommended Aw 0.6 to Aw 0.65 for 
green beans. And the maximum number will be Aw 0.7 for safe storage. Once we 
checked newly arrived coffee with vacuum packed and the color of the beans were 
whitish and quality was very low compare to the coffee cupped at the farm. It lacked 
of flavor and less clean cup compared to what I cupped in origin. After checking the 
green beans we found there were fungus on the green beans. Then after this incident 
we started to check the water activity of green beans. The point here is that it needs 
to use as quickly as possible when you get high water activity green beans.

Fig. 7.56 Water active in coffee bean. Source: Authors
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3.4.5  How to Make and Adjust a Roasting Plan

Roasters can utilize below format (Fig. 7.57) to make roasting plans and adjust them 
after checking the quality by measuring and cupping. Firstly, fill out the blank on 
next five sections which are Name of Coffee, Batch Number, Amount of Green 
Beans, Moisture Levels of Green Beans and Density. There is a table for filling the 
temperature and input power on the middle of the form.

Then fill out the blank on the roast curve. Input temperature estimates bottom 
temperature and time from start to bottom, Estimate Yellow Point temperature and 
time from bottom point, estimate first crack temperature and time from Yellow 
point, Estimate finish temperature and time from 1st crack. Then roast according to 
the plan and write down the temperature and the input power per one minute in real 
time. And write down also the real temperature and time on each point on the roast-
ing curve. By doing this, roasters will be able to find out if RoR on each point was 
high, medium or low compare to previously planned roasting and check if average 
RoR is deviate too much from the usual number. Calculation for average RoR is 
possible as you see in the next Figs. 7.57 and 7.58.

Fig. 7.57 Developing roast profile. Source: Authors
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Fig. 7.58 Calculation for average RoR. Source: Authors

I will explain how to adjust the roasting with undeveloped roast which usually 
found with fast roast. The method for this adjustment is to slightly modify develop-
ment process after first crack.

As you can see in the Fig. 7.59, RoR for Developing Time is 3–8. But in real situ-
ation I recommend 5 to 6 on this stage and time will be around 40 s.

Modification 1.
With the same RoR but longer developing time like 50–60 s.
Modification 2.
If Modification 1 does not work well, try increasing RoR to 8 and back to 40 s 

developing time.
Modification 3.
If Modification 2 also does not work well, try longer developing time like 

Modification 1.
Point here is that the roasting process is almost the same way until first crack 

even though small change can be made depend on the storage condition of green 
beans and character of green beans. And these modifications are made by changing 
RoR and the length of developing time after first crack. The one important issue 
here which discussed previously is that the definition of the point when first crack 
start. If you have more than one roasters in your company the timing of first crack 
should be calibrated within the roasters.
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3.5  Final Considerations

The most important skill for roasters is cupping skill. And required ability for roast-
ers is high sensory skills and meticulousness. In other words, “Sensory and 
Measuring” is the most important ability for roasters.

I sincerely hope that this article will be useful guide and tips for your “Sensory 
and Measuring skills for roasting” after reading this article.

I was able to write about this specialty coffee roasting thanks to the pioneers who 
worked hard to raise the specialty coffee, thanks to many roasters, and thanks to 
those who developed new technology and equipment.

I was able to experience a lot of them and also think that this is the result of being 
blessed with people who can share a lot of information with me. I would like to take 
this opportunity to express my thanks..

And I would like to express my appreciation to Prof. Lucas Louzada Pereira (IFES  
- Instituto Federal do Espirito Santo). He gave me the opportunity to write this article. 
He is my best friend and known as professional scientist for coffee worldwide. I 
would like to also express my appreciation to Valentina Moksunova (Hummingbird 
Coffee) and Yoshiharu Sakamoto who give me the opportunity to meet Prof. Lucas.
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Chapter 8
Physical Classification and Sensory Coffee 
Analysis
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Alice Dela Costa Caliman, Rogério Carvalho Guarçoni, 
and Aldemar Polonini Moreli

1  General Introduction

The cupping test appeared in Brazil at the beginning of the twentieth century and 
was adopted by the Official Coffee and Goods Exchange of Santos, from 1917, a 
few years after its installation in 1914. However, it has not yet been established a 
uniform evaluation criterion, varying from entity to entity.

There is no doubt that the most important factor in determining the quality of 
coffee is the beverage. This evaluation is made by the tasters (Q-Graders), depend-
ing mainly on the senses: palate, smell and touch.

In the twenty-first century, the central theme of various production systems has 
been the relentless pursuit of rigorous quality control, many of which relate to the 
processing and sensory and physical quality of food (Pereira 2017).

2  Coffee Classification in Brazil

In the classification of Brazilian coffee, the determination of quality comprises three 
distinct phases:

 1. classification by type or defect;
 2. classification by quality characteristic;
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 3. classification by quality (drink).

In this chapter, we present a description of the type or defect classification pro-
cedures, the quality characteristics and the quality of the drink, discussing how the 
Official Brazilian Classification Protocol (COB) is used for types and defects and 
the most commonly used sensory protocols around of the world.

The Official Brazilian Classification (COB) of coffee involves both physical 
aspects (color of beans, number of defects and moisture content); such as drink char-
acteristics (drink quality and roasting result) and grain size characteristics (sieves). 
This classification is fundamental for establishing export contracts for Brazilian cof-
fee, which is still mostly exported according to official standards (Ponciano et al. 2008).

2.1  Physical Classification: Types and Defects

The Technical Identity and Quality Regulation for the Classification of Grilled Raw 
Coffee, by NORMATIVE INSTRUCTION N°. 8, JUNE 11, 2003 (Brazil 2003).

By this Decree the coffees are now classified by type and equivalence of defects 
according to the tables adopted by the Official Coffee Exchange of Santos (Table 8.1).

Table 8.1 Official Brazilian Classification—COB

Defects Types Points Defects Types Points Defects Types Points

4 2 +100 28 4–5 −5 100 6–10 −110
4 2–5 +95 30 4–10 −10 108 6–15 −115
5 2–10 +90 32 4–15 −15 115 6–20 −120
6 2–15 +85 34 4–20 −20 123 6–25 (6/7) −125
7 2–20 +80 36 4–25(4/5) −25 130 6–30 −130
8 2–25 (2/3) +75 38 4–30 −30 138 6–35 −135
9 2–30 +70 40 4–35 −35 145 6–40 −140
10 2–35 +65 42 4–40 −40 153 6–45 −145
11 2–40 +60 44 4/45 −45 160 7 −150
11 2–45 +55 46 5 −50 180 7–5 −155
12 3 +50 49 5–5 −55 200 7–10 −160
13 3–5 +45 53 5–10 −60 220 7–15 −165
15 3–10 +40 57 5–15 −65 240 7–20 −170
17 3–15 +35 61 5–20 −70 260 7–25 (7/8) −175
18 3–20 +30 64 5–25(5/6) −75 280 7–30 −180
19 3–25(3/4) +25 68 5–30 −80 300 7–35 −185
20 3–30 +20 71 5–35 −85 320 7–40 −190
22 3–35 +15 75 5–40 −90 340 7–45 −195
23 3–40 +10 79 5–45 −95 360 8 −200
25 3–45 +5 86 6 −100
26 4 Base 93 6–5 −105

Source: Ministério da Agricultura, Pecuária e Abastecimento—MAPA, BRASIL (2003)
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To perform the physical classification procedure by type and defect, the profes-
sional working in the field, must have in hand a sample composed of 300 g of cof-
fee, which is representative of the total batch, i.e., depending on the volume of 
coffee that is unloaded at the receiving unit (warehouse), a sample is taken from all 
bags or bulk amounts for conference by the company’s quality department.

Table 8.2 indicates the list of defects and their respective weight on the coffee 
classification system, according to the Brazilian normative instruction.

3  Coffee Classification by Type in Brazil

Each type corresponds to a greater or lesser number of defects (imperfect grains or 
impurities). The classification by type, adopted in Brazil, admits 7 types of decreas-
ing values from 2 to 8, resulting from the appreciation of a sample of 300 g of pro-
cessed coffee, according to rules established in the Official Brazilian Classification 
Table (COB), throughout the territory national.

On one hand, defects may come from intrinsic or extrinsic nature. In the case of 
intrinsic defects, these can be described as: imperfections in the application of the 
production process, modification in the physiological or genetic origin, or due to 
errors in the coffee harvesting processes, causing black, burned, water damage, 
shells, broken, brocade and green coffee (Stinker).

On the other hand, defects of an extrinsic nature, are known as foreign elements 
benefited from coffee, such as natural, sailor (parchment), shells, sticks and stones.

4  Coffee Defects Default Setting

In order to establish the equivalence of defects, the “black” bean was used, which is 
considered the defect pattern or capital defect, i.e. the defect with the greatest visual 
impact on the coffee sample. The others, such as the burned, the brocades, the sticks, 
the stones, etc., are considered secondary.

Table 8.2 Defect equivalence for arabica and robusta coffee

N° of grains—“Intrinsic” Defects “Extrinsic” (impurities) Defects

1—Black grain = 1 1—Natural = 1
2—Burning grains = 1 2—Sailor = 1
3—Shells = 1 1—Stone or Big Stick = 1
5—Greens = 1 1—Regular Stone or Stick = 1
5—Broken = 1 1—Stone or Small Stick = 1
5—Brocades = 1 1—Big Shell = 1
5—Water damage = 1 3—Medium Shells = 1

5—Small Shells = 1

8 Physical Classification and Sensory Coffee Analysis
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Thus, by examining the Table 8.2, it is possible to understand that a black grain 
is equal to 1 (one) defect.

Type 4 coffee is called “base type” because it corresponds to a large percentage 
of the coffees that appear in lots exposed to commercialization; mainly by the com-
modity market.

In the classification table there is also a column for “points,” which reads the 
number of points assigned to types and their intermediates. Between one type and 
another there is a difference of 50 points, subdivided into 5 out of 5 positive and 
increasing from type 4 to type 2, and increasing negatively from type 4 to type 8. 
Table points in the classification need to be taken consideration, given that each 
point has a monetary value, depending on the type considered by the quotation.

As a practical matter, to determine the type of a coffee, proceed as follows 
(Fig. 8.1):

• The 300 g sample is spread on a table for classification, with white light illumi-
nation, on a sheet of black cardboard;

• Then break down by category the defects found.
• Then the classifier must count defects according to the specifications of the 

Table 8.2 and, according to the number, to determine the type of coffee.

Fig. 8.1 Physical classification process of coffee in Brazil. Source: Authors
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Defects compromise the color, appearance, roasting and quality of the beverage, 
mainly altering its taste and aroma. They may be intrinsic or extrinsic in nature.

Defects of an intrinsic nature appear due to improper conduction of processes 
during the conduction of the crop, at harvest and post-harvest. They are known as 
green, black, burnt, water damage, shells, broken, brocade and black-green grains. 
On the other hand, those of an extrinsic nature correspond to foreign elements or 
materials other than coffee beans (Silva 2005).

They are represented by coffee in natural, sailor, bark, sticks and stones, known 
as impurities. The defects that deserve special attention are the green, burned and 
black. Such defects present different chemical composition from normal grains and, 
thus, significantly affect the quality (Silva 2005).

4.1  Coffee Defect: Black Grain

Black beans (Fig. 8.2) are the most serious defect in coffee. The occurrence of black 
grains is influenced by the time of contact of the fruits with the soil, considered by 
the current legislation, as the capital defect (Neto et al. 2013). It originates from 
prolonged fermentation of the coffee bean in the fields or in drying. It occurs most 
often in ground-based melt coffee or sweeping coffee. It can be previous crop grain 
or grain that has remained in contact with the ground for a long time. It may also 
appear “abnormal dry,” sudden passage from green to dry (over ripening) (Faganello 
and Santa Terezinha 2006).

Fig. 8.2 Black coffee bean. Source: Authors
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The influence of “black” beans on coffee quality is considered to be the most intense 
when compared to the effect of “green” and “burned” beans since significant differ-
ences have been found even in subjective analyzes such as cup testing (Pereira 1997).

4.2  Coffee Defect: Green Grain

When harvesting is anticipated, harvested green fruits (Fig. 8.3) may result in green 
and black-green defects. For both situations, when the aspect, type and drink depre-
ciation occur, the production of specialty coffees will be compromised (Ribeiro 2013).

The decision to harvest fruits outside the ideal ripening stage is solely the deci-
sion of the coffee producer, who should always choose selective harvesting, avoid-
ing that the fruits outside the ideal ripening stage are removed from the plant before 
the ideal harvesting time.

According to (Cortez 2001), in warmer climate regions, the intervals between 
flowering and the maximum grain maturity points may coincide with the end of the 
rainy season (220 days). In milder climate planting, where the development and 
maturation phase of grains occurs during the occurrence of lower temperatures 
(<20 °C), the ripening cycle may take from 250 to 300 days.

Fig. 8.3 Green coffee bean. Source: Authors

Green coffee is classified as an immature bean, with adhered silver film, with 
closed ventral groove and green color in different shades (Brasil 2003). It originates 
mainly from the harvest of green beans. This defect also appears in half ripe, ripe, 
raisin, abnormal dry fruits, fallen fruit on the ground (Carvalho et al. 1970).

The fact that these grains are present in all fractions corresponding to different 
stages of fruit maturation indicates that, although classified as greenish film, these 
grains are of more complex origin and must involve different degrees of endosperm 
deterioration, caused by causes varied. They often appear in fruits classified as 
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abnormal dry coffee. These fruits have a matte black exocarp. This fact confirms the 
assumption that these fruits went from green to dry without reaching maturity 
(Silva 2005).

The production of specialty coffees basically involves the work of harvesting 
ripe cherries, however, the producer is not always able to perform only selective 
harvesting. Given that harvesting green coffee is a problem, as it causes damage to 
the type, roasting, quality of the drink and appearance, as a consequence, interferes 
with the value of the product.

There is still the problem of weight loss, because it has more moisture than the 
ripe fruit, will give less yield, because it will go more liter of coffee to give a bene-
fited bag; wear of the plant at the time of harvesting because it has to make greater 
effort in relation to the mature one, causing a great uprooting of leaves and branches, 
with bigger injuries to the coffee trees (Faganello and Santa Terezinha 2006).

4.3  Coffee Defect: Burnt Grain

In this defect, the grain or piece of grain that has a brown color (Fig. 8.4), in various 
shades, due to the action of fermentative processes (Brasil 2003). Burnt grains of 
brown or brown endosperm may originate from fallen fruit when the fermentation 
process begins with rotting processes. Fruits harvested by melting on the ground 
may favor the addition of fruits remaining from previous crops or that have fallen to 
the ground, providing an addition of burnt, black defects (Neto et al. 2013). There 
are indications that, although in a small percentage, this defect is also found in fruits 
still green, medium ripe, raisins and abnormal dry. In dry coffee in the plant, the 
amount of burned beans is considerably high (Silva 2005).

Fig. 8.4 Burned coffee bean. Source: Authors
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Another factor associated with this defect is that it has a dark brown color and a 
different smell, which is caused by the lack of movement of the coffee in the yard 
or when the freshly harvested coffee is left bagged overnight (Pereira et al. 2000).

This defect is found in all stages of maturation (green grain, medium ripe, ripe, 
raisin and dry). It appears most often in dry grains and those that were in contact 
with ground. It also occurs from fermentation in sun dried due to the high humidity 
when kept in a row for long periods without movement (Faganello and Santa 
Terezinha 2006).

4.4  Coffee Defect: Grain Water Damage

Coffee with a defective water damage grain (Fig. 8.5) of coffee is one with incomplete 
formation, presented with little mass and sometimes with a wrinkled surface. The ori-
gin of this defect is generally attributed to genetic, physiological and climatic factors.

One of the possible causes of intrinsic defects (burnt, black, shells, greens, bro-
cades, and water damage) is useful for cultural handling and crop physiology. 
Regions added to coffee cultivation by a perennial crop, such as adverse year-round 
weather conditions in the form of precipitation, temperature variation and relative 
air temperature, during flowering, fruiting and ripening stages, can cause uneven 
maturation (Monteiro et al. 2019).

This defect causes problems, especially during roasting, since the cuttle beans 
are less dense and therefore roast first. In some cases, it makes the roasting very 
uneven (Silva 2005).

Fig. 8.5 Defective coffee bean water damage. Source: Authors

L. L. Pereira et al.



381

It can also originate from poor nutrition, early defoliation due to incidence of 
pests and diseases, occurrence of climate problems (drought). This defect not only 
worsens the type, but also reduces the income (income) of the coffee. The water 
damage defect may be related to genetic problems as well (Faganello and Santa 
Terezinha 2006).

The water damage grains of the trade are nothing more than the inner part of a 
shell grain, which results from the simultaneous development of two or more eggs 
in the same ovary store. Grains considered water damage may correspond to rem-
nants of perisperm and not of true endosperm (Carvalho et al. 1970).

4.5  Coffee Defect: Brocade Grain

Brocade coffee (Fig. 8.6) is damaged by the coffee borer with one or more clean or 
dirty holes. The attack of coffee borer (Hypotenemus hampei), when severe, causes 
significant losses to coffee crop. Such damages compromise the integrity of the 
fruits and the quality of the drink. The presence of fungi is associated with the attack 
of drills, since the galleries formed by them inside the fruits act as a gateway to 
these microorganisms (Silva 2005).

The presence of insect fragments in coffee may be caused by the infestation of 
grains by various types of pests, such as coffee borer (Hypothenemus hampei), also 
belonging to the order Coleoptera, resulting in the presence of broccoli grains that 
become susceptible infestation by mycotoxigenic fungi such as Aspergillus spp. and 
Penicillium spp. (Silva et al. 2019).

Fig. 8.6 Coffee bean with drill attack. Source: Authors

8 Physical Classification and Sensory Coffee Analysis



382

Coffee that has this defect, with the grain composition damaged by the coffee 
borer, with one or more clean or dirty holes, is known as:

• Dirty brocade: grain or piece of grain damaged by the coffee bur that has black 
or bluish parts;

• Lace brocade: grain or piece of grain damaged by the coffee borer that has three 
or more holes and no black parts;

• Clean brocade: grain or piece of grain damaged by the coffee borer that has up to 
three holes and no black parts (Brasil 2003).

Losses of drink quality in the dry stages are linked to the physicochemical com-
position of the fruit and especially the presence of defects such as brocade, burnt 
and black grains (Monteiro et al. 2019).

4.6  Coffee Defect: Grain Shell

Coffee with shell-shaped grain defect (Fig. 8.7) results from the separation of imbri-
cate beans from the fertilization of two eggs in a single ovary store (Brasil 2003).

Fig. 8.7 Defective grain shell. Source: Authors

Usually this defect is attributed to the genetic origin of the plant, but may be 
accentuated by drought (drought). The defect is the result of the separation of the 
“head” grain, the shell and the shell kernel during the coffee benefit.

Some selections of cultivar Icatu present higher frequency of this defect 
(Faganello and Santa Terezinha 2006). The origin of this defect is also attributed to 
genetic, physiological and climatic factors. Also, like the water damage, the shells 
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roast faster than normal grains and, thus, may suffer excessive roasting, compromis-
ing the quality of the drink. Another factor that should be remembered is that when 
the shells separate, they suffer injuries that compromise the safety of these grains 
(Silva 2005).

4.7  Coffee Defect: Broken Grain

When the coffee fruits are very abruptly dried or at very high temperatures, the 
beans go through an irregular drought, which can generate tensions in the fruits, 
causing the coffee to break down when the coffee is cleaned (Fig. 8.8).

Fig. 8.8 Broken coffee bean. Source: Authors

In this case, this defect is a result of excessive drying of the coffee bean or also 
by quick drying and mechanical dryers with elevated temperatures (above 45 °C). 
This type of defect not only makes the type worse, but also increases the amount of 
choice (benefit residue) that has the lowest commercial value (Faganello and Santa 
Terezinha 2006). They are the grains broken during the beneficiation operation 
(Carvalho et al. 1970).

4.8  Coffee Defect: Natural and Sailor

It is the result of the poorly conducted benefit, that is, of unregulated machines, 
which did not peel or partially peel off (Carvalho et al. 1970). Natural (Fig. 8.9) is 
the grain that did not have the shell removed in the processing. Sailor: grain that, for 
the benefit, the parchment was not totally or partially removed (Brasil 2003).
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4.9  Coffee Defect: Barks, Stones and Sticks

Of the defects commonly taken into account in the classification of export types, 
some are easily recognizable and of extrinsic origin, such as stones, clods or sticks 
of varying dimensions (Fig. 8.10). Others, such as natural coffee, shells and sailor, 
are in fact imperfections of beneficiation (Carvalho et al. 1970).

Fig. 8.10 Extrinsic coffee defects, (a) impurities, (b) fruit machining and cleanliness problems. 
Source: Authors

Fig. 8.9 Physical defect of natural coffee on the left side and sailor (parchment), right side of the 
image. Source: Authors
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Peel is understood to be the fragment of the dried fruit peel of coffee, of various 
sizes, resulting from poor adjustment of the benefit machine, while the stick as a 
fragment of the coffee branch (Brasil 2003).

5  Classification for Quality Characteristics

To determine the quality of a product, we must analyze the various factors that indi-
cate its degree of acceptance established by the consumer market. When the con-
sumer chooses to purchase a particular product, one must consider several factors 
that correlate with the physical and sensory quality, generating safety and reliability 
in the final product to be consumed.

According to Decree N°. 27.173, of 14.9.1949, which approves the specifica-
tions and tables for the classification and supervision of coffee, in addition to deter-
mining the type and the standard for classification by description, the following 
specifications for the consumption of coffee are given:

Coffee—sieve—bean—aspect—color—type of drought—preparation—roast-
ing and drinking. These aspects make up the classification by quality characteristics 
of coffee.

5.1  Structure of Coffee Fruit and the Shape of the Broad Bean

Broad beans are the highlighted grains of fruits and classified according to shape 
and size as large, good, medium and small (broad bean). As for the shape of their 
beans, the coffees are called flat, mocha and triangular. This denomination is used 
to make the visual classification and to describe if there was selection of grains by 
sieves (sieves 15 above, sieves 17), or if the sample is presented without classifica-
tion, commonly called spout (Cortez 2001).

Flat coffee (Fig.  8.11) consists of beans from normally grown fruits, having 
proportional dimensions. Its length is always greater than its width; the dorsal part 
(above) of the grains is convex and its ventral part (below) is flat or slightly concave, 
with a central groove arranged longitudinally.

The mocha coffee (Fig. 8.11) comes from the non-fertilization of one of the fruit 
eggs that usually has two stores. Thus, only one grain develops, filling the void left 
by the other and taking the form known as the mocha. The grain called mocha is 
rounded, also longer than broad and finely tuned at the tips. There is also the central 
groove in the longitudinal direction.
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5.2  Sieves: Separation by Grain Size

Regarding their size or sieve, the beans are classified according to the size of the 
sieves of the official sieves that hold them. These sieves are designated by numbers, 
which divided by 64, give the indication of the size of the holes, expressed in frac-
tions. The measurements of their sieves are given in fractions of 1/64  in. 
(Table 8.3)—a number 13 sieve, equivalent to 13/64  in.—ranging from numbers 
8 to 20.

There are round sieves for measuring the flat coffees and those for elongated and 
triangular sieves. From a technical point of view, sieve separation is of paramount 
importance as it allows the selection of beans by size. This separation into groups 
makes a more uniform roasting possible.

Fig. 8.11 Coffee fruits—Green raw coffee bean flat (left from the image) and coffee mocha (right 
from the image). Source: Authors

In general, only their hybrids reach up to sieve 22. The order of placing (assem-
bling) the sieves for the separation of a “spout” coffee should normally follow the 
following standardization (Table 8.4).

Table 8.3 Coffee BC—1/64 inch sieves

Coffee—BC—1/64 in. Processed coffee without separation of sieves

Big flat Sieves 17 and larger
Medium flat Sieves 15 and 16
Small flat Sieves 12, 13 and 14
Big mocha Sieves 12 and 13
Medium mocha Sieves 10 and 11
Small mocha Sieves 8 and 9
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The Brazilian market tolerates a maximum leakage limit for each 10% sieve. 
Percentages above this limit become new screens. Milled is a flat coffee mocha 
alloy in the proportion above 10% flat mocha or vice versa.

6  Sensory Analysis of Coffee, Protocols and Procedures

After classification, separation of defects and sieves, the coffee must be roasted to 
perform sensory analysis. Currently being the only means of verification for final 
quality control regarding coffee drink.

Sensory analysis is an important step to validate the processes involved in the 
stages prior to beverage production. During the tasting process, the evaluator should 
analyze various aspects such as the fragrance, aroma of the drink, among others 
(Leme 2016).

From a compositional point of view, volatiles and nonvolatiles have a great influ-
ence on coffee taste perception and acceptance (Sunarharum et al. 2014) and may 
influence the sensorial perception of the evaluators.

Several productive and technological factors may interfere with the final quality 
of the coffee beverage. However, it is known that climatic conditions, processing 
methods, the type of roasting that is employed and, especially, the way coffee is 
tasted, can impact on different sensory perceptions existing between coffees 
(Sunarharum et al. 2014), that is, coffee quality is directly influenced.

For Feria-Morales (2002), the coffee producer considers that he obtained a good 
coffee crop when normal production levels are reached and were not affected by the 
climate. Normal production levels are considered coffees that meet the physical 
market with quality.

Even though coffee is the second most popular beverage in the world, Bhumiratana 
et al. (2011) describe that there is no global consensus among evaluators about what 
a really good cup of coffee really is. Thus, different forms of coffee processing and 
different beverage extraction methods are observed around the world, making the 
task of standardization of sensory analysis protocols almost impossible.

Table 8.4 Mounting and organization of sieves for official Brazilian classification—COB

Sieves Form Broad bean Sieves Form Broad bean

19/20 Flat Big 15 Flat Medium
13 Mocha Big 9 Mocha Small
18 Flat Big 14 Flat
12 Mocha Big 8 Mocha Small

13 Flat Small
17 Flat Big 12 Flat Small
11 Mocha Medium 11 Flat Small

10 Flat Small
16 Flat Medium 9 Flat Small
10 Mocha Medium
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Thus, it is the responsibility of sensory scientists to encourage companies to 
move forward, as the ability to objectively evaluate sensory quality is a key part of 
providing consumers with quality products (Feria-Morales 2002).

For di Donfrancesco et al. (2014), there is a high inconsistency between taster 
notes indicating that tasters use different terms to describe the main aroma and taste 
notes in coffee, leading to confusion about the taste of coffee.

Authors such as de Alcantara and Freitas-Sá (2018) describe that there are limita-
tions that deserve attention, since the necessary training time of the evaluators to 
define the methodology to be applied directly impacts the perceptions or sensations 
identified during the sensory analysis.

In addition, they also allow a better understanding of the perception of product 
sensory characteristics based on consumers’ vision and vocabulary. This way you 
can have a better understanding of how consumers make their choices and how 
much they appreciate the products (Meiselman 2013).

As an example, the Brazilian Specialty Coffee Association (BSCA) uses the Cup 
of Excellence (COE) methodology indicated by Howell in 1998, in which each 
taster assigns grades according to the intensity of the coffee characteristics. In this 
protocol, the number of cups placed on the table is also different, usually the coffees 
are analyzed in a mirror format, that is, two to two to analyze the consistency of the 
evaluator during the sensory analysis.

According to Lingle (2011), one of the most widely used methods for coffee 
sensory evaluation, which stands out in the main countries involved in the commer-
cialization of specialty coffees—given the consistency of the method in discriminat-
ing beverage quality—is the Specialty Coffee Association method (SCA), which is 
based on a quantitative descriptive sensory analysis of the drink. In this method, the 
coffees are evaluated with 5 cups arranged on the table, representing a batch 
of coffee.

The sensory analysis performed with this methodology are evaluated by tasters, 
called Q-Grader, duly trained and certified by the Coffee Quality Institute (CQI) 
based on the SCA protocols (SCA 2019).

Both protocols have similar evaluation parameters and at the same time limita-
tions that have already been discussed and proposed by measuring the consistency 
of the use of the SCA protocol with Q-Graders, and, more recently, the revisions 
regarding the limitations of the SCA protocol for intermediate coffees, as studies by 
Pereira et al. (2019).

According to Pereira et al. (2017) the SCA protocol is effective in the use and 
application of sensory analysis procedures, however, regarding the limit of sensory 
perception, i.e., the coffee cutoff score, (<80, 00 points), the tasters have some 
inconsistencies, which can be discussed about the lack of interest in the sensory 
analysis because the coffee is of low quality. In the authors’ study, it was shown that 
for coffees of grades above 82 points the accuracy level is high and when grades are 
reduced, errors stand out. Two aspects need to be discussed, the first is that coffees 
should be analyzed as mixed as possible and that the SCA protocol does not have 
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good descriptors to assist tasters in deciding on intermediate and low-quality cof-
fees (without cups defects).

Thus, mechanisms for standardization of processes and actions that allow greater 
accuracy in sensory evaluation are indispensable for the coffee to be evaluated 
effectively and assertively by anyone who evaluates.

6.1  Sensory Analysis History

For Lawless and Heymann (2010), the field of sensory evaluation grew rapidly in 
the second half of the twentieth century, along with the expansion of the processed 
food and consumer products industries.

According to Caul (1957), the expert taster was first employed in the wine indus-
tries, following in the tea and coffee industries. This agent can be considered as the 
initial step in the development of the analytical field of taste testing as it judges the 
particular product with a scale of standards empirically calibrated according to the 
preferences of its tasters, mentally considering the individual characteristics. of 
product. This includes not only aroma and taste, but color, appearance and texture 
of all the attributes of a product.

For the food industry, sensory assessment was a natural extension of each com-
pany’s desire to achieve the highest product quality and thus to gain a dominant role 
in the market (Side et al. 1993).

There are numerous sources of variation in human responses that cannot be com-
pletely controlled in a sensory test. Examples include participants’ mood and moti-
vation, as well as their innate physiological sensitivity to sensory stimulation and 
their past history and familiarity with similar products (Lawless and Heymann 2010).

Sensory evaluation, in this perspective, is a quantitative science in which numeri-
cal data is collected to establish legal and specific relationships between product 
characteristics and human perception.

Sensory methods rely heavily on behavioral research techniques, observation 
and quantification of human responses (Lawless and Heymann 2010).

From a statistical point of view, sensory evaluation is a scientific method in 
which experimental results are collected from a set of sampled tasters who express 
preferences and reactions regarding food and beverage characteristics (Iannario 
et al. 2012).

Sensory evaluation includes a set of techniques that aim to accurately measure 
human responses to food, minimizing potential effects such as branding and other 
information that may influence consumer perception (Lawless and Heymann 2010). 
Thus, indicating a process full of complexity given the interaction between human 
preferences, subjectivity and other variables that are not always fully controlled in 
the study environments and the use of techniques.
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6.2  Brazilian Official Classification Method (COB)

The cup tasting appeared in Brazil at the beginning of the twentieth century and was 
adopted by the Santos Coffee and Goods Exchange from 1917, shortly after its 
installation in 1914. This evaluation is made by the tasters mainly due to the senses 
of taste, smell and touch (Teixeira 1999).

Among the various classifications of coffee, (type, color, size, appearance and 
quality) as a beverage is classified based on the taste detected in the so-called “cup 
tasting” made by trained tasters (Malta 2011; Teixeira 1999).

This process is complex work that requires a lot of training and knowledge to 
differentiate the flavors of different coffees (Malta 2011). It should also be consid-
ered that in the appreciation of the drink it is possible, according to Monteiro (2002) 
the occurrence of strange flavors, such as: taste of earth, mold, sour, “rainy,”1 vine-
gar, fermented, smoky and others.

The sensory evaluation of the COB method (Fig. 8.12) is performed from a cof-
fee sample consisting of 150 g of beans that are roasted with medium to light roast-
ing, then the beans are ground to medium/coarse particle size, 15 mesh. Then 10 g 
of this roasted and ground sample are brought to the test table in ceramic or glass 
pots, to which 100  mL of filtered water is added at a temperature of 90  °C 
(Paiva 2005).

1 Rain coffee: At the end of the harvest, fruits are detached from the coffee tree and have a pro-
longed period of contact with the soil, producing fruits with appearance defects, an unrepresent-
able aspect. and taste strange to the taste, causing in low quality coffees in regions of high relative 
humidity.

Fig. 8.12 Coffee tasting table for sensory analysis. Source: Authors
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Through the cup test, the sample is classified according to the Ministry of 
Agriculture, Livestock and Supply (MAPA) regulations, which establishes the fol-
lowing parameters for the sensory evaluation of coffee Tables 8.5 and 8.6:

Depending on the profession, the coffee taster who uses the COB protocol should 
be aware of the variations of attributes that can form and emerge in the coffee at the 
time of sensory evaluation. This is a highly subjective protocol that takes into 
account the learning curve in terms of assimilation for applicability in quality con-
trol. Despite the advances observed in the sensory field in recent decades, this 
protocol is widely used in Brazil for the first routine quality control of companies 
that buy and benefit coffee.

Table 8.5 Coffee classification by COB methodology

Strictly soft 
drink

The one that meets all the most pronounced “soft” aroma and taste 
requirements

Soft drink The one that has aroma and flavor, pleasant, mild and sweet;
Soft drink only One that has a slightly sweet and mild flavor but no astringency or roughness 

in taste;
Hard drink One that has an acrid, astringent and rough taste, but no strange taste;
Riado drink One that has a mild taste typical of iodoform;
Rio drink: The one with a typical iodoform flavor;
Rio zone drink One that has a very sharp aroma and taste, similar to iodoform or phenic acid;

Source: Brasil (2003)

Table 8.6 Drink quality as a function of sensory characteristics

Sensory characteristics Sensory quality level

Coffee powder fragrance Weak to excellent Unwanted
Drink aroma Weak to excellent Unwanted
Acidity Low to high Excessive
Bitterness Weak to intense Excessive to nasty
Astringency None to strong Excessive
Flavor Regular to excellent Unwanted
Residual flavor Regular to excellent Unwanted
Grain influence
Defective

None to medium interference Strong interference

Body Little full-bodied Very weak
Beverage Quality Rio zone to strictly soft Not applicable
Overall drink quality Regular and excellent Terrible to bad
Overall drink quality note 4 or more points Less than 4 points
Type Unique pattern Out of type

Source: Adapted from Brasil (2010)
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6.3  Evolution of Sensory Analysis for Coffee 
with the COB Protocol

According to Normative Instruction N°. 8 of June 11, 2003 (Brasil 2003), coffee 
drink can be classified by tasting samples by tasters, which fit them into classes, 
being (1) superior (strictly soft), soft, and just soft), (2) intermediate (hard drink) 
and (3) lower (blended drink, rio or rio zone).

In an auxiliary way, one has to help in the sensorial analysis process a sequential 
scale between the unwanted attribute, until the excellent attribute, to help the coffee 
taster moment of the analysis.

In general, the coffee taster using the COB protocol for daily application should 
be fully aware of the possible sensory variations that may occur during harvesting 
for processing (Fig. 8.13). It should be able to clearly assimilate the small sensory 
variations that make up a coffee sample and above all, high sensitivity for blending 
formulation, generating greater applicability for coffee.

Fig. 8.13 COB evaluation protocol. Source: Adapted from Brasil (2010)
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As already discussed, this step is important in the commercial aspect, because 
from it, the quality of the coffee is determined, which also defines the price and its 
acceptance in the market, thus indicating a methodology directed to a broader market.

In this case, the use of protocols for coffee sensory analysis is necessary to main-
tain consistency in the commercial evaluation process. Consistently, sample acqui-
sition, preparation procedure, presentation and evaluation are standardized so that 
researchers can reproduce results for the lexicon on the panel.

The definition for each term or the evaluation process usually contains instruc-
tions for the precise way that panelists evaluate (Lawless and Civille 2013). 
Therefore, sensory analysis methodologies are important to complement traditional 
tasting techniques and provide knowledge about the characteristics of coffee, show-
ing what the consumer feels when drinking the beverage (Paiva 2010).

According to Illy (2002), the taster needs to have olfactory and tasting sensitivity 
to differentiate special nuances, formed in the coffee beverage, accurately identify-
ing its quality. Although presented as a subjective evaluation, sensory analysis is 
still the most used method of determination in the qualitative characterization pro-
cess of coffee.

The main sensory attributes analyzed are the aroma, acidity, bitterness, body, 
taste, sweetness and overall impression of the drink. Thus, the sensory quality of 
coffee is defined by measuring the intensity and balance between the attributes 
(Borém 2008).

Thus, we have the COB methodology as one of the first coffee sensory evaluation 
tools used in Brazil, followed by the most used evaluation protocols in quality com-
petitions, tasting rooms or laboratories for the evaluation of specialty coffees.

6.4  Specialty Coffee Association Protocol—SCA

The Specialty Coffee Association SCA (2018) protocol is based on the “Cup of 
Excellence” (COE) methodology indicated by Howell in 1998, in which each taster 
elects grades 6 to 10 for sensory attributes: fragrance and aroma, taste, aftertaste, 
acidity, body, uniformity, balance, clean cup, sweetness and overall impression, 
according to their intensities in the sample.

This protocol is internationally recognized in the specialty coffee market. 
Therefore, coffees that, by sensory evaluation according to the SCA protocol (2018), 
have a final grade equal to or higher than 80 points are considered special.

Sensory analyzes, carried out in the light of this methodology, are performed by 
tasters, called Q-Grader, duly trained and certified by the Coffee Quality Institute 
(CQI), according to SCAA protocols. Periodically, these professionals undergo 
calibrations and improve their sensory skills, especially olfactory and taste 
(SCAA 2018).

In addition to the Specialty Coffee Association protocol, coffee tasters have a 
version of the coffee flavor and flavor wheel in hand to assist them in the coffee 
description process. This lexicon allows a greater interaction between the coffee 
sample and the taster, thus allowing the expansion of sensory vocabulary.
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This wheel presents the main aromas and flavors found in coffee based on a glos-
sary of scientific-sensory terms. Thus, the flavors are divided into three groups: 
those of an enzymatic nature, which are the most volatile notes, those resulting from 
caramelization of sugars and those of a pyrolytic nature or resulting from dry distil-
lation, which are less volatile, which can be found in coffee (SCAA 2018).

Complementarily, this protocol is widely used in special coffee sensory analysis 
laboratories, in contests, fairs and is easily found on the Internet for use, constitut-
ing one of the most widespread protocols for the classification of specialty coffees.

6.5  Application and Use of the Cup of Excellence 
(COE) Protocol

This methodology was enhanced with the collaboration of Brazilian producers and 
researchers until it resulted in the evidence sheet that is used by several tasters in the 
international quality competition, known as COE. In the protocol, tasters describe 
the scores for each sample on a 0 to 8 points scale (BSCA 2018).

The protocol is specific for coffee tasting and contains a starting and fixed grade 
of 36 points, which are added to the grades of each attribute evaluated by the taster 
to obtain the final grade.

If the coffee gets a grade of 8, in all attributes it has a final grade of 100 points. 
In addition, the file has space for descriptive analysis of the aromas and peculiar 
flavors found in coffees that can differentiate them. Samples are considered as spe-
cial coffees when they reach a grade equal to or higher than 80 points (Paiva 2010). 
The protocol used in the international competition of the Cup of Excellence.

7  Sensorial Analysis Technic

The first method for a panel of trained judges was Flavor Profile R, a method devel-
oped by the Arthur D. Little Advisory Group in the late 1940s (Caul 1957).

The formulation of the method involved extensive training of panel members that 
allowed them to characterize all grades of a food and the intensities of those grades 
using a simple category scale and noting their order of appearance.

This protocol superseded the reliance on expert judges (brewers, coffee provid-
ers, and others) with a panel of individuals, on the understanding that a panel’s 
consensus would probably be more reliable and accurate than single-person judg-
ment (Lawless and Heymann 2010).

For de Alcantara (2017), there are limitations that deserve attention, such as the 
time required to train evaluators, the definition of reference materials that can trans-
late perceptions or sensations and the limited scope of vocabulary which may not be 
sufficient to define the quality sensory food.
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Considering the economic aspect and the time taken for training of the evaluation 
team, new studies have presented more versatile methods to meet the needs of the 
food industry.

Recent studies such as those by Bruzzone et al. (2012), Dehlholm et al. (2012), 
Cadena et al. (2013), Fleming et al. (2015), Lazo et al. (2016), Vidal et al. (2016), 
relate sensory profiling techniques applied to consumers with the classic descrip-
tive analysis, known as Check-all-that-apply—CATA (Ares et al. 2010) and the 
flash profiling technique (Dairou and Sieffermann 2002), followed by Quantitative 
Descriptive Analysis (ADQ®) (Stone et  al. 1974) and Temporal Dominance of 
Sensations (TDS) (Pineau et al. 2009), which assess the ability to evaluate sen-
sory characteristics of foods for both trained and non-trained tasters trained to 
measure their performance by applying their methodologies.

7.1  Temporal Mastery of Sensory Sensations

Temporal dominance of sensations (TDS) has been developed to study which among 
a number (typically no more than 8–10) attributes is perceived as dominant at dif-
ferent times during or after the mastication period (Meyners 2016).

According to Lee and Pangborn (1986), the evolution of sensations in sensory 
analysis of food products is increasingly studied. To obtain this temporal informa-
tion, the most frequently used method is the time intensity (TI), which consists in 
recording the evolution of the intensity of a given sensory attribute over time. 
Temporal dominance of sensations (TDS) methodology is a fast and effective 
method to assist the product descriptive profile (Bemfeito et al. 2016).

However, “conscious perception of taste” is like a unified hedonic sensory expe-
rience, it can be seen as the result of perhaps more complex integration of multisen-
sory and affective signaling by the brain (Okamoto and Dan 2013).

In studies such as Labbe et  al. (2009), Pineau et  al. (2009), Meyners (2011), 
Dinnella et  al. (2013), Di Monaco et  al. (2014), Galmarini et  al.(2017), Simioni 
et al. (2018) the authors describe that the TDS technique can provide more informa-
tion than that obtained by regular profiling methods. In addition, it has been shown 
that the profile (TDS) provides a better understanding of texture, flavor perception 
and flavor compared to other tests leading to consistency in the described 
characteristics.

Thus, conventional descriptive sensory techniques, such as the Sensory Profile, 
require judges to calculate the average time of their perceived sensations by per-
forming only point assessments, thus providing an overall impression of the attri-
bute, maximum intensity, or average intensity rather than how long a sensation is 
persists (Cliff and Heymann 1993).
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7.2  Flash Profile

The Flash Profile methodology emerged from a modification proposed by Dairou 
and Sieffermann (2002) who suggested a Free Profile modification, called Flash 
Profile, in which the taster creates his vocabulary to describe and then order com-
parative products while obtaining the description in a few sessions. Assessors are 
asked to list the sensory characteristics that best describe the differences between 
the samples and then rank all the samples for each of their individual attribute lists 
(Liu et al. 2016). This method has been found to be a suitable discriminative method 
in dairy products (Lorido et al. 2018).

Flash Profile (FP) or Free Choice Profiling—(FCP) was developed as an original 
combination of free-choice term selection, with a classification method based on the 
simultaneous presentation of the entire product set.

Studies have employed this method using more experienced teams to perform 
the test, as described in some papers, Lassoued et al. (2008), Moussaoui and Varela 
(2010), Terhaag and Benassi (2010), Kobayashi and Benassi (2012), Gkatzionis 
et  al. (2013), Lorido et  al. (2018); highlighting the work done by Terhaag and 
Benassi (2010); in food, which investigated the sensory characterization of five 
commercial soybean drinks by the FP descriptive technique.

According to the results, the FP technique was efficient in the discrimination and 
characterization of the drinks, showing an interesting alternative compared to the 
conventional descriptive methods.

7.3  Check All That Apply—CATA

The Check-All-That-Apply (CATA) methodology is the most widely used tech-
nique for collecting information on consumer perceptions of product sensory 
characteristics.

The CATA question format allows consumers to choose all possible attributes to 
describe the product from a list presented (de Alcantara and Freitas-Sá 2018).

Many authors have used the CATA methodology as a simple alternative to obtain 
consumer perception of a given product, Dooley et al. (2010), Alcaire et al. (2015), 
Ares et al. (2015), Jaeger et al. (2015). The authors cited above report that some of 
the terms influence the choice of consumer response and that reviewers tend to use 
the attributes that are closest to the top of the list proposed by panelists during the 
first review to describe during the evaluation of the proposed product. Thus, the 
analysis does not go deeper into more complex terms.

The CATA question format allows consumers to choose all potential attributes 
from the lists provided to describe the test products. This is different from scaling in 
that no intensity is given to attributes. In addition, descriptors are not restricted to 
product sensory attributes, but may also be related to product use.
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This type of methodology has the advantage of collecting information about per-
ceived product attributes without requiring scale, allowing a slightly less artificial 
description of the main sensory properties of the product tested (depending on how 
terms are created) (Dooley et al. 2010).

According to Alcantara (2017), CATA methodology is described as efficient for 
describing and discriminating products, its main advantages being the simplicity 
and speed with which the analyzes are performed. Studies comparing their effi-
ciency in relation to the use of trained evaluators report high correlations detected 
between evaluations, showing that consumers are able to evaluate sensory attributes 
in a similar way (Bruzzone et al. 2012; Ares et al. 2010).

7.4  Quantitative Descriptive Analysis (ADQ)

The method of quantitative descriptive analysis is based on the principle of a panel-
ist’s ability to reliably verbalize product perceptions. The method encompasses a 
formal screening process and development of training procedures and use of sen-
sory language and the scoring of product trials to obtain a complete quantitative 
description (Hootman 1992).

This method is a highly detailed and valid method of assessment and is com-
monly used to profile products’ sensory attributes to assist in product re-search and 
development within the strawberry industry (Braghieri et  al. 2016; Oliver et  al. 
2018). Although QDA can give insights into a higher number of attributes, percep-
tion is a dynamic process, involving oral activities affecting flavor and texture attri-
butes (Braghieri et al. 2016).

The studies performed by the authors Moussaoui and Varela (2010), Lawless and 
Heymann (2010), Albert et al. (2011), Kobayashi and Benassi (2012) describe how 
ADQ has been used in the consumer-trained food industry and compared it with 
other techniques for improving descriptions by evaluators. They also discuss how 
ADQ® has been used in the food industry as an ideal methodology for product sta-
bility assessment and quality control (Dairou and Sieffermann 2002).

According to de Alcantara and Freitas-Sá (2018), this methodology involves 
three fundamental steps: I—the survey of attributes and familiarization of the evalu-
ators with the products; II—the definition, by consensus with the evaluation team, 
of the descriptive terms and the establishment of references that will serve as inten-
sity standards (minimum and maximum) for each attribute, and III—the evaluation 
of the samples, normally using an unstructured scale. 9 cm to quantify the intensity 
of sensory attributes.

For the evaluation of specialty coffees, descriptive methods of sensory analysis 
have been adopted by which tasters give grades to each attribute of the beverage. 
Thus, the Quantitative Descriptive Analysis—ADQ describes and quantifies the 
sensory attributes of a product, as well as measuring the intensity at which they are 
perceived by tasters. In this case, the description of sensory characteristics with 
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mathematical precision is allowed (Lingle 2001). However, few studies apply these 
techniques to quality control of specialty coffees.

It is desirable that tasters are familiar with the sensory characteristics of the prod-
uct as they will be more resourceful during evaluations. It also facilitates the accu-
racy and detail of sensory perceptions. However, a taster who is familiar with the 
sensory characteristics of a product is not necessarily an expert, as he is not suitable 
to participate in the panel (Chaves and Sproesser 1996).

The ADQ method basically has the following steps: taster recruitment and pre- 
selection, attribute survey, training, preliminary testing, selection, ADQ test proce-
dure, tabulation and analysis of results (Maretto 2016).

Regardless of the technique associated with sensory analysis, coffee has to be 
classified to know the real attributes of the beverage, several techniques and proce-
dures are developed to improve understanding of the accuracy and validity of sen-
sory testing. Thus, it is understood as a key task in the coffee industry to study the 
sensory procedures that use such techniques associated with coffee drink.

8  Preparation of Sensory Profiles for Special Coffee

In recent years, scientific studies have demonstrated the potential of modifying the 
sensory profile of coffee through process control with the application of fermenta-
tion techniques, a topic that has already been discussed in this book in Chap. 4 
(Biochemical Aspects of Coffee Fermentation) and in Chap. 6 (Relationship 
Between Coffee Processing and Fermentation), however, several authors indicate 
new horizons for the construction and elaboration of sensorial profiles of specialty 
coffees.

In this scope, we highlight the works of Evangelista et  al. (2014), where the 
authors it is possible to use selected yeasts for the fermentation of natural or dry 
coffee processing. The inoculated yeasts persisted during the entire fermentation 
and increased in a beverage with a distinctive flavor (caramel and fruity) and good 
sensory quality.

In other hand, the starter culture in coffee fermentation during wet processing, 
with the ability to dominate this process. Its metabolic activity during the fermenta-
tion process was shown to influence the final volatile fraction of roasted beans. 
Coffee beverages with distinctive flavor and high sensory quality were produced 
from inoculated beans and can be used to acquire different coffee market segments. 
These results suggest that yeasts have a greater impact on the chemical qualities of 
coffee than previously assumed in the literature (Pereira et al. 2014).

However, according to Pereira et  al. (2020), for higher altitudes, spontaneous 
water-washed fermentations or spontaneous semi-dry fermentations were shown to 
be more promising. The use of yeast culture Saccharomyces cerevisiae resulted in 
an improvement in coffee quality in the two studied groups with lower altitude, 
indicating potential for quality improvement through induced fermentation.
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Thus, it is necessary to understand that the fermentation strategy for sensory 
profiling should be very well understood by the end users, i.e. the specialty coffee 
producers.

According to Pereira et al. (2019), based on the different types of processing and 
forms of use of the fermentations, it was possible to create sensorial routes for the 
Robusta coffee and to create a possibility of deepening the effects of the induced 
and spontaneous fermentation due to the different fermentation times, demonstrat-
ing new perspectives for the creation of sensory routes of Robusta coffee.

Terroir characteristics must be respected, indicating that technological insertions 
should be made when the producer has a demand market for this product. Or, that 
the producer has full knowledge of the edaphoclimatic factors that make up the cof-
fee production zone, as pointed out by Pereira et al. (2018), for the author, the over-
all quality of the coffees presented the most promising results for wet processing 
through water fermentation in relation to the non-fermentation method (Semidry) 
for the experiment located in the South-Southeast region. The lower incidence of 
solar radiation in the crop had a significant effect on the overall quality of the 
Arabica coffee, associated with wet processing and water fermentation (Washed). 
These results demonstrate and reinforce the condition of the environment; that is, 
the incidence of solar radiation can lead to changes in internal metabolites, creating 
a stress condition, and consequently different conditions for the development of 
microorganisms.

Seemingly simple, the fermentation process involves complex biochemical inter-
actions, which are not always clearly exemplified to producers who make use of the 
technology.

Many sensory results eventually oscillate, generating extremely exotic coffees, 
with floral, citrus and intense acidity notes, and in other cases, have denser notes of 
cereals, herbs and chocolate, all due to the spontaneity condition of the fermentation 
process.

There are still methods that use fermentation, according to some authors, these 
can provide improvements in the sensory quality of coffee depending on how they 
are conducted.

The fermentation process can be developed in two forms: aerobic fermentation 
(called water or dry fermentation) and anaerobic fermentation (water-immersed and 
oxygen-restricted fermentation).

The ultimate goal is to allow the removal of parchment grain mucilage without 
undesirable fermentations (e.g., butyric and propionic fermentations) (Chalfoun and 
Fernandes 2013).

Solid state fermentation plays a prominent role because, due to microbial growth, 
the synthesis of several compounds occurs, many of which are of great interest to 
the industrial segment, in addition to the high added value.

In this technique, different types of microorganisms, such as bacteria, yeast and 
filamentous fungi can grow, biotransforming them into products desired by various 
industries for pharmacological, food and other applications.

At the beginning of coffee fermentation, sugars such as glucose, sucrose and 
fructose may be used, thereby decreasing the availability of sugars and other 
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microorganisms (Silva et  al. 2008). Silva et  al. (2013), De Melo Pereira 
et  al.  (2014),  Pereira et  al. (2019) used Saccharomyces cerevisiae strains and 
observed quality improvements for arabica and robusta coffee in the wet fermenta-
tion phase with starter microorganism inoculation.

Thus, it is known that coffee fermentation occurs to solubilize polysaccharides 
that are present in the coffee pulp, consequently, during fermentation, microorgan-
isms will act on the degradation of sugars present in the pulp, creating different 
metabolic pathways and sensory patterns.

These catabolic processes of oxidation of organic substances, especially sugars, 
which are transformed into energy and simpler compounds such as ethanol, acetic 
acid, lactic acid and butyric acid, are caused by bacteria and yeast, resulting in fer-
mentation dependent on the set of bacteria and yeast present during these process-
ing phases (Quintero et al. 2015).

In addition to bacteria, fungi and yeast, more recently, endophytic microbiota, 
present in coffee fruits, has received considerable attention regarding its diversity 
and potential contribution to positive attributes related to coffee quality (Malta 
et al. 2013).

This interpretation corroborates the conclusions of Bruyn et al. (2016), since, for 
the authors, further studies should be undertaken, allowing for a better understand-
ing of the impact of microbiota on coffee cup quality in order to provide robust data 
for the development of early commercial crops.

9  General Considerations About Sensory Profile

Processing order relationships, soil and climatic conditions, microbial interactions 
between soil, plant and fruit, associated with the technical parameters of posthar-
vest, processing, fermentation, drying and industrialization, are critical points in the 
production of specialty coffees.

It is evident that the condition of interaction of coffee microorganisms in the 
course of production needs to be better understood in order to understand the actual 
interconnected conditioners in the course of production, harvesting, processing, fer-
mentation, drying, storage, roasting and sensory analysis.

Scientific studies that are capable of understanding such phenomena are of para-
mount importance, so that growers can have consistent processes in place to improve 
coffee quality.

Fermentation in arabica and robusta coffee is a constant search for improvement 
regarding processes that lead to drink quality, aiming at process improvement, 
always aiming at food safety and the development of processing routines that guar-
antee drink quality, to meet increasingly demanding and selective markets. Thus 
enabling opportunities for coffee growing in Brazil.
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Chapter 9
Trends in Specialty Coffee

Natalia Li and Yoshiharu Sakamoto

1  Speciality Coffee in China

Natalia Li

1.1  General Introduction

Mingting Li (Natalia), founder of Ingenuity Coffee (Guangzhou Yona Import And 
Export Co., Limited), has four years of working experience in the Coffee Industry. As 
a Q-Grader, Natalia has also been invited as an international judge of COE (Cup of 
Excellence) in Brazil. Ingenuity Coffee is dedicated to seeking for green Specialty 
Coffee beans globally. Currently, it imports and sells green beans from Brazil, Ethiopia 
and Colombia, and is committed to promoting Brazilian Specialty Coffee in China.

When talking about China, a place with a long history of tea culture, it doesn’t 
seem to have much correlation with the word “coffee.” But nowadays, coffee pro-
ducing countries from all over the world are starting to focus their attention on the 
world’s most populous country, with the population of 1.3 billion. In such a country 
with the history of more than 5000 years, the coffee market is boosting at double- 
digit rates, which has thrilled all the baristas in China.

Four years ago, in Guangzhou, a city located in the south part of China, Pour Over 
Speciality Coffee shops are less than double digits. While four years later, the names 
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are already unfamiliar to me most often, when my team’s members mention several 
coffee shops. In the past four years, tremendous Speciality Coffee shops have sprung 
up, and many of them will do the roasting in their own shops. A lot of my friends have 
also set up their own roasting studios or run coffee teaching courses. Additionally, 
abundant shops start to offer Pour Over coffee and various names of the regions have 
appeared on the menu such as Indonesia Mandheling, Ethiopia Yirgacheffe, etc.

Figure 9.1 is about a home-roasted Speciality Coffee shop that has been opened 
for six years. There are various stacks of sacks filled with green coffee bean. Lying 
in this prosperous and noisy city, the shop, however, is concealed itself in a quite 
block. It is that kind of Japanese-style block, with western-style buildings and 
emerald- green vines crawling with the wall. Sitting at the log bar, I’m sipping the 
natural processed coffee from Guatemala’s Blueberry Manor in a delicate cup and 
dish. The clear memory that I first visited this shop four years ago just comes to my 
mind. All these year, I appreciate a lot for joining in the tide of Chinese coffee at that 
time. I remember chatting with a roastery owner in Shanghai who said that there 
was no Speciality Coffee in China a decade ago and few people preferred to drink 
coffee. He noted that those who purchased for a dozen pounds of beans was treated 
as an important client at that time. And they would take the subway to deliver the 
goods to the clients. For different types of coffee bean and various regions, there 
were very little choices. Only few people have heard about Ethiopia Yirgacheffe at 
that time, not to mention Pour Over coffee.
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Fig. 9.1 Home-roasted Speciality Coffee shop. Source: Authors

1.2  The Story of China and Coffee

According to the data from International Coffee Organization, coffee consumption 
in developed countries and regions, represented by the European Union, the United 
States and Japan, grew slowly or stagnated between 2013 and 2017, while in devel-
oped countries, such as Switzerland and Norway, witnessed a declined; on the con-
trary, imports of Chinese coffee have experienced an exponential growth since 
2000, especially from 71 thousands tons to 129 thousands tons, an increase of 82% 
between 2015 and 2017 (Cai, 2019).

According to the report of Frost & Sullivan, in 2018, each of the first and second- 
tier city has a per-capital freshly brewed coffee consumption of 3.8 cups, which is 
2.5 times the per-capital consumption of China (1.6 cups). Driven by urbanization 
and accelerated social rhythm, the per capital consumption of freshly brewed coffee 
in China’s first and second-tier cities will add up to 11.0 cups by 2023. However, it 
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is still far below the level of Europe, the United States and Japan as well as South 
Korea. Therefore, with the pursuit of improving quality of life, there are great incre-
mental opportunities in the coffee market. Especially from 2013 to 2017, the market 
size of coffee shops in China has almost doubled, with a compound annual growth 
rate of 18%. It is estimated that the market size is expected to reach 7.5 billion dol-
lars by 2020. So, a large country with a population of 1.3 billion, China is regarded 
as one of the most promising coffee markets in the future.

As an imported product, coffee was first popular along the coastal areas, and 
Taiwan, an island in the south of China, was the place where Chinese coffee origi-
nated. According to the written records, Chinese coffee was first cultivated in 
Taiwan province in 1884.

However, coffee was introduced into mainland China in 1892, when it was first 
planted in Zhukula Village, Dali, Yunnan province by Tian Deneng, a French mis-
sionary, according to relevant written records.

In 1952, more than 70  kg of coffee cherry were brought back to Lujiangba, 
Baoshan City for trail planting, by the scientific and technological personnel of 
Mangshi Agricultural Experimental Site in Yunnan province. It was found that the 
adaptability was good as well as with high quality. And thus it continued to develop 
and expand. Even so, in the next hundred years, coffee was only cultivated in a 
small volume in the vast territory of China. It was not until 1988 when Nestlé set up 
a joint venture company in China in order to support the development of the local 
Coffee Industry in Yunnan by launching coffee planting projects, that Yunnan Coffee 
rose again. Since 1992, Nestlé has set up the Coffee Agriculture Department, which 
specializes in guiding and studying the improvement and cultivation of Yunnan 
Coffee, as well as to purchase coffee at the price of the spot market in the United 
States. Up to now, not only coffee giants such as Nestlé, Maxwell House Coffee, 
Kraft and Starbucks are engaged in coffee business in Yunnan, but local coffee 
enterprises are also developing gradually. Nowadays, Yunnan enjoys a good reputa-
tion of tea and coffee, accounting for about 95% of China’s coffee production. Its 
coffee planting area has reached 789,000  mu, the output of coffee beans is 
58,600 tons, with the total output value of 2.469 billion yuan.

In 2012, Starbucks established its first Asia Farmer Support Center in Pu’er 
Yunan, China. The rapid development of Yunnan Coffee in recent years is closely 
related with Starbucks’ investment in China. When the Starbucks Yunnan Farmer 
Support Center was completed, a series of complex certification requirements and 
systems initially deterred many gardeners and coffee farmers. Starbucks requires 
not only good coffee quality but also friendly production environment and employ-
ment environment. Apart from that, Starbucks also stresses the significant of meet-
ing the standard of environmental protection, with strict use of agrochemical. 
Besides, every amount of money in and out of the need are requested to have vouch-
ers. Although Starbucks has strict criteria for coffee procurement, once selected, 
these high-quality and precious good coffee beans and its farmers will reap a good 
price higher than the average market price, which is the “High Quality and High 
Price” procurement principle, first promoted by Starbucks. As a result, Pu ‘er coffee 
farmers gradually abandoned their past method of processing all the coffee beans in 
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the same way, but began to grade coffee beans and select out superior one. Thanks 
for the promotion of the principle of “High Quality and High Price,” many planta-
tion owners and coffee farmers’ incomes have gradually increased a lot (Yu, 2019).

Figure 9.2 depicts the coffee beans that are transported to Starbucks Coffee 
Planting Center.

Fig. 9.2 Coffee beans that are transported to Starbucks Coffee Planting Center. Source: Authors

The west and south part of Yunnan province are located at the latitude between 
15 °N and the tropic of cancer with the majority of the region in 1000–2000 m above 
sea level. Most of the areas are mountainous, sloping, and undulating, with fertile 
soil, sufficient sunshine, and rich rainfall, as well as big temperature disparity 
between day and night. All these unique natural conditions contribute to form the 
exoticism of Yunnan Arabica coffee taste, strong but not bitter, sweet and bland, and 
with slightly fruity.

Coffee cultivation in Yunnan is mainly distributed in Lincang, Baoshan, Pu’er 
and Dehong, where there are natural resources with low latitude, high altitude and 
large temperature difference between day and night, promoting Yunnan a golden 
planting area for producing Arabica (small grain) coffee in high quality.

Pu’er coffee has a history of one hundred years. It started to cultivate at the end 
of the nineteenth century and developed in industrialization in 1988. At present, the 
total area of coffee cultivation in the city is 767,000 mu. And Pu’er is known as “the 
coffee capital of China.” In addition to becoming the main producer of coffee in 
China, Pu’er coffee is also exported to more than 30 countries and regions, such as 
America, Europe, Asia and so on.
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The harvest time of Yunnan coffee is from October to December in each year. In 
Yunnan, the main coffee processing method is fermentation with water (Washed 
Process). However, with the development of Specialty Coffee in the consumer mar-
ket in recent years, more and more Speciality Coffee shops, coffee bean roastery, 
and cafe chain brands come into view. Speciality Green Bean Chamber of Commerce 
will pay a visit to Yunnan Region and communicate directly with the plantation 
owners about the products needed in the market. Therefore, Yunnan Region has 
derived plenty of new treatment for processing such as Honey Process, Natural 
Process and Anaerobic fermentation which is popular in 2019, and so on. The level 
of coffee bean treatments and conditions in Yunnan are also improving day by day, 
such as stainless-steel sunbed, white ceramic tile processing tank and so on.

In 1991, Nestlé introduced Catimor (with stronger antiviral ability and higher 
yield), a variety of Arabica species (also known as small grain species), which was 
the hybrid of Timor and Caturra, thus Catimor shares the characteristic of high yield 
and dwarf plant which belongs to Caturra and the characteristic of strong antiviral 
ability that derive from Timor. Later, after being improved and hybrid, Nestlé dis-
placed Catimor with CIFC7963 which is now widely planted in Yunnan. Today, the 
sales of green coffee beans in Yunnan are still dominated by the export of instant 
coffee. However, in recent years, we have been informed that a high-quality stan-
dard of Speciality Coffee from Yunnan can also be seen on the menu of Pour Over 
Single Estate in many independent coffee shops in China. Furthermore, the local 
government is also vigorously promoting the development of Yunnan Speciality 
Coffee, establishing Yunnan International Coffee Exchange and China Coffee 
League. And the Yunnan Coffee Cup China Brewers Championship has been held 
for five years by 2019. The organizers are Yunnan Agricultural Department, Pu’er 
Municipal Committee of the Communist Party of China, Pu’er Government 
Department, CQI (Coffee Quality Institute), Pu’er Coffee Association, Yunnan 
International Coffee Exchange. Apart from that, Best of Yunnan Green Coffee 
Competition has also been held for 7 years by 2019.

Figures 9.3 and 9.4 depicts the best of Yunnan Green Coffee Competition held 
in 2019.
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Fig. 9.3 Yunnan green coffee competition opening held in 2019. Source: Authors

Fig. 9.4 Yunnan green coffee competition held in 2019. Source: Authors
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These competitions have motivated the development of Yunnan Coffee, allow-
ing farmers to pay more attention to the quality of coffee beans during their plant-
ing. On the other hand, through Brewers Championship, more roasters and 
baristas in China can sample the quality of Yunnan Coffee personally and have a 
deeper understanding of the development trend of Yunnan Coffee. Compared 
with other coffee bean, Yunnan Coffee enjoys the advantaged of the constant 
improvement of its cleanness and high-quality standard, competitive market 
price without the import taxes, and stable supply. Together with the hope to sup-
port the development of Coffee Industry in motherland, more and more roasters 
prefer to add Yunnan green bean in their blend taking place of some Brazilian 
green bean.

1.3  The Development of Coffee in China’s Consumer Market

Shanghai is always at the forefront of China’s trend development even if hundreds 
of years ago. The British, French and Japanese concessions in old Shanghai have 
given rise to the first city with popular coffee culture. And the development of 
Shanghai’s coffee culture should be said to be the earliest in China. At that time, the 
coffee shop was an occasion only for foreigners and superior Chinese. In the 1930’s, 
Shanghai’s first cafes was opened on the Bund, offering foreign sailors a taste of 
coffee and perhaps an antidote to homesickness.

Figure 9.5 depicts a traditional cafe in Shanghai.

Fig. 9.5 Traditional cafe in Shanghai. Source: Authors
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However, the price of coffee was relatively high when it first entered the Chinese 
market. At that time, a cup of coffee was worth more than 20 yuan, while the salary 
of a university professor was about 200 yuan a month. From their perspective, cof-
fee was a symbol of “fashion” and “elegance”, and impression on coffee is more 
related with curiosity (Bo, 2018) (Fig. 9.6).

However, such high-priced imported products were difficult to be popularized in 
China in the following decades. Until 1989, Nestlé group, the representative of the 
“The First Wave of Coffee,” launched “1 + 2” instant coffee in China, which was 
also considered to be the beginning of the development of modern Chinese coffee 
market. In the 1990s and early 2000, instant coffee was widely favored by the stu-
dents and the office staffs, due to the cheap price which is affordable for people 
from all level of the society and the slogan “Against sleepiness, a cup of coffee helps 
you refresh your brain.” During that period, the development of instant coffee in 
China successfully moved into the next rapid stage.

Thirty years later, instant coffee still play a very influential role in China, account-
ing for 84% of the market share, while fresh brewed only take up for about 16%. 
However, in global, on the contrary, the fresh brewed accounts for more than 87% 
of the total coffee consumption, while instant coffee only make up for less than 
thirteen percent. This phenomenon is closely related to the fast-paced life mode in 
China’s first-tier cities, where efficiency is the top priority of everything for citizens 
(Wu, 2018).

In today’s era of rapid development of Specialty Coffee, instant coffee also wit-
nesses its innovative development. In 2018, Saturnbird Coffee launched its new 
product, Speciality Instant Coffee, which immediately seized the market, catering to 
many people who have high requirements for the quality standard of the coffee 
under the development of Speciality Coffee. Saturnbird Coffee offers various 
choices for its customers of different degree of roast as well as flavor. Light roast 
will preserve its original fruity notes, while medium roast emphasizes on its honey 
sweetness and caramel aroma. In addition, dark roast stresses the flavor of choco-
late. And it can be brewed with hot or cold water, which is very suitable for young 
people who live in fast-paced cities.
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Excerpts from an interview with Saturnbird Coffee:
Question: How did you come up with this new product, the Speciality Instant 

Coffee, when your company have already launched a popular instant coffee with no 
loss of flavor?

Answer: In the summer of 2016, Saturnbird Coffee introduced the immersion 
cold brewed coffee to the market, which is also our original product. We seal the 
coffee powder in the filter bag, consumers soak the filter bag in their coffee cup after 
buying it, and then put it in the refrigerator for a few hours to get a nice cup of cold 
brewed coffee. As soon as we launched the product, it was received a high level of 
acceptance from the public.

Following with this idea, we developed a more convenient form of cold brewed 
coffee in 2018, which doesn’t need to be soaked for several hours. It only takes 3 s 
for the special coffee powder to be dissolved into a cup of cold brewed coffee with 
ice water. In 2019, we continued to upgrade our technology, and the differentiation 
of the new coffee powder is more obvious. We created different flavors from N°.1 to 
N°.6, according to the degree of roasting. When customers combine it with ice 
water, hot water or milk, they will get more brand-new experiences with different 
combination.

The history of coffee development in China is similar to that of the world’s cof-
fee. With the second wave of coffee, the leading international giant, Starbucks, 
opened its first store in Mainland China in Beijing World Towers in 1998, marking 
its official entry into the Chinese market. And Chinese consumers are further 
advanced in the cognition of coffee. The “Third Space” proposed by Schultz, the 
life and soul of Starbucks, is beginning to take root in China.

The social and leisure functions of cafes make it a place for modern people to 
meet together and relax or even for business negotiation. More and more consumers 

Fig. 9.6 Type of specialty cup of coffees in China. Source: Authors
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consider drinking coffee as a hobby. And Starbucks’ coffee, which is relatively 
expensive, has become a civilian luxury, known as an international brand that ordi-
nary people can afford to consume. And it has become a kind of mass consumer 
goods, which has spread rapidly in the form of selfies in the Moment of WeChat and 
social media among many young people.

Leading coffee brands from all over the world are arriving in succession, and all 
clustered together in Shanghai, opening their first shop there, such as % Arabica, 
Peet’s Coffee, Gloria Jeans (a well-known Australia brand), Tim Hortons (a famous 
Canadian brand), as well as the Japaneses Doutor Coffee and so on. This manifests 
that China’s coffee market size and potential is huge enough to attract attention 
from all walks of life. There are also a number of outstanding and distinctive local 
new coffee shop brands coming on the scene in China, for instance, Seesaw Coffee, 
Mellower Coffee, Greybox, Manner Coffee, FISH EYE, GEE Coffee etc.

Convenience store is also another influential party in selling coffee, which is 
always easy to be ignored. When Family Mart first launched Parcafe around 2014, 
the coffee market was not so mature. By 2016, there were about 900 Family Marts 
nationwide offering Parcafe, with more than ten million cups sold in that year. 
While in 2017, it’s somewhere between 20 million and 23 million cups. However, 
by the end of 2018, there were 2300 Family Marts in China providing Parcafe, with 
a total volume of 50 million cups sold in 2018. Since it launches, the sales volume 
has doubled in four consecutive years. With the promotion of new retail, in 2018, 
Parcafe expanded its cooperation with Ele Me, Meituan and other third-party take- 
out delivery platforms.

At present, many convenience store brands, such as Family Mart and 7–11 and 
so on, have launched fresh ground coffee businesses, most of which also use Arabica 
coffee beans, and the price is about 10 to 14 yuan, around 1.5–2 dollars. Since con-
venience stores are often located in business districts, they are also close to the end 
market of coffee consumption. Thanks to the low price of coffee in convenience 
stores and the promotion activities of buying several cups and getting more cups 
free, convenience stores coffee have become the first choice of many white-collar 
workers who have a rigid demand of coffee every workday.

With more than 3000 convenience stores, Parcafe, as has mentioned before, has 
become the chain brand that occupies the biggest coffee market share in mainland 
China since 2018 (Peng, 2018).

1.4  When Coffee Meets Capital

Since 2018, China coffee market has moved to a more diversified and booming 
stage of development, under the stimulation of the Internet and venture capital. 
According to statistics, the popularity of China coffee venture capital market con-
tinued to increase from 2015 to 2017, and showed a high growing trend in 2018. As 
of May this year, the amount of venture capital investment in China coffee market 
has reached 322 million yuan, twice the total amount raised for the whole year of 
2017 (Tu, 2018).
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Fig. 9.7 Amount of coffee investment disclosure and number of events in China from 2015 to 2017

Fig. 9.8 Trends of coffee consumption in China from 2011 to 2017

1.4.1  Summary of China Coffee Investment Events

Figures 9.7, 9.8, 9.9; Tables 9.1, 9.2 and  9.3 summarize coffee investment  and 
financing events in China since 2018. According to relevant statistic, in the coffee 
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Fig. 9.9 Trend of amount of coffee investment and number of events in China from 2015 to 2017

Table 9.1 Summary of investment and financing events in coffee in China since 2018

Date Company Industry Round Amount Investor

2018/01/11 Yours Cup Local life Seed 
Round

1 million RMB Undisclosed

2018/01/16 Yee Coffee Local life Pre-A 
Round

Tens of millions of 
RMB

China Equity Group

2018/02/01 Star Okay Local life Seed 
Round

Hundreds of 
thousands of RMB

Angel Wing

2018/02/01 Mini coffee Local life A Round Tens of millions of 
RMB

Dark House 
Venture,
FengYun,
Nei Gou Web

2018/03/12 Coffee Box Local life B+ 
Round

0.158 billion RMB QiMing Venture 
Partner,
Banyan Capital

2018/03/29 Uni Coffee Local life A Round Hundreds of millions 
of RMB

China Growth 
Capital

2018/03/30 GoGo Store Local life Angel 
Round

Undisclosed The Arena Capital

2018/04/15 Luckin 
Coffee

Local life Angel 
Round

Tens of millions of 
RMB

Joy Capital, 
Zhengyao Lu

2018/05/10 You Coffee E-commerce Pre-A 
Round

35 million RMB The Hina Group,
Banyan Capital

2018/05/11 Yours Cup Local life Angel 
Round

Millions of RMB Boleyuma

2018/05/24 Onecup Hardware A Round 50 million RMB Capital Today, 
Xuning Wang

(continued)
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Date Company Industry Round Amount Investor

2018/06/22 CardQu Local life A Round Undisclosed Leading Capital,
Green Cloud

2018/06/23 Jie Gui E-commerce Pre-A 
Round

Undisclosed Ultra power fund 
Capital

2018/07/11 Luckin 
Coffee

Local life A Round 0.2 billion dollar Legend Capital, 
GIC,
Joy Capital,
Centurium Capital

2018/07/23 AIBUY E-commerce A Round 0.15 billion RMB Focus Media, 
9Fbank, LY

Table 9.1 (continued)

Table 9.2 Summary of investment and financing events in coffee in China since 2018

Date Company City Industry Round Amount Investor

2018/12/12 Luckin 
Coffee

Beijing Consumption B Round 0.2 billion 
dollar

Joy Capital,
Centurium 
Capital, GIC,
China 
International 
Capital

2018/10/09 S. Engine 
Coffee

Shanghai Life-support 
service, 
consumption

Strategic 
investment

Undisclosed Co-share 
Capital

2018/08/13 Tao Cafe Hangzhou Consumption Post-IPO 3 billion 
dollar

Undisclosed

2018/07/11 Luckin 
Coffee

Beijing Consumption A Round 20 million 
dollar

Centurium 
Capital,
Joy Capital,
GIC, Legend 
Capital

2018/05/29 Ci Jia Hangzhou Consumption, 
life-support 
service

Angel 
Round

10 million Daocin Capital 
(led),
Qing Venture 
(followed)

2018/05/11 Yours 
Cup

Zhejiang Consumption Angel 
Round

Millions of 
RMB

Boleyuma

2018/04/24 Uni 
Brown

Shanghai Consumption, 
life-support 
service

A Round Undisclosed Inno Angel 
Fund

2018/04/15 Luckin 
Coffee

Beijing Consumption Angel 
Round

Undisclosed Joy Capital, 
Zhengyao Lu

2018/04/01 You 
Coffee

Shenzhen Consumption Pre-A 
Round

35 million 
RMB

Banyan 
Capital(led), 
Hina Group 
(followed)

2018/03/30 GoGo 
Store

Shanghai Consumption, 
life-support 
service

Angel 
Round

Undisclosed The Arena 
Capital

(continued)
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Table 9.2 (continued)

Date Company City Industry Round Amount Investor

2018/03/29 Uni 
Coffee

Beijing Consumption, 
Life-support 
Service

A Round 0.1 billion 
BMB

China Growth 
Capital(led)

2018/03/21 Coffee 
Now

Shenzhen Consumption A Round 60 million 
BMB

Shenzhen Joint 
Venture,
Shenzhen No.1 
Investment 
Fund,
Suzhou 
Xinghuo 
Zhongda 
Industrial 
Investment 
Fund,
Shang 
International 
Group CEO,
Hongchun 
Wan

2018/03/12 Coffee 
Box

Shanghai Consumption B+ Round 0.158 billion 
RMB

QiMing 
Venture 
Partner (led),
Banyan 
Capital 
(followed)

Table 9.3 Financing situation of coffee industry in China

Company Date Round Amount

Luckin Coffee 2018/04 Angel Round Tens of millions of RMB
2018/07 A Round 0.2 billion dollar

Uni Coffee 2018/03 A Round 15 million RMB
Coffee Box 2014/09 Angel Round Tens of millions of RMB

2014/10 Pre-A Round Undisclosed
2016/04 B Round 50 million RMB
2018/03 B+ Round 60 million RMB

Coffee 0.8 2015/05 Angel Round 5 million RMB
2015/11 A Round 30 million RMB
2017/02 A+ Round Undisclosed
2017/12 B Round Undisclosed

Grey Box Coffee 2017/12 A Round 0.1 billion RMB
Uni Brown 2017/11 Angel Round Tens of millions of RMB
Laibeikafei 2016/09 Seed Round Millions of RMB

2017/03 Angel Round 10 million
2017/06 Pre-A Round Tens of millions of RMB

Seesaw Coffee 2017/06 A Round 45 million RMB
Coffee Now 2016/12 Pre-A Round 60 million RMB
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1.4.2  Luckin Coffee, Favored by Capital, Has Successfully Raised $0.2 
Billion in B Round

In October 2017, Luckin Coffee opened its first store in Beijing SOHO. And then 
set up several stores successively in thirteen cities for trail operation, such as Beijing, 
Shanghai, Tianjin etc. In May 2018, Luckin Coffee has completed all its arrange-
ment for 525 stores within the whole nation and officially announced to operate on 
8th May, after four month’s comprehensive preparation for products, process and 
operating system.

On July 11, 2018, Luckin Coffee announced the completion of Round A financ-
ing of $200 million, valued at $1 billion after the investment. Five months later on 
December 12, Luckin Coffee declared that they have finished Round B financing of 
$200 million, with a valuation of $2.2 billion after the investment. The valuation has 
doubled, indicating that Luckin Coffee is extremely favored by capital. Additionally, 
its business model, entrepreneurial team and future prospects have also been highly 
recognized.

capital market, self-service coffee machine and coffee take-out are the two most 
popular categories, accounting for 50% in the all enterprises that obtain investment 
(Fig. 9.10).

Fig. 9.10 Proportion of investment obtainment in different types of coffee enterprises
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Fig. 9.11 Process of financing for Luckin Coffee

Figure 9.11 depicts the process of financing for Luckin Coffee.
As of mid-December, 2018, there were nearly 1650 stores in 22 cities nation-

wide, 28 times the number of stores compared to 60  in February. Among them, 
Beijing, Shanghai, Guangzhou, Shenzhen, Hangzhou and Chongqing have more 
than 100 stores. It is expected that in 2018, the number of Luckin Coffee stores will 
reach 2000.

From the above data, we can see that capital began to favor the Coffee Industry 
in 2017 and 2018, especially in some specific items, which, to some degree, indi-
cates the exciting prospect of this industry. Capital is known as the most powerful 
data player and analyst. Their willingness of investment in some industry is a strong 
evidence, manifesting the good speed of the development of this industry. When 
capital involves in Coffee Industry, it can accelerate the rapid growth of some good 
coffee brand. However, the entry of the capital also requires a deep understanding 
and a sense of touch of the market. Capital is only a boost.

We interviewed two coffee brands that have obtained venture capital. One is 
Saturnbird Coffee, a lifestyle coffee brand focusing on e-commerce platform, and 
the other is Shanghai Manner Coffee, focusing on coffee retailing. We will quote the 
original interview text here so that readers can better understand and feel the mes-
sage they want to convey directly:

The following is an interview with Wu Jun, founder of Saturnbird Coffee from 
Natalia (founder of Ingenuity Coffee):

Question: What do you think of the development of Specialty Coffee in China in 
the past five years and what are your prospects for its development in the next five 
years? How many roasting did you make five years ago? What is the current amount 
of monthly roasting?

Answer: Compared with the very beginning of this century, the development of 
China Specialty Coffee is obviously more rapid and diversified. Evidences lie in the 
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mature supply chain, innovative products and novel consumption channel as well as 
interesting ways of experience. At the same time, Specialty Coffee also witnesses its 
expansion from cafe to family and outdoors.

In the next five years, Specialty Coffee is likely to show a more popular trend in 
China, with more affordable prices, more accessible consumption channels, richer 
and smarter consumption experience and more emphasis on product innovation. 
And the consumption experience outside Specialty Coffee shops will show in a 
more convenient trend.

Saturnbird Coffee started to roast its own coffee bean four years ago. At that 
time, the monthly amount of roasting is 100 kg. But now (August, 2019), we need 
for 60 tons of coffee bean each month.

Question: How do you see the combination of capital and coffee? For example, 
since 2017, many enterprises in the Coffee Industry have obtained venture capital, 
what do you think of it?

Answer: Capital is a subject filled with rigorous business logic. While, coffee, as 
a commercial consuming good, will definitively combine with capital in some point, 
especially in China, mainly because the annual coffee consumption in China is less 
than 5 cups. There is a huge gap on the annual coffee consumption between China 
and America, Japanese, and Korea. Based on this phenomenon, as for people 
engaged in Coffee Industry, we expect that more people would like to drink coffee. 
As for capital, they want to scale up the consumption of coffee from the public. For 
these two parties, they share the same purpose that is to popularize coffee, which 
also includes the drinking of Specialty Coffee.

We realize that in the last fifteen years, Specialty Coffee has not grown particu-
larly rapidly. Therefore, taking “popularization of the Specialty Coffee” as the brand 
positioning, the help from capital may be positive to Saturnbird. According to the 
actual situation, it really works, not only on the growth of sales, but also on the 
product research and development, expansion of channel as well as the cooperation 
with other industry and so on.

Of course, coffee as a consumer product, also plays as a cultural product at the 
same time. Therefore, plenty of people that are engaged in Coffee Industry prefer to 
express their understanding in a more personal way to their minor audience, instead 
of industrialization. We should say this kind of acting is also brilliant and deserves 
respect. Thus, it is unnecessary for them to combine with capital. So, it is a question 
of direction and choice, instead of right and wrong, or good and bad.

Question: How do you think of the development of Brazilian Specialty Coffee in 
China? Can you offer some advice?

Answer: Actually, I am not so familiar with the coffee regions, so I would say 
my advice is limited. If we just take the purchase of Saturnbird as an example, the 
basic Brazilian Specialty Coffee does have a high standard of quality and is also 
very popular. However, for ordinary coffee fan, it may not have obvious character-
istics. While those with obvious characteristics require for comparatively high price.

Therefore, we believe that in today’s rapid development of Specialty Coffee, 
products with unique features and popularized price advantage will have more 
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market opportunity and will be easier to arouse amateur’ interest and eventually 
maintain customer loyalty.

Question: In China coffee market, what is the most difficult thing for you in the 
course of your company’s development?

Answer: Well, as for the biggest difficulty, I would say, the new products and 
concepts which are hard to be accepted by the market and customers.

There is a wide disparity between the understanding of Specialty Coffee in dif-
ferent consumers. On the one hand, for some consumers, they lack of better under-
standing of the difference between normal coffee and Specialty Coffee. On the other 
hand, for traditional Specialty Coffee lovers, they are still unwilling to accept this 
innovative product concept of “New Specialty Coffee.” A case in point is our newly 
launched Instant Specialty Coffee, which requires for abundant and deep cultivation 
of the market as well as the consumers.

Question: What’s your idea about consumers’ preference in Chinese market?
Answer: For our understanding, coffee beans with medium roast may be more 

suitable for Chinese consumers. Additionally, coffee with more characteristics will 
also attracts young people’s interest, for example different process of treatments 
will result in obvious disparity in flavour. Furthermore, innovative products com-
bined with innovative ways of experience will enjoy more opportunity of spreading, 
enabling new consumers to enjoy the Specialty Coffee.

Question: Would you mind sharing your future plan for the devise of products 
with us? Where will you head for?

Answer: In the future, we will mainly have two direction, one is more profes-
sional Specialty Coffee products and apparatus, another is innovative Specialty 
Coffee products with high standard of quality and convenience. We believe that the 
core of coffee is the users. We provide diverse products while consumers make their 
own choices. For Saturnbird, we will head for brand positioning in type of lifestyle 
in the future.

Question: There are comments on the Internet that China will grow into a trillion 
market volume by 2025. What do you think of this? Can you share your opinion on 
the development of the coffee market in China with us?

Answer: It is widely believed that the size of China’s coffee market in 2018 was 
around 100 billion, and it is certainly difficult to grow to trillions in a few years. 
However, in contemporary China, many consumer goods are not developed at mul-
tiple levels, thanks to the fact that the country has a mature foundation of “new 
retail,” and the integration of online and offline can bring about very large scale of 
market development. From my perspective, based on “new retail” coffee mode, it is 
of high possibility that innovative coffee products and experience can seize the mar-
ket opportunity in the next few years.

The following is an interview with Mr. Han, founder of Manner Coffee. Manner 
Coffee opened its first store in Shanghai in 2015 and obtained venture capital in 
2018. At present, it has set up 35 coffee shops in Shanghai, selling 500 cups of cof-
fee everyday in each store. Manner Coffee possesses 5 coffee roasters, including 
12 kg Probat Roaster, 25 kg Probat Roaster and 20 kg Buhler Roaster.
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Question: What’s your opinion about the development of Specialty Coffee 
in China?

Answer: I am very optimistic about the development of Specialty Coffee in the 
Chinese market. I think at some point, the Chinese market will acquire the ability of 
identifying different standard of quality of coffee beans. In recent year, China’s cof-
fee market has witnessed its rapid growth, especially in first-tier cities such as 
Shanghai, which has become a strategic deployment place for plenty of internation-
ally renowned brands. For example, Starbucks has opened the world’s largest flag-
ship store in Shanghai, which is a strong evidence that there is huge potential in 
China coffee market. Furthermore, nowadays in Shanghai, many coffee shops are 
equipped with world class equipment. Take coffee machine as an example, La 
Marzocco has almost become a necessary for all new-opened coffee shops. And 
Probat Roaster is also a popular choice for roastery. And Shanghai baristas are 
known for its leading technique in Latte art globally. In recent years, in the top green 
bean auction, the participation of Chinese bidding is becoming more and more pop-
ular. Our requirements for the standard of quality have also enhanced as time went 
by. Nowadays, people have more opportunity to travel abroad and taste foreign cof-
fee with the development of economy. In the past, people used to regard foreign 
brand or international chain brand as the best coffee. Now, people have abandoned 
this prejudice. And they have learned how to make reasonable comparison and real-
ized that China also have abundant outstanding local brands and some of them even 
surpass the foreign ones. And Manner shares the same idea. We have opened more 
than 30 stores and all located in places filled with foreign brands. We offer the 
opportunity for consumers to differentiate the disparity between our local brands 
and foreign ones. And they will learn that the standard of quality in local stores are 
even better with competitive affordable prices. In the past, the premium of coffee in 
China was too high and a cup of coffee sells at around 30–40 yuan, which was the 
main disadvantage for the promotion of coffee. Therefore, Manner advocates sell-
ing coffee at a reasonable price, which is more beneficial to its rapid promotion. 
That’s what Manner have been working on, just like the slogan, “Manner makes 
coffee part of our life.”

Question: As a retailer, Manner can directly contact with consumers. Can you 
share with us the preferences of Chinese consumers?

Answer: More and more Chinese are interested in coffee now regarding it as an 
interesting culture. So far, the majority of Chinese consumers prefer to milk coffee 
which has high cleanliness, sweetness, and a strong aroma of coffee. 95% of the 
coffee ordered in our stores are Espresso, while the rest remains to Brewing Coffee. 
We offer various choices for our consumers with ten types of coffee beans from dif-
ferent regions. Some of our consumers will also purchase the coffee bean and brew 
by themselves.

Question: How do you think of the development of Brazilian Specialty Coffee in 
China? Can you offer some advice?

Answer: The geographical conditions of Brazil is not so excellent as that of other 
regions. It is a country mainly specializing in commercial beans, but the industry 
chain of Brazil is very complete and has advantages in technology. I think it is 
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possible to pay more attention to its planting and treatments for processing, as 
Brazil has a rich experience on green beans. I would suggest you a breakthrough here.

Question: There are comments on the Internet that China will grow into a trillion 
market volume by 2025. What do you think of this? Can you share your opinion on 
the development of the coffee market in China with us?

Answer: Many Chinese people open coffee shops with their own belief which is 
beyond profit. I hold a positive attitude towards the coffee market in China. For 
young people, they are not so obsessed with traditional tea as the old generation. 
Instead, their attention is attracted by milk tea and fashion tea based drinks. 
Therefore, compared with brands of tea based drink that are prone to change every 
few year, we convince that coffee brands will have better inheritance. Apart from 
that, many people who engage in Coffee Industry in China are keen on training and 
competitions, showing strong willingness of learning. Moreover, coffee helps 
refresh our brain and are culturally familiar to Chinese people, thus we are looking 
forward to its rapid growth in the future. Ten years ago, menu of coffee shops only 
mentioned about Brazil, Colombia, Blue Mountain Coffee. But now, more informa-
tion about other foreign country or specific regions are added.

We strongly agree with the idea from Mr. Wu (founder of Saturnbird Coffee).
In fact, the entry of capital into the coffee market, from a long-term macro per-

spective, is bound to play a positive role in the development of the industry. And we 
will be full of expectations, hoping that these brands with the wings of capital can 
bring more innovative ideas and guidance to the development of our industry.

One may focus on the scale expansion and industrialization. While, others may 
prefer to operate their independent coffee shops with their own spirit and belief in a 
more personal way. Many of them were engaged in other industries before and then 
joint into the coffee world. They all run their shop with 100% of love and sincerity. 
In fact, many people had encountered setbacks and thought of giving up in the 
course of their operation, but they stuck to it out of love for coffee. In China, we may 
use the expression “fall in” to describe those who love coffee sincerely and infect 
people around them with their passion, so that more people can understand Specialty 
Coffee and fall in love with it as they do. The founder of Clip Joint Coffee is one 
of them.

Her coffee shop is the representative of the independent cafe in my mind. Ling 
Xiao, a 40 years old woman, was a professional commercial photographer before. 
By chance, she got in touch with coffee with her friends and entered this magic 
world of coffee. Then she opened a coffee shop in the E-commerce Science and 
Innovation Park in Shenzhen. It is the fifth year since she has established Clip 
Joint Coffee.

“When I opened the shop at the very beginning, the customers are those who 
used to drink Starbucks because there’s a Starbucks nearby, so a lot of them drank 
Starbucks espresso. When they came to me to buy milk coffee, I would give them 
Pour Over Coffee for free, and explained to them what is Specialty Coffee. I stressed 
the differences between Starbucks’ and the taste from diverse regions. My shop is 
near the office building of Customs, so I also ran to those Customs officers to brew 
coffee for them for free, taking coffee courses, introducing that the acid of Specialty 

9 Trends in Specialty Coffee



428

Coffee is soft and bright, and teaching them how to taste the beauty of Specialty 
Coffee. I really enjoy communicating with customers who come to my shop, shar-
ing knowledge about coffee and recommending relevant coffee books to them. 
Many customers here will find coffee so interesting since then. Sometimes when I 
drink coffee, I can feel the taste of sugar stir-fried chestnut, reminding me of the 
taste in childhood. I particularly like this kind of coffee, very distinctive and easy to 
remember,” said Ling Xiao. During the sharing, Ling Xiao’s face is filled with hap-
piness. As she said, open a cafe, communicate with different customers, taste and 
share coffee during the day. At night, after their shop is closed, roast quietly the new 
season of green coffee beans recently bought under the warm yellow light, explore 
my favorite flavor, and then storage the beans on the tanks, look forward to what 
flavor tomorrow. What a happy and interesting life.

In China, there are more than 100,000 coffee shops, while in Shenzhen, there are 
3663 coffee shops on Dianping. DouWu Coffee is a local coffee shop and a coffee 
beans supplier that has been operating for more than 10  years, witnessing the 
changes of China Specialty Coffee market. The boss of DouWu Coffee is known in 
the industry as Brother Long, who is very willing to support younger generations. 
Talking about the development of Specialty Coffee in China, Long thinks that the 
coffee market is really bigger than before and coffee business is also better. He 
believes that China Specialty Coffee market will be likely to surpass the United 
States in the future, because the labor costs of China is not as high as that of foreign 
countries. And many independent coffee shops are able to make Pour Over coffee 
on their own. “Over the years, I’ve been roasting more coffee beans than ever 
before,” said Long. However, Long thinks that the market situation of Specialty 
Coffee is still quite severe now, because many consumers in the current market are 
just the beginner. They don’t know what Specialty Coffee is, so the way people who 
engage in the Coffee Industry present will directly affect the customers’ understand-
ing. “We hope that they can guide customers in a more correct way. Nowadays, 
there are a lot of special processed green beans in China, such as Whiskey barrel 
fermentation, cola honey processing, etc. In fact, these treatments for processing 
have greatly changed the regional flavor of coffee bean itself, the taste of the essen-
tial characteristics of coffee bean, the taste of different varieties and different soil 
and water. So we open stores, hoping to have more direct contact with consumers 
and guide them to know what a cup of Specialty Coffee is. For me, Specialty Coffee 
is a cup of fruit juice or a cup of high-quality tea, which is quite different from the 
bitter coffee they remember,” Long explained.

1.5  The Development of Brazil Speciality Coffee in China

Ingenuity Coffee has been committed to promoting and selling Brazilian Specialty 
Coffee in China for three years. In 2015, It’s rare to see Brazil Specialty Coffee in 
China. At that time, when talking about Brazil coffee bean, everyone thought that it 
was used in the blend. Almost no one relates Brazil to Specialty Coffee. In 2015, I 
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went to Brazil to study coffee tasting. During this journey, I visited the coffee farm 
to learn about planting and Specialty Coffee bean merchants to test with them. I also 
joint in the local coffee fair, exchanging idea directly with the farmers. I found that 
the local discussion about Specialty Coffee in Brazil is very enthusiastic. Once they 
know you are Q-grader they will be very respectful, regarding you as a professional 
person (an expert). In Brazil I’ve had found out a lot of good quality specialty coffee 
that I haven’t had at home. I can still clearly remember when I asked one of a well- 
known local exporter of green beans if any other Chinese had visited him before. 
And he told me that I was the first Chinese people who have ever visited here. So, 
at that time, I strongly hope to bring these high-quality coffees to Chinese consum-
ers and change their perception and impression of Brazil.

In 2015, I met my current partner, Ismael, the owner of Andrade Farm (Bros), 
who is a dedicated farmer of Specialty Coffee. In 2017 we imported a batch of high- 
quality Specialty Coffee, including some late harvest of high-altitude beans and did 
a lot of cupping in various China’s major first-tier cities. At the meeting (cupping) a 
lot of people would use the word “compelling” or “amazing” to describe their feel-
ings. We have received comments like, “I didn’t expect that Brazil can also grow 
this kind of coffee, which refresh my impression of the Brazilian coffee bean.” Such 
comment made us feel very delighted. The happiness was far beyond money. It is a 
kind of sense of mission, because we love this country, Brazil, so we hope more 
people can dispel their misunderstanding and prejudice about Brazil, and show 
more acceptance to Brazil Specialty Coffee beans. We hope that people can try to be 
willing to pay a higher price, so that we can also give back to these farmers who can 
have the ability to continue to invest and work hard to deal with higher quality cof-
fee beans.

In the past two years of our efforts, many Chinese roasters give priority to 
Ingenuity when talking about Brazilian Specialty Coffee. As the old saying goes, 
where there’s a will, there’s a way. More and more coffee shops will include Brazil 
as a production region in their menu of Single Estate (Origen Drip Coffee). We are 
gratified by this, and at the same time we are even more afraid to slacken off. For 
these two years, of course, we’ve also encountered with a lot of difficulties. Some 
customers would question and argued that they could already purchase a good 
Ethiopian Coffee bean at the same price, which has rich, complex flower and fruit 
aroma. Often at this time, we would patiently introduce customers how different the 
Brazil coffee bean is, sending a large number of free samples to them for tasting, or 
even holding customers sharing cupping in their coffee shops. We tried to infect 
them with our enthusiasm and most importantly, with our high quality of Brazilian 
coffee beans.

But at present, it is not so easy to sell those Specialty Coffee bean with more than 
100 yuan/kg in the Chinese market, unless it is the COE’s winning beans with TOP 
10 ranking. From our observation, Chinese customers show more interest in rich 
fruity aroma, with the characteristics of natural processed beans, which can be 
clearly remember once they drink it together with its obvious characteristics. 
Therefore, we are also trying to focus on the study of treatments for processing, 
hope that we can produce a higher quality of coffee beans through delicate and 
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innovative treatments for processing. In the new production season of 2019, we will 
continue to refresh people’s impression of Brazilian products. Definitively, at the 
same time, we also have high requirements for cleanliness and sweetness. A cup of 
Specialty Coffee must be clean, sweet, and has bright acidity with good quality.

With regard to the development of Brazilian Specialty Coffee in China, I strongly 
agree with Mr. Han of Manner Coffee, that it needs to be promoted through some 
top international competitions. A case in point is the 2018 WBrC final hosted at 
Belo Horizonte Brazil. Emi won the crown with Bourbon Pointu Laurina, from 
Daterra Manor in Brazil. This is a great new(news) for Brazilian Specialty Coffee 
farmers, as well as an affirmation of Brazilian Specialty Coffee. In addition, I think 
the way Federación Nacional de Cafeteros de Colombia promotes Colombian 
Coffee in China is also worth drawing lessons from. They have set up a special 
office in China, and have sponsored plenty of big competitions such as roasting 
championship in China. In order to improve their popularity, they also hold touring 
cup tester meetings of new seasons all over the country. So now there are many 
roasters in China using Colombian Specialty Coffee, and there are also a lot of 
roasters using Colombian beans in their blend. There’s no doubt that what they have 
done for Chinese market in these ten years contributes a lot.

1.6  Final Considerations

As a member of the Coffee Industry in China, I share the expectations of many 
practitioners for the prosperous future development of this industry, and will spare 
no effort to make my own contribution.

2  Speciality Coffee in Japan

Yoshiharu Sakamoto

2.1  General Introduction

My first encounter with fermentation process coffee was in 2014. It was when I 
went out to do some barista training for a client. The coffee was a Costa Rican that 
was purchased by specialty coffee roaster, Unir, which has coffee shops in Kyoto, 
Tokyo etc. in Japan. They had acquired it to be used as a promising candidate for 
their next Japan Barista Championship. I still clearly remember aromas I had never 
experienced before, the outstanding flavors and sweetness, and being surprised by 
the sensational taste upon taking my first sip, thinking, “Where and how do they 
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make this coffee?” That was my first encounter and first tasting with the clear 
knowledge that what I was drinking was fermentation process coffee.

The coffee was from a farm called El Diamante (diamond in Spanish) located in 
the Central Valley area of Costa Rica. There wasn’t anything particularly different 
regarding basic farm information, but when I was told about the process method, 
there was one keyword that I had never heard before: Anaerobic Process.

The year was 2014, and I think that at that time there probably was hardly any 
“intentionally fermented” coffee circulating the market, and that very few people 
even knew about its existence.

I still vividly remember the coffee I drank that day. There were clear cinnamon 
and apple flavors that I had never tasted before, and they were of such a high quality 
that no one would deny it. Also, my first impression upon drinking the coffee was 
the expression “apple pie with cinnamon,” and most people would surely have agreed.

Flavor, in competitions such as the WBC, must be declared by the barista before 
the beverage is served to the judges, and the flavor score is determined by the judge’s 
evaluation of whether it can be experienced, and whether it is of a high quality 
(Fig. 9.12).

Fig. 9.12 Fermented coffees being used in competitions in Japan. Source: Authors

I felt that this coffee would surely receive an excellent evaluation and high score. 
The end result was that the competitor who used this coffee placed second in the 
Japan Barista Championship that year.

The champion that year also was a barista that I trained, which made me very 
happy, as that meant my baristas monopolized both first and second place in the 
championship. Something that I only found out later, was that the Ethiopian coffee 
used by the champion that year was in fact a coffee made with a similar processing 
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On the other hand, at a farm in Panama, the coffee was put into Grain-pro bags 
as whole cherry, to be processed as a long-term cold fermentation. Both of these had 
very good cup quality and distinctive flavors, however they both were implemented 
based on empirical rules and did not appear to have been processed under solid 
scientific basis. This was still a time when most producers were still trying to get a 
feel for their methods and relying on their intuition and little experience to make 
fermentation processed coffees. Still with each passing year such coffees have grad-
ually increased in many countries and their farms.

method. I didn’t realize this at the time due to my lack of knowledge, and also the 
fact that the company selling the coffee kept this a secret, but both the first and sec-
ond place coffees of the 2014 Japan Barista Championship were fermentation pro-
cess coffees. This was all before fermentation processing became a standard at the 
world level.

Since then, I think I have become somebody relatively more involved with this 
process in the coffee industry. I have continued to work with fermentation processed 
coffee at barista competitions and brewers competitions, been in contact with coffee 
producers, and at times have visited origin, all to delve more into these coffees.

At present, fermentation process coffees are being produced in many different 
countries, but as far as I know, at that time they were only being produced in the 
three countries of Panama, Costa Rica, and Ethiopia. Also, the processing methods 
were very different in each country and farm.

For example, in the aforementioned El Diamante farm, coffee parchment grown 
in farms at lower elevations were mixed in with the pulp from coffee cherries grown 
at higher elevations, then put into a tank to be fermented anaerobically such as 
Fig. 9.13.

Fig. 9.13 Anaerobic system in Central America countries. Source: Authors
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Though they were only found in Panama, Costa Rica, and Ethiopia at that time, 
soon coffees like this came up one after another from Central American countries 
such as El Salvador, Honduras and Guatemala, and South American countries such 
as Colombia and Brazil. As of 2019, although these coffees are expensive, they have 
gradually made their way to roasters all around the world, mainly used for competi-
tions or to be served as specially priced coffees.

2.2  Expanding New Horizons and New Partnerships—
Meeting Brazil

In the winter of 2017, at the invitation of green coffee importer Valentina Moksunova, 
I was called on to speak at a seminar held in Russia. The event was called Roasters 
Village and was organized by Valentina, who is one of the few people in Russia that has 
current up-to-date global knowledge about specialty coffee, where she invited coffee 
people from Europe, America and Asia, to raise the level of roasters in Russia. While I 
went as a barista instructor, there was another man speaking at this seminar from a cof-
fee research institute in Brazil named Lucas Louzada Pereira, the editor of this book.

I was the first speaker at Roaster’s Village that year. In my seminar titled “The 
Latest Situations in Specialty Coffee” I was explaining cupping and processing 
methods mainly focusing on fermented coffees. However, at that time I had little 
knowledge, and was repeating the same information that I had gotten from coffee 
producers, and I was talking about some very surface level contents. There were 
also different methods such as using fruit juice, soil from the farm, milk, etc., and I 
think I also disclosed this information as it was.

I finished my lecture, and the next instructor was Lucas. I listened to his lecture 
and it was about fermentation processed coffee and cupping these coffees. As a 
researcher, he explained from a very scientific point of view how fermentation 
works in coffee, what happens scientifically, and about aspects of safety.

I remember hearing him say, “Ingredients that cannot be controlled, such as juice 
or milk should not be used. Not being able to control change means that you can’t 
guarantee safety.” While I was very convinced by what he said, I also remember 
being embarrassed for my ignorance.

Since then, I have continued to visit origin and have seen various processes. The 
processes that are developed at origin are still often based on rumors, word of 
mouth, or based on rules of thumb and predictions. Coffee is roasted to tempera-
tures of 200 °C and higher, so although it is safe to some extent, as long as it is 
something to be consumed by people, safety will always be an important issue. This 
of course doesn’t mean safety is all that matters; without scientific grounds, it would 
be impossible to reproduce. Lucas’ research and lectures were something very 
important.

What actually impressed me most was his way of thinking. During his lecture, 
Lucas said, “If you have a high elevation, good soil, and a location where high 
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quality coffee is already being harvested, then there is no real necessity to make 
fermented coffee. The reason for this is because it is not good to detract from the 
flavors and tastes that can only be produced at that particular terroir.” I asked Lucas 
why he studies fermentation processed coffee, and his answer was, “In Espírito 
Santo, where my research institute is located, many producers grow Robusta.

Robusta cannot be expected to have the same quality and price as Arabica. It’s 
also impossible plant to replant these as Arabica trees in terms of climate and envi-
ronment. If I find a process that works positively for Robusta as a result of my 
research, I’m sure that would have a positive effect on many Robusta producers” he 
said. I was impressed by his stance in thinking of the producers (Fig. 9.14) rather 
than his own interests and this left such an impression upon me, which has now lead 
to my writing this chapter in this book.

Fig. 9.14 Field visit to producers of special coffee in the State of Espírito Santo, followed by 
sensory analysis for quality monitoring. Source: Authors

2.3  Understanding Fermentation Coffee

In my country of Japan, fermented foods such as natto and miso are traditionally 
very abundant. Other fermented foods and ingredients enjoyed around the globe 
include yogurt, kefir, cheese, kimchi and balsamic. However, the most well-known 
are probably wine, whiskey and sake. These alcoholic beverages are all made 
through the fermentation of grapes, barley, and rice, and all have a large point in the 
substances that are made by fermentation.

This coffee is intentionally fermented by the producer. Fermentation means that 
microorganisms feed on sugars and produce alcohol, carbon dioxide, and special 
aromatic components. In other words, the aromatic components are intentionally 
made within the coffee by inducing fermentation during the processing of the coffee.

Coffee is roasted at a high temperature of 200 degrees or higher, so even if alco-
hol is generated during the processing stage, no alcohol will remain in the coffee 
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after it is roasted. However, even after the roasting process, there still is one charac-
teristic that can be strongly sensed from the extracted coffee.

This characteristic is a “unique aroma.” Aromas such as sweet spices, perfume, 
flowers, and cinnamon become characteristic in the coffee, and when it undergoes a 
strong fermentation, it becomes a fragrance that can be immediately confirmed even 
in the form of green coffee. It is important to bring out the best of this aroma when 
extracting the coffee.

2.4  The Essence of Fermented Coffee

This special aroma is attractive, but you do have to be careful regarding its percep-
tion. Rich, strong aromas do complement some flavors, but that doesn’t necessarily 
mean “strong aroma = high cup quality,” so there is a need to evaluate Sweetness, 
Acidity, Mouthfeel, Balance, etc. separately from the aroma of the coffee.

I often see people swayed by rare aromas when they make purchases for green 
coffee, especially when these are aromas they have never experienced, and this 
often leads to their purchasing poor quality coffee. I also notice that many people 
become so caught up in the aromas that sometimes they do not realize if the coffee 
is not extracted properly, and these kinds of things really should be watched out for.

When evaluating coffee, it is important to think of the aroma and cup quality 
separately. In particular, care should be taken in the evaluation of the cleanness of 
the coffee, as there are many cases where dirty cups are overlooked due to powerful 
aromas. Having a strong aroma does not mean that the presence of roughness, 
astringency, and excessive bitterness does not pose a problem as seen in Fig. 9.15.

Fig. 9.15 Cupping process of fermented coffees for technical demonstration. Source: Authors

Unless you are able to properly judge that your coffee has a wonderful aroma 
that comes from fermentation processing and also has a high cup quality in terms of 
the cupping score sheet, then (instead of something really special) you will simply 
just be serving your customers a really peculiar coffee. If a roaster perceives 
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something as a “good quality coffee,” which actually isn’t “good quality,” then the 
consumers might get the wrong impression that coffee is “too complicated to under-
stand what is quality” or that it is “too difficult.”

I will be expanding on this in more detail later, but this is especially relevant in 
making espresso. Espresso is very expressive in the characteristics and flavors from 
that particular coffee. Even if the aroma from fermentation is strong, if there are 
problems with the cup quality, especially with the clean cup, the coffee extracted as 
an espresso will bring out dirty or rotten tastes so strongly that it can no longer be 
called a special characteristic.

Be especially careful if you are not familiar with fermented coffee. In specialty 
coffee it is important to cup and correctly identify the negatives hidden behind the 
strong aromas and characteristics.

2.5  Brewing Fermentation Process Coffee with Tetsu Kasuya

How should we brew fermentation process coffee and extract it well in a good con-
dition? In this chapter, I would like to talk about the advice of Tetsu Kasuya, who is 
a world champion of the World Brewers Cup.

Tetsu points out firstly that, “Fermentation processed coffees extract easily.” We 
prepared 2 Colombian coffees for cupping, from the same lot of the same farm, the 
only difference being that the 2 coffees were processed differently. One was a natu-
ral process and the other one was a natural anaerobic process.

Instead of brewing as a pour over, we extracted these using conventional cupping 
procedures by steeping the coffee. After breaking and removing the crust, we mea-
sured the TDS of the two coffees, and found them both to be “0.83,” so there was no 
difference between the two. However, as will be explained later, it is important to 
note that in pour over coffee, regardless of how you control the pours, the TDS value 
of fermented process coffees will be higher than natural process coffees.

In other words, it is necessary to keep in mind that “fermentation processed cof-
fees extract easily” and that this is something “difficult to understand just by 
cupping.”

Now, let’s take look at how the taste of the coffees changed over a few different 
extraction methods (Table 9.4).

Table 9.4 Tetsu generally uses this method when he tries brewing a particular coffee for the time

Process Coffee Temperature
Water 
amount TDS Taste

Natural 15 g
A little 
coarse

93 °C 225 g
5Pours

1.38 Natural turned out just the same as 
the cupping

Anaerobic 1.46 There is fermented taste, but saltier 
than natural process
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In the above extractions, the water temperature is kept at 93 °C and poured in 5 
separate pours. Despite the fact that the same extraction method was used for both 
coffees, there is a large difference in TDS values, and the components from 
Anaerobic fermentation came out stronger. Although the characteristic traits of 
Anaerobic fermentation were extracted, this method made the coffee taste salty, 
which is something that must be improved (Table 9.5).

In pattern 2, the temperature of the hot water was lowered in the final pours. This 
is a technique often seen recently in the Brewers Cup. In the beginning, the coffee 
is brewed at a high temperature of 90 °C or higher, but the temperature is lowered 
for the fourth and fifth pours.

In the beginning of the brew when there are more components in the coffee 
grounds, higher temperature water is used for higher extraction. Then in the latter 
half when there are fewer components left in the coffee, lower temperature water is 
used for a less efficient extraction, in order to avoid over-extraction. This method 
made it possible to extract the coffee without producing a salty taste.

Next, let’s try another method (Table 9.6).

This is one of the extraction methods used by several Brewers Cup champions 
other than Tetsu. Though the grind particle size is smaller, this method achieves 
appropriate TDS without excessive extraction (Fig. 9.16). A slow, one pour extrac-
tion which uses more hot water. This method is characterized by an increased vol-
ume of sweetness. In addition to the sweetness, it also portrays more complex 
flavors when warm, making it an effective means of extracting anaerobic coffee 
with a rich aroma. The strong sweetness in this method has a tendency to mask 
negative elements, so in some cases these elements become more apparent when the 
coffee cools.

Table 9.6 Extraction using a finer grind

Process Coffee Temperature
Water 
amount TDS Taste

Anaerobic 15 g
A little 
fine

93 °C 225 g
1Pour

1.45 Though there is hardly any change in 
TDS, the saltiness disappeared

Table 9.5 Improved version of Table 9.4 listed above

Process Coffee Temperature
Water 
amount TDS Taste

Anaerobic 15 g
A little 
coarse

93 °C
80 °C

225 g
5Pours

1.45 Though there is hardly any change in 
TDS, the saltiness disappeared
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However, extracting the Geisha anaerobic with the same recipe did not bring 
positive results.

Coffee used for testing: Geisha anaerobic (Table 9.8).

2.6  Espresso Extraction of Fermentation Coffee 
with Yoshikazu Iwase

How should we brew fermentation process coffee as an espresso and extract it in 
good condition? In this chapter, I would like to talk about the advice of Yoshikazu 
Iwase, who won second place at the World Barista Championship. Compared to 
other baristas, Yoshikazu is relatively well experienced with fermentation process 
coffee, and has acquired deep knowledge of this coffee through his use of it at the 
World Barista Championships and also at his company REC COFFEE.

For these tests we will use two Brazilian Geishas, one is a honey process and the 
other is an anaerobic process. In the cupping of these coffees, they both had Geisha- 
like fragrance with a Brazilian texture and sweetness, and in the flavor there were 
floral notes, honey, caramel and so on. In particular, the anaerobic had a strong 
aroma and fruity characteristics like nectarine and papaya.

Now, let’s move on to test these as espressos (Table 9.7).
For the Geisha honey process, we were able to extract characteristic Geisha attri-

butes and more sweetness by using a high dose of coffee and a thorough extraction.

Fig. 9.16 Extraction process of fermented coffee by filtration method. Source: Authors

Table 9.7 Coffee used for testing: Geisha honey

Dose 
(g)

Grind 
size

Extraction time 
(s)

Extraction amount 
(g) Result

21.5 Fine 16.0 40.0 Good, sweet, flavors characteristic 
of Geisha
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The coffees were different processes which were both harvested from the same 
farm, however, even though we tried to make espresso using the same recipe, some-
how the extraction was much slower, astringent and bitter notes became stronger, 
and the flavors that appeared in the earlier honey process were masked and weak-
ened by these negative aspects.

Now, I would like you to take a look at the “Taste Stages in Fermentation Process 
Coffee,” which Yoshikazu and I verified together. This is a table of standards that 
can be used when extracting fermentation processed coffees to consider what kind 
of flavors are produced through fermentation and how far we might extract these 
characteristics (Table 9.9).

Table 9.9 Taste stages in fermentation processed coffee

Stage of fermentation
Main flavors 
and aromas

11. Too far 11. Miso, 
pickles

Numerous opinions of unpleasantness or defect

10. Clearly unpleasant 10. Strong 
cacao nib

Number of people with unpleasant impressions 
increase

9. Unpleasantness stands 
out

9. Winey, 
cacao nibs

Unpleasant opinions increase—do not extract any 
further

8. Intense 8. Strong 
winey

Very strong, opinions of preference are divided

7. Feels strong 7. Winey, dark 
berry

Can taste a strong fermentation

6. Can show up as a 
strong characteristic

6. Winey, 
berry

Can tell that there is fermentation, however at a 
strength may also be achieved in a traditional natural 
process

5. Clearly identifiable 5. Floral, 
strong aroma

Existence of aromas that are difficult to achieve in 
normal coffee processing

4. Easy to find 4. Alcohol like 
aroma

Can tell that there is fermentation

3. Can tell that there is 
fermentation

3. Stone fruits Depending on the extraction one can tell that the 
coffee has been fermented

2. Weak 2. Red fruits Mild enough that depending on the coffee you may 
not be able to tell there is fermentation

1. Very weak 1. Yellow 
fruits

Very mild fermentation

Table 9.8 Same method used for good extraction with Geisha honey

Dose (g) Grind size Extraction time (s) Extraction amount (g) Result

21.5 Fine 23.0 37.5 Astringent, bitter, Cacao nibs
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Though this can be subject to change depending on the terroir of the coffee and 
the varietal, as the coffee undergoes fermentation you will see a gradual change in 
taste and aroma to increase from level one as described in the table above. If the 
fermentation is weak, the flavor and aroma caused by fermentation do not appear 
much. Even if the fermentation is strong, it is possible to suppress it to a certain 
degree through extraction method.

Even in a coffee with flat flavor characteristics, if it is successfully fermented, it 
can be possible to achieve tastes of yellow fruits and red fruits. However, if the fer-
mentation goes too far, it will turn out to have characteristics that many people find 
unpleasant such as miso or pickles.

In pattern 1 listed above, level 9 cacao nibs from the table begin to appear. In 
other words, this coffee is at the level where cases of “Unpleasant opinions increase.” 
The level 9 flavor and aromas usually will indicate that this coffee has undergone a 
relatively strong fermentation, or that it is a coffee that is more prone to take on and 
show characteristics of fermentation. In this case, it is necessary to weaken the 
extraction (Table 9.10).

We learned that this coffee had a fairly strong fermentation. Therefore, our inten-
tion is to eliminate the cacao nibs that we found in pattern 1 and change these into 
impressions of fruit by lowering the dose, grinding coarser, and making a faster 
extraction.

As a result, impressions of fruits and fermentation have emerged quite a bit, and 
it is not unpleasant. Again, when extracting fermented process coffee, in many cases 
it is important not to extract strongly, and to avoid intensity.

However, possibly due to our aim at an extremely weak extraction, although you 
do taste fermentation and fruits, it is a little blurry, and the fruits are not quite clear 
enough to be declared as a tasting note.

Now, let’s bring out the fruits more clearly (Table 9.11).

Table 9.10 Lower the strength and bring out freshness and fruit like flavors

Dose 
(g) Grind size

Extraction time 
(s)

Extraction amount 
(g) Result

21.0 A little 
coarse

20.1 40.0 Can taste fermentation and fruit, a 
little unclear

Table 9.11 Clearer fruits and aroma

Dose 
(g) Grind size

Extraction time 
(s)

Extraction 
amount (g) Result

21.0 A little 
course

22.0 41.0 Strong sweetness, melon and peach, 
sweet liqueur
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We increased the dose a little to bring out more fruit.
As a result, impressions of stone fruit were brought out, the sweetness became 

stronger, and combined with the alcoholic sensations of fermentation it resulted in 
a liqueur-like flavor (Fig. 9.17).

Yoshikazu listed out some important things to consider when extracting coffee.

Fig. 9.17 Extraction of fermented coffee by the espresso method. Source: Authors

• The stronger the fermentation, the more important it is to avoid an extraction that 
is too strong

• Fermentation process coffee has a strong flavor, so think about flavor last, and in 
the beginning you should mostly think about avoiding negative tastes and focus 
on balance

• Be aware that as a characteristic of the coffee, the extraction time is longer than 
non-fermentation processes, and that you should adjust the dose and grind size 
accordingly

• If you know that the coffee has strong flavors from a previous cupping, or if you 
know the details of the fermentation and know that it is a strong process, then 
make sure that your extraction is gentle and fast

• If you like fermentation process coffee, then you, personally, may not be both-
ered even if a coffee is extracted to a degree higher than level 9, however, you 
should be objective and take care to make sure your extractions are not too close 
to “bitterness,” “astringency,” or “unpleasant fermentation” flavors

“How to bring out the flavors from a coffee” is usually a very important point in 
espresso extraction, however for fermentation process coffee, the stronger the pro-
cess, the more important it is to find “how to not bring out unpleasant fermentation 
characteristics.”
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In fact, even in roasting, if the fermentation is strong, it tends to roast fast and the 
roasting tends to become dark. I often do see coffees that have been roasted further 
than actually expected, which makes it easier to produce flavors of cacao nibs 
and miso.

It is true that this process makes a coffee that tends to have and extract more 
flavor, but there is a risk that you might extract unintended characteristics. This is 
the essence of the fermentation process.

2.7  Final Considerations

We tested and collaborated with Tetsu for pour over brew, and with Yoshikazu for 
espresso, both top baristas in each type of extraction, and the results stunningly 
pointed in the same direction, which is: Do not interfere with the flavors and aromas 
of fermentation coffee by making a strong extraction. Keep it as soft and gentle as 
possible, and by keeping the extraction rate lower, one can fully enjoy the flavors 
that come from the process. I hope you might use this as a point of reference.

There is something that consumer side, in other words the roaster and barista side 
who buy this green coffee, must think about it. When a producer makes fermenta-
tion process coffee, it takes a lot of work and effort in the fermentation process and 
he also must make investments in the multiple fermentation tanks according to the 
scale of his processing (Fig. 9.18).

Fig. 9.18 Fermentation processing to produce specialty coffee. Source: Authors
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These, of course, are reflected in the purchase price as costs. This means that 
when roasters sell coffee beans or a cup of coffee to their customers, the roasters 
must include that into these prices. So, if the roaster does not solidly bring out and 
portray the traits and characteristics of fermentation process coffee, consumers may 
not reach out for this expensive coffee, resulting in the danger that the coffee may 
not sell despite all of the work and effort that was put into making the coffee. This, 
of course, means that there is a possibility that the efforts of the producing country 
may go to waste.

I would be honored if this section might be able to help in some way, so that you 
might be able to judge whether you might have had a problem with your coffee, and 
whether that was a problem with the coffee or your extraction approach.
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