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ABSTRACT
Cocoa beans, the seeds of the tree Theobroma cacao L., are the key raw material for chocolate
production that implies an extensive post-harvest process. Chocolate properties can vary depend-
ing on cocoa origin, composition and manufacturing procedure, which will give unique sensory
properties to the final product. On the other hand, the high global consumption of cocoa prod-
ucts, long recognized as a major source of dietary polyphenols with important health benefits, has
increased interest in tracking the geographical origin of cocoa and authenticating chocolate to
guarantee product quality and reveal possible commercial fraud. However, the sustainable produc-
tion of high-quality cocoa is still far from reality, and the cocoa sector continues to face many
challenges in this field. This review provides an update on the progress toward the authenticity,
traceability and sustainability of cocoa products, issues that chocolate producers still need
to resolve.
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1. Introduction

Cocoa beans, the seeds of the tree Theobroma cacao L., are
the basic raw material for chocolate production. Cocoa trees
grow in a limited geographical zone within approximately
10� either side of the Equator (in particular Central
America, West Indian islands, South America, and Africa)
(Caligiani et al. 2014). There are three main varieties of
cocoa beans, Criollo, Forastero, and Trinitario, each with a
distinct chemical composition, as well as textural and
organoleptic properties ( _Zy_zelewicz et al. 2018). Cocoa and
chocolate are among the most consumed luxury foods
worldwide (approximately 9 kg/year/person in Western
European countries) (Beckett 2008). The popularity of choc-
olate is essentially due to its pleasant sensory properties
(Magagna et al. 2017) and the positive emotions its con-
sumption engenders (Magagna et al. 2017; Konar et al.
2016), such as joy, pleasure and a stress reduction (Meier,
Noll, and Molokwu 2017). However, eating chocolate can
also be associated with negative emotions, such as longings
and unease (Fletcher et al. 2007). On the other hand, the
consumption of polyphenol-rich cocoa products is thought
to contribute to improving overall health and prevent a
wide range of chronic diseases. It is reported to reduce

blood pressure, hyperglycemia, insulin resistance, and other
symptoms of diabetes and obesity in humans (Almoosawi
et al. 2010). Furthermore, improvement in vascular and
platelet function, increased cerebral blood flow, potential
cancer prevention, and anti-inflammatory and antioxidant
activity have been demonstrated (Decroix et al. 2018).

Chocolate production implies an extensive post-harvest
process that includes fermentation, drying, roasting and
grinding of cocoa beans, the mixing of ingredients, con-
ching, and tempering (Bari�si�c et al. 2019). The key ingre-
dients in chocolate formulation are cocoa liquor (obtained
by grinding cocoa beans), cocoa butter (CB, obtained by
pressing cocoa liquor), sugar, emulsifiers, aroma, and milk
components if needed (Li et al. 2014; Afoakwa, Paterson,
and Fowler 2007). Different contents of cocoa solids, milk
fat and CB define the primary chocolate categories known
as dark, milk and white (Konar et al. 2016). In addition to
nutrients (carbohydrates, fat, proteins, peptides and amino
acids), cocoa beans also contain bioactive compounds, above
all polyphenols, including flavanols (epicatechin, catechin,
procyanidins), flavonols (quercetin and its glycosides) and
phenolic acids (gallic acid) ( _Zy_zelewicz et al. 2018). Cocoa
beans also have significant amounts of alkaloids (mainly
theobromine and caffeine), methylxanthine peptides and N-
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phenylpropenoyl-L-amino acids (Fayeulle et al. 2018).
Constituents of cocoa and chocolate products include vola-
tile compounds derived from aroma precursors generated
during bean fermentation and drying. Additionally, cocoa
beans are a good source of dietary fiber, such as cellulose,
hemicellulose and pectic substances (Lecumberri et al. 2007).
During chocolate production, numerous chemical reactions
(aldol condensation, polymerization, cyclization, and alkali-
zation) take place, which enhance flavor, color, shelf life,
bioavailability and nutritional value (Afoakwa, Paterson, and
Fowler 2007).

The cocoa supply chain is complex, involves numerous
stakeholders, and each stage (the production of raw material,
processing and distribution of the final product) is separated
by long distances (Saltini, Akkerman, and Frosch 2013).
Many characteristics of chocolate, including health-promot-
ing properties, antioxidants, flavor and economic value,
depend on its geographical origin (Bertoldi et al. 2016).
Consumers, increasingly concerned about food safety, now
demand to be informed about all the processes in the food
supply chain (Zhang, Mankad, and Ariyawardana 2020).
The problem of food fraud involves criminal adulteration or
misrepresentation of food, food ingredients or packaging, on
local, regional and global levels, mainly motivated by

economic gain (Kendall et al. 2019). A way that food indus-
tries and governments can enhance consumer confidence in
food safety is to adopt a traceability system able to track
food from ‘farm to fork’ (Zhang, Mankad, and
Ariyawardana 2020). The chocolate industry has used this
approach to guarantee the flavor and quality of their prod-
ucts and preserve stakeholder confidence, especially in the
context of a growing consumer demand for single origin
chocolate and interest in sustainable production (Rottiers
et al. 2019).

Sustainable cocoa implies the production of high quality
cocoa beans in terms of nutritional composition, flavor vola-
tiles, polyphenolic content and fermentative quality (Kongor
et al. 2016). However, current cocoa farming practices are
causing extensive deforestation, with consequent loss of bio-
diversity (Wessel and Foluke Quist-Wessel 2015), and green-
house emissions from transportation also have negative
effects on the environment (Saltini, Akkerman, and Frosch
2013; Vogel et al. 2020). The economic vulnerability of
cocoa-farming households (Vogel et al. 2020) also under-
mines efforts toward achieving sustainable cocoa production,
and poor governance in most of the cocoa-producing
regions complicates the guarantee of traceability (Saltini,
Akkerman, and Frosch 2013). There is therefore a strong

Figure 1. Cocoa processing and impact on composition. Adapted from Frauendorfer and Schieberle (2008); Miller et al. (2008); Afoakwa et al. (2009); Kongor et al.
(2016), and Bari�si�c et al. (2019).
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need to find new approaches that can ensure a viable future
for cocoa-producing countries (Vogel et al. 2020). The
importance of quality control, and assessment of authenticity
and traceability has resulted in the development of promis-
ing analytical tools, which will be described in depth in
this review.

2. Cocoa processing: how does it affect the
chemical composition of chocolate?

Cocoa processing has an impact on the bioactive compound
composition of cocoa beans (Wollgast and Anklam 2000; de
Brito et al. 2001; Radojc, Markovic, and Jolic 2011), poten-
tially yielding hundreds of products through a diversity of
reactions (Ryan et al. 2016). Cocoa processing procedures
induce a wide range of chemical rearrangements, including
aldol condensation, polymerization, cyclization, and alkaliza-
tion, which enhance the flavor, color, shelf life, bioavailabil-
ity and nutritional value of chocolate (Afoakwa 2016). Each
of these processes can modify the structure and function of
the chocolate components or generate interactions between
them and other ingredients.

The first steps in cocoa bean processing usually take place
in the country of origin, where traditional local cultivation
processes, and specific soil and climatic conditions can have
an effect on the chemical composition of cocoa (Kongor
et al. 2016). As mentioned in the Introduction, the chocolate
production process consists of fermentation, drying, roast-
ing, and grinding of cocoa beans, mixing the ingredients
(cocoa mass, sugar, CB, emulsifiers, aroma, and milk com-
ponents if needed), conching, and tempering (Bari�si�c et al.
2019). Various other techniques such as pressing, or alkali-
zation are applied to produce the desired final product. The
overall processing of cocoa beans is shown in Figure 1.

Cocoa beans are typically fermented by environmental
microbiota, in a process that lasts from 4 to 7 days and
involves temperatures of up to 50 �C and a pH below 4. The
combination of acidic conditions and high temperatures
leads to major changes in cocoa beans. During this step,
endogenous enzymes play a crucial role in the production of
flavor precursors and degradation of pigments (Hansen,
Olmo, and Burri 1998), while the addition of commercial
enzymes, such as pectinase, accelerates the fermentation pro-
cess, produces a high ratio of fermented beans, and
improves the testing scores of the final product (Gil et al.
2016). Besides flavor precursors such as free amino acids,
peptides and reducing sugars (Kongor et al. 2016), fermenta-
tion generates nonvolatile and volatile flavor compounds
such as alcohols, short-chain organic acids and esters
(Frauendorfer and Schieberle 2008). The potential for micro-
bial synthesis of methylpyrazines (Jinap et al. 1998) and the
formation of aldehydes (Frauendorfer and Schieberle 2008)
has also been reported. Fermented cocoa beans are rich in
free amino acids, metabolites released by the action of
microbial peptidases during fermentation (Ardhana and
Fleet 2003; Rohsius, Matissek, and Lieberei 2006). Moreover,
fermentation leads to a significant reduction in the concen-
tration of polyphenols, which undergo oxidation and

polymerization to insoluble high molecular weight com-
pounds such as tannins, thereby reducing the bitterness and
astringency of the beans (Wollgast and Anklam 2000;
Bari�si�c et al. 2019; Kongor et al. 2016).

Drying follows the stage of fermentation and also plays
an important role in reducing astringency and bitterness
(Jinap, Thien, and Yap 1994). Dried cocoa beans are less
acidic due to the outward migration of volatile acids as well
as biochemical oxidation of acetic acid (Kongor et al. 2016).
The content of alcohols, esters and pyrazines increases dur-
ing the sun-drying process, whereas acids, aldehydes and
ketones decrease (Rodriguez-Campos et al. 2011).
Oxidization and polymerization further reduce the polyphe-
nol concentration (Kongor et al. 2016).

During roasting, which lasts from 10 to 35min at tem-
peratures between 120 and 140 �C, all the precursors formed
in the previous phases react and generate numerous com-
pounds. In this part of the process, the contents of undesir-
able components are reduced and the chocolate-specific
aroma and flavor are produced (Bari�si�c et al. 2019). Flavor
precursors, namely free amino acids, short-chain peptides,
and reducing sugars, undergo the Maillard reaction and
Strecker degradation to produce desirable flavor compounds
(Kongor et al. 2016). These reactions also result in a signifi-
cant increase of acids, aldehydes, ketones and methylpyra-
zines (Pertanian 1994). The sourness and bitterness of the
cocoa beans are reduced even more by the evaporation of
volatile acids (Kongor et al. 2016). The high roasting tem-
peratures and cocoa bean dehydration lead to sugar caramel-
ization and thus to the formation of the corresponding
aroma, flavor and color of cocoa products. During roasting,
high processing temperatures can enhance lipid oxidation
and non-enzymatic browning by reducing essential fatty
acids (FA) and essential amino acids, thus decreasing the
nutritional value of cocoa beans. Vitamins can also be
affected and protein digestibility reduced (Djikeng et al.
2018). The desired brown pigments of chocolate are mainly
created during this process, due to the oxidation and poly-
merization of polyphenols, protein degradation, the Maillard
reaction and dextrinization of starch (V�ıtov�a et al. 2009).

Some manufacturers include an additional step of alkali-
zation, also known as Dutching, which is applied to the
cocoa beans, cocoa liquor or cocoa powder (Miller et al.
2008) to obtain the desirable dark brown color, reduce bit-
terness and astringency, and prevent the sinking of cocoa
powder in cocoa-based drinks (Miller et al. 2008). When
cocoa is alkalized, after heating in a closed mixing vessel, a
warm alkali solution is added for a specific reaction time,
and excess moisture is removed by heating or drying (Li
et al. 2014). The degree of alkalization, and consequently the
mild taste and darkness of cocoa, depends on the strength
of the alkali solution, alkali type, length of the reaction
stage, and the process temperature (Kostic 1997).
Alkalization also affects the content of polyphenols, theobro-
mine, caffeine, amino acids and the volatile compounds,
affecting the unique flavor and color of the end products (Li
et al. 2012).

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION 3



The polyphenol content and composition of the final
chocolate product is also affected by milling, refining and
conching, mainly because of heat exposure and the presence
of oxygen (Wollgast and Anklam 2000). Conching is con-
ducted to achieve a proper viscosity, remove excess mois-
ture, and develop a desirable color (Bari�si�c et al. 2019), and
it eliminates the residual volatile acids such as acetic acid,
alcohols (mainly linalool and 2-phenylethanol), and other
off-flavors (e.g., ketones and aldehydes) (Afoakwa et al.
2008). In the initial stage of conching, volatile polyphenols
are lost due to evaporation, together with water and short-
chain FA (SFA) (Bari�si�c et al. 2019). Finally, tempering is
essential for the fat crystallization behavior of cocoa butter,
which influences the quality properties of the final product
such as color, hardness, handling, finish and shelf life char-
acteristics (Afoakwa et al. 2009).

3. Sensorial perception of cocoa: what do dark
chocolate lovers expect?

While the popularity of chocolate is mainly due to its pleas-
ant sensory properties, recent evidence of various health
benefits opens up prospects of new markets and the possible
use of cocoa in functionalized foods (Magagna et al. 2017).
Although dark chocolate is still significantly less popular
than milk chocolate, accounting for 31% versus 51% of the
global market share, it has attracted growing consumer
interest on the basis of these positive findings (Afoakwa
2016). Dark chocolate differs considerably from milk choc-
olate in terms of its sensory profile (Kennedy and Heymann
2009), partly due to the absence of dairy ingredients and a
lower sugar content. The main difference, however, is a
higher content of cocoa, whose bitter taste and astringency,
caused mainly by flavan-3-ols (procyanidins, epicatechin,
catechin), may limit consumer acceptance and preference
(Sun-Waterhouse and Wadhwa 2013).

The sensory profile (aroma, flavor, mouthfeel and tex-
ture) is crucial in obtaining top quality products suited to
consumer preferences. The main cocoa flavor (aroma and
taste) components are alcohols, ethers, hydrocarbons, furans,
thiazoles, pyridines, acids, esters, aldehydes, ketones, imines,
amines, oxazoles, pyrazines, and pyrroles (Counet et al.
2002). Flavors are developed from complex biochemical and
chemical reactions that occur post-harvest and vary accord-
ing to genotype, geographical origin, environmental condi-
tions, agricultural practices, and technological processing, as
mentioned above (Section 2). With a growing demand for
sustainably produced high-quality cocoa beans, a greater
understanding of the factors contributing to flavor variations
would have significant commercial implications.

But which attributes attract chocolate lovers the most?
The sensory characteristics of dark chocolate have been
studied for many years, and the characteristics of the four
sensory modalities (appearance, aroma, texture and flavor),
which are decisive in consumer choice of chocolate prod-
ucts, were recently identified (Pelsmaeker et al. 2019). In
another study, the key sensory descriptors of chocolate pro-
vided by two panels from different countries were bitter,

sweet, acidic, cocoa, and melting behavior (Thamke,
D€urrschmid, and Rohm 2009).

Cocoa flavor components, sensory properties, and the
processes involved in flavor generation are essential for
determining consumer preferences. According to a study
published in 2012, the effect of processing conditions on the
acceptability of chocolate varies according to the origin of
the cocoa beans (Torres-Moreno, Tarrega, Costell, et al.
2012). The level of acceptability of dark chocolate for most
consumers depended above all on the flavor. Specifically, the
differences in preference corresponded to the interaction
effect between roasting time and cocoa origin. In the case of
samples from Ghana, it was found that a long roasting time
reduced chocolate acceptability. However, for another group
of consumers, the most acceptable samples of dark chocolate
were unrelated to the geographical origin of the cocoa and
were associated only with specific combinations of process-
ing factors. In their case, the preferred chocolate was proc-
essed by a short roasting and long conching, or a long
roasting with a short conching time.

The sensory impact of CB substitutes has also been the
subject of study. In 2017, it was demonstrated that chocolate
with a palm oil-based CB substitute had significantly differ-
ent sensory characteristics in terms of taste, hardness and
overall acceptability compared to the CB chocolate (Biswas
et al. 2017). In another study, it was demonstrated that the
shape of dark chocolate pieces has an impact on consumer
perceptions of texture and flavor and that in-mouth melting
is not the sole factor influencing cocoa flavor intensity
(Lenfant et al. 2013). Artisanal dark chocolate scored higher
than industrial dark chocolate for smell, texture, and taste in
a blind test (Caponio et al. 2020).

The information provided on the label of dark chocolate
also affects consumer expectations, acceptance and purchase
intention. A study found that after reading the label, but
without tasting the chocolate, consumer expectations were
mainly affected by the brand, whereas in a blind tasting test,
the most important factor was product type and the samples
with a high percentage of cocoa were the least preferred.
Finally, when the consumers tasted the products after read-
ing the label, the most acceptable dark chocolate depended
on both brand and product type. Consumers had higher
expectations of premium than store brand chocolate, but
both were judged equally acceptable when tasted. Labels
claiming a high percentage of cocoa and single cocoa origin
did not raise higher expectations than standard dark choc-
olate (Torres-Moreno, Tarrega, Torrescasana, et al. 2012).

4. Authenticity and traceability of cocoa and
chocolate products

The aim of food authentication testing is to confirm the val-
idity of information on the product label regarding origin,
production method and processing technologies. It protects
consumers by guaranteeing food safety and quality, but also
benefits industries interested in protecting their brands. The
issue of origin, which is covered by national and inter-
national legislation, is a key factor in food authentication

4 M. PEREZ ET AL.



(Aung and Chang 2014). In Europe, there is a growing trend
among consumers to associate a particular product origin
with quality. Therefore, accurate, standardized food authen-
tication techniques are essential in the food industry

(Posudin, Peiris, and Kays 2015; Georgiou and
Danezis 2015).

The labeling and composition of chocolate products are
controlled by the Cocoa and Chocolate Products Regulations

Table 1. Overview of presented methods to evaluate cocoa and chocolate authenticity and traceability.

Technique Strong points Weak points Reference

Variety and geographic traceability of cocoa beans
Raman spectroscopy Handheld Raman spectrometers

available and easy to use
— Vargas Jentzsch et al. (2016)

NIR Quick, accurate and reliable
technique; requires minimal
sample preparation; geographical
discrimination rate of 100%
between small regions

Study performed with only
Ghana samples

Teye et al. (2013)

IRMS Identification of the geographical
region of cocoa beans by soil
protolith ages

Only regions differing widely in
geologic age can be differentiated

Manton (2010)

Multi-element stable isotope ratios Analysis of large number of
parameters to detect the growth
area and growing conditions of
the plant

Incomplete fermentation could
introduce isotope fractionation

Diomande et al. (2015)

Combination of stable isotope ratio Reflect both climatic phenomena and
the geographical setting: altitude,
latitude and continent

Differentiation only between macro-
areas; total accuracy 84%

Perini et al. (2016)

ICP-MS of trace elements Accuracy of 100% when enough
samples were available

Differentiation only between
macro-areas

Bertoldi et al. (2016)

Polyphenolic fingerprinting by HPLC-
QToF-MS

Key biomarkers found to distinguish
unfermented and fermented
cocoa beans

Differentiation only demonstrated
between samples from the Ivory
Coast and Indonesia

D’Souza et al. (2017)

FA profiling by GC-MS The amount of cocoa butter and the
FA profile depend strongly on the
growing conditions of the beans

Requires the preparation of FAMEs;
differentiation only demonstrated
between samples from Ecuador
and Ghana

Torres-Moreno et al. (2015)

1H NMR spectra of hydro-
alcoholic extracts

Nondestructive, robust, avoids
derivation; good variety
discrimination between National,
Forastero, and Criollo

Requires the hydro-alcoholic
extraction of the samples; only
applicable in well-fermented
cocoa beans

Caligiani et al. (2014)

HRMAS-NMR spectra Nondestructive, robust, avoids
derivation; accurate discrimination
between African and American
cocoa samples

The sample preparation can cause
considerable variation in spectra;
does not discriminate between
samples from Asia and Oceania

Marseglia et al. (2016)

1H NMR fingerprints with multi-
element stable isotope abundance

Accurate discrimination between
countries, as well as varietal
classification and differentiation of
regions within individual countries

Relatively low sample size of the
study and detailed metadata
missing for some of the samples

Bindereif et al. (2019)

DNA barcoding technique Authentication of cocoa product
useful for manufacturers of high-
quality chocolate made from
single-origin cocoa

Costly technology; equipment and
reagent requirements often
unpractical for controls in the
producing areas

Guiltinan et al. (2008)

Chocolate quality
Polyphenol fingerprinting by

HPLC-MS
Fast, efficient, and reproducible

fingerprint method
Requires the extraction of

polyphenols
Fayeulle et al. (2019)

Quantification of PMF by HPLC Alfa-tocotrienol, only found in PMF, is
proposed as a promising indicator;
good accuracy

Chocolate experimental model
system is used

Moazami Farahany et al. (2008)

Detection of lard by FTIR
spectroscopy

Fast and effective analytical tool;
suitable for routine quality
control checks

Requires the extraction of fat from
chocolate samples

Bahri and Che Man (2016)

Chocolate: Geographical origin of the cocoa
Volatile compounds detection by GC-

MS or GC-FID
Accurate discrimination between

Africa and Madagascar chocolates;
clear separation of Caribbean
chocolate from that of
other origins

Requires the hydrodistillation of
the samples

Cambrai et al. (2010)

FA profile by GC-MS Only the origin and not roasting and
conching time had a significant
effect on certain FA profile

Requires the preparation of FAMEs;
differentiation only demonstrated
for samples from Ecuador
and Ghana

Torres-Moreno et al. (2015)

FA, fatty acid; FAME, fatty acid methyl ester; FID, flame ionization detection; FTIR, Fourier transform infrared; GC-MS, gas chromatography coupled to mass spec-
trometry; HPLC-MS, high performance liquid chromatography coupled with mass spectrometry; HPLC-QToF-MS, high performance liquid chromatography
coupled with ultra-high resolution time-of-flight mass spectrometry; HRMAS, high-resolution magic angle spinning; ICP-MS, inductively coupled plasma mass
spectrometry; IRMS, isotope ratio mass spectrometry; NIR, near infrared spectroscopy; NMR, nuclear magnetic resonance; PMF, palm mid-fraction.
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2003 in accordance with the EC Directive 2000/36/EC2.
However, authentication testing of chocolate is hampered by
a complex matrix and the long production chain. During
the radical transformation of the raw material into the fin-
ished product, there are many opportunities for adulteration,
one of the most common being mixing under-fermented
with fermented cocoa beans (Caligiani et al. 2014). The
quality of beans strongly depends on the fermentation pro-
cess, which, as mentioned above, reduces astringency and
bitterness. Chocolate may also contain allergy-producing
adulterants such as peanut and egg (Khuda et al. 2015).
During tempering, which is performed to improve chocolate
texture, quality, and appearance, the crystallization of end
products is affected by the chocolate fat content (Afoakwa
et al. 2009), and can potentially mask allergen detection
chocolate (Khuda et al. 2015). The main fat in cocoa and
chocolate is CB, but cheaper fats can be used to reduce pro-
duction costs, negatively affecting the quality of chocolate
(Naik and Kumar 2014).

Chocolate adulteration, the practice of achieving desired
properties by introducing foreign ingredients, which may or
may not replace natural or synthetic ingredients, represents
a serious health threat for consumers (Lakshmi 2012). With
increasing adulteration trends, faster and more reliable ana-
lytical methods are required to address authentication chal-
lenges, ensure product quality and avoid economic fraud.

An overview of the methods presented throughout this
review to evaluate cocoa and chocolate authenticity and
traceability is shown in Table 1.

4.1. Variety and geographic traceability of cocoa beans

Cocoa beans are produced in a limited geographical region
within approximately 10� to the north and south of the
Equator in Africa (75%), Central and South America (18%),
and Asia and Oceania (7%) (Caligiani et al. 2014; Afoakwa
2016). The most common varieties are Forastero, Criollo
and Trinitario (Caligiani et al. 2014; Afoakwa 2016). The
highest quality cocoa beans are the Criollo variety and the
native Forastero variety known as National, which grows
mainly in Venezuela, Ecuador and Mexico. The price gener-
ally depends on the variety, seasonal weather conditions, the
total crop production and the geographical origin, among
other factors ( _Zy_zelewicz et al. 2018; Afoakwa 2016).

The composition profile of the fermented cocoa beans,
one of the most important factors influencing the flavor and
price of cocoa products, depends on the variety but above
all on geographical origin (Roelofsen 1958). As the higher
quality cocoa beans are more expensive, the ability to iden-
tify their real geographical provenance is desirable for con-
sumers, producers, retailers and administrative authorities in
order to assess product authenticity and disclose possible
commercial frauds.

Increasing effort has been dedicated to developing robust
scientific methods for the traceability of cocoa beans, includ-
ing high performance liquid chromatography (HPLC)
(D’Souza et al. 2017), Raman spectroscopy (Vargas Jentzsch
et al. 2016), nuclear magnetic resonance (NMR) (Caligiani

et al. 2014; Marseglia et al. 2016), and isotope ratio monitor-
ing using mass spectrometry coupled to an elemental ana-
lyzer (IRMS-EA) (Diomande et al. 2015). These
methodologies will be briefly discussed below. Some of these
strategies have shown that, after exhaustive statistical evalu-
ation of the data obtained, it is possible to classify the sam-
ples according to the three main varieties of cocoa
(Forastero, Criollo and Trinitario) and to distinguish
between various growing regions, at the level of continent,
country and even town. Another approach to the authenti-
cation of cocoa and chocolate is through the new DNA bar-
coding technique (Guiltinan et al. 2008), which is described
in Section 4.1.5.

4.1.1. Raman and Fourier transform infrared spectroscopy
The expensive National cocoa variety, also known as Fino
de Aroma or Arriba, is used to produce the highest quality
chocolate. Although Ecuador is the most important produ-
cer of this variety (Carrera Almeida 2014), the CCN-51 var-
iety is also extensively cultivated in this country due to its
resistance to diseases and high crop production (Herrmann
et al. 2014). Due to the differences in productivity and price,
sometimes both cocoa beans are fraudulently mixed to
increase profits from the cocoa cultivar. The National and
the CCN-51 cocoa beans can be distinguished, but this
requires the expertise of a well-trained technician, who eval-
uates the bean shape, color, odor and taste. Raman spectros-
copy, which is a powerful analytical technique with
numerous applications in chemistry, physics and biology
(Petry, Schmitt, and Popp 2003; Craig, Franca, and
Irudayaraj 2013), was assessed for its ability to distinguish
between Ecuadorian cocoa bean varieties in 2016 (Vargas
Jentzsch et al. 2016). Spectra of 20 shell samples from fer-
mented cocoa beans of the National and CCN-51 varieties
were obtained. The most important Raman bands were
assigned to the principal shell components and the spectro-
scopic data were analyzed with chemometric methods to
assess the cocoa bean variety. The variety-differentiation
results obtained from the average Raman spectra, using a
support vector machine (SVM), had a total accuracy
of 91.8%.

Whereas Raman spectroscopy is a dispersion process,
near infrared (NIR) spectroscopy is based on absorption and
uses harmonics and combinations of bands of molecular
vibrational spectra. Fourier transform (FT)-NIR spectros-
copy has also been used to perform qualitative and quantita-
tive analyses in agricultural and food-processing industries
(Chen, Zhao, and Lin 2009; Ribeiro, Ferreira, and Salva
2011). NIR spectroscopy was initially used in cocoa beans to
quantify fat, nitrogen and moisture (Vesel�a et al. 2007) and
predict the content of proanthocyanidins (Whitacre et al.
2003). It was also applied to determine the content of fats,
proteins and carbohydrates in cocoa (Kaffka et al. 1982). In
2013, in an authentication study, FT-NIR spectroscopy was
used to analyze a total of 194 cocoa bean samples from
seven Ghanaian cocoa growing regions (Ashanti, Brong
Ahafo, Central, Eastern, Volta, Western north and Western
south) (Teye et al. 2013). Four multivariate classification
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methods were compared and cross-validated: linear discrim-
inant analysis (LDA), K-nearest neighbors (KNN), back
propagation artificial neural network (BPANN) and SVM.
Due to a greater capacity for self-learning and self-adjust-
ment, the two non-linear models (BPANN and SVM) were
found to be superior to the two linear methods (LDA and
KNN). Furthermore, the SVM model was superior to all the
mathematical methods with a geographical discrimination
rate of 100% in both the training and prediction sets after
pre-processing with Mean centering.

4.1.2. Mineral element and isotope profiles to determine
geographical provenance

The study of stable isotope distribution is an efficient
approach extensively used in agrarian food traceability, as
isotopes reflect both meteorological events (precipitation,
condensation and evaporation) and geographical location
(altitude, latitude and continent). The ratio of stable isotopes
of hydrogen (d2H) and oxygen (d18O) in plants is influenced
by both latitude and altitude of the growth site. The ratio of
nitrogen isotopes (d15N) is affected by agricultural practices
(Amundson et al. 2003), while the ratio of carbon isotopes
(d13C) is highly dependent on the environment. Isotope
content is measured by IRMS. In 2010, the specific influence
of soil geology and contamination sources in the growing
and manufacturing areas of cocoa was studied (Manton
2010). The author proposed the isotopic analysis of lead
(Pb), neodymium (Nd), samarium (Sm), and strontium (Sr)
to identify the geographical region of cocoa beans by soil
protolith ages.

Multi-element stable isotope ratios were also assessed by
Diomande et al. (2015) to identify cocoa agricultural regions.
Sixty-one samples of cocoa beans collected in 2008–2010
from 24 geographical origins covering four continents were
analyzed by IRMS-EA. The isotope ratios and C and N per-
centage composition were measured in cotyledons and
shells, as well as in fermented cocoa bean extracts.
Differences between fermented cocoa beans were assessed
using principal component analysis (PCA) of parameters
measured in whole beans and their various derivatives. The

dataset was then handled using partial least squares discrim-
inant analysis (PLS-DA) models, prioritizing the geograph-
ical origin to optimize the separation between sample
groups (Szyma�nska et al. 2012), as shown in Figure 2.

The combination of stable isotope ratios of oxygen
(d18O), hydrogen (d2H) and sulfur (d34S) with carbon
(d13C) and nitrogen (d15N) was tested as a traceability tool
on a wide selection of cocoa beans of different geographical
origin (fifty-three samples from Africa, Asia, Central and
South America) (Perini et al. 2016). For statistical evalu-
ation, the samples were grouped into five different macro-
areas. The differences between the isotopic ratios of cocoa
beans were determined using Tukey’s honestly significant
difference test and the Pearson correlation test (Abdi and
Williams 2010) was applied to verify the correlations
between the parameters. The ability of the isotopic profile to
distinguish between cocoa beans based on their origin was
assessed by canonical discriminant analysis (CDA). To test
the predictive power of discrimination and the stability of
the model, a cross validation was used, in which 84% of the
samples were allocated to the right geographical region. In
samples from Papua New Guinea, S~ao Tom�e and Peru, clas-
sification was 100% correct.

In addition to isotopes, the profiling of trace elements is
another very useful technique to trace the origin of agricul-
tural food, as edaphic and environmental factors such as fer-
tilization, soil type, climate and temperature easily change
metallic elements. Both inductively coupled plasma MS
(ICP-MS) and atomic spectroscopy are employed for the
quantitative determination of trace elements. Element profil-
ing has been successfully used to establish the origin of
honey, onion, black tea and wine (Coetzee, Van Jaarsveld,
and Vanhaecke 2014; D’Archivio et al. 2014; Madejczyk and
Baralkiewicz 2008; Pilgrim, Watling, and Grice 2010; �Selih,
�Sala, and Drgan 2014). In 2016, Bertoldi et al. (2016) devel-
oped a multi-elemental chemometric technique to finger-
print cocoa beans, using ICP-MS to generate an elemental-
profile model for their geographic traceability. To find the
average mineral content, the concentration of 56 macro-,
micro- and trace elements was determined for 61 cocoa

Figure 2. Main results in the statistical analyses of nitrogen (d15N) and carbon (d13C) isotope signatures in cocoa beans and cocoa-containing products. Adapted
from Diomande et al. (2015).
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bean samples from 5 different macro-areas (West Africa,
East Africa, Asia, Central America and South America).
Tukey’s honestly significant difference test was applied to
identify different elemental concentrations in cocoa beans,
whereas PCA, and canonical and forward stepwise discrim-
inant analysis were carried out to estimate the power of the
method to distinguish geographical provenance. Finally, 29
elements were selected for their optimal ability to reclassify
cocoa beans (100% of samples) according to the macro-area
of origin, when sufficient samples were available for statis-
tical analysis, confirming the usefulness of mineral profiles
for geographic traceability. After removing heavy metals,
potentially present because of environmental contamination,
the same authors tested the effectiveness of the model by
carrying out a leave-one-out cross-validation and 97% of the
samples were reclassified to the correct macro-area of origin.

4.1.3. Metabolic profile of cocoa beans to assess the
geographical origin

4.1.3.1. Polyphenolic fingerprinting by HPLC. A comprehen-
sive analysis of polyphenols in cocoa beans was carried out
in 2017 to catalogue systematic differences related to origin
as well as fermentation status (D’Souza et al. 2017). In this
study, several oligomeric proanthocyanidins and their glyco-
sides, as well as various previously unreported compounds,
were identified and quantified using ultra HPLC coupled
with ultra-high-resolution time-of-flight MS (UHPLC-qToF-
MS). The large sample set employed (86 different bean sam-
ples from six countries: Ivory Coast, Tanzania, Malaysia,
Indonesia, Ecuador, and Brazil) allowed statistically signifi-
cant variations in cocoa chemical compounds to be deter-
mined. All detected compounds were assigned based on
high resolution MS data. Subsequent MS/MS measurements
yielded accurate mass information on fragment ions, which
led to the identification of 66 compounds by comparison
with authentic standards or data in the literature.
Multivariate statistical analysis of the full sample set revealed
a series of key biomarkers that could distinguish between
unfermented and fermented beans. Furthermore, beans of
certain origins also showed good separation within the load-
ing plots, which was corroborated by comparing two differ-
ent origins using PCA. Samples from the Ivory Coast
(characterized by a higher level of citric acid and 12-hydrox-
yjasmonic acid–O-sulfate) and Indonesia (with an increased
level of certain proanthocyanidin oligomer polyphenols)
were accurately distinguished.

4.1.3.2. Fatty acid profiling of cocoa beans by GC-MS. FA
of different cocoa bean samples from Ecuador and Ghana
were identified and quantified by gas chromatography–MS
(GC-MS) analyses in 2015 (Torres-Moreno et al. 2015). The
FA profile was studied in depth to assess provenance, using
the corresponding fatty acid methyl esters (FAMEs) (AOAC
International 1990). According to the dataset obtained, the
FA profile was similar in all the cocoa beans studied and
only a few significant differences were observed: Ecuadorian
cocoa beans had a higher content of C16:0 and C16:1 than
the samples from Ghana, and a lower content of C14:0,

C17:0, C18:0 and C17:1. On the other hand, traces of C12:0
were detected in Ecuadorian beans, but not in samples
from Ghana.

4.1.3.3. Composition profile of cocoa beans by 1H NMR and
high-resolution magic angle spinning-NMR. The team of
Augusta Caligiani has long studied the metabolic profile of
cocoa beans by NMR techniques. In 2010, they provided
exhaustive qualitative and quantitative data on the chemical
composition of cocoa beans by the full assignment of the 1H
NMR spectra of hydro-alcoholic extracts (Caligiani et al.
2010). In successive studies, the NMR approach was
extended to a larger number of samples, including unfer-
mented and under-fermented cocoa beans, applying chemo-
metric techniques to determine the variables that could
discriminate among different bean varieties (Caligiani et al.
2014). More recently, geographical tracing was attempted by
determining a complete metabolite profile (both lipophilic
and hydrophilic components) using HRMAS-NMR
(Marseglia et al. 2016).

In the variety-traceability approach of Caligiani and cow-
orkers, 1H NMR spectra of hydro-alcoholic extracts of 57
well-fermented, under-fermented and unfermented cocoa
bean samples were initially compared (Caligiani et al. 2014).
The data obtained from the integration of the complete 1H
NMR spectra were treated with PCA using a matrix of 39
variables, and the principal components were identified with
the correlation method, followed by a manual integration of
the most important NMR signals. The results confirmed lit-
erature reports that cocoa bean fermentation causes a loss of
polyphenols (Nazaruddin et al. 2006). In the variety assess-
ment, the metabolic profiles were analyzed using only well-
fermented cocoa beans. As before, after performing an
explorative PCA (a matrix of 39 variables for 31 samples),
the principal components were obtained with the correlation
method. In the score plot, the bean samples were qualita-
tively separated into three groups: National, Forastero (plus
Trinitario), and Criollo. Notably, high levels of carbohy-
drates, epicatechin and methylxanthines were found in the
National variety, which is related to their short fermentation
times, whereas the Criollo variety was characterized by high
levels of amino acids (precursors of aroma compounds) and
fermentation metabolites such as lactic acid and
2,3-butanediol.

A few years later, the same team tested HRMAS 1H
NMR for its ability to determine the geographical origins of
60 samples of Forastero cocoa powder from 23 different
cocoa-producing countries (Marseglia et al. 2016). Without
any chemical, physical or biological manipulation, this tech-
nique offers the opportunity to obtain high resolution NMR
spectra, and the simultaneous detection of polar and apolar
metabolites (Valentini et al. 2011). The study compared the
spectra of cocoa beans recorded by 1H NMR from hydroal-
coholic extracts and by HRMAS 1H NMR directly from
cocoa powder. The detection of amino acids, polyalcohols,
organic acids, sugars, methylxanthines, and catechins
allowed a metabolic fingerprinting of the samples. An
advantage of HRMAS is that it can be used to detect lipids,
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which are absent in the aqueous extract sample for 1H
NMR. The combination of the HRMAS 1H NMR and 1H
NMR data sets with chemometric techniques successfully
discriminated between African and American cocoa samples
(Figure 3).

4.1.4. Synergistic effects of fuzing 1H NMR fingerprints
with multi-element stable isotope abundance data

The results produced by a single analytical method are often
insufficient for an accurate statistical evaluation, whereas the
use of multiple methods can provide more information.
When large data sets from various analytical instruments are
combined, statistical methods such as PCA, CDA or PLS-
DA are effective tools for product characterization.

To demonstrate the progress in both precision and accur-
acy of cocoa authenticity testing, a recent study analyzed 48
samples of cocoa beans from 20 countries in a multi-method
approach using 1H NMR fingerprints and abundances of
certain stable isotopes (measured by IRMS) and element
concentrations (Bindereif et al. 2019). Chemometric analysis
of the combined data sets of both techniques achieved a bet-
ter sample separation compared to the classification based
on data from each individual method.

Specifically, stable isotope data (d13C, d15N, d18O and
d2H) and element concentrations (%C, %N, %O and %H)
were found to be very effective in discriminating between
countries, while 1H NMR fingerprints contributed signifi-
cantly to varietal classification and the separation of regions
within individual countries.

4.1.5. Authentication of cocoa products and chocolate by
DNA barcoding

The new DNA barcoding technique can be applied to
authenticate cocoa and chocolate (Guiltinan et al. 2008).
Cocoa authentication is particularly challenging in that the
DNA profile needs to be established for individual beans
rather than leaves or other tissues, as different varieties of
cocoa beans of variable quality may be mixed at the fermen-
tation, drying or packaging stages and sold as one lot. The
authenticity of a cocoa variety is therefore verified by using
the bean coat to establish genetic identity and trace the

mother tree. Though still a costly technology, with equip-
ment and reagent requirements that make it logistically
demanding and often unpractical for controls in the produc-
ing areas and customs, DNA fingerprinting of cocoa beans
may be useful for manufacturers of high-quality chocolate
made from single-origin cocoa.

4.1.6. Toward a reliable analytical method for
geographical tracing of cocoa beans

In response to the growing interest of consumers and pro-
ducers in food quality and traceability, especially in the case
of high value products such as chocolate, larger datasets are
needed to build a solid and reliable discriminant model for
geographical origin. Differentiation between varieties and
geographical provenance of cocoa beans is particularly com-
plex because of the major role the fermentation process
plays in their composition.

Among the most useful analytical tracing techniques for
foods are those based on the natural abundance of isotope
and element variation. However, although the observed dif-
ferences in isotope values can be mainly explained by alti-
tude and precipitation parameters, the effect of fermentation
on the isotope ratios of the analyzed elements still needs to
be defined. Nevertheless, the isotopic analysis of nitrogen
and carbon from cocoa beans can differentiate between geo-
graphical origins, tracing not only the continent of the cocoa
cultivar, but also smaller regions (even to the level of
towns). It can also discriminate between cocoa varieties.

Alternatively, fingerprinting techniques based on the
vibrational mode of molecules offer several benefits, as they
are nondestructive, rapid and accurate analytical tools,
respectful with the environment, and require little or no
sample preparation. In this context, the availability and ease
of use of handheld Raman spectrometers opens new per-
spectives for the assessment of cocoa bean varieties, whereas
NIR spectroscopy coupled with an SVM has the potential to
discriminate between the geographical origins of cocoa
beans at a regional level.

NMR-based food metabolomics analysis has recently
attracted scientific interest due to its multiple advantages.
This approach is nondestructive, robust, avoids derivation
and separation steps, allows the simultaneous detection of

Figure 3. Potential markers to distinguish between African and American samples. Adapted from Valentini et al. (2011).
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all major classes of organic compounds, can identify new
compounds, and provide quantitative results. Although the
use of HRMAS 1H NMR provides a complete metabolite
profile (both lipophilic and hydrophilic components), the
sample preparation, specifically the ratio between cocoa
powder and deuterated solvents, can cause considerable vari-
ation in spectra. This variability leads to unreliable data and
excludes the possibility of obtaining quantitative results.
Another drawback is that this technique does not discrimin-
ate between samples from Asia and Oceania due to their
genetic similarity. Crucially, the strong influence of fermen-
tation on the metabolic profile of cocoa increases the com-
plexity of geographic assessment of beans with a short
fermentation.

Analysis based on the FA and polyphenolic profiles of
cocoa beans is limited in that it can only distinguish
between two countries at a time. Although polyphenolic fin-
gerprints using HPLC successfully differentiated between the
Ivory Coast and Indonesia, more extensive studies are
needed to test this strategy on a wider geographical basis.

4.2. Chocolate authentication through traceability
measurement

4.2.1. Chocolate quality based on cocoa polyphenol
fingerprinting

Polyphenol fingerprinting, described in 4.1.3.1 to classify
origin and fermentation status of cocoa beans, was also used
on the chocolate product to classify underlying cocoa beans
accordingly. Sensorial quality and phenolic composition of
the final product was recently studied with 60 samples of
cocoa beans from different origins and harvest years
(Fayeulle et al. 2019). The cocoa beans were separated into
four groups based on the sensory data of the chocolate pre-
pared with the analyzed samples. After averaging each mass
spectrum of the cocoa polyphenol extracts, obtained by
liquid chromatography - low resolution MS, the provided
polyphenolic fingerprints were combined in a comparative
matrix and processed with chemometrics. The results
allowed the selection of the most significant molecules to
discriminate between chocolate sensory groups. Variations
in intensity of the average spectra recorded with low-reso-
lution MS were found to be precise and robust, thus provid-
ing a fast, efficient and reproducible fingerprint method. To
verify the relevance of the 29 selected variables, they were
tested on a larger set of cocoa bean samples and the data
were treated with PCA. Control samples showed that the
results were reproducible and that the selected variables
were significant, even when applied to a wide range of cocoa
beans from different origins and years of production.

4.2.2. Detection of vegetable fats and lard in chocolate
formulation

CB is an expensive raw material and a vital component in
the production of chocolate and related confectionery
(Chaiseri and Dimick 1989). In some countries, chocolate
manufacturers choose to mix vegetable fats with CB to

reduce production costs. Fractions of palm oil and other
vegetable fats of tropical origin (shea, sal, illipe) are used to
make CB equivalents, although they can interfere with the
normal process of triglyceride crystallization. The current
European legislation allows the addition of vegetable fats to
chocolate up to a level of 5% of the product weight, if the
addition is correctly indicated on the label (Council of
the European Union, Directive 73/241/EEC). In addition to
the difficulty of identifying a suitable biomarker to establish
the authenticity of fats (Kamm et al. 2001), the European
directive does not specify any method of analysis to test for
compliance. Other cheaper fats such as butter and lard are
also sometimes employed to reduce production costs, but
they negatively affect the quality of chocolate, as they do not
melt in the mouth easily (Bahri and Che Man 2016). Besides
fats, collagen is added to chocolate by some manufacturers
as an anti-ageing nutrient to attract health-conscious con-
sumers, which in some countries requires authentication
(Shariff and Lah 2014).

Some of the strategies developed so far to detect and
quantify non-CB vegetable fats in chocolate use triglycerides,
FAs, sterols and vitamins as indicators (Buchgraber, Ulberth,
and Anklam 2004; Lipp and Anklam 1998). Triacylglycerol
(TAG) compositional analyses have been extensively
employed to detect adulterations with oils and fats.
Unadulterated CB can be authenticated by its TAG finger-
print, which is composed of only three major TAG species,
namely 1,3-dipalmitoyl-2-oleyl-glycerol, 1-palmitoyl-2-
oleoyl-3-stearoyl-glycerol, and 1,3-distearoyl-2-oleoyl-gly-
cerol (Lipp and Anklam 1998). Sterols, such as 4-methylster-
ols, triterpene alcohols and sterol degradation products, have
also been used (Crews, Calvet-Sarrett, and Brereton 1997).
The detection of several CB equivalents added to CB is pos-
sible through bulk stable carbon isotope composition ana-
lysis and d13C compound specific measurements of FAs,
even when the FA composition is similar (Spangenberg and
Dionisi 2001). However, this approach seems unable to
detect illipe fat in CB. For this reason, and also for greater
precision in the quantification of vegetable fats added to CB,
it should be used in combination with other established
qualitative and quantitative methods.

A model based on the detection and quantification of the
palm mid-fraction (PMF) added to CB mixtures was
reported in 2008. HPLC was used to determine the tocoph-
erol and tocotrienol profiles in PMF and CB samples from
different manufacturers (Moazami Farahany et al. 2008).
Alfa-tocotrienol, found only in PMF, is proposed as a prom-
ising indicator for the detection and quantification of PMF
and thus also for the addition of PMF to CB.

More recently, Fourier transform infrared (FTIR) spec-
troscopy was applied to detect lard used in the production
of commercial chocolate and to develop a calibration and
validation model to determine the amount of lard added to
these products (Bahri and Che Man 2016). The spectral
bands associated with lard, CB and their mixtures were
recorded, interpreted and identified. Fingerprints of func-
tional groups by FTIR, widely used to authenticate adulter-
ation in food analysis (Bendini et al. 2007; Rohman and Che
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Man 2010; De Luca et al. 2011; Gallardo-Vel�azquez et al.
2009), were demonstrated to be a fast and effective analytical
tool for the quantitative determination of lard in chocolate,
suitable for routine quality control checks.

4.2.3. Differentiation of chocolate according to the cocoa
geographical origin

Chocolate samples produced with cocoa from different geo-
graphical origins (Caribbean, Madagascar, Africa and South
America) were successfully differentiated by an analytical
method based on volatile compounds (Cambrai et al. 2010).
The characteristic aroma of chocolate is due to constituents
(pyrazines, esters and aldehydes phenolics) strongly corre-
lated with volatile compounds. As a result of the heat treat-
ments during chocolate production, some of the most
volatile compounds in cocoa are lost (Counet et al. 2002).
However, as chocolate has a high fat content, it retains vola-
tile compounds that can be analyzed by chromatographic
methods. In this study, hydrodistillation was chosen as an
extraction technique, and GC was used for compound separ-
ation, followed by MS (GC-MS) or flame ionization detec-
tion (GC-FID) (Cambrai et al. 2010). After two statistical
analyses and a blind test carried out on the chemical com-
position of the chocolate samples, two independent groups
for Africa and Madagascar were discernable. This approach
also clearly separated Caribbean chocolate from that of other
origins. The method developed (hydrodistillation, GC ana-
lysis and statistical treatment) has the potential to improve
the control of the geographical origin of chocolate during its
long production process. Furthermore, seven chemical com-
pounds identified in the chocolate samples could be used as
biomarkers of the continental origin of cocoa.

The same study also assessed the geographical origin of
chocolate by FA profiling (Torres-Moreno et al. 2015).
Similar to FA profiling used to decipher the geographical
origin of cocoa beans as presented in 4.1.3.2, GC-MS was
used in this study to determine the nutritional composition
and FA profile of dark chocolate of various geographical ori-
gins and subjected to different processing conditions.
Regarding the composition of chocolate, significant associa-
tions with origin were only observed for carbohydrates
(higher in Ghanaian cocoa) and fats (higher in Ecuadorian
cocoa). Analysis of variance was performed on three factors
(origin, roasting, and conching time) to study if they
affected the FA profile of the chocolate samples. The results
indicated that only the origin had a significant effect on cer-
tain FA: the Ecuadorian samples had a significantly higher
content of C16:0, C18:1 and C18:2 than the samples from
Ghana, and a lower content of C18:0. FA profiles of the
chocolate samples seemed largely unchanged by processing,
as they were similar to those obtained for unroasted cocoa
beans. Differences in the total percentage of SFA, monoun-
saturated FA and polyunsaturated FA were also found
between the chocolate samples from the two geographic
regions: Ecuadorian chocolate had a healthier FA profile and
SFA/unsaturated FA ratio than the Ghanian samples, with
higher amounts of unsaturated FA and lower amounts
of SFA.

5. Sustainability of cocoa: a key issue for the
chocolate sector

The pressure to increase cocoa production to meet the
growing worldwide demand for chocolate has had negative
impacts on the environment, economy and society of the
producing countries. There is a need to achieve a sustainable
production of high-quality cocoa (Pope, Annandale, and
Morrison-Saunders 2004), as outlined in the sustainable
development goals of the United Nations (Desa 2016).
However, cocoa and chocolate traceability is challenging
since the cocoa supply chain is complex, involving numer-
ous stakeholders, and multiple steps (the production of raw
material, processing and distribution of the final product)
often spread in different regions. Solutions can be difficult
to implement due to the poor governance systems in most
of the cocoa-producing regions (Saltini, Akkerman, and
Frosch 2013).

Despite initiatives to enhance sustainable agriculture,
studies reveal that the cocoa sector still has many issues to
resolve in this respect (Ngoucheme et al. 2016). Although
training programs for farmers have been introduced, proper
dissemination of good agricultural practices remains limited.
One of the main problems is the unavailability of high-qual-
ity planting materials for smallholder farmers, which results
in poor quality cocoa and low profits. In addition, cocoa-
producing countries are suffering extensive deforestation
and consequent loss of biodiversity (Wessel and Foluke
Quist-Wessel 2015), which is exacerbated by microclimatic
changes triggered by the large-scale removal of trees (Ruf,
Schroth, and Doffangui 2015).

A strategy for advancing the economic conditions of
cocoa farmers is through certification schemes, which aim to
improve labor conditions and the profit share for farmers,
with benefits both for local communities and the environ-
ment (Melykh and Melykh 2016). The announcement that
European markets will be purchasing only certified cocoa
from 2020 onwards has stimulated the development of this
market niche and motivated exporters to certify their farm-
ers. Nevertheless, the changes are slow, and more incentives
are needed to support the transition toward certification. A
drawback is that the price of the final product is likely to be
higher, which might reduce sales, unless accompanied by
sustainability-oriented marketing and labeling, targeting
green consumers. In this context, chocolate packaging is also
important, needing to be simple in both design and material
to effectively signal sustainability. The environmental costs
of packaging have long been underestimated, with focus
placed primarily on food safety.

More efforts are required to bring about sustainability
changes in the cocoa sector, which is suffering the negative
impacts of failed governance. New organizational structures
without negative effects on farming households, such as cer-
tification schemes, need further implementation.

6. Conclusions

Authenticity and traceability testing of cocoa and chocolate
products is constantly evolving, and, in this review, we have
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attempted to provide an overview of recent updates in the
field, focusing on the development of analytical tools with
promising application in the cocoa sector. Nevertheless,
before the sustainable production of high-quality cocoa can
be achieved, many negative impacts on the environment,
economy and society need to be resolved. Although manu-
facturers have generally welcomed the application of a trace-
ability system that can track food from ‘farm to fork’ as a
tool to reestablish and amplify consumer confidence in food
safety, the chocolate industry still faces many challenges in
this regard.
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