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review was conducted using the Web of Science, and a bibliometric analysis was
performed with VOSviewer. Five emerging technologies used in cocoa post-
harvest processing were identified: Samoa-type, tunnel or greenhouse-type, rotary
or drum dryers, vertical or mixed-flow systems, and hybrid systems. Differences
were observed in both the type and magnitude of emissions, with the main
pollutants being CO, COz, NOy, SOz, PM, CHa4, and N20. Dryers using firewood as
a biomass fuel release more air pollutants than hybrid or solar systems. The most
significant environmental impacts are associated with emissions generated
throughout the analyzed production chain. It is concluded that the identification of
atmospheric emissions within the transition toward cleaner systems is essential to
mitigating environmental effects in the cocoa sector.
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1. Introduction

Cocoa (Theobroma cacao L.) is a crop of strategic relevance for several tropical economies, particularly in
developing countries such as Colombia [1], where it constitutes an important source of income for rural
communities and smallholder farmers. The post-harvest process, which includes fermentation and drying, plays
a decisive role in the final quality of the beans and directly affects their flavor, aroma, and value in national and
international markets [2], [3]. Drying is considered one of the most critical stages, not only due to its influence
on organoleptic characteristics but also because of the environmental impacts it entails, particularly regarding
atmospheric emissions generated during its operation [4], [5].

This work is licensed under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/ ) that allows others @ @
to share and adapt the material for any purpose (even commercially), in any medium with an acknowledgement of the work's authorship
and initial publication in this journal.
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Traditionally, cocoa drying has been carried out naturally through solar radiation on patios or raised beds [6].
[7] However, variable climatic conditions [8]-[10], increasing global demand, and the need to improve process
efficiency have driven the adoption of emerging drying technologies, including Samoa-type dryers, tunnel or
greenhouse-type systems, rotary or drum dryers, vertical or mixed-flow dryers, and hybrid systems that combine
conventional thermal sources with solar energy [10]. Nevertheless, the introduction of these technologies has
brought new environmental challenges, among which the emission of atmospheric pollutants stands out [11].

The release of gaseous and particulate pollutants during grain drying, particularly when fossil fuels or biomass
are used as thermal energy sources, includes carbon dioxide (CO:), carbon monoxide (CO), nitrogen oxides
(NOy), sulfur dioxide (SO-), particulate matter (PM), methane (CH4), and nitrous oxide (N20), among others
[12], [13]. These compounds pose risks to human health and the local environment, and contribute significantly
to global climate change due to their atmospheric warming potential [7], [14].

Despite the importance of this topic, the scientific literature still presents gaps regarding comparative studies
that integrate the analysis of cocoa drying technologies and their associated emissions and environmental
impacts [15]. In this context, a systematic evaluation of the different available technological alternatives is
required, considering both their energy efficiency and environmental footprint. Therefore, this study analyzes
atmospheric emissions generated by emerging technologies used in cocoa bean drying through a bibliographic
review of specialized databases such as Web of Science, and a bibliometric analysis using the VOSviewer tool
[16]. The most common technologies, their associated pollutants, and related environmental impacts were
examined.

2. Research method

An exploratory study with a quantitative approach was conducted, based on bibliographic analysis and
structured into two phases:

2.1. Phase 1. Bibliographic review and selection

A systematic search was conducted in Web of Science for publications between 2019 and 2025. Open-access
articles and documents were selected using keywords related to cocoa drying, emissions, and emerging
technologies (Table 1). The first search equation yielded a total of 4,624 documents, from which 861 relevant
articles were selected. The second search equation resulted in 1496 documents, of which 219 articles were
selected. The selected documents were analyzed using the VOSviewer software in order to construct and
visualize bibliometric networks.

Table 1. List of keywords and search equations used

No. Keywords Search equation Documents retrieved

Emerging; Cocoa; Drying;  Emerging AND cocoa AND drying

. . 861
Technologies AND technologies

2 Air; Pollutants; Drying; Cocoa Air pollutants AND drying cocoa 219

Figure 1 and Figure 2 present the main authors identified through the search equations ”Emerging AND cocoa
AND drying AND technologies” and “Air pollutants AND drying cocoa,” respectively.
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Figure 2. Top authors identified from the search query “Air pollutants AND drying cocoa”
2.2. Phase 2. Technical analysis

Based on the information collected during the bibliographic review and selection phase, a comparative matrix
was developed, in which the emerging cocoa drying technologies most frequently reported by the authors were
listed as a function of the main atmospheric pollutants (particularly those derived from biomass use) generated
by each technology. This matrix served as the basis for identifying the environmental impacts associated with
the defined atmospheric pollutants through the use of a process diagram and a matrix-based method.
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3. Results and discussion
3.1. Description of emerging technologies used in the cocoa drying process

The bibliographic review enabled the identification of five technological alternatives applied to cocoa bean
drying, based on their advantages and disadvantages (Table 2), from which the atmospheric pollutants
associated with each were determined. It was found that each technology presents specific characteristics in
terms of design, energy source, processing capacity, and level of control over the drying process, which
influences aspects such as efficiency, the time required to achieve appropriate moisture levels, and the resources

needed for implementation and maintenance.

Table 2. Overview of dryers used as emerging technologies for cocoa bean drying

Item Dryers Description Advantages Disadvantages
1 Samoa  type | A forced convection The  indirect  design Proper system
dryers system that uses a prevents smoke contact design and efficient
wood- or biomass- with the product and ventilation are
fired furnace enables gradual moisture essential for optimal
connected to a closed evaporation. performance.
drying chambe; w11‘§h Construction uses low-cost Uneven heat
]t;ays orlg;vrates or the local materials such as distribution or
eans [17]. metal and wood, and insufficient
operates independently of ventilation may
climatic conditions, reduce drying
significantly accelerating uniformity and
drying  compared to increase fuel
passive solar methods, consumption.
reaching tem[.)er.atures of Biomass  sclection
60-70 °C within a few
) must follow
hours, with thermal e
v sustainability
efficiencies of o
criteria.

approximately 73—93% for
25 kg batches.

High drying rate, precise
temperature control, and
energy autonomy ensure
more uniform and reliable

production,  particularly
under adverse weather
conditions.

2 Tunnel or | Enclosed structures Air circulation can be Strong dependence
greenhouse made of transparent natural or forced on climatic
dryers plastic materials that depending on  system conditions, which

utilize solar energy to design. may affect process
heat  air,  which Can operate naturally continuity  during

circulates over cocoa
beans arranged on

trays or mesh beds,

under high solar radiation
conditions.

cloudy or rainy days

unless hybrid
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Item Dryers Description Advantages Disadvantages
promotln.g Efficient use of solar §ystems are
dehydration [7], [18]. integrated.

energy.
Requires significant
Reduces dependence on o )
initial  investment
non-renewable sources and
. and large land area.
lowers operating costs.
Minimizes contamination
risks and improves drying
uniformity and  bean
quality.
3 Rotary ordrum | An inclined rotating Enhances moisture High energy
dryers cylinder where wet evaporation and ensures consumption due to
beans are repeatedly uniform drying. the use of heat
llft.ed and .dropped High processing capacity sour.ces, typically
while hot air flows fossil fuels.
" b othe d allows large volumes to be
‘Erroug the . rum. dried efficiently, Higher operational
.WO types. exist: () regardless of climatic costs and
direct heating, where . .
. conditions. atmospheric
combustion  gases .
. . pollutant emissions.
contact the beans; (b) Suitable for rainy seasons.
indirect heating, Precise control of
where  heat s temperature and residence
transferred  through time.
the drum  walls,
avoiding direct Impr.oves final product
contact [18]. quality.

4 Vertical or | Drying systems Vertical design enables High initial
mixed-flow designed to downward grain investment cost.
dryers dehydrate cocoa mo.Vement by grav1ty, Significant eneray

beans through while forced hot air .
consumption.
controlled ensures homogeneous and
application of hot air, continuous drying. High operating
ini i costs.
co;nblmng ) V.ertlcai High efficiency
ap orlz.onta significantly reduces Requires
alrﬂovs'/ f.or l.,ll’llfOI’m drying time. specialized
heat distribution and maintenance.
efficient ~ moisture Independence from )
removal [18]. climatic conditions ensures Needs trained
consistent production and personnel for
preserves bean quality. operation.
Suitable for humid regions
and rainy seasons.
5 Hybrid drying | A technique that Solar energy is used during Under unfavorable

systems

combines natural

methods, such as

the day to heat the air

weather conditions

or at night,
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Item Dryers Description Advantages Disadvantages
solar energy, with circulating in the drying conventional energy
artificial sources such chamber. sources are
;115 tgas or el.ect.rlc . Maintains  stable  and required.

ea.ers to .optlmlze optimal temperatures. High initial
drying efficiency and .
. mvestment cost.

reduce - Improves bean quality and
environmental reduces drying time. System complexity
impact [19], [20]. - The integration of may - require
specialized training

renewable energy sources
and large

reduces fuel consumption

and atmospheric pollutant installation areas.

emissions.

- Provides greater flexibility
in the drying process.

- Can adapt to changing
climatic conditions.

- Reduces operating costs.

3.2. Atmospheric pollutants generated by emerging technologies

Cocoa bean drying is a key stage in the production chain, as it reduces moisture content to optimal levels for
storage, transportation, and commercialization [19]. The use of specific energy sources and materials in drying
technologies may generate negative environmental impacts, particularly on the atmosphere [14]. In this context,
these impacts are mainly associated with the release of compounds resulting from the use of solid, liquid, or
gaseous fuels, as well as with the efficiency of combustion systems and the operating conditions during the
process. Table 3 presents the main atmospheric pollutants generated during the operation of each of the reviewed
emerging technologies, considering the technology used, the type of fuel, and the stage of the process.

Table 3. Comparative matrix of emerging cocoa drying technologies as a function of atmospheric emissions

Technologies Energy source / Fuel | Process stage Atmospheric pollutants

Carbon monoxide (CO)
Carbon dioxide (CO2)

Nitrogen oxides (NOy)

Combustion | p, icylate matter (PM)

chamber

Polycyclic aromatic hydrocarbons (PAHs)

Samoa type dryers | Biomass (firewood)

Volatile organic compounds (VOCs)

Soot and visible smoke

Polycyclic aromatic hydrocarbons (PAHs)

Drying chamber
Soot and visible smoke

Tunnel or Carbon dioxide (CO2)

greenhouse type Grain drying

dryers

Solar energy
Volatile organic compounds (VOCs)
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Technologies Energy source / Fuel | Process stage Atmospheric pollutants
Carbon dioxide (CO2)
Gas combustion | Nitrogen oxides (NOy)
1;2}22 or drum Fossil fuels Particulate matter (PM)
Greenhouse gases (GHGs)
Rot i
otary drying - Methane (CHa4)
process
- Nitrous oxide (N20)
Carbon dioxide (CO2)
Burner chamber
Carbon monoxide (CO)
Vertical or mixed |  Airflow / thermal Drying
ertical or mixe friiow /thetma temperature | Nitrogen oxides (NOx)
flow dryers energy .
conditions
Combustion | Sulfur dioxide (SOz)
Dryer operation | Particulate matter (PM)
Carbon dioxide (CO2)
Nitrogen oxides (NOy)
Carbon monoxide (CO)
Artificial
Hybrid dryers method Particulate matter (PM)
Energy (solar +
(natural and conventional) Greenhouse gases (GHGs)
artificial methods)  Methane (CHs)
- Nitrous oxide (N20)
Particulate matter (PM)
Natural method
Carbon dioxide (CO2)

The most common pollutants identified were carbon dioxide (CO:), carbon monoxide (CO), nitrogen oxides
(NOy), particulate matter (PM), volatile organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs),
soot or visible smoke, and greenhouse gases [19], [14], such as methane (CH4) and nitrous oxide (N20). Samoa-
type dryers, which use firewood, generate the highest local emissions due to incomplete combustion, whereas
tunnel or greenhouse dryers, based on solar energy, do not produce combustion pollutants, being limited to
minimal VOC and dust emissions [7], [19].

In rotary dryers using fossil fuels, CO2, NOy, and particulate matter predominate, with potential contributions
of CHa and N:O. Vertical or mixed-flow dryers exhibit similar pollutants, with a higher risk of particle
entrainment. Hybrid systems show a variable profile: clean during solar operation and producing fuel-related
emissions during artificial heating. Therefore, solar-based technologies are the most environmentally favorable
[21], while biomass and fossil fuel-based systems imply higher impacts. Proper technology selection, together
with efficient combustion control and the implementation of mitigation measures, is crucial to reduce emissions
and protect both air quality and product safety [22]-[25].
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3.3. Identification of environmental impacts generated by emerging technologies

To identify the environmental impacts, a process diagram is presented (Figure 3), illustrating the sequence from
the selection of the drying technology to the pollutants produced, which in turn lead to specific environmental
impacts [24], [25]. This representation facilitates the analysis and understanding of the ecological consequences
associated with these technologies [26]-[30].

Increase in carbon
monoxide (CO)

) o concentration
[ » Combustion chamber ——- Sulfur dioxide (SO:) ~
Increase or decrease in
Samoa type dryers T | »  carbon dioxide (CO:)
— »  Drying chamber concentration
Increase in nitrogen oxides
> (NOx) concentration
Tunnel or greenhouse - ;
4’, - -
type dryers ST TN Increase in polycyclic
» aromatic hydrocarbons
(PAHs) concentration
f—’ Gas combustion 1 » Increase in volatile organic
Rotary drum dryers compounds (VOCs)
j concentration
—_— Rotary dryer q o
M4 particutate matter (PM) | Increase in 2nd toxic
> ' smoke concentration
» Dryer burner chamber - JET— _ )
4 nydrocarbons (PAHS) Increase in particulate
» matter concentration (PMs
Drying temperature and PM..<)
Vertical or mixed flow i i
dryers - > co\rrhﬁjﬁg%%s) i * Increase in methane (CH.)
Combustion process po concentration
Dryer > ot -
L I soot and visible smoke Y '“‘ﬁfgf&:ﬁgﬂe
¥ Artificial drying method ——— :
] SN WY Greenhouse gases: Increase or decrease in
Hybrid dryers - methane (CHs) and Y “»  sulfur oxides (SOx)
nitrous oxide (N2O) concentration

Natural drying method

Technologies [ Processes ] [ Pollutants [ Impacts

Figure 3. Process diagram showing the relationship between technologies, pollutants, and environmental
impacts

In total, ten direct impacts were identified (Figure 3), from which indirect impacts were quantified using the
matrix method as an analytical tool (Table 4). Samoa-type and hybrid drying technologies recorded the highest
number of environmental effects, with 18 and 16 impacts, respectively, reflecting a high pollutant load and a
significant interaction of multiple contaminants with both direct and indirect effects on the environment and
public health [28], [29]. The diversity of emitted pollutants, including greenhouse gases, particulate matter,
VOCs, NOy, SOy, and toxic compounds, further increases their potential to affect air quality and contribute to
climate change, as reported by [10] and [20].

In contrast, vertical or mixed-flow dryers exhibited the lowest number of impacts, representing the alternative
with the lowest environmental risk. However, when technical, economic, and production aspects are considered,
hybrid drying is identified as the most suitable option for the cocoa sector, particularly in warm, humid, or rainy
regions, as it combines the efficiency of solar drying with the support of artificial energy sources under
unfavorable conditions [9], [18]. This flexibility allows for optimized resource use, reduced drying times, and
ensured bean quality, making it a sustainable and viable alternative, despite not being the option with the lowest
environmental impact [30].
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Table 4. Matrix method relating direct and indirect impacts associated with atmospheric pollutants generated by emerging technologies

Atmospheric Pollutants Impacts
Technology Energy / Fuel Process Stage Soot/ | PMio | GHG
CO | CO, |NOx | PAHs |COVs | visible | and SO, Direct Indirect
smoke | PMs CHa N0
a. Increase in al.
CO Deterioration of
concentration. | public health.
b. Increase in bl. Increase in
CO: greenhouse
concentration. gases.
c. Increase in cl. Increase in
NO\ respiratory
concentration. diseases.
d. Increase in c2. Acid rain
Samoa type Firewood Combustion a | b . d . ¢ o PAHs . formation.
dryers chamber concentration. .
dl. Increase in
e. Increase in respiratory
VOCs diseases.
concentration.

f. Increase in
soot and toxic
smoke.

g. Increase in
the
concentration of
PM10 and PMZ.S.

el. Increase in
greenhouse
gases.

f1. Loss of
landscape
visibility.
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Technology

Energy / Fuel

Process Stage

Atmospheric Pollutants

Impacts

CO

CO;,

NOx

PAHs

COVs

Soot /
visible
smoke

PM,
and
PMz s

GHG

CH, | N;O

SO,

Direct

Indirect

f2. Increase in
toxic smoke
concentration.

gl. Increase in
respiratory
diseases.

g2. Increase in
cardiovascular
diseases.

Drying
chamber

a. Increase in
PAHs

concentration.

b. Increase in
soot and toxic
smoke.

al. Increase in
respiratory
diseases.

bl. Loss of
landscape
visibility.

b2. Increase in

toxic smoke
concentration.

Tunnel /
greenhouse
dryers

Solar energy

Grain drying

a. Increase in
CO:

concentration.

al. Increase in
greenhouse
gases.
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Atmospheric Pollutants Impacts
Technology Energy / Fuel Process Stage Soot/ | PMio | GHG
CO | CO, |NOy | PAHs | COVs | visible | and SO, Direct Indirect
smoke | PMs CH4 | N2O
b. Increase in bl. Increase in
VOCs greenhouse
concentration. | gases.
a. Increase in al. Increase in
CO: greenhouse
concentration. | gases.
b. Increase in bl. Increase in
NO\ respiratory
concentration. diseases.
Rotary / drum Fossil fuels Gas - a b . c. Increase in b2. Ac%d rain
dryers combustion the formation.
concentration of .
cl. Increase in
PM]O and PM2,5. .
respiratory
diseases.
c2. Increase in
cardiovascular
diseases.
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Atmospheric Pollutants Impacts
Technology Energy / Fuel Process Stage Soot/ | PMio | GHG
CO | CO, |NOy | PAHs | COVs | visible | and SO, Direct Indirect
smoke | PMs CH4 | N2O
a. Increase in al. Ozone layer
CHa depletion.
concentration. bl. Increase in
Rotary drying a b b. Increase in greenhouse
N0 gases.
concentration. b2. Ozone layer
depletion.
a. Increase in al.
CcO Deterioration of
Burner concentration. | public health.
a| b
chamber b. Increase in bl. Increase in
CO: greenhouse
concentration. gases.
Vertical a. Increase in al. Increase in
mixed-flow | Airflow / thermal energy i .
drvers . NO« respiratory
4 Drying a concentration. | diseases.
temperature
a2. Acid rain
formation.
a. Increase in al. Acid rain
Combustion a [SO: formation.

concentration.

14



SEI Vol. 8, No. 1, 2025, pp.189-192

Atmospheric Pollutants Impacts
Technology Energy / Fuel Process Stage Soot/ | PMio | GHG
CO | CO, |NOy | PAHs | COVs | visible | and SO, Direct Indirect
smoke | PMas CH, |N20O
a2. Increase in
respiratory
diseases.
a. Increase in al. Increase in
the respiratory
Dryer concentration of | diseases.
: a
operation PMioand PMp s. a2. Increase in
cardiovascular
diseases.
a. Increase in al.
CcO Deterioration of
concentration. | public health.
b. Increase in bl. Increase in
Hybrid CO: greenhouse
technologies o Artificial concentration. | gases.
& Artificial method . a b c d e f ) )
(natural + heating c. Increase in cl. Increase in
artificial) NOy respiratory
concentration. | diseases.
d. Increase in c2. Acid rain
the formation.

15



SEI Vol. 8, No. 1, 2025, pp.189-192

Technology

Energy / Fuel

Atmospheric Pollutants Impacts
Process Stage Soot/ | PMio | GHG
CO | CO, |NOy | PAHs | COVs | visible | and SO, Direct Indirect
smoke | PMs CH, | N0
concentration of )
dl. Increase in
PM i and PM>s. .
respiratory
e. Increase in diseases.
CH. ) d2. Increase in
concentration. )
cardiovascular
f. Increase in diseases.
N0 .
) el. Increase in
concentration.
greenhouse
gases.
fl. Increase in
greenhouse
gases.
f2. Ozone layer
depletion.
a. Increase in al.
CO Deterioration of
concentration. | public health.
b. Increase in bl. Increase in
Natural .
a b the respiratory
method . .
concentration of | diseases.

PM10 and PMz,s.

b2. Increase in
cardiovascular
diseases.
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These emissions have various causes, including inadequate control of combustion processes, the use of polluting
fuels, unregulated environmental conditions during natural drying, and the combination of methods without a
prior assessment of their impacts. The lack of a detailed analysis of the emissions generated by each technology
represents a barrier to the implementation of more sustainable and less polluting processes in the cocoa industry
[23], [26]. Addressing these issues is essential for promoting sustainable agricultural practices and minimizing
the environmental impacts associated with cocoa drying. By carefully analyzing the emissions generated by
each technology, opportunities for improvement can be identified, and more efficient and less polluting methods
can be adopted. This not only contributes to environmental protection, but also improves cocoa quality,
strengthening its position in the international market. For example, the implementation of drying technologies
that reduce the presence of heavy metals such as cadmium in cocoa beans is important, especially considering
European Union regulations that limit their content to 0.8 milligrams (mg) per kilogram (kg). Furthermore, the
use of solar energy in drying is an innovation that allows for achieving adequate moisture levels without
resorting to fossil fuels, thereby reducing the environmental impact [29]. On the other hand, the manuscript has
limitations regarding the quantification of air pollutants, given that the objective of the study was to provide an
initial contribution from an academic perspective through a literature review. Furthermore, a meta-analysis was
not conducted because the study’s operational variables were not systematically controlled.

4. Conclusions

Different cocoa drying technologies exhibit variations in both process efficiency and the generation of
atmospheric emissions. This highlights the need to guide implementation toward more sustainable alternatives
that optimize product quality while mitigating associated environmental impacts. In this regard, the use of
specific energy sources and materials in drying technologies may generate negative environmental effects,
particularly on the atmosphere. These impacts are mainly related to the release of compounds resulting from the
use of solid, liquid, or gaseous fuels, as well as to the efficiency of combustion systems and the operating
conditions during the process.

Samoa-type technology exhibited the highest pollutant load due to the presence of multiple emissions, including
greenhouse gases, particulate matter, and toxic compounds. In contrast, tunnel or greenhouse dryers showed the
lowest environmental impact, positioning them as the most sustainable alternative with the lowest risk to both
human health and the environment. Therefore, it is necessary to optimize cocoa drying processes through more
efficient and less polluting technologies, as this stage represents a critical emission point within the production
chain. These findings can serve as a basis for the development of mitigation strategies and the adoption of more
sustainable practices.

Identifying emerging technologies in the cocoa bean drying process and the associated atmospheric pollutants
is a necessary preliminary step toward more rigorous quantification in future research. Therefore, given that
solar-based technologies have a lower environmental impact, the use of biomass and fossil fuels results in a
higher number of pollutants. Thus, hybrid-drying as an alternative allows for the combination of economic,
environmental, and production considerations, as well as the climatic conditions typical of warm, humid, or
rainy regions. However, although it combines traditional drying methods, it is not the technology with the lowest
environmental impact.
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