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ABSTRACT: Cocoa is an important commercial crop in the tropics; and estimating the carbon
emissions in the producing-areas is a worthwhile effort. The main goal of the current paper was to
evaluate the carbon footprint (CF) per kilogram of Colombian cocoa bean produced under
conventional and agroforestry managements, following the methods proposed by PAS 2050. In this
research, we compared our results to other worldwide researches, showing an overview of the
current limitations and challenges involving the CF researches. Our results showed that all
calculated environmental burdens were lower for the conventional management. In the agroforestry
practice, composting of cocoa pod husks contributed with approximately 34.00E+00 g methane and
2.55E+00 g nitrous oxide emissions per kilogram of cocoa grain produced. Therefore, such practice
could reduce CF by 6.00E+00 kg CO; Eq kg'*, which is certainly a significant amount. These cocoa
residues left on the ground have a strong impact on CF of both studied managements due to the
anaerobic decomposition of organic matter, which represents more than 85% of emissions. We
concluded that both evaluated production processes can emit environmental burdens at the same
magnitude. Definitely, there is a widespread need to improve cocoa production system by changing
old and less productive plants to the so called clones to ensure cocoa yield and quality worldwide.
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PEGADA DE CARBONO DA PRODUGCAO DE CACAU COLOMBIANO

RESUMO: O cacau ¢ uma importante cultura comercial nos trépicos e estimar as emissfes de
carbono para areas de melhoria de segmentacéo é um esforgo que vale a pena. Portanto, o principal
objetivo do presente trabalho foi avaliar a pegada de carbono (CF) de grdos de cacau colombianos
por kg utilizando a metodologia por PAS 2050. Nesta pesquisa, discutiram-se os resultados e
apresentou-se uma visdo geral das limitacdes percebidas e dos desafios atuais de pesquisa CF. Os
resultados mostram que todas as cargas foram calculadas e encontram-se rebaixadas para a
tecnologia convencional. A compostagem contribuiu com aproximadamente 34.00E + 00 g de
metano e 2.55E + 00 g de d6xido nitroso por quilograma de cacau. Assim, esta pratica € capaz de
reduzir o CF por 6.00E + 00 kg CO2 eq kg-1, que é certamente significativo. Residuos deixados no
solo, como é o caso da casca de cacau, ttm um forte impacto sobre a CF de ambas as tecnologias
estudadas devido a decomposicdo anaerébia da matéria organica, o que representa mais de 85% das
emissdes. Pode-se concluir que o processo de producdo selecionado pode emitir cargas ambientais
com a mesma ordem de grandeza, utilizando-se das duas abordagens tecnoldgicas diferentes,
vulgarmente utilizadas neste campo. Entdo, definitivamente, ndo é uma necessidade generalizada
para promover a modernizacdo da producdo de cacau por uma transicdo em que as velhas e menos
produtivas plantas sdo substituidas pelos chamados clones, a fim de garantir a produtividade do
cacau mundial de qualidade.

PALAVRAS-CHAVE: pegada do carbono, alteragcdes climaticas, potencial de aquecimento global,
Theobroma cacao L.
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INTRODUCTION

Climate change is one of the main environmental impacts that threats the entire world, being
one of the greatest environmental challenges faced by global agriculture (ALENCAR et al. 2013;
ORTIZ etal., 2015). In 2010, investigations stated that the agricultural sector contributed with 15 to
17% of total anthropogenic emissions of greenhouse gases - GHG (IPCC, 2011; PONSIOEN &
BLONK, 2012). Currently, carbon footprint (CF) has been a well known method of measuring the
amount of GHGs discharged throughout the lifecycle of a product or a service (DRUCKMAN et al.,
2011; CARBON TRUST, 2007; PLASSMANN et al. 2010).

During the last five years, there has also been growing interest in calculating and evaluating
the amount of GHGs released in the agricultural production by using CF cradle-to-farm-gate
measurements (PAGE et al., 2012; CHENG et al., 2011; BOCCHIOLA et al., 2013; DONG et al.,
2013; KISSINGER, 2013; KNUDSEN et al., 2014).

Cocoa (Theobroma cacao L) is an important commercial crop in the tropics; therefore, the
estimation of carbon emissions in producing-areas becomes a rewarding endeavor. Since the
Abidjan Cocoa Declaration, in 2012, the cocoa sector has gained increasing attention. With that, it
was published the Cocoa Global Agenda that aimed at developing new knowledge with the purpose
of combining increased yield, technological innovation and sustainability in the cocoa production
chain.

Colombia is the fourth Latin American cocoa producer after Brazil, Ecuador and the
Dominican Republic. Reports showed that in 2012 cocoa world production reached 5,000,000 tons
(ICCO, 2012). In the same year, Colombia grew 143,645 hectares and reached a production of
around 49,509 tons, accounting thus for a yield of 446 kg ha™. This is still a low number when
compared to Ivory Coast (700 kg hal), which is the first world producer (FAO, 2014). If added
together, agriculture and forestry hold the fifth place in the Colombian economy making up the
most important sectors, which contribute to 9% of gross domestic product (GDP), 21% of total
exports, 19% of national employment and 66% in rural areas (GARCIA-CACERES et al., 2014).
Based on the the Cocoa Development Ten Year Plan 2012-2021, a total of 660,000 hectares are
available for cocoa cultivation in Colombia. The same plan includes the renewal of 130,000
hectares, replacing old and less productive trees by clones or hybrids to ensure cocoa grain yield
and quality worldwide.

Therefore, since cocoa farming is a key activity worldwide and highly active in the tropics,
the main objective of this paper was to evaluate the CF of cocoa production in Colombia, following
the method proposed by PAS 2050 and the guidelines of the GHG Protocol developed by the World
Resources Institute (BSI, 2008a, b; SINDEN, 2009). In short, the research aimed to identify
environmental impacts to be mitigated, discuss the results and provide an overview of the current
limitations and challenges in this sector.

MATERIAL AND METHODS

Carbon footprint (CF) was estimated for two management types of cocoa production
(conventional and agroforestry). Measurements were in accordance with the PAS 2050
methodology, which is based upon ISO 14040/44 for Life Cycle Assessment (LCA). This
methodology accounts all GHG emissions including CO,, N,O and CHy4. The CF calculations were
carried out using the Umberto software. In this paper, the production scenarios were set at a cradle-
to-farmgate basis, considering the functional unit as “the production of one kg of cocoa beans”. The
lifecycle of cocoa trees was assumed to be 30 years for both systems. The emissions from cocoa
pod husk left on the plantation ground were evaluated as composting system, since this material is
burnt or even left to decompose outdoors without any environmental control.

The data were collected from 60 farms at two different technological approaches commonly
found in Colombia: a conventional management system (30 farms) and an agroforestry one (30
farms), which were randomly chosen in the departments of Santander, Antioquia, Arauca, Huila in
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North of Santander. These are the top five producing-areas in the country, and their production
accounts for 95% of total domestic production.

The conventional management yields 400 to 500 kg of cocoa per hectare every year. This
cultivation model is used in 65% of the Colombian cocoa crops; it features low yields and planting
densities, aside from the use ofold tools that promote medium susceptibility to pests and diseases.

On the other hand, the agroforestry management reaches yearly yields between 1,200 and
1,500 kg of cocoa per hectare. In this system, we sampled three varieties: clone CCN-51, clone ICS-
39 and a hybrid. Both clones show yields higher than 1500 kg ha™ year?, which partly is due to
their resistance to pests and diseases; whereas, the hybrid achieve productions between 1000 and
1200 kg ha* year (MARTINEZ-ANGEL et al., 2015).

For both production systems, we estimated emissions until cocoa beans leave the field. For
the assessments, we took into account transportation, infrastructure, soil and energy use besides raw
material consumption, being divided into three phases: establishment, development and production.

The establishment phase takes one year and consists of a period without bean production. The
development lasts from the 2" to the 5" year, and corresponds to the beginning of cocoa
production. Finally, the production is the phase at which plants reach their maximum development,
which is within the 6™ and the 30" year. Tables 1.1, 1.2, 1.3 show the amount of inputs used
throughout the three different phases during the cocoa production.

TABLE 1.1. Inputs during the establishment phase.

Input Material Conventional management  Agroforestry Management Units

Seed 1.10E+03 1.32E+03 Unt hay?
Plastic bags 1.10E+03 1.20E+03 Unt haly?
Organic fertilizer 7.75E+02 6.00E+02 kg haly®
Inorganic fertilizer 50:30:20 1.74E+02 1.20E+02 kg ha'ly®
Formicide 1.00E+00 1.00E+00 kg ha'ly™
Lime 1.80E+02 1.80E+02 kg haty*
Permanent shading 1.50E+02 1.50E+02 Unt haty?
Temporary shading 8.00E+02 8.00E+02 Unt haly?
Plantain (suckers) 3.00E+02 4.00E+02 Unt hay?
Clippers 3.30E-01 3.30E-01 Unt haly?
Matchet 3.30E-01 3.30E-01 Unt hay?
Shovel 3.30E-01 3.30E-01 Unt hay?
Bar 3.30E-01 2.00E+00 Unt haly?
Posts 2.00E+00 3.00E+00 Unt hay?
Barbed wire 2.20E+01 2.20E+01 m’ haty™?
Hoe 3.30E-01 3.30E-01 Unt hay?
Chemical fertilizer (40:20:40) - 2.00E+02 kg haty*
Polyester net - 1.00E+01 m haty™?
Herbicide - 4.00E+00 Lha'y?

Scythe - 2.30E-01 Untha™

Razor - 3.30E-01 Unt ha™y®
Substratum - 2.50E+00 m® ha'y™
Foliar Fertilizer - 1.00E+00 Lha'y*

Fungicide - 1.00E+00 Lha'y™
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TABLE 1.2. Inputs during the development phase.

Material Conventional management Agroforestry Management Units

Organic fertilizer 2.40E+03 1.80E+03 kg haly™

Fungicide 1.00E+00 1.00E+00 Lha'y™

Formicide 1.00E+00 1.00E+00 kg haty*

Lime 9.60E+02 7.20E+02 kg haty™

Matchet 6.70E-01 - Unt ha™y?
Clippers 2.50E-01 1.10E-01 Unt haly?
Scythe 2.33E-01 1.10E-01 Unt haly?
Chemical fertilizer (50:30:20) - 1.20E+02 kg ha'ly®
Foliar Fertilizer - 1.00E+00 L ha'l%/'l

Chemical fertilizer (40:20:40) - 1.00E+02 kg ha'ty®

TABLE 1.3. Inputs during the production phase.

Material Conventional management Agroforestry Management  Units
Chlorpyrifos 3.00E+00 - Lha'y*
Glyphosate 8.75E+00 - Lhaly?
Paraquat 1.50E+00 - kg ha'y?
Lime 1.08E+04 6.24E+03 kg ha'ly®
Matchet 2.00E+00 3.30E-01 Unt ha y'1
Pruning shears 3.00E+00 3.30E-01 Unt haty?
Sisal bags 2.50E+00 2.50E+00 Unt haty?
Fiber Sacks 5.00E+00 5.00E+00 Unt haly?
Chemical fertilizer (50:30:20) - 1.44E+02 kg haty?
Organic fertilizer - 7.80E+00 kg haly?
Fungicide - 1.00E+00 Lhaty?
Formicide - 1.00E+00 kg haty*
Drawers fermentation - 1.00E+00 Unt per farm
Marquee - 3.30E-01 Unt hay?

Regarding the facilities and soil use, we considered a 3-hectare farm for the conventional
management, and more than 3 ha for the other management, taking into account the use of materials
as stakes, barbed wire, fermentation boxes and cocoa house covering material. Such infrastructure
was assumed to last 30 years. Transportation from nursery to the farms was assumed to carry 1,100
seedlings in the conventional management, and 1,320 in the agroforestry, both covering an average
distance of 200 km. Yet fertilizers and pesticides travelled an average of 400 km. This last
calculation was based on product weight and traveled distance and was given in tons kilometers
(tkm).

Air emissions were estimated using the method proposed by the Intergovernmental Panel on
Climate Change (IPCC, 2007), evaluating the N»,O emissions based on net N added to the soil by
human activities (e. g., synthetic or organic fertilizers, manure, crop straw and sewage sludge) and
N mineralization. The conversion of NoO—N emissions into N,O emissions was made through the
following [eq. (1)]:

N,O = N;O-N * 44/28 1)

The CO;, emissions from urea fertilization were calculated according to the following
[ea. ()]

CO; —C emission=M * EF 2

In which the general emission factor (EF) of urea was 0.20, being equivalent to the quotient

between the carbon content of this compound and its atomic weight [20% for CO (NH>),]. Yet the
CO, emissions due to liming were based on the following [eq. (3)]:

CO; emission — C = (Miimestone * EFiimesone) + (Mdolomite * EFdolomite) (3)
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Regarding the methane (CH4) emissions, we took as reference the data published by the
IPCC (2007), at the Good Practice Guide, to estimate the standard emissions of this gas that result
from solid residue disposal onto the soil (level 1), see [eq. (4)].

Lo = MCF * DOC * DOCF * F * (16/12) (4)
where,

Lo - Potential methane generation per unit of solid residue (kg CH,4 per Kg solid residue);
MCF - Methane Correction Factor (0.4);

DOC - Degradable organic carbon rate (kg C per Kg of residue);

DOCF - DOC rate actually degraded (standardly defined as 0.77 of the DOC value reported
by IPCC (2007);

F - Carbon fraction released as methane, being 0.5 ofthe IPCC standard from 2007,
16/12 - Conversion ratio carbon to methane.

With respect to the amount of nitrogen, ARLORIO et al. (2005) concluded that cocoa pod
husk has a nitrogen content of 2.90E+01 +1.3 g kg™, while its moisture content is 1.01E+02 +6.0.

RESULTS AND DISCUSSION

All calculated environmental burdens were less significant in the conventional management,
which emitted about 8.00E+00 kg CO, eq kg™ throughout the cocoa bean lifecycle. Two percent of
this amount corresponds to the establishment phase, while the development and production were
responsible for 12% and 86%, respectively. During the development phase, it was emitted about

6.91E+00 kg CO, Eq kg*, of which the lime accounted for 83%, transportation for 8% and use of
pesticides for 9%, as outlined in Figure 1.

Pesticide 7.05E-04

Lime 2.30E-02

Polyethylene 1.61E-04
Pesticide 5.64E-03
Transport 1.74E-02
Compost6.06E-02

Compost 1.51E-02

Transport 9.75E-03
Lime 5.11E-02
Pesticide 3.52E-02

Lime 3.19E-01
Transport 3.10E-02

Establishment Development . Production

\ B!

FIGURE 1. Conventional management emissions in kg CO, Eq Kg*

N,O 9.01E-02
CO,; 3.18E-02
N,O 4.10E-01
CO, 8.42E-02
CHa 2.93E-01
N,O 1.14E-01
CO, 1.86E-01
CH,4 6.23E+00

For the agroforestry management, we observed a total emission of 8.89E + 00, of which
around 96% occurred during the production phase (93% direct and 7% indirect emissions), whereas
the remaining phases had a total of 4%, as shown in Figure 2.
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Pesticide 5.07E-04
Compost5.45E-03

Polyethylene 6.32E-05

Fertilize 1.17E-02

Pesticide 1.52E-03

Compost 1.63E-02

Pesticide 1.32E-02

Lime 1.38E-02

Transport 1.91E-03
Compost 7.08E-02

Fertilize 1.17E-02
Urea 1.46E-04
Lime 3.45E-03

Urea 4.39E-04
Fertilize 3.67E-01
Urea 1.46E-04

Lime 1.19E-01

Transport 2.01E-03

Transport 1.54E-03

|

Establishment Development Production

\ |

FIGURE 2. Agroforestry management emissions in kg CO, Eq Kg'*.

N0 4.64E-03
CH, 6.77E-03
N,O 1.50E+00
CH,4 7.37E+00

CO; 3.12E-03
CHa 1.50E-03
N,O 2.42E-01

CO; 1.00E-02

CO; 9.01E-02

The foliar fertilizer used in the areas under study was Nutrimins, which is a mixture of
components in the form of chelates. This compost consists mainly of urea nitrogen with
magnesium, sulfur, boron, copper, iron, manganese, molybdenum, zinc salts, in addition to plant
hormones, which are present in minor amounts. This fertilization system is one of the major issues
related to GWP, since it increases the amount of CO, equivalent emitted in cocoa production.
Similar percentages were found by other authors as NTIAMOAH & AFRANE (2008) and ORTIZ
et al. (2014). Hence, as direct emissions from chemical fertilization and liming are a significant
challenge in farming systems, they were estimated and are shown in Table 2.

TABLE 2. Direct emissions from chemical fertilizations and liming in both conventional and
agroforestry cocoa production systems.

Conwentional Agroforestry
Phase Product KgN,Oha’ KgCO,ha’ KgN,0ha® KgCO,ha
Chemical fertilizer 50:30:20 2 73E400 6.38E401. i 4 A0E401.
Establishment ~ Orea-DAP-KCI
Organic fertilizer 3.53E-01 - 2.82E-01 -
Lime - 8.58E+01 - 8.58E+01
Chemical fertilizer 50:30:20
Sevelopment | Urea-DAP-KCI ) ) ) 1.32E+02
CVeIOPMENt — Organic fertilizer 1.09E+00 - 8.48E-01 -
Lime - 458E+02 - 3.43E+02
Chemical fertilizer 50:30:20
oroducti Urea-DAP-KCI ; ; - 1.37E+03
roduction Organic fertilizer - - 3.68E+00 -
Lime - 5.15E+03 - 2.97E+03

In terms of environmental benefits, we measured a few variables like dry biomass per hectare,
the amount of carbon fixed by plantain (associated crop), cocoa and walnut yield and the total sum
of carbon fixed by the cocoa agroforestry system in ton ha™* over a 15-year time horizon. Moreover,
we evaluated the emissions from cocoa pod husk left on the ground as in composting process. The
results have shown that CH, and N,O emissions throughout biodegradation process depend on the
type of composting system and on the time it takes. Around 8.50E+00 kg cocoa pod husk yields 1
kg of cocoa, these residues left on the ground can produce 2.60E-01 kg CH,4 and 4.00E+00 g N0,
which is equivalent to 7.69E+00 kg CO; eq kg™ of CF. The composting of such residues produced
34 g of methane and 2.55 g of nitrous oxide, all of which is equivalent to a contribution of

1.61E+00 kg CO2 Eq kg™*. Thus, this practice can reduce the CF of cocoa production in 6.00E+00
kg CO; eq kg™.

Leaving cocoa pod husk on the ground generates considerable impact on the CF, which is
caused by emissions from the anaerobic decomposition of organic matter, corresponding to more
than 85% of the emissions in both studied technologies. This is particularly important with respect
to the growing concern to reduce GHGs, highlighting organic fertilizers as a promising solution for
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the reduction of environmental burdens in association with an intensive agricultural management
(NEMECEK et al., 2011).

However, such emissions are not clearly estimated, since there are variations in cropping area,
type of chemical fertilizers, product offer and demand in the coming years due to food security
factors involved in agriculture, apart from other considerations such as energetic consumption
derived from CO, emissions and fertilizer use (CHENG et al., 2011). Even with all this, our study
has great contribution in providing crucial information on environmental impacts caused by
Colombian cocoa production throughout the entire cycle.

Next, we present a discussion of our results and show an overview of the current limitations
and challenges to be overcome by CF researches. In this sense, NTIAMOAH & AFRANE (2008)
evaluated the environmental impact cocoa farming and processing in Ghana (the second producer
worldwide), by means of a lifecycle assessment method (LCA). These authors reported emissions
of 3.22E+00E-01 kg CO, Eq Kg™* for each kg of cocoa produced. In turn, ORTIZ et al. (2014),
evaluating global warming potential emissions of cocoa farms in Colombia, obtained emissions
between 2 to 4 kg CO, Eq Kg'* cocoa.

The above-mentioned studies have differences on the approach used for GHG emission
calculations, mainly regarding the methodology used. Thus, their results are expressed not only in
different functional units, but also contrasting agricultural practices and regional infrastructure,
which change from one country to another.

Transportation mode is crucial in reducing CO, emissions (Da SILVA et al., 2010), the
infrastructure comes to be particularly important at this point. None of these studies showed results
in terms of the product lifecycle, considering the three stages of crop production (establishment,
development and production). However, they clearly define their corresponding functional units,
which are the basis of comparison with the current study.

Furthermore, it is clearly shown the differences in consumption among the evaluated
countries, being not only due to variations related to bio-climatic differences but also because of
their particular consumption custom. This fact is supported by PATHAK et al., 2010, who stated
that changes in eating habits could improve GHG mitigation.

For this purpose, we compared our outcomes to those of other studies carried in different
countries that outlined results on staple foods such as rice, potato and corn, which are fundamental
to food security in Colombia. A few studies emphatically focused on rice crops have been
performed over the past seven years, of which we can cite BLENGINI & BUSTO (2009); WANG
et al. (2010); ZHANG et al. (2010); KOGA & TAJIMA (2011); HOKAZONO & HAYASHI
(2012); LINQUIST et al. (2012); XIAOMING et al. (2013); THANAWONG et al. (2014);
MOHAMMADI et al. (2015); PATHAK etal. (2010); potato in PISHGAR-KOMLEH et al. (2011);
KRAMER et al. (1999); PATHAK et al. (2010); FERREIRA et al. (2011). Other studies targeting
forage maize like the one developed by PATHAK et al. (2010).

Firstly, previous studies have all evaluated the combined impact resulting from GWP and
energy use. For example, China is interested in using potato as an energy source for bioethanol
production, since farming is one of the most important economic activities in terms of both
production and consumption of bioenergy (OZKAN et al., 2004). Secondly, as an agroforestry crop,
cocoa has clear advantages whether compared to other crops such as rice, potato and wheat. After
calculating biomass, carbon fixation and carbon storage in cocoa and laurel (Cordia alliodora)
under an agroforestry system over a period of 25 years, ORTIZ et al. (2008) found that carbon
storage ranged from 43 to 62 t C ha*, with accumulation rates ranging between 1.7 and 2.5 t C ha™*
year®. In turn, over a period of 15 years, ARANZAZU (2003) measured a total of 130 tons of
accumulated dry biomass per hectare in a plantation combining three agroforestry system
components, namely plantain, cocoa and walnut. Additionally, this author found carbon fixation
records of 40 tons ha™* for walnut and of 15 tons for cocoa, in a total of 65 tons fixed in the entire
system over a period of 15 years, at a rate of 3.69 ton of C ha™* y* on the part of cocoa trees.
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In environmental terms, this means that when the Colombian cocoa is grown under the shade
of other trees, carbon sink and biodiversity are both favored. Besides benefits from certifications
that can be attained by using such system, especially the Rainforest Alliance and the Carbon
Labelling, which have brought good feedback from consumers (EDWARDS-JONES et al., 2009).
Thus, the evaluation of food products is a dynamic process in which not only environmental
information is gathered, but also knowledge on consumer perceptions of product quality (ATSUSHI
et al., 2010). Thirdly, rice cropping generates elevated methane emissions from the organic matter
decomposition under flooding conditions. In turn, potato and wheat are transitory crops, of which
the carbon fixation is not taken into account in the PAS2050 method. Nationally, cocoa demand is
greater than supply, increasing thus the imports. Indeed, this scenario is favorable to the farmers
who becomes competitive, also allowing them to negotiate large amounts with great Colombian
industries in this sector. Added to the low carbon emissions, Colombian cocoa exports can become
quite interesting by the end of the Cocoa Development Ten-Year Plan, which will be concluded in
the year of 2021. In this way, the country would be able to reduce environmental impacts, besides
increasing economic growth and maximizing population welfare. And lastly, it is noteworthy
mention that fertilization management was the practice that most contributed to the environmental
burden. In contrast, other practices such as soil acidity correction, control of weeds, pests and
diseases, pruning as well as the initial cocoa bean processing consisting of drying, cleaning and
packaging had CO, emissions, from energy consumption of these practices, almost null.

CONCLUSIONS

Yield increases per unit of crop area had relationship with the crop management type. Thus,
the maintenance, at constant levels, of fertilizer doses enables the reduction of N,O emissions. We
also concluded that both the agroforestry and the conventional management, for cocoa production,
emit environmental burdens (measured in GWP kg CO, Eq Kg?) at the same order of magnitude.
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