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ABSTRACT
Keywords: The problem of water availability and its important role in the agricultural sector, specifically in the
Climate change cultivation of coffee, which has historical, cultural, and economic importance for Colombia, requires
Coffee a study of the water footprint in this country. This paper presents the results of a study of the water
Water consumption footprint of coffee production (cultivation and wet processing) in Colombia by the traditional and
Water contamination ecological wet-processing methods. To this purpose, the Water Footprint Network methodology was
Water risks followed according to the Water Footprint Assessment Manual (2011). The green water footprint of
Water scarcity coffee production in Colombia was 8,746 m® t' and does not have a blue water footprint as it does not
require irrigation, while the gray water footprint was 7,000 m® t. When the traditional wet-processing
method is used, the blue water footprint is 4 m® t* and the gray water footprint is 3,200 m® t*, while if
the ecological Becolsub® technology is used, the blue water footprint is 0.60 m® t* and the gray water
footprint is 1,739 m*t". For the Ecomill® technology, the blue one is 0.55 m®t* and had no gray water
footprint because it does not generate any water discharge and the little leachate that it produces
is reincorporated into the process. This implies that the Becolsub® ecological processing method
reduces the water footprint by 45.7% and 99.9% with the ecological Ecomill® process (no wastewater
discharge) compared to traditional wet processing technology. Compared to other countries, Vietnam
has the lowest green footprint in coffee cultivation, followed by Colombia, Ethiopia, Brazil, Peru, and
Indonesia. The water footprint of coffee depends on the climate and yields, consequently, the water
footprint of the coffee crop varies significantly between locations and the evaluation period.
RESUMEN
Palabras clave: El problema de la disponibilidad de agua y su importante papel en el sector agricola, especificamente en
Cambio climéatico la presion que existe actualmente por el recurso hidrico, pero ademas en paises como Colombia donde
Café el cultivo del café tiene una importancia histérica, cultural y econdmica, lo que hace necesario un estudio
Consumo de agua de la huella hidrica de este cultivo en el pais. Aqui se presentan los resultados de la huella hidrica de la

produccion de café (cultivo y beneficio) en Colombia, por el método de beneficio tradicional y ecoldgico.
Para su célculo se siguid la metodologia propuesta por Water Footprint Network. La huella hidrica verde
promedio del cultivo de café en Colombia es de 8.746 m3t', no tiene huella hidrica azul porque no requiere
riego y la huella hidrica gris es del orden de 7.000 m3 t. El beneficio tradicional de café no tiene huella
hidrica verde, la huella hidrica azul es de 4.00 m? t' y tiene una huella hidrica gris de 3.200 m® t'. El
beneficio ecolégico Becolsub® tiene una huella hidrica de azul de 0,60 m® t' y una huella hidrica gris
de 1.739 m® t'; mientras la tecnologia Ecomill® sin vertimientos de aguas residuales tiene una huella
hidrica azul de 0,55 m® t'y no tiene huella hidrica gris porque no presenta vertimientos. Esto implica que
el método de procesamiento ecoldgico Becolsub® disminuye la huella hidrica en un 45,7% y en un 99,9%
con el proceso ecoldgico Ecomill® (sin descarga de aguas residuales) en comparacion con la tecnologia
tradicional de procesamiento humedo. A nivel mundial, Vietnam cuenta con la menor huella hidrica,
seguido por Colombia, Etiopia, Brasil, Pert e Indonesia. La huella hidrica del café, depende del clima y el
rendimiento del cultivo, por esta razoén, la huella hidrica del cultivo de café varia significativamente con
el lugar y el periodo de evaluacion.
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lobal water use has increased by a factor of six

over the past 100 years and continues to grow

at a rate of about 1% per year as a result of

increasing population, economic development,
and shifting consumption patterns. Combined with
a more erratic and uncertain supply, climate change
worsens the current water-stressed situation of regions
and generates water stress in regions where water
resources are still abundant today. Physical water
scarcity (WS) is often a seasonal phenomenon, rather
than a chronic one, and climate change is likely to cause
shifts in seasonal water availability throughout the year
in several places (UNESCO, 2020). Around 1.6 billion
people, or nearly a quarter of the world's population,
face economic water shortage, which means they lack
the necessary infrastructure to access water (UN-Water,
2014; UNESCO, 2020). The number of people tackling
low, moderate, significant, and severe WS during a
given number of months per year at the global level is
about 71% of the global population (4.3 billion people),
who live under conditions of moderate to severe water
scarcity (WS>1.0) at least 1 month of the year, and
about 66 % (4.0 billion people) live under severe water
scarcity (WS>2.0) at least 1 month of the year. The
number of people facing severe WS for at least 4 to 6
months per year is 1.8 to 2.9 billion. Half a billion people
live severe WS all year round. Of those half-billion
people, 180 million live in India, 73 million in Pakistan,
27 million in Egypt, 20 million in Mexico, 20 million in
Saudi Arabia, and 18 million in Yemen (Mekonnen and
Hoekstra, 2016).

From the different sectors of the worldwide economy,
agriculture is the most sensitive to WS (FAO, 2013).
This sector is occasionally considered as a “wasteful”
water user after the domestic and industrial sectors
accounting for 70% of global freshwater use and more
than 90% of consumptive use. However, it is also the
sector with the most possibilities for adjustment options
(FAO, 2013). The extraction of water for different
agricultural processes has a direct relationship with
greater consumptive use as after the agricultural use, it
is not available for other uses because it is contaminated
or evaporated (Perry, 2007).

Cultivation and production of coffee are stages that have
a significant environmental impact, which is especially

attributed to the consumption and contamination of
water (water footprint). Moreover, coffee is one of the
crops with the greatest water footprint compared to
others, such as wheat, corn, soybeans, sugar cane,
and cotton, in terms of the volume of water consumed
and polluted per quantity produced but also it has an
especially high green water footprint (WFgreen) due to
its water consumption and a high gray water footprint
as a result of the wet-processing method required by
this crop (Arévalo and Sabogal, 2012; Arévalo and
Campuzano, 2013; IDEAM, 2015; Martins et al., 2018).

The water footprint is a measure of the appropriation of
freshwater by humans in volumes of water consumed or
polluted. This indicator is used to evaluate the amount
of direct and indirect water used and contaminated to
generate a product or service (Hoekstra et al., 2011).

On the other hand, coffee is historically and culturally
Colombia’s primary product and the main national crop
in terms of growing area, with approximately 24% of
the total area of the country under coffee cultivation
in 20 of the 33 Colombian departments. It represents
approximately 2% of the national Gross Domestic
Product (GDP) and 22 % of agricultural GDP (Federacion
Nacional de Cafeteros de Colombia, 2015). This is one
of the main export products and contributes 8% to the
total exported value of the country, generating more
than 500,000 direct jobs that correspond to 36% of total
agricultural employment (Ciro et al., 2011). Moreover,
Colombia is the third-largest coffee exporter country
in the world, according to the International Coffee
Organization (2021).

In this context, this paper aimed to determine the water
footprint of coffee production in Colombia and conduct
a sustainability analysis of this water footprint, including
the entire production process, from cultivation through
the production of dry parchment coffee, which is the final
export product. This information can help to identify, at
the national level, the impacts associated with the water
footprint of coffee production, its sustainability, and ways
to address the associated impacts.

MATERIALS AND METHODS

Study site
For this study, four Colombian departments with a long
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coffee tradition (Antioquia, Cauca, Caldas, and Quindio)
were selected. These departments were chosen based
on the fact that they are representative of the entire

country in terms of coffee production and with a wide
range of environmental conditions of the coffee zone in
Colombia (Table 1).

Table 1. Basic information related to the departments, meteorological stations used in the calculations of coffee cultivation and their

environmental conditions.

Location Mean annual Field Permanent
Department Municioalit Weatlher . . . precipitation ETa capac.ity wilting point
P PaY " Station Latitude Longitude Altitude (g veart) (mmyear) ofsoils  of soils

N W) (mas) o)
Caldas Chinchind ~ Naranjal 04° 58' 75° 42' 1,381 1,921 1,018 48 294
Antioquia ~ Venecia El Rosario 05° 58' 75° 42! 1,635 1,724 969 36.8 26
Cauca ElTambo  Manuel Mejia  02° 24' 76° 44' 1,735 1,270 770 58.8 46.8
Quindio Buenavista  Paraguaicito 04° 24' 75° 44' 1,203 1,455 1,008 19.7 10

Source: Cenicafé (2011-2020) and Ramirez et al. (2010).

Calculation and analysis of the water footprint

The methodology of the Manual for Water Footprint
Assessment of the Water Footprint Network (WFN)
(Hoekstra et al., 2011) was used to calculate the water
footprint of coffee production in Colombia. The total
water footprint (WF) is the sum of the green, blue, and
gray components, as shown in Equation 1:

WF- total =ZWF(green + blue + gray) (1)

The WFgreen corresponds to the volume of rainwater
that does not become runoff, is stored in the soils
satisfying the demands of the vegetation. This shallow
groundwater allows the existence of natural vegetation,
and it returns to the atmosphere through the processes
of evapotranspiration. The WFgreen for an agricultural
crop corresponds to the actual evapotranspiration of the
respective crop in a defined study area and evaluation
period. Therefore, to calculate the WFgreen component
in this study was necessary to determine the actual
evapotranspiration of the coffee crops in Colombia.

To estimate the actual evapotranspiration (ETa) of
the coffee crops in the different producing areas of the
country, the methodology developed by Cenicafé was
applied, which is based on the study of moisture balance
in the soils of Colombian coffee growers, especially those
under shaded systems and those with an open exposure
(Jaramillo, 2006). The reference evapotranspiration (ET)
was estimated from the expression of Garcia and Lopez
(1970) that was modified by Jaramillo (1982) (Equation 2),
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where RH=relative humidity (%), T=temperature (°C),
both are given in daily means and n=(7.45T)x(234.7+T)".

ET =[1.22x10°%(1-0.01RH)[+0.2T-18  (2)

The potential evapotranspiration (ETp) of the crop
is mandatory to calculate ET,, which was estimated
by Equation 3 and 4 (Ramirez et al, 2010), where
E,=evaporation (mm), PP=precipitation ~ (mm) and
K_=crop coefficient. As this K_has not been measured
for Colombia, therefore, the value reported by (Ramirez
et al, 2010) were used in this case, given the planting
density and age of the plants.

E=1.071xET, (3)
ET.= ET,xK, if PP <E, )
ET,=0 if PP > E,

The crop coefficient K was estimated based on the age
and planting density, as proposed by Ramirez et al.
(2010). p is the adjustment to the evapotranspiration by
soil moisture (Equation 5).

0.4 (5)
0,

p:

Where 0, is the soil moisture of the previous day, and 6,
the saturation moisture. When the estimation of p<0.35,
the crop evapotranspiration is lower than the atmospheric
demand due to a lack of water in the soil, and its value
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is that given by the estimate; on the contrary case, the
estimation uses p=1.

The actual crop evapotranspiration (ETa) was estimated
using the water balance model of Thornthwaite-
Mather and modified by Jaramillo (2006) (Equation
4). This equation was applied in conjunction with the
expressions of Equation 6 to Equation 11, where
P =effective precipitation (mm), E_=runoff (mm),
0, .=volumetric soil moisture at field capacity or water
retained at -33 kPa (%), 6, , =volumetric soil moisture
at the permanent wilting point or water retained at 1.500
kPa (%), C.W.=water storage capacity, RDe=effective
root depth, S.M=stored moisture, and C.N.=cumulative
negative function. Under the condition that when
the water retained in the soil in the effective range
of the roots equals the retention capacity, the crop
transpires at maximum capacity (ETazETp), and the
above equations, which are given in terms of effective
precipitation (P_), correspond to the condition of open
crop exposure. This condition was assumed because
it is the most unfavorable scenario concerning crop
evapotranspiration (compared to a shaded condition).
The details of the expressions described above can be
found in Jaramillo (2006); Ramirez et al. (2010).

ETa=(Peﬁ—ESC)+S.MH—S.Mi (6)
S.M.=C.Wxel e ™
CN.=(P,~ET) 8)
C.W.=RDe(6, ., ., ©)
5.16 .
an — W if PP > 6.0mm (10)
E,.=0 if PP <6.0mm
69.13 )
off =W if PP > 6.0mm
P, =0 itPP<6.0mm (1)
P, =PP if PP > 44mm

The effective root depth was considered to be 0.50 m,
given that this part of the soil profile represents 96% of
the absorbing roots and more than 89.9% of the total

roots, although the roots of a coffee plant can be as
deep as 1.0 to 1.5 m (Pulgarin, 2007).

The temperature and rainfall information were extracted
from the Coffee Meteorological Calendar from 2010 to
2019 from four stations located in the Colombian coffee
zone (Cenicafé, 2011-2020). Based on this information,
the actual daily evapotranspiration of the crop was
estimated using the previously referenced expressions
developed for the Colombian coffee zone.

The field capacity and permanent wilting point values
used in this study are presented in Table 1 (Ramirez et
al., 2010). A crop coefficient value of K =1.1 was taken
from the above calculation period, corresponding to a
mature and dense coffee plantation, (Ramirez et al.,
2010).

In the case of coffee, ETgreen (the actual green total
evapotranspiration) was assumed as the value of ET,
because for the period in which the water balances were
carried out (at daily scale), ETgreen corresponds to the
relationship between the effective precipitation, the crop
evapotranspiration, and the soil moisture content, which
has great importance to how the crop transpires, and
ET, considers these three mechanisms.

To evaluate the sustainability of coffee production
in Colombia, in terms of its WFgreen, the green WS
was calculated as the ratio of WFgreen to green water
availability, here considered as annual rainfall.

The minimum coffee productivity reported for the study
period was 0.76 t ha™ in the department of Cauca in
2013. The maximum was 1.56 t ha™' in the department
of Antioquia in 2019, while the total average productivity
was 1.10tha™.

The blue water footprint is the volume of water extracted
from a surface water or groundwater source and
consumed to produce goods and services to cover
an unsatisfied water demand due to a deficit in the
availability of rainwater.

The gray water footprint of agricultural production, which

is an indicator of the volume of water pollution, was
calculated by quantifying the volume of water necessary

Rev. Fac. Nac. Agron. Medellin 74(3): 9685-9697. 2021



to assimilate the nutrients that reach the ground or surface
waters due to the leaching of nutrients from crops is the
main pollutant from non-point sources of surface water
and groundwater bodies. To calculate the gray water
footprint in coffee cultivation, the contamination of the
water resource due to the application of fertilizers was
taken as a reference. Pesticides and other agrochemicals
were not considered because, in Colombia, there is no
information about them. The calculation of the gray
water footprint for coffee cultivation was performed only
by nitrogen (N) contamination because phosphorous,
which is applied as a fertilizer that is not absorbed by the
plant, generally accumulates in the soil, and only a very
small fraction is transported to subsurface water and
groundwater sources (Ercin et al., 2011).

For the calculation of the gray water footprint of the
coffee crop from nitrogen fertilization, the following
information was considered:

— Nitrogen application range in coffee crops from 28
to 154 kg ha' year’, although the recommended
amount is 300 kg ha™year' (Cenicafé et al., 2015).
In this study, the maximum value applied by farmers
(154 kg ha'year') was used.

— Nitrogen leaching rate: 10% of the total nitrogen
applied (Ercin et al., 2011).

— The maximum allowable concentration of nitrogen,
C,.. (kgm?)=2mg L' (Area Metropolitana del Valle
de Aburra, 2011).

— The natural concentration of nitrogen, C_=0mgL".
When natural concentrations are not known, but it is
estimated that they are low, it can be assumed that
C,,.= 0 for simplicity (Hoekstra et al., 2011).

— Productivity of coffee cultivation in Colombia: 1.10 t
ha' (Agronet, 2021).

For the calculation of the gray water footprint (WFgray)
in m® ha"', the amount of applied fertilizer or load (L)
(in kg ha™ of nitrogen) is divided into the difference
between the maximum allowable concentration and the
natural concentration (C_, of N, kg m®) according to the
following expression:

WFgray = L

max ~ “nat

(12)
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The value obtained from Equation 12 is divided by
the crop yield (t ha™'). In this way, the amount of water
required (m® t”) to dilute the pollutant load of nitrogen is
obtained.

Wet coffee processing is a sequence of operations
performed to transform the coffee cherry (from the crop)
into dry parchment coffee (the export product). Thus,
to obtain 1 kg of parchment coffee, approximately 5
kg of coffee are required. The present study analyzed
three existing technologies in Colombia for wet coffee
processing: conventional, ecological (Becolsub® and
Ecomill®), and natural (dry process) methods. The
conventional coffee mill uses approximately 40 L of
water per kg of coffee produced (between transport and
washing), the Belcosub® mill consumes 5 L kg™ in the
transportation of the grain and between 0.50 and 1.00
L kg™ in the wash (in this study 1.00 L kg were used),
the Ecomill® mill consumes 5 L kg™ in transport and
between 0.30 and 0.50 L kg™ (0.50 L kg™ were used for
the calculation) and the natural mill is done completely
dry and does not use water (Cenicafé, 2015). The
present work included the calculation of the WF blue and
gray for coffee processing by the following Equation 13
and 14 respectively:

WFblue = BlueWaterEvaporation + BlueWaterlncorporation
+ LostReturnflow (13)

For the calculation of the blue water footprint of the
coffee mill, around 10% of its demand was considered,
according to Ariza and Arevalo (2018), for a study of the
water footprint in coffee farms in Colombia.

WF gray = 2ot —Ce i

max — “nat

(14)

Where:

C,, is the effluent concentration.

C,,, is the current concentration of the water source.
C,, is the maximum acceptable concentration in the
water source.

C.. is the natural concentration of contaminants in

water, without intervention by humans.
Effl is the effluent of the process.

The natural concentrations of each parameter in the
surface water sources of the coffee zone are low,
specifically in those sites where this study was carried out.
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Therefore, the Cmax, ormaximumacceptable concentration,
was determined as the value defined by the regional
environmental authority (Area Metropolitana del Valle de
Aburra, 2011) in the water quality targets for the Aburra
River; these targets propose a BOD; (Biological Oxygen
Demand) value between 5 to 100 mg L according to the
section of the river where the discharge takes place (Area
Metropolitana del Valle de Aburra, 2011). For this study,
the C,, value was taken as a BOD.=5mg L", and C_,
was taken as a BOD_=0 mg L, considering this latter
when the natural concentrations of a given water quality
variable are not known with precision but are estimated
to be low, it can be assumed that C =0 for simplicity.
However, this will result in an underestimated WFgray
whenC_, is not truly equal to zero (Hoekstra et al., 2011).
For C,,, the permissible limits of the applicable discharge
standard (Ministerio de Medio Ambiente, 2015) were taken

for the respective activity, for the traditional processing
BOD,=400 mg L and ecological one BOD,=1,449 mgL"
(based on the calculation of the limit permissible for COD
and a biodegradability ratio of the process discharges of
2.07 (Cenicafé, 2015).

From the results of the water requirements of the coffee
crop in Colombia for the study sites during the period
between 2010 and 2019, the water footprint of the crop
was calculated for the respective departments, by using
data on coffee crop productivity or yield reported from
each department.

RESULTS AND DISCUSSION

Tables 1 and 2 show the results of the actual
evapotranspiration calculation and the water requirements
for the cultivation or production of coffee in the four

Table 2. Water requirements for coffee cultivation in the selected departments.

Year
Antioquia Caldas Cauca
2010 9,781 10,154 6,848
2011 9,113 9,827 7,882
2012 9,409 9,751 7,736
2013 9,684 10,199 7,586
2014 9,559 10,033 7,673
2015 9,941 9,682 7,696
2016 10,478 10,944 8,149
2017 9,653 10,618 8,002
2018 9,567 10,613 7,551
2019 9,756 10,166 7,921
Mean 9,694 10,179 7,704
Minimum 9,113 9,482 6,848
Maximum 10,478 10,944 8,149

Colombian departments with a wide-ranging coffee tradition
between 2010-2019. According to this information, there
are marked differences between the locations, with actual
total evapotranspiration values between 770 and 1,018
mm year' (Table 1) and crop water requirement values
between 6,848 and 10,944 m3 ha™ (Table 2).

Considering the results of the water requirements of the
coffee crop in Colombia for the departments of Antioquia,

ETgreen (m? ha")

Quindio Mean Minimum Maximum
10,161 9236 6,848 10,161
10,057 9220 7,882 10,057
10,230 9282 7,736 10,230

9,637 9277 7,586 10,199
10,405 9418 7,673 10,405
10,046 9291 7,696 10,046
10,554 10031 8,149 10,944
9,955 9557 8,002 10,618
9,939 9418 7,551 10,613
9,769 9403 7,921 10,166
10,075 9413
9,637 9277
10,554 10031

Caldas, Cauca, and Quindio for the period between 2010
and 2019, as shown in Table 2, and the productivity or
yield of the coffee crop for each department and the same
period, as shown in Table 3, the results of WFgreen of
coffee cultivation in Colombia for the four departments
between 2010 and 2019 are shown in Table 4.
According to the results shown in Table 4, the WFgreen
of the coffee crop for the sites and the study period varied
between 6,254 m*t' (in Antioquia - 2019) and 11,978 m*t"
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Table 3. Production and productivity of coffee cultivation in the selected departments.

National production  Harvested area national

Department Year harv:srtzz (ha) Prod(t:)c tion (Z:f;ﬁ') contribution contribution
(%) (%)
2010 111,602.71 121,253.38 1.09 15.56 14.99
2011 106,419.57  115,267.98 1.08 18.00 14.94
2012 112,221.14 91,621.30 0.82 1472 15.85
2013 109,755.50  102,403.24 0.93 15.70 14.22
Antioquia 2014 110,115.86  111,452.98 1.01 15.30 13.84
2015 109,649.61 120,365.78 1.10 14.15 13.69
2016 105,666.61 119,970.64 1.14 14.05 1359
2017 99,311.53 140,398.62 1.41 16.49 13.18
2018 95,899.72 125,075.63 1.30 15.38 13.32
2019 116,439.78  181,814.64 156 1857 14.98
2010 72,240.58 95,957.90 133 12.31 9.71
2011 66,331.61 78,805.87 1.19 12.31 9.31
2012 52,206.88 49,627.46 0.95 7.98 7.38
2013 60,264.29 58,634.21 0.97 8.99 7.81
Caldas 2014 50,757.18 62,869.38 1.05 8.63 7.51
2015 58,376.40 67,231.37 1.15 7.90 7.29
2016 56,022.06 66,661.14 1.19 7.81 7.20
2017 51,854.59 68,668.20 1.32 8.06 6.88
2018 49,28153 61,062.81 1.24 7.51 6.84
2019 53,194.00 73,192.25 1.38 7.47 6.84
2010 55,162.00 45,113.00 0.82 5.79 7.4
2011 54,046.42 41,645.39 0.77 6.50 7.61
2012 56,825.00 50,588.14 0.89 8.13 8.03
2013 74,105.64 56,303.93 0.76 8.63 9.60
c 2014 77,068.46 63,365.77 0.82 8.70 9.69
auca 2015 77,405.83 83,626.46 1.08 9.83 9.66
2016 78,421.96 87,642.49 112 10.26 10.08
2017 80,289.56 97,922.49 122 11.50 10.66
2018 79,610.48 86,005.63 1.08 1057 11.06
2019 82,333.80 92,015.83 1.12 9.40 1059
2010 18,159.00 21,065.00 1.16 2.70 044
2011 20,139.30 20,814.11 1.03 3.25 283
2012 21,109.83 18,030.13 0.85 2.90 2.98
2013 21,203.03 20,599.27 0.97 3.16 2.75
Quindio 2014 21,462.81 22518.43 1.05 3.09 2.70
2015 21,491.21 24,694.55 1.15 2.90 268
2016 20,041.68 23,791.30 1.19 2.79 258
2017 17,699.67 18,792.05 1.06 2.21 2.35
2018 15,502.95 19,996.48 1.29 246 215
2019 14,742.96 17,951.31 122 1.83 1.90
Mean 64,090.82 70,620.41 1.10 9.09 8.48
Minimum 14,742.96 17,951.31 0.76 1.83 1.90
Maximum 116,439.78  181,814.64 1.56 1857 15.85

Source: Agronet (2021)

(in Quindio —2012). The department with the lowest mean ~ with 9,304 m3t™. There is a marked correlation between
water footprint was Cauca, with 8,168 m*® t', and the WFgreen and actual evapotranspiration, considering
department with the highest mean WFgreen was Quindio,  that the places with the lowest and highest green water
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Table 4. Green water footprint (WFgreen) of the coffee crop for the study departments.

Year
Antioquia Caldas Cauca
2010 9,002 7,644 8,373
2011 8,413 8,272 10,266
2012 11,525 10,258 8,689
2013 10,380 10,482 9,984
2014 9,444 9,537 9,333
2015 9,056 8,233 7,123
2016 9,229 9,197 7,292
2017 6,846 8,044 6,559
2018 7,359 8,559 6,992
2019 6,254 7,367 7,072
Mean 8,751 8,759 8,168
Minimum 6,254 7,367 6,559
Maximum 11,525 10,482 10,266

footprint are also those with the lowest and highest average
evapotranspiration for the study period (Table 4). Cauca
showed the lowest values of evapotranspiration (Table 2)
but also observed the lowest annual values of WFgreen,
while Quindio showed the highest values for these two
variables during the study period and departments.
The mean WFgreen of the coffee crop in Colombia for
the study period indicated that the lowest WFgreen was
7,175 m® t* in 2019, the highest was 10,612 m® t' in
2012 and the mean green was 9,274 m3t™. These results
coincide with the occurrence of La Nifia phenomenon
in 2011 and 2012, when WFgreen was considerably
higher for all departments studied (Table 4), except for
Cauca where this phenomenon was very week, while
during El Nifio event (2018 and 2019), the WFgreen
was the lowest observed during the studied period for
most departments, region where was observed a less
reduction on precipitation during these years (NOAA,
2021) through the quarterly average of the Oceanic
Nifio Index (ONI, 2021). When analyzing the results
of the WFgreen of the coffee cultivation in Colombia
with the reports of the climatic phenomena La Nifia as
a highlighted event, there is a tendency to reduce the
water footprint and when a marked incidence of El Nifio
is presented, a tendency to increase the water footprint
is noted. This could be explained because of the increase
in rainfall and decrease in temperature, and therefore, in

WFgreen (m*t)

Quindio Mean Minimum Maximum
8,759 8,445 7,644 9,002
9,731 9,171 8,272 10,266

11,978 10,612 8,689 11,978
9,919 10,191 9,919 10,482
9,917 9,558 9,333 9,917
8,743 8,289 7,128 9,056
8,891 8,652 7,292 9,229
9,391 7,710 6,559 9,391
7,705 7,654 6,992 8,559
8,008 7,175 6,254 8,008
9,304 8,746
7,705 7,175

11,978 10,612

the evapotranspiration of the crop, while during El Nifio
rainfall decreases and increases in temperature and
evapotranspiration; conditions that affect the use and
contamination of water by coffee production.

Results from the green WS calculations for the studied
departments in Colombia indicated that although WS
varies within regions and among years, values were
always over 4, with an average of 6.4+1.6. This implies
that for the rainfall conditions in the coffee production
region in Colombia, the WFgreen is relatively low, and
coffee production under these rainfall conditions is
environmentally sustainable.

The behavior of the WFgreen of the coffee crop in the
four departments over time is very similar, except for
Cauca, where WFgreen is the lowest. This seems to
be related to the noticeably low evapotranspiration and
the not markedly low crop productivity compared to the
average.

Due to the high rainfall in the coffee-growing areas of
Colombia, which is generally sufficient for the development
of this crop, additional irrigation is not required or applied
to coffee crops, thus, the supply of water to coffee
crops in Colombia is an exclusive function of rainfall.
Nevertheless, as it can be seen in Figure 1 (A, B, C,
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and D), in some periods, and almost in the four weather
seasons, the crop water needs were not met, and the
difference between precipitation and evapotranspiration
has been increasing, which implies that in the future
irrigation must be considered.

According to Herron (2013), a coffee plant requires for
its normal growth an annual rainfall between 1,500 to
3,000 mm, depending on its geographical location (latitude
and altitude) and the type of soil (texture and structure).
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Moreover, the water requirement from the coffee plant is
approximately 125 mm month*; likewise, daily evaporation
fluctuates (Andean zone) between 90 and 120 mm day".
When analyzing a potential coffee zone, without irrigation
possibilities, it can be concluded that if the annual water
balance, expressed in terms of the difference between
the total annual rainfall and the annual evaporation is 150
mm year' or more, the region is considered suitable for
coffee cultivation; otherwise, the region is not. Therefore,
irrigation options in certain months of the year should
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Figure 1. Mean precipitation vs. actual evapotranspiration of the crop in: A. Antioquia, B. Cauca, C. Caldas, D. Quindio.

be studied in non-traditional coffee growing areas, where
the amount of rainfall does not satisfy the water demand.
Therefore, WFblue for coffee cultivation in Colombia can
be considered to be zero or negligible concerning the other
two components of the water footprint (green and gray),
according to the applied methodology (Hoekstra et al,, 2011).

The WFgray per unit of cultivated area (Equation 13) was
around 7,700 m® ha'*, assuming mean productivity of coffee
in Colombia of 1.10 t ha™' for the area and study period,
which leads to a gray water footprint of coffee cultivation in
Colombia of approximately 7,000 m? t'. Table 5 presents
the results of the water footprint for the wet processing of
coffee in Colombia.
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The WFgreen of the crop was 8,746 m?t'. The crop has no
WFblue, as it does not require irrigation, and the WFgray
was 7,000 m*t'. If the traditional wet-processing method is
used, the WFblue is 4 m®t" and the WFgray is 3,200 m3t",
while if the ecological Becolsub® technology is used,
the WFblue is 0.60 m® t" and the WFgray is 1,739 m3t".
For the Ecomill® technology, the WFblue is 0.55 m® t'
and does not have WFgray because it does not generate
any polluted water, accordingtothelocal environmentwater
quality standards, and the little leachate, which is produced
and reincorporated into the process. This implies that
the Becolsub® ecological processing method reduces
the water footprint by 45.7% and 99.9% with the
ecological Ecomill® process (no wastewater discharge)
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compared to traditional wet processing technology. The  and it does not generate spillage; therefore, it does not
natural processing of coffee is a totally dry process, it have a water footprint. Nonetheless, it is no longer a
does not use water to transport and wash the coffee  widely used practice.

Table 5. Water footprint for coffee with traditional and ecological wet-processing methods.

WF green WF blue WF gray WF Total

Product/Process (met) (m°t) (m*t) (m* t)
Coffee cherry 1,749 0.0 1,400 3,149
Coffee parchment 8,746 0.0 7,000 15,746
Traditional wet process 0.0 4.0 3,200 3,204
Belcosub® ecological wet process 0.0 0.6 1,739 1,740
Ecomill® ecological wet process 0.0 0.6 0.0 06
Natural benefit (dry process) 0.0 0 0.0 0.0

A comparison of the estimates obtained in this study with  blue water footprint of coffee cultivation in Colombia, were
those from other coffee producer countries (Figure 2), estimated range between 6,328 and 13,033 m® t', and
shows that the order of magnitude is similar in all studies. ~ the results of this study are at the lower range
According to the studies reviewed for the green and (8,746 m3t").
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Figure 2. Comparison of values for water footprint of coffee production found in this study with those from other studies in Colombia and other
coffee-producing countries around the world.

'This study; ®Ariza and Arevalo, 2018; *Arévalo and Sabogal, 2012; *Arévalo and Campuzano, 2013; IDEAM. 2015; *Mekonnen and Hoekstra, 2010; "Martins
et al., 2018; ®Mekonnen and Hoekstra, 2010; °Mekonnen and Hoekstra, 2010; ®°Mekonnen and Hoekstra, 2010; '"Mekonnen and Hoekstra, 2010; 2Mekonnen
and Hoekstra, 2010; *Mekonnen and Hoekstra, 2010; "“Mekonnen and Hoekstra, 2010

Global* = Mean global irrigation. Source: Mekonnen and Hoekstra (2010).

Only 3 of the 6 studies of the water footprint of coffee in  and Hoekstra, 2010), 2,778 m® t* (Arévalo and Sabogal,
Colombia analyzed in this study published results of the  2012) and the present study with the highest value
gray water footprint, with data of 1,533 m®t* (Mekonnen  reported (7,000 m® t).
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When comparing the water footprint obtained in the
present study with those obtained by Mekonnen and
Hoekstra (2010) for the main coffee-producing countries
(Figure 2), Colombia has the second-lowest water
footprint for coffee cultivation in the five main producing
countries. There is a strong inversely proportional
relationship between the coffee crop productivity at each
study site and the water footprint, where the lowest water
footprint was reported in Vietnam, which reported the
highest crop productivity (1.85 t ha™') for 1996-2005. The
largest water footprint was in Indonesia (28,520 m® t1),
with the lowest crop productivity (0.51 t ha'") for the years
1996-2005. When comparing the results of the water
footprint of the coffee crop obtained in this study with
the global average, differences were found since the
global average with irrigation is 0.20% lower and without
irrigation, it is 11% higher than in this research. This
difference between the global mean coffee cultivation
with and without irrigation indicates a greater efficiency
in water use and contamination in the technology with
irrigation; however, the real impact on the resource will
depend on the situation of each location in terms of the
availability of green and blue water.

According to the above results, the coffee productivity
in Vietnam (1.85 t ha'') is 3.6 times higher than in
Indonesia (0.51 t ha) and almost 2 times higher
than in Colombia (1.10 t ha'"), and its direct effect on
the water footprint in the cultivation of this product is
evidenced, given that the mean precipitation of the
main coffee producers is similar, except for Ethiopia,
which is considerably lower than that of the other
countries included in the analysis.

Although there are differences in the results of these
studies, they all agree with the dominant role of the
WFgreen in the global production of coffee. The
differences in the results of the reviewed studies may be
due to a variety of causes, including the type of model,
the spatial resolution, the period considered and the
data related to cultivated and irrigated surfaces, growth
periods, crop parameters, soil, climate and the season
for which the water footprint was calculated. Some
studies use a calculation for a specific base year, and
other studies (e.g. this study) use a mean calculation for
a given time range, making a comparison of the results
complex.
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The WFgreen of the coffee crop, at the national scale,
corresponds approximately to 0.55% of the total
available green water in the country (IDEAM, 2015),
indicating that the WFgreen of the coffee in Colombia
is sustainable.

Additionally, the traditional wet-processing of coffee (the
process after cultivation), reported a WFgray of 3,200
m® t'and the blue water footprint is about 4.0 m® t' and
it does not have a WFgreen because rainwater is not
used in this process. The Ecological wet-processing with
the Belcosub® technology has a WFgray of 1,739 m3 t
and a WFblue of 0.60 m® t"and with the Ecomill®
technology, the WFgray is 0.55 m® t"and does not have
WFblue because it has no sewage discharge. Out of
the six largest coffee producer countries in the world,
Colombia ranks second in terms of coffee’s WFgreen.

To sum up, the water footprint of coffee depends on
the climate and yields per hectare at the specific site of
production. The latter is due to the climatic conditions of
each site but also the soil conditions and management
practices; therefore, the water footprint of the coffee
crop can vary markedly depending on the location and
the evaluation period.

CONCLUSIONS

The water footprint of coffee cultivation in Colombia is
about 8,746 m® t' for the WFgreen, 7,000 m3 t* for the
WFgray (due to leaching of fertilizers to water sources),
and does not have a blue water footprint, given that
the coffee-growing sites of Colombia do not require
irrigation because the water requirements are supplied
with annual rainfall

The conventional coffee mill has a WFblue of 4 m® t,
a WFgray of 3,200 m® t" and does not have WFgreen
because generally the mill does not incorporate
atmospheric water in the process or is insignificant.
The ecological Belcosub® coffee mill has a WFblue of
0.60m3t"and a WFgray 1,739 mt", while the ecological
mill Ecomill® has a WFblue of 0.55 m3 t' and does
not have WFgray because it has no discharges (few
leachates are generally used as fertilizer for cultivation).
The natural benefit of coffee is a totally dry process, it
does not use water to transport and wash the coffee and
it does not generate spillage; therefore, it does not have
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a water footprint, however, it is no longer a widely used
practice.

Finally, the WFgreen of the coffee crop in Colombia,
at the national scale, corresponds approximately to
0.55% of the total available green water in the country,
indicating that the WFgreen of the coffee in this country
is sustainable.
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