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Abstract: Coffee is the beverage resulting from the infusion of roasted and ground seeds of the
coffee fruit. It is one of the most commercialized products in the world and represents a high interest
agro-industrial product in Mexico. The demand for this product has grown in great measure in the
last decade, thus it is becoming more important to make environmental and energetic evaluations of
its manufacturing process. In this sense, life cycle assessment (LCA) is a useful tool for the purposes of
this study, as it quantifies the wake of environmental impacts associated to the production and supply
chain from its inputs and outputs of the product system. Therefore, the impact categories studied were
carbon, energetic, and water footprints. The cultivation phase led to global contributions between
61% and 67% in magnitude for energy and carbon footprints, respectively; meanwhile, the coffee
benefit process was the phase with the most contributions to the water footprint (54%). The residual
biomass from the product system used as the energy supply within the coffee drying sub-phase
represented energy savings of around 41% in comparison to the use of conventional fossil fuels, thus
reducing the global impact associated to the system’s product.

Keywords: coffee production; life cycle assessment (LCA); carbon; water and energy footprint;
environmental impact

1. Introduction

Coffee is a drink that is obtained through the process of infusion of the toasted and ground
seeds of the coffee plant. It is the second most commercialized product in the world after petroleum.
It is so popular due to its aromatic and flavor characteristics as well as its stimulating and refreshing
qualities [1-3]. Coffee is a high interest product to the agro-industrial sector in Mexico, second only to
corn. The south and southeastern regions of Mexico are the second most important coffee producers
worldwide thanks to the quality of its final processed product.

Due to its economic importance and its growing worldwide demand, it is important to evaluate
the environmental impact associated to the coffee-ground production process as well as its input
supply chain. LCA is a systematic methodology focused on the identification and quantification of
the environmental loads associated to a product or service throughout its useful life [4]. It is a useful
tool in environmental administration as it shows environmental impact in qualitative and quantitative
ways starting from the extraction of raw materials to final disposal. It identifies the use of materials
and energy as well as wastes, effluents, and emissions generated in each phase of the product’s
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system. This allows a focus on the hot spots that can be managed for improvement by reducing their
environmental burdens. The systematized sum of these improvements will lead to the environmental
sustainability of the global production chain [5]. The coffee production chain can have different
magnitudes of environmental impact due to its production phases depending on processing methods.

Different authors report LCA studies on coffee production [6—14], with the determination that the
cultivation and consumption stages are those with the greatest environmental impact. The use of water
and energy are indicators of contamination; the cultivation, processing, packaging, and consumption
phases have great contributions to the total use of system energy; carbon footprint, determined by the
use of inorganic fertilizers, are a major contributor of greenhouse gases GHG [8-12]; water footprint
identifies a relationship between the cultivation phase and agricultural water management [15-19];
and energy footprint is as an indicator of the consumption of conventional and non-conventional
energy [20,21].

However, not all the agricultural stages of coffee have been studied, such as seedbed placement,
nursery placement, and growth and maturation of its productive stage. Most of the studies only contain
information on this last stage and not the aforementioned stages. The non-usable waste heat in the
system has not been determined, nor has the residual biomass energy used in the processing stage,
thus leaving these out of the environmental impact evaluation as a whole.

Therefore, the objective of this research was to evaluate the environmental impact associated
with the production of ground coffee that included the following stages: (i) Agricultural production,
(ii) wet processing of the grain, and (iii) roasting and grinding of the grain. Furthermore, with the
purpose of reducing the system’s high energy consumption, energy recovery was carried out through
the energetic valorization of the residual biomass from the pruning of the coffee plants and the
coffee bean straw left behind after the same production cycle, which was demonstrated through the
establishment of two energy scenarios for the primary processing of the coffee bean: (1) The base
case, including a “waste to energy” system (S-A); and (2) conventional fossil energy supply (S-B).
The residual energies for the drying and roasting of the coffee were also quantified. In order to have
an integral analysis system, sensitivity cases were proposed with the transport of inputs and energy
losses in the drying oven with respect to the environmental indicators analyzed. To determine the
associated impacts, specialized software, SimaPro®, was used (PRé Consultants, v. 8.4).

2. Materials and Methods

The method used for current LCA is based on ISO standards 14,040 and 14,044 [22]. These establish
four main steps to be taken: (I) Initial phase, (II) life cycle inventory (LCI) phase, (III) life cycle impact
evaluation phase (LCIE), and (IV) life cycle interpretation phase [23]. Figure 1 shows the applied
methodology for this study.

2.1. Initial Phase: Objectives and Scopes

This phase establishes the product that was evaluated through the LCA, then it defined the system
functions that were analyzed; these included the inputs and outputs from the product system as well
as the intermediate flow within the process, obtaining where corresponding environmental impacts
were assigned as per the causality that links them. Subsequently, the functional unit was determined.
It expresses the product function and the system measure through which all the product system flows
were quantitatively related. Finally, the study’s limits were established, this was limited to: Cradle
to gate, which makes reference to extraction, production, and ends with the product ready to be
used [24,25].

2.2. Life Cycle Inventory

LCI was realized through an iterative process in which the data were collected. Once validated,
they were linked to a functional unit to complete a database. The validation of the data included the
comparison between field information (or experimental evidence) and that reported in the specialized
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literature, as well as the realization of the material and energy balances for each stage and sub-stages
that make up the production chain [25]. In this LCA, the field work was realized through interviews
with coffee producers and designers of equipment specializing in coffee processing. Regarding the
product system, the activities realized were: Mass and energy input, supplies, byproducts, waste,
air emissions, wastewater, soil pollution, and other environmental aspects.
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Figure 1. LCA methodology for coffee.

2.3. Life Cycle Impact Evaluation

Characterization or the use of environmental calculation models for each impact category gives
us resulting conversion factors, which were applied to the output data obtained or collected during the
LCI phase. The quantified data was defined as the valorized impact category. From the current
evaluation methods: (i) Midpoint models, relating each impact category to a potential primary
damage magnitude without considering a repercussion (positive or negative) in the final receptor;
or (ii) endpoint models, which are directed to potential impacts that receptors will be receiving,
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such as a determined ecosystem or human health [24,25]; this study used the ReCiPe (v. 1.01, hierarchist
version, and only the characterization level was used to determine the environmental impact) midpoint
calculation methodology [26], an integrated version within the specialized software, SimaPro®. It has
been reported that agri-food sector chains are large consumers of resources, like the water supply,
and commodities in the form of fertilizers and fuels, both in technified cultivation processes and
in those where an agricultural-industrial post-treatment are required [27,28]. In this last case, it is
the processing of the coffee bean for the manufacture of the final edible product. Therefore, it was
considered that the water footprint, the carbon footprint, and the energy footprint of the cultivation
and processing for coffee were relevant quantifications of environmental impacts to determine the
behavior of the product system. Table 1 shows a brief description of each of the categories studied.

Table 1. Contemplated categories of impact.

Impact Category Description Unit

This indicator evaluates the impact of greenhouse gas emissions Kg CO,

f i . )
Carbon footprint associated to the product system. equivalent

Shows all impacts related to water consumption. It refers to the water
Water footprint  that is consumed and therefore it is no longer available for humans m
or ecosystems

This indicator summarizes the energy supply from the product system,
Energy footprint through a “bottom-up” structure, and the supply chain of conventional MJ
and non-conventional fuels are quantified.

Source: Adapted from [26].

2.4. Life Cycle Interpretation

The results obtained were analyzed and evaluated for suitability and compliance with the product
system defined in the initial phase of this LCA and with the quantified data in the inventory, which,
for this study, included: (i) Contrasts of the magnitude of the impacts obtained among phases of the
product system, and (ii) sensibility analysis among the critical parameters identified in the production
process, including two scenarios’ (S-A and S-B) presentation as it was mentioned in the introduction
section, with processes modified regarding the base product system. Environmental impacts of the
processes were compared in an individual and/or global way to other LCA research as well.

3. Results
3.1. LCA of Ground Coffee Production

3.1.1. Initial Phase

Approaches and Objectives. The objective of this study was:

e To quantify environmental impacts associated to cultivation and processing of coffee through
traditional processing using the wet process to obtain a determined amount of toasted and ground
Arabica coffee;

e todevelop a database by means of the quantification of material and energy flows that are inputted
and outputted from the product system for the LCI conformation; and

e  to propose two current scenarios of energetic supply to the conventional processing of the coffee
grain by the wet process that compares the use in each case of liquefied petroleum gas (LPG) and
waste biomass (WB) generated by the product system itself.

Functional unit: The functional unit (FU) was defined as 1 kg of ground Arabica coffee produced
during a crop year. The system’s function was established as the production of ground Arabica coffee
from the cradle to the door, not including packaging, distribution, and consumption.
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System limits and load assignment: System limits for the product were based on the application
of the following criteria:

e  The LCI was compiled and quantified taking into account the following stages (Figure 2):

(i) Extraction, mining, milling, and pre-manufacturing of raw materials;

(i)  upstream energy flow supplied to the product system;

(iii)  agricultural process represented through the coffee plantation, which included the
following sub-phases: (a) seedbed, (b) nursery, (c) plant growth phase, and (d) plant’s
productive phase; and

(iv)  coffee processing, which corresponded to the benefit via the wet process and coffee
commercialization, with the analysis of the sub-phases: (a) Process of coffee that benefitted
(b) roasting, and (c) grinding;

e capital goods were excluded from the system as it has been reported that their contribution is
significantly lower compared to the other structures of the production chain [29-31];

e due to the variability in the harvest yield that a coffee plant can have in different cultivation
conditions, a yield determined by the conditions of local producers was proposed according to
data collected in the field research (Table 2); and

e the allocation procedures for multiple streams, co-products, and products were established by
mass and economic causality as per ISO 14,044 [22]. In the case of energy processes, such as the
drying and roasting of coffee beans, allotted flows were based on energy balances from each
production stream, including intermediate flows.

3.1.2. Ecolnvent Datasets Adaptation

The data of the current LCA, as already described, were collected from local coffee producers
and distributors. In the collection of the data used in the LCI, the use of information obtained from
field work in the local area was prioritized. For this, multiple visits and interviews were made
to local producers, as well as manufacturers of equipment specializing in coffee processing and
commercialization. The collected datasets were the information core for the LCI performance. However,
in secondary inputs, such as transportation and agrochemicals, Ecoinvent (v. 3.4) [32] was used. In the
case of the datasets used, they were adapted to the conditions of the study zone, in three main terms:
(i) The energy inputs supplied locally were modified, for example, the fuel type and its manufacture
was adapted; (ii) the type of transport used was changed; and (iii) all the distances routed for the
input and the output materials transported in each assembly integrated in the datasets involved
were modified.

3.1.3. Product System Description

The agricultural stage starts at the seedbed and nursery of the coffee plant, which only takes
place when it is time to renew or when a plantation starts from scratch; therefore, the productive
lifespan of the coffee plant was considered. The time spent in the coffee plantation is divided into
two stages, growth and development. The first stage lasts about five years and the harvest yield of
coffee cherries is lower as the plant is still in development; after this time, the coffee plant goes on to
have a regular performance during the rest of its lifetime [33-35]. Because the quality of the coffee
drink is closely related to organoleptic factors, and these have been related to factors of production and
custody of the coffee bean from its cultivation to its grinding, local producers have focused part of their
quality to produce in a quasi-artisanal way. This is a consequence of the lack of technification in the
local agricultural sector; this was considered in the study when the data were collected. For example,
the coffee cherry harvest is done by hand, which is justified, in any case, with the care in the quality of
the final product. The production stages for this study are synthesized in Figure 2.
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Figure 2. Diagram of the process.

Transformation of the coffee cherry takes place through an extraction process, called the coffee
benefit process. The traditional wet process is the most used seed obtainment method in Mexico.
It consists of removing the pulp, mucilage, and parchment that protect the coffee seed throughout
different unified processes. The pulp and the mucilage are removed during the wet processing stage.
Once the beans are free of these layers, they are dried and dry parchment coffee is obtained. The dry
processing stage consists of the removal of the parchment and the classification of the coffee through
different physical methods to lead to the obtainment of so-called green coffee [36-38].

The commercialization stage is understood to be, for this study, the phases of roasting and
grinding. Roasting green coffee is a thermal treatment, which will make the beans go from room
temperature up to 190 °C to 280 °C. Meanwhile, grinding and toasting coffee leads to the proper
degree of graininess to be able to extract and infuse liquid to produce the final beverage [39,40].

3.1.4. Proposals for Sensitivity Analysis

Two main scenarios were presented for this phase. In the base case or scenario A (S-A), the residual
pulp, generated from the de-pulping process within the wet processing stage for the coffee [1,40], was
treated through a composting process to produce a stabilized waste that was proposed to be used
as fertilizer in the nursery stage [41,42]. Similarly, the residual straw, a solid sub-product generated
during the hulling stage [3,43,44], was considered as fuel to supply hot air for the drying process of
the coffee bean [45,46].

On the other hand, in scenario B (5-B), there was no use of the waste generated during the
production chain, but rather, they were considered a waste stream for its treatment or final disposal.
The pulp was substituted by a phosphate fertilizer and the residual straw was substituted as biomass
fuel by LPG for the drying process. The scenario was structured this way because many local coffee
producers do not execute any synergy of use from the residual biomaterials flows to reduce the
consumption of some of the commodities of the product system.
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3.2. Life Cycle Inventory

Table 2 summarizes the production factors used in this LCA for the coffee processing chain
through each of its sub-stages, which were quantified from the information collected in the field and
by the respective flow balances.

Table 2. Production factors for the coffee processing chain.

Relation Ratio
Coffee Cherry: Ground Coffee 7.42
Dry Parchment Coffee: Ground Coffee 1.71
Green Coffee: Ground Coffee 1.34
Toasted Coffee: Ground Coffee 1.02

Table 3 shows the input and output of the most important flows in the current LCA to lead to
produce one kg of ground coffee. Data was quantified and explained in the methodology section.

Table 3. Life cycle inventory, base case (S-A).

Stage Flow Amount Unit/UF
Cultivation stage
Water supply 4.26 x 10° kg
Wastewater 4.28 x 1073 m3
Seedbed place Polyethylene mesh 7.29 x 107° kg
Substrate 25.13 x 1073 kg
Agrochemical disinfection 1.54 x 107° kg
Power consumption 873.00 x 10~° kWh
Agrochemical required 1.77 x 1073 kg
Water supply 1.25 x 100 kg
Residual agrochemical 231.10 x 10~ kg
Nursery Wastewater 483.10 x 107 kg
Polyethylene 287.3 x 107 kg
Substrate 85.60 x 1073 kg
Power consumption 239.00 x 10~° kWh
Substrate 3.16 x 1073 kg
Polyethylene bags 280.00 x 10~° kg
-3
Coffee plantation Water 287.30 x 100 k%
Wastewater 2.08 x 10 m
Agrochemicals 707.00 x 1073 kg
Residual agrochemicals 228.70 x 1073 kg
Coffee processing stage
Reception Process water 11.20 x 10° kg
Pulper Wastewater 3.62 x 1073 m3
P Power consumption 3.31 x 1073 kWh
. ati Process water 11.90 x 100 kg
ermentation Wastewater 6.44 x 1073 m3
Process water 7.14 x 10° kg
Washing Wastewater 7.70 x 1073 m3
Power consumption 200.00 x 10° kWh
Energy supplied 18.85 x 100 MJ
Residual energy 14.62 x 10° MJ
Straw burner Power consumption 110.00 x 1073 kWh
Biomass 639.26 x 1073 kg
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Stage Flow Amount Unit/UF
Coffee processing stage
Energy supplied 4.23 x 10° MJ
Dryer Residual energy 2.09 x 10° MJ
Power consumption 88.60 x 1073 kWh
Cleaning and adjustment processes Power consumption 3250 x 1073 kWh
Commercialization stage
Energy supplied 2.63 x 10° M]
; -3
Roasting Residual energy 433.29 x 1()_3 MJ
Waste 330.00 x 10 kg
Power consumption 110.00 x 1073 kWh
Grounding Waste 15.20 x 1073 kg
Power consumption 18.58 x 1073 kWh

3.3. Impact Evaluation Phase

In Table 4, the environmental impacts associated to cultivation and processing of 1.0 kg of ground
coffee are shown in both proposed scenarios for the categories selected for this phase. While the shared
percentage of the environmental impacts by sub-stage are shown in Figure 4.

Table 4. Associated environmental impact.

Carbon Footprint Water Footprint Energy Footprint
Kg CO; eq m3 Water Used M]
S-A S-B S-A S-B S-A S-B
Cultivation 1.89 x 100 282 x10° 437x1073 451 x107% 2850 x 1070  42.1 x 100
Coffee processing ~ 1.50 x 100 2.82x 10° 532x 1073 669 x 1073  225x10°  59.0 x 10°
Commercialization ~ 1.58 x 100 290 x 10 536x 1073 672x107%  705x10°  63.7 x 100

4. Discussion

Figure 3 shows that cultivation represents the phase with the most impact on the carbon footprint,
with 67% emissions of greenhouse gases. This coincides with the information reported by several
authors who affirm this is one of the stages with the most impact for this category [8,10,11,14,47,48].
However, impacts associated to the carbon footprint in the cultivation phase can be variable according
to the management of the planting process, as is shown in Table 4. In each of the studied scenarios,
those where there was no usage of sub products, for example, in scenario B, it can be observed that
there is an increase in the three impact categories evaluated, which coincides with prior research that
affirms that the use of inorganic fertilizers elevates GHG emissions [49,50].

Energy footprint can be related to a product’s carbon footprint; this last indicator is an answer to
high energy consumption within a process and if this energy is coming from fossil fuels, then there
is even more relation with carbon footprint. Both categories were minimized in the scenario where
biomass was used as a fuel source (S-A) as is shown in Table 4; it coincides with other research as
well [50]. Within the analyzed product system, the fact that the cultivation stage concentrates the most
environmental impact associated to accumulated energy demand due to the consumption of various
inputs [6] was proved, and this impacted on the carbon footprint too.

Regarding the water footprint, most of the environmental burdens were accumulated in the
coffee bean processing stage. This seemed to contradict the findings by Chapagain and Hoekstra [15],
who affirmed that the cultivation stage used the most water. Nevertheless, this difference is due to
the conditions presented in each case’s research, with the previous report contemplating the use of
inorganic fertilizers in all cultivation sub-processes, whereas the current LCA considered the use of
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compost to manage coffee pulp waste [33,42,43], avoiding the impact associated to the production and
consumption of conventional fertilizers. This information coincides with different authors regarding
the water footprint as being influenced by agricultural management in each plantation [16,17]. It is
worth mentioning that the magnitude of the water footprint is not necessarily a determining factor
to evaluate water consumption in a product system; this will depend on the amount of hydric
stress in the region where water is extracted or supplied from rainfall and not as an input from the
technosphere [7,51].

Carbon Footprint mWater Footprint mEnergy Footprint

67%
cuttivation - [[IINTANNAER ROV 4%
i — i ey s

28%

Coftee Processing [N ERRERT RO ATEAACICIOIRNOI 542
) e

5%
Commercialization | 1%

T

0% 10% 20% 30% 40% 50% 60% 70% 80%

Figure 3. Environmental impacts in the stages of ground coffee production.

As is shown in Table 4, the impacts generated in each scenario varied significantly in the different
processing stages and categories studied. The results showed that both scenarios were within the
ranges reported by Noponen et al. [9]. Nevertheless, other research showed significant variations
from what is reported by Segura and Andrade [10], who quantified the carbon footprint of organic
cultivation as 0.01472 kg CO; eq. per kg of coffee cherries; while the current LCA reported it as
0.2551 kg CO, per kg of coffee cherries. The main difference from the cited study is the inclusion of
carbon sequestration, whose effect resulted in a reduction in global emissions. This quantification
reduced the carbon footprint generated from coffee cultivation by approximately 92% [52].

Figure 3 shows the shared percentage impacts associated to each sub-stage of the product system
of 1.0 kg of ground coffee for the three evaluated categories. It is shown that the impact generated
by the seedbed and nursery sub-stage were less than 1% of the cultivation, while the sub-stage of
coffee plant growth resulted in greater impacts associated with the agricultural stage to the selected
categories. This is due to the fact that the first five years of a coffee plant’s life have lower output,
nearly 50% less than a coffee plant that has reached maturity. Nevertheless, during these first years, to
guarantee the plant’s proper development, it consumes significant amounts of input (both organic
and inorganic fertilizers, herbicides, and insecticides) in comparison to its productive phase [46,53].
As previously mentioned, the coffee bean processing stage showed the highest contribution to its
carbon footprint; the dry process stage, specifically, was the one that contributed the most. This is due
to the high energy consumption of the machines used to classify coffee, which is consistent with data
presented by Cardenas and Vasquez [54].

The current LCA was based on intensive conventional energy processes, this implied (Figure 2) the
integration of a mechanical drying process using a rotary dryer and the energy supplied. It resulted in
values of 9.82% and 8.82% of the global quantified value for carbon and energy footprints, respectively,



Sustainability 2018, 10, 4598 10 of 17

associated to coffee processing (Figure 4). The decision to include an intensive conventional energy
process was to represent local conditions in the coffee sector.

Seedbed
55%
45%
Grounding Nursery

35%

Energy footprint
25%

@Water footprint
15% @ Carbon footprint
Roasting ?/ Growth Stage
Dry process Productive Stage

Wet process

Figure 4. The impact associated through the sub process in the production of ground coffee.

Vera et al. [48] reported for a conventional coffee production process a carbon footprint value that
represents 14% of the result obtained for the base case (S-A) proposed in the current ACV. The main
difference is that this one used solar energy for coffee drying, which considerably limits the continuity
and intensity of coffee production. Another key difference is that the aforementioned study only
considered energy consumption for the de-pulping process on equipment with a capacity for 300 kg
of coffee per hour. The current LCA used conventional power energy for all the equipment used in
the process (pulper, shaker, and rotary dryer), and the capacity for the pulping machine used on this
product system was 10 times greater than the one used in the comparison study.

Table 4 shows there are big differences in this category depending on the scope of each study’s
setting. Through quantification of the mass and energy flow, the conclusion was that the coffee straw,
generated from the cleaning sub-process [3,44], was not enough to supply the energy required to
evaporate the water contained in the washed coffee bean, since the coffee must reduce from about 45%
down to the 11% humidity required of the output product of this sub-stage, which is known as dry
parchment coffee [55], as reported by Aguirre and Jacome, and Pozos and Moreno [33,53,56]. Therefore,
scenario A included the use of not only the generated coffee straw, but also the use of wood-biomass
energy through cutting or renovations from the coffee plant to supply the necessary energy. The use
of biomass (straw and wood) is not the only option that currently exists for coffee drying; the use
of liquid petroleum gas is also common [53,57]. Accordingly, the S-B considered the use of LPG as
an energy input instead of the use of biomass (S-A); the comparison showed a savings of energy input
of 41% from the coffee drying sub-phase. This confirms that energy recovery through residual biomass
is effective to replace fossil fuels [58]. The quantified energy supplied for the processing stage of coffee
beans showed for S-B is congruent with the information reported by Coltro et al. [6].

On the other hand, coffee roasting contributes to 11% and 24% of the energy and carbon
footprint globally, respectively, and as a whole, the carbon footprint represents around 30% for
the commercialization stage. Due to the high supply of LPG in the stage, in both proposed scenarios,
it is worth mentioning that this stage of the product system has a non-usable amount of energy that it
is lost into the environment. This waste energy was 13% of the total energy consumed in the roasting
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process. Kljaji¢ et al. and Pantaleo et al. [59,60] reported an energy consumption between 1.1 MJ/kg
and 1.5 MJ/kg of green coffee, respectively, for coffee roasting, and these values were higher than the
ones quantified for the current LCA by the addition of quantified residual heat. The main difference
was the roasting time and the use of natural gas as fuel. In the specific case of Kljaji¢ et al. [59],
they reported an air pre-heated process before the beginning of the roasting process.

For this study, it was proposed that the impacts associated with the flow of energy from
the biomass would be considered to be “avoided” impacts from the corresponding conventional
fossil energy flows. Since the current use of energy biomass was not usually used, as shown in
scenario A, the environmental impacts avoided were those derived from the use of fossil fuels by
energy substitution. If the use of biomass was considered as a source of energy supply of common
practice, then the avoided impacts would not be accounted for, as shown in Figure 5. Even with this
intermediate scenario approach (scenario without avoided impacts, S-WAI), that is, the current energy
biomass use in the product system continued to yield lower results than scenario B’s fossil energy
supply. Such energy use from residual biomass has already been reported in the literature for coffee
production systems [61].

Dryer energy footprint
SA - 1.26
S-WAI j 1560
SB 38.20 |
0 5 10 15 20 25 30 35 40
MJ/FU
Figure 5. Energy supply to the dryer, quantified as the energy footprint.
Sensitivity Analysis

Figure 6 shows the global repercussion in the transportation of raw materials, input, and
intermediate products in the function of impact categories evaluated for this case: Carbon footprint
and energy footprint. A 25% change regarding base values elevated environmental loads by 8% and
2% for the categories of energy footprint and carbon footprint, respectively, which implied a low
sensitivity to an increase in transportation distances in the coffee production chain. It has been reported
that agroindustry systems are generally influenced by the transportation of inputs to the production
area, such as fertilizers and pesticides. These have considerable environmental impact, since the more
distance is required to reach the site of consumption, the greater impact is shown [21,62]; especially in
the impact categories related to the consumption of fossil fuels, such as the energy and carbon footprint,
but especially the environmental impact of diminution of fossil fuel resources. This condition is one of
the more important factors for environmental impacts on the carbon footprint along with emissions of
nitrous compounds generated during combustion as well as the consumption and transportation of
inputs necessary to the product’s production process [58,63,64]. This also coincides with the reported
information by Humbert et al. [7], in that impacts associated to transportation phases always represent
smaller percentages in the global impact as long as the distances remain within a few hundred
kilometers. The average distance in the local level in the current study established conditions between
the coffee growing area and the processing area was about 40 km [35]. Furthermore, sensitivity to
transport distances that increase or decrease have greater influence on the magnitude of the energy
footprint than for the corresponding carbon footprint. This goes along with the results reported by
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Meisterling et al. and Weber et al. [63,64], who showed the use and manufacture of fuels and their
impacts associated are higher than those generated by combustion due to distances covered.

= Carbon Footprint Energy Footprint
10
6
2 - — — e
30 -25_ . ~20- -15° 10 757 P 0 :‘: 10 15 20 25 30
-6
-10

Figure 6. Transportation sensitivity analysis.

During data collection and later as well in the results obtained, the drying process of the coffee
bean was detected as an important factor of energy consumption; therefore, a specific analysis was
carried out. The cause for a high energy requirement for the drying process is due to the elevated
humidity of the coffee bean, so it must be decreased in a controlled manner to maintain coffee bean
quality for the later processes [65]. Hernandez et al. [66] conducted a research with the objective of
optimizing the coffee drying process in a rotating dryer. Their result was that air and temperature are
inversely proportional to drying times. Even taking the aforementioned information into consideration,
it does not mean that the process at higher temperatures will become more efficient as it can lead to
defects in physical quality and sensory perception of the final product; the air temperature should not
be increased above 45 °C as it is the maximum temperature the coffee bean can reach before losing its
organoleptic qualities [37,45].

As mentioned above, from the energy analysis shown in the LCI (Table 3), it was observed that
the energy losses in the drying and roasting of the coffee bean were represented by 49% and 17%,
respectively, which implied a high result in energy supplied that was not usable in such processes.
For this reason, it was decided to carry out a more in-depth analysis on the performance of the waste
heat from the coffee dryer with respect to the energy footprint indicator and the energy supplied to
the drying equipment. Due to the limitation of available energy of residual biomass usable from the
production chain, as was studied in the base scenario, unused heat was quantified, with the purpose
of establishing an area of opportunity for improvement in the drying equipment for subsequent
studies. Additionally, how the system responded to changes regarding the heat loss from the use of
a dryer in the energy footprint impact category was verified. Figure 7 is related to the energy lost to
the surrounding environment (Z axis), the required energy for the drying process (X axis), and the
energy footprint (Y axis). The direct relationship between the unusable energy and the energy footprint
was proven; it was shown in Figure 7 that increasing the percentage of lost heat increases the energy
footprint. Higher energy consumption in the dryer was related to greater heat losses.
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Figure 7. Relation between energy footprint, dryer efficiency, and energy required for the drying process.
5. Conclusions

The current LCA was a first approach at a quantification of the environmental impacts associated
with the coffee agriculture industry in an important production region in Mexico. The area of study is
known for its great quality product. This implied the challenge of information-gathering first hand in
the field in a manner as representative as possible.

Relevant aspects were inferred from the results shown: (i) The carbon footprint is dependent
on the conditions of energy supply in coffee processing, being in the cultivation stage where its
greatest environmental impact was obtained; (ii) it was observed that the biomass generated in
the coffee processing stage was not enough energy to provide that necessary for the drying stage
of the coffee, however, if the pruning biomass was included from the coffee plantation, it had the
required energy, therefore, it must take advantage of the biomass generated overall into the product
system; (iii) the challenge in the agricultural stage is in reducing energy consumption associated to
fertilizers. Mechanization is low in local production, and most of the cases are still under traditional
production methods with more of a load on human labor, while water consumption, though elevated,
is mostly supplied by rainwater, thus generating reduced stress on hydric systems in the region studied;
(iv) the coffee processing stage is an important source of environmental impact. Elevated consumption
of water and energy are associated to high repercussions in direct and indirect contamination that
coffee production leaves in the region. This was proved by applying synergy in the reuse of biomass
generated within the product system, then energy consumption and its associated environmental
impact were decreased considerably; (v) likewise, it is important to mention that in the study area,
certain synergies were created, such as the product system being mostly within a short distance.
This explains the low sensibility in the transportation factor. This is something that could change in
relation to a final product if transported to locations much farther from the production areas, something
that was demonstrated in this study.

For further investigation, it is suggested the critical variables of the processes involved are studied
to propose technological improvements within the production system. The use of efficient technologies
will reduce the relation between energy consumption and the impact associated to its energy footprint,
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mainly if it is opted, as far as possible, to use drying systems that take advantage of solar energy or
other alternative energies, although this may initially affect the intensity of production [61]. It could
also add a social benefit on the economic level for local producers by introducing more efficient
equipment to make the product system more competitive.
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