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Abstract: In practice, a post-extractivist vision for farmer communities in the Amazon demands the study and 

demonstration, in the field, of alternative economic activities that are not based on resource extraction but on 

adding value to currently generated residual biomass. Following principles of bioeconomy, this study presents 

an experimental analysis of a retort burner and a pilot-scale auger-type pyrolysis reactor used to convert coffee 

husks generated in a post-harvesting facility of a farmer ś cooperative into thermal energy and biochar, 

respectively. The study shows that use of coffee husks, whether for combustion or pyrolysis processes, can 

supply the thermal energy required by the post-harvesting processes. The combustion or pyrolysis of coffee 

husks avoids its accumulation and decomposition while replacing the fossil fuels used in post-harvesting 

operations, reducing costs and making the farmers independent of fossil fuel subsidies. Unlike combustion, 

the CO concentration in the flue gas during the pyrolysis process was below the eco-design standard of 500 

mg/Nm3. According to the European Biochar Certificate, carbonized coffee husks can be regarded as biochar 

for soil amendment and carbon sequestration. A study is required to assess the ability of cooperatives to 

generate and trade carbon credits linked with the application of biochar in their cropping systems. 

Keywords: coffee husks; pyrolysis; biochar; combustion; bioeconomy; post-extractivism  

 

1. Introduction 

For several indigenous communities and colonists in the North Ecuadorian Amazon, the 

cultivation and trade of coffee and cocoa constitute important income sources which, above all, are 

not linked with work in extractive activities such as oil and mining [1]. However, coffee and cocoa 

cultivation may be of concern considering that the highest rates of forest losses in South America are 

linked with farming, especially large-scale monoculture [2]. It is believed that the production 

rationale of transnational agribusiness that promotes monoculture and large-scale farming schemes 

significantly differs from the rationale of local communities using small-scale agroforestry systems 

[3]. In fact, at the level of smallholders of the Amazon region, it is known that deforestation processes 

are linked to poverty [4]. Accordingly, cooperatives of small-scale farmers who grow coffee and cocoa 

in agroforestry systems were promoted in the last decade by government and non-government 

institutions as an attempt to improve the socio-economic conditions of local communities and as a 

model to prevent deforestation [5]. Beyond discouraging deforestation, the role of cooperatives could 

go towards the positioning of alternative sources of income in a region traditionally dedicated to oil 

extraction, and prone to the deployment of large-scale farming schemes. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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The empirical evidence shows that farmers  ́cooperatives in the cocoa and coffee sectors are not 

necessarily a synonym for poverty alleviation or sustainable supply chains [6,7]. A closer look at the 

agro-industrial processes carried out within farmer cooperatives in the north Ecuadorian Amazon 

shows that the consumption of fossil fuels to supply the thermal energy required by the drying 

processes and the accumulation and open-air decomposition of agro-residues generated during 

threshing has significant environmental impacts, namely: methane emissions, groundwater 

contamination, and soil acidification [8]. Following the notions of bioeconomy [9], the agro-residues 

generated during the post-harvesting processes can be turned into value-added goods such as 

biofuels and bioproducts. Thus, beyond placating the environmental impacts caused by the agro-

residues the implementation of the bioeconomy could support farmers’ cooperatives in the 

identification of new income and job sources not linked with oil extraction. 

In this regard, the use of coffee husks as solid fuel is probably the first alternative, in the context 

of farmers' cooperatives, to add value to this agro-residue, reducing the environmental impacts 

linked with poor waste management practices, avoiding the consumption of fossil fuels, and 

reducing the drying costs. The use of coffee husks as solid fuel in farmers ‘cooperatives has been 

linked with the release of large amounts of atmospheric pollutants (often referred to as smoke by the 

local communities) which can be a sign of inefficient combustion processes [10]. The atmospheric 

pollutants released during the incomplete combustion of coffee husks are reported as unburned 

hydrocarbons, carbon monoxide, and nitrogen-derived compounds such as NO and NOx [11]. 

Furthermore, during coffee husk combustion in mechanical dryers, ash accumulation in the 

combustion bed and slagging issues at the furnace level have been reported which prevents steady-

state drying conditions from being achieved [12].  

As an alternative, the use of pyrolysis processes to reduce smoke emissions and convert coffee 

husks into biochar while still producing thermal energy that can be supplied to the drying processes 

has been proposed [13,14]. The cited authors state, without experimental evidence, that a pyrolysis 

process would avoid the release of atmospheric pollutants while reducing local air pollution. There 

is experimental evidence at the level of thermogravimetric studies about the carbonization process of 

coffee husks [15,16]. Nonetheless, at the farm scale, and up to our best knowledge, there are no 

experimental studies regarding the gaseous emissions during the carbonization of coffee husks nor 

regarding those from coffee husks combustion furnaces. 

This study provides an experimental analysis -at the farm scale- on the use of coffee husks as 

feedstock for combustion and pyrolysis processes. Therefore, this study provides an analytical 

framework based on experimental data to discuss whether the thermochemical conversion of coffee 

husks could be a paradigm for the adoption of the bioeconomy in farmers  ́cooperatives of the north 

Ecuadorian Amazon, also revealing income and job sources not linked to oil extraction. A retort 

burner already implemented in a farmers  ́cooperative, and a pilot-scale auger-type pyrolysis reactor 

were used to monitor operating conditions and corresponding flue gas emissions. To compare the 

flue gas emissions of both technologies during coffee husk valorization, the European eco-design 

standard for fixed combustion sources was used as a reference due to local standards are not yet 

available for this purpose [17]. Concerning the pyrolysis process, this study also reports and discusses 

the physical-chemical properties of the carbonized coffee husk considering its use as biochar for soil 

amendment and carbon sequestration. Finally, a comparative SWOT analysis based on participant 

observations guides a discussion on the role of combustion and pyrolysis as processes to generate 

added value from coffee husks and thus, advance the implementation of the bioeconomy in farmers  ́

cooperatives of the north Ecuadorian Amazon. 

2. Materials and Methods 

2.1. Study Site and Collection of Coffee Husks 

The coffee husks used in the combustion and pyrolysis experiments were collected following a 

participant observation method. The principal author of this work (Mario Heredia) was received by 

the farmers  ́cooperative APROCEL located in the province of Sucumbíos (0°09'21.1"N 76°50'47.8"W) 
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to participate in the post-harvesting processes. APROCEL groups 400 small-scale farmers that grow 

coffee and cocoa in the north Ecuadorian Amazon. The post-harvesting processes of red coffee 

cherries in APROCEL followed the dry method as already described by [8]. Thus, after threshing, a 

batch of the coffee husks was saved in a jute sack of 30 kg following the norm UNE-CEN/TS 14778-

1:EX. This batch was used to determine the proximal and elemental composition of coffee husks. The 

moisture, ash, and volatile matter content were determined following the standards BS EN 14774-

3:2009, BS EN 14775:2009, BS EN 15148:2009, respectively. The heating value and the C-H-N-S-O 

composition of the coffee husks were determined following the standards ASTM D 1989-96 and BS 

EN 15104:2011, respectively. 

2.2. Thermochemical Conversion Processes  

2.2.1. Combustion Process: Retort Burner 

The combustion experiments used an industrial dryer of 12 tons capacity per batch already 

implemented in APROCEL. This dryer includes a single-pass tubular heat exchanger (finned type) 

that transfers the thermal energy generated by the combustion process toward the drying air. The 

thermal energy generated in the combustion chamber, located within the heat exchanger, can be 

provided from two sources, namely a diesel burner or a retort burner that uses raw coffee husks as 

solid fuel. The retort burner used in the experiments has a nominal thermal power of 100 kWth and is 

fed with raw coffee husks from a hopper with a capacity of 300 kg that includes an agitator with 4 

blades.  

Following the recommendations of not increasing the drying air temperature over 45°C to 

prevent damage to the grain organoleptic quality [18], the feeding rate of coffee husks implemented 

in the retort burner during the experiments was 7 kg/h. The ash accumulated in the combustion bed 

is removed manually after 60 minutes of operation. Accordingly, the monitoring period of flue gas 

and combustion temperatures is one hour. The sampling of the flue gas was performed during 

periods of steady-state combustion, that is when constant temperatures were observed in the 

monitoring sites. Figure 1 shows the field implementation of the retort burner used in the combustion 

experiments of coffee husks along with its schematic representation. 
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Figure 1. Retort burner used in combustion experiments. Feedstock: coffee husks. 

The air for the combustion process is supplied by an axial-type electric blower of 0.11 kW 

coupled to the retort frame. The primary air is supplied through a set of boreholes distributed over 

the surface of the combustion bed (cone-type) while the secondary air is supplied through two vent 

tubes located 750 mm above the surface of the combustion bed as shown in the scheme of Figure 1. 

The vent tubes for the secondary air supply are placed in parallel (side to side) and each has 6 vertical 

slots with 45° inclination, 35 mm length, and 2 mm thickness constituting a curtain of cross-flow with 

12 air streams projected over the combustion bed (see scheme in Figure 1). 

2.2.2. Pyrolysis Process: Pilot-Scale Auger-Type Pyrolysis Reactor 

The coffee husks were pyrolyzed using a pilot-scale auger-type pyrolysis reactor that has been 

used in previous studies for the conversion of tropical and Andean agro-residues into solid 

carbonaceous materials [19]. The pilot-scale auger-type pyrolysis reactor does not use external energy 

sources such as fossil fuels neither for initial heating or operation. The thermal energy required for 

the initial heating process and that supplied for the carbonization process is produced through the 

combustion of agro-residues and also by the combustion of vapors from pyrolysis of agro-residues, 

respectively. No additional gases are required to promote an inert atmosphere in the pyrolysis reactor 

or to drag the pyrolytic vapors. Additional details concerning the pilot-scale auger-type pyrolysis 

reactor are extensively described elsewhere [20]. The feed rate of coffee husks implemented in the 

carbonization experiments was 30 kg/h. Figure 2 shows a schematic representation of the pilot-scale 

auger-type pyrolysis reactor used in the pyrolysis experiments of coffee husk and its field 

implementation for experimental studies. 

  

Figure 2. Pilot-scale auger-type pyrolysis reactor used for the pyrolysis experiments. Feedstock: coffee 

husks. 
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2.3. Sampling, Proximal and Elemental Characterization of Carbonized Coffee Husks  

During the pyrolysis experiments, samples of 3.5 kilograms of carbonized coffee husks were 

collected from the discharge port of the pilot-scale auger-type pyrolysis reactor following the norm 

UNE-CEN/TS 14778-1:EX. The proximal and elemental composition of the carbonized coffee husks, 

namely moisture, ash, and volatile matter content as well as the heating value and the composition 

of C-H-N-S-O were determined following the same standards used for physic-chemical 

characterization of raw coffee husks disclosed in Section 2.1. The quality of the carbonized coffee 

husks as a soil amendment, namely its stability in the soil (molar ratio O/Corg), carbon content, and 

degree of carbonization (molar ratio H/Corg) were assessed following the European guidelines for the 

sustainable production of biochar [21]. All the samples of carbonized coffee husks were collected 

during the periods of operation in steady-state. Therefore, the carbonized coffee husks were collected 

when constant temperatures were observed in the pilot-scale auger-type pyrolysis reactor along with 

a steady composition of the flue gas. 

2.4. Process Monitoring: Flue Gas Composition and Temperature Profiles 

The composition of the flue gas during the combustion and pyrolysis experiments was 

monitored using an AU Mobile Brain Bee infrared online analyzer. The gas analyzer monitors CO (0 

to 9.99%vol), CO2 (0 to 19.9%vol), HC (0 to 13999 ppm, expressed as hexane), and O2 (0 to 24.99%vol). 

The gas analyzer resolution is 0.01%vol for CO and O2, 0.1%vol for CO2, and 1ppm for HC. A particle 

matter filter followed by a gas condenser submerged in liquid water in equilibrium with solid water 

at atmospheric pressure was used for moisture and condensable material removal and to remove 

particles from the flue gas. Before the flue gas analyzer, a sintered bronze filter was also installed 

followed by a coalescent filter and a dual particle filter. Figure 3 shows the flue gas conditioning 

process implemented for the experiments. The conversion efficiency of the combustion processes was 

assessed by monitoring the CO concentration in the flue gas following the European emissions 

standards for fixed combustion sources [17]. Accordingly, the CO concentration in the flue gas was 

corrected to an O2 concentration of 11%vol O2 dry gas following the numerical procedure described 

in previous work [22]. 

 

Figure 3. Schematic diagram of the sampling and conditioning processes of the combustion flue gas 

implemented during combustion experiments using coffee husks in a retort burner. The diagram also 

shows the temperature monitoring points and the data logger system. 

Concerning the monitoring of temperature profiles during the pyrolysis process of coffee husks, 

seven thermocouples were distributed along several sections of the pilot-scale auger-type pyrolysis 

reactor. Three thermocouples were installed to monitor the temperature in the combustion chamber 

of the pyrolysis reactor (TP 1, TP 2, and TP 3), and one thermocouple to monitor the flue gas 
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temperature (TP 4). Furthermore, the temperature at the outlet (TP 5) and inlet (TP 6) of the pyrolysis 

chamber and the pyrolysis gas temperature (TP 7) were monitored. The location details and 

individual characteristics of each thermocouple used in the pyrolysis experiments were similar to 

those used in previous studies in the same reactor [19,23].  

Concerning the monitoring of temperature profiles during the combustion of coffee husks in the 

retort burner, four K-type thermocouples were used as shown in Figure 3. The thermocouples have 

a measurement range of 95 to 1260 °C and an accuracy of 2.2 °C. Two thermocouples were installed 

in the combustion chamber, one at the level of the combustion bed (TC 1 in Figure 3) and the second 

450 mm over the combustion bed straight in the flame region (TC 2 in Figure 3). The flue gas 

temperature (TC 3 in Figure 3) was also monitored together with the temperature of the air supplied 

to the dryer (TC 4 in Figure 3). For the acquisition of temperature data, a four-channel datalogger 

(model Logger 88598 4chK SD) was used. The data logger records the temperature at each 

measurement point in intervals of fifteen seconds. 

2.5. Comparative SWOT Analysis: Combustion and Pyrolysis Processes 

This SWOT analysis aims to understand the restrictions and opportunities linked to the 

implementation of coffee husk combustion and pyrolysis processes in farmers  ́cooperatives of the 

North Ecuadorian Amazon and discuss how these technological alternatives contribute to the 

implementation of the bioeconomy. This SWOT analysis relies on the experimental evidence 

generated in the present study together with the participant observations made by the principal 

author (Mario Heredia) while participating in the post-harvesting processes in APROCEL. 

Identification of new income and job sources in the farmers  ́ cooperatives linked to the 

implementation of pyrolysis and combustion processes is of major interest. Thus, following a 

previously published work in which four farmers  ́cooperatives in the same region were involved [8] 

this SWOT analysis guides the identification of alternative economic activities not linked with the 

ongoing oil extraction activities in this region. 

3. Results and Discussion 

3.1. Combustion and Pyrolysis Processes in the Context of Farmers Ćooperatives 

As Figure 4 shows, two thermochemical conversion processes were identified to add value to 

the coffee husks generated in the farmer cooperative APROCEL, namely combustion, and pyrolysis 

processes. The combustion of coffee husks was implemented in APROCEL in 2018 as part of a 

technology transfer program. In this case, the raw coffee husks are used as solid biofuel to supply the 

thermal energy required by a mechanical dryer of 12 tons capacity per batch (see A in Figure 4). 

Before 2018, APROCEL used subsidized diesel to supply the thermal energy consumed by this dryer. 

Currently, the implementation of the retort burner that uses coffee husks as solid biofuel avoids the 

expenses of diesel. In fact, since the implementation of the retort burner, the cooperative has not 

renewed the permission given by the “Agencia de Control y Regulación Hidrocarburífero (ARCH)” 

that allows the acquisition of subsidized diesel in local gas stations. Following the notions of [9], the 

use of coffee husks as solid biofuel to replace fossil fuel in a productive process could be a kind of 

biomass-based bioeconomy in which value is generated from a residual biomass source that has been 

an environmental and economic liability for the cooperative. In this case, diesel, a fossil energy source 

that in Ecuador, besides subsidized, is 60% imported [22], is replaced by a renewable energy source 

which is available right in the consumption site. 

It was observed that after the implementation of the retort burner, the analyzed cooperative 

became self-sufficient in terms of thermal energy as the mechanical drying process is currently driven 

using biofuels. In the energy subject, the operation of the cooperative has been strengthened as it is 

now independent of the government subsidies to fossil fuels, a policy whose constant revision 

constituted a threat to users that benefit from these subsidies to access fossil fuels with preferential 

prices. From the government side, once the cooperative uses raw coffee husks as biofuel, an implicit 

subsidy removal has been operated without affecting production costs for the final energy user (i.e., 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 August 2024                   doi:10.20944/preprints202408.0375.v1

https://doi.org/10.20944/preprints202408.0375.v1


 7 

 

the cooperative) as well as the citizen ś right to access energy. Strategies concerning the 

implementation of energy reforms in Latin America to remove incentives for the use of fossil fuels 

e.g., subsidies, is a topic of major relevance in the literature [24]. Hence, it is extremely important to 

advance studies to determine if government support for schemes of biofuel utilization, as the one 

analyzed in this work but deployed on a larger scale, can constitute a successful strategy to deploy 

the urgently needed energy reform. 

 

Figure 4. Alternatives considered in this study to add value from the coffee husks generated in the 

farmer cooperative APROCEL through thermochemical conversion processes, namely combustion 

(a), and pyrolysis (b). 

An alternative for improving the already implemented bioeconomic system in APROCEL can 

be the integration of a pyrolysis process in which the raw coffee husks are converted into biochar 

while the energy required by the drying process still can be supplied by the excess thermal energy of 

the pyrolysis process (B in Figure 4). In the context of the rural and urban sectors of the Amazon 

Region, biochar can be used in applications concerning soil amendment, environmental remediation 

of contaminated water sources, animal husbandry, green and grey infrastructure, and carbon 

sequestration [8]. Accordingly, the production of biochar in farmers  ́cooperatives as APROCEL and 

its subsequent sales and distribution can represent a new source of income and thus, foster an 

economically and environmentally sustainable valorization of residual biomass. It must not be lost 

sight that besides the opportunities around biochar, the implementation of pyrolysis technology in a 

rural context would also generate new job opportunities as operation and maintenance services, as 

well as general management and logistics services would be required [25].This section may be 

divided by subheadings. It should provide a concise and precise description of the experimental 

results, their interpretation, as well as the experimental conclusions that can be drawn. 

3.2. Proximal and Elemental Characterization of Carbonized Coffee Husks 

This study demonstrates that raw coffee husks directly collected from the threshing machine can 

be carbonized using a pilot-scale auger-type pyrolysis reactor. Table 1 shows the proximate and 

elemental composition of the raw coffee husks generated in the threshing process in APROCEL along 

with the proximal and elemental composition of the carbonized coffee husks produced in the 

pyrolysis experiments. The carbonized coffee husks have a carbon content higher than 50 wt%, an 

O/Corg ratio lower than 0.4, and an H/Corg ratio lower than 0.7. Likewise, the content of volatile matter 

is 13.0 wt% and the ash content is 15.0 wt%, both on a wet basis (Table 1). These indicators show that 

the coffee husks have a proper degree of carbonization, low aromaticity, and therefore stability in the 

soil. Accordingly, the coffee husks carbonized in this experiment can be regarded as biochar 

following the European Standard [21]. In this respect, future studies to determine the content of heavy 

metals, pH value, bulk density, and surface area are also relevant to advance the understanding and 
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characterization of this carbonaceous material and to provide insights that guide its safe utilization 

while opening further application opportunities. 

Table 1. Proximate and elemental analysis of the coffee husks collected in the farmers  ́cooperative 

APROCEL together with the proximate and elemental analysis of the carbonized coffee husks 

produced during the pyrolysis experiments. 

 Coffee husks 
Carbonized coffee 

husks 

Proximate Analysis (%wt, wet basis)   

Moisture 9.4 9.8 

Volatile matter 67.6 13.0 

Ash 7.1 15.0 

Fixed carbona 15.9 62.2 

Ultimate Analysis (%wt, dry basis)   

Ash 7.6 17.6 

C 41.8 67.4 

H 10.7 3.3 

N 1.9 2.4 

Sb nd nd 

Oa 38 9.3 

Lower Heating Value (MJ/kg, dry basis) 17.8 27.8 

Molar ratios (biochar)   

H/Corg -- 0.6 

O/Corg -- 0.1 
a Calculated by difference. b below the detection limit of the method 100 ppm wt, nd-not determined. 

To further support the categorization of the carbonized coffee husks produced in the experiment 

as biochar, Table 3 provides the mean temperatures recorded during the carbonization experiments 

in seven locations along the auger-type pyrolysis reactor. The location of the thermocouples in the 

auger-type pyrolysis reactor can be consulted elsewhere [19]. The highest temperature observed at 

the outlet of the carbonization chamber (TP5) was 436.2 °C which follows the typical temperatures 

for biochar production by pyrolysis, which depending on the feedstock, is suggested to be at least 

400 °C [26]. High pyrolysis temperatures as those observed in the analyzed experiments guarantee 

the production of biochar with high content of carbon and with low content of volatile matter (Table 

1). 

Table 3. Temperatures (mean and standard deviation) observed during the pyrolysis process of coffee 

husks in the pilot-scale auger-type reactor. The location of thermocouples in the reactor can be found 

in [19]. The maximum temperature fluctuation allowed according to the European Standards is 20% 

of the mean [21]. 

Location 
Temperature (°C)  

Mean Standard Deviation Max. allowed fluctuation 

Combustion chamber, TP1 448.1 45.1 89.6 

Combustion chamber, TP2 451.1 51.7 90.2 

Combustion chamber, TP3 546.6 76.5 109.3 

Combustion flue gas, TP4 422.6 37.1 84.5 

Pyrolysis chamber outlet, TP5 432.6 23.6 86.5 

Pyrolysis chamber inlet, TP6 350.6 23.9 70.1 

Pyrolysis vapours, TP7 293.8 7.0 58.8 

Following the European Guidelines, the producing device, in this case, the auger-type pyrolysis 

reactor must have a proper system for temperature monitoring and recording. Furthermore, 
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temperatures should not have fluctuated more than 20% during the carbonization process. In all 

cases, the standard deviation of the pyrolysis temperatures (Table 3) is far below the maximum 

temperature fluctuation tolerance. It is worth noting that thermocouples referred to in Table 1 as TP1 

to TP3 are located in the combustion chamber of pyrolysis vapours. This combustion chamber, which 

is where the pyrolysis vapours are converted into thermal energy surrounds the pyrolysis chamber. 

Thus, the auger is housed within the pyrolysis chamber (Figure 2). Accordingly, the temperatures 

that specifically concern the carbonization process are those corresponding to thermocouples TP4 to 

TP7 in which case, the standard deviation magnitude is even lower than that observed in the 

thermocouples TP1 to TP3. The location of the thermocouples in the auger-type pyrolysis reactor can 

be consulted elsewhere [19]. 

During the experiments, monitoring the combustion flue gas temperature was of major 

importance as it guided the quantification of excess thermal energy generated in the reactor and that 

could be recovered to supply the heat required by the mechanical dryer of red coffee cherries. While 

the temperature of the combustion flue gas in a typical thermal energy system (e.g., a boiler) is 

typically around 150 °C to 180 °C, the observed combustion flue gas temperature during the pyrolysis 

experiments was 422.6 °C (see TP4 in Table 3). Accordingly, it is confirmed the availability of excess 

thermal energy during the pyrolysis of coffee husks. In this case, the integration of a heat exchanger 

to recover the thermal energy available in the combustion flue gas stream would make it possible to 

produce hot air and then supply it to the cooperative industrial dryer. Thereby, the integration of a 

pyrolysis process in the cooperative would also avoid the use of diesel for the drying processes along 

with the disclosed benefits of replacing a fossil energy source with a renewable source whether from 

the perspective of the cooperative and that of the government and its subsidies policy. 

3.3. Flue Gas Composition Observed during the Experiments 

From the flue gas monitoring emerges the first concerns regarding the use of coffee husks as 

solid biofuel to supply the thermal energy required by the mechanical dryer. Considering the 

alternative A in Figure 4, during the combustion experiment, steady temperatures were observed 

within the heat exchanger reflecting a steady state energy conversion process. Likewise, air with a 

steady temperature of 40°C was supplied to the dryer. Nonetheless, under these conditions, the 

average CO concentration in the combustion flue gas was 11029.4 mg/Nm3, at 11%v O2, and dry gas 

(see Table 4) which is 22 times higher than the European eco-design standard of 500 mg/Nm3, at 11%v 

O2, and dry gas. The combustion flue gas temperature corresponding to this observation was 146.1 

°C.  

Table 4. Combustion flue gas composition observed during the pyrolysis (Alternative B in Figure 4) 

and combustion (Alternative A in Figure 4) experiments using raw coffee husks as feedstock. 

 CO O2 HC CO2 

 mg/Nm3,dry gas, at 11% O2, dry gas %vol, dry gas ppm, dry gas %vol, dry gas 

Combustion 11029.4 13.5 60.7 7.6 

Pyrolysis: co-combustion regime 458 5.8 3.3 14.8 

Pyrolysis: autothermal regime 1912.6 10.7 9.2 10.7 

*The CO concentration is presented according to the implementing directive of the European Parliament 

concerning eco-design requirements for solid fuel boilers (500 mg/Nm3), that is, corrected to an O2 concentration 

in the flue gas of 11 %vol, dry gas. 

The attempt to increase the drying air temperature from 40 °C to 45 °C by increasing the biomass 

feeding rate of the retort burner from 7 kg/h to 15 kg/h resulted in an increase of the CO concentration 

in the combustion flue gas from 11029.4 to 27650.6 mg/Nm3, at 11%v O2, and dry gas. Although 

complex air stagging techniques are implemented in the retort biomass burner, namely independent 

vent tubes to supply secondary air over the combustion bed zone, the high CO and HC concentration 

(67.7 and up to 100.5 ppm, at 11%v O2, and dry gas) along with the low CO2 concentration (7.6 %vol, 
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dry gas) is showing that the efficiency of combustion process of coffee husks is yet lower than that 

observed in similar combustion furnaces using raw agro-residues as a solid fuel [27]. 

Considering that the moisture content of the coffee husks used in the combustion experiments 

is relatively low (9.4 wt%, wet basis, Table 1), the low conversion rate of CO into CO2 observed in the 

combustion experiments is likely associated with the high ash content of the coffee husks used as 

feedstock. As Table 1 shows, the ash content of the coffee husks used in the experiments is 7.1 wt%, 

wet basis, which is more than seven times higher than the ash content of a standardized pellet used 

in combustion appliances in Europe [28]. As the combustion process unfolds, it was observed that 

ash starts accumulating over the combustion bed and around the primary air supply boreholes. The 

ash is manually removed from the combustion bed for periods of 60 minutes (see Section 2.2.1). 

Nonetheless, the progressive ash accumulation affects the efficiency of the combustion process, 

because it influences the hydrodynamics of the combustion process, namely, a proper air-fuel mixture 

in the combustion bed. Large pieces of sintered material were observed during the ash removal 

process (Figure 5). Thus, ash accumulation and ash sintering can be regarded as fundamental 

constraints towards an efficient combustion process. 

  

Figure 5. Large pieces of sintered ash extracted from the combustion bed of the retort burner after 60 

minutes of operation, during combustion of raw coffee husks. 

Conversely, the CO concentration in the combustion flue gas from the pyrolysis unit was lower 

than that observed during the experiments of combustion of raw coffee husks (Table 4), especially 

during the co-combustion regime in the pyrolysis unit. The pilot-scale auger-type pyrolysis reactor 

(Figure 2) has a supporting biomass combustion system for initial heating and operation and a gas 

burner for the energetic conversion, through combustion, of the pyrolysis vapors once the 

carbonization process has started. During the period in which the supporting biomass combustion 

system for initial heating and the pyrolysis gas burner operates simultaneously, referred to in Table 

4 as the co-combustion regime, the CO concentration in the flue gas (458 mg/Nm3, at 11%v O2, and 

dry gas) is below the eco-design standard of 500 mg/Nm3, at 11%v O2, and dry gas. In this case, the 

CO concentration in the flue gas was 24 times lower than that observed during the combustion 

experiments of coffee husks in the retort burner. 

It was observed that when the pilot-scale auger-type pyrolysis reactor shifted from the co-

combustion regime towards the auto-thermal regime, there was an increase in the CO concentration 

in the flue gas (Table 4). The auto-thermal regime is the operating state in which all the thermal energy 

required by the carbonization process is generated exclusively by the combustion of the pyrolysis 

vapors. Thus, the average CO concentration in the combustion flue gas observed during the auto-

thermal operation regime was 1912.6 mg/Nm3, at 11%v O2, and dry gas. This increase of the CO 

concentration in the combustion flue gas, is of course, followed by an increase of the HC 

concentration from 3.3 to 9.2 ppm, and a decrease of the CO2 concentration from 14.8 to 10.7 mg/Nm3, 

both measured at 11%v O2, and dry gas. One of the few technical reports regarding the pyrolysis of 

coffee husks at pilot-scale [29], refers to this phenomenon in which lower CO emissions correspond 
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to a combustion situation in which a supporting fuel (i.e. pilot flame) is used to achieve proper 

combustion conditions for the pyrolysis vapours. As a concluding remark, regardless of the operation 

regime of the auger-type pyrolysis reactor tested in our study, the CO concentration in the 

combustion flue gas observed during the carbonization of coffee husks was always lower than those 

observed during the combustion of raw coffee husks in the retort burner. 

3.4. Comparative SWOT Analysis of Combustion and Pyrolysis Processes: a Paradigm for the Early 

Adoption of the Bioeconomy in Farmers Ćooperatives? 

Since 1960, the main economic activity in the Ecuadorian Amazon had to do with oil extraction 

which in the local literature is referred to as extractivism [30]. Currently, in the Ecuadorian Amazon 

and particularly in the north, an urgent transition from this extractivist economy towards new forms 

of generating social and economic value is required. This transition is demanded from an 

environmental conservation perspective and as a central aim of the climate change agenda. 

Nonetheless, it is also relevant from a vision of strategic planning of the economy in which the 

exclusive dependence of the region on the income linked to non-renewable resource extraction 

constitutes an undeniable weakness. In Ecuador, rather than a process by design, it is thought that 

the reduction of the economic dependence on oil extraction would be linked to the depletion of oil 

resources [31] or driven by social resistance of local communities affected by the development of new 

extractive projects [32,33]. 

In this context, it is of crucial relevance a discussion on the emergence of bioeconomic activities 

that do not require non-renewable resources extraction, but rather aim to add value to the residual 

biomass already available, for example, the agro-residues in the farmers’ cooperatives that grow 

cocoa and coffee. The operation of cooperatives may become a source of concern if one considers that 

this activity must be held on the territory, demanding energy, and generating agro-residues. Thus, 

the combustion of raw agro-residues available in the analyzed farmer cooperative represents an 

opportunity aligned with the bioeconomy, as the fossil fuels used for thermal energy production can 

be replaced by a local energy source (the coffee husks) while reducing the drying costs and getting 

independence on government subsidies for thermal energy generation (see opportunities in Table 5). 

Undoubtedly, further technological development is still required to improve the combustion process 

and reduce emissions. Filling this technological gap may aid the emergence of new bioeconomic 

activities. For instance, an alternative to improve the observed combustion efficiency has to do with 

the implementation of leaching processes to reduce the ash content of coffee husks [34]. In turn, 

leachate rich in nutrients such as calcium, potassium, and silica could also be transformed into a 

valuable agricultural input (see opportunities in Table 5). Processes at the level of farm scale in a rural 

context for this purpose are somehow documented in the literature [35]. Nevertheless, technology 

upgrades and knowledge transfer processes are still required (see weaknesses in Table 5). 

Table 5. Results of a SWOT analysis in which combustion and pyrolysis processes are discussed as 

alternatives for the early adoption of the bioeconomy in farmers  ́cooperatives. 

 Strengths Weaknesses Opportunities Threats 

Combustion 

- Feedstock 

available in the 

facility with 

already low 

moisture content 

- Low capital and 

operational 

expenditure  

- Low complexity 

operation and 

easy maintenance 

- Cooperatives do not 

have a formal financial 

control mechanism to 

estimate the decrease 

in drying costs that 

result from the use of 

coffee husks as a solid 

fuel 

- Complex technology 

is required to improve 

the combustion process 

and decrease the 

- Replace fossil fuels 

used in thermal 

energy production 

- A subsidy reform 

that promotes the 

replacement of diesel 

with solid biofuels 

derived from agro-

residues 

- Implement leaching 

processes and recover 

- High emissions 

during combustion 

(smoke) 

- Although easy, 

poor maintenance 

protocols at the level 

of cooperatives 

- Cooperatives 

governance is in 

general weak, with 

internal tensions 

between members 
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- Promote energy 

independence in 

the cooperative.  

- Avoid 

consumption of 

fossil fuels (diesel) 

release of atmospheric 

pollutants. 

- Low cost of diesel 

(subsidized) 

disincentivizes 

extended adoption of 

alternative fuels. 

soil nutrients from the 

ash 

- Implement 

pelletization processes 

and specialize in the 

provision of solid 

biofuels for other 

sectors. 

and constant changes 

of directives board 

- Potential corrosion 

issues linked to the 

presence of alkali 

elements in the ash 

(Na, K).  

Pyrolysis 

- Abundant 

feedstock in the 

cooperative and 

nearby (e.g. palm 

oil waste) 

- Process with low 

emissions. 

- Process complies 

with international 

standards 

concerning 

emissions and 

biochar quality. 

- Carbon 

sequestration 

services using 

technology are 

regulated by a 

local standard 

(AM 053). 

 

- Uncertainty 

concerning capital and 

operational 

expenditure 

- Artisanal carbon sink 

standards are tied to 

low-cost and low-

complexity/low 

efficiency technologies 

- Measurement, report, 

and verification (MRV) 

standards may require 

the use of smartphones 

and demand internet 

connection. 

- Informality in the 

financial management 

of the organization 

- Income from the sale 

and distribution of 

biochar 

- Income from the 

trade of carbon 

removal certificates 

-Emergence of new 

jobs in the rural sector 

linked to technology 

(operation and 

maintenance, logistics 

and management, 

carbon credits 

monitoring and 

reporting). 

A mixed revenue 

business model 

requires cooperation 

with several 

stakeholders 

- Operation and 

maintenance 

processes require 

proper training. 

- Prices of carbon 

credits are volatile, 

like commodities. 

- Intermediaries 

(project developers) 

required access to 

carbon removal 

marketplaces. 

- All relevant 

documentation about 

biochar standards is 

in the English 

language 

- Biochar does not yet 

have a local market 

niche 

Another alternative to improve combustion efficiency is the implementation of pelletization 

processes to increase the coffee husks bulk and energy density. In this case, other agro-residues 

available in the region, e.g., palm oil wastes, could also be considered to formulate mixtures of agro-

residues resulting in pelletized solid fuels with balanced physical and chemical properties for their 

use as a solid fuel for thermal energy production. From a medium-scale perspective, the production, 

sales, and distribution of pelletized solid biofuels may become a relevant bioeconomic activity in the 

upcoming years as the demand for this type of renewable energy vector is on the rise, for instance, in 

the local cement production sector [36]. Nevertheless, the energy demand and costs related to proper 

pelletization need to be addressed. 

Concerning the implementation of pyrolysis as a process to add value to coffee husks and create 

new products and services aligned with the bioeconomy, probably the production, sales, and 

distribution of biochar is the first option. Besides the use of biochar as an amendment its application 

in soils is linked with the provision of carbon sequestration services. Considering that the price of 

organic soil amendments in Ecuador is low, the income that could come from claiming the financial 

compensation corresponding to the amount of carbon sequestered in soils through farming activities 

is of major interest. The current price per ton of CO2 sequestered in soils paid to small-scale farmers 

in a rural context is between 110 – 165 USD [37]. Depending on the considered boundary conditions 

and externalities, a ton of biochar can be worth 2 to 3.2 tons of CO2 equivalent [38]. Of course, to 

access this financial compensation, a proper measure, report, and verification protocol must be 

rigorously applied in the field (see weaknesses in Table 5). The most recent artisanal C-sink standard 

released for this purpose can be found elsewhere [39]. It is worth mentioning that at the local level, 

there is a standard issued by the Ecuadorian Environmental Ministry that regulates the provision of 
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carbon sequestration services [40]. Following this standard, the provision and trade of carbon 

sequestration services that use technology and that are not linked with ecosystem services is subject 

to appropriation and titularity (see strengths in Table 5). Accordingly, carbon removal certificates 

generated through the application of biochar to soils could be traded freely, considering that the 

Ecuadorian standard allows one unique transaction directly from the company interested in 

neutralizing their emissions and the project implementer. Thus, stock of carbon removal certificates 

to speculate on its price is not allowed following the Ecuadorian standard. 

Regarding the artisanal C-sink standard used in the voluntary market which claims to be 

adapted for small-scale farmers, we observed that biochar production is tied to the use of low-cost, 

low-complexity, and low-efficiency technologies, for instance, Kon-tiki and brick kilns. However, 

neither Kon-tiki kilns nor brick kilns have been proven effective in converting coffee husks into 

biochar on a scale larger than a farm which may not be enough for the quantity of agro-residues 

available in the cooperative studied in this work. A commercial reactor to implement the pyrolysis 

process in the scale of the farmer cooperative studied, e.g., PYREG 500 kW, with a processing capacity 

of 1000 t/y, would have a capital and operational expenditure per ton of feedstock processed of 696 

and 285 USD, respectively [41]. A technical report concerning a commercial updraft gasifier (PPV300, 

processing capacity 750 t/y) that produces thermal energy and biochar as a byproduct from coffee 

husks has a capital and operational expenditure per ton of coffee husk processed of 164 USD and 50 

USD, respectively [42]. In this last case, the reference considers a lifespan of only 5 years while the 

lifespan referred to the PYREG 500 kW reactor is at least 10 years. Furthermore, the PPV300 machine 

only provides operating expenditure concerning energy and maintenance costs, therefore, ignoring 

labor costs.  

As reported in Table 5 (see weaknesses), there is a high level of uncertainty regarding the cost 

structure of a pyrolysis facility, and thus, about the opportunity to implement a bioeconomic activity 

from it. Hence, financial studies are required to determine if the cashflows linked to biochar sales and 

the carbon credits compensate the capital and operational expenditures linked to the pyrolysis 

technology along with those required for carbon credits issuance and the platforms for measurement, 

report, and verification. Such studies are relevant as will also provide details about the amount and 

type of jobs created and other externalities such as the financial value of the thermal energy used to 

replace fossil fuels in the drying process along with a government perspective about the fossil fuel 

subsidies that can be avoided. 

4. Conclusions 

In the Ecuadorian Amazon, a transition from the current extractivist model towards a more 

equilibrated socio-economic and environmental model is, by far, a subject of superlative complexity. 

Nevertheless, this complex arrangement of new bioeconomic activities that do not rely on resource 

extraction, but on the creative use of already available residual biomass will not emerge without pilot-

scale or demonstration studies at the farm level as the one presented in this work. In the analyzed 

farmers  ́ cooperative, the integration of thermochemical conversion processes that use raw coffee 

husks as feedstock, namely, combustion and pyrolysis, allows the replacement of fossil fuels 

consumed in the drying process, potentially reducing drying costs, decreasing environmental 

impacts linked to agro-residues accumulation and making the cooperative independent from the 

government subsidies policy. 

Although the integration of the coffee husks combustion process makes the cooperative self-

sufficient in terms of thermal energy, the CO concentration in the flue gas (11029.4 mg/Nm3, at 11%v 

O2, and dry gas) is higher than the eco-design standard of 500 mg/Nm3, at 11%v O2, and dry gas. The 

high ash content of the coffee husks (7.6 wt%, dry basis) causes ash accumulation in the combustion 

bed and later sintering issues, that can further influence negatively the conversion rate of CO into 

CO2. For the case of coffee husks pyrolysis, the CO concentration in the combustion flue gas was 

lower (458 mg/Nm3, at 11%v O2, and dry gas) than the eco-design standard of 500 mg/Nm3, at 11%v 

O2, and dry gas, and always lower than that observed during the combustion of coffee husks in the 

retort burner. Furthermore, the analysis of the proximal and elemental composition of the carbonized 
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coffee husks shows that it can be classified as biochar following the European standard and thus, be 

used as a high-quality product for soil amendment and carbon sequestration. 

It can be argued whether the production, sales, and distribution of biochar or the associated 

provision of carbon sequestration services by farmers' cooperatives is an activity related to the 

bioeconomy, and indeed whether this is an activity to promote a transition to a post-extractivist 

economy in the Ecuadorian Amazon. However, access to the income streams that would offer the 

proposed pyrolysis technology is still uncertain, especially the one coming from the trade of carbon 

credits. As usual, farmers will have to struggle with high auditing and management costs linked to 

certifications and standards, even though these claim to be designed to help them prosper. Alike the 

technology demonstration at the pilot-scale deployed and analyzed in this study, a demonstration of 

the scheme that allows cooperatives to generate and trade carbon credits is currently required, so 

that, necessary intermediaries and their role can be identified as well as concrete benefits for farmers. 

One should not lose sight that to overcome the current extractivist model, these bioeconomic 

activities, at some point, should be more profitable than resource extraction or deforestation. 
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