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Qil refining advances have been the focus of technological innovation, but other technologies that require
research to enhance their development. Among these are pyrolysis processes which generate gases and liquids
with high energy value and solid waste with beneficial properties for soils. Aim of this paper was rapid pyrolysis
for coffee husks as an alternative energy source. Using Aspen Plus software, the process was simulated to
assess its energy efficiency and economic feasibility. Results showed high yields of bio-oil (60.8%) and biogas
(24.0%), indicating its potential for industrial-scale production. However, significant investment costs were
identified, primarily due to equipment and operational expenses. While the process is technically promising,
further research is needed to optimize drying and thermolysis processes to reduce costs and improve efficiency.
The study concludes that rapid pyrolysis of coffee husks presents a valuable opportunity for sustainable energy
production, but requires additional development for practical implementation.

1. Introduction

Biomass conversion technologies are generally categorized into chemical, biochemical, and thermochemical
routes. While chemical and biochemical methods utilize chemical agents or microorganisms to produce biofuels
(Low and Yee, 2021), the thermochemical route employs heat to fractionate the complex lignocellulosic
structures of biomass into high-energy products, such as bio-oil, syngas, and char (Shahbaz et al., 2021).
Among thermochemical processes—including torrefaction, gasification, and combustion—pyrolysis stands out
due to its ability to maximize energy recovery by thermally cracking organic chains in an oxygen-free
environment (Demirbas, 2008). Specifically, fast pyrolysis has emerged as a promising technique for liquid fuel
production, characterized by high heating rates (10-200 °C/s) and short residence times (0.5-10 s) at
temperatures between 400 and 600 °C (Fan et al., 2017). The coffee production chain generates substantial
amounts of residual biomass that pose significant environmental challenges if not managed properly. During
processing and consumption, residues such as pulp, parchment, silver skin, and spent coffee grounds (SCG)
are produced, representing over 50-60% of the harvested fruit (Atabani et al., 2022). In particular, SCG—often
referred to as "borra"—constitutes approximately 40% of the coffee bean weight and is typically discarded as
waste (Kelkar et al., 2015). Despite being treated as refuse, these residues possess excellent physicochemical
properties and high energy density, making them ideal candidates for thermochemical valorization (Ktori et al.
2018). Given the increasing global energy demand and the significant volume of coffee waste generated
annually, utilizing SCG as a feedstock for pyrolysis presents a viable path toward a circular economy (Hipdlito
et al., 2018). Previous studies have explored the physical-chemical composition of coffee residues and their
behavior during thermal decomposition (Yang et al., 2016). However, there is a need for integrated assessments
that evaluate not only the technical feasibility but also the economic viability of transforming these residues into
marketable energy products within specific industrial contexts. This article contributes to the field by providing a
thermo-economic evaluation of a proposed fast pyrolysis process designed to convert spent coffee grounds into
solvents and fuels. The process was modeled using ASPEN Plus® software to obtain rigorous mass and energy
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balances. These technical data served as the foundation for an economic analysis, where costs were assigned
to process streams and equipment to determine the overall financial feasibility of the proposed biorefinery
configuration.

2. Materials and methods
2.1 Determination of the area of influence

Installation of the plant was proposed in the department of Antioquia, given its high population density (about
6.89 million inhabitants) added to the consumption of coffee in the area (Rojas-Lopez, 2023). The conditions of
atmospheric pressure (0.9 atm), relative humidity (85%) and temperature (25 °C) (Federacion Nacional de
Cafeteros, 2025) present around influence were also considered.

2.2 Determination of waste biomass flow

According to studies conducted on coffee consumption in the country, it was concluded that there was an
increase in coffee consumption per capita from 2.3 kg in 2015 to 2.8 kg (Federacion-Nacional-de-Cafeteros,
2025). Considering the population level of the area of influence and the current consumption of coffee in the
country, it is possible to quantify the amount of borra produced in almost 19,300 ton per year. This generates a
working volume for the plant of 52.8 ton per day, equivalent to a mass flow of (0.6 kg/s).

2.3 Characterization of residual biomass

Residual biomass was considered in the elementary analysis as C (54%), H(6.2%), O(33.9%), N(3.1%), S(0.4%)
and proximate analysis as fixed carbon (10.73%), volatiles (75.5%), moisture (11.37%), ash (2.4%) with a high
heat value of 22.4 kJ/kg), according to the consulted literature (Wang et al., 2020).

2.4 Simulation of the industrial process

The fast pyrolysis process initiates with the pretreatment of biomass, utilizing a compressor, drying chamber,
and separator to reduce moisture content from 11.37% wt to 6.5% wt (Xin et al., 2019). The dried feedstock
then enters the pyrolysis reactor under an inert atmosphere with a heating rate exceeding 1000 °C/s, yielding a
product distribution of 55-62% bio-oil, 14-18% biogas, and 20-27% biochar(Caetano et al., 2014). Post-
reaction, a cyclonic separator with 99% efficiency isolates the solid biochar, while the volatile fraction—exiting
at 500 °C and 0.9 atm (Wang et al., 2020)—is processed through a water-cooled heat exchanger to condense
the bio-oil at 20 °C, effectively separating it from the non-condensable biogas. Once the equipment has been
determined and connected according to the process, given the characteristics of interest of the biomass
(proximate analysis, ultimate analysis), the chemical composition of the fractions obtained in the products, and
the operating conditions (bulk flows, temperatures, and pressures for each equipment); the program calculates
the amounts of energy required by each equipment based on the use of the first law of thermodynamics. This
visualizes the amount of energy required to carry out this process. Figure 1 shows the process diagram of the
industrial process.

2.5 Exergonomic analysis of the process

The exergonomic analysis of the pyrolysis process makes use of exergy, which is defined as the maximum
value of available work in a system, which together with concepts of economy allows identifying energy sources
(F), products (P), and losses (L); to quantify them by allocating costs. This technique focused on accounting
and cost allocation and evaluates the exegetic cost of each of the flow streams that interact between the
equipment of a system (Matrapazi and Zabaniotou, 2020). Because biomass is not a conventional component
that is identified in the software, it is not possible to determine its magnitudes of entropy (S) and enthalpy (H)
through the software, for this reason, it is necessary to use equations (3) -(6) proposed by Szargut (Szargut et
al., 1988), which allow identifying) in the biomass from properties known as the higher heating value (HHV 4.),
the percentages of hydrogen, carbon, oxygen and nitrogen present in the biomass, according to the next
equations:

EM = (LHVgry + A Xm) - Bary + 9417 - xSqyy (1)
LHVyyy = HHVg,,, — 2.442 % (8.936H/100) (2)
HHVyyy = 0.3578 % %C + 1.1356 * %H + 0.0594 = %N — 0.0854 x %0 — 0.974 (3)

Bary = 1.0437 + 0.1882 - (xy;/x¢) + 0.0610 - (xo/x¢) + 0.0404 - (xy /x¢) @)
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The Szargut correlation calculates the chemical exergy of the biomass (E*) from the lower heating value
(LHV 4,.,); (1) is the latent heat of vaporization of water (at 25 °C); (x,,) is the mass fraction of moisture present
in the biomass; (B4ry) is the relationship between the standard specific chemical exergy and LHV 4,.,,, where (x;)
is the mass fraction of each element on a dry basis; (xs4.y) is the mass fraction of sulphur on a dry basis.
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Figure 1: Process diagram of the simulation of the rapid pyrolysis process using the Aspen Plus software

3. Results and Analysis of results
3.1 Mass and energy balances

The fast pyrolysis simulation in ASPEN Plus yielded a bio-oil output of 60.76% (1610.39 kg/h), a value
significantly higher than the 51.2% maximum reported in comparable software-based studies (Matrapazi and
Zabaniotou, 2020). While the mass flow of inputs—including biomass (2162.24 kg/h) and air—was high, the
resulting yields of char (16%) and biogas (24%) align closely with established literature (Huang et al., 2022).
The superior liquid yield compared to other feedstocks like banana waste (char: 24.75%, biogas: 35.05% and
bio-oil: 40.2%) (Ayala-Ruiz et al, 2022) makes coffee residues a highly promising candidate for sustainable fuel
production. Consequently, the simulation data demonstrates a robust approximation of the thermochemical
transformation of coffee grounds, validating the model's consistency for further analytical scaling. Furthermore,
regarding the dependence on raw material properties, spent coffee grounds exhibited the highest carbon
composition among the materials studied. Regarding energy dynamics, the drying stage exhibited high
consumption relative to similar benchmarks (Caetano et al., 2014), yet remained less energy-intensive than the
primary pyrolysis reaction. The total energy requirement exceeded the 5096.54 kW reported in previous studies
(Kan, Strezov, and Evans, 2016), a discrepancy directly proportional to the increased biomass throughput in the
current model. Despite this high energy expenditure, the process effectively concentrates the biomass's energy
potential into high-density liquid bio-oil, followed by biogas and biochar. Given the strong correlation between
these simulated results and reference data, the model provides a valid foundation for subsequent
thermodynamic and technical assessments of the energy-available biomass products.

3.2 Exergonomic Analysis

The thermodynamic performance of the pyrolysis system is characterized by significant energy and exergy
gradients across the process stages. The initial biomass feed enters with an enthalpy of 3362.41 kW and a high
exergy of 3154.06 kW, which undergoes substantial transformation through the drying and reaction phases.
Notably, the drying stage marks a critical transition where the dried biomass (Dy-bio) retains 2785.42 kW of
exergy. In the final product distribution, the bio-oil stream concentrates 1170.61 kW of exergy, complemented
by the gas (1860.72 kW) and char (3076.5 kW) streams. The substantial exergy reduction in the cooling water—
dropping from 51321 kW to 5068.32 kW—highlights the intensive heat recovery requirements necessary to
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stabilize the primary outputs. These exergy consumption magnitudes are high relative to alternative
configurations, particularly within the reactor which requires 858.97 kW to drive the pyrolysis reaction. This
exceeds the 576 kW reported in similar biomass studies (Zhang et al., 2020), a variance primarily attributable
to the higher biomass throughput in the current model. The data identifies the pyrolysis reactor as the primary
site of exergetic inefficiency, suggesting that future research should prioritize reactor design optimizations to
enhance the overall efficiency of the thermochemical transformation.

Table 1: Input and output exergy (E) flows in the equipment involved in the pyrolysis process together with the
irreversibility and exergy efficiency by each one.

Equipment Exergy in (kW) Exergy out (kW) Irreversibility (kW)  Exergy efficiency (%)
Compress 6634.81 5941.23 693.79 87.13
Dryer 7752.83 7340.57 412.26 94.68
Divider 7340.6 6256.02 1084.55 85.22
Chamber 1312.52 733.89 631.59 53.74
Decomp 2739.05 1880.08 858.97 68.63
Cyclone 2230.15 1975.6 255.08 88.56
Pump 62824.2 62295.4 528.7 97.40
Heat Exch.1 53786.54 52822.97 963.57 97.20
Spacer 2290.42 1957.19 333.22 84.54
Heat Exch.2 910.06 733.78 176.276 80.63

According to Table 1, the exergetic performance analysis reveals that while auxiliary components such as the
Pump and Heat Exchangers operate at high efficiencies (>97 %), the core thermochemical units exhibit
significant irreversibilities. The Dryer achieves a notable efficiency of 94.68%, yet the Decomposition reactor
(Decomp) and the Combustion Chamber represent the most critical points of exergy destruction, with
efficiencies of 68.63% and 53.74%, respectively. Specifically, the reactor accounts for an irreversibility of 858.97
kW, confirming it as the primary site of thermodynamic loss within the pyrolysis loop. These magnitudes of
irreversibility provide the quantitative basis for the subsequent exergo-economic assessment. By correlating
these losses with the cost of primary energy carriers—specifically electrical energy at 0.13 USD/kWh and natural
gas at 0.04 USD/m?® in Colombia—the thermodynamic inefficiencies can be translated into operational
expenditures (OPEX). This conversion allows for a precise determination of the cost associated with each
energy flow and the economic viability of the valuable outputs: bio-oil, char, and syngas. Temireyeva et al.
(2024) reports exceptionally high global exergy efficiencies for flax straw—a feedstock characterized by a high
volatile matter content of 81.3%, low ash (2.9%), and a balanced lignocellulosic composition (27.4% cellulose,
24.8% hemicellulose, and 21.2% lignin). These efficiencies, which ranged from 86.9% to 94.8% for slow
pyrolysis and reached up to 98.0% for fast pyrolysis, are supported by the material's low initial moisture (4.4%)
and its elemental makeup (44.4% C, 6.7% H, and 46.5% O), with peak performance consistently occurring at
500 °. The costs associated were made based on the economic module Aspen Process Economic Analyzer
(APEA). Table 2 shows the result of the equipment purchase cost (EPC), involved in the fast pyrolysis process.
To determine the main fixed costs (FC) such as the installation of the equipment, the contingency budget, and
the operating cost (OP) of the plant, the percentages proposed by Uddin were used (Uddin et al., 2020), which
fit the budget analysis for biomass fast pyrolysis plants. To establish the economic feasibility of the system, the
feedstock cost for biomass was assumed of 24.67 USD per ton. Cooling water costs are omitted from the
operational expenditure (OPEX) as the fluid is sourced directly and circulated via pumping. The exegetic costs
for primary inputs—including biomass, nitrogen, and pumping—are maintained at a baseline of 0.01 USD/s.
However, the thermochemical conversion stages drive the highest costs, with the compression and heat flows
for the separation and combustion chamber stages ranging from 0.02 to 0.05 USD/s. These requirements,
largely satisfied by electricity and natural gas, result in a cumulative process exergy cost of 0.13 USD/s.The
valuation of the resulting products is benchmarked against international market indicators, specifically crude oil
at 78.10 USD/barrel, natural gas at 0.04 USD/m?, and organic carbon at 2.93 USD/kg. Under these parameters,
the pyrolytic char yields the highest associated value at 0.27 USD/s, followed by bio-oil at 0.20 USD/s and
biogas at 0.01 USD/s. The total revenue generated by these valuable flows reaches 0.48 USD/s, indicating a
favourable margin when compared to the total exergy cost of the process. This economic output aligns with
existing literature, where bio-oil and biochar prices are reported at approximately 117 USD/ton and 71 USD/ton,
respectively (Nematian et al., 2021). It is important to note that the current study's valuation assumes the raw
state of the products; therefore, the competitive pricing observed suggests a significant economic potential,
even before accounting for the additional value that could be added through further refinement of the pyrolytic
oils to enhance their energetic properties.
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Table 2: Estimation of the total cost of the pyrolysis plant, including the fixed costs (FC) and the operating cost
(OP) of the plant.

Equipment Ability Cost (USD$)
Compress 650kW 5,827.90
Pump 0.1kW 5,100.00
Dryer 2200kg/h 150,600.00
Divider 2200kg/h 83,900.00
Pyrolysis reactor 2000kg/h 783,020.00
Comb. Chamber 800kwW 568,580.00
Cyclone 2000kg/h 74,600.00
Heat Exchanger 1 14000kg/h 13,600.00
Heat Exchanger 2 7000kg 6,800.00
Spacer 1800kg/h 16,400.00
Cooling Tower 14000kg/h 51,500.00
Total PEC 1,759,427.90
FC Cost estimate (% PEC)

Installation cost 35 615,799.45
Contingency 25 439,856.75
Total HR 1,055,656.74
OP Cost estimate (% FC)

Maintenance 10 105,565.67
Staff 5 52,785.83
Total OP 158,301.40

4. Conclusions

This exergo-economic evaluation of coffee ground fast pyrolysis demonstrates a high bio-oil yield of 60.76%,
highlighting the significant potential of this residual biomass for liquid fuel production. While the pyrolysis reactor
and moisture separator represent the primary sites of thermodynamic inefficiency—accounting for 35.2% and
23.2% of total exergy destruction, respectively—auxiliary components like the cyclone and spacer maintain high
efficiencies with minimal losses. Although the industrial-scale investment cost is higher than previous
benchmarks, it is justified by a processing capacity nearly eight times greater than similar studies. Ultimately,
the superior liquid yield compared to alternative feedstocks suggests that future research should focus on
optimizing reactor retention times and exploring trigeneration pathways to maximize energy recovery and
economic returns.

Nomenclature

atm: Atmosphere x_m: Mass fraction of moisture present in the
kg: Kilograms biomass

ton: Tonne (metric ton) _dry: standard specific chemical exergy and lower
wt (%): Weight percent heating value

kWh: Kilowatt per hour x_i: Mass fraction of each element on a dry basis
LHV: Lower heating value EPC: Equipment Purchase Cost

A: Latent heat of vaporization of water (at 25 °C) FC: Fixed costs

OP: Operation cost
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