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The growing demand for sustainable biomass valorisation and low-cost adsorbents has intensified interest in
scalable systems for producing activated biochar (ABC) from agricultural residues. While extensive research
has demonstrated the high adsorption performance of lignocellulosic waste-derived biochars, their industrial
scalability remains insufficiently explored. This study addresses that gap by simulating full-scale production of
ABC from apple pruning waste using a one-step thermochemical activation process (1S), integrating
carbonization and activation to reduce energy use and operational complexity. The process model was
developed in Aspen Plus® V14 and fed with experimentally measured yields, gas compositions, and reactant
consumption obtained from previous laboratory work. Experimentally produced 1S-ABC showed a high
fixed-carbon content and outstanding adsorption performance, achieving >95% methylene blue (MB) removal
within 4 h, supported by its well-developed porosity and enhanced surface chemistry. These results validated
the suitability of apple-pruning-derived ABC as a competitive sorbent. Building on this, a techno-economic
analysis was conducted to evaluate full-scale feasibility, including capital investment, operating costs, and
utilities. The estimated Total Capital Investment was USD 2.23 million, with operating costs dominated by KOH
consumption and energy demands. Economic indicators confirmed the profitability of the process, yielding a
positive Net Present Value of USD 29,055 over a 20-year lifetime.

1. Introduction

The increasing global demand for sustainable energy and resource recovery has driven interest in biomass
valorisation as a pathway to circular economy and carbon mitigation (Ighalo et al., 2025). Lignocellulosic
biomass residues, abundant and renewable, are widely recognized as promising feedstocks for producing
activated biochar (ABC) with tailored physicochemical properties for environmental remediation (Ge et al.,
2023). Activated biochar has gained attention due to its high surface area, porosity, and functional groups, which
significantly enhance adsorption performance for organic pollutants such as methylene blue (MB) (Supee and
Zaini, 2024). These characteristics position ABC as a competitive alternative to conventional sorbents in
wastewater treatment applications, offering a cost-effective and environmentally friendly solution (Yu et al.,
2024). Furthermore, ABC production from agricultural residues contributes to waste minimization and carbon
sequestration, reinforcing its role in sustainable development strategies (Vasquez Llanosa et al., 2024). Despite
these advantages, the scalability and techno-economic feasibility of ABC production remain underexplored,
limiting its industrial deployment (Facchino et al., 2024). Addressing these gaps requires integrated approaches
that combine process optimization with economic assessment to ensure competitiveness and sustainability in
large-scale applications. This study presents the simulation and techno-economic analysis of a full-scale
production of activated biochar (ABC) derived from apple pruning waste (AP) using a one-step thermochemical
activation process (1S), which combines carbonization and activation in a single stage to reduce complexity and
energy consumption (Corro et al., 2024). This approach is particularly relevant for industrial applications, as it
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simplifies processing and lowers operational costs compared to conventional multi-step methods (Adeniyi et al.,
2023). The study is based on a previous experimental work in which the ABCs production process by 1S route
was analysed in terms of energy, gas and reactants consumption (Ben Salah et al., 2026). The adsorption
performance of the produced 1S- ABC against an anionic organic contaminant—Methylene Blue (MB)—in
aqueous media was validated in the mentioned previous study (Ben Salah et al., 2026). Obtained experimental
results revealed MB removal values exceeding 95% within 4 hours, confirming the material’s high performance
and suitability for scale-up (Supee and Zaini, 2024). The goal of the current study has been to complete the
previous research with a techno-economic analysis to integrate performance evaluation with economic feasibility
with the aim of bridging the gap between laboratory-scale success and industrial implementation, supporting
the deployment of ABC as a sustainable solution for environmental remediation.

2. Materials and methods

The flowsheet of the 1S thermochemical process is summarised in Figure 1. The process simulation was
performed using Aspen Plus® V14 software, based on the model developed by Visconti et al. (Visconti et al.,
2019), where the thermochemical process is described by an equilibrium-based, non-stoichiometric approach
based on experimental yields and elemental composition of reactants and products. The model assumes that
the blocks behave as zero-dimensional, perfectly insulated units with no heat losses, where perfect mixing
ensures a uniform temperature within each block. It is further assumed that residence times are sufficiently long
for the system to reach thermodynamic equilibrium in the reaction blocks. Additionally, reaction pathways and
the formation of intermediate species are not considered in the model. Characterisation of the raw material
(proximate analysis, ultimate analysis, ATR-FTIR) can be found elsewhere (Ben Salah et al., 2026).
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Figure 1: Flowsheet of the 1S-ABC thermochemical process.

The flowsheet included three main sections:

1) Thermochemical conversion where a mix of dry biomass and chemical activation agent (KOH, 85% pure)
(3:1 wt,) are fed to the pyrolysis reactor which was simulated by RYIELD and RGIBBS reactor modules defined
at the experimental temperature and pressure conditions (20k/min up to 900°C, residence time: 2 h, 1 bar).
RYIELD module calculates the decomposition of the biomass into C (fixed carbon), ash, H20, H2, S, N2 and Oz,
based on the yields of the products (per unit mass of total feed, excluding any inert components). The RGIBBS
module determines the thermodynamic equilibrium of an isothermal and isobaric chemical system by minimizing
the Gibbs free energy. It receives as input the reference components generated in the RYIELD block, along with
the inert gas, and computes simultaneous phase and chemical equilibrium at fixed temperature and pressure
through Gibbs free-energy minimization. For this assumption, the residence time is considered to be long
enough, and the reaction rates are supposed to be fast enough to reach thermodynamic equilibrium.

2) Separation unit, where ABC is obtained, simulated by a cyclone, two heaters and a flash module. The hot
vapours are cooled in two successive heat exchangers: first an air cooler, followed by a water cooler. The air
cooler is used initially to remove a large portion of the sensible heat at high temperature (down to 300°C) in an
energy-efficient and safe manner, reducing thermal stress on downstream equipment. The water cooler is then
applied to achieve deeper cooling (down to 40° C) and partial condensation of vapours (in the flash), which
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would be inefficient or impractical using air cooling alone. This two-step cooling strategy improves heat recovery,
protects equipment, and reduces utility consumption.

3) Washing unit, simulated by an S-wash module defined by the LIQ-SO specification. Finally, the activated
biochar is washed in three consecutive washing units using water, nitric acid (HNO;3), and again water to
neutralize the pH, remove residual activating agents, inorganic impurities, and ash, resulting in a cleaner and
more stable activated carbon product.

Lignocellulosic biomass was defined by its chemical structure and physical properties, whereas other
conventional components were selected from the ASPEN PLUS data bank. The selected thermodynamic model
for the simulation of the stream properties was PENG-ROB because it is based on a cubic equation of state,
which properly represents possible non-ideal behaviours. Calculation basis for the simulation was established
as 100 kg/h of AP. Experimental data (Table 1) was used to feed the simulation to determine the material and
energy balances to serve as basis of the techno-economic analysis.

Table 1: Experimental data used to define the simulation. *O was calculated by difference.
Parameter AP ABC

Fixed carbon (%) 14.86 -
Proximate analysis Volatile matter (%) 79.69 -

(Wt. %) Inorganic matter (%) 5.45 -
Moisture (%) 8.68 -
C (%) 45.04 85.05
Ultimate analysis H (%) 5.71 -
(Wt.%, ash free) N (%) 0.73 0.40
S (%) 0.72 0.11
O* (%) 42.35 14.44
Yield (%) 12

Used specifications to define the simulation are included in Table 2.

Table 2: Definition of parameters for the simulation.

Section Equipment Aspen Specifications
module

Thermochemical Reactor RYIELD 900°C, 1 bar, yields of fixed C, ash, H20, Hz, S, N2 and Oz.

conversion Reactor RGIBBS 900°C, 1 bar
Separator Cyclone 900°C, 1 bar
Separation unit Cooler Heater 300°C, 1 bar
Cooler Heater 40°C, 1 bar
Flash Flash2 1 bar
Washing unit Flash Swash LIQ-SO
Feed streams T (°C) P (bar) Flow rate Mass composition
Dry feed 25 1 100 kg/h Biomass (composition defined by proximate and
ultimate analysis in Table 1; KOH ratio (3/1 wt.)
Inert gas 25 1 1.1 kg/min 100% N2

2.1 Techno-Economic Analysis (TEA)

A techno-economic assessment was conducted to determine the process feasibility using key economic
indicators, as the plant’s capital and operating costs. The estimation of capital costs was based on two key
factors: (i) the reference (base) year of the cost data, and (ii) the equipment capacity. Initial cost figures were
obtained from CAPCOST 2017, literature (Turton et al., 2017; Craig and Mann, 1996), and vendor quotations,
and were adjusted to the target year using the Chemical Engineering Plant Cost Index (CEPCI), published
regularly by Chemical Engineering (https://www.chemengonline.com/pci-home/). The updated equipment cost
was calculated as:

2025 index
base year index) (1 )

Costin 2025 $ = Cost in base year - (

The cost of each unit based on its capacity was scaled according to its design throughput using the equation:
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Scaled capacity
ricinal camanis) (2)

Scaled cost = Cost of original scale - (—— -
Original capacity

The scaling exponent, n, is normally around 0.6, following the six-tenths rule, which suggests that doubling
equipment capacity increases cost by about 60%. Nevertheless, it may vary between 0.6 and 0.8 depending on
the type of equipment (Domanski, 2020). Accordingly, the scaled installed equipment costs were calculated,
including installation, covering piping, instrumentation, and control.

The sum of the installed costs for all pieces of equipment and the cost for the balance of the plant were defined
as the Total Installed Cost (TIC).The Total Capital Investment (o) was estimated using the integrated cost
estimation tools of Aspen Plus, which incorporate installation, indirect costs, and standard cost correlations
based on simulation and equipment sizing. The Operating Costs (OC) considered in this assessment include
labour, raw material supply, utilities (electricity and LPG), and maintenance. The analysis did not include other
site costs, as material-storage costs, substation capital, grid connection costs, project management and
consultancy costs.

Net Present Value (NPV) was calculated, as the difference between the present value of cash inflows and
outflows, helping assess whether a project generates more value than its cost.

CF,
NPV = Yros gy~ lo @)

where: CFn: cash flow generated in year n, lo: Total Capital Investment in year 0, T: project lifetime, i: discount
rate.
CFn can be estimated using by the formula:

CE,=(1—-t)-(R—E)+t-D, where tis the tax rate (4)
where:

R: annual revenue, calculated as: R = Annual production*Selling price (5)
D: depreciation, calculated as: D =IF0 (6)
E: expenditure, calculated as: E= Operating Cost+ Utilities Cost (7)
3. Results

The equilibrium-based modelling approach, relying on RYIELD and RGIBBS reactor modules, demonstrated
the suitability of representing the thermochemical behaviour of lignocellulosic biomass when reaction pathways
are complex or partially unknown. The assumptions of perfect mixing, negligible heat losses, and long residence
times—commonly applied in equilibrium-based pyrolysis models—allowed reliable estimation of energy
demands, product distribution, and reactor performance, in line with previous literature on equilibrium modelling
of biomass pyrolysis.

The simulation of the thermochemical conversion section showed that the 1S process efficiently transforms AP
into an activated carbon-rich solid phase, consistent with the high fixed-carbon content measured experimentally
in the resulting ABC. The definition of biomass using proximate and ultimate analyses ensured accurate
representation of its chemical structure, while the use of the PENG-ROB thermodynamic model offered robust
predictions for non-ideal gas behaviour during high-temperature conversions.

The separation stage, engineered through a combination of cyclone, heat exchangers, and flash drum,
confirmed appropriate thermal management of vapours and particulate separation. The two-step cooling
strategy—first with air, then with water—proved essential for ensuring energy efficiency, equipment protection,
and partial condensation of volatile species, which aligns with optimal heat-recovery design criteria for
thermochemical systems.

3.1 Techno-Economic Analysis results

The key economic indicators of the proposed process are summarized in Table 3, highlighting the major capital
and operating cost components for the reference year 2025. The techno-economic indicators highlight that the
proposed process can be implemented at industrial scale with reasonable investment and operating costs.
The lo (USD 2.23 million) and Total Installed Cost (USD 0.84 million) fall within the expected range for
medium-scale activation plants handling approximately 100 kg/h of biomass feed (Le6n et al., 2020). Operating
costs are dominated by utilities and reactant consumption (mainly KOH), labour, and maintenance, together
reaching around USD 995,891 per year.

These values are comparable to those reported for similar chemically activated biochar production systems
discussed in recent literature (Ledn et al., 2020).
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Parameter Unit Value
Total Capital Investment, lo USD 2,233,890
Total Operating Cost USD/Year 995,891
Total Utilities Cost USD/Year 40,427
Desired Rate of Return Percent/Year 20
Equipment Cost usD 453,800
Total Installed Cost UsD 841,000

Table 4 summarizes the economic assumptions adopted for the Net Present Value (NPV) analysis, including
the project lifetime, discount rate, operating costs, depreciation, and annual revenues, which serve as the basis
for evaluating the long-term economic feasibility of the studied process.

Table 4: Assumptions and results for the Net Present Value (NPV) analysis

Parameter Unit Value
Project lifetime, T Year 20
Discount rate, i % 10
Expenditure, E USD/Year 874,805
Annual Revenue, R USD/Year 891,953
Cash Flow, CFn USD/Year 17,148
NPV USD/Year 29,055

The financial performance indicators demonstrate that the large-scale implementation of the process is viable.
Annual revenues derived from ABC sales (~USD 892,000/year) exceed the total expenditures (~USD
875,000/year), generating a positive annual cash flow and yielding a Net Present Value (NPV) of USD 29,055
over a 20-year project life. Although the resulting cash flow margin is modest, the positive NPV indicates that
the process provides economic gains under the assumed conditions. This finding is consistent with recently
published analyses on the economic viability of engineered biochar systems, where profitability typically
depends on optimized process integration, minimized activation agent losses, and market prices for
high-surface-area sorbents (Gamaralalage et al., 2025). Importantly, the competitiveness of the produced ABC
is reinforced by the high adsorption efficiency (>95% MB removal) reported in the experimental study supporting
this work. This performance positions AP-derived ABC as a technically robust alternative to commercial
activated carbons, particularly in water treatment applications. Combined with the low cost and high availability
of agricultural residues, the 1S process emerges as an attractive valorisation pathway aligned with
circular-economy and carbon-sequestration strategies. The ability to operate with simplified processing steps—
compared to traditional two-stage activation—further enhances scalability and reduces environmental footprint.
Overall, the integrated simulation-plus-TEA approach used in this study proves useful for identifying cost drivers,
optimizing equipment sizing, and highlighting bottlenecks that may affect full-scale implementation. Future work
should focus on refining reaction kinetics beyond equilibrium assumptions, evaluating different activation agent
recovery strategies, and performing environmental assessments such as life cycle analysis (LCA) to fully
quantify the sustainability benefits of the process.

4. Conclusions

This study assessed the technical and economic feasibility of producing activated biochar from apple pruning
waste through a one-step thermochemical activation process at industrial scale. The Aspen Plus® model
successfully reproduced the transformation of lignocellulosic biomass under high-temperature activation
conditions, providing reliable mass and energy balances that served as the basis for the techno-economic
evaluation. The 1S process proved capable of generating a high-quality activated biochar suitable for pollutant
adsorption, supported by previous experimental validation. The techno-economic analysis confirmed that the
proposed system is financially viable, achieving a positive NPV of USD 29,055 over a 20-year operation horizon.
Capital and operating costs fall within the expected range for similar biochar production plants, and annual
revenues from ABC sales sufficiently offset expenditures, resulting in a small but positive annual cash flow.
These results indicate that the scaled-up production of ABC from AP waste can be a competitive and sustainable
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industrial solution. In addition to its economic feasibility, the process provides environmental advantages by
valorising agricultural residues and producing a high-performance sorbent for wastewater remediation. The
combined carbonization—activation in a single step simplifies the process, reduces energy consumption, and
enhances the potential for industrial deployment. Overall, this work demonstrates that AP-derived ABC has
strong potential to contribute to circular bioeconomy strategies and offers a viable pathway for large-scale
application in environmental treatment technologies.
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