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Abstract

The global push for energy decarbonization has increased interest in hydrogen as a clean
energy carrier. Biohydrogen from agricultural residues is a promising pathway for coun-
tries with strong agro-industrial sectors. This study evaluates the technical, economic, and
environmental feasibility of hydrogen production from palm oil rachis in two post-conflict
regions of Colombia: a large-scale facility in Bolívar and a small-scale plant in Santander.
The assessment integrates Aspen Plus® (version 14) simulations using the NRTL thermo-
dynamic model, an attributional gate-to-gate Life Cycle Assessment (LCA) with ReCiPe
Midpoint (H), and a techno-economic analysis. The simulated process includes biomass
drying, decomposition, steam gasification, syngas cleaning, and methane reforming. A
key technical finding was the non-linear relationship between feedstock composition and
process yield. Although Santander’s biomass had a higher hydrogen content (9.42% vs.
6.58%), Bolívar achieved a much higher conversion efficiency (0.198 kg H2/kg biomass) and
produced over seven times more hydrogen while processing only 5.8 times more biomass.
Environmental results showed clear advantages for Bolívar, which presented lower impacts
across most categories compared to Santander and the fossil-based hydrogen benchmark.
Bolívar achieved a Global Warming Potential of 2.47 kg CO2 eq/kg H2, far below the
15.03 kg CO2 eq/kg H2 of Santander, and showed favorable performance in particulate
matter formation, acidification, and fossil resource scarcity. Economically, Bolívar was
viable, with a Net Present Value of USD 25.01 million, a Benefit–Cost Ratio of 3.29, and a
discounted payback period of 4.54 years. Santander was economically unfeasible under all
conditions. Hydrogen production from palm rachis is technically feasible, environmentally
beneficial, and economically viable when biomass availability and process integration are
adequate, as illustrated by the Bolívar case.

Keywords: biohydrogen; biomass gasification; oil palm rachis; life cycle assessment (LCA);
techno-economic analysis; process simulation; Aspen Plus

1. Introduction
The escalating global challenge of climate change, driven by extensive reliance on

fossil fuels, has underscored the urgent need for sustainable, clean energy alternatives. In
response, hydrogen (H2) has emerged as a promising clean energy carrier due to its high
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gravimetric energy density and the fact that its combustion by-product, water (H2O), is
free of carbon dioxide (CO2) and other harmful pollutants [1]. Biomass, as a carbon-neutral
resource with rapid biogeochemical cycles, offers a viable and sustainable pathway for
H2 production through thermochemical conversion processes, such as gasification. This
approach not only mitigates net greenhouse gas emissions but also provides a strategic
means of managing agricultural waste.

Colombia, with its significant agricultural sector, generates substantial biomass
residues, particularly from the palm oil industry. This biomass, specifically the empty
fruit bunches (rachis), represents a valuable and underutilized resource for energy genera-
tion and chemical production [2,3]. Converting these residual biomasses into high-value
products, such as H2, can create economic opportunities and support the development of
rural territories, especially in post-conflict zones, where sustainable economic activities are
crucial to stability and social progress [4]. The selection of Bolívar and Santander as case
studies is deeply rooted in Colombia’s socio-political context. These regions were histori-
cally among the territories most severely affected by the internal armed conflict, enduring
decades of instability due to the presence of guerrilla groups (FARC-EP, ELN) and paramil-
itary forces (AUC), which significantly hindered agro-industrial development and led to
land abandonment. In the current post-conflict era, the implementation of hydrogen pro-
duction from agricultural residues represents more than an energy transition strategy; it acts
as a mechanism for territorial reconstruction. By fostering a circular bioeconomy around
palm oil rachis, this technology aims to generate high-skilled employment and new revenue
streams, aligning with national policies to leverage science and technology to consolidate
peace and promote sustainable industrialization in regions previously isolated by war.
There are various conversion pathways for generating biohydrogen from oil palm rachis:
conversion processes can be broadly categorized into thermochemical pathways—such
as gasification, pyrolysis, and supercritical water gasification (SCWG)—and biochemical
routes, including dark fermentation, anaerobic fermentation in sequencing batch reactors,
and emerging hybrid systems that combine biological and electrochemical processes [5].
Gasification was selected as the primary conversion pathway due to its distinct technical
advantages for processing complex lignocellulosic feedstocks such as palm rachis. Unlike
biological routes, which often require extensive enzymatic pretreatment and have slower
reaction rates, gasification offers rapid reaction kinetics and high conversion efficiencies.
Furthermore, it enables high-grade heat recovery and thermal integration, and, when
coupled with Water–Gas Shift (WGS) and reforming units, significantly increases hydrogen
yields by fully valorizing the feedstock’s carbon content. Oil palm rachis is a lignocellulosic
biomass characterized by a substantial content of cellulose, hemicellulose, and lignin, with
typical compositions reported as approximately 38% cellulose, 21% hemicellulose, and
16% lignin [6,7]. These structural carbohydrates render the feedstock amenable to various
conversion processes, making it suitable for both direct thermochemical transformation
and pretreatment followed by biochemical fermentation [7]. The proximate and ultimate
analyses of oil palm rachis also indicate high volatile matter content and a relatively higher
heating value, which are favorable properties for gasification reactions [6,7]. Given the
enormous global production of oil palm biomass, its conversion into biohydrogen not only
represents a significant renewable energy opportunity but also helps mitigate environ-
mental impacts associated with waste disposal and open burning [5,8]. Oil palm rachis,
technically known as Empty Fruit Bunches (EFBs), are the most significant lignocellulosic
byproduct of the palm oil agro-industry, accounting for approximately 22% of the total
mass of Fresh Fruit Bunches (FFBs) processed. Globally, the generation of this residue is
estimated to exceed 87 million tonnes per year, representing a substantial yet underuti-
lized biomass resource. While currently used primarily for low-value soil mulching or
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left to decompose—often generating methane emissions—its physicochemical properties
make it an ideal candidate for energy valorization. With a Lower Heating Value (LHV)
of 18.8 MJ/kg (dry basis), rachis has an energy density comparable to that of lignite coal.
Consequently, the thermochemical conversion of this residue not only provides a renewable
energy source (1 ton of EFB is energetically equivalent to approximately 5 GJ) but also
significantly mitigates the carbon footprint, potentially avoiding 0.9–1.0 kg of CO2eq per
kilogram of rachis, thereby replacing fossil feedstocks.

Thermochemical conversion pathways are robust methods that decompose biomass
by applying high temperatures in controlled environments, releasing gaseous products that
can be further refined into biohydrogen. Gasification is the most widely studied thermo-
chemical process for biohydrogen production from oil palm rachis, in which the biomass is
converted to synthesis gas (syngas) via partial combustion at elevated temperatures [7].
Biohydrogen produced via biomass gasification is increasingly recognized as a promising
renewable energy carrier due to its potential to deliver low- or even negative-carbon out-
comes when appropriately designed. In a typical gasification process, oil palm rachis is
dried, milled, and fed into a gasifier where it undergoes sequential reactions starting with
pyrolysis (thermal decomposition in the absence of oxygen) and followed by oxidation and
reduction reactions that yield a mixture of hydrogen, carbon monoxide, carbon dioxide,
and minor species such as methane [5]. The produced syngas contains an appreciable
hydrogen concentration, which can be purified via catalytic reforming and Water–Gas Shift
reactions, in which carbon monoxide reacts with steam to produce additional hydrogen and
carbon dioxide. The operational parameters in gasification, such as temperature (typically
within 800–900 ◦C), equivalence ratio, and the gasifying agent (air, oxygen, or steam), have
been optimized in various studies to maximize hydrogen yield while controlling tar forma-
tion and char production [5,7]. Moreover, the choice of reactor configuration (fixed-bed,
fluidized-bed, or downdraft gasifier) significantly influences heating rates and mixing
characteristics, which, in turn, affect the overall syngas composition and the efficiency of
downstream catalytic steps for biohydrogen extraction [5,7].

To holistically evaluate the feasibility of such processes, a comprehensive assessment
framework that goes beyond technical and economic viability is necessary. The Life Cycle
Assessment (LCA) methodology is a powerful tool for evaluating the potential environmen-
tal and social impacts of a product or process throughout its entire life cycle. Environmental
LCA (E-LCA) quantifies environmental burdens, including climate change, acidification,
and resource depletion [9,10]. This paper presents a comprehensive sustainability evalua-
tion of H2 production from palm oil rachis in Colombian contexts, focusing on two palm oil
extraction plants in distinct post-conflict regions. The study combines process simulation
with a detailed life cycle assessment to provide a robust analysis. It aims to characterize the
biomass feedstock from these two locations and use this data to model the thermochemical
gasification process for H2 production. Subsequently, an E-LCA will be conducted using
SimaPro 10.2, integrating the ReCiPe Midpoint (H) method and Ecoinvent 3 database data
for environmental inventory analysis. The goal is not only to assess the technical feasibility
and environmental benefits of this process but also to elucidate its environmental and
economic contributions to regional development. Beyond comparison, this study exam-
ines the conditions under which the process is feasible, and the environmental indicators
are lower than those for conventional hydrogen production processes. This integrated
approach serves as a benchmark for similar evaluations in other agricultural contexts and
provides a solid foundation for promoting sustainable territorial growth in Colombia’s
post-conflict areas.
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2. Materials and Methods
2.1. Process Modeling and Simulation

The primary objective of the simulation is to establish a robust technical and opera-
tional foundation for the proper sizing of the equipment involved in hydrogen production
from two distinct biomass sources. The model aims to accurately represent the sequential
stages of drying, decomposition, gasification, gas cleaning, and steam methane reforming
for hydrogen generation, which are essential for defining the capacity, operating condi-
tions, and technical specifications of each process unit. Beyond validating the technical
feasibility of the proposed process configuration, the simulation also enables optimization
of operating conditions to maximize hydrogen yield while minimizing by-product and
residual-stream generation [11].

Thermodynamic model selection: In simulating hydrogen production from rachis
biomass, selecting an appropriate thermodynamic model is essential to accurately represent
the complex liquid-phase interactions arising from biomass-derived streams. The Non-
Random Two-Liquid (NRTL) model is particularly well suited for this purpose due to its
proven accuracy in highly non-ideal systems, such as those encountered in thermochemical
conversion of rachis in hydrothermal liquefaction, pretreatment, or bio-oil separation pro-
cesses [12]. These mixtures, primarily composed of water, organic acids (acetic and formic),
alcohols (ethanol and methanol), ketones, furfural, and phenolic compounds, exhibit
substantial deviations from ideality due to pronounced intermolecular interactions [13].

The NRTL model captures these complexities through the calculation of excess Gibbs
free energy using binary interaction parameters (τij) and a non-randomness factor (α),
which typically ranges between 0.2 and 0.3 for biomass-derived systems, reflecting their
partially ordered molecular structure [14]. For instance, during the simulation of bio-oil
separation in a distillation column operating at 1 atm and 98 ◦C, NRTL accurately predicts
the formation of two liquid phases at equilibrium: an aqueous phase (~92% water, 8% acetic
acid) and an organic phase enriched in furfural and alcohols. This predictive capability is
critical, as models based on Raoult’s law or the Wilson equation may yield errors exceeding
30%, potentially compromising the design of separation units and adversely affecting mass
balances for downstream operations such as aqueous-phase reforming [15].

Multiple studies indicate that NRTL reduces equilibrium-composition errors to approx-
imately ±2–3% relative to experimental data, thereby substantially improving simulation
reliability [16–18]. This accuracy enables the optimization of operating conditions, such as
temperature, pressure, and water-to-biomass ratio. It enhances overall process efficiency,
achieving up to 12% increases in hydrogen production relative to less representative ther-
modynamic models [19]. For these reasons, the NRTL model constitutes the technically
optimal choice for representing phase equilibria in the conversion of rachis to hydrogen.

Biomass characterization: Physicochemical characterization was conducted on com-
posite samples collected from biomass processing centers in Santander and Bolívar during
the November 2024 harvest season. The samples were conditioned and analyzed by the
certified Energy Science Laboratory at the Universidad Nacional de Colombia. The anal-
yses were conducted under controlled conditions and in accordance with standardized
methodologies (UNE, ASTM, and SM-2540-G). Although the results are reported on a dry
basis (DB), the original material contains approximately 45% moisture; therefore, values
can be adjusted to a wet basis (WB) by applying the corresponding correction factor. The
process simulation assumes a total biomass feed rate of 3919 kg/h, which is the rachis
generation flow in a real plant in Santander.

The composition data for Santander (Table 1) were incorporated into the simulation via
the NS-SOLID stream, using the ULTANAL attribute to specify the elemental composition.
The particle size distribution (PSD) was specified between 20 and 200 nm, with 10 nm
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increments. A crusher operating at 20 kW was modeled to achieve the desired particle
size reduction. Subsequently, the biomass was heated to 75 ◦C to simulate the drying
process. This stage was supplied with an air stream of 1020 kg/h at 100 ◦C. Sensitivity
analysis indicated that these operating conditions reduce the biomass’s moisture content
to below 1% [3]. Biomass conditioning involves drying and size reduction, so in the
simulation, the comminution stage is modeled as a closed-loop grinding circuit. While a
single-pass grinder often yields a broad particle-size distribution that requires downstream
sieving, this study assumes an industrial configuration in which oversized particles are
mechanically recirculated to the mill and fines are retained. Consequently, biomass losses
during physical pretreatment are considered negligible for mass-balance purposes, with the
aim of achieving a target particle size suitable for gasifier hydrodynamics, while the energy
penalty associated with this recirculation is accounted for in the pretreatment section’s
overall electricity consumption.

Table 1. Dry-basis composition of rachis from Santander.

Parameter Method/Standard Units Results Uncertainty

Carbon (C) UNE-EN 15407 % (DB) 47.72 ±4.77

Hydrogen (H) UNE-EN 15407 % (DB) 9.42 ±0.94

Oxygen (O) ASTM D5622-95 % (DB) 35.75 ±3.57

Nitrogen (N) UNE-EN 15407 % (DB) 1.42 ±0.14

Sulfur (S) Thermo Scientific (App Note 42151) % (DB) <0.10 ±0.01

Fixed Solids SM-2540-G % (DB) 5.69 ±0.68

On the other hand, the elemental composition of the second rachis sample obtained
from a palm oil extraction plant at Bolivar (Colombia) (Table 2) was determined by the
same laboratory. In this case study, the biomass feed rate was 22,844 kg/h, representing
the rachis production in a real plant located in Bolivar. The characterization followed
standardized analytical methodologies, including UNE-EN 15407 for carbon, hydrogen,
and nitrogen [20]; ASTM D5622-95 for oxygen [21]; SM-2540-G for fixed solids; and Thermo
Scientific Application Note 42151 for sulfur quantification [22]. Results are reported on a
dry basis.

Table 2. Dry-basis composition of rachis from Bolivar.

Parameter Method/Standard Units Results Uncertainty

Carbon (C) UNE-EN 15407 % (DB) 49.77 ±4.98

Hydrogen (H) UNE-EN 15407 % (DB) 6.58 ±0.66

Oxygen (O) ASTM D5622-95 % (DB) 40.80 ±4.08

Nitrogen (N) UNE-EN 15407 % (DB) 1.47 ±0.15

Sulfur (S) Thermo Scientific (App Note 42151) % (DB) <0.10 ±0.01

Fixed Solids SM-2540-G % (DB) 1.39 ±0.68

Nevertheless, the composition of both rachis samples reveals notable differences that
influence their behavior in thermochemical conversion processes. The uncertainty values
reported in Tables 1 and 2 correspond to the analytical uncertainty of the instrumentation
and standardized methods used (including UNE-EN-15407 for elemental analysis and
ASTM D5865M for calorific value), ensuring the reliability of the input data for the thermo-
dynamic simulation. Although biomass composition naturally fluctuates due to seasonal
and agro-climatic variables, these characterizations were established as the fixed design
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basis to ensure mass-balance consistency throughout the process simulation. The Bolivar
sample exhibits higher carbon (49.77%) and oxygen (40.80%) content than the Santander
sample, suggesting greater potential for syngas generation and higher overall reactivity
during gasification. Conversely, the Santander sample presents a significantly higher hydro-
gen content (9.42% vs. 6.58%), which may enhance the H2/CO ratio in reforming processes
but also indicates a more volatile-rich structure. Moreover, the ash content is considerably
lower in the Bolivar sample (1.39% versus 5.69% in the Santander sample), implying a
reduced risk of slagging, fouling, and catalyst deactivation during hydrogen production.
Despite these variations, both samples exhibit similar nitrogen and sulfur levels, suggesting
comparable tendencies for NOx and SOx formation. Overall, the Bolivar biomass appears
more favorable for thermochemical hydrogen production due to its higher carbon content
and lower ash fraction. In contrast, the Santander sample may perform better in processes
where volatile components play a critical role.

Process Description

The modeled processes have the same number of equipment units; the difference lies
in the processing capacity of the Bolívar case relative to that of the Santander case. Likewise,
Santander requires a dryer and a mill with much smaller specifications because the biomass
enters at a size that is easier to handle. In the diagrams, the equipment shown in yellow
indicates the differences in equipment specifications.

The process begins by drying the rachis to remove moisture. Then, the biomass is
milled to facilitate its transformation in subsequent stages. The milled rachis (stream 4) is
sent to a gasification stage, where steam (stream 12) is supplied, producing a mixture of
compounds (C, H2, S, CO, CO2, H2O, CH4, among others). The resulting stream (stream 13)
from gasification is sent to a separator, where a mixture of water with carbon traces is
removed. Subsequently, the process stream (stream 15) is fed to a compressor, where the
pressure is increased as required for the high-temperature and low-temperature reactors,
the absorption tower, and the PSA unit. Stream 17, composed mainly of methane, sulfur
oxide, and carbon monoxide, is sent to a gas-washing stage in which condensable gases are
retained, while the non-condensable gases (stream 24) are sent to continue the hydrogen
reaction and purification process. The stream resulting from gasification (stream 27) is sent
to a heat-exchanger train to raise the temperature of stream 6 before entering separator 2.
In this equipment, stream 7, composed of water with traces of CO2 and SO2, is obtained.
Stream 8 is then fed to the PSA unit, where hydrogen (stream 9) is purified and separated
from the other synthesized gases (stream 10).

In the Bolívar process, from 22,884 kg/h of rachis, 4542.41 kg/h of hydrogen is pro-
duced; in the Santander process, from 3919.04 kg/h, 634.71 kg/h of hydrogen is produced.
Figures 1 and 2 present the equipment diagrams for each case study.

2.2. Life Cycle Assessment (LCA)

LCA has been widely used to evaluate the environmental performance of biohydrogen
production systems by quantifying impacts beyond direct greenhouse gas (GHG) emissions.
Key environmental impact categories considered in these studies include global warming
potential (GWP), acidification potential (AP), eutrophication potential, ecotoxicity (both
terrestrial and freshwater), photochemical ozone formation potential, cumulative non-
renewable energy demand (CED), resource depletion, and water consumption, among
others [23]. This report aims to provide an expert-level synthesis of these environmental
indicators as measured by LCA, drawing on comprehensive studies that consider both
conventional and innovative biomass gasification routes.
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Figure 1. Process Equipment Diagram for the Hydrogen Production Process—Bolivar Case Study.

 

Figure 2. Process Equipment Diagram for the Hydrogen Production Process—Santander Case Study.

The application of LCA to biohydrogen production typically follows the ISO 14040
and ISO 14044 framework [24,25], encompassing goal and scope definition, life cycle in-
ventory (LCI) analysis, life cycle impact assessment (LCIA), and results interpretation.
LCAs for biomass gasification systems are generally conducted under cradle-to-gate or
cradle-to-grave boundaries, with system boundaries spanning feedstock acquisition, pre-
treatment, gasification, syngas cleaning, hydrogen separation (often via pressure swing
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adsorption), and ancillary processes such as CO2 removal, heat recovery, and by-product
management [26]. Various LCIA methods, including Impact 2002+, ReCiPe 2016, and CML,
have been applied to quantify environmental impacts across a range of categories, using
functional units often normalized to 1 MWh or 1 kg of hydrogen produced [26,27]. The
impact categories were selected using the ReCiPe 2016 Midpoint (H) method, with a focus
on indicators relevant to agro-industrial processes and thermal energy systems to ensure
a comprehensive assessment of both global decarbonization potential and local environ-
mental footprints. In many cases, LCA studies incorporate system expansion techniques to
account for multifunctionality (e.g., simultaneous energy or material recovery from refuse-
derived fuels or avoided burdens from waste incineration) and to benchmark biohydrogen
against alternative low-carbon hydrogen production routes, such as blue hydrogen from
natural gas reforming with CCS or green hydrogen from water electrolysis [23].

Goal and Scope Definition: A rigorous LCA study always begins with a clear definition
of the goal and scope. In the case of converting palm oil rachis into hydrogen, the goal
is to evaluate the environmental burdens associated with the entire production process,
from biomass collection to hydrogen output, with an emphasis on decision-making during
the early design phase. It is essential to define the functional unit carefully; for instance,
one may choose “1 kg of hydrogen produced” as the functional unit to standardize the
results [27]. The system boundaries defined in the present research comprise gate-to-gate
operations, biomass pretreatment, gasification, syngas cleaning, and hydrogen separation.
Ancillary processes, such as heat recovery and by-product management, are also included
within the assessment boundaries.

Regarding the carbon balance, CO2 uptake via photosynthesis during the oil palm
cultivation stage was accounted for within the biogenic carbon cycle framework. Although
the specific agricultural phase lies outside the ‘gate-to-gate’ system boundary (consistent
with the selected cut-off approach), the rachis’s carbon content is recognized as having been
originally sequestered from the atmosphere. Consequently, all CO2 emissions resulting
from the gasification and reforming processes were classified specifically as Biogenic CO2.
In accordance with IPCC guidelines and the ReCiPe methodology, these emissions are
distinguished from fossil-derived CO2, as they belong to a short carbon cycle and do not
contribute to the net accumulation of atmospheric greenhouse gases over the long term.
Figure 3 represents the system boundaries for the environmental assessment. In orange
color we present the inputs in the system and in blue the exits.

Life Cycle Inventory (LCI): A key innovation in this methodology is the use of
Aspen Plus simulation to provide high-fidelity mass and energy balances of the palm
oil rachis-to-hydrogen conversion process. Aspen Plus is a process simulation tool that
generates detailed data on material streams, energy requirements, operating conditions
(e.g., temperatures, pressures), and emissions from each process unit. This data, referred to
as the foreground system data, serves as the quantitative foundation for the LCI [28]. The
simulation outputs cover all critical process parameters, including feedstock consumption
rates, conversion efficiencies, waste generation, and energy consumption. To complement
the detailed foreground inventory, secondary data on upstream processes (e.g., utility gen-
eration) were sourced from a well-documented life-cycle database. Ecoinvent 3 provides
standardized, peer-reviewed data, ensuring consistency across studies and facilitating
benchmarking against similar processes [29,30]. The Life Cycle Inventory (LCI) was com-
piled using the ‘Allocation, cut-off by classification’ system model from the Ecoinvent
database. This approach was selected as it is the standard framework for waste valorization
studies; it assigns the environmental burdens of upstream agricultural activities (cultivation
and extraction) entirely to the primary product (crude palm oil), allowing the rachis to enter
the hydrogen production system as a ‘burden-free’ waste stream that only incurs impacts
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from its collection, transport, and conditioning. Although the ‘Allocation at the Point of
Substitution’ (APOS) model is a feasible alternative, it was not adopted in this analysis
because it would require allocating a share of agricultural impacts to the residue based on
economic or physical relationships. Such an allocation would unnecessarily penalize the
biohydrogen pathway with upstream burdens unrelated to the waste management process,
thereby obscuring the specific environmental performance of the conversion technology. It
is also crucial that any allocation methods, such as economic allocation or system expansion
via substitution approaches, are transparently documented and aligned with the chosen
LCA methodology [29].

 
Figure 3. Gate-to-Gate System Boundaries for the Environmental Assessment.

Life Cycle Impact Assessment (LCIA): With the complete LCI in place, the next step is
to quantify environmental impacts using an LCIA. A comprehensive LCIA should consider
a wide range of environmental aspects, including global warming potential, acidification,
eutrophication, resource depletion, photochemical ozone creation, and toxicity potential.
Standardized impact assessment methodologies, such as ReCiPe, are recommended, as they
have been widely applied in bioenergy LCA studies [27]. The attributional LCA (aLCA) is
more straightforward and better suited to this study because it compares technologies un-
der similar conditions [31]. The LCIA is typically implemented using SIMAPRO 10.2 LCA
software tools that integrate the previously developed LCI with the chosen impact assess-
ment methods. The present study uses SIMAPRO 10.2. Given the inherent uncertainties
associated with emerging technologies, it is essential to conduct sensitivity analyses of key
process parameters and assumptions regarding data quality and system boundaries [32,33].
In the present study, two scenarios were considered: in the first, no allocation was applied
to processes based on the main product rule; in the second, mass allocation was applied.
To evaluate the robustness of the environmental assessment, a sensitivity analysis was
conducted focusing on the methodological choice of co-product allocation, in accordance
with ISO 14044 recommendations. This analysis compared the baseline scenario (no alloca-
tion) with a mass-allocation approach, quantifying how the partitioning of environmental
burdens between hydrogen and valuable co-products (biochar and CO2) affects the final
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impact profile. Regarding uncertainty, although a stochastic assessment was outside the
scope of this work, data uncertainty was minimized by prioritizing high-fidelity foreground
inventories derived directly from rigorous steady-state process simulations (Aspen Plus®).
This approach ensures that the Life Cycle Inventory (LCI) is based on thermodynamically
consistent mass and energy balances specific to the physicochemical properties of the rachis
from Bolívar and Santander, rather than relying on generic average data.

2.3. Economic Evaluation

Economic analysis identifies the financial conditions that jeopardize a production
process; for instance, increases in the price of the product, raw materials, or utilities,
fluctuations in interest rates, or a decline in product demand, among other factors [34]. This
type of assessment facilitates the identification of the investment required for equipment
acquisition, site preparation, and start-up costs, among others. This constitutes the Total
Capital Investment (TCI), as expressed in Equation (1), where FCI represents the funds
required for equipment payments, land preparation, control systems, etc.; WCI corresponds
to Working Capital Investment; and SUC denotes Start-Up Costs. Similarly, Operating
Costs (OC) can be determined using Equation (2); these correspond to the continuous
expenses required for the operation of a production plant [35]. The cost of operating labor
was estimated following the heuristic method described by Turton et al. [36]. The number
of operators required per shift was calculated based on the number of major processing
steps, including particulate and non-particulate operations. To reflect the study’s specific
context, the base salary was defined using current Colombian labor market data for skilled
industrial technicians, set at approximately 30 USD/h (fully burdened). This rate accounts
for continuous 24/7 operation, requiring 4.5 shift teams to cover weekends, holidays,
and leave.

TCI = FCI + WCI + SUC (1)

OC = DPC + FCH + POH + GE (2)

VPN = ∑
n

AFCn(1 + i)−n (3)

PBP =
FCI
PAT

(4)

%ROI =
PAT
TCI

× 100% (5)

Furthermore, economic evaluation yields indicators such as the Net Present Value
(NPV), the Payback Period (PBP), and the Return on Investment (ROI), as shown in
Equations (3)–(5), respectively. These indicators are employed to analyze process changes
and the time value of money [37].

3. Results and Discussion
3.1. Results of Process Simulation

Table 3 summarizes the electricity, cooling water, and products for both study cases.
As previously presented, the Santander biomass has an unusually high elemental hydrogen
content (9.42%) compared to Bolivar (6.58%). Theoretically, a higher H/C ratio in the feed-
stock should facilitate higher hydrogen yields and lower reforming energy requirements.
Still, the results show that, although the Bolivar plant processes 5.8 times more biomass, it
produces 7.1 times more Hydrogen. This non-linearity indicates that the efficiency gap is not
merely a simulation artifact but a thermodynamic consequence of the feedstock properties
and process scale. Specifically, the Santander biomass contains nearly four times as much
ash (5.69%) as the Bolívar sample. Mechanistically, this inert fraction acts as a thermal sink

https://doi.org/10.3390/su18031661

https://doi.org/10.3390/su18031661


Sustainability 2026, 18, 1661 11 of 29

inside the reactor, absorbing sensible heat and lowering the effective reaction temperature.
Since steam methane reforming is strongly endothermic (∆H◦298 K = +206 kJ/mol), even
small decreases in temperature shift the chemical equilibrium toward the reactants, thereby
preventing the complete liberation of the feedstock’s hydrogen. To improve performance in
the Santander scenario, two operational adjustments are recommended: (1) implementing
a rigorous Heat Exchanger Network (HEN) to recover the 3.47 kW/kg of thermal energy
currently dissipated in the cooling train, recycling it to preheat the feed; and (2) adopting
an auto-thermal gasification strategy. By introducing a controlled oxidant stream (air or
oxygen), the process could generate in situ heat via partial oxidation, thereby compensating
for the thermal inertia of the ash and sustaining the high temperatures required for optimal
reforming kinetics.

Table 3. Simulation results summary.

Parameter Bolivar Process Santander Process

Hydrogen obtained (kg/h) 4542.41 634.71

Electricity consumption (kW) 27,830.92 14,982.6

Cooling service (kW) 8891.83 13,612.61

Ash (kg/h) 271.58 137.87

CO2-rich stream (kg/h) 52,132.33 6785.9

By normalizing energy consumption against the input mass flow, we can assess the
efficiency of the equipment handling the solid biomass. The cooling duty of 3.47 kW/kg
of biomass is extraordinarily high. This suggests that the Santander gasifier or reformer
is operating at excessively high temperatures without heat recovery, or that the syngas
cooling train is oversized and inefficient. In contrast, Bolivar’s 0.39 kW/kg indicates a
tightly integrated Heat Exchanger Network (HEN) in which hot syngas preheats the feed
or steam.

The Aspen Plus® simulation indicates that the higher ash content of Santander
biomass (5.69 wt% vs. 1.39 wt% in Bolívar) requires greater sensible heat to raise the
solids to the gasification temperature. This results in an 8–12% increase in the reactor’s
thermal load. However, this alone cannot explain why the electricity consumption per
kilogram of biomass processed is about 3.2 times higher in Santander (3.82 kWh/kg versus
1.22 kWh/kg in Bolívar).

First, the high cooling duty calculated in the simulation (13,612 kW) points to a lack
of effective heat integration. In a well-optimized gasification–steam methane reforming
(SMR) system, typically 45–55% of the sensible heat in the hot syngas (800–900 ◦C) is
recovered internally, for example, to preheat the biomass, generate process steam, or raise
the reformer inlet temperature. In contrast, the Santander model discharges almost all
this heat to coolers, resulting in a specific cooling demand of 3.47 kW per kilogram of
biomass. This is nearly nine times the value seen in the Bolívar simulation (0.39 kW/kg).
This suggests that the Santander process relies heavily on electrical heaters rather than on
internally recovered heat to achieve the necessary operating temperatures for the gasifier
and reformer. Since electric heating is generally 2–4 times less efficient than heat recovery or
combustion-based heating, this aligns with the elevated power demand predicted by Aspen.
Second, the syngas composition predicted by the Aspen model after gasification shows
lower-than-expected yields of CO and H2. This implies suboptimal operating conditions,
such as an improper steam-to-biomass ratio or inadequate temperature control in the
gasifier. The resulting incomplete carbon conversion forces the system to handle larger
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volumes of syngas, thereby increasing both compression and cooling duties and raising
overall energy use.

Figure 4 shows the simulation workflow for the two processes analyzed. Because raw
materials differ by the extraction technologies implemented at the plants, the quantity of
rachis available for hydrogen production varies across plants. The rachis production rate at
the Bolivar plant is 22,884 kg/h, whereas at Santander it is 3919.04 kg/h.
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Figure 4. Simulation workflow and process pathway for hydrogen production from both feedstocks.

Methane production: Since it was not possible to establish a reliable reaction equa-
tion to describe the decomposition of biomass in the first gasifier, whose primary ob-
jective is to generate methane (CH4) as a precursor for subsequent synthesis, a non-
stoichiometric RYield reactor was selected. The decomposition yields were taken from
Macdonald et al. [38], enabling the disaggregation of biomass into its fundamental con-
stituents. At this initial stage, the primary products formed were solid carbon (C), hydrogen
gas (H2), ash (ASH), and elemental sulfur (S). No significant formation of methane (CH4),
carbon monoxide (CO), carbon dioxide (CO2), or water (H2O) was observed, consistent
with the characteristic behavior of an elemental decomposition reactor and confirming that
methane must be produced in a subsequent gasification step.

The solid and gaseous products from the decomposition stage were subsequently
routed to a second gasifier. This unit was modeled following the approach proposed by
Stefano Lange et al. [3] and operated with superheated steam at a flow rate of 4600 kg/h
and a temperature of 900 ◦C. Under these high-temperature steam gasification conditions,
the reactor generated product streams enriched in key combustible species, particularly
carbon monoxide (CO), methane (CH4), and carbon dioxide (CO2), along with water vapor
(H2O), sulfur dioxide (SO2), and ash (ASH). In contrast, the flows of hydrogen (H2), oxygen
(O2), and nitrogen (N2) remained negligible.

These results demonstrate that the second-stage gasifier effectively converts solid
carbon into synthesis gases, including methane, thus fulfilling its intended role within
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the hydrogen production pathway [39]. The reactor operated at approximately 900 ◦C,
60 bars, and a steam-to-biomass molar ratio of 1.2:1, parameters widely recognized for
promoting methane formation and improving syngas quality [40,41]. Under these operating
conditions, the simulation predicted a methane yield of approximately 0.33 mol CH4 per
mole of Rachis fed, resulting in a high-calorific syngas composition [42,43]. This conversion
performance corresponds to a Cold Gas Efficiency (CGE) of 60% for the Santander scenario
and 78% for the Bolívar scenario. While the Santander result aligns perfectly with the
validated range of 50–60% reported in the literature for similar steam-blown fluidized-bed
gasifiers processing lignocellulosic biomass [42,44], the Bolívar scenario exhibits superior
energy recovery. This higher efficiency is attributable to the significantly lower ash content
of the Bolívar feedstock (1.39% vs. 5.69%), which minimizes thermal inertia in the reactor.
Consequently, these quantitative indicators confirm that the proposed design maximizes
energy transfer to the gas phase while minimizing carbon losses to char.

Washing and product separation process: After leaving the gasifier, the gaseous
stream is directed to a separation unit modeled using the RadFrac block in Aspen Plus.
At this stage, a freshwater stream at 30 ◦C is introduced at a molar ratio of 0.5:1 relative
to the incoming gas flow. The purpose of this operation is to promote the absorption of
condensable species and acid gases present in the syngas, while allowing non-condensable
gases, such as methane, carbon monoxide, and carbon dioxide, to proceed to subsequent
stages of the process. The column was configured with 10 theoretical stages, providing
adequate mass transfer and ensuring stable composition profiles throughout the equipment.
Under these operating conditions, the absorption step removes approximately 30% of the
CO2 and 26% of the SO2 from the incoming stream. A controlled purge stream is withdrawn
from the bottom of the absorber to remove accumulated contaminants and the solvent.

The RadFrac block represents the most rigorous Aspen Plus model for equilibrium-
based column operations, as it simultaneously solves the material balance, energy balance,
phase equilibrium, and Equations of State, collectively known as the MESH equations [45].
This approach enables an accurate representation of vapor–liquid mass-transfer phenomena
and allows prediction of the distribution of each component across all stages of the column.
In this configuration, the column operates in absorption mode, meaning neither a condenser
nor a reboiler is specified, since the objective is physical removal of contaminants rather
than fractional distillation. To accurately represent the system’s thermodynamic behavior,
an activity coefficient-based model, such as NRTL, was selected for its ability to describe
highly nonideal systems comprising water, sulfur dioxide, carbon dioxide, and residual
organic compounds [46]. The use of such a model is essential for capturing the critical
intermolecular interactions present in aqueous mixtures containing acid gases [47]. During
the simulation, Aspen Plus computes phase equilibrium at each theoretical stage, enabling
precise predictions of temperature, composition, and internal flow profiles. As a result,
the overhead stream of the RadFrac column is enriched in methane and carbon monoxide,
making it suitable for subsequent conversion or purification steps within the hydrogen
production pathway. In contrast, the bottom stream concentrates the absorbed species
primarily water, sulfur dioxide, soluble carbon, and other compounds with a higher affinity
for the liquid phase.

Methane reforming to hydrogen: The final stage of the process is carried out using
two equilibrium reactors modeled in Aspen Plus through the REquil block. This reac-
tor type employs a rigorous equilibrium-based formulation in which the outlet stream
composition is determined by minimizing the system’s Gibbs free energy at the specified
temperature and pressure [48]. Rather than requiring predefined stoichiometric equations,
the REquil model identifies all feasible reactions among the defined chemical species and
calculates the equilibrium composition that satisfies the laws of mass action and thermody-
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namic consistency [48]. This makes the model particularly suitable for high-temperature
reforming systems in which multiple reactions co-occur, such as steam methane reforming,
Water–Gas Shift, and methane cracking [49]. In Aspen Plus, the REquil reactor solves the
equilibrium state by performing a global energy and mass balance and applying equilib-
rium constants derived from the selected thermodynamic property method. For methane
reforming, the model accounts for key reactions including CH4 + H2O ⇌ CO + 3H2 and
CO + H2O ⇌ CO2 + H2, ensuring that the thermodynamic limits at the chosen operating
conditions govern all conversions [50]. In this process configuration, a gas-to-steam molar
ratio of 1:5 was used, with the reforming reactors operating at approximately 1000 ◦C, con-
ditions that strongly favor endothermic methane reforming. Under these high-temperature,
steam-rich conditions, the system achieves a methane conversion of 91.3%, a value ob-
served consistently across both scenarios evaluated. This high conversion efficiency is
characteristic of equilibrium-limited reforming processes. It indicates that the operational
parameters—temperature, steam ratio, and reactor configuration—are appropriate for
maximizing hydrogen production while minimizing residual methane.

Supplementary Equipment: A fundamental part of the process, thermal conditioning
is performed using heat exchangers modeled with the HeatX block in Aspen Plus. This
model rigorously solves the energy balances between two streams without mass transfer,
computing thermal profiles and heat duties using global heat-transfer coefficients and
thermodynamic properties calculated at each operating point [51]. For equipment sizing
and energy integration, the overall heat-transfer coefficients (U) were estimated based
on the fluid phases and stream properties. A coefficient of 500 W/(m2 K) was applied
to water-cooled coolers and steam heaters, whereas 50 W/(m2 K) was used for gas-gas
heat exchangers. For the compression stages, the units were modeled with an isentropic
efficiency of 0.75 and a mechanical efficiency of 0.95, typical of centrifugal compressors
in industrial gas-processing applications [40]. This configuration allows the system to
recover thermal gradients generated during critical stages, such as gasifier outlet cooling,
the high-temperature shift reactor (HTS), and subsequent purification steps [52]. The
recovered heat is transferred to the water and steam streams feeding the methane reforming
reactors, significantly reducing external energy demand and improving the overall energetic
efficiency of the process. Heat exchangers such as HX1 and HX4, and the coolers associated
with streams 18 and 23, play a central role in this thermal circuit, conditioning the process
streams to prevent overheating of sensitive equipment and to ensure suitable conditions
for absorption and downstream separation operations.

In addition to the heat exchangers, the process incorporates compressors, with COM1
being the most relevant. These units were modeled as polytropic compressors, using
the polytropic work equation coupled with energy balance equations that account for
predefined mechanical and adiabatic efficiencies. The compressors increase the gas pressure
before it enters units that are highly sensitive to operating pressure, such as the HTS
reactor, the absorption columns, and the PSA unit. Maintaining the process stream within
the optimal pressure range is critical to favor the kinetics of the Water–Gas Shift (WGS)
reaction and ensure effective separation in the Pressure Swing Adsorption (PSA) unit.
To achieve this, the compression stages were modeled in Aspen Plus using a rigorous
isentropic compression method. The simulation assumed an isentropic efficiency of 75%
and a mechanical efficiency of 95%, values that adhere to standard heuristics for industrial
centrifugal compressors. Subsequently, the PSA unit was modeled to enable hydrogen
purification, considering a multilayer adsorbent bed composed of activated carbon and
zeolites, designed to selectively adsorb impurities from the synthesis gas while allowing
hydrogen to pass through. The PSA design criteria focused on achieving a hydrogen purity
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of 99.9%, with an overall hydrogen recovery between 80 and 90%, in accordance with
industrial practice and the performance reported in the literature [53].

The process also includes several separation vessels, such as SEP1, SEP2, and the
auxiliary separators associated with streams 6, 7, 14, and 15. These units are modeled in
Aspen Plus using Flash2 separators, in which vapor–liquid equilibrium is solved using
the selected thermodynamic model, enabling accurate prediction of phase distribution
and stream compositions. SEP1 plays a critical role by removing condensed water, fine
carbonaceous particles, and heavy compounds formed after the gasifier cooling step. SEP2,
in turn, handles the liquid stream enriched in CO2, SO2, and other soluble compounds
generated during the absorption stage. The presence of multiple separation drums stabi-
lizes intermediate flows and prevents droplet or mist carryover that could compromise
compressor operation and PSA performance. To ensure correct integration of the process
flows, mixers such as MX1 and mixing nodes represented by streams 5, 17, and 19 are
included. These units are simulated using isobaric mixing blocks that solve algebraic mass
and energy balances, without chemical kinetics or phase-equilibrium calculations. Their
function is to homogenize recycled, conditioned, or purged flows before they enter reactors
and separation units, ensuring that each section receives streams with stable temperatures,
compositions, and flow rates.

Additionally, stable operation of the water and steam circuits is maintained through
internal recirculations implemented using Design Specs and Adjust Blocks in Aspen Plus
V14. These tools automatically adjust operating variables, such as water flow rate, recycle
fraction, or heat duty, to meet specific process criteria (e.g., setting the reformer inlet tem-
perature or controlling the steam-to-gas ratio). This configuration ensures that the system
operates within the desired thermodynamic boundaries, compensating for fluctuations in
composition or flow rate of the principal streams.

3.2. LCA

The objective of the LCA was to evaluate environmental indicators for the two processes
and compare the results of both methods with data reported in the literature and in the
Ecoinvent database. The functional unit selected was 1 kg of hydrogen, and the system
boundaries set were “gate to gate”. The allocation method used was mass allocation; the
impact assessment methodology was Recipe; and the categories measured were global
warming potential, fine particulate matter formation, terrestrial acidification, freshwater
eutrophication, freshwater ecotoxicity, water consumption, and fossil resource scarcity.
Although the study excludes upstream biomass production and downstream hydrogen
use, the gasification stage involves energy inputs, air emissions, effluents, and auxiliary
resource consumption that are effectively captured through these categories under the
ReCiPe Midpoint 2016 (H) methodology.

Tables 4 and 5, contain the mass and energy balances results obtained from the Aspen
Plus simulations. These data were then entered into SimaPro 10.2 to model inventory
analysis and conduct impact category evaluation.

Table 4. Mass flows in the inventory analysis.

Process/Stream * 1 2 3 4 5 6

H2 Bolivar (kg/h) 22,884.38 27,837.61 5932.99 5932.99 57,136.32 57,136.32

H2 Santander (kg/h) 3919.04 1927.18 3011.85 3011.85 14,029.05 14,029.05

Process/Stream * 7 8 9 10 11 12

H2 Bolivar (kg/h) 462.17 56,674.15 4541.74 52,132.41 5932.99 1515

H2 Santander (kg/h) 6608.45 7420.60 634.71 6785.90 3011.85 5443.11
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Table 4. Cont.

Process/Stream * 13 14 15 16 17 18

H2 Bolivar (kg/h) 7447 2948.86 4499.12 4499.12 4499.12 4499.12

H2 Santander (kg/h) 8454.96 137.87 8317.10 8317.10 8317.10 8317.10

Process/Stream * 19 20 21 22 23 24

H2 Bolivar (kg/h) 21,676.66 6526.92 15,149.75 9.07 10,894.64 46,250.11

H2 Santander (kg/h) 6081.45 1840.65 4240.80 2721.55 2721.55 4957.20

Process/Stream * 25 26 27 28 29 30

H2 Bolivar (kg/h) 46,250.11 10,886.22 57,136.32 10,886.22 10,886.22 57,136.32

H2 Santander (kg/h) 4957.20 9071.85 14,029.05 1020.00 1020.00 14,029.05

* The number of the streams comes from Figures 1 and 2.

Table 5. Energy flows in the inventory analysis.

Electricity Consumption (kW)

Equipment Hydrogen Bolivar Hydrogen Santander

CRUS 20.00 20.00

C3 7852.36 5897.84

GASIF 300.00 300.00

HTS-LTS 25,054.60 9953.6

COM1 2456.32 4709.00

C1 1039.47 7714.77

Total 36,722.75 28,595.21

During the inventory analysis in SimaPro 10.2, the steam, cooling-water, and electricity
flows were modeled using the Ecoinvent 3 database. For the steam flow, the selected option
was Steam in the chemical industry, RoW, cut-off system. For cooling water, the process
used was Tap water, CO, cut-off system. Finally, for electricity consumption, the chosen option
was Electricity, low voltage, CO, cut-off system. The Cut-off system model was selected over
the Cut-off unit model because it aligns more closely with the methodological principles of
attributional life cycle assessment (A-LCA), which focuses on describing the environmental
burdens directly associated with the product system under study. Under the Cut-off system
approach, recycled materials and wastes enter the system without burden. At the same
time, the environmental impacts of recycling processes are allocated to the product that
generates the recyclable material. This treatment avoids double-counting of impacts and
provides a transparent representation of material flows. For these reasons, the use of the
Cut-off system ensures methodological consistency, transparency in burden allocation, and
greater comparability with other studies using Ecoinvent 3. The results for the impact
evaluation are shown in Table 6.

Table 6. LCIA results without applying mass allocation to byproducts.

Impact Category Units Hydrogen Bolivar Hydrogen Santander

Global warming potential (GWP) kg CO2 eq 2.467 15.031

Fine particulate matter formation kg PM2.5 eq 0.003 0.018

Terrestrial acidification kg SO2 eq 0.009 0.048

Freshwater eutrophication kg P eq 0.001 0.004
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Table 6. Cont.

Impact Category Units Hydrogen Bolivar Hydrogen Santander

Freshwater ecotoxicity kg 1,4-DCB 0.241 1.071

Fossil resource scarcity kg oil eq 0.604 3.890

Water consumption m3 0.372 3.798

Considering the lower heating value of hydrogen (33.3 kWh/kg H2), the GWP ex-
pressed per unit of energy corresponds to 74.15 kg CO2-eq/MWh for the Bolívar case
and 451.38 kg CO2-eq/MWh for the Santander case. Studies indicate that biohydrogen
produced via biomass gasification can exhibit substantially lower GWP values than fossil
pathways, often resulting in net negative emissions when biogenic carbon uptake during
biomass growth is appropriately accounted for, and Carbon Capture and Storage (CCS) tech-
nologies are applied [54]. For scenarios that integrate Carbon Capture and Storage (CCS),
the absorption unit was modeled assuming a carbon capture efficiency of 90%. This value
represents the standard performance for commercial-scale chemical absorption systems us-
ing monoethanolamine (MEA) or activated methyldiethanolamine (MDEA) as the solvent.
While higher capture rates are theoretically feasible, standard techno-economic guidelines
for hydrogen production with CCS recommend a 90% baseline to balance energy penalties
with environmental benefits [55,56]. Furthermore, some innovative configurations—such
as integrating waste biomass from municipal solid waste (MSW)—have demonstrated
climate-change benefits of approximately −419 kg CO2-eq./MWh from avoided emissions
relative to conventional incineration [23]. Conversely, scenarios without CCS or those that
neglect biogenic carbon yield positive GWP figures, highlighting the sensitivity of LCA
outcomes to assumptions about feedstock quality and process integration [23]. Table 7
presents a benchmarking analysis of the palm rachis gasification process. The results indi-
cate that the Bolívar scenario achieves hydrogen yield and energy efficiency comparable
to the upper tier of reported values for agricultural residues, likely due to the optimized
feedstock quality (low ash content). Environmentally, both scenarios demonstrate a sub-
stantial reduction in carbon footprint relative to the fossil-based Steam Methane Reforming
(SMR) benchmark (~11 kg CO2/kg H2), validating the decarbonization potential of the
proposed pathway. Economically, although the LCOH is higher than that of fossil hydrogen,
it remains competitive with reported bio-hydrogen production costs, particularly for the
large-scale scenario.

Table 7. Comparison of Results with Previous Studies.

Indicator Units This Study
(Bolivar)

This Study
(Santander) Reaño et al. [39] Lepage et al. [37] Fossil SMR

(Benchmark)

H2 Yield g H2/kg Biomass 198.4972033 161.9571319 71.7

40–130 (Steam
Gasification),

40–190 (General
gasification)

No data

Cold Gas
Eff. (CGE) % 78.0 60.0 50.3 Not Reported >75

GWP kg CO2-eq/kg H2 2.47 15.031 2.42 Not Reported 10–12

LCOH USD$/kgH2 2.6–3.2 3.2–3.8 Not Reported 1.21–3.5 1.5–2.5

Fine Particulate Matter Formation and Terrestrial Acidification are strongly influenced
by gaseous emissions (NOx, SO2, particulates) associated with thermochemical conversion.
For both categories, Bolívar shows an impact lower than Ecoinvent’s, whereas Santander
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consistently performs worse (see Figure 5). This pattern indicates that, in the Santander
case, emissions control or operating conditions result in greater atmospheric impacts. These
categories are significant for gasification projects because air emissions represent a key
environmental concern for thermochemical systems.

 

Figure 5. Normalized Life Cycle Impact Assessment (LCIA): Bolivar vs. Santander vs. Ecoinvent.

Eutrophication potential quantifies the risk of nutrient enrichment in aquatic ecosys-
tems, typically expressed in kg P equivalents. In biohydrogen LCAs from biomass gasi-
fication, eutrophication impacts are influenced by upstream inputs, such as fertilizer use
during biomass cultivation, as well as by combustion-related emissions [54,57]. While some
pathways, particularly those using waste feedstocks, may indirectly benefit from avoided
impacts associated with conventional waste treatment, the overall eutrophication potential
can remain significant, necessitating careful management of nutrient releases [54]. In the
freshwater eutrophication indicator, Bolívar again outperforms Ecoinvent, whereas San-
tander exceeds both Bolívar and the reference value. Given that gasification may involve
condensates and water-based cleaning systems, this indicator is relevant for assessing local
water-quality risks.

Ecotoxicity impacts are assessed in the freshwater compartment and are often ex-
pressed as comparative toxic units (e.g., CTUe or kg 1,4-DCB equivalents). The ecotoxicity
potential of biohydrogen production processes is strongly influenced by the release of toxic
substances during biomass pretreatment, gasification, and syngas cleaning; for instance,
emissions of chemicals used in scrubbers and filters (e.g., sodium hypochlorite) are of par-
ticular concern [26]. Furthermore, studies have indicated that although the direct toxicity
of the hydrogen product may be minimal, indirect contributions from upstream emissions
associated with the processing of MSW or agricultural residues can increase ecotoxicity
scores [58,59]. In the present research, freshwater ecotoxicity shows the most pronounced
deviations. The Bolívar case more than doubles the Ecoinvent value, and the Santander
case exceeds it by nearly an order of magnitude. This suggests that the handling of tars,
trace metals, or wastewater streams in both case studies—particularly in Santander—may
impose significant ecotoxicological burdens. For biomass gasification, this category is
essential because contaminants from syngas cleaning can substantially influence freshwater
ecosystems if not properly managed.
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In contrast, Fossil Resource Scarcity performs better than Ecoinvent in both case stud-
ies, with Bolívar showing the lowest impact. Since the feedstock is a residual biomass
and energy inputs may be lower or partially renewable, this result indicates a reduced
dependency on fossil resources, reinforcing the attractiveness of biomass-based hydrogen
pathways. Water management is an increasingly pertinent issue in LCAs, particularly for
processes with high steam and cooling demands such as biomass gasification. Biohydrogen
LCAs have quantified the water consumption potential (WCP) and water scarcity footprints
(WSF), which account for regional water resource availability [54]. While gasification gener-
ally requires less freshwater than biological processes such as dark fermentation, substantial
water inputs for drying, steam generation, and cooling can still be significant, particularly
if water recycling is not optimally implemented [44]. Santander’s water demand is sub-
stantially higher than the Ecoinvent benchmark, while Bolívar performs moderately above
the reference value. Because gasification requires water for steam generation, cooling,
and cleaning stages, this indicator is crucial for assessing the feasibility of deployment in
regions with water constraints. The results suggest that water management strategies in
Santander may require optimization.

While numerous LCA studies consistently demonstrate that biohydrogen produced
via biomass gasification can achieve significant benefits, including reduced GWP and lower
fossil resource consumption, compared with conventional hydrogen production methods,
these benefits often come with trade-offs. The acidification potential and ecotoxicity impacts
tend to be higher in some configurations, particularly when the gasification process involves
extensive syngas cleaning and the use of chemicals in filters and scrubbers [26]. The energy
inputs required to attain high operating temperatures (typically 700–1200 ◦C) and to
drive separation and purification processes can increase the cumulative non-renewable
energy demand if not managed through integrated heat-recovery systems [56]. Moreover,
environmental performance is sensitive to key process parameters, including feedstock
moisture content, biomass composition (e.g., the biogenic carbon fraction, which can vary
between 40 and 60%), and the efficiency of CO2 capture and utilization methods. Sensitivity
analyses in these studies underscore that improvements in process efficiency, optimization
of operating conditions, and substitution of fossil-based energy inputs with renewable
sources can effectively mitigate several of the observed environmental burdens [23].

Several LCAs have benchmarked biohydrogen produced via biomass gasification
against other low-carbon hydrogen production pathways, such as blue hydrogen via steam
methane reforming with CCS and green hydrogen from water electrolysis powered by
renewable energy sources. In many comparative studies, biohydrogen offers a distinct
advantage for climate change mitigation, owing to its net-negative or highly reduced GWP
when biogenic carbon is accounted for [23]. However, while biohydrogen tends to perform
well on GWP metrics, its acidification potential and specific ecotoxicity parameters some-
times remain comparable to, or even slightly exceed, those of its fossil-based counterparts.
For example, studies indicate that acidification potentials in biohydrogen routes can be up to
4–22% higher than those for blue or green hydrogen, largely due to the indirect environmen-
tal burdens introduced by syngas cleaning processes [60]. Other impact categories, such as
cumulative non-renewable energy demand and resource depletion, also display favorable
performance in biohydrogen systems when energy recovery measures are integrated and
when the renewable character of the feedstock is effectively harnessed [60]. Overall, the
comparative LCAs reinforce the view that, while biohydrogen from biomass gasification is
a desirable option for climate change mitigation, concerted efforts to optimize processes
are essential to mitigate residual impacts across other environmental domains [54].

A recurring theme in LCA studies of biohydrogen production via biomass gasification
is the considerable uncertainty surrounding metering and system boundaries. Variations in
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biomass moisture content, feedstock composition (particularly the biogenic carbon fraction),
energy supply mix, and the efficiency of process units such as gasifiers and syngas cleaning
systems can lead to a wide range of reported environmental impact values [23]. Sensitivity
analyses are thus critical tools that enable researchers to explore the effects of these vari-
ables and identify environmental hotspots in which process improvements will yield the
greatest benefits [44]. Furthermore, integrating multifunctional LCA approaches—where
co-products such as recovered metals, biochar, and excess electricity are credited—can
improve the apparent eco-efficiency of the system but requires careful justification and
transparent methodological choices [53,60].

The previous LCIA results were calculated without mass allocation to co-products,
as the primary product and motivation of the processes is hydrogen production. Table 8
presents the results for a more favorable process scenario, with two co-products: char coal
and a CO2-rich stream. The allocation method used is based on mass. In this new scenario,
both processes have better environmental indicators than the hydrogen reference selected
from the Ecoinvent database. Within the water consumption category, hydrogen from
Santander still has the highest impact indicator (see Figure 6).

Table 8. LCIA results applying mass allocation to byproducts.

Impact Category Units Hydrogen Bolivar Hydrogen Santander

Global warming potential (GWP) kg CO2 eq 0.196 1.280

Fine particulate matter formation kg PM2.5 eq 2.45 × 10−4 0.001

Terrestrial acidification kg SO2 eq 0.001 0.004

Freshwater eutrophication kg P eq 5.50 × 10−5 0.0003

Freshwater ecotoxicity kg 1,4-DCB 0.019 0.091

Fossil resource scarcity kg oil eq 0.048 0.331

Water consumption m3 0.030 0.323

 

Figure 6. Normalized Life Cycle Impact Assessment (LCIA) with mass allocation: Bolivar vs. Santander
vs. Ecoinvent.
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3.3. Techno-Economic Evaluation

A cost of 50 USD/t was considered for palm rachis, and a price of 3100 USD/t for
hydrogen [61]. Since the process does not use reagents to produce hydrogen, no other raw
materials were considered. Regarding industrial utilities, the process primarily consumes
water, steam, electricity, and compressed air. Table 9 outlines the key considerations for
installing a hydrogen production plant using palm rachis in the Department of Bolívar,
specifically in María La Baja, and a second plant in the Department of Santander, located
in Sabana de Torres. This biomass is typically used for energy generation. Furthermore, a
plant service life of 15 years was established, with a tax rate of 35% [62] and an interest rate
of 10% [63] for the year 2025. Additionally, a contingency value of 36% was set, representing
funds reserved for strikes, design changes, price fluctuations, and floods.

Table 9. Techno-economic considerations for the hydrogen production plants based on palm rachis.

Considerations Value/Description

Processing capacity (t/y) 22.88 Bolivar case study;
3.91 Santander case study

Main product flow rate (t/y) 4.54 Bolivar case study;
0.634 Santander case study

Raw material cost ($/t) 50

Main product price ($/t) 3100

Plant service life (years) 15

Salvage value 10% of depreciable FCI

Plant construction time 2 years

Tax Rate (ITR) 35%

Discount rate 10%

Process type New process

Process control Digital

Soil type Soft clay

Contingency percentage (%) 36

Tank design code (ASME)

Utilities Water, steam, electricity, air

Operator hourly cost (US$/h) 30

A computer-aided techno-economic assessment was conducted using the techno-
economic analysis methodology developed by Romero et al. [35]. The Total Capital In-
vestment was calculated, along with Economic Potentials (EP), Cumulative Cash Flow
(CCF), Payback Period (PBP), Return on Investment (ROI), Net Present Value (NPV), and
the annual Benefit–Cost Ratio. Table 10 presents a detailed report on the total investment
items for the hydrogen production plant in 2025, including equipment installation costs,
piping, electrical systems, and other components. Equipment prices for the processes were
obtained from supplier quotations (www.alibaba.com) during the research.

Table 11 presents the total operating costs associated with implementing the palm
rachis-based hydrogen production plant in 2025. These costs encompass labor, maintenance,
raw materials, taxes, and industrial utilities, among others. The operating costs account
for Direct Production Costs (DPC), Fixed Charges (FCH), Plant Overhead (POH), and
General Expenses (GE). Specifically, this includes operation-related expenses contingent on
production capacity; expenses independent of operations or production capacity, such as
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taxes, security services, general engineering, internal transport, and medical services; and
administrative, marketing, and research and development expenses, among others.

Table 10. Total Capital Investment for the hydrogen production plant based on palm rachis.

Item Bolivar (US$ 2025) Santander (US$ 2025) Applied Factor (%)

Purchased Equipment Cost 1,987,400.00 1,892,200.00 2 × FOB price

Purchased Equipment Installation 775,086.00 737,958.00 39

Instrumentation and Controls (installed) 258,362.00 245,986.00 13

Piping (installed) 616,094.00 586,582.00 31

Electrical Systems (installed) 198,740.00 189,220.00 10

Service Facilities 1,093,070.00 1,040,710.00 55

Total DFCI 4,928,752.00 4,692,656.00 -

Yard Improvements 258,362.00 245,986.00 13

Engineering and Supervision 635,968.00 605,504.00 32

Equipment (R + D) 198.740 189,220.00 10

Construction Expenses 675,716.00 643,348.00 34

Legal Expenses 19,874.00 18,922.00 1

Contractor’s Fee 345,012.64 328,485.92 7

Contingency 715,464.00 681,192.00 36

Total IFCI 2,849,136.64 2,712,657.92 -

Fixed Capital Investment (FCI) 7,777,888.64 7,405,313.92 -

Working Capital Investment (WCI) 1,555,577.73 1,481,062.78 20

Start-Up Costs (SUC) 777,788.86 740,531.39 10

Total Capital Investment (TCI) 10,111,255.23 9,626,908.1 -
Bold: total calculation of DFCI, IFCI and TCI.

Table 11. Annual operating costs of the hydrogen production process from palm rachis.

Item Bolivar (US$ 2025) Santander (US$ 2025)

Raw materials 9,153,600.00 1,728,000.00

Industrial Services (Utilities) 88,334,782.44 9,268,914.00

Total VAOC 97,488,382.44 10,996,913.61

Local taxes 233,336.66 222,159.42

Insurance 77,778.89 74,053.14

Interest/Rent 101,112.55 96,269.08

Total FCH 412,228.10 392,481.64

Maintenance and repairs 388,894.43 370,265.70

Operating supplies 58,334.16 55,539.85

Operating labor 1,935,733.33 1,935,733.33

Direct supervision and clerical labor 290,360.00 290,360.00

Laboratory charges 193,573.33 193,573.33

Patents and royalties 77,778.89 74,053.14
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Table 11. Cont.

Total DPC 2,944,674.15 2,919,525.36

Overhead (POH) 1,161,440.00 1,161,440.00

General expenses (GE) 1,026,528.54 1,020,241.34

Annualized Operating Costs (AOC) 103,033,253.22 16,490,601.94
Bold: total calculation of FCH, DPC and AOC.

The profitability analysis was driven by the revenue obtained from the sale of biohy-
drogen. Consequently, after deducting the Annual Operating Costs (AOC) and applying a
35% corporate tax rate, the resulting net cash flow enables recovery of the initial capital
investment in 4.54 years. This relatively short payback period is attributed to the low cost
of the feedstock (residue) and the high energy efficiency of the gasification process, which
minimizes utility expenses.

Table 12 displays the economic and profitability indicators. A Net Present Value (NPV)
of USD 25.01 million and a Benefit–Cost Ratio of 3.29 were obtained. The Benefit–Cost
Ratio serves as a key indicator of project feasibility; in this instance, the project is deemed
viable because the indicator exceeds 1.

Table 12. Economic and profitability indicators for the hydrogen production process from palm rachis.

Indicator (Year 2025) Value (Bolivar) Value (Santander)

Cumulative Cash Flow or CCF (1/year) 0.95 −0.08

Discounted Payback Period or DPBP (years) 4.54 −32.68

%ROI 58.83% −8.06%

NPV (millions of USD) 25.01 −10.25

Internal Rate of Return or IRR 38.13% -

Benefit–Cost Ratio 3.29 −1.35

Profitability Indicators Value (US$) Value (US$)

Gross Profit or GP 9,618,514.78 −749,793.94

Gross Profit with Depreciation or DGP 9,151,841.46 −1,194,112.78

Profit After Taxes or PAT 5,948,696.95 −776,173.31

EBITDA 10,085,188.10 −305,475.11

It is relevant to consider the implications of an alternative scenario in which the
process is terminated at the methane production stage (Synthetic Natural Gas, SNG),
bypassing the conversion to hydrogen. From a capital investment perspective, excluding
the Steam Methane Reforming (SMR), Water–Gas Shift (WGS), and PSA units would reduce
the Fixed Capital Investment (FCI) by approximately 30–40%, as gas conditioning and
separation are capital-intensive operations. However, this reduction in CAPEX does not
necessarily translate into higher profitability. The market price of natural gas (methane)
is substantially lower than that of high-purity hydrogen on an energy-equivalent basis.
Moreover, producing SNG would align the project with fossil fuel substitutes rather than
the high-value decarbonization market. Therefore, while the ‘methane-only’ route offers a
lower barrier to entry in terms of investment, the proposed ‘hydrogen pathway’ maximizes
both the specific revenue per ton of biomass and the environmental value added.

To evaluate how the process responds to potential changes in key economic parameters,
a techno-economic resilience analysis was performed. This approach enables assessment of
hydrogen production from palm rachis under scenarios with increased feedstock prices
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and varying plant performance conditions. It also provides insight into the operational
thresholds at which the process becomes economically infeasible. Figures 7 and 8 present
the sensitivity analysis of economic stability by plotting the On-Stream Efficiency at the
Break-Even Point (BEP) against the hydrogen selling price for both case studies. In both
cases, the curves exhibit an explicit inverse, non-linear relationship: as the selling price
of hydrogen increases, the minimum on-stream efficiency required to cover total costs
decreases. In other words, higher product prices confer greater economic flexibility, whereas
lower prices require stricter operational performance.

 

Figure 7. On-stream efficiency at the break-even point at Bolivar’s plant.

 

Figure 8. On-stream efficiency at the break-even point at Santander’s plant.
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For the Bolívar plant (Figure 7), the base-case selling price of USD 3100 per t corre-
sponds to a required on-stream efficiency of 39.65% to reach the BEP. This relatively low
value indicates a robust operational margin, suggesting the plant can remain economically
viable even with moderate reductions in availability, downtime, or performance.

In contrast, the Santander plant (Figure 8) exhibits a markedly less favorable resilience
profile. At the same selling price of USD 3100/t, the required on-stream efficiency rises to
125.17%, a physically unattainable level. This result highlights the economic vulnerability
of the Santander configuration: even under optimistic selling-price conditions, the process
cannot achieve cost recovery without substantial improvements in technology performance,
operational conditions, or economic assumptions. Overall, the comparison underscores
that hydrogen production from palm rachis is economically promising in regions with
conditions like Bolívar—where biomass availability, logistics, and operational parameters
are favorable—while regions resembling the Santander scenario face substantial barriers
that must be addressed before such projects can be considered feasible.

4. Conclusions
This study presented an integrated technical, environmental, and economic assessment

of hydrogen production from palm oil rachis in two Colombian post-conflict regions
(Bolívar and Santander). By combining detailed Aspen Plus simulations, a gate-to-gate
environmental Life Cycle Assessment, and a comprehensive techno-economic evaluation,
the work provides a holistic understanding of the feasibility and sustainability of this
biohydrogen pathway.

The results reveal a marked contrast between the two case studies in terms of process
performance. While the Aspen Plus simulation validated the thermochemical route of
gasification integrated with steam methane reforming (SMR) as an effective technology,
a critical non-linearity was identified between feedstock quality and process yield. The
Bolívar configuration demonstrates superior performance, achieving a mass conversion
efficiency of 0.198 kg H2/kg biomass and better heat integration via an optimized Heat
Exchanger Network. In contrast, the Santander configuration exhibits substantial ineffi-
ciencies. Despite a feedstock with a higher elemental hydrogen content (9.42% on a dry
basis) than Bolívar (6.58%), it suffers from poor conversion performance and poor heat
management, limiting its capacity to utilize the available hydrogen in the biomass.

Environmentally, the Bolívar process consistently outperforms both the Santander con-
figuration and the Ecoinvent hydrogen benchmark in most impact categories, particularly
regarding global warming potential and fossil resource scarcity. This consolidates the Bolí-
var route as a sustainable pathway toward green/blue hydrogen production. Conversely,
the Santander process exhibits significant environmental burdens, particularly in water
consumption and ecotoxicity, driven by a high specific demand for industrial services and
by greater ash generation per unit of product. However, when co-product mass allocation is
applied, both configurations show improved environmental performance, with the Bolívar
system achieving values below the Ecoinvent reference in nearly all categories.

The economic assessment confirms that production scale is the governing variable
for the financial viability of biomass gasification. The Bolívar plant exhibits strong finan-
cial viability, characterized by a discounted payback period of 4.54 years, a positive Net
Present Value (NPV) of USD 25.01 million, a Return on Investment (ROI) of 58.83%, and
a Benefit–Cost Ratio of 3.29. The sensitivity analysis further highlights the resilience of
the large-scale process, which requires a moderate on-stream efficiency (~40%) to break
even. Conversely, the Santander plant is not economically feasible under current con-
ditions, showing negative profitability indicators and extreme vulnerability; it would
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require an unattainable on-stream efficiency of over 125% at the base-case hydrogen price
to become profitable.

Overall, the results indicate that hydrogen production from palm rachis is a sustain-
able and competitive alternative in regions with favorable biomass availability, logistics,
and operational conditions, such as Bolívar. In such post-conflict zones, this technology acts
as a catalyst for regional economic development, mitigating agro-industrial liabilities and
generating a high-tech value chain aligned with the Sustainable Development Goals, specif-
ically regarding affordable clean energy and climate action. However, locations resembling
the Santander case face significant challenges that must be addressed through process
redesign or the adoption of decentralized biorefinery models rather than complete in situ
gasification plants. Consequently, future work will focus on experimental validation of the
simulated pathways and on optimizing supply chain logistics to enhance the economic
viability of small-scale implementations. This work underscores the strategic potential
of residual biomass valorization while highlighting the need for context-specific design
strategies to ensure environmental and financial sustainability.
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