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Abstract: Hydrogen has become a prospective energy carrier for a cleaner, more sustainable economy,
offering carbon-free energy to reduce reliance on fossil fuels and address climate change challenges.
However, hydrogen production faces significant technological and economic hurdles that must
be overcome to reveal its highest potential. This study focused on evaluating the economics and
technoeconomic resilience of two large-scale hydrogen production routes from African palm empty
fruit bunches (EFB) by indirect gasification. Computer-aided process engineering (CAPE) assessed
multiple scenarios to identify bottlenecks and optimize economic performance indicators like gross
profits, including depreciation, after-tax profitability, payback period, and net present value. Re-
silience for each route was also assessed, considering raw material costs and the market price of
hydrogen in relation to gross profits and after-tax profitability. Route 1 achieved a gross profit (DGP)
of USD 47.12 million and a profit after taxes (PAT) of USD 28.74 million, while Route 2 achieved
a DGP of USD 46.53 million and a PAT of USD 28.38 million. The results indicated that Route 2,
involving hydrogen production through an indirect gasification reactor with a Selexol solvent unit for
carbon dioxide removal, demonstrated greater resilience in terms of raw material costs and product
selling price.

Keywords: energy transition; hydrogen; empty palm fruit bunches; CAPE; technoeconomic resilience

1. Introduction

Currently, we face significant challenges in terms of sustainability and the environment
due to our reliance on fossil fuels. Rapid population growth has led to an increased demand
for energy and food, resulting in a higher consumption of fossil fuels as the predominant
energy source [1]. Additionally, the growing need for agricultural products to meet this
demand, coupled with greenhouse gas emissions and the scarcity of natural resources,
poses an urgent issue that requires innovative solutions [2]. In this context, biofuels and
hydrogen have emerged as promising alternatives to address these challenges and move
towards a cleaner and more sustainable future [3]. Hydrogen, in particular, stands out as a
highly attractive energy transfer agent due to its ability to generate carbon-free energy [4].
When burned to produce electricity, it only produces water as a byproduct, avoiding
the emission of harmful gases into the climate. This characteristic makes hydrogen an
appealing option to reduce our dependence on fossil fuels and mitigate climate change.
To fully harness the potential of hydrogen as an energy carrier, it is crucial to improve the
processes of production, storage, and distribution [5]. For this reason, this study focuses on
utilizing computer-aided process engineering (CAPE) to optimize hydrogen production,
making use of agroindustrial waste from food crops to generate biofuels [6]. Specifically, it
investigates the indirect gasification of biomass from empty fruit bunches of the African oil
palm to obtain hydrogen, which presents an attractive alternative for energy generation [7].

Sustainability 2023, 15, 16371. https://doi.org/10.3390/su152316371 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su152316371
https://doi.org/10.3390/su152316371
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-8100-8888
https://doi.org/10.3390/su152316371
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su152316371?type=check_update&version=1


Sustainability 2023, 15, 16371 2 of 16

In Colombia, hydrogen production is still in its early stages, but there is projected
significant growth potential in the coming years. It is proposed that by 2030, the country
could achieve a production of 50,000 tons of blue hydrogen and have between 1 and
3 gigawatts of installed electrolysis capacity for producing green hydrogen [8]. Additionally,
it is estimated that Colombia will have the fourth-lowest price of green hydrogen in the
world by 2050 and has the potential to become the main hydrogen exporter in Latin America
starting in 2030, providing a significant competitive advantage in the fuel market [9].
Therefore, it is of utmost importance to consider the economic component in the process
configuration, as many of the technical and environmental decisions in this study can
be heavily influenced by this aspect [10]. An accurate economic evaluation will allow
us to analyze the financial viability and profitability of the chosen hydrogen production
route [11], as well as take measures to effectively optimize resource allocation. It will
also enable us to determine investment costs, operating expenses, expected revenues, and
potential long-term economic benefits, aiming to identify potential risks and opportunities
and establish the best strategy to achieve maximum economic performance in the indirect
gasification route [12].

Furthermore, it is essential to employ the analysis of technoeconomic resilience, as
it will enable projecting long-term financial stability and adapting to future changes and
challenges [13]. Moreover, it will facilitate the development of a robust strategy to mitigate
risks and uncertainties through the analysis of different scenarios and the planning of
effective responses, identifying the best technological and logistical options to maximize
efficiency and minimize costs [14]. All of this will optimize strategic decision-making,
taking into account the planning, projection, and industrial scaling of each route and
identifying areas for improvement and investment opportunities [15].

2. Materials and Methods
2.1. Description of the Processes

Biomass gasification is a thermochemical process conducted at high temperatures that
transforms biomass into minimal amounts of char and ash [16], as well as a gaseous or
liquid fuel with a great conversion yield [17]. The process is described by Equation (1),
where the terms “other GH” and “other LH” are used to refer to other gaseous and liquid
hydrocarbons, respectively [18]. Char is the biocarbon obtained during the gasification
process of biomass.

biomass + heat→ H2 + CO + CO2 + CH4 + other GH + other LH + char (1)

Gasification is a highly temperature-sensitive process [19] in which chemical reactions
occur that transform a feedstock, such as biomass or coal, into a combustible gas in the
presence of catalysts at temperatures close to 700 ◦C [20]. The result of this reaction is
known as syngas [21]. This product gas stream contains mainly CO (carbon monoxide),
H2 (hydrogen), CH4 (methane), CO2 (carbon dioxide), and traces of steam. To separate the
hydrogen from this gas mixture [22], technologies like pressure swing adsorption (PSA) and
absorption with Selexol are used [23]. Hydrogen production from empty fruit waste was
evaluated using economic criteria and technoeconomic resilience analysis for the indirect
gasification route using Aspen Plus software V.12 [24].

Hydrogen Production by Direct Gasification Combined with Pressure Swing Adsorption
(Route 1) or Selexol-Based Adsorption (Route 2)

For routes 1 and 2, a stream of empty palm fruit bunches weighing 41,067.8 kg/h
is fed. In direct gasification technology, air or oxygen is used as the gasification agent.
In Route 1, an oxygen stream of 4106.7 kg/h is used, while in Route 2, the supplied
oxygen stream is 1000 kg/h. A portion of the energy source is used to supply the heat
required for the endothermic gasification reactions [25]. A fluidized bed reactor was chosen
because of its feed flexibility, superior mixing capacity, high conversions, and scalability [26].
The operating conditions used in the gasification reactors for Route 1 were 900 ◦C and
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1 bar; for Route 2, they were 900 ◦C and 60 bar. During biomass gasification, carbon is
generated, which must be separated from the resulting gas to retain these materials [27].
The temperature of the syngas is lowered and subjected to a water scrubbing process for
further treatment at approximately 10 ◦C and 50–60 bar. Subsequently, a process known
as water gas shift (WGS) is carried out to convert CO and water into CO2 and H2 in the
presence of steam. This process can be carried out in two stages: a high-temperature stage
(HTS) at 320–360 ◦C and a low-temperature stage (LTS) at 190–50 ◦C [28], which allows for
a higher amount of H2 [29]. During the WGS process, a reversible and exothermic reaction
takes place, which is given by Equation (2).

CO + H2O↔ CO2 + H2 (2)

Wastewater is extracted from the syngas, and the hydrogen is refined using a PSA
(Route 1) or adsorption with Selexol (Route 2) [30]. In Route 1, the purification of the gas is
made using a PSA unit by an adsorption process on the surface of porous materials such as
activated carbon or zeolites at 40 ◦C and 50 bar. In Route 2, gas separation is carried out at
35 ◦C and 1 bar, involving the gas contact with a liquid solvent, like Selexol, in a scrubbing
column. Selexol is an absorbent composed of a blend of ether and dimethyl ether of poly
(ethylene glycol) [31]. A schematic diagram depicting direct gasification with hydrogen
purification methods for Route 1 and Route 2 is shown in Figure 1.
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Figure 1. (a) Process diagram of hydrogen production by indirect gasification Route 1 (PSA); (b) Pro-
cess diagram of hydrogen production by indirect gasification Route 2 (Selexol).

2.2. Economic Evaluation

To determine the most important variables in the hydrogen production process, an
economic evaluation and a technoeconomic resilience analysis were carried out. The
operating conditions, such as pressure, temperature, and palm rachis composition, were
established. In addition, the equipment needed to implement the proposed routes was
identified through simulations in Aspen Plus and Aspen HYSYS. For the calculation of the
process, a palm rachis processing capacity of 41,067.8 kg/h was considered.

For the establishment of a hydrogen production plant, it was necessary to gather
information about equipment prices, process utilities, labor, taxes, and land, as well as
apply expressions that allow evaluating the process performance from an economic stand-
point [10]. The total capital investment (TCI) is calculated using Equation (3), where FCI
represents the money required for equipment payments, civil structures, land prepara-
tion, control systems, and facilities, among others. WCI corresponds to working capital
investment, and SUC accounts for start-up costs, such as legal expenses, advertising, and
employee training, which were estimated at 10% of the fixed capital investment (FCI),
according to the rules developed by Peters et al. [15]. The costs directly associated with
production, such as buildings, piping, and purchased equipment (FOB), were calculated
using Equation (4). On the other hand, the associated costs to keep the plant in operation
were divided into direct production costs (DPC), fixed charges (FCH), plant overhead
(POH), and general expenses (GE), using Equation (5). Annualized fixed costs (AFC) are
determined through Equation (6). The operating costs (OC) are given per unit of product.
Likewise, the total value of operating costs during a year of operation (TAC) is reflected in
Equation (7) and is calculated through the annualized fixed cost (AFC) and annualized op-
erating cost (AOC). In order to express the operating costs in a more comparative way, the
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annualized operating costs per unit of raw material (NOC) are represented by Equation (8).

TCI = FCI + WCI + SUC (3)

FOBB = FOBA

[
CapacityB
CapacityA

]0.6
(4)

OC = DPC + FHC + POH + GE (5)

AFC =
FCI0 − FCIs

N
(6)

TAC = AFC + AOC (7)

NOC =
AOC
mRM

(8)

2.3. Technoeconomic Resilience Analysis

An approach to technoeconomic resilience was suggested and performed to study the
impact of specific factors that provide insight into the behavior of the process. Among them
are the selling price of hydrogen, the production capacity, the cost of raw materials, and
normalized variable operating costs (NVOC). NVOC is defined as operating costs given
per raw material unit, for its calculation takes into account the AOC, FCH, and flow of
raw material and is calculated by Equation (9). In addition, the operational break-even
point (BEP) was calculated, which takes into account the biomass processing capacity
and changes in the price of biomass and raw materials with production when this is less
than the maximum capacity of the plant with respect to time. The above parameters were
calculated using Equations (10) and (11). Economic indicators of the process, such as the
gross profit including depreciation (DGP), were calculated using Equation (12); the profit
of the plant after paying taxes (PAT), interest, and loans were obtained using Equation (13).
The ratio between the benefits of the process and the capital investment (CCF) was taken
into account by applying Equation (14), where for a process to be attractive, this ratio must
be less than 1 [16].

NVOC =
VOC
mRM

=
AOC− FCH

mRM
(9)

mRM−BEP =
AFC + FCH(

∑ Ci
V

θi

)
−NVOC

θi =
mRM

mi
(10)

ηBEP
On−stream =

mBEP

mmax
(11)

DGP = ∑i miCv
i − TAC (12)

PAT = DGP(1− itr) (13)

CCF =
∑i miCv

i −AOC
TCI

(14)

where Cv
i and mi are the selling price of the product (USD/y) and the mass flow of the

product (t/y), respectively.
This analysis also considers other crucial factors. The amortization period, or payback

period (PBP), considering the time value of money, is calculated using Equation (15).
The project’s profitability is determined by Equation (16), and the cumulative sum of
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all profits over the periods of operation of the plant is calculated using the net present
value (NPV), expressed in Equation (17) [14]. Finally, the economic potentials are obtained
using Equations (18)–(20), respectively. The first potential represents the profit obtained
by subtracting the sales revenues from the expenses associated with the purchase of raw
materials. The second potential is obtained by subtracting the costs of industrial process
services (U) from the first potential, and the third potential is calculated by subtracting
sales revenues from annualized operating costs.

PBP =
FCI
PAT

(15)

%ROI =
PAT
TCI

× 100% (16)

NPV = ∑n ACFn(1 + i)−n (17)

EP1 = ∑i miCv
i −∑j mJCRM

j (18)

EP2 = ∑i miCv
i −∑j mJCRM

j −U (19)

EP3 = ∑i miCv
i −AOC (20)

Table 1 presents the technoeconomic factors considered in the analysis. The total
capital investment (TCI) was measured based on the cost of equipment and its installation,
land and its improvement, electrical installations, instrumentation, buildings, service
facilities, engineering and supervision, construction, legal, contractors’ fees, contingencies,
working capital investment, and start-up investment. Calculations were made according to
El-Halwagi [14], implementing the methodology proposed by Peters et al. [15].

Table 1. Considerations for each route for the technoeconomic resilience analysis.

Item Value

Processing capacity (t/year) 360.000
Main product flow (t/year) 19.080
Raw material cost (USD/t) 50
Final product cost (USD/kg) 4
Plant life (years) 15
Salvage value 10% of depreciable FCI
Construction time 3 years
Location Colombia
Tax rate 39%
Discount rate 8%
Capacity operated 50% the first year, 70% the second year, 100% from the third year onwards
Subsidies (USD/year) 0
Process type New and unproven process
Process control Digital
Type of project Plant on unconstructed land
Type of soil Soft clay
Contingency percentage (%) 20
Tank design code ASME
Vessel diameter specification Internal diameter
Operator hour cost (USD/h) 20
Supervisor hourly cost (USD/h) 35
Salaries per year 15
Utilities Gas, water, steam, electricity
Process fluids Solid–liquid–gas
Depreciation method Linear



Sustainability 2023, 15, 16371 7 of 16

3. Results and Discussion

Parameters for the economic evaluation, including land costs, pipeline expenses,
contractor fees, and construction costs, among others, as well as equipment prices essential
for plant operation and assembly in Colombia, facilitated the generation of outcomes for
technoeconomic resilience.

3.1. Economic Assessment

Table 2 lists all the equipment necessary for the operation of the routes studied, along
with their power, energy cost, modular cost, or cost per piece of equipment, and the number
of pieces of equipment required. This information allows us to identify the equipment with
the highest energy requirements and costs. All costs calculated are given in dollars for the
year 2022.

Table 2. Energy costs, modular costs, and power of the main equipment used.

Equipment Power
(kW)

Energy Cost
(USD/Year)

Modular
Cost (USD)

Number of Equipment

Route

1 2

Rotary dryer 130 150,909 42,155 1 1

Hammer mill 250 290,210 12,800 1 1

O2 compressor 100 116,084 23,134 1 1

Gasifier 5000 5,804,196 2,988,224 1 1

Air compressor 85 98,671 173,134 1 1

Cyclone 80 92,867 103,422 1 1

Syngas clean heat
exchanger 210 243,776 122,582 1 1

RadFrac tower 100 116,084 871,390 1 1

Pump 75 87,063 3450 1 1

Shift reactor 3500 4,062,937 3,650,873 1 1

Steam compressor 350 406,294 64,407 1 1

LTS outlet heat
exchanger 175 203,147 143,933 1 1

Flash drum 90 104,476 72,352 1 2

PSA tower 2500 2,902,098 4,659,540 1 0

Absorption tower 2820 3,273,566 1,572,153 0 1

CO2 compressor 103 119,799 68,342 0 1

Cooling exchangers 372 431,832 241,930 0 2

According to the energy and modular cost analyses, Route 1 with the PSA adsorption
system shows an increase, reaching a total of USD 27,610,208. In contrast, Route 2 with the
Selexol absorption system recorded an expenditure of USD 26,606,782, which represents a
difference of approximately 1.04%. For the production process of different biomasses, it
was found that the gasification unit has the highest contribution to the total capital cost
of the plants. The above is associated with the higher temperature and pressure of the
gasifiers [32].

Table 3 shows the contribution of each item to the total product cost of hydrogen
production.
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Table 3. Total product cost for the hydrogen production plant.

Total Product Cost (TPC)
Total (USD/y)

Route 1 Route 2

Raw materials 18,000,000 18,000,000
Utilities (U) 532,224 957,600
Maintenance and repairs (MR) 2,911,964 2,376,644
Operating supplies 145,598 118,832
Operating labor (OL) 257,400
Direct supervision and clerical
labor 38,610

Laboratory charges 25,740
Patents and royalties 0
Direct production cost (DPC) 21,911,536 21,774,826
Depreciation (D) 4,076,750 3,327,301
Local taxes 1,164,785 950,657
Insurance 232,957 190,131
Interest/rent 582,392 475,329
Fixed charges (FCH) 6,056,885 4,943,419
Plant overhead (POH) 154,440
Total manufacturing cost (TMC) 28,122,862 26,872,685
General expenses (GE) 7,030,715 6,718,171
Total product cost (TPC) 35,153,578 33,590,856

The ensuing section presents the outcomes of the economic evaluation associated
with the different routes evaluated, including the initial investment required to acquire the
essential assets and the costs related to land development and civil works required. Table 4
allows a direct comparison to be made between the different routes evaluated in terms
of these criteria, considering the cost per piece of equipment and the number of pieces of
equipment presented in Table 2.

Table 4. Capital costs for each hydrogen production route.

Capital Costs Route 1 Route 2

Cost of equipment 14,894,959 12,156,745
Equipment purchased (installed) 2,978,992 2,431,349
Instrumentation (installed) 1,191,597 972,540
Piping (installed) 2,978,992 2,431,349
Electrical network (installed) 1,936,345 1,580,377
Buildings (including services) 5,957,983 4,862,698
Services (installed) 4,468,488 3,647,024
Total DFCI 34,407,354 28,082,082
Land 893,698 729,405
Land improvements 5,957,983 4,862,698
Engineering and supervision 4,766,387 3,890,159
Equipment (R&D) 1,489,496 1,215,675
Construction costs 5,064,286 4,133,293
Legal expenses 148,950 121,567
Contractors’ fees 1,042,647 850,972
Contingency 4,468,488 3,647,024
Total IFCI 23,831,934 19,450,793
Fixed capital investment (FCI) 58,239,288 47,532,874
Working capital (WCI) 34,943,573 28,519,725
Start-up (SUC) 5,823,929 4,753,287
Total capital investment (TCI) 99,006,790 80,805,887
Salvage value FCI 5,823,929 4,753,287
Annualized fixed costs (AFC; USD/y) 3,494,357 2,851,972
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Based on the data presented in Table 4, it is evident that Route 1 demands a more
considerable TCI compared to Route 2. This implies that the implementation of Route 1
requires a more substantial initial investment in terms of financial resources. As a result,
Route 1 can be considered comparatively less attractive in economic terms. Finally, the
results of the calculated economic indicators for hydrogen production from empty African
palm fruit bunches under specific assumptions are presented in Table 5 in order to evaluate
the feasibility of each of the analyzed routes. The payback period in the present study was
2.03 and 1.67 years for routes 1 and 2, respectively. It has been reported payback periods of
4.72 y [33] and 5–6 y [34].

Table 5. Economic indicators for the routes evaluated potential.

Indicator Route 1 Route 2

Gross profit (depreciation not included) (GP) 43,044,814 43,204,472
Gross profit (depreciation included) (DGP) 47,121,564 46,531,773
Profit after tax (PAT) 28,744,154 28,384,382
Profitability (gross income) 77,616,000 77,616,000
EP1 [USD/year] 59,616,000 58,320,000
EP2 [USD/year] 59,083,776 57,362,400
EP3 [USD/year] 42,462,421 42,729,143
Cumulative cash flow (CCF) (1/y) 0.43 0.53
Return on investment (% ROI) 29 35
Net present value (NPV; USD MM) 492.73 587.33
Annual cost/benefit ratio 57.57 68.62
Normalized variable operating costs (NVOC; USD/t-rm) 80.82 79.58
Annualized total operating costs (AOC; USD/year) 35,153,578 33,590,856

It can be observed that the return on investment (ROI) rate and the annual cost income
were calculated for Route 1 at 29% and 57.57, respectively, while for Route 2, a return on
investment of 35% and an annual cost income of 68.62 were obtained. Since the cash flow is
less than 1 in both cases, it can be considered an attractive project, despite the fact that it
presents a not very high return rate. It is also reflected that Route 1, coupled with a PSA
adsorption system, generates an income of USD 492.73 MM/y, while Route 2, coupled
with a Selexol solvent absorption system, is USD 587.33 MM/y, demonstrating the added
value that the application of Route 2 provides. Furthermore, the PBP for Route 2 is lower,
supporting an increase in the NVOC.

3.2. Technoeconomic Resilience Analysis

Figure 2 shows the behavior of the annualized operating costs (AOC) for the two
evaluated routes.
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Figure 2. Plant resilience to hydrogen processing capacity through indirect gasification.
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The interception illustrates the break-even point for Route 1 and Route 2 in terms of
sales and plant production capacity. For Route 2, the break-even point is reached when
production is 61,148.2 tons per year, while for Route 1, it is achieved with a production of
68,411.15 tons per year. These values represent only 17% and 19% of the plant’s maximum
installed capacity, respectively. The obtained results can be attributed to the higher operat-
ing costs and capital investment associated with Route 1 compared to Route 2, which is
why its profitability is lower [35].

Figure 3 illustrates the impact of fluctuations in the hydrogen selling price on opera-
tional efficiency. Within this graphical representation, three ranges can be distinguished: the
first ranging from 0.5 USD/t to 4 USD/t, the second from 4 USD/t to 6 USD/t, and the third
encompassing selling prices higher than 6 USD/t. In the first region, even minimal changes
in the selling price led to notable alterations in ongoing operational efficiency, while in the
second region, substantial variations in the selling price resulted in slight modifications
in continuous operational efficiency. Conversely, in the third zone, fluctuations in the
selling price do not affect ongoing operational efficiency. If the selling price decreases, the
continuous operational efficiency increases, nearing 100% or maximum capacity. However,
this scenario is less favorable. The established selling price is USD 4 (situated in the second
region), and the market price range fluctuates between USD 3 and USD 6. This implies that
both routes fall outside the critical zone, indicating their competitiveness in this aspect and
allowing for potential adjustments to the selling price.
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Figure 3. Resilience of the selling price of hydrogen production through indirect gasification with
respect to on-stream efficiency at the break-even point.

Figure 4 shows the profitability capacity between earnings and raw material costs, and
the break-even point is plotted accordingly. It can be observed that as the raw material cost
increases to around 155 USD/t, the profits turn negative, indicating losses. This implies
that, in order to achieve profits, the raw material cost should not exceed this value. This
leads us to conclude that the process exhibits low resistance to increases in raw material
costs. Given that the base cost is 50 USD/t, both Route 1 and Route 2 can withstand an
increase of up to 300% in raw material cost without affecting the economic stability of the
process. It has been reported that production costs were most sensitive to biomass costs,
between 77 USD/t and 96 USD/t [36], as reported in the present study.
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Figure 4. Resilience of profitability based on raw material costs for hydrogen production through
indirect gasification.

Figure 5 shows the range within which the plant may face increases in operating costs
per ton of processed raw material. For Route 1, the maximum tolerance limit is 190 USD/t.
The normalized variable operating cost (NVOC) for Route 1 is 80.82 USD/t, providing a
margin of up to 42% before the return becomes zero. On the other hand, for Route 2, the
NVOC is 79.57 USD/t, allowing for a margin that can withstand increases of up to 62%.
Moreover, the slope of Route 2 indicates it is more resilient to fluctuations in NVOC, and
at all points, it shows higher return on investment (ROI) values than Route 1. This result
means that Route 1 can resist increases in operating costs up to 35%, while Route 2 can
resist 38.78%, showing both routes a positive %ROI. We can note that the results obtained
in the present study are higher than the 21% reported for topology 2 of a biorefinery based
on acetone–butanol–ethanol fermentation, reported by Meramo-Hurtado et al. [37].
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Figure 5. Resilience of return on investment based on the operating costs of hydrogen production
through indirect gasification.

Figure 6 depicts the relationship between normalized total costs and the payback
period (PBP) for routes 1 and 2. The figure showcases how the time it takes to recover
the investment changes as operating costs increase. Both routes exhibit a similar pattern
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of behavior up to USD 80/t. Beyond that point, Route 1 demonstrates more pronounced
extensions in the payback period. The critical zone initiates at USD 130/t, underscoring
the significance of maintaining operating costs below this threshold to ensure a reasonable
payback period. Both Route 1 and Route 2, which are indirect gasification plants, exhibit a
tolerance margin of 62% and 61%, respectively, in NVOC increase before the payback time
experiences a significant impact.
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Figure 6. Resilience of the payback period with respect to normalized variable operating costs of
hydrogen production through indirect gasification.

Figure 7 shows the variation in the net present value (NPV) as a function of the selling
price per kilogram of product. A more favorable behavior is observed for Route 1 since,
within the range of values studied, a minimum price of USD 3 per kilogram is required
to obtain a positive NPV. This minimum price is even lower than the price reported in
the market, which indicates the plant’s high competitiveness in this aspect. On the other
hand, for Route 2, a positive NPV is achieved when the selling price reaches USD 3.5 per
kilogram. Although these values are lower, Route 2 also shows good competitiveness in
the market.
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Figure 7. Resilience of the product selling price with respect to the normalized net present value of
hydrogen production through indirect gasification.
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In Figure 8, it can be appreciated that the comparison of NPVs for each route shows
that Route 2 not only presents positive values more rapidly but also surpasses Route 1 in
15 years of operation. This allows us to assert that it will yield greater present-value profits
than the initial investment.
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Figure 8. Resilience of the net present value of hydrogen production through indirect gasification.

4. Conclusions

In this study, a technoeconomic resilience analysis of a hydrogen production plant from
empty palm fruit bunch biomass in Colombia was conducted. For a flow of 19,908 t/year
of empty palm fruit bunches, it was found that the plant following Route 2 can operate at
maximum production capacity with acceptable economic indicators, such as a net present
value of USD 169.55 MM and an internal rate of return of 35%. It was observed that the raw
material purchase cost is the variable that has the greatest impact on the two studied routes.
However, the raw material cost accounts for only 1.25% of the product selling price in both
cases, thereby allowing for a substantial profit margin. In combination with the product
selling price, it determines the viability of each route. Both Route 1 and Route 2 were found
to be viable at a raw material purchase cost of USD 4/kg of hydrogen, indicating a lack of
flexibility in the face of variations in this cost.

The total capital investment and total product cost for Route 1 were USD 99,006,790 and
35,153,578 USD/y, respectively, while for Route 2, they were 80,805,887 and 33,590,856 USD/y,
respectively. The return on investment reached 35% for Route 2, while Route 1 was slightly
below 29%. The payback period for both cases was 2 years for Route 1 and 1.65 years for
Route 2. The production capacity at the break-even point of the plant was 18,937,882 t/y
for Route 1 and 14,633,256 t/y for Route 2. Additionally, it was found that the routes are
not significantly affected by worker wages, making them less vulnerable to changes in
employment policies. It is recommended to seek ways to reduce production costs or increase
the selling price of the obtained product, although the latter is subject to market dynamics.
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Nomenclature

Symbols
mRM Mass flow of raw material (t/y)
θi Ratio between the quantity of product i obtained per unit of raw material
ηBEP

On−stream Efficiency on-stream (%)
Abbreviations
ACF Net profit for year n (USD)
ACR Annual cost/benefit ratio
AFC Annualized fixed costs (USD/y)
AOC Annualized operating costs (USD/y)
BEP Break-even point
C Operating costs (USD)
CCF Cumulative cash flow (1/y)
DFCI Direct fixed capital investment (USD)
DPC Direct production costs (USD/y)
DGP Gross profit (depreciation included) (USD MM/y)
EP Economic potentials
FCH Fixed charges (USD/y)
FCI Fixed capital investment (USD)
FCI0 Initial value of depreciable fixed capital investment (USD)
FCIs Salvage value of fixed capital investment (USD)
FOB Free on board
GE General expenses (USD/y)
GH Gaseous hydrocarbons
HTS High-temperature stage
I Inflation rate (%)
Itr Tax rate set by the government for income derived from the process (%)
IFCI Indirect fixed capital investment (USD)
LH Liquid hydrocarbons
LTS Low-temperature stage
MR Maintenance and repairs
N Years
NOC Normalized operating costs (USD/y)
NPV Net present value (USD MM)
NVOC Normalized variable operating cost (USD/t-rm)
OL Operating labor
PAT Profit after taxes (USD/y)
PBP Payback period (y)
POH Plant overhead (USD/y)
PSA Pressure swing adsorption
RM Raw material
ROI Return on investment (%)
SUC Start-up costs
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TAC Total annualized process costs (USD/y)
TCI Total capital investment (USD)
U Utilities
WCI Work capital investment (USD)
WGS Water gas shift
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