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ABSTRACT

This study evaluates the techno-economic and environmental performance of a sequential system based on fixed-bed column
adsorption using magnesium-impregnated rice husk biochar (RHB-Mg) for nutrient removal from wastewater, coupled with a
prospective assessment of its reuse as a soil amendment in irrigated rice systems. Scale-up based on laboratory data resulted
in a treatment capacity of 4.32m?/day and a biochar requirement of 56.91kg/day. The system effectively reduced nitrate and
phosphate concentrations below regulatory limits under continuous operation, demonstrating high adsorption performance.
The techno-economic analysis over a 20-year period revealed that operational costs are primarily driven by magnesium chloride
consumption, which strongly influences overall economic feasibility. Life cycle assessment (LCA) identified biochar produc-
tion as the main environmental hotspot, contributing the highest impacts across multiple categories due to energy demand.
Furthermore, literature-supported and LCA-based evidence indicates that the reuse of nutrient-enriched biochar could poten-
tially reduce fertilizer demand (prospective scenario), decrease irrigation requirements, and contribute to a potential climate
change benefit through carbon storage, with an estimated reduction of —1.34-kg CO, eq per kg of RHB-Mg applied to soil.
However, this stage was evaluated as a prospective scenario and was not experimentally validated. Overall, the proposed system
demonstrates strong potential within a circular-economy framework; however, process optimization—particularly in reagent
consumption and energy integration—is required to enhance large-scale sustainability and economic viability.

1 | Introduction environmental remediation and agricultural sustainability. In
particular, the impregnation of biochar with magnesium (Mg)
Biochar is a carbonaceous material produced through the py- has been shown to enhance its physicochemical properties, im-

rolysis of biomass and has emerged as a promising solution for proving its ability to remove nutrients from contaminated water

This paper presents an integrated evaluation of a magnesium-impregnated rice husk biochar system for wastewater nutrient removal and its reuse in rice cultivation.
The study combines experimental data, process design, techno-economic assessment, and life-cycle analysis to determine system efficiency, environmental impacts,
and scalability, emphasizing optimization strategies to enhance circular-economy performance.
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Summary

« Magnesium-modified rice husk biochar effectively
removes nitrate and phosphate from wastewater in
fixed-bed operation.

Spent biochar can be safely reused as a soil amend-
ment, improving agronomic performance in rice
cultivation.

Magnesium chloride cost is the primary barrier lim-
iting large-scale economic feasibility of the treatment
system.

Life-cycle assessment shows biochar preparation
drives most environmental burdens, requiring energy
and reagent optimization.

Integrating nutrient recovery and soil reuse enhances
circular-economy potential in agricultural wastewater
management.

and potentially contributing to soil amendment applications
(Peng et al. 2023; Blanco-Canqui 2017). These applications are
particularly relevant in regions with intensive agricultural sys-
tems, such as rice cultivation, where nutrient management and
soil improvement represent persistent challenges.

However, the application of biochar derived from different bio-
mass sources without chemical modification has shown limited
effectiveness for nutrient adsorption. This is mainly due to the
negatively charged surface of both the adsorbent and the pri-
mary target nutrients present in wastewater and agricultural
runoff, which are typically found as anionic species such as
nitrate and phosphate, leading to electrostatic repulsion and
consequently low or negligible adsorption capacities (Pratiwi
et al. 2016). Therefore, chemical modification using elements
such as magnesium (Mg) has been widely investigated to en-
hance the adsorption properties of pristine biochars, including
those derived from rice husk and other precursors.

The use of RHB-Mg can improve nutrient adsorption through
multiple mechanisms, as reported in previous studies, thereby
increasing the removal efficiency of nitrates and phosphates.
For instance, the incorporation of Mg-based functional groups
(e.g., MgO and Mg(OH),), resulting from MgCl, impregnation,
may provide several advantages (Lugo-Arias et al. 2026; Tran
et al. 2022; Biswas et al. 2024): (1) enhanced electrostatic at-
traction between the adsorbent and anionic nutrients due to
an increase in the point of zero charge, enabling the biochar
surface to become positively charged at near-neutral pH condi-
tions typical of many wastewaters; (2) ion exchange interactions
with Mg-derived cations present in RHB-Mg; (3) precipita-
tion of phosphate species such as Mg(H,PO,),, MgHPO,, and
Mg,(PO,),; and (4) complexation of phosphorus with surface
functional groups (e.g., C=0 and -OH), further enhancing
phosphate removal. In contrast, nitrate removal is generally at-
tributed to weaker interactions such as electrostatic attraction
and ion exchange, which may be more sensitive to water chem-
istry conditions. It is important to note that these mechanisms
are proposed based on previously reported characterization and
literature evidence and were not directly verified in the pres-
ent study through postadsorption analyses. Therefore, further

investigation using techniques such as XRD, FTIR, SEM-EDS,
or desorption tests is required to confirm the dominant removal
pathways, particularly for nitrate.

Recent studies have highlighted the ability of magnesium-
impregnated biochar to efficiently adsorb these specific ions
through both chemical and physical adsorption processes (Tran
et al. 2022; Zhang et al. 2024; Chen et al. 2024). By capturing ni-
trate and phosphate, this approach may contribute to mitigating
eutrophication and enabling nutrient recovery; however, these
applications are often evaluated separately. Moreover, the use of
biochar in agriculture has been associated with improvements
in soil properties such as water retention capacity, nutrient avail-
ability, and structural stability, which may support crop produc-
tivity and long-term soil sustainability (Blanco-Canqui 2017).

From a technical and economic standpoint, the production of
magnesium-impregnated biochar requires a detailed analysis of
the costs and benefits associated with its production and its dual
application—first for the decontamination of nutrient-enriched
water, and subsequently for soil improvement. Previous studies
have highlighted the need to optimize processes such as pyrol-
ysis and chemical impregnation to significantly reduce opera-
tional and capital costs, thereby enhancing the feasibility of
large-scale implementation (Peng et al. 2023; Jellali et al. 2024;
Ighalo et al. 2022; Sivaraman et al. 2024). Additionally, the in-
corporation of circular-economy principles—such as nutrient
recovery and the valorization of agricultural residues—adds an
environmentally sustainable dimension to biochar utilization
(Peng et al. 2023).

Despite the well-documented benefits of biochar, its overall en-
vironmental performance remains highly context dependent.
Several studies have identified important trade-offs associated
with its production, particularly due to the energy-intensive na-
ture of pyrolysis (Chen et al. 2024; Moreira et al. 2017), which
can offset carbon sequestration benefits if not properly optimized
(Lugo-Arias, Villa-Parejo, et al. 2025). For example, high energy
demand and reliance on nonrenewable energy (NRE) sources
during biochar production may lead to substantial greenhouse
gas emissions, thereby diminishing the net environmental ad-
vantage of the system. These limitations highlight the need for
integrated evaluation frameworks that simultaneously consider
technical performance, economic feasibility, and environmental
impacts, including full life cycle implications, particularly when
proposing circular-economy strategies involving the reuse of
spent biochar in agricultural applications.

However, there remains a lack of studies that simultaneously
evaluate fixed-bed column performance, scale-up requirements,
and the combined techno-economic and life cycle impacts of
RHB-Mg systems, particularly within circular economy frame-
works that link wastewater treatment with subsequent agricul-
tural reuse.

To clearly distinguish the scope of this work, it is important
to note that the adsorption performance and physicochemical
characterization of RHB-Mg have been previously reported by
the authors. Therefore, this study does not provide new exper-
imental adsorption data, but instead develops a system-level
evaluation based on previously validated results.
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Accordingly, the main novelty of this work lies in the integration of
(i) scale-up analysis of a fixed-bed adsorption system, (ii) techno-
economic assessment (TEA), (iii) life cycle assessment (LCA), and
(iv) a prospective evaluation of the reuse of nutrient-loaded biochar
as a soil amendment within a circular-economy framework.

The objective of this study is to evaluate the production and
application of RHB-Mg from a techno-economic and environ-
mental perspective, with a primary focus on its performance for
nutrient removal in wastewater treatment systems. Additionally,
the reuse of nutrient-loaded biochar is assessed as a prospective
scenario based on literature data and life cycle modeling, rather
than direct experimental validation.

This approach explores the feasibility of integrating RHB-Mg-
based adsorption systems within a circular economy frame-
work, but does not represent a fully validated operational system
at pilot or industrial scale. The reuse of treated wastewater (e.g.,
for irrigation) was not considered in this study and should be ad-
dressed in future assessments to further strengthen the circular-
economy potential of the system.

In alignment with global sustainability priorities, this research
discusses potential contributions to several United Nations
Sustainable Development Goals (SDGs) through measurable and
practical outcomes. Specifically, the proposed system may con-
tribute to SDG 6 (Clean Water and Sanitation) by enabling the
removal of nitrates and phosphates to meet regulatory discharge
limits, and may contribute to SDG 12 (Responsible Consumption
and Production) by valorizing agricultural residues such as rice
husk and promoting nutrient recovery. Furthermore, the reuse
of nutrient-enriched biochar in soil may support SDG 2 (Zero
Hunger) by enhancing soil fertility and potentially improving
crop productivity. From a climate perspective, the system may
contribute to SDG 13 (Climate Action) through carbon seques-
tration and the reduction of greenhouse gas emissions associated
with fertilizer use and irrigation. Therefore, these contributions
are interpreted as potential outcomes based on system-level
analysis and should be validated through future experimental
and field-scale studies. For clarity, the distinction between pre-
viously published data and new contributions is summarized in
Table 1.

The performance of biochar-based systems depends strongly on
the physicochemical characteristics of the raw biomass, the mod-
ification methods, and the application conditions, rather than on

biochar as a generic material (Osman, Fawzy, et al. 2022). In this
context, this study adopts a structure—property-performance—
environment perspective to interpret the RHB-Mg system.

The effects of MgCl, impregnation on the surface chemistry of
biochar and its adsorption behavior have been widely reported
in the literature; however, these relationships were not exper-
imentally evaluated in this work and are considered based on
previous studies conducted by the authors. Accordingly, MgCl,
loading is assumed to be directly linked to adsorption perfor-
mance and, consequently, to reagent consumption, thereby in-
fluencing both economic and environmental outcomes.

Furthermore, the performance of spent biochar when applied to
soil depends on nutrient retention and leaching behavior, which
were not evaluated in this study and therefore introduce uncer-
tainty into the system-level assessment.

2 | Experimental Section
2.1 | Scaling of the Adsorption Process

The scaling of the coadsorption process for nitrates and phos-
phates was carried out using experimental data obtained from
fixed-bed column adsorption tests at a small scale, which are
summarized in Table S1. The physicochemical characterization
results of RHB-Mg, as well as the fixed-bed adsorption exper-
iments, have been previously reported by the authors (Lugo-
Arias et al. 2026). Additional details on the physicochemical
properties of RHB-Mg can be found in related studies by the
same authors (Lugo-Arias et al. 2026; Lugo-Arias, Gonzalez-
Alvarez, et al. 2025). Regarding the reuse of the spent adsorbent,
it is important to note that parameters related to the long-term
stability of biochar in soil, such as the H/C ratio, were not eval-
uated in this study, as no experimental soil application was con-
ducted. Instead, the assessment of biochar reuse was based on a
literature review and LCA.

The scaling equations were based on formulations proposed in
other studies (Jellali et al. 2024; Bian et al. 2024; Jung et al. 2017),
with the aim of upscaling to a flow rate of 0.05L/s (4.32 m?/day),
which is consistent with the values used in several scaling stud-
ies (Esmati et al. 2024). In the present research, the bed height
was kept constant at H=8cm, as this was the optimal value
obtained in previous experiments, yielding the best dual-solute

TABLE1 | Distinction between previously published data and new contributions.

Component

Source

Adsorption performance of RHB-Mg
Physicochemical characterization
Fixed-bed experimental data
Scale-up

Techno-economic assessment (TEA)
LCA

Soil application scenario

Previously published by the authors
Previously published by the authors
Previously published by the authors

This study

This study

This study

Literature-based (prospective)
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adsorption performance for nitrates and phosphates from real
wastewater using RHB-Mg.

The adsorption rate (FR) of the circular column geometry was
calculated using Equation (1):

QSS 4 QSS

FR= — = ——
A zD2 @

SS

where Q is the small-scale column flow rate and A is the
cross-sectional area of the small-scale column.

Assuming that the adsorption rate (FR) remains constant during
scale-up, the cross-sectional area of the large-scale column (A )
can be expressed as a function of the operating flow rate using
Equation (2):

_ Qs
Ls — FR (2)

where Qy; is the flow rate of the large-scale column. Based on
this relationship given in Equation (2), the bed volume of the
large-scale column (Vb,LS) was determined from the column ge-
ometry, as shown in Equation (3):

Viors = ArsHis ?3)

where Hj, is the depth or height of the bed in the large-scale
column.

The hydraulic retention time (HRT) in the column was esti-
mated considering V}, ;¢ from Equation (3) and the volumetric
flow rate relationship, resulting in Equation (4):

Vi
HRT = _bLS

@

Ls

The mass of adsorbent in the large-scale column (m,) was ob-
tained using Equation (5):

ma = (pbiochar) (Vb,LS) (5)

where p is the density of the biochar.

The breakthrough volume (V},,.; ), which is the amount of water
treated before breakthrough, for each contaminant in the large-
scale column was determined using Equation (6):

Virrs = (Qrs) (%) (6)

where t, represents the breakthrough time for either nitrates or
phosphates, depending on the contaminant being analyzed.

Based on this definition and the relationship given in
Equation (6), the service time of the column (t) of the large-
scale column can be expressed as shown in Equation (7):

_ Vbr,LS

5 =
QLS

@

By substituting the expression for the breakthrough volume, it
follows that t; = t,, indicating that, under the defined operating
conditions, the service time of the column is equivalent to the
breakthrough time.

Estimates for the requirements of equipment, materials, and
operational variables—both for pyrolysis and soil application—
were based on the quantities of RHB-Mg required for the ad-
sorption process (see Supporting Information).

The process flow diagrams are summarized in Figure 1, while
the operating conditions and adsorbent preparation details are
specified in the Supporting Information.

It should be noted that the scale-up approach adopted in this
study is based on maintaining superficial velocity and bed
height as a first approximation. Therefore, the results should be
interpreted as preliminary design estimates. Advanced fixed-
bed modeling approaches (e.g., BDST, Thomas, Yoon-Nelson)
and pilot-scale validation were not included in this study and
are recommended for future work to improve the robustness of
the design.

2.2 | Techno-Economic Analysis (TEA)
2.2.1 | Estimation of Total Capital Costs

The cost of preparing the adsorbent and operating the adsorp-
tion column was calculated based on the total capital invest-
ment (TCI), as expressed in Equation (8) (Gopalakrishnan
et al. 2020):

TCI = WCC + FCE ©)

where WCC represents the working capital cost and FCE the
fixed-capital estimate.

2.2.2 | Estimation of Annual Operating Cost

The annual operating cost (AOC) for adsorbent preparation was
determined using Equation (9) (Gopalakrishnan et al. 2020):

AOC = Cpps + Cyyg + Cy + Ci ©)

where Cy,, is the cost of raw materials, Cy is the cost of han-
dling waste generated during operation, Cy; is the cost of public
services (e.g., energy, water), and Cy is the additional costs.

The unit cost of the produced adsorbent (C,) was calculated from
the AOC and the annual production of adsorbent (E,) using
Equation (10) (Ighalo et al. 2022):
AOC
Co=—/ (10)
e Ep

The energy costs (C,,,) were estimated using Equation (11) (El-
Shafie et al. 2024):

C

ene

= H % MP+ COEY 1)

where H is the number of hours of equipment operation, MP is
the maximum power of the equipment (kW), and COEY is the
unit cost of electrical energy (COP/kWh).

The pump power required (P) to drive the water flow
through the column was calculated using Equation (12)
(Saldarriaga 2016):
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FIGURE1 | Processdiagrams for the application of RHB-Mg: (A) biochar production, (B) adsorption, and (C) soil application.
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1
P= EngHDT 12

where Q is the flow rate (m?/s), p is the water density (kg/m?), 5
is the pump efficiency (dimensionless), and Hpy is the total dy-
namic head or energy required by the pump (N-m/N).

The total dynamic head was estimated from the gen-
eral energy equation for pipeline systems (Equation 13)
(Saldarriaga 2016):

P (z

+f; + Z ml f; >z§2 + 7
13)

where H,, is the height difference between influent and effluent
reservoirs (m), Y, K, and Y, K,,; are the global loss coefficients
in suction and discharge pipes (dimensionless), L, and L; are re-
spective lengths of the suction and discharge pipes (m), D, and D;
are respective diameters of the suction and discharge pipes (m),
f; and f; are friction factors of the suction and discharge pipes,
respectively (dimensionless, calculated via the Colebrook-
White equation), y is the specific weight of water (N/m3), and AP
is the pressure drop (Pa), calculated using the Ergun equation
(Equation 14) (Kumar et al. 2019):

AP — 1505 p s L (1 —€)? v N 1.75% L ps (1 — €)% ()2
(D,)* * () D, x(e)’

(14)

where p is the dynamic viscosity of the fluid (kg/m-s), L is the
length of the packed bed (m), v is the superficial velocity (m/s),
D, is the particle diameter (m), ¢ is the void fraction of the bed,
and p is the fluid density (kg/m?3).

The cost of applying nutrient-loaded RHB-Mg to soil (CAS) was
determined using Equation (15) (Patel and Panwar 2024):

CAS=CT+CO-CP-C (15)

where CT is the transport costs, CO is the operating costs, CP is
the loss costs, and C is the revenues generated.

2.2.3 | TEA Indicator

The net present value (NPV) was used as the main TEA indica-
tor, calculated according to Equation (16):

- I -C
NPV = Z Lt (16)
&+

where I, is the initial capital investment, i is the discount rate,
n is the total number of years, and I, and C, are the revenues
and costs in year f, respectively. The tax rate and interest rate
were set at 35% and 12.75%, respectively, in accordance with the
Colombian financial context (Alonso-Gdémez et al. 2024). A pro-
cess lifetime of 20years was assumed (Esmati et al. 2024).

23 | LCA

The LCA was conducted following the methodology defined
by the ISO 14040 and ISO 14044 standards, applying the
four phases: definition of goal and scope, life cycle inventory
(LCI), environmental impact assessment, and interpretation
of results.

2.3.1 | Goal and Scope of the Study

The objective of this research is to determine the environ-
mental performance of the application of RHB-Mg in the co-
adsorption of nitrates and phosphates from wastewater under
a fixed-bed column operation mode. Additionally, the reuse
of nutrient-loaded biochar for improving soil properties in ir-
rigated rice cultivation is assessed as a prospective scenario,
supported by literature and LCA results within the Colombian
context.

A cradle-to-grave approach was applied, with a functional unit
of 1kg of biochar produced, as illustrated in Figure 2. While
this functional unit is appropriate for evaluating the environ-
mental burdens associated with the production of RHB-Mg, it
does not directly reflect treatment performance or the nutri-
ent recovery efficiency of the adsorption process. Therefore,
complementary performance-based indicators were derived
from the system-scale results to improve interpretability and
enable comparison with wastewater treatment technologies.
These were normalized to the production of 1kg of RHB-Mg,
based on a production rate of 56.91 kg of RHB-Mg and nutri-
ent removals of 21.16 g/day for nitrate and 12.1 g/day for phos-
phate, without modifying the underlying LCI. The resulting
normalized values correspond to 0.03789 m? of treated waste-
water per kg of RHB-Mg, 0.3718 g of NO,~ removed per kg of
RHB-Mg, and 0.2126 g of PO,*" removed per kg of RHB-Mg.
This approach is consistent with recent LCA studies on ad-
sorbents, which emphasize the need to link functional units
to process performance (e.g., adsorption and soil application)
(Osman, Elgarahy, et al. 2022; Osman et al. 2024).

With respect to soil application, a functional unit based on 1ha
of rice cultivation was not implemented due to the prospective
nature of the soil application stage. However, the calculations
for the application of spent RHB-Mg were based on a dosage
of 18-t RHB-Mg per hectare, as reported in the literature, al-
though normalization to this functional unit will require fur-
ther investigation.

2.3.2 | LCI

The LCI of biochar production and application processes was de-
veloped using mass and energy balance calculations. The results
are summarized in Table 2.

The processes were modeled using the European Reference Life
Cycle Database (ELCD) incorporated into the OpenLCA 2.2
software, which enabled conversion of the inventory data into
environmental impacts.
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FIGURE2 | System boundaries for the biochar application process.

All detailed calculations for the LCI can be found in
Appendix S2.

The MgCl, input reported in this study was estimated based
on impregnation protocols derived from the literature and
should be interpreted as a process assumption intended to en-
sure the formation of Mg-based functional groups, rather than
as a fully validated material balance. Although the stoichio-
metric calculations are internally consistent, the fate of Mg
and chloride throughout the process (including impregnation,
washing, drying, adsorption, and effluent streams) was not
explicitly tracked.

Therefore, key aspects such as Mg retention efficiency, resid-
ual chloride content in RHB-Mg, the composition of wash-
ing effluents, and the potential release of Mg or Cl during
operation remain uncertain. As a result, the reported MgCl,
consumption may represent a conservative estimate, and its
contribution to environmental impacts should be interpreted
with caution.

Future studies should include a detailed mass balance of Mg and
chloride to evaluate process efficiency, identify potential losses,
and assess the environmental implications associated with re-
agent use and effluent generation.

2.3.3 | Environmental Impact Assessment

The environmental impacts of the processes associated with the
application of RHB-Mg were assessed using the IMPACT 2002+
method, which is widely applied to biochar systems (Rajabi
Hamedani et al. 2019).

This method considers 14 environmental impact categories
(Jolliet et al. 2003), encompassing climate change, toxicity, re-
source depletion, and ecosystem impacts.

2.3.4 | Sensitivity Analysis

Regarding the sensitivity analysis, Colombia's main electricity
generation source (hydropower) was compared with two alter-
native energy sources: wind energy and energy derived from
synthesis gas (syngas), generated during the thermochemical
decomposition of biomass through the pyrolysis process. This
comparison enabled the evaluation of variations in the environ-
mental impacts associated with replacing the hydropower-based
energy matrix with alternative energy sources across the same
impact categories, with the aim of identifying the options with
the best environmental performance and greatest sustainability.

3 | Results and Discussion
3.1 | Scaling of the System
3.1.1 | Scaling of the Adsorption Process

The scaling design was carried out following the methodology
described in Section 2.1. Based on the selected operating condi-
tions (Table S2), the system was designed to treat a flow rate of
4.32m3/day. This resulted in a column diameter of 43.44cm and
a hydraulic retention time (HRT) of approximately 4 min. Under
these conditions, the process is expected to achieve effluent con-
centrations below the regulatory limits established in Colombia
for nitrates (10 mg/L) and phosphates (0.5 mg/L).

Water Environment Research, 2026
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TABLE 2 | Life cycle inventory of the biochar application process.

Inputs Outputs
Stage Variable Quantity Unit Source Variable Quantity Unit Source
(A) Biochar Rice husk 2 kg Created  Transported 2 kg Created
preparation husk
Transport 2%20 tkm ELCD Mg-treated 2 kg Created
husk
Tap water 36.6 L ELCD CH, 0.0114 kg CH, ELCD
emissions
Electricity 0.61 kWh ELCD NO, 0.00074 kgNO, ELCD
emissions
MgCl, 20 kg ELCD PM,, 0.00154 kgPM,, ELCD
emissions
Drying area 0.17 m? ELCD RHB-Mg 1 kg ELCD
Mg-treated husk 2 kg Created — — — —
(B) Adsorption Electricity 0.078 kWwh  ELCD Treated 37.89 L ELCD
of nitrates and water
Ehgspkllates in fixed- Wastewater 37.89 L ELCD Spent 1 kg Created
ed column RHB-Mg
RHB-Mg 1 kg Created — — — —
(C) Soil application Spent RHB-Mg 1 kg Created Reduction —0.00353 kgN ELCD
in nitrogen
fertilizer use
Drying area 0.17 m? ELCD Reduction =35 kg CH, ELCD
in CH,
emissions
Application area 0.555 m? ELCD Reduction -0.72 kgN,O ELCD
inN,O
emissions
Tractor use (disc 0.02 min ELCD Reduction -160 L ELCD
plow, sprayer, in irrigation
and roller) water use
RHB-Mg transport 20 tkm ELCD CO, capture  —-1.34762 kg CO, ELCD

The service time for the coadsorption of nitrates and phos-
phates was 1h, corresponding to the nitrate breakthrough
time (shorter than the approximately 4h required for phos-
phate saturation). Nitrate was therefore identified as the lim-
iting nutrient, because its concentration would exceed the
water quality standards during extended operation (El-Shafie
et al. 2024).

This difference in breakthrough behavior has important im-
plications for both process performance and practical oper-
ation. Because nitrate reaches breakthrough after about 1h,
the system must be operated based on this limit, which leads
to the premature termination of the adsorption cycle. As a
result, a significant portion of the phosphate adsorption ca-
pacity remains unused, indicating an underutilization of the
adsorbent.

In addition, the amount of nitrate removed before breakthrough
is relatively low compared to the mass of adsorbent used per
cycle, suggesting limited adsorbent utilization efficiency under
the selected conditions. Overall, this behavior represents a key
limitation of the system and highlights the need for process op-
timization or alternative configurations, such as multistage or
selective removal approaches.

For continuous operation over 24 h, the number of cycles per
day was 24, resulting in a total of 8760cycles per year. The
short nitrate breakthrough time therefore implies frequent
replacement or regeneration cycles, which would be imprac-
tical under a single-column configuration. From an opera-
tional perspective, this reflects a trade-off between meeting
discharge standards and maintaining efficient adsorbent
utilization.
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Therefore, a multicolumn system (e.g., lead-lag configura-
tion) is required to enable continuous operation. However,
this operational complexity was not explicitly modeled
and should be considered in future process design and cost
evaluations.

3.1.2 | Scaling of the Biochar Production Process

Table S3 summarizes the parameters used to scale up the pyrol-
ysis process for biochar production, while detailed calculations
are provided in Appendix S1. The scaling was based on the daily
biochar demand required for the adsorption system, assuming
that biochar production operates as a parallel unit within the
overall process, together with the subsequent application of
spent biochar to soil.

To meet a daily biochar requirement of 56.91kg, a raw rice
husk input of 113.82kg was estimated, assuming a biochar
yield of 0.5 relative to the initial biomass. The selected refer-
ence unit (LM-E60, ARDER, Colombia), with a 60-L capacity
and a maximum power of 9 kW, would require approximately
seven pyrolysis cycles per day, each with a processing time of
1h.

Although this configuration provides a feasible first approxima-
tion for meeting the adsorbent demand, it also reveals import-
ant operational and environmental implications. In particular,
the need for multiple daily pyrolysis cycles suggests a relatively
energy-intensive process, which may significantly influence
both the economic performance and the environmental foot-
print of the system, as further discussed in the TEA and LCA
sections.

Additionally, the assumption of a constant biochar yield and
steady operation does not account for potential variability in
feedstock properties, thermal efficiency, or scale-dependent heat
transfer limitations. These factors could affect both the quantity
and quality of the produced biochar and consequently its ad-
sorption performance.

Overall, these results highlight that biochar production is not
only a supporting step but a critical component of the system,
directly affecting its scalability, cost structure, and environmen-
tal impact.

3.1.3 | Scaling of the Spent Biochar Application Process

The application area was estimated at 1.15ha based on the an-
nual production of RHB-Mg (20.77t/year) and an application
rate of 18t/ha, corresponding to the reference value reported
for rice-cultivated soils (Mohammadi et al. 2016). This rate was
selected to explore the potential integration of nutrient-loaded
biochar within an agricultural reuse pathway.

From a system perspective, the selected application dose rep-
resents a relatively high input of material to the soil, which
may enhance nutrient availability but also raises important
considerations regarding long-term accumulation effects,

particularly for Mg and associated ions. In this context, the
agronomic performance of the spent biochar should be in-
terpreted as a prospective scenario rather than a validated
outcome.

Although the scaling calculations indicate that the annual bio-
char production could be applied within a relatively limited ag-
ricultural area, the practical feasibility of this approach depends
on several factors not addressed in this study. These include
nutrient release dynamics, potential leaching, soil chemical
changes (e.g., pH and salinity), and crop response under real
field conditions.

The design parameters related to field application (e.g., plow-
ing, dosing, and homogenization equipment) are provided in
Table S4 and Appendix S1. However, these operational details
are not the primary focus of the analysis and are presented only
to support the system-level estimation.

3.2 | Nutrient Balance Analysis

A nutrient balance was performed to evaluate the consis-
tency of nitrate and phosphate removal in the adsorption
system using RHB-Mg. The mass balance was calculated
based on influent and effluent concentrations and the system
flow rate.

For nitrate, the influent load was 64.37 g/day, while the effluent
load was 43.2g/day, resulting in a removal of 21.16 g/day. In the
case of phosphate, the influent load was 14.26 g/day and the ef-
fluent load was 2.16 g/day, corresponding to a removal of 12.1g/
day (Table 3).

The mass balance closure was 100% for both nutrients, indi-
cating internal consistency of the calculations. The results
confirm that phosphate removal is significantly higher than
nitrate removal, which is consistent with the stronger ad-
sorption and precipitation mechanisms associated with Mg-
modified biochar, whereas nitrate removal is more limited due
to weaker interaction mechanisms, as discussed in previous
sections.

TABLE 3 | Nutrient balance for nitrate and phosphate at system

Water Environment Research, 2026

scale.

Parameter Nitrate Phosphate
Influent concentration (mg/L) 14.9 3.3
Effluent concentration (mg/L) 10 0.5

Flow rate (L/day) 4320 4320
Influent load (g/day) 64.37 14.26
Effluent load (g/day) 43.2 2.16
Removed load (g/day) 21.16 12.1

Mass balance closure (%) 100 100
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3.3 | TEA
3.3.1 | Estimation of Total Capital Costs

The total capital cost for the installation and equipment required
for the proposed system—including biochar production, fixed-
bed adsorption, and subsequent soil application—was estimated
at 122,762,675 Colombian pesos (COP). This value represents
the fixed and working capital investment needed to produce
RHB-Mg and operate the adsorption system under the defined
design conditions.

From a system perspective, this capital requirement reflects a
relatively simple configuration, as it excludes additional infra-
structure such as pre-treatment units or land acquisition. These
elements were not considered in the present analysis because
the system is assumed to be integrated into an existing waste-
water treatment facility and applied within already available
agricultural land.

Although the estimated capital cost provides a useful baseline,
it should be interpreted with caution. The simplified system
boundaries may underestimate the actual investment required
under real operating conditions, particularly when consider-
ing additional process units, infrastructure, and integration
requirements.

Furthermore, the capital cost must be evaluated in conjunction
with operational constraints identified in the adsorption system,
such as the short nitrate breakthrough time. These factors may
increase equipment redundancy (e.g., multiple columns) and op-
erational complexity, which could lead to higher capital and in-
stallation costs than those estimated in this preliminary design.

Overall, these results suggest that, while the initial capital in-
vestment appears moderate, the practical implementation of the
system may require additional infrastructure and configura-
tion adjustments that could significantly influence its economic
feasibility.

3.3.2 | Estimation of Annual Operating Costs

The annual operating cost to produce RHB-Mg was estimated
at COP 249,479/kg. This relatively high cost is primarily driven
by the consumption of magnesium chloride, with approximately
415 tons of industrial-grade MgCl,-6H,0 required for the im-
pregnation of 41.44 tons of rice husk at a unit price of COP
11,783,999/t in Colombia. This finding highlights a direct rela-
tionship between material design (Mg loading) and economic
performance, as the amount of MgCl, required to enhance ad-
sorption directly determines reagent consumption and overall
production cost.

These results indicate that reagent consumption, rather than
energy or biomass supply, is the dominant cost driver in the
system. The MgCl, consumption used in this study was based
on impregnation conditions reported in the literature and was
not optimized; therefore, the reported reagent demand should
be interpreted as a conservative scenario. This assumption has
a strong influence on both the economic and environmental

performance of the system and highlights the need for optimiza-
tion strategies aimed at reducing Mg dosage while maintaining
adsorption efficiency.

As a consequence, the economic performance of the process is
highly sensitive to MgCl, price and dosage, making the current
configuration economically challenging under baseline condi-
tions. Although the cost could potentially be reduced through
process optimization—such as lowering magnesium chloride
concentration (3.3M in this study), improving impregnation
efficiency, or adjusting pyrolysis conditions—these strategies
were not evaluated in detail and remain subject to future inves-
tigation (Iamsaard et al. 2023; Fang et al. 2014; Jiang et al. 2019;
Liu et al. 2022).

From a comparative perspective, the reported production costs
of adsorbents in the literature range from COP 2239 to 534,322/
kg (Table 4), reflecting significant variability due to differences
in feedstock, energy sources, and regional price structures
(Ighalo et al. 2022; El-Shafie et al. 2024). In this context, the cost
obtained in this study falls within the upper range, reinforcing
the need for optimization.

If MgCl, impregnation were omitted, the production cost would
decrease substantially to COP 4458/kg. However, this scenario
would compromise the adsorption performance, as unmod-
ified rice husk biochar is not effective for the removal of neg-
atively charged species such as nitrate and phosphate (Pratiwi
et al. 2016). This highlights a key trade-off between cost reduc-
tion and functional performance.

The operational cost of the overall adsorption system, includ-
ing biochar production and column operation, was estimated at
COP 3,202,735/m?3. This value is considerably higher than typi-
cal costs reported for conventional nutrient removal technolo-
gies, suggesting that the proposed system is not economically
competitive under the current assumptions.

While alternative approaches such as direct MgCl, precipita-
tion or biological treatment systems may offer lower operational
costs, the use of RHB-Mg presents potential advantages, in-
cluding reduced sludge generation, improved handling of solid
materials, and the possibility of reusing nutrient-loaded biochar
within a circular-economy framework. However, these benefits
are not sufficient to offset the high reagent cost under the base-
line scenario.

The application of nutrient-loaded (spent) RHB-Mg to soil was
estimated at COP 864,730/ha, with potential economic savings
of -COP 10,080,000/ha from reduced irrigation water use and —
COP 178,112/ha from reduced nitrogen fertilizer application. In
addition, indirect benefits may arise from greenhouse gas miti-
gation (CO,, CH,, and N,0) (Mohammadi et al. 2016), although
these were not monetized in the present analysis.

Overall, these results indicate that, despite the potential envi-
ronmental and circular-economy benefits, the economic feasi-
bility of the system is currently limited by the high consumption
of magnesium chloride. Therefore, significant process optimi-
zation or alternative design strategies would be required to im-
prove its competitiveness.
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3.3.3 | TEA Indicator

To enable a consistent comparison of the proposed process
with other studies and technologies, all economic values were
normalized to COP2025. Reported values originally expressed
in USD were converted to Colombian pesos using an average
exchange rate of 1 USD =4205.66 COP (2025 reference). In ad-
dition to the adsorbent production cost (COP/kg), the TEA in-
cludes the treatment cost per unit volume of wastewater (COP/
m?) and the cost per unit mass of nutrient removed (COP/kg),
enabling comparison across heterogeneous technologies. This
approach avoids misleading interpretations based solely on ad-
sorbent cost, which is strongly influenced by feedstock type, ac-
tivation method, process scale, and system boundaries.

When compared with conventional nutrient-removal technol-
ogies, the cost of the RHB-Mg system (3,200,000 COP/kg of
nutrient removed) is higher than that of biological nutrient re-
moval processes (1,130,271 COP/kg), ion exchange-membrane
systems (49,000 COP/kg), and chemical precipitation processes
(9252.45-32,383.58 COP/kg).

In general, RHB-Mg for nutrient removal exhibits higher costs
than other bioadsorbents and conventional treatment processes,
indicating that the system is not commercially viable under the
baseline scenario, particularly when operated under nonopti-
mized conditions and configurations with high reagent demand.

Figure 3 presents the NPV analysis for the cash flow of the pro-
posed RHB-Mg production and application system, considering
different costs of magnesium chloride. The blue line (labeled
100) represents the NPV calculated using the current market
price of magnesium chloride in Colombia, which was identified
as the most influential factor in the production cost of the pro-
posed bio-adsorbent.

The figure also includes three alternative scenarios where the
magnesium chloride price is reduced to 50%, 40%, and 30% of
the Colombian market value, represented by red (50), green (40),
and purple (30) lines, respectively.

In none of these cases did the project achieve economic feasi-
bility within a 20-year operating period, indicating that the sys-
tem is not profitable under the evaluated conditions. However,
as the magnesium chloride price decreases, project feasibility
improves, highlighting the critical role of reagent costs in the
overall economic viability of bio-adsorbent production. This
underscores the need for developing cost-effective magnesium
chloride production or recovery methods within the Colombian
context.

Another important factor influencing production costs is pro-
cessing scale. Larger industrial facilities typically benefit from
economies of scale, leading to significantly lower unit produc-
tion costs (Alonso-Gomez et al. 2024).

To further explore the sensitivity of magnesium chloride pric-
ing, two international price scenarios were evaluated (Figure 4).
In Scenario 1 (PI1), the magnesium chloride price was COP
1,459,267.26/t, based on quotations from Shandong Yifengtuo
Chemical Co. Ltd. (China); in Scenario 2 (PI2), the price was
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FIGURE3 | Economic indicator (net present value) at different mag-
nesium chloride prices. Values represent % of MgCl, price.
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FIGURE 4 | Economic indicator (net present value) under national
and international magnesium chloride price scenarios.

COP 263,680.45/t, quoted by Nanjing Jiayi Sunway Chemical
Co. Ltd. (China).

Under Scenario 1, the project remained economically unfeasi-
ble, whereas in Scenario 2, it became highly profitable, recov-
ering the initial investment within 1 to 3years at the analyzed
processing scale.

Therefore, to achieve feasibility in Colombia, a magnesium chlo-
ride price like that in Scenario 2 would be required.

A techno-economic study conducted in China by Peng
et al. (2023) found that the modification of maize biochar with
magnesium chloride for nutrient adsorption from livestock
wastewater, followed by soil amendment, was economically
viable.

However, unlike the present research, their analysis focused on
total benefit rather than NPV. This finding suggests that lower
reagent costs and energy prices in China make the large-scale
implementation of RHB-Mg for water and soil remediation eco-
nomically feasible, offering significant environmental, social,
and economic benefits.

The baseline TEA was initially developed using the Colombian
commercial MgCl, price (COP 11,783,999/t), which led to high
operating costs and negative NPV values. Considering the
strong influence of reagent price on the economic performance
of the system, additional uncertainty and scenario analyses
were performed using lower international MgCl, prices based
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TABLE 5 | Main economic assumptions and parameters considered
in the techno-economic assessment of the RHB-Mg adsorption system.

Parameter Value Unit
Project lifetime 20 years
Discount rate 12 %
Inflation rate 3 %
Initial capital investment 122,762,675 Cop
(CAPEX)

Annual treated wastewater 1576.8 m3/year
volume

MgCl, price 263,680.45 COP/ton
Annual MgCl, consumption 415 ton/year
Electricity cost 1000 COP/kWh
Annual electricity consumption 28,451 kWh/year
Biochar yield 50 %
Adsorption treatment cost 2324 COP/m?
Labor cost 25,000,000  COP/year
Maintenance cost 12,000,000  COP/year
Transport cost 8,000,000 COP/year

on Chinese industrial market quotations (reference value: COP
263,680.45/t). These alternative scenarios were included to ex-
plore the potential economic behavior of the adsorption system
under more favorable large-scale supply conditions. Table 5
summarizes the main economic assumptions and parameters
considered in the techno-economic assessment and uncertainty
analysis of the RHB-Mg adsorption system.

The TEA results indicate that operating costs associated with
reagent consumption and process operation represent the main
contributors to the economic performance of the adsorption
system.

Given the inherent uncertainty associated with operational
costs, reagent consumption, and economic assumptions, an un-
certainty and sensitivity analysis was further conducted to eval-
uate the robustness of the TEA results.

3.3.4 | Techno-Economic Uncertainty

To evaluate the robustness of the techno-economic assess-
ment, a probabilistic uncertainty analysis was performed
using Monte Carlo simulation combined with tornado sensi-
tivity analysis. A total of 10,000 Monte Carlo iterations were
conducted considering triangular probability distributions for
the main economic parameters, including MgCl2 price, elec-
tricity cost, biochar yield, adsorption treatment cost, labor
cost, maintenance cost, transport cost, and discount rate. The
selected distributions were defined using minimum, most
probable, and maximum values derived from the operational
assumptions adopted in the TEA.

Figure 5A presents the Monte Carlo distribution of the NPV ob-
tained under the evaluated uncertainty conditions. The results re-
vealed a broad NPV distribution, indicating considerable economic
variability associated with the adsorption process. The probability
of obtaining a positive NPV was estimated at 0%, indicating that
the process is currently economically unviable under the evalu-
ated assumptions. Even under the most optimistic price scenario
(P12), the Monte Carlo simulation still revealed a 0% probability of
economic success, suggesting that the viability of the RHB-Mg sys-
tem depends primarily on substantial optimization of reagent con-
sumption rather than solely on access to lower cost international
inputs. This result is consistent with the emerging and nonopti-
mized nature of the proposed adsorption system, where reagent
consumption, operational conditions, and process scale still re-
quire substantial optimization to improve economic performance.

Figure 5B shows the tornado sensitivity analysis correspond-
ing to a £10% variation in the evaluated parameters. Among
the analyzed variables, MgCl, price exhibited the highest in-
fluence on NPV, followed by adsorption treatment cost and
operational expenditures such as labor, maintenance, and
electricity consumption. In contrast, the discount rate and
transport cost showed comparatively lower influence on the
economic response of the system. These findings indicate that
chemical consumption and operating costs are the dominant
economic drivers affecting the viability of the RHB-Mg ad-
sorption system.

Therefore, optimization of reagent usage, reduction of energy de-
mand, and improvement of operational conditions are necessary
to enhance the economic viability of the process. Overall, the
present analysis should be interpreted as a preliminary techno-
economic assessment intended to identify critical sources of
uncertainty and sensitivity trends rather than to establish defin-
itive commercial feasibility.

34 | LCA

Mg loading not only influences adsorption efficiency but also
contributes to environmental impacts through reagent produc-
tion and associated emissions, establishing a direct relationship
between the properties of RHB-Mg and life cycle outcomes.
Table 6 presents the results of the environmental assessment of
the RHB-Mg application system.

Significant environmental impacts were identified in cate-
gories such as aquatic ecotoxicity (AEC), NRE use, ionizing
radiation (IT), terrestrial ecotoxicity (TE), and global warm-
ing (GW).

These findings emphasize the importance of evaluating the
environmental implications of each of the three process stages
(Figure 6).

The RHB-Mg preparation phase was found to have the highest
negative environmental impact, particularly in the categories of
AEC, NRE use, IT, and GW.

This is primarily due to the high energy demand during pyroly-
sis, which contributes substantially to greenhouse gas emissions.

Water Environment Research, 2026
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FIGURE 5 | Techno-economic uncertainty analysis of the RHB-Mg system. (A) Monte Carlo simulation showing the NPV distribution obtained

from 10,000 iterations. (B) Tornado sensitivity analysis illustrating the effect of +10% variation in key economic parameters on NPV.

Recovering or utilizing the energy generated during pyrolysis
could help offset these negative impacts (Norberto et al. 2023).

Furthermore, the use of NRE sources contributes significantly
to environmental burdens; hence, substituting renewable energy
sources in biochar production could mitigate the system's overall
environmental impact (Norberto et al. 2023; Huang et al. 2013;
Tang et al. 2020).

Conversely, the soil application phase exhibited the lowest envi-
ronmental impact across all evaluated categories, showing pos-
itive contributions in terrestrial and aquatic acidification and
GW mitigation (Figure 6).

These benefits can be attributed to the environmental ad-
vantages of RHB-Mg in soils, such as CO, sequestration, re-
duced N,O emissions, lower irrigation water use, and reduced
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TABLE 6 |
application system.

Environmental evaluation of the overall biochar

dependence on synthetic fertilizers (Yang et al. 2021; Marzeddu
et al. 2021; Zhu et al. 2022).

Impact . By decreasing the inputs required along the agricultural pro-
category Acronym Unit Value . L o . .
duction chain, biochar application can lower environmental im-
Aquatic AA kg SO, eq —0.49148 pacts while improving crop productivity.
acidification
. Thus, the use of spent RHB-Mg (after adsorption) as a soil
Aquatic AEC kg TEG water ~ 44.88427 . . s
o amendment can be considered a sustainable strategy for miti-
ecotoxicity . . . . :
gating the environmental impacts associated with poor manage-
Aquatic AET kg PO, P-lim  0.000194 ment of agro-industrial residues.
eutrophication
Carcinogens CA kgC,H,Cleq  0.001672 This c1r-cular approach nqt only reduces Waste. but. also provides
net environmental benefits due to the negative impact values
Global warming GW kg CO, eq 1.149889 achieved in several categories. However, the effectiveness of
Tonizing IT Bq C-14 eq 19.61043 RHB-Mg when.used as a soil am.endment deper.1ds on n'utrlent
radiation retention capacity, release dynamics, and potential leaching be-
havior. These factors were not experimentally evaluated in this
Land occupation LO mPorg.arable  0.087495 study and therefore introduce uncertainty into the system-level
Mineral MET MJsurplus  5.82E-05 assessment.
extraction
In this study, it was found that applying 1kg of RHB-Mg to soil
Noncarcinogens NC kg C,H,Cleq  0.011842 may result in a potential climate change benefit of —1.34-kg CO,
Nonrenewable NRE MJ primary 31.41365 eq in the GW category (assuming carbon stability in soil), which
energy is comparable to the ranges reported in previous studies (—0.07
to —1.25-kg CO, eq) (Norberto et al. 2023).
Ozone layer OLD kg CFC-11eq  1.78E-07
depletion Other studies have reported even higher reductions (up to
Respiratory RI kgPM2.5eq  —0.09034 —6.89-kg CO, eq) (Moreira et al. 2017), which may be attributed
inorganics to differences in biochar feedstocks, preparation methods, and
field application conditions.
Respiratory RO kg C,H, eq 0.000209
organics However, the climate change benefit associated with the appli-
Terrestrial TAN kg SO, eq —3.91711 cation of RHB-Mg should be interpreted with caution. The re-
eutrophication/ ported value (—1.34-kg CO, eq/kg) represents a potential climate
nutrification benefit derived from life cycle modeling assumptions, rather
- ial TE ke TEG soil 430524 than a confirmed carbon sequestration outcome. In this study,
errest.rl.a g sot 305248 key parameters required to assess carbon stability—such as ele-
ecotoxicity mental carbon content, ash content, H/Corg and O/Corg ratios,
and the recalcitrant carbon fraction—were not experimentally
determined.
Therefore, the estimated CO, reduction is subject to significant
TE | uncertainty and depends on assumptions regarding carbon
T4 permanence in soil. Previous studies have shown that carbon
RO . . .
. removal through biochar systems is strongly influenced by feed-
oLD stock characteristics, pyrolysis conditions, the fraction of stable
NRE carbon, its permanence, and the system boundaries considered
NC _ v (Lefebvre et al. 2023; Fawzy et al. 2022).
m A) Biochar preparation
MET
Lo . o Positive environmental outcomes were also observed for ter-
T ] l%) Nitrate and phosphate adsorption in a ] ) . ) . . .
- fixed-bed column restrial and aquatic acidification, with respective reductions of
GW
on €) Soil spplication -3.95-kg SO, eq and —0.5-kg SO, eq.
AET
AEC I These improvements are linked to biochar's capacity to retain
AA soil moisture thus reducing irrigation frequency and to lower
20 0 20 10 0 fertilizer inputs, which prevents the release of acidifying sub-
Impact Value stances into soil and water systems (Yang et al. 2021; Marzeddu
FIGURE 6 | Impacts by stages of the biochar application system. et al. 2021; Zhu et al. 2022).
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Regarding respiratory inorganic impacts, a reduction of —0.1-
kg PM, . eq was estimated, associated with the decreased use
of nitrogen fertilizers (Frazier et al. 2015). This outcome also
contributes to a reduction in respiratory health risks in humans
(Erison et al. 2022), confirming the wide range of environmen-
tal and health cobenefits that biochar application can provide.

In addition, the environmental impacts were normalized with
respect to the adsorption process performance, as described in
Section 2.3.1, in order to improve comparability with wastewa-
ter treatment technologies. Based on the functional unit of 1kg of
RHB-Mg, the system treats 0.03789 m> of wastewater, removing
0.000372kg of NO,~ and 0.000213kg of PO *~ per kg of RHB-Mg.

Using the GW potential of the entire system (including RHB-Mg
preparation, adsorption, and soil application), estimated at
1.149889-kg CO, eq per kg of RHB-Mg, the impacts correspond
to 30.35-kg CO, eq per m? of treated wastewater, 3092.6-kg CO,
eq per kg of NO,~ removed, and 5408.3-kg CO, eq per kg of
PO,3~ removed. These results indicate that the environmental
intensity of the system is mainly driven by the production of
RHB-Mg, particularly by energy demand and MgCl, consump-
tion. Although these values are higher than those typically re-
ported for conventional wastewater treatment systems (Osman,
Elgarahy, et al. 2022; Osman et al. 2024), they are associated
with the current nonoptimized operating conditions and do not
account for the potential benefits related to nutrient recovery
and the reuse of spent biochar as a soil amendment.

3.4.1 | Sensitivity Analysis Comparing Different
Energy Sources

The results in Figure 7 show significant differences among the
three energy sources (hydroelectric, wind, and syngas) across
different environmental impact categories. Hydroelectric power
had the greatest impact on NRE, IT, GW, and AEC. These im-
pacts can be attributed to the infrastructure, materials, and

TE
TAN §
RO
RI
oLD
NRE

energy consumption required for this kind of electricity gener-
ation. Hydroelectric power also contributed significantly to TE
and to human toxicity categories, including carcinogens (CA)
and noncarcinogens (NC).

Wind power consistently showed the lowest environmental im-
pacts in most evaluated categories. This was especially true for
GW, NRE, IT, aquatic and TE, and ozone layer depletion (OLD).
Wind power even showed negative values in categories such as
GW and ocean acidification. This suggests there may be envi-
ronmental benefits from replacing conventional energy sources.
These results position wind energy as the alternative with the
best environmental performance in the sensitivity analysis.

Syngas showed intermediate performance between hydroelec-
tric and wind energy. It had lower impacts than hydroelectric
energy in most categories, but its environmental contributions
remain relevant in AEC, NRE, and TE. The use of biomass-
derived synthesis gas is promising. It can valorize agro-industrial
waste and reduce dependence on fossil fuels.

Overall, the sensitivity analysis indicates that wind energy is the
most environmentally sustainable option, while hydroelectric
energy exhibited the greatest impacts in several evaluated cat-
egories. Syngas, for its part, showed a favorable environmental
performance compared to hydroelectric energy, although it still
requires optimization to reduce impacts associated with ther-
mochemical processes and resource consumption. These results
suggest that integrating alternative renewable sources, particu-
larly wind energy and biomass-based syngas, could help reduce
the environmental impacts of biochar production and utilization
systems in Colombia.

4 | Perspectives and Future Work

This study provides a system-level evaluation of RHB-Mg
for the removal of nitrates and phosphates from wastewater

NC
MET
LO

GW
CA

AET

AEC

AA

-50 0 50 100 150

200 250 300 350 400

Syngas M Wind Power M Hydroelectric

FIGURE 7 | Sensitivity analysis of the type of energy used. The units for the impact category have been specified above (Table 6).
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based on fixed-bed column adsorption data. Detailed adsorp-
tion metrics such as breakthrough curve integration and ad-
sorption capacity (mg/g) were not recalculated in this study,
as they were previously reported in the experimental work on
which this analysis is based. However, several aspects require
further investigation to support its practical implementation
at larger scales.

In particular, experimental validation at pilot scale is needed to
confirm the assumptions used in the scale-up analysis and to
evaluate long-term operational stability under realistic condi-
tions. Factors such as mass transfer limitations, pressure drop,
and continuous operation performance should be examined in
more detail.

Process optimization also remains a key area for future work.
The results indicate that magnesium chloride consumption is a
major contributor to operational costs, and therefore strategies
aimed at reducing reagent use and improving energy efficiency
are essential to enhance the overall economic feasibility of the
system.

In other hand, future research should include a detailed Mg
and chloride mass balance across all process stages, including
impregnation, washing, adsorption, and soil application. This
should involve quantification of Mg retention efficiency, char-
acterization of washing effluents, and evaluation of potential
Mg and chloride leaching under operational and environmental
conditions.

From a circular-economy perspective, future studies should
also consider the reuse of treated wastewater (e.g., for irriga-
tion), which was not addressed in the present work but could
further strengthen the integrated nature of the proposed
approach.

Similarly, the agricultural application of nutrient-loaded bio-
char should be validated through controlled soil experiments
to better understand nutrient availability, crop response, and
potential environmental impacts, particularly under long-term
conditions.

In addition, further characterization of the spent RHB-Mg is re-
quired to assess its suitability for soil application, including the
evaluation of possible contaminant accumulation, magnesium
and chloride release, and overall material safety.

Finally, the absence of post-adsorption characterization rep-
resents a limitation of this study, especially in relation to con-
firming the mechanisms governing nitrate removal. Future
research should also incorporate uncertainty and sensitivity
analyses to improve the robustness of techno-economic and en-
vironmental assessments.

5 | Conclusions
The scaling of the adsorption process and the estimation of

RHB-Mg requirements for its sequential use as an adsor-
bent in fixed-bed columns and as a soil amendment provide a

preliminary assessment of the system. Based on these results,
an integrated evaluation of the economic and environmental
performance of the RHB-Mg production and application system
was developed. Overall, this study presents a system-level analy-
sis, and further experimental validation at pilot scale is required
prior to practical implementation.

The results indicate that, although the system offers potential
environmental and circular-economy benefits, its economic
feasibility is currently constrained by the high consumption of
magnesium chloride. This parameter should be interpreted as
a nonoptimized design condition and represents a critical lever
for improving both economic and environmental performance.
In this context, optimization of MgCl, dosage while maintain-
ing adsorption efficiency emerges as a key priority for future
research.

From an environmental perspective, the most sustainable stage
of the evaluated system corresponds to the application of spent
RHB-Mg to soil, whereas the biochar production stage exhib-
ited the lowest performance, with negative impacts in catego-
ries such as AEC, IT, and NRE use. These findings highlight the
need for mitigation strategies, including improved energy recov-
ery and the incorporation of renewable energy sources during

pyrolysis.

The economic analysis further confirms that magnesium chlo-
ride consumption is the dominant cost driver and has a decisive
influence on overall feasibility. Under current Colombian mar-
ket conditions, the system is not economically viable; however,
scenarios considering lower reagent prices suggest that imple-
mentation could become feasible. This underscores the impor-
tance of both reducing reagent consumption and exploring
alternative supply strategies.

The soil application stage was evaluated as a prospective sce-
nario based on literature data and LCA, rather than direct ex-
perimental validation. Therefore, future work should prioritize
field-scale studies to validate the agronomic performance and
environmental benefits of nutrient-enriched RHB-Mg under
real conditions. In addition, further research should address
the development of a detailed mass balance of Mg and chloride,
including retention, losses during washing, and potential leach-
ing, as well as the long-term stability of RHB-Mg (e.g., H/C ratio)
to confirm its suitability for soil application.

The climate change benefits associated with RHB-Mg applica-
tion are subject to significant uncertainty, particularly due to
assumptions regarding carbon stability and permanence in soil.
Therefore, the reported CO, reduction should be interpreted as a
potential outcome rather than a confirmed carbon sequestration
effect.

Finally, future studies should focus on optimizing process con-
ditions—particularly reducing MgCl, consumption during
impregnation—to enhance the operational efficiency and com-
petitiveness of the system. Comparative assessments with con-
ventional nutrient removal technologies will also be necessary
to fully establish the practical advantages of RHB-Mg-based
approaches.
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