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Abstract 

Fluoride-containing wastewater poses a significant environmental challenge, especially in the 

mineral processing sector. This study applies a life cycle assessment (LCA) to evaluate an 

electrocoagulation-based treatment process, integrating biogas-derived CO₂ for pH regulation and 

cogeneration of electricity, using the Egalitarian perspective, which is the most precautionary that 

takes into account the longest time-frame and impact types that are not yet fully established but for 

which some indication is available. The LCA considered five subsystems: electrocoagulation, pH 

adjustment, sedimentation, pumping, and sludge transport, across three operational scenarios. 

Scenario 1 (S1) employed hydrochloric acid for pH control, Scenario 2 (S2) used biogas exclusively 

for pH regulation, and Scenario 3 (S3) combined biogas-based pH adjustment with power generation. 

Results showed an environmental impact ranking of S3 < S1 < S2, with S3 reducing overall impacts 

from 12.5 Pt to 6.4 Pt compared to S1. The electrocoagulation unit was the dominant contributor to 

environmental burdens; however, in S3, the pH adjustment subsystem delivered a net environmental 

benefit through surplus electricity generation. Additionally, sludge reuse as a raw material for brick 

production, implemented in all scenarios, further mitigated impacts. Human health emerged as the 

most affected endpoint, driven mainly by toxicity (carcinogenic and non-carcinogenic), climate 

change potential, marine ecotoxicity, and particulate matter formation. These findings highlight the 

benefits of integrating biogas utilization and sludge valorization into industrial wastewater 

management strategies. 

Keywords: ReCiPe Endpoint; pH regulator; energy cogeneration; mineral wastewater; CO2 capture; 

electrocoagulation 

 

1. Introduction 

Industrial fluoride-containing wastewater significantly contributes to the pollution of 

groundwater, surface water bodies, and soil, with substantial adverse environmental impacts [1,2]. 

Fluoride concentrations in industrial effluents are often substantially higher than in natural waters, 

ranging from 10 to 6,500 mg·L⁻¹ [3–7]. These effluents typically originate from the production of 

niobium(hydrofluoric acid is used as activator in flotation) and phosphates (fluorapatite bearing) ores 

processing, aluminum fluoride, semiconductors, fertilizers, glass industries and from the production 

of high-strength and superconducting metal alloys [8,9]. Chronic exposure to fluoride concentrations 

above 2 mg·L⁻¹ can lead to dental fluorosis and, in severe cases, skeletal fluorosis, osteoporosis, 

arthritis, male infertility, Alzheimer’s disease, and damage to the liver, kidneys, or parathyroid gland 

[10–12].  

The impact of fluoride in human health is well known [1–13]. Under chronic fluoride exposure 

at 100 ppm, the highest accumulation was observed in the liver, followed by the kidneys and heart. 
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This distribution was associated with significant biochemical alterations, including elevated plasma 

levels of dehydrogenase, aminotransferases, kidney injury molecule-1 (KIM-1), and other renal 

biomarkers, together with a reduction in total plasma proteins and albumin. The findings 

demonstrate that fluoride accumulation exerts concentration-dependent hepatotoxic, nephrotoxic, 

and cardiotoxic effects, underscoring the substantial health risks posed by chronic fluoride intake in 

endemic areas [13]. 

Various technologies have been applied to adjust fluoride concentrations to acceptable levels for 

discharge or human consumption [14]. From them, electrocoagulation (EC) has proved to be 

particularly effective for both drinking water and industrial wastewater treatment [15–23]. EC offers 

several advantages such as simple and compact design, ease of automation, no need for chemical 

additives, quick operation, and minimal sludge production [24,25]. However, pH control is a critical 

factor in EC-based fluoride removal. This is because effective formation of Al(OH)₃, a key agent in 

the process, depends on pH and is favored in the pH range of 6–8 [7,26]. This commands the use of 

pH regulators to maintain the optimal pH range during the treatment.  

From another side, CO2 capture systems from flue gases and other systems have a potential effect 

on reducing impacts on climate change. Various technologies have been developed to capture CO2 

from flue gases and other sources, each one with distinct advantages and limitations. These 

technologies include absorption, adsorption, membrane separation, cryogenic distillation, and 

electrochemical processes [27]. The effectiveness of these systems in reducing emissions and their 

potential to mitigate climate change varies based on their application, cost, and efficiency. In this 

paper, it is addressed the use of CO₂ for pH control, as an alternative to traditional acids such as HCl 

or H₂SO₄, avoiding introducing chloride or sulfate ions into the treated water and contributing to 

reduce CO2 emissions. Control of pH is crucial for enhancing CO2 absorption in water, as it facilitates 

the conversion of CO2 into bicarbonate (HCO3−). Absorption must be carried out at optimal pH to get 

maximum efficiency. This method may be particularly beneficial for smaller plants that emit limited 

amounts of CO2, as it does not require extensive transport and storage infrastructure [28]. 

Considering the high content of CO2 in biogas (35-40% in vol), and the need to separate it from 

methane (55-60% in vol) [w], integrating biogas into the treatment process, can contribute to reducing 

greenhouse gas emissions and reduce the CO2 impact on environment. In a previous work, the 

separation of CO₂ from biogas produced in anaerobic biodigesters allowed its separation from 

methane, enhancing its use for energy generation [29].  

Evaluation of the environmental performance of fluoride treatment processes may be done by 

Life Cycle Assessment (LCA) tools [33,34]. providing a comprehensive assessment of environmental 

burdens, related to material and energy inputs. This has been widely applied to assess and compare 

wastewater treatment technologies [34,36–39]. LCA methodologies have also evolved to access 

associated toxicity impacts on human health and ecosystems [34,40]. Despite many studies on 

fluoride removal by electrocoagulation [15–26], LCA applied specifically to the fluoride 

electrocoagulation (EC) are scarce. The environmental performance comparing two technologies for 

removing arsenic (As³⁺) and fluoride (F⁻) from groundwater is presented in literature [41]. |They used 

the GaBi software with midpoint methods (CML 2001 and TRACI) and report that, compared to 

adsorption, EC is identified as a more sustainable and cost-effective option for community-level 

groundwater treatment. 

On the other hand, LCA also accounts for indirect environmental impacts, such as those related 

to the production of fuels and energy used in effluent treatment processes [36]. Using renewable 

energy to power EC systems can mitigate concerns related to greenhouse gas emissions associated 

with fossil-based electricity [42,43]. The electrocoagulation (EC) process produces sludge with 

significant potential for resource recovery and environmental sustainability. The valorization of EC-

generated sludge offers potential for waste minimization and further impact reduction [44]. Potential 

applications of this sludge containing fluorides can be cited, as in construction materials [45,46)], as 

adsorbents [47–49], and as active corrosion inhibitors for aluminum [50]. Nevertheless, challenges 
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related to energy consumption and electrode stability remain and must be addressed to optimize the 

process for widespread use. 

In the context of fluoride-containing wastewater treatment by electrocoagulation, where strict 

pH control is required and reducing CO₂ emissions is a priority, this study applies the LCA 

methodology to evaluate the environmental impacts of different pH control strategies in a full-scale 

electrocoagulation plant. The three strategies considered are: (i) pH adjustment using hydrochloric 

acid (HCl), (ii) pH regulation with biogenic CO₂ derived from biodigester-sourced biogas, and (iii) 

combined use of biogenic CO₂ for pH regulation together with methane-enriched biogas for 

electricity generation 

Description of system and conditions 

2.1. LCA methodology 

The LCA methodology defined by the ISO 14040:2006 series [35,51] was applied in this study. 

LCA modeling and impact estimation were performed using SimaPro® 9.1. This software was 

selected because it provides access to multiple databases and impact assessment methods, along with 

a robust graphical interface that facilitates the identification of the processes with the greatest impacts 

[52]. The ReCiPe 2016 v1.1 endpoint method was applied to estimate the environmental impacts of 

wastewater treatment. The Egalitarian (E) perspective was selected, as it is the most precautionary 

approach, accounting for the longest time horizon and including impact categories that are not yet 

fully established, but for which preliminary evidence exists [53,54]. ReCiPe allows choosing to use 

midpoint indicators or endpoint indicators. Each method has been created from three different 

perspectives.  

The endpoint method deals with human health, natural resources and the environment and 

offers long-term environmental impacts associated with uncertainty compared to the midpoint 

analysis. The global environmental impact is the weighted sum of endpoint damages to human 

health, ecosystems, and resources, providing a single overall indicator of environmental burden [55].  

2.2. Goal and scope of the study 

The functional unit for the electrocoagulation process was defined as 1 m³ of treated effluent 

[56], with a final fluoride concentration of less than 10 ppm. The process was divided into 5 

subsystems (Figure 1): electrocoagulation unit, pH control unit, sedimentation unit, pumping, and 

waste transport.  
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Figure 1. System and subsystems units applied to this study. 

Three different scenarios (Table 1) were evaluated. In scenario S1 HCl was used to control the 

pH while in scenarios S2 and S3, CO2 biogas was applied. Additionally, in scenario S3, after pH 

control the residual gas was used to produce electrical energy. The generated energy was reused in 

the system. The “Gate-to-Gate” methodology was considered, that is, starting with the collection of 

effluent and ending with its discharge.  

Table 1. Scenarios description. 

Scenario Reagent Function 

S1 HCl pH control 

S2 CO2 from biogas pH control 

S3 CO2 from biogas pH control and energy source 

In scenarios S1, S2 and S3, the generated sludge was used to manufacture building bricks. 

 2.3 Life Cycle inventory (LCI) 

Experiments were carried out on a lab scale according to schematic setup shown in Figure 2. The 

biodigester used in this study (Homebiogas) was fed with 5kg of corn straw, able to produce about 

700L of biogas per week. The biogas (50.1% CO2, 47.9% CH4, 0.8% O2, 40ppm CO, and 7ppm H2S) 

was analyzed by a gas analyzer Landtec GEM5000. For comparative purposes, experiments were also 

carried out using acid for pH control.  

Energy spent, wear of aluminum plates, volume of gas or acid, residual fluoride concentration, 

among others, were collected from experiments and computed as a function of the volume of treated 

effluent. More information can be found on [30]. 
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Figure 2. Experimental setup: A - wastewater storage; B - peristaltic pump; C - biodigester or acid; D - gas and 

wastewater mixer; E - DC power supply; F - electrochemical cell; G - gas/wastewater sprinkler; H - magnetic 

stirrer; I - aluminum electrodes. 

From experimental and literature data [30] an electrocoagulation unit of 23 m3/day was 

designed, as well as the measurement of pumping energy expenditure [57]. The unit shown in Figure 

3 also includes solid-liquid separation by sedimentation.  

The sludge generated in the process is stored in a stockpile, collected and transported to a brick 

factory. The inputs used in the structural part of the project, as well as the spending during use, such 

as aluminum, energy and reagents, are shown in tables 2 – 6, divided into subsystems as described 

in item 2.2.  

 

Figure 3. Schematic of the electrocoagulation treatment plant for fluoride removal. 
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A real stream from mining industry with the characteristics shown in Table 2 was used in this 

study. According to the Brazilian guidelines [58] the residual fluoride in a treated effluent cannot 

exceed 10mg.L-1. After treatment, the effluent presented 7.9-10.3 mg.L-1 of fluoride with a pH of 6.5-

7.1 thus complying with the regulation [30]. 

Table 2. Chemical characterization of the wastewater [30]. 

Parameter Value 

pH 7.8 

Conductivity (µS.cm-1) 6056.0 

Fluoride (mg.L-1) 134.0 

Calcium (mg.L-1) 4.4 

Sodium (mg.L-1) 632.0 

Aluminum (mg.L-1) <5.0* 

Chloride (mg.L-1) 1424.0 

Sulfate (mg.L-1) 69.0 

Alkalinity carbonates and hydroxides (mg.L-1) 0.0 

Alkalinity bicarbonates (mg.L-1) 660.0 

Total phosphorus (mg.L-1) 8.0 

COD (mgO2.L-1) 106.0 

* Detection limit of the adopted analysis  

2.4. Electrocoagulation  

The electrocoagulation unit of 1x1x0.8m3 was built in polyethylene structure, pointed by Rech 

[41], for better economic viability, long durability and low cost compared to other materials. Energy 

expenditures and aluminum plates were obtained experimentally, as mentioned above. In scenario 

S3, the energy generated by biogas was allocated to the process and the excess was accounted for as 

output in the system. Data are shown in Table 3. 

Table 3. Electrocoagulation unit. 

Scenario Input Quantity SimaPro® data 

S1, S2, S3 Polyethylene (kg) 2.4948E-4  
Polyethylene high density granulates (PE-HD), production mix, at 

plant RER 

S1, S2, S3 Polyethylene molding (kg) 2.4948E-4  
Injection molding (CA-QC) injection molding - APOS, S 

 

S1, S2, S3 Aluminum plate (kg) 2.52 
Aluminum, cast alloy GLO market for APOS, S 

 

S1, S2 Electricity (kWh) 2.25  
Electricity, low voltage (BR- south-eastern grid) market for 

electricity, low voltage APOS, S 

S3 Electricity (kWh) 2.25 
Electricity, low voltage (CH) biogas, burned in micro gas turbine 

100kWe - APOS, S  

Functional unit: 1m3 of effluent; lifetime 25 years. 

2.5. Sedimentation unit 

The costs of inputs and energy with the structure and operation of the sedimentation unit were 

estimated based on the study of Cashman et al. [59], presented in Table 4. The sedimentation unit of 

concrete and steel frame structures supported the polyethylene apparatus and stirring system. For 

all scenarios, the output of effluent treated to 10mg.L-1 of fluoride was considered, including the other 

parameters shown in Table 2, except for COD (Chemical oxygen demand) and aluminum. 

Table 4. Sedimentation unit. 

  Scenario Input Quantity SimaPro® data 

Sedimen

tation 

tank 

S1, S2, S3 Steel (kg) 8.8E-4 Iron and steel, production mix/US 

S1, S2, S3 HDPE (kg) 5.8E-6 
Polyethylene high density granulates (PE-HD), production mix, at 

plant RER 
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structur

e 
S1, S2, S3 Concrete (m3)  1.0E-5 Concrete, normal (BR) market for concrete, normal - APOS, S 

Motor 

S1, S2, S3 Steel (kg) 2.4E-8 Iron and steel, production mix/US 

S1, S2, S3 Steel (kg) 6.0E-9 Iron and steel, production mix/US 

S1, S2, S3 Cast iron (kg) 1.8E-7 Cast iron (GLO) market for - APOS S 

S1, S2, S3 Aluminum (kg) 5.4E-9 Aluminum alloy, AlLi (GLO) market for - APOS, S 

S1, S2, S3 Cooper (kg) 4.6E-9 
Copper sheet, technology mix, consumption mix, at plant, 0.6mm 

thickness EU-15 S 

S1, S2 Electricity (kWh) 0.092 
Electricity, low voltage (BR- south-eastern grid) market for 

electricity, low voltage APOS, S 

S3 Electricity (kWh) 0.092 
Electricity, low voltage (CH) biogas, burned in micro gas turbine 

100kWe - APOS, S 

Functional unit: 1m3 of effluent; Lifetime of sedimentation tank: 100 years; Motor lifetime: 25 years. APOS (Allocation at the 

point of substitution) 

2.6. pH adjustment unit 

The pH adjustment unit is composed by 200L polyethylene barrel and receives the controlling-

pH reagents (Table 5). As mentioned earlier, in scenarios S2 and S3, biogas was injected into the 

effluent for pH control. According to Nigri et al. [30], only the CO2 reacts with the effluent reducing 

the pH. Methane content in biogas increases due to CO2 removal, which benefits the energy 

generation process.  

Table 5. pH adjustment unit inventory. 

Scenario Input Output Quantity SimaPro® data 

S1, S2, S3 Polyethylene (g)  0.044074 
Polyethylene high density granulates (PE-HD), 

production mix, at plant RER 

S1, S2, S3 
Polyethylene molding 

(g) 
 0.044074 

Injection molding (CA-QC) injection molding - APOS, S 

 

S1 HCl (L)  2.627 
Hydrochloric acid, Mannheim process (30% HCl), at 

plant/RER Mass 

S2, S3 Biogas (L)  5.3966  
Biogas, from grass (CH) biogas production from grass – 

APOS S 

S3  Electricity (kwh) *15.04857 
Electricity, low voltage (CH) biogas, burned in micro gas 

turbine 100kWe - APOS, S 

Functional unit: 1m3 of effluent; lifetime: 25 years. *Excess energy in the process 

The consumption of CO2 of 5.31kg.m-3 was obtained by modeling the system using the 

geochemical software PHREEQC, Version 3.4.0.1 2927 (llnl.dat), for a closed system. Furthermore, 

the energy capacity of gas after pH control can be increased by the generation of hydrogen in the 

electrocoagulation process. For scenario S2, the output of methane (1,894kg.m-3) was allocated to the 

atmosphere, regarding the consumption of CO2 in the process. Considering that biogas can generate 

8.25kWh.m-3as pointed by Dalpaz [60], and a 40% yield due to losses in the collection and in the 

process of obtaining electricity, the energy generated by the volume of gas spent in the process was 

17.81kWh.m-3. In scenario S3 the biogas was converted into electrical energy that was used in the 

process. 

2.7. Pumping unit 

The pumping unit (Table 6) is composed of pumps (4 units) and pipelines (30 m). Structural data 

were estimated based on the study of Cashman et al. [59], and the energy expenditures were based 

on the study of Singh et al. [57]. 

Table 6. Pumping unit inventory. 

 Scenario Input Quantity SimaPro® data 

Pickup 

pump 

S1, S2, S3 Cast iron (kg) 2.4E-5 Cast iron (GLO) market for – APOS, S 

S1, S2, S3 Stainless steel (kg) 2.2E-6 Steel, stainless 304, flat rolled coil/kg/RNA 
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S1, S2 Electricity (kWh) 0.203 
Electricity, low voltage (BR- south-eastern grid) market for 

electricity, low voltage APOS, S 

S3 Electricity (kWh) 0.203 
Electricity, low voltage (CH) biogas, burned in micro gas turbine 

100kWe - APOS, S 

Acid or 

biogas 

injectio

n pump 

S1, S2, S3 Cast iron (kg) 1.3E-7 Cast iron (GLO) market for – APOS, S 

S1, S2, S3 Stainless steel (kg) 9.1E-8 
Steel, stainless 304, flat rolled coil/kg/RNA 

 

S1, S2 Electricity (kWh) 0.0156 
Electricity, low voltage (BR- south-eastern grid) market for 

electricity, low voltage APOS, S 

S3 Electricity (kWh) 0.0156 
Electricity, low voltage (CH) biogas, burned in micro gas turbine 

100kWe - APOS, S 

Sludge 

pump 

S1, S2, S3 Cast iron (kg) 2.8E-7 Cast iron (GLO) market for – APOS, S 

S1, S2, S3 Stainless steel (kg) 1.9E-7 
Steel, stainless 304, flat rolled coil/kg/RNA 

 

S1, S2 Electricity (kWh) 0.0165 
Electricity, low voltage (BR- south-eastern grid) market for 

electricity, low voltage APOS, S 

S3 Electricity (kWh) 0.0165 
Electricity, low voltage (CH) biogas, burned in micro gas turbine 

100kWe - APOS, S 

Treated 

effluent 

pump 

S1, S2, S3 Cast iron (kg) 2.4E-5 Cast iron (GLO) market for – APOS, S 

S1, S2, S3 Stainless steel (kg) 2.2E-6 
Steel, stainless 304, flat rolled coil/kg/RNA 

 

S1, S2 Electricity (kWh) 0.183 
Electricity, low voltage (BR- south-eastern grid) market for 

electricity, low voltage APOS, S 

S3 Electricity (kWh) 0.183 
Electricity, low voltage (CH) biogas, burned in micro gas turbine 

100kWe - APOS, S 

Pipe 

line 
S1, S2, S3 

PVC pipeline 

(m)  
3.0983E-5 PVC pipe E 

Functional unit: 1m3 of effluent; pumps lifetime: 25 years; pipes lifetime: 100 years (30m; 100mm). 

2.8. Transport and use of sludge 

The sludge removed from the sedimentation unit is conditioned in an open-air place to reduce 

its humidity. The sludge was transported 40.5 km from the storage area to the brick factory with a 

moisture content of 20%. In the adopted project, the sludge replaces 10% of mass compounds used in 

the production of bricks [45]. Thus, at this stage, the clay that will be replaced by the sludge is 

considered as an output (Table 7). 

Table 7. Transport and use of sludge unit inventory. 

Scenario Input Output Quantity SimaPro® data 

S1, S2, S3 Transport (t.km)  0.360045  Transport, truck 10-20t, EURO5, 80%LF, empty return/GLO Mass 

S1, S2, S3  Sludge (kg) 7.41  Clay (RoW) market for clay - APOS.U 

Functional unit: 1m3 of effluent; distance 40.5km; t.km – tons.km 

2.9. System constraints and uncertainties 

This study simplifies the environmental impact assessment by considering selected constraints: 

installing the electrocoagulation unit, wiring and electrical systems, pumps, sludge removal and 

transport, disposal from the treatment unit, and used HCl transport. Biogas production impacts were 

modeled in SimaPro® as Biogas (CH) from grass – APOS, S. Aluminum plate exchange was excluded, 

and outdoor storage of sludge incurred no energy or moisture loss costs. 

The parameters for obtaining an effluent with a fluoride concentration below 10 mg/L, such as 

cathode consumption and energy expenditure were obtained from laboratory scale and estimated for 

a full-scale unit, which can cause some degree of variation. The amount of biogas used in the process, 

and consequently the CO2 consumed, were estimated by simulation in PHREEQC software. A yield 

of 40% was considered, including the process of obtaining electricity. However, the actual value 

depends on the generator used and the efficiency of capturing the gas, which was not carried out in 

this study. The variation of 7.9-10.3mg.L-1 in fluoride concentration with a pH variation of 6.5-7.1 

was considered. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 September 2025 doi:10.20944/preprints202509.1426.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1426.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 18 

 

Results and Discussion 

3.1. Environmental impacts assessed by scenario 

The life cycle environmental impacts of the three scenarios were assessed using the ReCiPe 

Endpoint Method (E) and are shown in Figure 4. In general, the environmental impact presented in 

scenario S3 (6,37 Pt) was lower than S1 (12,52 Pt) and S2 (13,09 Pt) mainly due to the use of biogas for 

pH control and electricity co-generation. Scenario S2 shows the largest environmental impact even 

with biogas as a pH regulator. This means that exclusive substitution of HCl for biogas was not 

beneficial, even though this origin from biomass residues. Perhaps, this increment on the impact 

evaluation comes from the release of methane and carbon dioxide into the environment. 

Furthermore, the impact on human health was the most significant compared to the impacts 

generated using natural resources and caused to ecosystems. 

 

Figure 4. Overall impacts of three water treatment scenarios using ReCiPe endpoint method (E). S1- Scenario 1; 

S2- Scenario 2; S3- Scenario 3. 

In general, the fluoride removal process by electrocoagulation had a negative environmental 

impact, even though the use of biogas for electric energy co-generation and the use of sludge in the 

production of bricks. It was observed a reduction in the overall score from 12.5 (S1), commonly used, 

to 6.4 (S3), when biogas was used, i.e., 50% lower environmental impact. The use of sludge in brick 

production was constant across all scenarios, so further consideration of this factor was unnecessary.  

The individual impacts across 22 categories (in percentages) were assessed with the ReCiPe 

midpoint method, as shown in Figure 5. Scenario S3 had the lowest overall environmental impact but 

showed a drawback in stratospheric ozone depletion. Its primary benefit is converting biogas into 

electrical energy for process use, with additional surplus generation. 

Figure 6 compares environmental impacts by category and normalized score. The main impacts 

from fluoride removal were human non-carcinogenic and carcinogenic toxicity, global warming, 

human health, marine ecotoxicity, and fine particulate formation. Scenario 3 had the lowest 

environmental impact. 
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Figure 5. Percentage-based normalized environmental impacts for 22 categories, generated from three scenarios 

using the ReCiPe endpoint method. S1 refers to Scenario 1; S2 to Scenario 2; S3 to Scenario 3. 
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Figure 6. Individual environmental impacts normalized of 22 categories generated from three scenarios using 

ReCiPe endpoint method. S1- Scenario 1; S2- Scenario 2; S3- Scenario 3. 

Among the subsystems evaluated (electrocoagulation unit, pH adjustment unit, sedimentation 

unit, pumping unit, and sludge transport unit), the electrocoagulation unit exhibits the greatest 

environmental impact. Conversely, in scenario S3 (Figure 7), the pH adjustment unit demonstrates a 

net negative impact, attributed to electricity generation from biogas. 
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Figure 7. Overall impacts of subsystems units from three water treatment scenarios using ReCiPe endpoint 

method (E), S1- Scenario 1; S2- Scenario 2; S3- Scenario 3. 

3.2. Environmental impacts by subsystems 

Figure 8 shows the individual impacts. Scenario S3 has the greatest environmental impact, likely 

because of differences in electrical energy sources. Since Brazil’s energy mainly comes from 

hydroelectric power, its impact is lower than biogas, which emits CO2 directly. 

In the analysis of the pumping and sedimentation subsystems (Figure 9), the processes differ 

only in their sources of electrical energy. Electricity derives from biogas combustion, which releases 

CO2 and other gases associated with human non-carcinogenic and carcinogenic toxicity as well as 

terrestrial ecotoxicity. These effects are reduced when electricity is produced by a hydroelectric 

power plant. 

Figure 10 illustrates the adverse environmental impacts associated with employing biogas for 

electricity generation and pH adjustment subsystems. This outcome is attributed to the excess 

electricity produced in scenario S3. It should be noted that employing biogas exclusively for pH 

adjustment results in a higher environmental impact (S2) compared to conducting pH adjustment 

with acid (S1). In the sludge transport and utilization subsystem (Figure 11), a negative 

environmental effect has been identified when electrocoagulation waste is used as an input for brick 

production [45]. Additionally, there were no significant differences observed among these scenarios; 

the environmental impacts remained consistent across S1, S2, and S3 within the scope of this study. 
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Figure 8. Environmental impacts from electrocoagulation subsystem with ReCiPe endpoint method (E), S1- 

Scenario 1; S2- Scenario 2; S3- Scenario 3. 

 

 

Figure 9. Environmental impacts from pumping and sedimentation subsystems with ReCiPe endpoint method 

(E), S1- Scenario 1; S2- Scenario 2; S3- Scenario 3. 

12,51 12,51
13,42

0

2

4

6

8

10

12

14

16

Electrocoagulation unit Electrocoagulation unit
S2

Electrocoagulation unit
S3

P
t

Water consumption, Aquatic ecosystems
Water consumption, Terrestrial ecosystem
Water consumption, Human health
Fossil resource scarcity
Mineral resource scarcity
Land use
Human non-carcinogenic toxicity
Human carcinogenic toxicity
Marine ecotoxicity
Freshwater ecotoxicity
Terrestrial ecotoxicity
Marine eutrophication
Freshwater eutrophication
Terrestrial acidification
Ozone formation, Terrestrial ecosystems
Fine particulate matter formation
Ozone formation, Human health
Ionizing radiation
Stratospheric ozone depletion
Global warming, Freshwater ecosystems
Global warming, Terrestrial ecosystems
Global warming, Human health

0

50

100

150

200

250

Pumping S1 Pumping S2 Pumping S3

m
 P

t

Water consumption, Aquatic ecosystems
Water consumption, Terrestrial ecosystem
Water consumption, Human health
Fossil resource scarcity
Mineral resource scarcity
Land use
Human non-carcinogenic toxicity
Human carcinogenic toxicity
Marine ecotoxicity
Freshwater ecotoxicity
Terrestrial ecotoxicity
Marine eutrophication
Freshwater eutrophication
Terrestrial acidification
Ozone formation, Terrestrial ecosystems
Fine particulate matter formation
Ozone formation, Human health
Ionizing radiation
Stratospheric ozone depletion
Global warming, Freshwater ecosystems
Global warming, Terrestrial ecosystems

0

5

10

15

20

25

30

35

40

45

50

Sedimentation S1 Sedimentation S2 Sedimentation S3

m
 P

t

Water consumption, Aquatic ecosystems
Water consumption, Terrestrial ecosystem
Water consumption, Human health
Fossil resource scarcity
Mineral resource scarcity
Land use
Human non-carcinogenic toxicity
Human carcinogenic toxicity
Marine ecotoxicity
Freshwater ecotoxicity
Terrestrial ecotoxicity
Marine eutrophication
Freshwater eutrophication
Terrestrial acidification
Ozone formation, Terrestrial ecosystems
Fine particulate matter formation
Ozone formation, Human health

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 September 2025 doi:10.20944/preprints202509.1426.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1426.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 18 

 

 

Figure 10. Environmental impacts from pH adjustment subsystem with ReCiPe endpoint method (E), S1- 

Scenario 1; S2- Scenario 2; S3- Scenario 3. 

 

Figure 11. Environmental impacts from sludge transport subsystem and its use as an input in brick production 

with ReCiPe endpoint method (E), S1- Scenario 1; S2- Scenario 2; S3- Scenario 3. 
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cogeneration, rather than as a substitute for HCl. Among all impact categories, effects on human 

health were the most pronounced. 
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