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A B S T R A C T

Ferrochrome slag (FCS), a by-product of the iron and steel industry, has been evaluated as a potential alternative 
magnesium source in the recovery of struvite. The actual benefits of FCS-derived magnesium in recovering 
struvite as a low-cost fertilizer are poorly understood. This study evaluated the techno-economic viability and 
environmental sustainability of recovering struvite from pig waste using FCS as a magnesium source. Five 
comparable scenarios were modeled in Aspen Plus® to quantify input and output flows, which were subsequently 
used to estimate the economic and environmental performances of struvite production. All five Scenarios were 
designed to produce 364.56 kg of struvite via processing of 8 m of digestate and 0.4 tonnes of slag per hour. 
Scenario 1 produced struvite only, Scenario 2 produced struvite and 62.02 kg/h of an iron/aluminium catalyst, 
Scenario 3 produced struvite and 486.09 m3/h of biogas, Scenario 4 produced struvite, catalyst (62.02 kg/h), and 
biogas (486.09 m3/h), while Scenario 5 considered recovery of struvite, catalyst (62.02 kg/h (343.48 m3/h), 
biogas, and digestate (865.35 kg/h) as products. All 5 scenarios are not economically viable but NPVs increase 
with the recovery of more products from -$38.77 million (Scenario 1) to -$8.00 million (Scenario 5). There is a 
general decrease in the environmental impacts including global warming potential (10.74–6.53 kg CO2 eq. per kg 
of slag), and fossil resource scarcity (3.12–1.75 kg oil eq./kg of slag) from Scenario 1 to Scenario 5 attributed to 
onsite co-recovery of struvite with biogas (Scenarios 3–5) compared to offsite recovery where the digestate has to 
be transported from a pig farm (Scenarios 1 and 2). Also, when the economic allocation is used, the environ
mental impacts associated with struvite decrease as more products are recovered. For instance, the global 
warming potential for struvite decreases from 10.74 kg CO2 eq. in Scenario 1–1.81 10.74 kg CO2 eq. per kg of 
struvite in Scenario 5. This study demonstrates that the recovery of struvite using FCS-derived magnesium is not 
attractive, but its recovery together with iron/aluminium catalysts, biogas, and digestate significantly enhances 
both the economic viability and environmental sustainability of nutrient recovery processes.

Introduction

The current unprecedented challenges associated with global 
warming and climate change, attributable to human activities, are 
increasingly prompting a global shift towards more sustainable prac
tices. Mainly characterized by recurrent droughts and floods, rising sea 
levels, as well as increasing global, soil, and ocean temperatures, the 
impacts are devastating. For instance, Southern Africa has been marred 
by drought spells, with the 2023–2024 season being the worst and most 
recent dry spell. The impact of the drought cannot be understated, as 
countries such as Zimbabwe, Zambia, and Malawi declared it a national 

disaster (Guardian News, 2024). The persistent drought conditions, 
which are undoubtedly attributable to climate change, have presented a 
perennial challenge to farmers in Southern Africa, particularly affecting 
crop yields and livestock production (Ndlovu et al., 2020; Ndlovu and 
Zenda, 2024; Wilk et al., 2013; Zenda, 2024). Given the increasing world 
population and the consequently expanding demand for food and en
ergy, it is critical to rethink solutions aimed at combating and mitigating 
the impacts of climate change for improved food and energy security.

Overcoming the existing challenges and developing resilience to 
future drought conditions can be achieved by implementing sustainable 
agricultural practices such as effective nutrient management, using 
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fewer pesticides, and adopting fewer chemical applications during 
farming, leading to healthier soils and fewer carbon emissions (Davis 
et al., 2023; Sharma et al., 2024). This is imperative as healthy soils can 
absorb more water, retain moisture, and improve drought resilience 
(Tahat et al., 2020). In addition, they also sequester carbon, which helps 
to minimize the impact of climate change (Huzenko and Kononenko, 
2024). A balanced crop nutrition, together with good agricultural 
practices, is crucial for the regeneration of healthy soils (Al-Shammary 
et al., 2024). In this regard, the fertilizer of choice is critical to ensuring 
healthy soils. Diverse studies stress that it is imperative to adopt greener 
and alternative fertilizers for enhanced soil health and reduced depen
dence on synthetic chemicals. This transition is essential for promoting 
sustainable farming and mitigating the adverse effects of conventional 
fertilizers.

While research on the use of organic fertilizers is still ongoing, it is 
critical to note that the majority of fertilizers currently in use are inor
ganic chemicals with nitrogen and phosphorus as the main constituents 
of inorganic fertilizers (Aryal et al., 2021). Nitrogen is readily available 
as a major constituent of air, while phosphorus, on the other hand, is 
obtained via the mining of phosphorus rocks, which are a finite resource. 
Cognizant of the increasing demand for fertilizers, coupled with the 
non-renewable nature of phosphate rocks, it has become imperative, 
therefore, that alternative sources of phosphorus are sought out 
(Rey-Martínez et al., 2024). One upcoming and promising pathway is 
the recovery of phosphorus from waste streams via struvite 
(MgNH4PO4•6H2O) precipitation. Comprising about 10 % magnesium, 
7 % ammonium, 39 % phosphate, and 44 % water (w/w) (Nagarajan 
et al., 2024), struvite is a renewable fertilizer that can be effectively used 
to reduce dependence on non-renewable fertilizers (Yan et al., 2023).

Various sources of struvite have been explored, among them, pig 
waste (PW) (Chandrasekaran et al., 2024; Lavanya et al., 2019; Magrí 
et al., 2024; Moyo et al., 2023; Shim et al., 2021; Yan et al., 2023), which 
is commonly first anaerobically digested to produce biogas, also 
generating a nutrient-rich digestate as a by-product (Nagarajan et al., 
2023). Pig waste digestate (PWD) contains significant amounts of ni
trogen, phosphorus, and magnesium, which are the key components for 
struvite formation. Nutrient recovery from pig manure via struvite 
precipitation plays a crucial role in promoting agricultural sustainability 
by reducing the need for synthetic fertilizers, thereby steering the in
dustry towards sustainability (SDGs 2, 12, 13, and 15). Struvite adoption 
in the agriculture sector presents economic benefits wherein the per
formance of struvite supersedes commercial phosphorus fertilizers 
(Nagarajan et al., 2023). In addition, struvite precipitation is envisaged 
to curb nutrient pollution in water bodies, thus preserving the ecological 
balance in aquatic environments (SDG 6), enhancing the efficient 
management of pig manure to reduce excessive freshwater consumption 
(SDG 6), and offsetting carbon dioxide emissions resulting from pig 
manure treatment by generating value-added products (SDG 11) (Kim 
et al., 2023; Ryu et al., 2020; Zhang et al., 2014).

Despite the great potential presented by struvite recovery, one of the 
major drawbacks to its commercialization is the need for sustainable 
magnesium sources. Commercial magnesium sources such as magne
sium chloride and magnesium sulfate have been predominantly used for 
supplementing magnesium for struvite precipitation, but this normally 
accounts for up to 70 % of the production costs (Al-Mallahi et al., 2020). 
Magnesium oxide has been evaluated as a low-cost magnesium source, 
however, it is limited by poor solubilization (Moyo et al., 2023). 
Consequently, to alleviate the challenges associated with the current 
magnesium sources, ferrochrome slag (FCS) has been evaluated as a 
magnesium source (Moyo et al., 2023). FCS is a by-product of ferro
chrome smelting, which needs appropriate disposal. It has been reported 
that 1.2 kg of FCS is generated per kg of ferrochrome produced (Moyo 
et al., 2022a). The exploitation of FCS, whose utilization in agricultural 
applications has been barely explored, will not only enhance sound 
waste management practices but could also enhance both the economic 
and environmental sustainability of nutrient recovery systems, thus 

contributing to sustainable agricultural practices. Because of the 
increasing need to shift from linear to more circular economies, 
co-utilization of FCS and PWD in struvite production will be a step to
wards embracing the circular economy (Sathish and Saraswat, 2025). 
However, adoption of such struvite production processes at industrial 
scale will depend on the sustainability of the selected processes.

Studies on the economic viability and environmental impacts of 
struvite recovery systems are still limited, thus stalling industrial-scale 
operations (Li et al., 2019). It is therefore necessary that the economic 
viability and environmental sustainability of any conceptualized pro
cesses are evaluated at the design stages so that unsustainable process
ing routes are eliminated. This study assessed the sustainability of 
struvite production by comparing the technical feasibility, economic 
viability, and life cycle environmental impacts of five scenarios for pig 
manure and ferrochrome slag treatment towards the production of 
fertilizer-grade struvite.

Materials and methods

The study was carried out to evaluate the technical, economic, and 
environmental performances of struvite production from two locally 
available waste streams: pig waste (PW) and FCS. First, results from a 
laboratory-scale set-up were used to generate mass and energy balances 
for the involved components and streams using a combination of Aspen 
Plus and a Microsoft Excel spreadsheet. In the lab-scale set-up, the PW 
was first co-digested anaerobically with banana peel (BP) (120 g BP/L of 
PW) for recovery of biogas and digestate, and the digestate was then co- 
processed with FCS from a ferrochrome processing facility to produce 
struvite. The base plant capacity was set based on the digestate flow rate 
of 8 m3/h of digestate (Saerens et al., 2021). Under the stated digestate 
flow rate, 364.56 kg/h of struvite would be produced. Nonetheless, to 
provide a more informed platform for decision-making, the impact of 
plant capacity on economic performance was evaluated using sensitivity 
and uncertainty analysis. The involved processes are described in more 
detail in the following sub-sections.

Description of process scenarios

To assess the feasibility of industrial-scale utilization of PW and FCS 
in the production of struvite, five scenarios were evaluated and 
compared. The scenarios were conceptualized based on the zero-waste 
approach, which seeks to minimize the generation of streams that 
would need to be disposed of as waste. Scenario 1 evaluates a stand- 
alone process for recovering struvite only using digestate imported 
from an off-site pig waste anaerobic digester. For the mentioned sce
nario, it was assumed that the liquid digestate would be transported 
from a digester located on a pig farm within a distance of 100 km, while 
slag is brought within the same distance from a ferrochrome processing 
facility. After struvite production, the residual slag and resultant sludge 
from the COD/iron removal process are landfilled, and the generated 
wastewater is disposed of into the municipal drainage. Scenario 2 con
siders the same settings as Scenario 1, but the residual sludge post-COD/ 
iron removal is further processed for recovery of an iron/aluminium 
product that has potential uses as a catalyst.

The processes for Scenarios 3 and 4 are similar to those for Scenarios 
1 and 2, respectively, except that struvite and the iron/aluminium 
catalyst are recovered on the pig farm where AD of the PW takes place. 
In addition to the struvite, biogas is recovered as a second product in 
Scenario 3, while the iron/aluminium catalyst, biogas, and digestate are 
recovered as additional products in Scenario 4. Scenario 5 has processes 
identical to Scenario 4, the main difference is that the digestate is dried 
and sold as an organic fertilizer in Scenario 5, whereas in both Scenario 
3 and 4, it is co-combusted with biogas to produce steam for heating 
purposes within the plant. Scenarios 3–5 combust part of the biogas for 
the generation of steam for onsite heating purposes and the excess is 
compressed and sold as a fuel. Process flow diagrams for the envisaged 
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scenarios are presented in Figs. 1 and 2, while detailed descriptions of 
the involved unit processes are provided in the following subsections.

Anaerobic digestion

Anaerobic digestion is an extensively exploited process for the con
version of organic streams into biogas and digestate. Owing to the high 
nitrogen content of PW, AD is generally not ideal, but co-digestion with 
other substrates improves the rate and efficiency of PW digestion 
(Gaworski et al., 2017). The process conditions for AD were obtained 
from a previous study that evaluated laboratory-scale co-digestion of BP 
and PW, and these are; a pH of 5.4, ambient temperature, and retention 
time of 72 h (Moyo et al., 2022b). The BP is first shredded with a knife 
shredder, washed with water to remove dirt and unwanted material, and 
then dried at 90 ◦C. The dried peels are milled to < 250 μm (Moyo et al., 
2022b) and mixed with freshly collected PW at a ratio of 120 g BP/L of 
PW. A biogas yield of 0.57 m3/kg VS was assumed, with a composition 
of 52.9 % methane (Pinto et al., 2023), 42 % carbon dioxide, and the 
balance being traces of water vapor, hydrogen sulfide, and ammonia. 
Part of the biogas is combusted for heating purposes, and the rest is 
compressed for sale as fuel, while the solid and liquid phases of the 
digestate are separated via filtration in Scenarios 3–5. The liquid 
digestate is used in struvite recovery, while the solids are dried and 
co-combusted with biogas in Scenarios 3 and 4 or sold as an organic 
fertilizer in Scenario 5.

Recovery of nitrogen and phosphorus as struvite

The envisaged struvite production process utilizes nitrogen and 
phosphorus recovered from PWD and magnesium from FCS. Slag 
collected from a local processing facility is pulverized, then leached at 
80 ◦C with 5 M HCl in solids: liquid ratio of 1 g:10 ml, wherein 
14.02 g L− 1 of magnesium ions are extracted into the leach solution 
(Moyo et al., 2023). Following the separation of magnesium-free slag 
and leachate via filtration, the leachate is mixed with liquid digestate 
that is generated from a filtration stage for separating the liquid and 
solid phases of PWD. The resultant mixture, containing 2.65 g L− 1 of 
total iron, is mixed with 28 wt% hydrogen peroxide (H2O2). An H2O2:Fe 
molar ratio of 0.75, suitable for the simultaneous removal of the organic 
matter in PWD and iron, which would have been co-leached with 
magnesium in FCS, is used, wherein 95.06 % and 94.00 % removal ef
ficiencies of chemical oxygen demand (COD) and total iron, respec
tively, are obtained. A pH adjustment to 4.0 with 5 M sodium hydroxide 
(NaOH) precipitates the Fenton sludge (mainly ferric hydroxide), which 
is removed by filtration. To produce struvite, potassium polyphosphate 
is added to the COD- and iron-reduced mixture to achieve a Mg: N: P 
Molar ratio of 1.2: 1: 1.15 at pH 9.5. The produced struvite is recovered 
by centrifugation, followed by washing, and drying at 40 ◦C for sale as 
the struvite product.

Iron and aluminium recovery

Beyond magnesium, FCS contains significant amounts of other 
valuable components, including aluminium and iron, which can be 
further beneficiated. After the Fenton process, the high-COD and iron 
sludge needs to be treated before disposal, potentially reducing the 
sludge volume by about 50 % (Zhang et al., 2017). Treatment of the 
sludge was considered in Scenarios 2, 4, and 5. Iron-containing sludge 
generated from the Fenton process is further processed for recovery of 
iron and aluminium suitable for use as a catalyst for other Fenton-related 
processes, thus minimizing the disposal effects of hazardous ferric waste. 
The simple method reported by Cao et al. (2009) was adopted for the 
recovery of iron and aluminium, wherein the dewatered sludge is dried 
and baked at 350–400 ◦C, cooled, and packaged for sale as an iron/
aluminium catalyst.

Techno-economic analysis

An evaluation of the techno-economic viability of recovering stru
vite, biogas, and an iron/aluminium catalyst from pig waste and slag 
was done. A base plant capacity of 400 kg of slag and 8 m of digestate 
was used, from which 364.56 kg of struvite was recovered in all Sce
narios. The struvite yield is a simplified assumption made on the basis 
that all scenarios were designed to process the same amounts for 
digestate and FCS. Scenarios 1 and 2 use digestate transported from the 
pig farm whereas Scenarios 3–5 use the digestate generated by an 
anaerobic digestion process on site. Since the conditions for struvite 
recovery are the same for all 5 scenarios, it was assumed that the output 
would be the same, with the differences being the products co-recovered 
with the struvite.

To estimate the capital expenses, a process flow model was devel
oped in Aspen Plus, and equipment costs were calculated based on the 
mass and energy flows that were generated from the Aspen Plus simu
lation models. Relevant literature and supplier websites were consulted 
for the purchased costs of equipment that could not be predicted using 
the Aspen Plus Economic Analyser® database. Literature values were 
adjusted for time and capacity using the Chemical Engineering Plant 
Cost Index (CEPCI) (Peters and Timmerhaus, 1991). The Total Capital 
Investment (TCI) was calculated as the sum of the Total Direct Costs, 
Total Indirect Costs (TIC), and Working Capital (WC). TIC was estimated 
at 60 % of TDC constituting the costs of freight to deliver the equipment 
to the plant site, contractor expenses, and contingencies (Seider et al., 
2015) while the WC was estimated as 5 % of the Fixed Capital Invest
ment (FCI), wherein, the FCI is the sum of the TIC and TDC. For a 
24 hr/day plant operating time with an availability of 330 days/year, a 
plant life of 30 years was assumed.

Estimates for the Total Production Costs (TPC) comprised direct 
production costs or variable operating costs (VOC), fixed charges (FC), 
and plant overheads (Peters and Timmerhaus, 1991). Direct 
manufacturing expenses, such as purchasing slag and pig manure, 
chemicals, utilities, and disposing of leftover slag, are included in VOC 
costs, whereas FC costs include labor, plant depreciation, property in
surance, taxes, and rent (Davis et al., 2018). Plant maintenance ex
penses, as well as those related to warehousing and storage facilities, 
were calculated as part of plant overheads. The study was done in US 
dollars (USD), and the straight-line method was used to compute 
equipment depreciation with a 20-year recovery period and 0 % salvage 
value. The net present value (NPV), minimum product selling price 
(MPSP), and internal rate of return (IRR) were calculated using dis
counted cash flow analysis, assuming relevant Zimbabwean economic 
parameters.

Investment risks could emanate from uncertainties in the profit
ability of the assessed scenarios arising from variations in input pa
rameters. Accordingly, the impact on the NPV, of variations in product 
prices (struvite, catalyst, digestate, and biogas), as well as the price of 
hydrochloric acid, labor, total production costs, and capital costs, varied 
within 50 % was evaluated.

Environmental life cycle analysis

The environmental life cycle impacts associated with the production 
of struvite from waste materials (slag and digestate) were estimated 
using the ISO 14040 LCA approach (Finkbeiner, 2014). The approach 
requires a statement of the goal and scope, setting up of system 
boundaries and the functional unit, generation of an inventory list, and 
calculation of impacts. The environmental analysis was carried out to 
provide insights into which setups are environmentally sustainable for 
producing struvite from pig waste digestate with ferrochrome slag as a 
magnesium source. To carry out the assessment, the mass and energy 
flows generated from the Aspen Plus process simulation models were 
adopted.

For Scenarios 1 and 2, the system boundary encompassed emissions 
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Fig. 1. Process flow diagrams for Scenarios 1–3, where Scenario 1 is the recovery of phosphorus as struvite, Scenario 2 is the recovery of struvite and an iron/ 
aluminium catalyst, and Scenario 3 is the co-production of struvite and biogas on a pig farm.
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associated with transporting the slag from the ferrochrome plant, 
transporting digestate from a pig farm digester, pulverizing the slag to 
− 75 μm, leaching the magnesium ions from the slag, removal of iron and 
COD using a Fenton process, precipitation of the struvite, and 

downstream processing to get the struvite (centrifugation, washing, and 
drying) and iron/aluminium catalyst. Emissions due to the disposal of 
the residual slag, the generated process wastewater, and boiler ash were 
also considered. While further processing of the wastewater would be 

Fig. 2. Process flow diagrams for Scenarios 4 and 5, where Scenario 4 is onsite biogas production with co-recovery of phosphorus as struvite and aluminium and iron 
as a catalyst, and Scenario 5 is onsite co-production of biogas and organic fertilizer with co-recovery of phosphorus as struvite and aluminium and iron as a catalyst.
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ideal for water recirculation, in this study, it was assumed that the 
wastewater would be pumped into the municipal drainage system. The 
slag and digestate were assumed to be input streams that do not have 
emissions associated with them, but rather, avoided emissions that 
would otherwise arise from their disposal, but these were neglected in 
the calculations. Emissions associated with all chemicals used and the 
water for washing were adopted from the ecoinvent database and 
included as part of the analysis. Energy consumption associated with 
processes such as heating, mixing, centrifugation, and drying was 
included, while emissions associated with equipment production were 
neglected. In Scenarios 3–5, the system boundaries were extended to 
include anaerobic digestion of pig waste and banana peel since the 
struvite was assumed to be produced onsite at a pig farm. Nonetheless, 
emissions associated with pig farming were not included, while the pig 
waste and banana peel were evaluated as inputs without emissions since 
these are diverted waste streams that would otherwise need disposal. 
The input material flows per kg of FCS used were used in calculating 
environmental impacts per kg of FCS using the ReCiPe midpoint (H) 
method in SimaPro. For Scenarios that produced other products in 
addition to the struvite, economic allocation was used to distribute 
impacts between the products.

Results and discussion

Technical performance

The study was carried out to assess the technical and economic 
feasibility, together with the potential environmental impacts associated 
with the recovery of struvite from pig waste-derived digestate using 
ferrochrome slag as a magnesium source. A summary of the input ma
terial, utilities, and products is presented in Table 1. While scenarios 1 
and 2 were focused on off-site production of struvite, scenarios 3–5 
considered production of the struvite on-site at the pig farm, thus adding 
biogas and digestate as products in addition to on-site production of 
steam, which was used for process heating purposes. The techno- 
economic evaluation suggests that it is possible to recover struvite, an 
iron/aluminium catalyst, biogas, and a solid organic fertilizer from PW, 
FCS, and BP. All 5 scenarios are capable of producing 364.56 kg of 
struvite per hour from the utilization of 8000 liters of pig waste digestate 
and 400 kg of slag.

Considering that the main motive behind the development of stra
tegies for struvite recovery via co-utilization of PW and FCS is waste 
minimization and the conservation of resources, an analysis of resource 
consumption between the scenarios was made. One major input whose 
consumption needs to be addressed is hydrochloric acid which would be 
used as the leaching agent for extracting magnesium from FCS. Since all 
the scenarios were designed to extract magnesium from 400 kg of FCS 
using 100 ml of HCl per gram of FCS, an equal amount of the acid is 

consumed in all Scenarios. However, its contributions to operating costs 
and environmental impacts are quite significant. It is therefore imper
ative to consider initiatives that reduce acid consumption or pursue 
alternative magnesium recovery methods.

Since silica and magnesium are the major constituents of the FCS 
(Moyo et al., 2022a), one potential method for reducing acid con
sumption is the two-stage method developed by Prasetyo et al. (2021)
wherein, silica is first extracted using alkali fusion at 1 000 ◦C followed 
by leaching with water at 100 ◦C, then acid leaching at 80 ◦C. Although 
the method could potentially reduce acid consumption by first reducing 
the silica content, there could be implications in terms of energy con
sumption, especially due to the high temperature at which silica is 
extracted. It may be necessary, therefore, to assess the cost benefits of 
the method. Other promising methods include using organic acids such 
as acetic acid (Raza et al., 2016), microwave-assisted leaching (Ghaderi 
and Zhang, 2025), and ultrasonication (Liu et al., 2024a; Peng et al., 
2020).

In terms of the technical performance of the assessed scenarios, 
another resource that needs monitoring is electricity. While electricity 
consumption is least when struvite is the only recovered product, re
covery of the iron/aluminium catalyst in Scenario 2 increases the de
mand for electricity by two-fold compared to Scenario 1, whereas for 
onsite co-recovery of the struvite and biogas, recovering the catalyst 
increases electricity consumption by 27 % between Scenarios 3 and 4. 
There is a general increase in power consumption with the recovery of 
more products, mainly attributable to the drying and baking of the 
catalyst, accounting for 51 %, 21 %, and 21 % of the total electricity 
demand in Scenarios 2, 4, and 5, respectively. It was assumed that the 
drying and baking processes for catalyst recovery would be electricity- 
driven in all Scenarios; however, Scenarios 3–5 produce biogas and 
solid digestate that can be combusted to generate steam and/or elec
tricity for use in the recovery process, and potentially reduce the reli
ance on grid electricity. Other alternatives for reducing energy 
consumption would be microwave and ultrasonic-assisted leaching of 
the magnesium. Nonetheless, the actual savings in terms of cost would 
need to be calculated. Although unavoidable, banana peel shredding 
and slag pulverization are processes that also have significant contri
butions to electricity consumption. Interventions that could reduce 
electricity consumption in those sections would need to be evaluated.

Economic viability

Summarized capital and operating expenses are presented in Ta
bles 2 and 3, respectively. A general increase in the required capital 
investment is observed as the number of products recovered increases 
from Scenario 1 through to Scenario 5. Nonetheless, the capital re
quirements for Scenario 5, which has solid digestate as an added product 
for sale, are less than those for Scenario 4, and this can be explained by 

Table 1 
Mass flows for input and product streams based on a 400 kg slag plant capacity.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Input raw materials
Pig waste, kg/h - - 10, 000 10,000 10,000
Banana peel, kg/h - - 1200 1200 1200
Slag, kg/h 400 400 400 400 400
5 M Hydrochloric acid, kg/h 4000 4000 4000 4000 4000
Hydrogen peroxide, kg/h 17.06 17.06 17.06 17.06 17.06
Potassium polyphosphate, kg/h 53.42 53.42 53.42 53.42 53.42
Caustic, kg/h 2.98 2.98 7.86 7.86 7.86
Electricity, MW 0.61 1.24 2.33 2.96 2.96
Process water, kg/h 188.92 188.92 423.42 423.42 423.42
Products
Struvite, kg/h 364.56 364.56 364.56 364.56 364.56
Iron/aluminium catalyst, kg/h - 62.02 - 62.02 62.02
Biogas for sale, m3/hr - - 486.09 486.09 343.48
Solid digestate as fertilizer - - - - 865.35
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the differences in boiler requirements. In Scenario 5, the boiler section 
only uses the biogas as fuel for steam production.

Across all 5 scenarios, the greatest contribution to capital expenses is 
made by the slag leaching section, contributing 19 % in Scenario 5 and 
32 % in Scenario 1. The significant contributions are attributed to the 
high volumes of acid solution used (1 g of slag to 40 ml of acid solution), 
and the selected material (stainless steel) which is considerably pricey 
due to its inherent properties. Should the acid consumption be reduced, 
for instance through the methods discussed in section 3.1, there is an 
opportunity for a reduction in the capital expenses. Other sections with 
significant contributions to the capital requirements are catalyst re
covery, iron and COD reduction, and the boiler.

Operating costs increased from Scenarios 1–5 (Table 3 and Fig. 3a), 
mainly attributable to the increase in labor requirements and electricity 
consumption with the recovery of more products. The 5 scenarios were 
designed to process the same amount of feedstock and recover the same 
amount of struvite but with the recovery of biogas, digestate, and iron/ 
aluminium catalysts as additional products for different scenarios. 
Accordingly, the feedstock costs and the costs of consumable materials 
are the same across all scenarios. Major differences in the variable costs 
are attributed to waste disposal charges as well as water and electricity 
consumption, while differences in the fixed costs are due to different 

labor and maintenance requirements attributable to the addition of 
sections for the recovery of more products.

Considering that Scenarios 3–5, where electricity contributes 
considerably (10–32 %) to the operating costs, are onsite processes that 
also have biogas and digestate as co-products, it may be necessary to 
evaluate the feasibility of converting the biogas to combined heat and 
power. On-site production of power could potentially reduce the reli
ance on grid electricity, and most probably, reduce the operating costs. 
However, the actual cost benefits need to be assessed.

In terms of profitability, two indicators were evaluated: the NPV and 
MPSP. An investment is profitable if the net present value is positive. 
The profitability of the evaluated scenarios was evaluated using base 
product prices of $0.50, $1.00, $0.50, and $0.25 per kg of struvite, 
catalyst, biogas, and organic fertilizer (digestate), respectively. At the 
stated base prices for the evaluated products, none of the scenarios can 
be considered profitable since the NPVs are all less than zero. The results 
corroborate well with the conclusion made by Li et al. (2019) that 
struvite production is not economically feasible, however, it is worth 
considering given the environmental benefits it could bring. Overall, the 
profitability of the scenarios improves from Scenario 1–5, with Scenario 
5 being the most preferable option, with an NPV of $ − 8.00 million. 
Considering that the main difference between Scenarios 4 and 5 is the 

Table 2 
Summary estimates of capital costs for the 5 assessed scenarios.

COST ESTIMATES (USD) Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Feedstock handling 442,872 442,872 472,727 472,727 472 727
Slag leaching 969,857 969,857 969,857 969,857 969,857
COD and iron reduction 909,547 909,547 909,547 909,547 909,547
Struvite precipitation and recovery 224,445 224,445 224,445 224,445 224,445
Iron/aluminium catalyst recovery - 939,871 - 939,871 939,871
Anaerobic digestion - - 396,767 396,767 396,767
Storage 246,968 246,968 246,968 246,968 246,968
Boiler - - 659,800 659,800 565,299
Utilities 255,266 255,266 364,880 364,880 364,880
Total installed cost (USD) 3,048,955 3,988,826 4,244,991 5,184,862 5,090,361
Warehouse (4.0 % of ISBL) 101,869 139,464 103,063 140,658 140,658
Site Development (9.0 % of ISBL) 229,205 313,793 231,892 316,480 316,480
Additional Piping (4.5 % of ISBL) 114,602 156,897 115,946 158,240 158,240
Total Direct Costs (TDC) (USD) 3,494,631 4 598 980 4,695,892 5,800,241 5,705,739
Prorateable Expenses (10.0 % of TDC) 349,463 459,898 469,589 580,024 570,574
Field Expenses (10.0 % of TDC) 349,463 459,898 469,589 580,024 570,574
Home Office & Construction Fee (20.0 % of TDC) 698,926 919,796 939,178 1,160,048 1,141,148
Project Contingency (10 % of TDC) 349,463 459,898 469,589 580,024 570,574
Other Costs (Start-Up, Permits, etc.) (10.0 % of TDC) 349,463 459,898 469,589 580,024 570,574
Total Indirect Costs (USD) 2,096,778 2,759,388 2,817,535 3,480,144 3,423,444
Fixed Capital Investment (FCI) (USD) 5,591,409 7,358,368 7,513,427 9,280,385 9,129,783
Working Capital (5.0 % of FCI) 279,571 367,918 375,671 464,019 456,459
Total Capital Investment (TCI) (USD0 5,870,980 7,726,286 7,889,099 9,744,404 9,585,642

Table 3 
Estimates of production costs for the 5 struvite production scenarios.

Operating cost estimates (USD) Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Feedstock 211,065 211,065 211,065 211,065 211,065
Hydrochloric acid 2,311,665 2,311,665 2,311,665 2,311,665 2,311,665
Hydrogen peroxide 73,194 73,194 73,194 73,194 73,194
Caustic 8,770 8,770 23,927 23,927 23,927
Potassium polyphosphate 62,429 62,429 62,429 62,429 62,429
Disposal of residual sludge 73,385 - - - -
Boiler Chemicals - - 1,260 1,260 1,028
Process makeup Water 363 492 728 813 756
Disposal of residual slag and boiler ash 109,011 109,011 123,562 118,011 109,011
Grid Electricity 518,706 1,061,595 1,976,116 2,428,084 2,342,587
Total Variable Operating Costs 3,368,588 3,838,221 4,783,946 5,230,448 5,135,662
Total Salaries 900,031 944,569 989,106 1,033,643 1,078,180
Labor Burden (90 % of total salaries) 810,028 850,112 890,195 930,279 970,362
Maintenance (3 % of ISBL) 76,402 104,598 77,297 105,493 105,493
Property Insurance and Tax (0.7 % of FCI) 39,140 51,509 52,594 64,963 63,904
Total Fixed Operating Costs 1,825,601 1,950,788 2,009,192 2,134 377 2,217,939
Total Operating Costs 5,194,189 5,789,009 6,793,138 7,364 825 7,353,601
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fact that the digestate is sold as an organic fertilizer in Scenario 5, 
whereas it is combusted together with the biogas in Scenario 4, it can be 
concluded that it is more economical to combust biogas only and sell the 
digestate as fertilizer. Nonetheless, there is a need for a more rigorous 
characterization of the digestate to understand its benefits as a fertilizer 
and also assess the environmental repercussions of utilizing the digestate 
in agriculture.

Comparing scenarios 2 and 3, which are both focused on co- 
recovering a second product with the struvite wherein, the second 
product is an iron/aluminium catalyst in Scenario 2 and biogas in Sce
nario 3, it can be concluded that the onsite recovery of struvite is more 
favorable compared to outsourcing the digestate. Although the catalyst 
is a more valuable product than biogas in terms of market prices, biogas 
recovery offers the advantages of being an energy career which could 
potentially reduce the energy demand of the process while the catalyst 
on the other hand, will increase the energy requirements.

The MPSPs for the products decrease from Scenarios 1–5 (Fig. 3c), 
attributable to the recovery of more products, again, leading to the 
conclusion that Scenario 5 is the best option. The attractiveness of 
Scenario 5 is supported by its lowest MPSPs for struvite, catalyst, and 
biogas compared to all other scenarios. Co-recovering struvite with the 
iron/aluminium catalyst (Scenario 2) results in a 2 % decrease in the 
struvite MPSP (Scenario 1), however, the MPSP for the catalyst will be 
exorbitant ($9.00/kg) compared to the base price of $1.00/kg. A 32 % 
reduction in the struvite MPSP is experienced when co-producing stru
vite with biogas (Scenario 3) compared to recovering only struvite 
(Scenario 1), but, with the biogas selling at double the base price of 
$0.50/kg. Scenario 3 is thus, a fairly better alternative compared to 
Scenario 2, in terms of profitability, offering lower product prices, and a 
higher NPV.

The study also sought to assess if it is economical to recover the iron 
and aluminium components in the FCS in addition to magnesium. The 
MPSP for the catalyst is not attractive for all the 3 scenarios that 
considered catalyst recovery because the prices are higher than the base 
selling price. Nonetheless, co-recovering the catalyst with other 

products like biogas in Scenario 4, and biogas and digestate in Scenario 
5, in addition to the struvite, reduces the MPSPs for both the catalyst and 
the struvite. Still, none of the products can be sold at a price lower than 
the base market price and this implies that the proposed processes are 
not economically viable at the prevailing product market prices. This is 
further supported by the NPVs which are less than zero for all the 5 
assessed scenarios. It is therefore critical to consider alternative pro
cessing pathways that seek to improve the economic performance of 
struvite recovery processes. Some of the alternative processes were 
mentioned in section 3.1.

Sensitivity analysis

The profitability of an investment is influenced by the capital and 
operating cost requirements together with the revenue flows. Un
certainties in the profitability of the assessed scenarios could arise from 
variations in the capital costs, operating expenses, and product selling 
prices. Accordingly, total capital requirements, production costs, and 
product prices (struvite, catalyst, digestate, and biogas), were varied 
within 50 % so as to determine their impact on the NPV as an indicator 
of the profitability. Considering that the cost of hydrochloric acid and 
labor had the greatest influence on the total production costs, their 
impact on the NPV was also separately assessed. The results on the 
impact of the mentioned parameters are presented in Fig. 4.

Overall, the use of FCS as a magnesium source in struvite precipi
tation is economically discouraging unless strategies are put in place to 
reduce the cost of production. Variations in the TPC have the greatest 
impact on the NPV for all Scenarios (Fig. 4), wherein a 50 % reduction in 
the TPC renders Scenarios 3–5 profitable. With the major contributors to 
the TPC being labor requirements and the cost of HCl (Fig. 3a), it may be 
necessary to consider inventions that minimize labor costs and/or the 
consumption of HCl. Labor costs may be reduced by process optimiza
tion and automation which could minimize human interventions. To 
reduce the cost implication of hydrochloric acid, it may be necessary to 
consider more affordable magnesium sources or extraction methods. 

Fig. 3. Indicators of economic performance for the assessed struvite production scenarios; (a) contributions to operating costs, (b) total capital and operating costs 
and the NPV, and (c) Minimum product selling prices.
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Fig. 4. Variations in the NPVs in response to fluctuations in selected input parameters, (a) Scenario 1, NPV = -$ 38.77 million, (b) Scenario 2, NPV = -$ 36.52 
million, (c) Scenario 3, NPV = -$ 20.77 million, (d) Scenario 4, NPV = -$ 18.41 million, and (e) Scenario 5, NPV = -$ 8.00 million.

T.T. Manhongo et al.                                                                                                                                                                                                                           Cleaner Waste Systems 12 (2025) 100338 

9 



While the study sought to evaluate the benefits of using slag as an 
alternative magnesium source, the cost implication of the process, 
especially in the form of acid consumption is prohibitive. If slag should 
be used as a magnesium source, then alternative and more affordable 
methods of extraction need to be evaluated. Some of the promising 
extraction routes include using organic acids such as acetic acid (Raza 
et al., 2016), microwave-assisted leaching (Ghaderi and Zhang, 2025), 
and ultrasonication (Liu et al., 2024a; Peng et al., 2020). Otherwise, 
more affordable magnesium must be considered.

Two of the most widely used commercial magnesium sources for 
struvite production are magnesium chloride and magnesium sulfate, 
which are deemed too expensive. While a cheaper commercial option is 
magnesium oxide, however, its major drawback is that it is sparingly 
soluble, which then requires additional solubilization steps or more re
action time to be effective, therefore impeding the full-scale operation of 
struvite production (Rodrigues et al., 2022). In this regard, to reduce the 
chemical costs of struvite synthesis, some researchers have explored the 
utilization of low-cost magnesium sources, such as magnesite (Xu et al., 
2015), seawater (Aguado et al., 2019), magnesium alloy (Huang et al., 
2017), as well as sea salt, and bittern (Rodrigues et al., 2022).

Among these sources, sea salt is the most promising due to its high 
availability and excessive Mg concentration (1272 mg/L). Sea salt has 
been demonstrated to successfully remove 81 % of orthophosphate at 
pH 10 from pig manure (Fattah et al., 2022) thus suggesting its potential 
as a magnesium source in struvite recovery. However, due to the high 
NaCl content and presence of other foreign ions in seawater such as 
calcium, by-products are likely to be formed simultaneously with the 
struvite which compromises the quality of the product, separation of 
these components can prove to be a nuisance, and costly.

Environmental impacts

The adopted method for evaluating the environmental impacts of 
struvite recovery scenarios generated results for 18 impact categories 
(Table 4). It was assumed that for off-site production of struvite, the 
digestate and slag would be transported within a distance of 100 km by 
road, whereas for onsite production, pig manure would be collected on 
the pig farm and anaerobically digested to produce biogas and digestate. 
The digestate is then separated into a liquid digestate for use in struvite 
recovery while the solids can be dried and co-combusted with the biogas 
in a boiler to produce steam or sold as an organic fertilizer (Scenario 5). 
Transporting the digestate from the pig farm to an off-site struvite re
covery increases the environmental impacts, for instance, in both Sce
narios 1 and 2, digestate transportation contributes 4.24 kg CO2 eq. and 
1.34 kg oil eq. per kg of slag processed to the GWP and FRS categories, 
respectively (Fig. 5). It can be concluded that it is better for pig farms 

that have already adopted anaerobic digestion for manure management 
to consider onsite struvite recovery than a stand-alone investor who will 
have to buy and transport digestate to an off-site facility.

Table 4 also indicates that extracting more value from the processes 
reduces the environmental impacts, for example, the terrestrial eco
toxicity which is shown to be high for Scenarios 1 and 2 at 66.21 and 
66.22 kg 1,4-DCB respectively, reduces to about 37.42 kg 1,4-DCB for 
Scenario 3,4 and 5. In this regard, value addition or minimizing the 
waste from processes is critical to reducing the environmental impacts. 
A similar trend is observed for the human non-carcinogenic toxicity 
which reduces from 17.18 kg 1,4-DCB in Scenarios 1 and 2 to about 
9.75 kg 1,4-DCB in Scenarios 3,4 and 5. The same conclusion can be 
drawn from an analysis of the environmental impacts associated with 
the recovery of the different products as presented in Fig. 6. An eco
nomic allocation was used to allocate the environmental burdens of the 
products as calculated per kg of slag processed. Recovery of more 
products in addition to the struvite reduces the impacts of struvite by 
about 10-fold for all impacts. Similar trends are observed for all other 
products. For instance, the GWP for struvite reduces from 10.74 kg CO2 
eq. per kg of struvite in Scenario 1–1.81 kg CO2 eq. per kg of struvite in 
Scenario 5 (Fig. 6). Considering that, in general, the environmental 
impacts for the envisaged processes decrease with an increase in the 
number of products co-recovered from PW and FCS, it may be worth 
considering Scenario 5 as the best option (Fig. 5).

The review by Sena and Hicks (2018) highlighted that energy and 
chemical use in struvite recovery could have significant contributions. 
Thus, results from an analysis of the contributions of various material 
inputs to the processes for four of the main impact categories out of the 
18 categories obtained from the ReCiPe 2016 (H) method are presented 
in Fig. 5. These results are more useful for the identification of hotspot 
processes or input materials. The slag leaching process, mainly charac
terized by the use of hydrochloric acid for leaching magnesium from 
ferrochrome slag proves to be a nuisance in all investigated scenarios, 
contributing more than 50 % to all impact categories across the 5 sce
narios (Fig. 5). This entails that a more environmentally friendly mag
nesium source, leaching solution, or method can be favorable, for 
instance, the use of organic acids or a mixture of inorganic and organic 
acids to reduce the detrimental effects of HCl (Liu et al., 2024b; Raza 
et al., 2016).

Study limitations and requisite further research

The study assessed the economic and environmental feasibility of 
five possible scenarios for recovering phosphorus as struvite from pig 
waste using FCS as a magnesium source. The processes were developed 
based on laboratory work on PW digestion and FCS leaching using 

Table 4 
Summary of total environmental impacts for the five assessed scenarios.

Impact category Unit Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Global warming kg CO2 eq 10.74512 10.74698 6.52899 6.53145 6.53145
Stratospheric ozone depletion kg CFC11 eq 0.00001 0.00001 0.00001 0.00001 0.00001
Ionizing radiation kBq Co− 60 eq 0.60330 0.60337 0.48199 0.48208 0.48208
Ozone formation, Human health kg NOx eq 0.03513 0.03514 0.01625 0.01626 0.01626
Fine particulate matter formation kg PM2.5 eq 0.02125 0.02126 0.01471 0.01472 0.01472
Ozone formation, Terrestrial ecosystems kg NOx eq 0.03595 0.03595 0.01647 0.01648 0.01648
Terrestrial acidification kg SO2 eq 0.03999 0.04001 0.02568 0.02570 0.02570
Freshwater eutrophication kg P eq 0.00447 0.00447 0.00335 0.00336 0.00336
Marine eutrophication kg N eq 0.00029 0.00029 0.00025 0.00025 0.00025
Terrestrial ecotoxicity kg 1,4-DCB 66.21803 66.21976 37.42108 37.42339 37.42339
Freshwater ecotoxicity kg 1,4-DCB 0.77630 0.77634 0.46521 0.46527 0.46527
Marine ecotoxicity kg 1,4-DCB 1.03348 1.03354 0.61159 0.61167 0.61167
Human carcinogenic toxicity kg 1,4-DCB 0.91302 0.91315 0.60942 0.60959 0.60959
Human non-carcinogenic toxicity kg 1,4-DCB 17.18108 17.18322 9.75412 9.75697 9.75697
Land use m2a crop eq 0.37148 0.37150 0.21508 0.21511 0.21511
Mineral resource scarcity kg Cu eq 0.05410 0.05410 0.03624 0.03624 0.03624
Fossil resource scarcity kg oil eq 3.12785 3.12840 1.75419 1.75492 1.75492
Water consumption m3 0.14889 0.14890 0.13878 0.13878 0.13878
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Fig. 5. Environmental impacts associated with the various input streams.
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hydrochloric acid. While the process models demonstrate the feasibility 
of the envisaged processes, it may be worth carrying out pilot-scale trials 
to determine the actual product yields and qualities and hence economic 
value.

Hydrochloric acid is highly corrosive, costly, and not environmen
tally friendly, thus making the developed processes unattractive in terms 
of economic and environmental performance. In this regard, it is pro
posed that further research be conducted on pre-leaching the FCS using 
organic acids produced during the anaerobic digestion of pig waste and 

thereafter using HCl. This co-leaching is envisaged to decrease the 
amount of HCl that will be used, inherently reducing leaching costs and 
making the process more environmentally friendly (Astuti et al., 2023; 
Gao et al., 2024; Oke et al., 2024). Research has demonstrated that it 
may be feasible to regenerate hydrochloric acid (McKinley and Ghah
reman, 2018), thus, further research may evaluate the technical feasi
bility as well as the economic and environmental savings of reclaiming 
and recycling the acid used during FCS leaching.

The system boundaries for environmental performance analysis were 

Fig. 6. Environmental impacts associated with the various products using economic allocation.
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set such that the products’ use stage was not considered. More rigorous 
analysis, taking into consideration product use and avoided emissions 
due to the use of FCS and PW, can potentially provide more useful in
formation on the actual benefits of the proposed processes. Further 
research may focus on rigorous evaluations and compare the benefits of 
the developed processes to conventional fertilizer production and use, as 
well as comparing the benefits over processes that use conventional 
magnesium and phosphorus sources.

Conclusion

The study evaluated the economic viability and environmental im
pacts of five different scenarios for recovering nutrients (phosphorus 
and nitrogen) from pig manure via anaerobic digestion and precipitation 
as struvite using ferrochrome slag as a magnesium source. The study 
demonstrates that the recovery of struvite in conjunction with iron/ 
aluminium catalysts, biogas, and digestate significantly enhances both 
the economic viability and environmental sustainability of nutrient re
covery processes. The integration of these materials not only reduces the 
overall costs associated with struvite recovery but also minimizes 
environmental impacts associated with the struvite product. For 
instance, when struvite is the only product (Scenario 1), the NPV is -$38 
million whereas the NPV increases to -$8 million if catalyst, biogas, and 
digestate are also recovered as co-products (Scenario 5). Similarly, the 
MPSP and GWP for struvite decrease from $1.92 and 10.74 m CO2 eq. 
per kg struvite in Scenario 1 to $0.85 and 1.81 m CO2 eq. per kg struvite 
in Scenario 5. Summarily, processes that focus on the onsite production 
of struvite while recovering biogas and other valuable components from 
slag are preferable compared to offsite production focusing on struvite 
recovery only. Overall, Scenario 5 is the most preferable option in terms 
of both the economic viability and environmental impacts as it presents 
the lowest impacts per kg of struvite produced.

The findings underscore the importance of holistic strategies in waste 
management and nutrient recovery, paving the way for more sustain
able agricultural practices and resource management. Future research 
should focus on developing alternative methods for magnesium 
extraction to further improve the efficiency, cost-effectiveness, and 
environmental sustainability of struvite recovery processes. Regulations 
and standards for the quality of the recovered struvite and other prod
ucts are critical to facilitate their use in agriculture while ensuring safety 
and environmental protection. Policies that encourage circular economy 
principles could be reinforced, promoting the recycling of nutrients and 
reducing reliance on synthetic fertilizers.
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A., Borràs, E., Sanchis, S., 2024. Combination of technologies for nutrient recovery 
from wastewater: a review. Clean. Waste Syst. 7. https://doi.org/10.1016/j. 
clwas.2024.100139.

Rodrigues, D.M., do Amaral Fragoso, R., Carvalho, A.P., Hein, T., de Brito, A.G., 2022. 
Are alternative magnesium sources the key for a viable downstream transfer of 
struvite precipitation? Assessment of process feasibility and precipitate 
characteristics. J. Water Process Eng. 45. https://doi.org/10.1016/j. 
jwpe.2021.102508.

Ryu, H.D., Lim, D.Y., Kim, S.J., Baek, U., Il, Chung, E.G., Kim, K., Lee, J.K., 2020. Struvite 
precipitation for sustainable recovery of nitrogen and phosphorus from anaerobic 
digestion effluents of swine manure. Sustainability 12, 1–15. https://doi.org/ 
10.3390/su12208574.

Saerens, B., Geerts, S., Weemaes, M., 2021. Phosphorus recovery as struvite from 
digested sludge – experience from the full scale. J. Environ. Manag. 280, 111743. 
https://doi.org/10.1016/j.jenvman.2020.111743.

Sathish, K., Saraswat, S., 2025. Screening and characterization of thermally modified 
biowaste-derived hydrochars for slow-release fertilizer for alkaline soil reclamation. 
Clean. Waste Syst. 11, 100257. https://doi.org/10.1016/j.clwas.2025.100257.

Seider, W.D., Lewin, D.R., Seader, J.D., Widagdo, S., Gani, R., Ng, K.M., 2015. Product 
and Process Design Principles, 4th ed. Wiley.

Sena, M., Hicks, A., 2018. Life cycle assessment review of struvite precipitation in 
wastewater treatment. Resour. Conserv. Recycl. 139, 194–204. https://doi.org/ 
10.1016/j.resconrec.2018.08.009.

Sharma, Pooja, Sharma, Parul, Thakur, N., 2024. Sustainable farming practices and soil 
health: a pathway to achieving SDGs and future prospects. Discov. Sustain. 5. 
https://doi.org/10.1007/s43621-024-00447-4.

Shim, S., Reza, A., Kim, S., Won, S., Ra, C., 2021. Nutrient recovery from swine 
wastewater at full-scale: an integrated technical, economic and environmental 
feasibility assessment. Chemosphere 277, 130309. https://doi.org/10.1016/j. 
chemosphere.2021.130309.

Tahat, M.M., Alananbeh, K.M., Othman, Y.A., Leskovar, D.I., 2020. Soil health and 
sustainable agriculture. Sustainability 12, 1–26. https://doi.org/10.3390/ 
SU12124859.

Wilk, J., Andersson, L., Warburton, M., 2013. Adaptation to climate change and other 
stressors among commercial and small-scale South African farmers. Reg. Environ. 
Chang. 13, 273–286. https://doi.org/10.1007/s10113-012-0323-4.

Xu, S., Luo, L., He, H., Liu, H., Cui, L., 2015. Nitrogen and phosphate recovery from 
source-separated urine by dosing with magnesite and zeolite. Pol. J. Environ. Stud. 
24, 2269–2275. https://doi.org/10.15244/pjoes/43611.

Yan, Y., Kallikazarou, N.I., Tzenos, C., Kotsopoulos, T.A., Koutsokeras, L., Kokkinidou, D. 
A., Michael, C., Constantinides, G., Anayiotos, A.S., Botsaris, G., Nisiforou, O., 
Antoniou, M.G., Fotidis, I.A., 2023. Pilot-scale biogas and in-situ struvite production 
from pig slurry: a novel integrated approach. J. Clean. Prod. 431, 139656. https:// 
doi.org/10.1016/j.jclepro.2023.139656.

Zenda, M., 2024. A systematic literature review on the impact of climate change on the 
livelihoods of smallholder farmers in South Africa. Heliyon 10, e38162. https://doi. 
org/10.1016/j.heliyon.2024.e38162.

Zhang, T., Fang, C., Li, P., Jiang, R., 2014. Application of struvite process for nutrient 
recovery from anaerobic digesters of livestock wastewater. Environ. Prot. Eng. 40, 
29–42. https://doi.org/10.5277/epel40303.

Zhang, H., Liu, J., Ou, C., Faheem, Shen, J., Yu, H., Jiao, Z., Han, W., Sun, X., Li, J., 
Wang, L., 2017. Reuse of Fenton sludge as an iron source for NiFe2O4 synthesis and 
its application in the Fenton-based process. J. Environ. Sci. (China) 53, 1–8. https:// 
doi.org/10.1016/j.jes.2016.05.010.

T.T. Manhongo et al.                                                                                                                                                                                                                           Cleaner Waste Systems 12 (2025) 100338 

14 

https://doi.org/10.1016/j.heliyon.2022.e12176
https://doi.org/10.1016/j.heliyon.2022.e12176
https://doi.org/10.1016/j.heliyon.2022.e10091
https://doi.org/10.1016/j.heliyon.2023.e15506
https://doi.org/10.1016/j.heliyon.2023.e15506
https://doi.org/10.1016/j.biteb.2024.101924
https://doi.org/10.1016/j.biteb.2024.101924
https://doi.org/10.1016/j.psep.2023.01.006
https://doi.org/10.1016/j.psep.2023.01.006
https://doi.org/10.4102/jamba.v12i1.742
https://doi.org/10.17159/2413-3221/2024/v52n2a16282
https://doi.org/10.1016/j.mineng.2024.108853
https://doi.org/10.1016/j.mineng.2024.108853
https://doi.org/10.1016/j.powtec.2020.05.103
https://doi.org/10.1016/j.powtec.2020.05.103
http://refhub.elsevier.com/S2772-9125(25)00136-8/sbref34
http://refhub.elsevier.com/S2772-9125(25)00136-8/sbref34
https://doi.org/10.1016/j.clwas.2023.100097
http://refhub.elsevier.com/S2772-9125(25)00136-8/sbref36
http://refhub.elsevier.com/S2772-9125(25)00136-8/sbref36
http://refhub.elsevier.com/S2772-9125(25)00136-8/sbref36
https://doi.org/10.3103/S1067821216040106
https://doi.org/10.3103/S1067821216040106
https://doi.org/10.1016/j.clwas.2024.100139
https://doi.org/10.1016/j.clwas.2024.100139
https://doi.org/10.1016/j.jwpe.2021.102508
https://doi.org/10.1016/j.jwpe.2021.102508
https://doi.org/10.3390/su12208574
https://doi.org/10.3390/su12208574
https://doi.org/10.1016/j.jenvman.2020.111743
https://doi.org/10.1016/j.clwas.2025.100257
http://refhub.elsevier.com/S2772-9125(25)00136-8/sbref43
http://refhub.elsevier.com/S2772-9125(25)00136-8/sbref43
https://doi.org/10.1016/j.resconrec.2018.08.009
https://doi.org/10.1016/j.resconrec.2018.08.009
https://doi.org/10.1007/s43621-024-00447-4
https://doi.org/10.1016/j.chemosphere.2021.130309
https://doi.org/10.1016/j.chemosphere.2021.130309
https://doi.org/10.3390/SU12124859
https://doi.org/10.3390/SU12124859
https://doi.org/10.1007/s10113-012-0323-4
https://doi.org/10.15244/pjoes/43611
https://doi.org/10.1016/j.jclepro.2023.139656
https://doi.org/10.1016/j.jclepro.2023.139656
https://doi.org/10.1016/j.heliyon.2024.e38162
https://doi.org/10.1016/j.heliyon.2024.e38162
https://doi.org/10.5277/epel40303
https://doi.org/10.1016/j.jes.2016.05.010
https://doi.org/10.1016/j.jes.2016.05.010

	Techno-economic feasibility and environmental life cycle impacts of struvite production from pig waste with ferrochrome sla ...
	Introduction
	Materials and methods
	Description of process scenarios
	Anaerobic digestion
	Recovery of nitrogen and phosphorus as struvite
	Iron and aluminium recovery
	Techno-economic analysis
	Environmental life cycle analysis

	Results and discussion
	Technical performance
	Economic viability
	Sensitivity analysis
	Environmental impacts
	Study limitations and requisite further research

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	References


