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ABSTRACT 

This study assessed the technical and economic feasibility of three waste valorisation 

technologies, anaerobic co-digestion (AcoD), struvite precipitation, and hydrothermal 

carbonisation (HTC) to strengthen the Water-Energy-Food Nexus in Windhoek, Namibia. 

Windhoek is a semi-arid city facing water scarcity, energy import dependency, and reliance 

on imported food and synthetic fertilisers. The study sought to understand the co-located 

waste streams from Meatco, Namibia Breweries (NamBrew), and Namibia Beverages 

(NamBev) to characterise waste streams and quantify resource recovery potential. The 

assessment considered two scenarios: valorisation conducted in isolation by each industry 

(Scenario A), and integrated co-digestion in a intergrated facility (Scenario B). Using 

stoichiometric equations and parameters from published resources, mass balance, resource 

recovery, and discounted cash flow  analyses were conducted over a 20-year project life at a 

discount rate of 8%. The results showed that the integrated scenario could recover significant 

energy, nutrients, and solid fuel from the combined waste streams. Of the three industries, 

the Namibia Breweries’ waste valorisation facility was highly commercially viable with a short 

payback period due to the avoided Industrial Effluent Treatment (IET) levy, while the meat 

processor (Meatco) was marginally commercially viable and Namibia Beverages economically 

non-viable due to its dilute effluent. The integrated scenario was commercially unviable due 

to the high cost of the conveyance piping system. The study  found that the primary driver for 

waste valorisation is avoidance of compliance costs, such as the IET levy, rather than the 

direct sale of valorised products. The study showed that in areas where industrial discharge is 

priced to reflect its actual treatment cost, private investments in circular economy 

infrastructure is an opportunity, even for developing nations. This is the first study to 

integrate AcoD, struvite precipitation, and HTC in a single TEA calibrated to an African 

industrial cluster and the results provide a repeatable assessment framework that other 

resource-constrained cities in Sub-Saharan Africa battling water, energy, and food insecurity 

can use. 

 

Keywords: Water-Energy-Food Nexus, anaerobic co-digestion, struvite precipitation, 

hydrothermal carbonisation, techno-economic assessment, industrial symbiosis, Windhoek, 

Namibia, circular economy, waste valorisation. 
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SUMMARY 

This thesis examines the technical and economic feasibility of valorising industrial waste 

streams to strengthen the Water-Energy-Food Nexus in Windhoek, Namibia. Namibia's 

capital confronts serious and interrelated resource issues: extreme water shortages (an 

annual rainfall of 360 mm), reliance on imported electricity (about 75% of the national 

supply), and dependence on imported food and synthetic fertilisers. These problems are 

exacerbated by climate change and rapid urban growth. 

This analysis focuses on three of Windhoek’s proximate industries: the Meatco meat 

processing plant, Namibia Breweries Limited (NamBrew), and Coca-Cola Beverages Africa 

(NamBev). The three valorisation technology pathways reviewed are: Anaerobic Co-Digestion 

(AcoD) for biogas and electricity, Struvite Precipitation for recovering phosphorus and 

nitrogen for fertilizer, and Hydrothermal Carbonisation (HTC) for producing hydrochar, a 

solid fuel and a soil amendment. 

Two scenarios are analysed: Scenario A where each industry independently implements the 

three  valorisation technologies, and Scenario B involves integrated co-digestion of the 

individual industrial plant’s waste streams at a centralized facility. 

The calculated integrated valorisation via co-digestion yields 1,538 MWh/yr of net electricity, 

11,308 kg/yr of struvite with 1,427 kg of phosphorus, and hydrochar production of 405.1 

Mg/yr and a heating value of 21.2 MJ/kg. Waste from Meatco provided nutrient recovery 

value while industrial wastewater from NamBrew (COD 3,731 mg/L; 512k m³/yr) was best 

for energy recovery. 

The techno-economic assessment indicates that NamBrew's standalone facility has a high 

level of commercial viability (NPV is $4.88 million, IRR is 30.9% with a payback period of 

3.2 years). This is mainly due to the City of Windhoek’s Industrial Effluent Treatment (IET) 

levy, which makes up 68% of the facility’s total revenue. In comparison, Meatco has low 

commercial viability with a NPV of $61,476 and an IRR of 9.6%, and NamBev is economically 

unviable due to the low concentration of their effluent. The integrated centralized scenario 

has a negative NPV of -$4.36 million, and this is mainly due to the 15 km pipeline that is 

valued at $5.7 million. 

The study indicates that due to the IET levy, there is a significant change to the Windhoek 

waste valorisation economy, which makes this process commercially viable for high-strength 

effluent producers. This was previously considered a lost cause for developing countries. The 

results have the potential to be used for the planning of the Water-Energy-Food (WEF) nexus 

in other resource-constrained cities that are classified as arid in sub-Saharan Africa. 
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NOMENCLATURE 

Symbol Description Unit 

Ci Mean Concentration of Pollutant mg/L 

C/N Carbon to Nitrogen ratio  

CFt Net cash flow in year t $/yr 

CODremoved COD load removed by anaerobic digestion kg/yr 

EAcoD Co-digestion enhancement factor  

ECH4 Removable methane energy kWh/yr 

Enet,elec Net electricity available for export kWh/yr 

Egross,elec Gross electrical energy output from CHP kWh/yr 

EHC Net energy content of hydrochar GJ/yr 

EHTC Thermal energy required by  HTC reactor GJ/yr 

Enet Net energy recovery from HTC  

Eyield Energy yield of hydrochar  

EDR Energy Densification Ratio  

fCH4 Methane fraction in biogas % 

floss Dissolved methane loss fraction  

fparasitic,elec Parasitic load fraction % 

HHVHC Higher heating value of hydrochar MJ/kg 

HHVsludge Higher heating value of raw sludge MJ/kg 

LHVCH4 Lower heating value of methane kWh/m
3
 

LCOD Annual COD load kg/yr 

Loadi Annual pollutant load kg/yr 

mHC,dry Annual hydrochar production mass (dry) kg/yr 

Mmgcl₂ Mass of MgCl₂·6H₂O required kg/yr 

MNaOH Mass of NaOH required for pH adjustment kg/yr 

Msludge,dry Mass of dry sludge produced kg/yr 

Mstruvite Mass of struvite produced kg/yr 

mTS,dig Mass of total solids in the digestate kg/yr 

mVS,j Annual mass of volatile solids for a substrate kgVS/yr 

MWstruvite Molecular weight of struvite g/mol 

MWP Molecular weight of phosphorus g/mol 

MWPO4 Molecular weight of phosphate g/mol 

Mmgcl₂.6H2O Molecular weight of magnesium chloride 

hexahydrate 

g/mol 

MWNaOH Molecular weight of sodium hydroxide g/mol 



Symbol Description Unit 

n Scaling factor (Project life span) years 

Qeff Annual effluent volume m
3
/yr 

QHTC HTC reactor thermal energy requirement MJ/kg dry sludge 

r Discount rate % 

rMg:P Magnesium to phosphorus molar dosing ratio mol/mol 

rNaOH Sodium hydroxide dosing ratio  mol/mol 

VCH4 Annual recoverable methane volume m
3
/yr 

Vi Annual effluent volume m
3
/yr 

YCH4 Theoretical methane yield  m
3
/kg COD 

YHC Hydrochar mass yield on dry basis  

Ymass Mass  yield kg 

Yobs Observed sludge yield coefficient Kg TSS/kg COD 

 η
𝐶𝑂𝐷

COD removal efficiency  

 η
𝑒𝑙𝑒𝑐

CHP electrical efficiency % 

 η
𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔

Molar concentration of limiting reagent mol/m
3
 

 

 

 

 

 

 

 

 

 

 

  



ABBREVIATIONS 

Abbreviation Description 

AD Anaerobic Digestion 

AcoD Anaerobic Co-Digestion 

BMP Biochemical Methane Potential 

BOD Biochemical Oxygen Demand 

BSG Brewer’s Spent Grain 

C/N Carbon to Nitrogen Ratio 

CAPEX Capital Expenditure 

CCBA Coca-Cola Beverages Africa 

CHP Combined Heat and Power 

CIP Clean-in-Place 

COD Chemical Oxygen Demand 

DAP Di-Ammonium Phosphate 

DCF Discounted Cash Flow 

DPR Direct Potable Reuse 

DPRW Direct Potable Water Reclamation 

ECB Electricity Control Board (Namibia) 

EDR Energy Densification Ratio 

GHG Greenhouse Gas 

HHV Higher Heating Value 

HRT Hydraulic Retention Time 

HTC Hydrothermal Carbonisation 

IET Industrial Effluent Treatment 

IRR Internal Rate of Return 

LCA Life-Cycle Assessment 

LCOE Levelised Cost of Energy 

LHV Lower Heating Value 

Meatco The Meat Corporation of Namibia 

NAD Namibian Dollar 

NamBev Namibia Beverages 

NamBrew Namibia Breweries Limited 

NDC Nationally Determined Contribution 

NPV Net Present Value 

OAT One At a Time (Sensitivity Analysis) 

OPEX Operational Expenditure 



Abbreviation Description 

SDG Sustainable Development Goals 

SPP Simple Payback Period 

STP Standard Temperature and Pressure 

TEA Techno-economic Assessment 

TKN Total Kjeldahl Nitrogen 

TOC Total Organic Carbon 

TSS Total Suspended Solids 

UASB Upflow Anaerobic Sludge Blanket 

UNIDO United Nations Industrial Development Organisation 

USD United States Dollar 

VS Volatile Solids 

WACC Weighted Average Cost of Capital 

WEF Water-Energy-Food (Nexus) 

WINGOC Windhoek Goreangab Operating Company 

WWTP Wastewater Treatment Plant 

 

 

 

 

 

 

 

 

 

 

 



DEFINITIONS 

Definition Description 

Anaerobic 

Digestion 

(AD) 

Anaerobic digestion refers to the elimination of organic 

substances through the action of microorganisms in the 

absence of oxygen. This is achieved in 4 successive 

phases of hydrolysis, acidogenesis, acetogenesis, and 

methanogenesis (Uddin & Wright, 2023, p. 2). 

Anaerobic 

Co-Digestion 

(AcoD) 

Anaerobic co-digestion optimises the AD process by 

enhancing gas generation through the anaerobic 

digestion of two or more organic substrates (Nghiem et 

al., 2017, p. 499). 

Combined 

Heat and 

Power (CHP) 

A technology which generates electricity and utilizes 

the combustion heat of biogas for improving energy 

efficiency (Mabalane et al., 2021, p. 1170; Yingjian et 

al., 2014, p. 29). 

Circular 

Economy 

A circular economy seeks to reduce waste by extending 

the lifespan of products and materials (Ddiba et al., 

2022, p. 1117; UNEP, 2021, p. 1). 

Energy 

Densification 

Ratio (EDR) 

The ratio of the Higher Heating Value (HHV) of 

produced hydrochar to that of the raw feedstock sludge 

indicating the concentration of energy (Libra et al., 

2011, p. 82). 

Hydrothermal 

Carbonisation 

(HTC) 

A thermochemical process of converting wet sludge into 

a solid, rich in carbon (hydrochar), at moderate 

temperatures of 180-250oC and elevated pressure 

(Aragón-Briceño et al., 2021, p. 474; Czerwińska et al., 

2022, p. 10). 

Industrial 

Effluent 

Treatment 

(IET) Levy 

A municipal fee imposed by the City of Windhoek to 

industries for the discharge of wastewater of elevated 

strength which is determined by the concentration of 

pollutants in the effluent (COD, N, P, TSS) 

(Municipality of Windhoek, 2024, pp. 8-9). 

Internal Rate 

of Return 

(IRR) 

The internal rate of return is evaluated based on the 

discount rate value when NPV is nil (El Ibrahimi et al., 

2022, p. 11; Robin and Ehimen, 2024, p. 7) 

Levelised Cost 

of Energy 

(LCOE) 

The Levelized Cost of Energy measures the total cost of 

producing one kilowatt-hour over the total life of each 

project. This is measured by total capital and 

operational expenditures discounted over 20 years, 

divided by total net electricity output discounted 

(IRENA, 2024, p. 22; Robin and Ehimen, 2024, p. 7). 

Net Present 

Value (NPV) 

The present value of the cash inflows, from the Value of 

a 20 year long project, minus the present value of the 

cash outflows, discounted at 8% (Robin & Ehimen, 

2024, p. 7). 

Simple 

Payback 

Period (SPP) 

The simple payback period is determined by dividing 

the capital costs by the annual cash flows (El Ibrahimi 

et al., 2022, p. 11). 



Definition Description 

Struvite 

Precipitation 

Struvite precipitation is an established process for 

recovering nitrogen and phosphorus from concentrated 

wastewater streams and acts as an end-of-the-pipe 

solution as it reverts to a slow-release fertilizer for use 

in agriculture (Drosg et al., 2015, pp. 23–24; Ryu et al., 

2020, pp. 2, 5; Siciliano et al., 2020, p. 3). 

Urban-Indust

rial Symbiosis 

(UIS) 

Urban-industrial symbiosis is a framework that 

addresses the exchange of unexploited resources, and 

underutilized resources such as waste and energy, 

facilitated by the proximity of urban and industrial 

units among various interrelated facilities (Butturi and 

Gamberini, 2020; Mulder and Delft, 2017; Nugroho et 

al., 2025). 

Water-Energy

-Food (WEF) 

Nexus 

A modern discourse that illustrates the complicated 

connections amongst water, energy, and food security, 

used to evaluate the multi-sectoral benefits of resource 

recovery (Lazaro et al., 2022, p. 1; Mabhaudhi et al., 

2019, p. 9; Simpson and Jewitt, 2019, p. 2). 

 

 



1​ INTRODUCTION 

The Water-Energy-Food (WEF) Nexus is an established framework for sustainable 

development that emerged in the early 2000s focusing on the interdependencies and linkages 

of the different resource sectors (Albrecht et al., 2018, p. 1). Resource management from a 

single sector is common and considered conventional. When a problem is successfully 

addressed in one sector, it is often the case that new problems emerge in other sectors 

exacerbating vulnerabilities. With rapid climate change and urbanisation, operationalising 

the WEF Nexus through integrated infrastructure is essential for building urban resilience. 

The nexus framework demands that water, energy, and food security be pursued 

simultaneously to achieve urban resilience in the global south. Trade-offs and synergies 

between sectors must be explicitly quantified to guide investment decisions (Albrecht et al., 

2018, p. 3).  

1.1​ Background 
Windhoek, the capital of Namibia, is situated in a semi-arid region characterised by extreme 

water scarcity. The city has no perennial rivers within a 700 km radius and receives an 

average annual rainfall of only 360 mm, while annual evaporation ranges from 2,600 mm in 

the north to 3,700 mm in the south (Von Oertzen et al., 2024, pp. 16–17). To meet its water 

needs, Windhoek depends on a combination of surface water from the Von Bach and 

Goreangab dams, groundwater abstraction from the Windhoek Aquifer, and advanced 

wastewater reclamation. The New Goreangab Water Reclamation Plant, operational since 

1968, is the world’s first and longest-running direct potable reuse (DPR) facility, contributing 

approximately 30% of the city’s potable water supply (du Pisani, 2006, p. 80; Von Oertzen et 

al., 2024, p. 20). In years of low rainfall, such as the severe 2015–2017 drought, water 

rationing became necessary, and the city imposed strict water-use restrictions that reduced 

per capita consumption by nearly 30% (van Rensburg, 2021, p. 3). The 2015 national water 

demand was 427 Mm³/yr, with projections reaching 771.7 Mm³/yr by 2030, and agriculture 

accounting for 59–75% of available water (Von Oertzen et al., 2024, p. 23). 

The energy aspect of Windhoek’s WEF Nexus stress can be explained at two levels. First, 

water-related energy usage is significant in Windhoek, including water pumping and 

treatment and the remediation process for reverse osmosis (UN Water, 2021, p. 64), and the 

energy intensity of the Goreangab DPR plant adds to the city’s electricity demand to supply 

water. Second, at the country level, Namibia is under stress due to a general energy deficit. To 

fulfil its energy demand, the country has to rely on the import of approximately 75 percent of 

its total electricity, most of which is generated from burning fossil fuels (Von Oertzen et al., 

2024, p. 200). The country’s maximum energy demand is 629 MW, and the installed 

generation capacity is 501 MW (Mabhaudhi et al., 2019, p. 18). With a generation capacity of 

1 



392 MW net, the country is, in effect, under a net energy deficit. Therefore, the increase in 

water treatment capacity and the treatment of reclaimed water will most likely worsen the 

net-negative stress on the country’s energy deficit. 

On the other hand, food production relies heavily on irrigated agriculture along perennial 

rivers and aquifers making 43 percent of the local food production while the deficit is 

imported (Von Oertzen et al., 2024, p. 181). Additionally, the agriculture sector is dependent 

on imported synthetic fertilisers, with phosphorus fertilisers costing approximately 

$600/tonne at import parity (Namibia Agronomic Board, 2023, p. 7). 

To protect itself from climate change and market fluctuations, the country needs 

multidimensional, integrated, and innovative solutions to the water-energy-food nexus. 

These WEF nexus issues are further hampered by the rapid migration from rural areas to the 

capital city, Windhoek. The city's growth rate is around 5.4% per year, driven by the growth 

of the unemployed rural population seeking opportunities in the city (Frayne, 2007, p. 91). 

From 2011 to 2023, the population growth rate in Namibia was 65.5%, with estimates that 

around 30% of the country’s population will settle in the Khomas and Erongo Regions by 

2030 (National Planning Commission of Namibia, 2022, p. 3 and 4). The integrated resource 

recovery infrastructure of the city will have to develop rapidly in response to the demand on 

the city’s food, energy, and water resources.  

Despite these resource constraints, the management of industrial and municipal organic 

waste in Windhoek remains largely linear. However, the traditional linear 

“take-make-dispose” model of managing resources is no longer sustainable. Large volumes of 

organic waste from meat, breweries, and beverage industries are often discharged to landfills 

or municipal sewer systems due to high transport costs and limited infrastructure (Simpson 

and Jewitt, 2019, p. 5). This neglects industrial waste’s high energy and nutrient potential  

which presents an optimization opportunity to transform waste into resources (circular 

economy). These industrial effluents are not classified as toxic, they mainly consist of organic 

matter and can be treated through biological processes such as anaerobic digestion (AD) to 

improve water reclamation, biogas production, struvite to produce fertiliser and nutrient-rich 

compost from biosolids for local agriculture, and hydrochar for energy and soil amendment 

produced from hydrothermal carbonisation. These outputs have potential to  reduce reliance 

on imported resources and advance the United Nations Sustainable Development Goals 

(SDGs). 

Anaerobic digestion for biogas production, struvite precipitation for phosphorus and 

nitrogen recovery, and hydrothermal carbonisation for solid fuel generation resource 

recovery technologies are well-documented in the global literature. Simpson et al. (2023, p. 

4) notes that African nations consistently underperform in WEF nexus assessments due to 

infrastructural deficits and a scarcity of site-specific, empirically grounded feasibility studies. 

There have been various techno-economic assessments for waste valorisation in Europe and 

North America, for example, for anaerobic digestion (AD) and biogas/electricity generation 

(Rajendran and Murthy 2019), struvite precipitation for phosphorus recovery (Santos et al., 

2024), and hydrothermal carbonisation (HTC) for producing solid fuels (Aragón-Briceño et 

al., 2021). For instance, hydrochar produced through HTC can also serve as a soil 
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amendment in a manner similar to biochar, improving soil water-holding capacity and 

nutrient retention (Kambo & Dutta, 2015, p. 370). This application is significant for 

Windhoek’s sandy, arid soils, where enhanced water retention could help agricultural land 

become more resilient to droughts (Abel et al., 2013, p. 400). Due to the differences in cost 

structures, regulations, tariffs, and waste streams, these studies are usually not applicable to 

the African situation. 

The simultaneous integration of these three valorisation technologies (anaerobic co-digestion 

(AcoD), struvite precipitation, and hydrothermal carbonisation within a single 

techno-economic model calibrated to a specific African industrial cluster has not been 

previously reported in the peer-reviewed literature. Existing studies tend to evaluate these 

technologies in isolation or in pairs, and none have applied such a multi-technology model to 

the specific industrial symbiosis context of Windhoek, Namibia. In the case of anaerobic 

digestion, Rajendran and Murthy (2019) and Robin and Ehimen (2024) have performed 

techno-economic studies on biogas-to-electricity technologies in the sub-Saharan region of 

Africa, while Borowski and Kubacki (2015) explored the enhancement of methane yields via 

the co-digestion of slaughterhouse waste and sewage sludge. Santos et al. (2024) investigated 

nutrient recovery in city wastewater, and Randall et al. (2017) considered the economic 

prospects of recovering phosphorus at the Cape Flats wastewater treatment plant (WWTP) in 

South Africa. In relation to hydrothermal carbonisation, research by Aragón-Briceño et al. 

(2021) described the mass and energy coupling of HTC to the anaerobic digestion of sewage 

and the work of Bagheri and Wetterlund (2023) demonstrated that the integration of HTC 

yields positive results in energy recovery and in the economics of the process. The integration 

of AD–struvite systems has been studied by Drosg et al. (2015) and Ryu et al. (2020), and 

AD–HTC integration was studied by Aragón-Briceño et al. (2021). 

These technologies can be applied to the industrial organic wastes from Windhoek’s 

co-located meat, brewing, and beverage industries which produce high volume effluent 

throughout the year. Their proximity to both demand centres and existing treatment 

infrastructure makes them ideal as raw materials for energy, fertiliser and hydrochar 

production. The resulting treated effluent, biogas, and nutrient-rich by-products can then be 

directed toward food production through irrigation and fertilizer application, supplying 

excess energy to the grid and water to the reclamation plant thereby closing the 

water-energy-food nexus.  

Therefore, this study aims to fill the existing  gap in lack of valorisation technology studies 

that combine two or more valorisation technologies with techno-economic assessment (TEA) 

in developing and arid countries such as Namibia. It explores the potential for industry 

symbiosis among co-located industries by combining their wastewater and evaluating the 

effluent characteristics and resource recovery. The study also evaluates the blended carbon to 

nitrogen (C/N) ratio of co-located industrial effluents as an operational risk that determines 

the integrated scenario’s technical feasibility, to determine inhibition thresholds. It also 

assesses the financial feasibility of implementing these technologies in the context of Namibia 

without relying on similar studies from developed countries. Overall this study develops WEF 

nexus infrastructure’s economic potential in developing cities and offers a practical, 

3 



reproducible assessment framework for planning WEF nexus infrastructure in other 

sub-Saharan African cities.  

1.2​ Purpose 
The aim of this study is to design and evaluate an integrated resource recovery system for 

industrial organic waste streams in Windhoek, Namibia, in order to strengthen the local 

water–energy–food nexus. The study aims to retrieve the maximum possible energy, 

nutrients, reclaimed water, and other valuable by-products from the combined wastewater of 

Meatco, Namibia Breweries (NamBrew), and Namibia Beverages (NamBev). By assessing the 

technical and economic viability of Anaerobic Co-Digestion (AcoD), Struvite Precipitation 

and Hydrothermal carbonisation (HTC), the study aims to design an integrated 

urban-industrial symbiosis system. 

 

1.3​ Research questions 
To achieve this aim the research is guided by the following  questions: 

1​ What are the characteristics of waste from Meatco, NamBrew, and NamBev waste 

streams in Windhoek? 

2​ What is the potential for resource recovery energy (biogas), nutrients (struvite), and 

hydrochar from the identified waste streams? 

3​ What is the financial viability of valorizing waste from the three waste streams in 

Windhoek? 

4​ What are the benefits of industrial waste valorisation in Windhoek in the context of 

Water, Energy, and Food nexus? 

1.4​ Delimitation 

The project focuses on municipal and selected industrial waste streams within Windhoek's 

urban boundaries. These waste streams are selected because they offer the most direct link 

for urban and industrial symbiosis among water, energy, and food sectors via biogas 

production, water reclamation and organic fertiliser production. Industrial hazardous waste, 

mining waste, and e-waste are excluded, as their valorisation requires distinct, non-biological 

processes that fall outside the scope of this WEF nexus study. The analysis is primarily 

conceptual and scenario-based analysis based on wastewater data from the industries under 
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investigation and peer-reviewed literature. There will be no designs or operations of 

pilot-scale technologies or laboratory-scale experiments in this study.  

2​ THEORETICAL FRAMEWORK/ LITERATURE STUDY 

This study focuses on the Water-Energy-Food (WEF) Nexus as the main framework to 

analyze waste valorisation with respect to Windhoek. The WEF Nexus framework is further 

supported by the circular economy and urban-industrial symbiosis, which detail the process 

of addressing linear waste in the recovery of closed-loop resource systems. 

2.1 The Water-Energy-Food Nexus (WEF) 
The Water-Energy-Food Nexus developed in the late 2000s in response to the increased 

volatility of energy and food prices and the global water crisis (Lazaro et al., 2022, p.1; 

Mabhaudhi et al., 2019, p. 9; Simpson and Jewitt, 2019, p. 2). The term 'nexus' refers to 

connecting dependencies or interdependencies between two or more elements in this case 

water, energy and food (Simpson and Jewitt, 2019, p. 2). The basic idea of the nexus is that 

no sector can achieve security in isolation. The production of energy relies heavily on water 

(cooling, extraction, hydropower) which in turn requires energy (pumping, distribution, 

treatment, desalination) and both are essential in the production of food (irrigation, 

processing, and transportation) (Simpson and Jewitt, 2019, p. 4;  UNESCO, 2021, p. 7).  

The WEF Nexus started to pick up institutional backing after the 2011 Bonn Nexus 

Conference, as policymakers recognized the separated management of resources leads to 

unintended negative impacts across different sectors (Albrecht et al., 2018, p. 1). Integrated 

Water Resources Management (IWRM) has been critiqued for the “water-centric” approach 

and neglecting the competing objectives of the energy and food systems (Caretta et al., 2022, 

p.9). Therefore, the WEF nexus aims to address this criticism by addressing trade-offs among 

water, energy and food cross sector synergies (Simpson and Jewitt, 2019, p.2).  
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Figure 1: The Water-Energy-Food Nexus Conceptual Framework in Windhoek, illustrating the 

interdependencies between resource sectors and the proposed industrial symbiosis interventions.  

Water scarcity is problematic in semi-arid areas, where the Water-Energy-Food (WEF) nexus 

creates interrelated challenges to the availability of energy and food. Endo et al. (2017, p. 23) 

reviewed existing literature on nexus approaches to water-scarce situations, and found that 

arid regions get caught in a “nexus trap” where energy-intensive desalination or deep water 

pumping to remedy water deficit would worsen energy deficits, which in turn would limit the 

ability to process food. This trap is evident in Windhoek, where the energy-intensive Direct 

Potable Reuse (DPR) plant both decreases water stress and increases the dependence of 

imported energy. 

In North Africa, Keulertz et al. (2016, p. 3) examined the WEF nexus in the Middle East and 

North Africa (MENA) regional context and found that for arid countries, wastewater reuse is 

the most important nexus intervention, as it provides water for irrigation (food), decreases 

energy costs for wastewater treatment by recovering biogas (energy), and conserves the 

already limited freshwater (water) resources. Case studies from Egypt by Allam and Eltahir 

(2019, p. 1) indicated that within the Upper Blue Nile Basin, WEF nexus sustainability 

requires integrated optimization of water allocation across agriculture and hydropower, 

demonstrating that cooperation among riparian countries can yield higher total net-benefits 

than sector-by-sector optimization. 

In Southern Africa, Nhamo et al. (2018, p. 2) identified WEF nexus hotspots in the region, 

classifying Windhoek as being in the highest stress category for all three nexus dimensions, 

along with only three other cities in Southern Africa. Mabhaudhi et al. (2019, pp. 113, 134) 

argued for the nexus as a livelihood improvement mechanism through the establishment of 

decision-making frameworks, but indicated that implementation is still lacking due to 

insufficient data and technology assessments in particular locales. 
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2.1.1 The Water-Energy-Food Nexus (WEF) and Urban Waste 

Recently, more scholars have shown interest in the WEF Nexus and urban waste 

management by framing the Food-Waste-Energy-Water (FWEW) nexus as the ‘missing link’ 

that combines food, energy and water systems in urban areas (Lazaro et al., 2022, p. 1). 

Additionally, Udugama et al. (2020, p. 133) successfully show the recovery of resources from 

food processing wastes to achieve water quality, energy, and nutrients in a unified work 

system, which is the exact model used in this work. 

Ddiba et al. (2022, p. 1117) evaluated the circular economy of urban organic waste in low- and 

middle-income countries and found that the cities in sub-Saharan Africa can recover, on 

average, between 2.3 and 4.5 GJ of energy and 15–25 kg of nutrients per tonne of organic 

waste. This has a combined value of the products and avoided costs of $50–120 per tonne. 

Currently, under 5% of this potential is realized mainly due to the inadequate infrastructure 

and uncoordinated policy implementation. This study, however, evaluates this potential in 

Windhoek’s industrial waste streams. 

Leck et al. (2015, p. 453) emphasized that the nexus framework is best applied at the urban 

scale, where industrial symbiosis combines proximity of infrastructure, and governance 

provides the means to execute cross-sectoral investments. This is in agreement with the 

observation made by IRENA (2015, p. 45) that in the WEF nexus, renewable energy 

combined with water treatment achieves the greatest positive effect when located together, as 

it allows for the energy recuperated to offset the costs of the treatment, and provides an 

effluent suitable for irrigation. Applying this integrated perspective to Windhoek's waste 

streams is therefore not only appropriate but essential for designing effective and resilient 

resource recovery systems. 

2.2 Urban-Industrial Symbiosis and  Circular Economy 

The shift from a linear to a circular economy is a fundamental principle in today's 

environmental engineering and sustainable systems  design. A circular economy seeks to 

reduce waste by extending the lifespan of products and materials (Ddiba et al., 2022, p. 1117, 

UNEP, 2021, p. 1). According to Butturi and Gamberini (2020),  Mulder and Delft (2017), 

and Nugroho et al. (2025) within this framework, urban-industrial symbiosis addresses the 

exchange of unexploited resources, and underutilized resources such as waste and energy, 

facilitated by the proximity of urban and industrial units among various interrelated 

facilities. 

Notable global examples such as Japan, China and Denmark demonstrate the viability of this 

approach. Kawasaki  and Guiyang Eco-Cities in Japan and China, respectively,  were 

developed on the principles of urban and industrial symbiosis. These cities integrate several 

industries that share wastewater treatments plants, waste collectors and furnaces with the 

largest symbiosis being the exchange of solid waste including metals, plastics, papers, tires 

and construction waste (Nugroho et al., 2025, p. 1). Similarly, Kalundborg, Denmark has led 
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global industrial symbiosis efforts since the 1970s demonstrating long term sustainability of 

this industrial symbiosis. Kalundborg case includes a power station, refinery, pharmaceutical 

plant, and wallboard manufacturer which cross-transfer gypsum, cooling water, steam, and 

organic wastes to each other, with an overall reduction in resource consumption by 30% 

(Ehrenfeld & Gertler, 1997,  p. 69). 

It is worth noting that Van Berkel et al. (2009, p. 1555) found that in Japan's Eco-Town 

Program, the most successful industrial symbiosis sites were those with heavy industrial 

bases, where four such Eco-Towns attracted approximately two-thirds of total investment 

due to the availability of technological resources within existing process industries. This 

model of symbiotic systems is parallel to the Windhoek case study, where NamBrew's high 

volume wastewater justifies the investment of the central Anaerobic Digester and Combined 

Heat and Power system, with Meatco and NamBev investing as satellite firms. 

Windhoek's industrial corridors have significant urban-industrial symbiosis potential, 

primarily due to the co-location of the meat, beverage, and brewing industries all discharging 

to common municipal infrastructure (WABAG, 2018, p. 1). Thus, the use of industrial waste 

in biogas production is expected to increase the net present value of integrated renewable 

energy systems in Windhoek (Robin & Ehimen, 2024, pp. 1–2). However, to take advantage 

of this symbiotic relationship, Windhoek will require collaboration, information sharing, 

co-investment strategies, and the elimination of regulatory barriers as well as the availability 

of data for all participants. 

2.3 Valorisation Techniques  

This study considered several valorisation technologies that can be applied in Windhoek. The 

main criteria used was to find valorisation methods that would cover all three WEF Nexus 

resource pillars (water, energy, and food) in a single process chain. Other criteria that were 

considered were valorisation technologies that require little to no energy-intensive pre-drying 

of wet, high-organic-strength industrial wastewater, demonstrated implementation and 

literature in developing country and process integration possibilities where the output of one 

step serves as the input of the subsequent step, thereby enabling continuous  resource 

recovery. Lastly, the time frame of the study was the main contributing factor in deciding the 

techniques to explore in the study. 

Based on the defined criteria, some alternative valorisation pathways were considered but 

excluded in the study.  The explored alternative pathways include, membrane bioreactors 

which yield high-grade effluent that can be reused, but they do not recover energy or 

nutrients. They also have a high cost for replacing membranes, and are susceptible to fouling  

when effluent has high-TSS, limiting their use as a primary treatment technology in 

energy-poor situations (Metcalf & Eddy, 2014, p. 920). Constructed wetlands are effective for  

polishing low-strength wastewater but require large land areas and do not recover energy 

(Kivaisi, 2001, p. 545) making them incompatible for the WEF nexus needs of Namibia. On 

the other hand, pyrolysis and gasification require pre-drying of feedstock to below 20% 

8 



moisture content, which is energy-intensive for wet industrial sludge at 75–80% moisture, 

making them unsuitable for a city that already imports the majority of its electricity 

(Andriessen et al., 2019, p. 210). Although composting recovers nutrients as a soil 

amendment, it does not generate energy and requires long processing times of 8–12 weeks 

and  a large area.   

Anaerobic Co-Digestion (AcoD), struvite precipitation, and hydrothermal carbonisation 

(HTC) are the three technologies of focus, and each one satisfies the four criteria in this 

study. AcoD is a fully commercial anaerobic digestion technology that converts wet effluents 

that are high in chemical oxygen demand (COD) into biogas, electricity and heat. As a result, 

it is able to directly contribute towards the energy deficit. Struvite precipitation is also a 

commercial technology that can operate at scale. It is able to reduce reliance on expensive, 

imported, synthetic fertilisers by capturing nitrogen and phosphorus from liquid digestate as 

a slow-release fertilizer. Hydrothermal carbonisation (HTC) can convert the remaining, wet, 

solid, digestate to energy-dense fuels without the need for pre-drying. Additionally, HTC’s 

nutrient rich process water can be piped back to the co-digester to boost the yield of biogas. 

The combination of the three systems provides a cascading process to minimize the waste 

and maximize the output value of a single waste stream while addressing the three challenges 

of the WEF Nexus. 

2.3.1 Anaerobic Co-Digestion (AcoD) 

Anaerobic digestion (AD) refers to the elimination of organic substances through the action 

of microorganisms in the absence of oxygen. This is achieved in 4 successive phases of 

hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Uddin & Wright, 2023, p. 2). 

During hydrolysis, biopolymers and other organic matter, including complex organic 

substances (polymers), undergo fragmentation to emerge as simpler units (soluble 

molecules). Following this, acidogenesis of the soluble molecules occurs, which is the 

conversion of the molecules to volatile fatty acids, incremental to the creation of acetate and 

hydrogen (further acetogenesis); with the subsequent (terminal) phase being methanogenesis 

of methanogenic archaea, which generates methane and carbon dioxide. This occurs under 

mesophilic (35°C) to thermophilic (55°C) digester system conditions, and biogas output from 

this process is about 60-70% methane and 30-40% carbon dioxide (Mata-Alvarez et al., 

2000, p. 4). These conditions suit the large volumes of humid, protein and lipid enriched 

waste coming from the meat, brewing and beverage sectors in Windhoek because they 

possess high biochemical methane potential (BMP) values. 

Anaerobic co-digestion (AcoD) optimises the process even more by enhancing gas generation 

through the anaerobic digestion of two or more organic substrates (Nghiem et al., 2017, p. 

499). In this case, brewery and beverage waste will be co-digested with high-strength 

industrial wastes, from slaughterhouse effluents. There is evidence to indicate that this 

digestion is more favorable than that of a single substrate, yielding a beneficial carbon to 

nitrogen (C/N) ratio of 20:1 to 30:1. The optimal carbon:Nitrogen ratio stabilizes and 

augments the generation of biogas by as much as 60% in comparison to that of a single 

substrate (Emmanuel et al., 2024, p. 3212; Mata-Alvarez et al., 2000, p. 2). 
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Co-digestion has a dilution effect for toxic inhibitors such as free ammonia which can 

accumulate to inhibitory concentrations in meat processing waste streams (Li et al., 2024, p. 

2; Nghiem et al., 2017, p. 499). It also increases symbiotic effects of microbial growth, and 

increases buffer capacity (Li et al., 2024, p. 2). In the case of slaughterhouse wastewater, 

several studies report BMP values of 200 to 450 mL CH₄/g VS (Mata-Alvarez et al., 2014, p. 

418), with Hejnfelt and Angelidaki (2009, p. 1049) reporting benchmark values of 250–380 

mL CH₄/g VS for various slaughterhouse by-products under mesophilic conditions. For 

brewery wastewater, reported values are also in the range of 250–450 mL CH₄/g VS, and the 

recent studies from Southern Africa report values of 290–380 mL CH₄/g VS (Emmanuel et 

al., 2024, p. 3215) as summarised in Table 1 

Table 1: Typical Biochemical Methane Potential (BMP) values for selected industrial waste streams 

Substrate BMP Range (mL CH₄/g VS) Reference 

Slaughterhouse Waste  200 – 450 Borowski & Kubacki 
(2015) 

Brewery Effluent  250 – 450 Emmanuel et al. (2024) 

Beverage Wastewater  250 – 350 Li et al., 2024, p. 2 

Municipal Sewage Sludge 200 – 300 Nghiem et al. (2017) 
 

 

A study by Borowski and Kubacki (2015) demonstrates that co-digesting slaughterhouse 

waste increases energy savings, organic loading rate and the quality of the gas produced. 

Co-digestion of sewage sludge at the 50% weight ratio provides a methane yield of 600 dm³/ 

kg VS, which is a double yield compared to sewage sludge only (Borowski and Kubacki 2015, 

p. 119). It has also been demonstrated that the addition of BSG to sewage sludge significantly 

enhances biogas production both in mesophilic and thermophilic conditions, and also diluted 

the inhibiting effects of free ammonia and light metal ions (Szaja et al., 2025, p. 13).  

The Kenyan biogas initiative assessed sustainability benefits and the findings indicate that it 

is the best option to de-carbonize the country when compared to fossil fuels on sustainability 

indicators (Nzila et al., 2012 p. 496). However, Amigun and von Blottnitz (2010, p. 65) 

identified that limited financial resources such as high initial investment cost, the lack of 

local production and reliance on imported technology (supply of equipment) limits biogas 

production in various countries on the African continent. From this perspective, a centralized 

AcoD facility represents a sound and economically viable option. 

2.3.2 Struvite Precipitation 

Struvite precipitation is an established process for recovering nitrogen and phosphorus from 

concentrated wastewater streams and acts as an end-of-the-pipe solution as it reverts to a 

slow-release fertilizer for use in agriculture. Struvite precipitation operates as a closed-loop 

recycling pathway. The process includes a reaction of ammonium, magnesium, and 

phosphate, where magnesium ammonium phosphate hexahydrate (MgNH₄PO₄·6H₂O) is 

formed from the reaction of Mg²⁺, NH₄⁺, and orthophosphate (PO₄³⁻) at alkaline (pH 8.5-9.0) 

and at a temperature range of 15-35°C. The reaction equation 1:  

10 



 

Mg²⁺ + NH₄⁺ + HPO₄²⁻ + 6H₂O → MgNH₄PO₄·6H₂O + H⁺ ​ ​ ​ Equation 1

​  

 

The struvite process involves: (1) pre-treatment of digestate via solid-liquid separation by 

centrifugation; (2) pH adjustment by adding alkalis such as sodium hydroxide (NaOH); (3) 

addition of a magnesium source such as magnesium chloride (MgCl₂) or magnesium oxide 

(MgO), and another phosphoric acid source if required, and (4) harvesting of struvite by 

liquid or solid separation (Drosg et al., 2015, pp. 23-24; Ryu et al., 2020, pp. 2, 5; Siciliano et 

al., 2020, p. 3).  

Struvite precipitation can remove 80–90 percent of soluble reactive phosphorus and 20–30 

percent of nitrogen from wastewater (Santos et al., 2024, p. 2). In Windhoek, streams with 

high levels of phosphorus, such as abattoir blood and anaerobic digester liquors, are excellent 

candidates for this treatment. According to Talboys et al. (2016) experiment, recovered 

struvite provides a significant opportunity for sustainable local agriculture phosphorus 

management as effective slow-release fertilisers. This is especially important as there is a 

global decline for easily accessible phosphate rock (Otieno et al., 2023, p. 3819; Ryu et al., 

2020, p. 2). Phosphate fertilisers (conventional fertilisers) are ecologically damaging to 

produce and there is a growing need to reduce the ecological footprint. With the application 

of struvite, urban and peri-urban agriculture are also supplied with sustainable and locally 

produced nutrients, directly responding to the “Food” pillar of the WEF Nexus. 

Struvite precipitation has its trade-offs, too. If volatile fatty acids and total organic carbon 

levels are too high, struvite precipitation must be preceded by anaerobic digestion to reduce 

the organic matter (Ryu et al., 2020, pp. 4–5, 7–10). Also, Mg sources (MgO and MgCl2) and 

alkalis to adjust the pH must be added, which can be expensive (Siciliano et al., 2020, p. 3). 

High levels of calcium ions in the wastewater compete with magnesium for phosphate. This 

results in the formation of less favorable by-products such as calcite or calcium phosphate 

instead of struvite (Yan & Shih, 2016, p. 32). This requires adjusting and controlling the 

effluent composition. In addition, the struvite precipitation process requires the pH to be 

maintained in the range of 8.5–9.0 because deviations reduce the precipitation efficiency 

(Kumar & Pal, 2015, p. 3). 

For the southern African context, a benchmark techno-economic study conducted at the Cape 

Flats Wastewater Treatment Works in South Africa evaluated the feasibility of struvite 

recovery from a 200ML/d facility (Randall et al., 2017, P. 343). The study found that 

low-grade struvite could be produced at a cost of approximately $0.48/kg (R8.90/kg) and 

sold for agricultural use. The global literature range for struvite pricing is $300 to $800 per 

tonne. However, the Cape Flats study concluded that struvite recovery alone is rarely 

economically viable on a standalone basis, recovering only 4.2% to 8.0% of operating costs 

(Randall et al., 2017, p. 343). Therefore, the viability of the proposed model relies heavily on 

the integration of struvite recovery with AD and Hydrothermal carbonisation (HTC), which 

shares infrastructure costs and maximizes overall resource extraction. 
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2.3.3 Hydrothermal carbonisation (HTC) 

Hydrothermal carbonisation is useful in developing countries as it does not require 

energy-intensive pre-drying of wet biomass to turn it into hydrochar (Andriessen et al., 

2019). Hydrochar, a solid, energy-rich fuel, is produced through the thermochemical 

conversion of wet biomass, such as municipal sewage sludge. This is done by the 

thermodynamic principle of hot water acting under autogenous pressure as it is heated in a 

sealed, constant-volume reaction vessel (Aragón-Briceño et al., 2021, p. 474). When it comes 

to HTC, lower processing temperatures are used (180–260°C), as well as lower processing 

pressures (1–20 bar), shorter cycle times (0.5 to 24 hours), in contrast to conventional 

pyrolysis or gasification (Aragón-Briceño et al., 2021, p. 474; Czerwińska et al., 2022, p. 10). 

HTC is particularly suitable for feedstocks with higher moisture content because 

energy-intensive pre-drying is not required. This conclusion is important for Windhoek as a 

city that imports energy to fulfill the city requirements. 

 

The HTC process breaks down biomass using hydrolysis, dehydration, decarboxylation, 

polymerization, and aromatization reactions, which produce hydrochar, process water, and a 

minor stream of CO₂. Hydrochar, biomass transformed through HTC, from sewage sludge 

shows an energy value with high heating value (HHV) between 18 and 23 MJ/kg compared to 

natural coal (Czerwińska et al. 2022, pp. 8-9). Generally, the heating value of hydrochar 

relies on its initial feedstock and its ash content. To illustrate, with an HHV ranging from 17.5 

to 21.5 MJ/kg, hydrochar from sewage sludge falls on the lower spectrum (He et al. 2013, p. 

260). Hydrochar produced from pig slaughterhouse waste at 200 °C achieved an HHV of 

approximately 27.2 MJ/kg due to its high protein and lipid content, while cattle 

slaughterhouse waste hydrochar reached up to 40.2 MJ/kg at 300°C (Lee et al. 2021, p. 5 and 

6). Hydrochar from Brewery spent grains reached an HHV of 24–29 MJ/kg (Jackowski et al. 

2019, p. 8), and a HHV from food waste can range from 19 to 30 MJ/kg (Gupta et al. 2020, p. 

6). Depending on how HTC is combined with anaerobic digestion, whether it is a 

pre-treatment or post treatment step, it has its benefits. 

 

Pre-treatment through thermal hydrolysis (TH), which operates at temperatures of 

150–180°C before AD, breaks apart complex organic structures such as extracellular 

polymeric substances and renders these formerly resistant structures more biodegradable, 

thereby increasing biogas yield from the digested material (Fernández-Polanco et al., 2021, p. 

3). Post-treatment (when HTC occurs after AD) is when the remaining digestate after AD will 

be carbonized into hydrochar. The nutrient-rich process water produced by HTC is 

recirculated to the anaerobic digester. This provides more biogas adjunct substrate and 

enhances overall energy efficiency by as much as 14% (Aragón-Briceño et al., 2021, p. 474). 

 

Hydrochar can also be used to amend soil. Abel et al. (2013, p. 400) observed an increase in 

retention of water in sandy soils by 171%. Kambo and Dutta (2015, p. 370) noted retention of 

nutrients in the soil also increased. Finally, Amoah et al. (2018, p. 78) documented a decrease 

of 40% in irrigation requirements for the peri-urban regions of Ghana after biochar 
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amendment while Bagheri and Wetterlund (2023, p. 136) showed HTC integration with 

sewage sludge treatment systems improves both energy recovery and economic performance. 

2.4     Techno-Economic Assessment (TEA) in Developing Context 
The financial viability of integrated biorefineries is largely impacted by local macroeconomic 

factors, capital outlay, and regulatory frameworks. TEAs carried out in developed countries 

expect renewable electricity feed-in tariffs and robust markets for product recovery 

(Lombardi & Laybourn, 2012, p. 21). Conversely, in Southern African countries, there are 

higher capital costs due to imported equipment, higher sovereign risk leading to discount 

rate increases, and renewable energy subsidies which are lower and sometimes completely 

absent (Amigun & von Blottnitz, 2010, p. 65). 

The increased economic viability of waste valorisation in the region is largely due to the costs 

that are being avoided rather than the direct costs. An example is Randall et al. (2017, p. 343) 

who argued that in South Africa the recovery of struvite and its sale as a fertilizer is 

marginally profitable. However, when the avoided cost of chemical sludge disposal and 

pipeline descaling are included, the project may be highly profitable. Even in a municipality 

where the industrial effluent is charged (levied) the self-financing of the project could result 

in a significant investment in the WEF Nexus infrastructure, as the environmental regulation 

is being met. 

2.5    Existing Waste Management Infrastructure in Windhoek 

Windhoek has a unique paradox in waste management. While the city is one of the few in the 

world that has advanced wastewater reclamation technologies, its broader waste 

management systems are constrained by limited capacity and institutional challenges. The 

rapid urbanization, climate change effects and population growth are increasing the strain on 

waste management systems.  

The primary facility for treating effluent in the city is the  New Goreangab Water Reclamation 

Plant, operated by the Windhoek Goreangab Operating Company (WINGOC). According to 

Maquet (2020, p. 64), the Gammams Wastewater Treatment Plant discharges 21,000 

m³/day of domestic sewage and treats 30% of potable water for more than 400,000 citizens. 

The plant is designed to handle 28,000 m³/day but routinely handles peak flows of 50,000 

m³/day. The plant also exhibits toxic pulsations, which disrupt the nitrification process and 

lead to a disruption in ammonia removal (Menge, 2010, p. 5; Namibia Economist, 2021, p. 1).  

The Ujams Industrial Wastewater Treatment Plant with a capacity of approximately 1.5 

million cubic meters of wastewater per year (~4,110 m³/day), commissioned in 2014, 

processes a cocktail of  high-strength effluents from abattoirs, breweries, and tanneries, 

contending with COD spikes exceeding 10,000 mg/L and nitrogen concentrations above 300 

mg/L (WABAG, 2018, p.1). Lastly, Otjomuise Wastewater Treatment Plant treats domestic 
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sewage at a capacity of 7,500 m³/day using activated sludge process, sludge drying and 

UV-treatment system. 

Sludge from these facilities is taken to the Kupferberg landfill, which was opened in the early 

1980s (Envitech, 2025). As things stand, the Kupferberg landfill can be expected to be fully 

used up in 2027, in 2025 for the disposal of hazardous waste, and the City of Windhoek will 

need to allocate approximately N$ 308 million for an extension to the landfill (Ndebele, 

2024, p. 1). Working with the European Union, the City of Windhoek has undertaken projects 

which aim to change the waste management system, from disposal to resource recovery, 

establishing a waste buy-back center in Katutura (European External Action Service, 2025). 

The rising demand for landfill space demonstrates an urgent need for the implementation of 

technologies to divert waste, in this case valorisation technologies, such as anaerobic 

digestion, and hydrothermal carbonisation, to divert organic waste from the landfill, to fulfill 

the organic waste diversion targets. 

2.6    Industrial waste in Windhoek 

To illustrate the symbiotic model, individual industries in the urban sector were analysed and 

profiled. That was to establish what are the significant barriers each industry faces to 

valorizing its own waste. 

2.6.1    The Meat Industry 

The Meat Corporation of Namibia (Meatco) is one of the leading players in Namibia’s meat 

processing industry. This industry is not only an important contributor to the country’s 

economy, but also produces a lot of economically valued high-strength organic wastes 

(Meatco, 2025, p.12). The Meatco abattoir processes approximately 120,000 head of cattle, 

27,000 tons of beef and 250,000 wet blue hides annually (Meatco, 2015, p.2). However, 

actual throughput varies between 35,000 and 60,000 head due to drought-related supply 

constraints, (Meatco 2022/2023, p. 36). The industry generates both solid waste (manure, 

carcasses, scrap metals) and liquid waste (blood, wash water, and tannery effluents).  

 

Abattoirs generate large amounts of blood as organic waste. It has a highly extreme organic 

load and oxygen-demanding waste with a biochemical oxygen demand (BOD₅) of 405,000 

mg/L and COD of 3,500 – 14,000 mg/l (Burmeister and Partners, 2024, p. 40). With a 

BOD₅/COD ratio of 0.3–0.5, blood is considered to have a high degree of biodegradability. 

However, due to its extreme concentrations, even the diluted discharge of blood wash will 

have a significant impact on the composite effluent COD. Blood also contains high levels of 

nitrogen (N) and phosphorus (P), which are major constituents of wastewater; therefore, 

blood makes a significant waste stream for nutrient recovery. In addition, the Okapuka 

Tannery processes twenty to twenty-five (20-25) tons of hides every day, resulting in two (2) 

different streams of wastewater, a lime-sulphide wash (pH 13) and an acidic chrome-pickle 
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wash (pH 2) (Meatco, 2025, p. 17). Such extreme pH levels should be approached with an 

integrated treatment system to prevent negative impacts on the municipality. 

 

Studies indicate that anaerobic digestion is the most efficient method for addressing these 

protein rich waste streams, offering both waste mitigation and energy recovery benefits 

(Nagel, 2019, p. 10). Additionally, high-value compost for urban agriculture can be produced 

from the valorisation of paunch content and solid manure, thereby closing the food side of 

the nexus. 

2.6.2    The Brewing Industry 

Namibia Breweries is a major industrial water user in Windhoek, with a historical water-use 

ratio of 4.0–4.4 litres of water per litre of beer produced (Namibia Breweries Ltd 2024, p. 

28). Their most significant solid industrial byproduct is Brewers’ Spent Grain (BSG) which 

constitutes approximately 85% of the total industrial residue (Ifeanyi-Nze, 2024, p. 1; 

Gmoser et al., 2020, p. 584). Although BSG is often marketed as livestock feed, its high 

moisture content causes rapid spoilage, limiting its shelf life and commercial value. 

BSG has considerable valorisation potential.  Szaja et al, (2025) demonstrates that BSG has 

the potential to be co-digested with municipal sewage sludge, under mesophilic and 

thermophilic conditions, as a means of improving biogas yields and biogas production 

potential. NamBrew further operates a 6.2 MW biomass boiler facility that has substituted 

14.7 million litres of fuel oil, showing it's current commitment to energy efficiency and as a 

potential for further circular economy commitment (Namibia Breweries Ltd 2024, p. 27).  

The liquid wastewater of the brewery is also a source of carbon for the biological nutrient 

removal (BNR) processes at the municipal treatment works. 

2.6.3    Namibia Beverages  

Multinational corporations like Coca-Cola in the beverage industry are considered important 

players in the urban Water-Energy-Food (WEF) nexus. In the context of Windhoek, 

Coca-Cola's large-scale beverage production and its associated water footprint and water 

waste are critical. Coca-Cola Beverages Africa (CCBA) in Namibia’s production activities are 

integrated with the local water and energy systems. Their main waste streams are large 

amounts of wastewater, sugar, organic, and cleansing chemicals, which results in high BOD 

and COD waste (Muhamad Ng et al., 2021, p. 2) . Additionally, the production generates solid 

waste in the form of plastic (PET) bottles, cans, and packaging materials, which pose a 

significant challenge to municipal waste management systems. 

Concerns about the considerable amount of water used in beverage manufacturing, which, in 

the absence of sufficient treatment, increases the burden on municipal wastewater treatment 

works, especially Gammams and Ujams in Windhoek, which are already stretched. The high 

organic loads in the effluent also provide the means for a valuable recovery opportunity 
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through anaerobic digestion, biogas generation, and the transformation of a waste stream 

into a local renewable energy source (Emmanuel et al., 2024, p. 3208). Therefore, integrating 

the beverage industry into an urban industrial symbiosis framework can close the loops and 

convert organic wastewater to energy and solid waste to a recycling value chain creating 

economic opportunities and reducing  the impact on the environment. 

2.7    Sustainability Frameworks and Social Dimensions 

The different possible outcomes of Windhoek's waste valorisation are explored with respect 

to three of the many global sustainability frameworks that score positively on accounting for 

mid and long term relationships. With respect to the United Nations Sustainable 

Development Goals (SDGs), the present study considers the following: SDG 6 (Clean Water 

and Sanitation) via the rate of production of reclaimed water (m³/year), SDG 7 (Affordable 

and Clean Energy) by measuring the amount of renewable electricity produced from biogas 

(MWh/year), and SDG 13 (Climate Action) by measuring the tonnes of CO2 equivalent 

emissions avoided by the diversion of organic waste from the landfill and replacing fossil fuel 

based electricity (UN Global Compact Network Netherlands, n.d.). 

This study deals with the critical transgressions of the global biogeochemical nitrogen (N) 

and phosphorus (P) cycles, as part of the Planetary Boundaries framework (Stockholm 

Resilience Centre, n.d.). Recovering these nutrients through struvite precipitation is 

measured in kilograms of N and P recovered to reduce the reliance on mined phosphate rock 

and synthetic N-fertiliser. By appraising the total mass of nutrients recovered, the study 

offers a quantitative assessment to help abide by this planetary boundary. Same, valorisation 

of wastewater postpones transgressions of the freshwater use boundary, while the production 

of biogas in tandem with landfill diversion, aids in climate change boundary by decreasing 

the radiative forcing. 

United Nations Environmental Programme (UNEP) (2025) sustainable development goal 

(SDG) 5 places gender equality and empowering women as an integral part of the social 

foundation because women are in vulnerable positions in informal waste management 

systems and tend to be victims of climate change and poor sanitation (UNEP, n.d.). Thus, a 

gender-responsive circular economy must ensure the formalization of women’s employment, 

women’s entrepreneurship, and equal opportunities to receive pertinent technical training to 

the women in the communities (UNDP, 2024, p. 12). Putting on the table the gender aspects 

is a moral obligation and also a means to ensure that the climate-related economic 

opportunities that are brought about by the transformed waste management systems are 

effective, equitable, and inclusive (UNDP, 2024, p. 15). 
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3​ METHOD 

This chapter describes the research design, data sources, and analytical methods used to 

assess the technical and economic feasibility of industrial waste valorisation in Windhoek. It 

defines the study area, outlines the research design, including the two scenario definitions, 

describes the industrial wastewater data sources, mass balance and resource recovery 

calculations for anaerobic co-digestion, struvite precipitation, and hydrothermal 

carbonisation, and details the techno-economic assessment methodology, including financial 

performance indicators and sensitivity analysis. 

3.1    Study Area 

Windhoek is the capital city of Namibia situated within the center of the Khomas Region with 

geographic coordinates of 22.5609°S, 17.0658°E. Windhoek is an interesting case to study 

the Water-Energy-Food (WEF) Nexus for its innovative and resourceful approaches to 

historical management of severe resource constraints. It has an arid climate with the average 

annual rainfall of 360 mm annually, while the annual evaporation rate is between 2,600 and 

3,700 mm (Von Oertzen et al., 2024, p. 8). Due to the extreme scarcity of water in Windhoek, 

innovative approaches are imperative. 

The industrial landscape of Windhoek is characterised by several major water- and 

energy-intensive facilities that generate significant volumes of high-strength organic waste. 

Three such companies are the Meat Corporation of Namibia (Meatco) abattoir, Namibia 

Breweries (NamBrew), and Namibia beverages (NamBev). Each of these companies sends 

wastewater to the Ujams Industrial Water Reclamation Plant while the Gammams Waste 

Water Treatment Plant (WWTP) is the primary treatment plant for the municipal domestic 

sewage. The above industrial sites are located adjacent to municipal wastewater treatment 

plants (WWTP) with existing treatment, and flow distribution (pumping) capacity which is 

an ideal scenario to study urban industrial symbiosis along with centralized waste 

valorisation. 

Windhoek was selected for this study due to documented resource deficits in all three WEF 

pillars. Namibia’s energy security is critical as more than 75% of the country’s electricity is 

imported, while the country’s installed energy generation capacity is 501 MW, which is less 

than the country’s maximum demand of 629 MW (Mabhaudhi et al., 2019, p. 18). Food 

security is also critical as less than 43% of food needs are produced in-country, exposing the 

population to supply chain disruptions and price volatility. These challenges co-existing in 

one urban center make Windhoek a unique case to study the impact of integrated waste 

valorisation on WEF Nexus vulnerabilities. 
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3.2    Research Design 

Assessment of the WEF Nexus in Windhoek was performed using  

1.​ Literature review on the Windhoek water–energy–food nexus and existing waste 

management / valorisation options. 

2.​ Data selection and analysis of industrial wastewater and organic waste streams 

(Meatco, NamBrew, NamBev)) for the years 2021–2024. 

3.​ Scenario development and mass–energy flow modelling for different 

treatment/valorisation configurations (e.g. baseline, industrial AcoD+struvite+HTC, 

co‑digestion with municipal sludge). 

4.​ Techno‑economic assessment of these scenarios. 

3.2.1    Scenario Definitions 

Scenario A (De-Integrated Valorisation): In this scenario, each industry individually 

implements three WEF Nexus technologies (AcoD, Struvite Precipitation, and HTC) to 

process their own waste stream. Since this scenario includes the current linear disposal 

system, it serves as the quantitative baseline to evaluate the integrated approach. 

 

Figure 2: Individual industry (scenario A) process flow diagram detailing effluent flow through the AcoD, 

Struvite Precipitation, and HTC units and the expected output at each step.  

Scenario B (Integrated Co-Digestion / Urban-Industrial Symbiosis): In this scenario, it is 

assumed that the industrial effluents from Meatco, NamBrew, and NamBev are mixed and 

processed in a single plant. The combined feedstock is subjected to Anaerobic Co-Digestion 

(AcoD) and further processed using struvite precipitation and HTC. 
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Figure 3: Integrated Process (scenario B) Flow Diagram (Urban-Industrial Symbiosis), detailing the proposed 

effluent flow through the AcoD, Struvite Precipitation, and HTC units.  

3.3    Data Sources 

The industrial effluent volume and concentration data used were obtained from the Swedish 

Research dataset and analyses carried out by Gammams Water Care Works Scientific 

Services using grab and composite samples between 2021 and 2024. Chemical Oxygen 

Demand (COD), Total Suspended Solids (TSS), Ammonia-Nitrogen (NH₄⁺-N), 

Orthophosphate (PO₄³⁻) and Total Kjeldahl Nitrogen (TKN) were the physicochemical 

parameters evaluated. In the absence of data, conservative assumptions of data were made 

based on literature from comparable industries in sub-Saharan Africa and other reputable 

sources. 

To make an international economic comparison easier and to mitigate the effects of currency 

volatility on long term economic analysis, all financial data was converted to United States of 

America dollar (USD), using the projected average exchange rate of 1 NAD = 0.0546 USD 

(Bank of Namibia, 2024) 

All mass balance, resource recovery, and techno-economic calculations were done in 

Microsoft Excel. Each worksheet's results become the input for the next step. Descriptive 

statistics using standard Excel functions (AVERAGE, STDEV.S, MIN, MAX) were used to 

produce the mean values reported in the study while sections 3.4 and 3.5 describe the 

equations used for the calculations of energy, struvite and hydrochar production. These 

include addition, subtraction, multiplication, division, and functions for sums, and internal 

rates of return. 
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3.4    Mass Balancing and Resource Recovery Potential 

3.4.1    Waste Characterisation and C/N Ratio 

The first phase involves characterization of selected waste streams in order to evaluate their 

potential on resource recovery. The waste streams from Meatco, NamBrew, and NamBev 

have been analysed to obtain the organic and nutrient loading rates, and their 

physicochemical parameters have been analysed (COD, BOD, TSS, TKN, Orthophosphate). 

The available literature was used to make estimates of the theoretical biochemical methane 

potential (BMP) of the substrates based on their COD and Volatile Solids (VS) content. 

Annual pollutant loads were calculated using the standard mass balance Equation 2. 

​ ​ ​ ​ ​ ​ ​ Equation 2 𝐿𝑜𝑎𝑑
𝑖 

=  𝐶
𝑖
 × 𝑉

𝑖
 × 10−3

Where: Loadi is the annual load (kg/yr), Ci is the mean concentration (mg/L), and Vi  is the 

annual effluent volume (m
3
/yr). The factor 10

-3 
converts mg/L × m³/yr to kg/yr. 

The organic carbon content was estimated from COD using the stoichiometric conversion 

factor derived from the complete oxidation of carbon. 

​ ​ ​ ​ ​ ​ ​ ​ Equation 3 𝐶/𝑁 =  𝐶𝑂𝐷/2.67 
𝑇𝐾𝑁

Where: C/N is the carbon to nitrogen ratio, COD is the chemical oxygen demand (mg/L), 

2.67 is the stoichiometric conversion factor derived from the complete oxidation of carbon 

(32 g O₂ per 12 g C), and TKN is the Total Kjeldahl Nitrogen (mg/L). 

3.4.2    Anaerobic Co-digestion and Energy Recovery 

The theoretical methane yield from the anaerobic degradation of organic matter is derived 

from the stoichiometry of methane oxidation (McCarty, 1964, as cited in De Mes et al., 2003, 

p. 61). The complete oxidation of 1 mol of methane (0.016 kg) requires 2 mol of oxygen 

(0.064 kg), meaning that 1 kg of COD removed yields 0.35 m³ of CH₄ at standard 

temperature and pressure (STP: 273.15 K, 101.325 kPa). 

​ ​ ​ ​ ​ ​ ​ Equation 4 𝑉
𝐶𝐻4

=  𝐿
𝐶𝑂𝐷

 × 𝑌
𝐶𝐻4

  × η
𝐶𝑂𝐷

Where:VCH₄ is the annual recoverable methane volume (m³/yr), LCOD is the annual COD load 

(kg/yr), COD is the COD removal efficiency of the anaerobic digester, 0.80 for high strength  η
industrial waste water in mesophilic digesters (Metcalf & Eddy, 2014, p. 1046; Simate et al., 

2011, p. 238) and YCH₄ is the theoretical methane yield 0.30 m³ /kg COD removed at STP. 

The remaining undissolved methane in the effluent that may be lost to the atmosphere was 

estimated at 0.15 (15%) for ambient temperature reactors (Lobato et al., 2012, p. 2746). The 
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recoverable methane volume was then converted to energy using the lower heating value 

(LHV) of methane, 9.97kWh/m³ (Metcalf & Eddy, 2014, p. 1046).  

 

​​ ​ ​ ​ ​ Equation 5 𝐸
𝐶𝐻4 

=  𝑉
𝐶𝐻4

 × 1 − 𝑓
𝑙𝑜𝑠𝑠( ) × 𝐿𝐻𝑉

𝐶𝐻4
 

Where: ECH₄ is the recoverable methane energy (kWh/yr), floss  is the dissolved methane loss 

fraction, LHVCH₄ is the lower heating value of methane (9,97kWh/m³). 

The gross electrical energy output from the CHP unit was calculated using the electrical 

efficiency of a biogas-fuelled internal combustion engine. For units under 1 MW capacity, the 

electrical efficiency (ηelec) is approximately 0.35 (35%) and 0.45 (45%) thermal (Mabalane et 

al., 2021, p. 1170; Yingjian et al., 2014, p. 29). 

​ ​ ​ ​ ​ ​ ​ Equation 6 𝐸
 𝑔𝑟𝑜𝑠𝑠, 𝑒𝑙𝑒𝑐 

=  𝐸
𝐶𝐻4

 × η
𝑒𝑙𝑒𝑐

 

Where:Egross,elec is the gross electrical energy output from the CHP unit (kWh/yr), ECH₄ is the 

recoverable methane energy (kWh/yr), ηelec is the CHP electrical efficiency (0.35)  

The net electrical energy output accounted for the parasitic electrical demand of the AD 

system which included mixing, pumping, and control systems. The parasitic demand (fparasitic, 

elec) was set at 12% of gross thermal output  Equation 7 ((IRENA, 2023, p. 45; Metcalf & Eddy, 

2014, p. 1046; Amigun and von Blottnitz, 2010, p. 67; Borowski and Kubacki, 2015, p. 122), . 

​ ​ ​ ​ ​ Equation 7 𝐸
 𝑛𝑒𝑡, 𝑒𝑙𝑒𝑐 

=  𝐸
𝑔𝑟𝑜𝑠𝑠, 𝑒𝑙𝑒𝑐

 × 1 − 𝑓
𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐, 𝑒𝑙𝑒𝑐( )

Where: Enet,elec is net electricity available for export (kWh/yr), and fparasitic,elec is the parasitic 

load fraction (0.12). 

3.4.3    Struvite Precipitation 

The AcoD simulation was followed by the mass balance for the recovery of nutrients through 

struvite precipitation using magnesium ammonium phosphate hexahydrate 

(MgNH₄PO₄·6H₂O) stoichiometric molar ratio of Mg:N:P as (1:1:1) as represented in Equation 

1. The limiting reagent for struvite formation was determined by comparing the molar 

concentrations of PO₄-P and NH₄-N in the effluent. PO₄ concentrations were converted to 

PO₄-P using the stoichiometric ratio, Equation 8 (Bhuiyan et al., 2008, p.448): 

​ ​ ​ ​ ​ ​ Equation 8 𝐶
 𝑃𝑂

4
−𝑃 

=  𝐶
 𝑃𝑂

4
 
 × 

𝑀𝑊
𝑝

𝑀𝑊
 𝑃𝑂

4
 

 =  𝐶
 𝑃𝑂

4
 
 × 30.97

94.97  

Where: CPO₄-P is the concentration of phosphate expressed as phosphorus (mg/L), CPO₄ is the 
measured phosphate concentration (mg/L), MWP is the molecular weight of phosphorus (30.97 
g/mol), and MWPO₄ is the molecular weight of the phosphate ion (94.97 g/mol). 
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The struvite mass yield was calculated based on the limiting reagent concentration, the recovery 
efficiency, and the effluent volume (Bhuiyan et al., 2008, p. 450). 

​ ​ ​ ​ ​ Equation 9 𝑀
 𝑠𝑡𝑟𝑢𝑣𝑖𝑡𝑒 

=   
η

𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔  
× η

𝑃
 × 𝑀𝑊

 𝑠𝑡𝑟𝑢𝑣𝑖𝑡𝑒 
× 𝑄

𝑒𝑓𝑓

1000  

Where: Mstruvite is the annual mass of struvite produced (kg/yr), limiting is the molar η
concentration of the limiting reagent (mol/m³), ηP is the recovery efficiency 0.85 consistent 

with operational data from controlled crystallisation reactors ( Siciliano et al., 2020, p. 12), 

and MWstruvite is the molar weight of struvite (245.41 g/mol), Qeff  is the annual effluent volume 

(m³/yr), and 1000 is the conversion factor from g to kg. 

The magnesium dosing requirement was calculated using MgCl₂·6H₂O (MW = 203.30 g/mol) 

as the Mg source, with a Mg:P molar dosing ratio of 1.3, Equation 10 (Ramaswamy et al., 

2022, p. 4; Siciliano et al., 2020, p. 8). 

​ ​ ​ ​            Equation 10 𝑀
 𝑚𝑔𝑐𝑙 

2

=   
η

𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔  
×  𝑟 

𝑚𝑔:𝑃
 × 𝑀𝑊

 𝑚𝑔𝑐𝑙 
2
. 6𝐻

2
𝑂

 × 𝑄
𝑒𝑓𝑓

1000  

Where: MMgCl₂ is the annual mass of magnesium chloride hexahydrate required (kg/yr), rmg:P is 

the magnesium to phosphorus molar dosing ratio (1.3), MWMgCl₂·6H₂O is the molecular weight of 

magnesium chloride hexahydrate (203.30 g/mol), Qeff is the annual effluent volume (m³/yr). 

NaOH dosing for pH adjustment to the optimal value of 9.0 ( Le Corre et al., 2009, p. 22) was 

estimated at 1.0 mol NaOH per mol of PO₄ removed, Equation 11 (Siciliano et al., 2020, p. 

10): 

​ ​ ​ ​            Equation 11 𝑀
 𝑁𝑎𝑂𝐻

=   
η

𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔  
×η 

𝑃
 ×   𝑟 

𝑁𝑎𝑂𝐻 
 𝑀𝑊

 𝑁𝑎𝑂𝐻
  × 𝑄

𝑒𝑓𝑓

1000  

Where: MNaOH is the annual mass of sodium hydroxide required for pH adjustment (kg/yr), ηP 

is the phosphorus recovery efficiency (0.85), rNaOH is the NaOH dosing ratio (1.0 mol NaOH 

per mol PO₄ removed), MWNaOH is the molecular weight of sodium hydroxide (40 g/mol). 

3.4.4    Hydrothermal Carbonisation 

Hydrothermal carbonisation converts wet sludge into a carbon-rich solid product 

(hydrochar) under subcritical water conditions. The sludge feedstock was estimated from the 

COD removed during biological treatment using Equation 12 and Equation 13 for wet sludge 

mass (Metcalf & Eddy, 2014, p. 660): 

​ ​ ​ ​ ​             Equation 12 𝑀
𝑠𝑙𝑢𝑑𝑔𝑒, 𝑑𝑟𝑦

=  𝐶𝑂𝐷
𝑟𝑒𝑚𝑜𝑣𝑒𝑑

 × 𝑌
𝑜𝑏𝑠

Where: Yobs is 0.40 kg TSS per kg COD removed sludge yield coefficient (Metcalf & Eddy, 

2014, p. 660), and CODremoved is the CODload × 0.80 assuming 80% COD removal efficiency 

(Metcalf & Eddy, 2014, p. 1047).  
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​ ​ ​ ​ ​ ​ ​ ​             Equation 13 𝑌
𝐻𝐶

=
𝑀

𝐻𝐶, 𝑑𝑟𝑦

𝑀
𝑠𝑙𝑢𝑑𝑔𝑒, 𝑑𝑟𝑦

 

Where: YHC is  the hydrochar mass yield on a dry basis (0.60 at 200 °C and 2 hours residence 

time for sewage sludge),  MHC,dry is the annual hydrochar production mass on a dry basis 

(kg/yr), and Msludge,dry is the mass of dry sludge input (kg/yr) (Merzari et al., 2020, p. 5; Wilk 

et al., 2023, p. 44).  

The higher heating value (HHV) of hydrochar was estimated from the energy densification 

ratio (Libra et al., 2011, p. 82). 

​ ​ ​ ​ ​ ​           Equation 14 𝐻𝐻𝑉
𝐻𝐶

=  𝐻𝐻𝑉
𝑠𝑙𝑢𝑑𝑔𝑒

 × 𝐸𝐷𝑅

Where: HHVHC is the higher heating value of hydrochar,  HHVsludge is the higher heating value 

of raw sludge and EDR is the energy densification ratio (1.40) at 200 °C which increases the 

higher heating value (HHV) for the hydrochar (Merzari et al., 2020, p. 5). Industry specific 

HHV values for raw sludge were adopted at 18.0 MJ/kg for Meatco (Malaťák and Dlabaja, 

2015, p. 25), 15.0 MJ kg for NamBrew, and 13.0 MJ kg for NamBev (Wilk et al., 2023, p. 45). 

The energy content and energy yield of hydrochar were calculated according to Equation 15 

while energy yield was estimated using Equation 16 (Merzari et al., 2020, p. 5)  

​ ​ ​ ​ ​ ​           Equation 15 𝐸
𝐻𝐶

=  𝑀
𝐻𝐶, 𝑑𝑟𝑦

 × 𝐻𝐻𝑉
𝐻𝐶

Where: EHC is the total energy content of the hydrochar produced (GJ/yr), MHC,dry is the 

annual hydrochar production mass on a dry basis (kg/yr), and HHVHC is the higher heating 

value of the hydrochar (MJ/kg). 

 ​ ​ ​ ​ ​ ​            Equation 16 𝐸
𝑦𝑖𝑒𝑙𝑑

=  𝑌
𝐻𝐶

 ×
𝐻𝐻𝑉

𝐻𝐶

𝐻𝐻𝑉
𝑠𝑙𝑢𝑑𝑔𝑒

Where:  Eyield  energy yield of hydrochar, YHC is the hydrochar mass yield on a dry basis (0.60), 

HHVHC is the higher heating value of the hydrochar (MJ/kg), and HHVsludge is the higher 

heating value of the raw sludge (MJ/kg). 

The net energy recovery accounted for the HTC reactor heat requirements and this was 

calculated using equation 17, where thermal energy required is 3.5MJ per kg of dry sludge 

input required to maintain the reactor at 200
o
C (Aragón-Briceño, 2021, p. 477;)and the net 

recovery was calculated using Equation 18. 

​ ​ ​ ​ ​ ​            Equation 17 𝐸
𝐻𝑇𝐶

=  𝑀
𝑠𝑙𝑢𝑑𝑔𝑒, 𝑑𝑟𝑦

 × 𝑄
𝐻𝑇𝐶

Where: EHTC is the thermal energy required by the HTC reactor (GJ/yr), Msludge,dry is the mass 

of dry sludge input (kg/yr), and QHTC is the specific thermal energy requirement of the HTC 

process (MJ/kg dry sludge). 
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        Equation 18 𝐸
𝑛𝑒𝑡

=  𝐸
𝐻𝐶

 −  𝐸
𝐻𝑇𝐶

= (𝑀
𝐻𝐶, 𝑑𝑟𝑦 

 × 𝐻𝐻𝑉
𝐻𝐶

) − (𝑀
𝑠𝑙𝑢𝑑𝑔𝑒, 𝑑𝑟𝑦

 × 𝑄
𝐻𝑇𝐶

) 

Where: Enet net energy recovery from HTC process (GJ/yr), EHC is the total energy content of 

the hydrochar (GJ/yr), EHTC is the thermal energy required by the HTC reactor (GJ/yr), 

MHC,dry is the annual hydrochar mass (kg/yr), HHVHC is the higher heating value of hydrochar 

(MJ/kg), Msludge,dry is the dry sludge input mass (kg/yr), and QHTC is the HTC thermal energy 

requirement (MJ/kg dry sludge). 

3.5    Techno-Economic Assessment 

A techno-economic assessment (TEA) was performed to determine the financial feasibility of 

the two scenarios. The economic model was built over a 20-year project life using the 

discounted cash flow (DCF) method. For the financial parameters such as capital expenditure 

(CAPEX), operational expenditure (OPEX), annual revenue streams and avoided costs values 

were converted to US dollar (USD) using the 2024 average exchange rate of 1 NAD = 0.0546 

USD (18.0 NAD/USD) Bank of Namibia, (2024). to ensure uniformity and to reduce the 

impact of the local currency fluctuation. The discount rate (r) was taken to be 8% as this is 

the usually accepted cost of capital for infrastructure developments in sub-Saharan Africa 

and is in line with the World Bank’s recommendation for project appraisal in low-income 

countries (Amigun & von Blottnitz, 2010, p. 65). All unit costs are benchmarked to 

sub-Saharan African and Namibia's construction and equipment prices as shown in Appendix 

4, Table 1. 

 

3.5.1    Capital Expenditure (CAPEX) 

The capital expenditure is inclusive of all direct equipment expenses, civil works, piping and 

instrumentation, engineering and project management services, and a generic 15% 

contingency that is relevant for construction projects in sub-Saharan Africa scaled by 

capacity. The digester is designed based on a 20-day hydraulic retention time (HRT) under 

mesophilic (35 °C) conditions. The AD-CHP costs were scaled based on the required 

electrical capacity (kW). Struvite reactor costs were scaled based on volumetric flow rate, 

and HTC costs were scaled based on dry sludge processing capacity ($200–500 per tonne) 

(Pagés-Díaz et al., 2025, p. 4). A location factor of 1.25 was applied to account for equipment 

importation and construction premiums in Namibia (AECOM, 2024, p. 18). For the 

Integrated scenario, the CAPEX included additional costs for a 15 km conveyance pipeline 

and pumping stations required to transport the effluent from the industrial sites to a central 

location.  

 

3.5.2    Operational Expenditure (OPEX) 

Annual operating costs were calculated using the factorial method, which derives 
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maintenance, insurance, and administrative overheads as fixed percentages of the total 

CAPEX (Amigun & von Blottnitz, 2010, pp. 65–68) where applicable. Labour costs were 

benchmarked against current Namibian Government Gazette (No. 8326) minimum wage for 

the manufacturing sector, adjusted for skilled plant operators (Government of Namibia, 

2024, p. 2). CHP maintenance was set at $0.015/kWh of electricity generated (IEA 

Bioenergy, 2021, p. 14). Chemical costs for struvite precipitation were estimated according to 

the market price of MgCl₂·6H₂O and NaOH. 

 

3.5.3    Revenue Streams and Avoided Cost 

The facility generates revenue through avoided costs of the industrial effluent treatment 

(IET) levy that would otherwise be paid to the City of Windhoek for discharging 

high-strength industrial effluent (Municipality of Windhoek, 2024, p. 8-9) and the sale of 

recovered resources; electricity, struvite fertilizer, and hydrochar. Electricity savings were 

valued at the NamPower bulk tariff rate of $0.12/kWh  (N$2.14/kWh) (ECB, 2024, p. 1), 

struvite sales were valued at 0.60/kg and hydrochar sales were valued at 0.10/kg, (Randall et 

al., 2017, p. 348). 

 
3.5.4    Financial Performance Indicators 

The financial viability of both scenarios was evaluated over a 20-year project lifespan using a 

8% discount rate. The financial performance indicators calculated include the Net Present 

Value (NPV), Internal Rate of Return (IRR), Simple Payback Period (SPP), and the Levelized 

Cost of Energy (LCOE) for the biogas CHP component. 

3.5.4.1​ Net Present Value 

Net Present Value (NPV) was calculated according to Equation 19 (Robin & Ehimen, 2024, p. 

7). 

​ ​ ​ ​ ​ ​ Equation 19 𝑁𝑃𝑉 =  
𝑡=1

𝑛

∑
𝐶𝐹

𝑡 

(1 +𝑟)𝑡  − 𝐶𝐴𝑃𝐸𝑋   

Where: NPV is the net present value ($/yr),  CFt is the net cash flow in year t, r is the discount 

rate (0.08 or 8%) and t is the project year (1 to 20years), n is the project life span (20 years), 

and CAPEX is the total capital expenditure. 

3.5.4.2​ Internal Rate of Return 

The internal rate of return (IRR)  is evaluated based on the discount rate value when NPV is 

nil, Equation 20 (El Ibrahimi et al., 2022, p. 11; Robin and Ehimen, 2024, p. 7). IRR values 

greater than the discount rate means that the valuation technique  is financially viable and 

the opposite is true when IRR values are less than the discount rate. 
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​ ​ ​ ​         Equation 20 𝑁𝑃𝑉 =  0 =  − 𝐶𝐴𝑃𝐸𝑋 +   
𝑡=1

20

∑
𝑅𝑒𝑣𝑒𝑛𝑢𝑒

𝑡 
− 𝑂𝑃𝐸𝑋

𝑡 

(1 +𝐼𝑅𝑅)𝑡   

Where: IRR  is the internal rate of return minus(%), the discount rate at which NPV equals 

zero,  CAPEX is the total capital expenditure ($), Revenuet is the total annual revenue in year 

t ($/yr), and OPEXt is the annual operational expenditure in year t ($/yr) 

3.5.4.3​ Simple Payback Period 

The simple payback period (SPP) is determined by dividing the capital costs by the annual 

cash flows as shown in Equation 21 (El Ibrahimi et al., 2022, p. 11) 

​ ​ ​ ​ ​ ​ ​             Equation 21 𝑆𝑃𝑃 =  𝐶𝐴𝑃𝐸𝑋
𝐴𝑛𝑛𝑢𝑎𝑙 𝑁𝑒𝑡 𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤

Where: Annual net cash flow is the average annual revenue minus (-) average annual OPEX 

3.5.4.4​ Levelised Cost of Energy 

The Levelized Cost of Energy (LCOE) measures the total cost of producing one kilowatt-hour 

over the total life of each project. This is measured by total capital and operational 

expenditures discounted over 20 years, divided by total net electricity output discounted. To 

determine cost of electricity generated from the reactor,levelised cost of energy (LCOE) for 

the CHP component was calculated using Equation 22 (IRENA, 2024, p. 22; Robin and 

Ehimen, 2024, p. 7 ) 

​​ ​ ​ ​ ​             Equation 22 𝐿𝐶𝑂𝐸 =  
𝐶𝐴𝑃𝐸𝑋

𝐶𝐻𝑃
 + 

𝑡=1

𝑛

∑
𝑂𝑃𝐸𝑋

𝐶𝐻𝑃,𝑡  

(1 +𝑟)𝑡

𝑡=1

𝑛

∑
𝐸

𝑒𝑙𝑒𝑐,𝑡  

(1 +𝑟)𝑡

Where: LCOE  is the levelised cost of energy for the biogas CHP component, CAPEXCHP  is the 

capital expenditure allocated to AcoD and CHP systems, OPEXCHP,t is the operational 

expenditure for AcoD and CHP in year t, Eelec,t  is the electrical energy output in year t, r is the 

discount rate (0.08) and t is the project year (1 to 20) 

 

3.5.5    Sensitivity Analysis 

In consideration of market fluctuation and technical risk, a one-way sensitivity analysis was 

performed on both scenarios in order to determine the effect on the project NPV when ten 

key variables (Total Revenue, IET Levy, Electricity Tariff, CAPEX, OPEX, Discount Rate, 

Struvite Price, Hydrochar Price, Labour Cost, and Chemical Cost) are changed by ±40% from 

the baseline. 
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4​ RESULTS 

This section presents the quantitative findings on waste characterisation and resource 

recovery based on the techno-economic assessment for the de-integrated (Scenario A) and 

integrated (Scenario B) valorisation calculations. This chapter includes results from waste 

characterisation and C:N analysis, recovered energy via anaerobic digestion, recovered 

nutrients via struvite, hydrochar produced via HTC, and assessed financial indicators for 

both scenarios. All assessments of the resource recovery and valorisation process for waste 

are based on the mass balance equations and assumptions as presented in Chapter 3 and 

Appendices 1-4. 

4.1    Waste Characterisation 

4.1.1    Water Consumption and Effluent Volume 

NamBrew is the largest consumer of water among the three industries and generates the 

highest volume of effluent 512k m³/yr. Meatco and NamBev produce an average of 104k 

m³/yr and 91.5k m³/yr effluent respectively as illustrated in Figure 4. The effluent generation 

ratio varies by industry type and it is summarised in Table 2 for the three industries, 

 

Figure 4: The calculated mean annual  effluent  volume(m³/yr) for each  industry. NamBrew's water usage is 

higher than the other two industries. 

 

4.1.2    Pollutant Loads 

The three industrial wastewater streams showed clear differences in pollutant loads and 

concentrations that determined their resource recovery potential. NamBrew (brewery) had 

the highest mean COD concentration of 3,731 mg/L, the largest effluent volume 512k m³/yr, 

and the largest organic load of 2008.4 Mg/yr, as depicted in Figure 4. Meatco, had a lower 

concentration of COD of 1,077 mg/L, but had high nutrient concentrations, with mean 
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concentrations of NH₄-N and PO₄ of 64.0 mg/L and 15.5 mg/L, respectively. NamBev 

(beverage plant) had the least pollutant strength and volumes as shown in Table 2. 

 

Figure 5: Pollutant concentrations/load (mg/L) by industry. NamBrew dominates in COD and TSS, while 

Meatco dominates in NH4-N, and PO4. 

 

Table 2: Estimated annual effluent load and pollutant concentrations for the three industries 

Parameter Meatco 
NamBrew 
(Brewery) 

NamBev 
(Beverage) Integrated Total Unit 

Effluent Volume 103,831 512,283 91,508 707,622 m³/yr 

COD 1,0770 3,731.3 431.4 2,914.50 mg/L 

TSS 416.1 559.9 309 497.8 mg/L 

NH₄-N 64 6.6 0.5 12.2 mg/L 

PO₄ 15.5 6.3 0.7 7 mg/L 

TKN 181.9 65.2 2.1 74.2 mg/L 

C:N Ratio  3.4 23.6 60.1 14.7 — 

Annual COD Load 117.2 2,0080 15.3 2,140.90 Mg/yr 
 

 

4.1.3    Carbon to Nitrogen (C:N) Ratio 

The Carbon-to-Nitrogen (C:N) ratio highlights the distinct nature of each industry's waste 

stream. NamBrew had an optimal ratio of 23.6 while Meatco had a low C:N ratio of 3.4 and 

NamBev had a high C:N ratio of 60.1. The flow-weighted C:N ratio for the integrated case is 

14.7, estimated as (blended COD of 2,915 mg/L / 2.67) / blended TKN of 74.2 mg/L, Figure 6; 

Table 2.  
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Figure 6: The calculated C:N ratio for each of the three industries against the optimal range  for anaerobic 

digestion. 

4.2    Anaerobic Digestion and Energy Recovery  
The calculated anaerobic digestion of brewery effluent was 465k Nm³/yr recoverable 

methane at STP. When utilised in a CHP unit, this translates to a gross electrical output of 

1,618 MWh/yr and a net electrical output of 1 424.0 MWh/yr. To handle this continuous load, 

a CHP unit with a capacity of approximately 185 kW was estimated to be optimal for the 

brewery. Meatco's effluent calculated net electrical output was 95.2 MWh/yr from 31 085 

Nm³/yr of recoverable methane at STP requiring a small-scale CHP unit of approximately 

12.3 kW. NamBev's had the lowest calculated recovery potential of 18.6 MW h/yr net 

electrical output and required a CHP capacity of 2.4 kW, Table 3.  

 

On the other hand, combined effluent from the industries was 502 059 Nm³/yr of methane 

with a gross electrical output of 1 747.4 MWh/yr and a net electrical output of 1 537.7 

MWh/yr which requires a CHP capacity of 199.3. 
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Figure 7: Annual net electrical energy  (Net Elec (MWh/yr)) generation from anaerobic digestion, net thermal 

energy (Net Therm (MWh/yr)) yield and CHP capacity (CHP (kW)) required  by each  industry and the 

integrated scenario. 

Table 3: Annual AD-CHP recovery  summary 

Parameter Meatco NamBrew NamBev Integrated Unit 

COD Removed 104.5 1,562.70 20.4 1,687.60 Mg/yr 

CH₄ Recoverable 31,085 464,909 6,065 502,059 Nm³/yr 

Gross Electricity 108.2 1,6180 21.1 1,747.40 MWh/yr 

Net Electricity 95.2 1,4240 18.6 1,5380 MWh/yr 

Gross Thermal 139.1 2,080.50 27.1 2,246.70 MWh/yr 

Net Thermal 104.3 1,560.30 20.4 1,685.00 MWh/yr 

CHP Capacity Required 12.3 184.6 2.4 199.3 kW 

4.3    Struvite Precipitation and Nutrient Recovery 
Results from struvite precipitation showed the opposite trend compared to energy recovery. 

Even though Meatco’s nutrient-rich abattoir wastewater had only 20% of NamBrew’s effluent 

volume, they achieved 3,744 kg/yr of struvite, which is 33 % of the total struvite production 

(Figure 8; Table 5). Additionally, despite Meatco’s effluent having much higher nutrient 

concentrations than NamBrew's, the struvite production from NamBrew was 7,488 kg/yr, 

and was the largest absolute mass among all three effluent sources. The total recovered 

phosphorus from all three industries was 1 , 427 kg/yr. 
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Figure 8: The calculated annual struvite produced, phosphorus recovered (P recovered) and Magnesium 

chloride hexahydrate (MgCl₂· 6 H₂O) to process  the three industries and the integrated effluent 

 

Table 4: Estimated annual struvite precipitation chemical requirements and production 

Parameter Meatco NamBrew NamBev Integrated Unit 

Struvite Produced 3,744 7,488 76 11,308 kg/yr 

P Recovered 472 945 10 1,427 kg/yr 

MgCl₂·6H₂O Required 4,744 9,488 96 14,328 kg/yr 

4.4    Hydrothermal Carbonisation 
The HTC process effectively valorised the residual sludge from the AD systems. NamBrew 

generated 375. 1 Mg/yr of hydrochar, dwarfing the outputs from Meatco at  25. 1 Mg/yr  and 

NamBev at 4. 9 Mg/yr) (Figure 9). The energy densification ratio (EDR) of 1. 40 increased the 

Higher Heating Value (HHV) of the raw sludge from 13 ‒ 18 MJ/kg to 18. 2 ‒ 25. 2 MJ/kg in 

the final hydrochar. Since the integrated scenario blends all three sludge streams, there is no 

single HHV, it depends on the proportional mix. However, the mass-weighted average HHV 

for the integrated scenario is  21.2 MJ/kg.  

The net energy balance of the HTC process was positive for all three industries, yielding a 

combined net energy balance of 6, 235 GJ/yr across all three industries (Table 5). The total 

energy embedded in the hydrochar was 8, 597 GJ/yr, against an HTC process energy demand 

of 2 , 363 GJ/yr. 
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Figure 9 (a) and (b): Estimated annual hydrochar production  (a) and the hydrochar energy content estimated 

using the Energy Densification Ratio (EDR) of 1.4 
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Table 5: Annual HTC Mass and Energy Balance 

Parameter Meatco NamBrew NamBev Integrated Unit 

Dry Sludge Input 41.8 625.1 8.2 675.1 Mg/yr 

Hydrochar Produced 25.1 375.1 4.9 405.1 Mg/yr 

HHV of Hydrochar 25.2 21 18.2 21.2 MJ/kg 

Energy in Hydrochar 632 7,876 89 8,597 GJ/yr 

HTC Energy Demand 146 2,188 29 2,363 GJ/yr 

Net Energy Balance 486 5,688 61 6,235 GJ/yr 

4.5    Techno Economic Assessment 

4.5.1    Capital Expenditure (CAPEX) 

The capital expenditures varied by industry scale, dictating the overall financial viability. The 

Integrated system, designed to process the combined effluent of all three industries, required 

a CAPEX of $ 9. 21 million, primarily driven by the 15 km conveyance pipeline and associated 

pumping infrastructure required to transport the wastewater across Windhoek’s low-density 

industrial zones. 

In contrast, the standalone (scenario one) systems required significantly lower capital 

investment. NamBrew, benefiting from economies of scale, required a CAPEX of $ 2. 38 

million, while Meatco and NamBev required $ 492 , 500 and $ 122 , 740 , respectively 

(Figure 10). 

4.5.2    Operational Expenditure (OPEX) 

Operational expenditures (OPEX) were dominated by HTC energy requirements and general 

maintenance for the integrated systems. NamBrew, Meatco and NamBev were estimated to 

require $226,650, $ 46,002 and $29,941 operational costs respectively. The Integrated 

system incurred high pumping costs and pipeline maintenance with the total operational 

costs reaching $ 597 , 172 /yr. 

 

4.5.3    Revenue Streams and Avoided Costs 

Revenue streams included electricity and thermal energy savings, hydrochar, and struvite 

sales. The avoided Industrial Effluent Treatment (IET) levy was an important additional 

revenue stream  ranging from 68% (NamBrew) to 80% (NamBev) of total revenue. Without 

the avoided levy, product revenues alone (electricity, thermal, struvite, and hydrochar) were 

estimated at the value of  $22,439/yr for Meatco, $306,501/yr for NamBrew, $3,988/yr for 

NamBev, and $332,928/yr for the Integrated scenario. However the total revenue and 

avoided costs  for Meatco, NamBrew and NamBev were $102,426/yr, $966,077/yr and 

$20,138/yr respectively, refer to Table 6 for all values. 
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Table 6: Revenue streams and avoided costs breakdown ($/yr) 

Revenue Stream Meatco NamBrew NamBev Integrated 

Electricity Savings 11,425 170,876 2,229 184,530 

Thermal Energy Savings 6,260 93,621 1,221 101,102 

Struvite Sales 2,244 4,494 48 6,786 

Hydrochar Sales 2,510 37,510 490 40,510 

Avoided IET Levy 79,987 659,576 16,150 755,708 

TOTAL 102,426 966,077 20,138 1,091,161 

 

4.5.4    Financial Indicators: NPV, IRR, Payback Period, and LCOE 

NamBrew showed a strong investment opportunity with a NPV of $ 4, 878, 078, an IRR of 

30.9% and  a payback period of only 3.2 years. Of its total annual revenue  of $966,077 

(Figure 10 (a) and (b); Table 7), the avoided IET levy accounts for $659,576 (68%), followed 

by savings in electricity of $170,876 (17.7%), savings in thermal energy of $93,621 (9.7%), 

sales of hydrochar of $37,510 (3.9%), and sales of struvite of $4,494 (0.5%). This revenue is 

significantly larger than the annual operating expenses of $226,650, resulting in a net annual 

benefit of $739,427 with an IRR of 30.9%.  

Meatco had  an IRR of 9. 6 % and a payback period of 8. 7 years. Its NPV is $61,476, and 

therefore positive, at an 8% discount rate. Of its total revenue of $102,426, the avoided IET 

levy of $79,987 (78%) is followed by savings in electricity of $11,425 (11.2%), savings in 

thermal energy of $6,260 (6.1%), and sales of hydrochar of $2,510 (2.5%) and struvite of 

$2,244 (2.2%).  

NamBev has NPV of -$218,987) and the total annual revenue generated was $20,138, of 

which the avoided IET levy accounts for $16,150 (80%). This is not enough to meet the 

annual OPEX of $29,941, resulting in a net annual loss of $9,803.  

The integrated scenario consolidates all revenue streams of $1,091,161 annually, including 

$755,708 (69.3%) annually in the avoided IET levies , $184,530 (16.9%) in electricity savings, 

$101,102 (9.3%) in thermal energy, $40,510 (3.7%) in hydrochar, and $6,786 (0.6%) in 

struvite and a negative NPV of -$4.4M.  
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Figure 10:  (a) capital expenditure (CAPEX) vs net present value (NPV) and (b)annual operational cashflow 

 

In Table 9, the LCOE of NamBrew was $0.330/kWh, NamBev $2.285/kWh, Meatco 

($1.010/kWh) and the centralized system ($0.998/kWh).  
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Table 7: Summary of financial indicators for a 20 year project life 

Indicator Meatco NamBrew NamBev Integrated Unit 

CAPEX 492,500 2,381,690 122,740 9,209,535 $ 

OPEX 46,002 226,650 29,941 597,172 $/yr 

Revenue and  Avoided 

Cost 102,426 966,077 20,138 1,091,161 $/yr 

NPV 61,476 4,878,078 -218,987 -4,359,502 $ 

IRR 9.6 30.9 N/A N/A % 

Payback 8.7 3.2 N/A N/A yr 

LCOE 1.01 0.33 2.285 0.998 $/kWh 

 

4.5.5    Sensitivity Analysis 

Factors affecting the project's NPV were the IET levy rate, the discount rate, CAPEX, and 

OPEX, Table 8. NamBrew demonstrates robustness across all parameters. As illustrated in 

the Tornado chart (Figure 11 ), the project’s NPV is sensitive to the COD removal rate and IET 

levy rate, followed by the discount rate, CAPEX, and OPEX. A 40 % reduction in the IET levy 

rate would reduce the NPV from $ 4. 88 M to $ 2. 29 M (53 % decline), but still positive. 

Conversely, a 40 % increase raises the NPV to $ 7. 47 M. The IET levy can decline by up to 

75% before the NPV reaches zero, providing a wide safety margin against potential tariff 

restructuring. Variations in electricity tariff, product prices (struvite and hydrochar), and 

CHP efficiency have minor impacts on the overall financial outcome. 

 

Figure 11: Tornado sensitivity analysis of NamBrew (Base NPV = $4.88M) 
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Table 8: Sensitivity of NPV to ±40% parameter variation (One-at-a-time (OAT) variation of each parameter 

while holding others at base case) 

Parameter 

NamBrew 

-40% 

NamBrew 

+40% 

Meatco 

-40% 

Meatco 

+40% 

NamBev 

-40% 

NamBev 

+40% 

Centralised 

-40% 

Centralised 

+40% 

Base NPV ($) 4,878,078 4,878,078 61,476 61,476 -218,987 -218,987 -4,359,502 -4,359,502 

IET Levy 2,287,788 7,468,439 -252,651 375,609 -282,412 -155,562 -7,327,387 -1,391,617 

CAPEX 5,831,078 3,925,078 258,476 -135,524 -169,891 -268,083 -675,664 -8,043,340 

OPEX 5,768,078 3,988,078 242,076 -119,124 -101,401 -336,573 -2,014,229 -6,704,775 

Discount Rate 6,099,000 3,913,000 — — — — — — 

 

Meatco achieves a positive NPV (+$ 61 , 476 ) under base-case conditions, but the sensitivity 

analysis reveals that this viability is fragile. The project’s NPV turns negative under adverse 

changes for example, a 20 % reduction in the IET levy (NPV = -$ 95 , 586 ), a 20 % increase 

in CAPEX (NPV = -$ 37 , 021 ), or a 20 % increase in OPEX (NPV = -$ 28 , 852 ) are each 

individually sufficient to render the project unviable. The IET levy can decline by only 7. 8 % 

before the NPV reaches zero offering minimal buffer against regulatory changes. The IRR of 

9. 6 % exceeds the 8 % discount rate by only 1. 6 percentage points, meaning that any 

increase in the cost of capital whether from higher interest rates, increased country risk 

premiums, or lender uncertainty about biogas technology could eliminate the project’s value.  

 

NamBev is unviable under all sensitivity scenarios tested. Even the most favourable 

combination of conditions at 40 % reduction in OPEX (NPV = -$ 101 , 401 ), a 40 % reduction 

in CAPEX (NPV = -$ 169 , 891 ), or a 40 % increase in the IET levy (NPV = -$ 155 , 562 ), fails 

to achieve a positive NPV. The fundamental problem is structural where NamBev’s dilute 

effluent (COD = 431 mg/L) generates a net annual loss of $ 9 , 803 /yr (revenue of $ 20 , 138 

/yr minus OPEX of $ 29 , 941 /yr), meaning the project loses value every year of operation 

regardless of the initial capital cost. The IET levy would need to increase by approximately 

138 % for the project to break even.  

 

The integrated scenario is unviable across all sensitivity scenarios. Even a 40 % reduction in 

CAPEX which would reduce the investment from $ 9. 21 M to $ 5. 53 M still yields a negative 

NPV of -$ 675 , 664. A 40 % reduction in OPEX (NPV = -$ 2 , 014 , 229 ) and a 40 % increase 

in the IET levy (NPV = -$ 1 , 391 , 617 ) each fails. The IET levy would need to increase by 

approximately 59 % to achieve breakeven, while simultaneously, no single parameter 

variation within the ± 40 % range produces a positive NPV.  
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5​ DISCUSSION  

The analysis of results is covered in this chapter with respect to the literature, the WEF 

Nexus, and Windhoek specific data. It compares measured and calculated mass balance data 

to literature and treatment design, resource recovery potential against related studies. It also 

discusses the economic feasibility of the two scenarios and synthesises the cross-nexus 

system benefits of the proposed system for Windhoek's water, energy, and food security The 

limitations of the study and the ethical implications of the study are also included in the 

discussion. 

5.1    Characteristics of Industrial Waste Streams  
The results of the waste characterisation for the three industries indicate fundamental 

differences in the effluent volume and pollutant load presenting potential for different 

processes of resource recovery. 

 

5.1.1    Waste Composition 

NamBrew is the largest contributor to the integrated waste stream, discharging 512k m³/yr of 

wastewater, with the highest average COD of 3,731 mg/L, and an annual total organic loading 

of 2,008 Mg/yr. This is supported by literature on brewery wastewater, where Simate et al. 

(2011, p. 237) estimated COD levels of 1, 000–6,000 mg/L in wastewater of brewing 

operations due to the dissolved sugar, residual ethanol, and yeast in the wastewater. The 

water use ratio of 4.0–4.4 L of water per litre of beer produced by NamBrew (Namibia 

Breweries Ltd, 2024, p. 28) is within the upper end of the 3.0–5.0 L/L range reported by 

Olajire (2020, p. 3) for conventional breweries, suggesting that, while the efficiency of water 

use can also be an improvement, the volumes of effluents can be reduced and the 

concentrations of pollutants can be increased, which would improve the feasibility of using 

anaerobic treatment. 

Meatco produces effluent with low volume (104k m
3
/yr) and moderate COD (1,077 mg/L) 

sampled with high NH4-N (64.0 mg/L), PO4 (15.5 mg/L), and TKN (181.9 mg/L) 

concentrations. Compared to other slaughterhouse effluent, Meatco's effluent has a low COD 

(1,500–6,000 mg/L) which may be caused by dilute tannery wash streams with alkaline lime 

sulfide at pH 13 and pickled at pH 2 which shift the volume weighted COD. Additionally, grab 

sampling may miss intermittent high concentration blood wash that may have a BOD of 

405,000 mg/L that lasts 1-2 hrs (Burmeister and Partners, 2024, p. 40). Additionally, 

seasonal fluctuations of 35,000 to 60,000 head/year (Meatco, 2022/2023, p. 36) may shift 

the averages for the last 4 years. Overall, Meatco's effluent shows relatively low calculated 

organic strength for abattoir wastewater. 

NamBev's effluent is only a weak contributor with a volume of 91.5k m³/yr and a low mean 

COD of 431.4 mg/L. The weak nature of the effluent is due to  rinsing of cleaning-in-place 
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(CIP) chemicals and bottle washing, rather than the loss of product (Muhamad Ng et al., 

2021, p. 2). The COD in this instance is also below the range of 500–1,200 mg/L found in 

carbonated beverage plants as reported by Rajendran and Murthy (2019, p. 12) and is likely 

the result of large volumes of low concentration organic rinses from CIP systems. While this 

structural diluteness limits valorisation potential as a standalone, it provides value to an 

integrated system by the dilution of inhibitory components and providing additional 

hydraulic volume. 

These effluent characteristics support the treatment design of co- digestion, mono-digestion 

of Meatco's effluent is likely to have ammonia inhibition because of the methane potential, 

with concentrations of free ammonia of 1,500 mg/L (Li et al., 2024, p. 2). Additionally, high 

tannery wastes, with a pH of 13, requires a balancing tank before the anaerobic digestion 

reactor. 

 

5.1.2 C:N Ratio  

The optimum C:N ratios for anaerobic digestion ranges from 20:1 to 30:1 (Mata-Alvarez et 

al., 2000, p. 2; Emmanuel et al., 2024, p. 3212). NamBrew’s C:N ratio of 23.6 is within this 

range, suggesting that brewery effluent can be successfully anaerobically digested as a 

mono-substrate without causing a significant nutrient imbalance. This aligns with the 

findings of Arantes et al. (2017, p. 26250), where C:N ratios in the range of 20–25 of brewery 

wastewater were sufficient for the production of methane. 

On the other end of the scale, Meatco’s ratio of 3.4 indicates that there is a substantial excess 

of nitrogen over carbon. This creates problems in the treatment of slaughterhouse waste. For 

example, during digestion, the accumulation of free ammonia at a concentration of 1,500 

mg/L inhibits methanogenic archaea in protein rich substrates with low C:N ratio (Li et al., 

2024, p. 2). At such low C:N ratios, the digestion of slaughterhouse waste is shown to result 

in process instability and low methane production (Borowski and Kubacki, 2015, p. 119). This 

means that Meatco alone has low biogas and methane production results compared to 

NamBrew. 

NamBev’s C:N Ratio of 60.1 represents excess carbon and nitrogen deficit to support 

microbial activity. This imbalance leads to the incomplete mineralisation of the substrate and 

results in a significant deficit of nitrogen for microbial growth (Nghiem et al., 2017, p. 499). 

The flow-weighted blended C:N ratio for the integrated scenario is 14.7, which is below the 

ideal 20:1 ratio. This means that with co-digestion of the three industrial streams, the 

integrated scenario C:N ratio of 14.7 is an improvement over Meatco alone, which had a C:N 

ratio of 3.4. However, the integrated scenario C:N ratio indicates that nitrogen-rich abattoir 

waste dominates the blended streams. This means that the integrated scenario would be 

further improved by incorporating municipal sewage sludge, which has a C:N ratio of 

approximately 10–15 (Nghiem et al., 2017, p. 499), or more effectively, carbon-rich 

co-substrates such as Brewer's Spent Grain (BSG) from NamBrew. 
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Brewer’s Spent Grain (BSG), is approximately 85% of NamBrew's industrial residue,  has a 

C:N ratio of 15-20 on a dry basis and exhibits a VS content of approximately 80% 

(Ifeanyi-Nze, 2024, p. 1; Szaja et al., 2025, p. 13). A mass-balance approach can provide an 

estimate of the required BSG supplementation to achieve a blended C:N ratio of 20. A total of 

1,400-1,900 Mg/yr of wet BSG (at 75% moisture) would have to be co-digested with the 

industrial effluent, and this quantity is within the range of NamBrew's annual BSG 

production, indicating that a solution to the material balance exists without the need of any 

external carbon sources. This approach can be applied by starting with NamBrew alone (C:N 

23.6), and gradually add in Meatco's effluent while compensatory BSG amounts are added 

along the process while monitoring the effluent to ensure that free ammonia concentrations 

remain below the 1,500 mg/L inhibition threshold set by Li et al. (2024, p. 2). 

  

5.1.3 Valorisation Plant Design Considerations  

The waste characteristics present  a strong technical argument for co-digestion. NamBrew 

provides a carbon substrate for energy, while NamBev’s effluent provides dilution to lower 

inhibitory concentrations. Meatco’s waste streams balance and provide nutrients (N and P) 

needed for microbial growth. This multidimensional symbiosis is what is seen in Kalundborg, 

Denmark where a group of facilities share their symbiotic resources to achieve efficiencies at 

a system level that each facility could not achieve alone. This finding also supports Nghiem et 

al. (2017) that co-digestion dilutes toxic inhibitory substances such as free ammonia while 

improving buffer capacity and microbial synergy. In African contexts, Worku and Leta (2017, 

p. 85) documented similar C:N challenges with Ethiopian slaughterhouse wastewater (C:N 

4-6) and recommended blending with carbon rich substrates similar to the approach used by 

Windhoek's co-located industrial integration scenario. 

5.2    Resource Recovery 
Here the study explores the potential for resources recovery (energy, nutrients, and 

hydrochar) based on the calculated waste characteristics and volume. 

5.2.1    Biogas and Energy 

Anaerobic digestion shows that the high-strength effluent of NamBrew has the greatest 

potential for energy recovery, generating approximately 93% of the overall total, with a yield 

of 465k Nm³/yr of recoverable methane. This equates to a net electricity generation of 1,424 

MWh/yr with a combined heat and power capacity of 184.6 kW. The methane yield 

coefficient of 0.30 m³ CH₄/kg COD removed at standard temperature and pressure used in 

this study is conservative when compared to the theoretical maximum of 0.35 m³/kg COD 

and is in agreement with operational data from reported yields of 0.30–0.35 m³ CH₄/kg COD 

for brewery yeast waste (De Mes et al., 2003, p. 61). The assumed 80% COD removal 

efficiency is corroborated by Simate et al. (2011, p. 240 and 241), who report 80–95% 

anaerobic treatment of brewery wastewater removal rates for mesophilic anaerobic digestion. 

The CHP electrical and thermal efficiencies of 35% and 45%, respectively, are in line with the 
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characteristics of internal combustion engines, which are biogas-fuelled, with a capacity of 

less than 1 MW (Mabalane et al., 2021, p. 1170). 

In the integrated scenario, the contributions from Meatco (95.2 MWh/yr) and NamBev (18.6 

MWh/yr) are individually small, but significant when considered collectively. The integrated 

scenario also captures the net electrical output of 1,538 MWh/yr, which is equivalent to 

supplying domestic electricity needs for 350–400 households (based on a household 

consumption of 3,800–4,400 kWh/yr). For a country that imports approximately 75% of its 

electricity (Von Oertzen et al., 2024, p. 200), such a contribution is a positive move towards 

energy self-sufficiency. 

The net thermal output of 1,685.0 MWh/yr from the integrated scenario could be used to 

keep the digester at a mesophilic (35°C) level and the excess could be used for industrial 

process heating or absorption cooling. These applications provide measurable economic 

utility to Windhoek's industrial area, where significant heating and cooling demands are 

prevalent (IRENA, 2015, p. 45). However, while commercial-scale biogas facilities (>1 MW) 

have been proposed across East Africa, most rely on external donor funding or government 

subsidies rather than self-sustaining revenue models (Amigun & von Blottnitz, 2010, p. 65). 

The Windhoek example shows how regulatory support, such as the IET levy, can encourage 

project investment without needing a direct subsidy, and can be used as a model for the 

continent. 

This illustrates the WEF Nexus framework described in Section 2.1., where energy recovery 

from waste reduces the dependence on imported electricity providing energy security and 

helps subsidize the operational costs of the DPR plant for water security and helps provide 

heat energy for industrial processing which would otherwise be provided through the use of 

fossil fuels or imported electricity. Leck et al. (2015, p. 453) pointed out that the nexus 

framework has the most beneficial effects when dealing with urban design, where the 

proximity of industries supports cross-sectoral energy cascading. The 1,538 MWh/yr of 

biogas electricity illustrates the idea that energy intensive water treatment does not worsen 

the existing energy deficit since the electricity needed for the water treatment is sourced from 

the biogas which is the waste stream of the water treatment process. 

 

5.2.2    Nutrient Recovery via Struvite Precipitation 

The results for struvite precipitation show a notable asymmetry. Meatco has only 20% of 

NamBrew's effluent volume, but the struvite generated annually is 3,744 kg and 33% of the 

overall production. This occurs because of the limiting nutrient concentration (PO₄-P). 

Therefore, the Meatco effluent has a high value for nutrient recovery due to the high 

concentration of Phosphorus (15.5 mg/L PO₄). 

Additionally,the global price of Di-Ammonium Phosphate (DAP) reached approximately 

US$601/tonne in 2021, rising to US$761/tonne in 2022 (NAB, 2023, p. 7), all of which 

Namibia must import as it produces no fertiliser domestically. Slow-release struvite 

recovered as an alternative fertilizer has been shown to yield the same or even better results 

than traditional fertilisers while minimizing the concerns for leaking nutrients into the 
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groundwater (Talboys et al. 2016, p. 109). This is important for Windhoek, which has a sandy 

and dry climate because of the arid soils and  water table protection is very important for the 

region to conserve water. 

 

5.2.3    Hydrochar Production via Hydrothermal carbonisation 

Hydrochar production from hydrothermal carbonisation shows that NamBrew produces 

375.1 Mg/yr hydrochar from 625.1 Mg/yr of dry sludge, with an energy densification ratio of 

1.40, raising the HHV from 15.0 MJ/kg (raw sludge) to 21.0 MJ/kg (hydrochar). The total 

energy contained in hydrochar from all industries is 8,597 GJ/yr, while the energy required 

for the HTC process is 2,363 GJ/yr, creating a positive net energy balance of 6,235 GJ/yr. 

These findings are in agreement with Czerwińska et al. (2022, pp. 8–9), whose findings  state 

that hydrochar produced from wastewater sludges at 200 °C has an HHV in the range of 18 to 

23 MJ/kg. The mass-weighed average HHV of 21.2 MJ/kg for the integrated case study 

makes hydrochar comparable to low rank coals such as lignite with an HHV range of 15 to 25 

MJ/kg (He et al., 2013, p. 260). This means hydrochar would be suitable as a replacement 

solid fuel for industrial boilers. This would enhance NamBrew's 6.2 MW biomass boiler 

(Namibia Breweries Ltd, 2024, p. 27) energy requirements to be met inhouse. 

Aside from energy, hydrochar can be used as a soil amendment to improve water-holding 

capacity as well as nutrient retention (Kambo & Dutta, 2015, p. 370). Abel et al. (2013, p. 

400) showed that the addition of hydrochar to sandy soil resulted in an increase of 171% of 

water retention at field capacity. In Ghana, biochar application in peri-urban 

biochar-amended soils reduced irrigation by 40-60% (Akoto-Danso et al., 2019, p. 9). 

Additionally, HTC has a competitive advantage to other valorisation techniques such as 

pyrolysis due to low pre-drying on wet feedstock (Andriessen et al. (2019, p. 210), making it 

appropriate for Windhoek's arid agriculture, where water retention in soils has limited the 

city’s ability to produce food. 

5.3    Financial Viability of Waste valorisation 
Here the study explores the financial implications and viability of each scenario 

5.3.1    Namibia Breweries (NamBrew) 

NamBrew shows the best financial viability with an NPV of $4.9M an IRR of 30.9%, and a 

payback period of 3.2 years. All indicators are well above the commercial viability limits of 

18–25% IRR for biogas projects in Southern Africa as suggested by UNIDO (2023). The main 

financial appeal of the project is in the scale of operations (512k m³/yr effluent with 3,731 

mg/L COD) and the cost of the IET levy, which is avoided at a cost of $659,576/yr, 

accounting for 68% of the annual revenue. 

For NamBrew, the LCOE of $0.330/kWh is greater than the range of $0.12–0.25/kWh given 

by Robin and Ehimen (2024, p. 8) for a pure biogas to electricity system. This comparison is 
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misleading as it allocates the entire capital cost of a biogas production system (AcoD + 

struvite + HTC) to a single cost of electricity. When viewed as a waste management system 

with a co-product of energy, the cost of electricity is negative, as the avoided IET levy 

($659,576/yr) exceeds the total operational costs ($226,650/yr) prior to the generation of 

any energy or saleable product. This supports what Mabalane et al. (2021, p. 1172) 

highlighted in their study; that pure biogas projects that generate energy are limited by the 

scale of the project, but the avoidance of waste management costs changes the financial 

structure of the project. 

The project is resilient based on the results of the sensitivity analysis. However, NamBrew 

remains financially feasible even if the IET levy is cut by 40% from N$33.94/m³ to 

N$20.5/m³ or if the discount rate is increased to 30.9%. The robustness of NamBrew against 

policy and market changes is appealing to private sector investors and development finance 

institutions. 

 

5.3.2    Meatco 

The results for Meatco show a positive NPV of $61,476, an IRR of 9.6%, and a payback period 

of 8.7 years. While the project scores positively in NPV terms, and is thus theoretically 

financially feasible, it is at best marginally commercially acceptable. Despite Meatco's IRR of 

9.6% being greater than the 8% discount rate for the base case market scenario, the project 

viability remains  sensitive to the IET levy. The NPV becomes negative if the IET levy is 

reduced by more than 8%. 

 

The marginal viability reflects the fundamental challenge of small-scale industrial biogas in 

sub-Saharan Africa identified by Amigun and von Blottnitz (2010, p. 65) where higher capital 

costs due to imported equipment and higher discount rates due to sovereign risk compress 

margins below those achievable in developed countries. For Meatco, the low COD 

concentration (1,077 mg/L) relative to the high nutrient load means that energy recovery is 

limited (only 95.2 MWh/yr net electricity), while the primary economic driver remains the 

avoided IET levy ($79,987/yr, 78% of revenue). 

 

Nevertheless, the positive NPV suggests that implementation is justifiable when 

non-financial benefits are considered and these may  include reduced ammonia shock loads 

on the Ujams treatment plant, compliance with discharge regulations, and corporate 

environmental responsibility. The Meatco case also demonstrates that nutrient recovery 

(struvite) and solid fuel production (hydrochar) can supplement energy revenue to achieve 

marginal viability where mono-technology approaches would fail. 

 

5.3.3 Namibia Beverages (NamBev) 

The NPV for NamBev is -$219k and annual revenues of $20,138 are inadequate to cover 

OPEX of $29,941, resulting in a loss of $9,803 on an annual basis. This is unsurprising 

considering the dilute effluent with a COD of 431.4 mg/L and an annual effluent volume of 

91.5k m³. The LCOE is $2.285/kWh, costing nearly 20 times the grid, which confirms that 
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the valorisation of low strength beverage wastewater is not economically or technically 

feasible. This corresponds with Rajendran and Murthy (2019, p. 12) finding that 

economically, anaerobic digestion is not feasible for a COD of less than 1,000 mg/L, as the 

respective by-products would not be sufficient to cover the capital costs. The optimal solution 

for NamBev is to combine their wastewater with that of higher strength waste streams and 

not operate a wastewater treatment facility at the current design. 

 

5.3.4 Integrated Scenario 

In the integrated scenario, the total revenue is $1.1M/year with a negative NPV of -$4.4M due 

to a CAPEX of $9.2M. The largest component is the 15 km of effluent conveyance and 

pumping to transport effluent from the industries to the centralised valorisation waste 

treatment plant. In similar studies, in Brazil, Leme et al. (2014, p. 17) demonstrated that 

waste treatment fees paid by municipalities are the most influential parameter for the 

economic viability of municipal solid waste energy recovery projects through avoided landfill 

fees, which is comparable to Windhoek’s IET levy .  

5.4    Benefits of Industrial Waste Valorisation in the Context of the 
Water-Energy-Food Nexus 

5.4.1 Water  

Windhoek's water security is improved in several ways by the valorisation system. Firstly, the 

anaerobic pre-treatment of industrial effluent reduces the COD load that is discharged into 

the municipal reclamation system by 1,687.6 Mg/yr for the integrated scenario. This directly 

decreases the energy and chemical burden of the downstream treatment in the Goreangab 

direct potable water reclamation (DPWR) plant. This is supported by Du Pisani (2006, p. 80) 

study which notes that the quality of influent to the reclamation plant directly impacts the 

costs associated with the treatment and the quality of the produced water. Therefore, by 

removing 80% of COD prior to discharge, the valorisation system subsidizes the reclamation 

plant’s operations. 

Secondly, the treated effluent of 708k m³/yr for the three industries is a significant addition 

to the water supply of Windhoek. The Gammams Wastewater Treatment Plant processes 

approximately 21,000 m³/day (7.67 Mm³/yr) of domestic sewage (Maquet, 2020, p. 64), 

while the New Goreangab DPR plant contributes approximately 30% of the city's potable 

supply (du Pisani, 2006, p. 80). The treated industrial effluent of 708k m³/yr (1,939 m³/day) 

represents approximately 9.2% of the Gammams plant's daily throughput which could be 

directed towards irrigation. Additionally, during the 2015-2017 drought, Windhoek 

experienced water rationing, therefore, the continuous flow of treated industrial effluent 

provides a sustainable, drought independent water supply for a variety of purposes including 

irrigation and industrial cooling. 
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Lastly, phosphorus and nitrogen removal from treated effluent via struvite precipitation 

decreases the risk of eutrophication of the downstream water bodies and improves the quality 

of reclaimed water. The removal of these nutrients is  important considering that the 

Gammams WWTP is already impacted by toxic pulsations of industrial effluent that disrupts 

the process of nitrification (Menge, 2010, p. 5). 

5.4.2 Energy  

Namibia's energy shortfall, with a maximum demand of 629 MW and a net generation 

capacity of only 392 MW (Mabhaudhi et al., 2019, p. 18), makes domestic generation critical. 

The integrated scenario shows a net electrical output of 1,538 MWh/yr with a thermal output 

of 1,685.0 MWh/yr. This makes it possible to provide, at least partly, baseload renewable 

energy locally, and thus reduce imported fossil fuel electricity. 

While the most discussed topic around Namibia renewable energy is usually the use of solar 

or wind energy, biogas from anaerobic digestion can provide a baseload and continuous, 

dispatchable energy. This is especially important for industrial processes that need 

continuous 24/7 energy supply. Furthermore, with a Combined Heat and Power (CHP) 

configuration, both electrical and thermal energy can be captured, providing efficiencies of 

80% (35% electrical + 45% thermal), which is well above the 30–35% efficiencies of the 

thermal power plants from which Namibia imports electricity (IRENA, 2024, p. 22). 

The hydrochar produced (405.1 Mg/yr with HHV of 21.2 MJ/kg) represents an additional 

8,597 GJ/yr of stored energy that can be utilized on-demand as a solid fuel, providing energy 

storage without the capital cost of batteries. This is relevant given that NamBrew already 

operates biomass boiler infrastructure that could readily accept hydrochar as a fuel 

supplement. 

5.4.3 Food  

Waste valorisation creates food security benefits in three ways. The first is the recovery of 

struvite as 11,308 kg of slow release fertilisers with 1,427 kg of phosphorus per year. In a 

country with 59-75% of water use in agriculture and less than 43% of food being produced in 

the country (Von Oertzen et al., 2024, p. 23), a locally produced fertilizer helps to reduce both 

the dependency and vulnerability of the supply chains. Talboys et al. (2016, p. 109) proved 

that the yields of crops with struvite are similar to those grown with conventional fertilisers. 

Struvite is more efficient since less fertiliser is required due to its slow release and the 

leaching of nutrients in sandy soils is reduced by slow release fertilisers. 

Second, the application of hydrochar as a soil amendment has the potential to improve the 

sandy and arid soils in the city of Windhoek. Abel et al. (2013, p. 400) reported that recieves 

360 mm of rainfall annually compared to the 2,600–3,700 mm of evaporation (Von Oertzen 

et al., 2024, p. 8). The retention of water in the soil explains the direct nexus. The hydrochar 

from waste improves the efficiency of water in the soil, and the demand for water for 

irrigation is reduced. 
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Lastly, the production of Struvite and digestate from anaerobic digestion can supply compost 

for urban and peri-urban agriculture, thus helping to close the cycle of organic matter. This 

follows the principle of circular economy to fully utilise what can be extracted from the waste 

materials before they are disposed of or valorised to the maximum value of the waste (Ddiba 

et al., 2022, p. 1117). 

5.4.4 Cross-Nexus synergies and Trade-offs 

The integrated valorisation system creates positive feedback loops across the three nexus 

domains. Biogas generated energy can reduce the energy intensity of the water supply. 

Nutrient recovery as struvite can improve the quality of water and aid in food production. 

Hydrochar can be used as a fuel for energy and as a soil amendment for food production. This 

is the nexus approach in action where solutions to problems in one sector can be used to 

solve problems in another sector. 

Some trade-offs need to be highlighted. Recovery benefits are partially offset by the water 

used for hydrothermal carbonisation (HTC) processing, the energy used by the struvite 

crystallisation reactor (pH adjustment and mixing), and the chemicals (MgCl2, NaOH). 

While the net benefits remain positive, a complete lifecycle assessment will be required to 

quantify the nexus benefits fully. This would include the upstream impacts of production of 

chemicals and the downstream impacts of the application of the product. Simpson et al 

(2023, p. 4) argue that the reason African countries are always in the lowest ranks in WEF 

nexus evaluations is due to a lack of these types of site-specific, empirically-based studies. 

5.4.5 Windhoek Context 

The analysis of the Windhoek case provides valuable lessons for other cities in sub-Saharan 

Africa that currently face similar issues associated with WEF. The main takeaway is that 

avoided costs, especially Industrial Effluent Treatment levies (IETL), could shift the 

economics of waste valorisation from being a marginally feasible business, to one that is 

commercially viable. The ‘regulatory-driven viability’ model assumes that providing the 

appropriate pricing for external costs as pollution and discharge levies, is the first step to 

attracting private sector financing to develop the circular economy infrastructure. 

The Windhoek case shows that urban-industrial symbiosis can be commercially viable 

without large infrastructure investments. NamBrew’s commercial viability at $4.88M NPV, 

3.2-year payback is achievable at a relatively small scale of approximately 200 kW CHP. This 

finding contests the current view that for biogas projects in Africa to be economically viable, 

they must be at a municipal scale or greater than 100,000 t/yr (Mabalane et al., 2021, p. 

1172). If the avoidance of the cost of waste management is factored in, biogas projects of an 

industrial scale of 500 to 2,000 m³/day becomes economically viable, and this scale of 

projects can be implemented within many of the industrial clusters found in Africa. 

As noted earlier, industrial symbiosis in developing countries is successful when major 

industries justify the shared infrastructure (Van Berkel et al., 2009, p. 1544). NamBrew is the 

example in this case with an NPV of $4.88M and a 3.2-year payback, while Meatco and 
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NamBev make small contributions. This approach builds institutional trust between the 

public and private sectors by taking on the coordination costs and investment risks.  

5.4.6 Climate Change Mitigation and Adaptation 

Namibia's current predictions suggest that the country may become more arid by 2050, with 

longer and more intense droughts, average rainfall expected to decrease by 10–20% and 

average daily temperatures expected to increase by 2–3°C (Von Oertzen et al., 2024, p. 8). 

The valorisation system is designed to be independent of drought by providing an annual 

supply of industrial effluent estimated at a total of 708k m³, distributed energy generation 

that reduces vulnerability to energy supply disruptions, and hydrochar soil amendment, 

which improves agriculture and enhances drought resilience. 

 

Mitigation co-benefits include the avoided landfill methane from diverting 675.1 Mg of sludge 

from landfills, avoiding fossil fuel-based electricity and the avoided emissions from 

producing synthetic fertiliser. Nzila et al. (2012, p. 496) estimated that the widespread 

adoption of industrial biogas in Kenya could lead to the avoidance of 0.8-1.2 Mt CO₂eq/yr. 

Therefore, for Namibia, where the nationally determined contribution (NDC) targets 91% 

renewable energy by 2030, industrial biogas would help achieve this target, as well as 

improve waste management and water quality. This shows that nexus-oriented interventions 

can achieve multiple policy goals with a single infrastructure investment. 

5.4.7 Alignment with Sustainability Framework 

The system impacts various SDG targets. SDG 6 (Clean Water and Sanitation) is served by 

the treatment and disposal of 708k m³/year of industrial effluent and 80% COD removal, 

lightening the load on the Goreangab direct potable water reclamation plant. SDG 7 

(Affordable and Clean Energy) is positively impacted by 1,538 MWh/year of biogas-based 

renewable electricity that contributes to the direct replacement of imported fossil-fuel 

electricity. SDG 12 (Responsible Consumption and Production) is achieved through the 

transformation of linear waste streams to circular resource streams within three co-located 

industries. SDG 13 (Climate Action) is supported by the diversion of 675.1 Mg/year of sludge 

from landfill, renewable electricity production and avoided synthetic fertilisers production 

emissions. These are in line with Namibia’s NDC target of 91% renewable energy by 2030. 

The recovery of 1,427 kg P/yr and the associated nitrogen captured in struvite directly 

reduces pressure on the biogeochemical flow boundaries, which are among the most critically 

transgressed planetary boundaries (Stockholm Resilience Centre, n.d.). At a global scale this 

contribution is small, but locally it reduces Namibia's dependence on mined phosphate and 

decreases the downstream eutrophication risk to water bodies fed by treated effluent. The 

valorisation of wastewater also postpones transgression of the freshwater use boundary by 

enabling water reuse, while biogas production coupled with landfill diversion reduces 

radiative forcing contributions from methane and carbon dioxide. 
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Within the biogas and struvite fertilizer social foundation, locally made biogas and struvite 

fertilizer balance the price of energy and food, improve community resilience to the volatility 

of imported prices, and creates formal jobs in waste management. This meets the needs of 

energy, food, and work. Within the ecological ceiling, the integrated system allows reuse, and 

limits the extraction of freshwater. It also limits GHG emissions associated with landfill 

methane and imported electricity and reduces the ecological damage caused by mining and 

manufacturing synthetic fertilisers. 

These framework assessments show that valorising waste in Windhoek has the potential to 

produce benefits across the three sustainability dimensions at once, further strengthening the 

case that WEF nexus infrastructure is a high-leverage intervention for highly resource 

constrained cities of the Global South. 

5.5    Limitations 
It is important to note that the resource recovery estimates are based on theoretical 

stoichiometric calculations and literature based parameters rather than pilot-scale 

experimental validation. Actual values may vary in terms of methane, struvite recovery, and 

hydrochar and may be different from what is assumed. Site-specific toxic substances, such as 

sulfides from tannery wastes and CIP chemicals, can adversely affect the assumed 80% COD 

removal efficiency.  

The wastewater characterisation data (2021–2024) are based on grab and composite samples 

representing mean concentrations. These averages do not capture seasonal fluctuations, 

process upsets, or batch discharge events. Meatco's throughput varies between 35,000 and 

60,000 head per year due to drought-related supply constraints (Meatco, 2022/2023, p. 36). 

No probabilistic modeling was conducted. 

The financial model uses a single exchange rate (1 NAD = 0.0546 USD) for all projections 

(Bank of Namibia, 2024). Over a 20-year horizon, currency fluctuations and commodity price 

changes could substantially alter outcomes. The calculations assume that feedstock is 

available throughout the project life and does not consider the 6–18 month commissioning 

time during which biogas production ramps up as the microbial community establishes 

which is typical for AD systems. This ramp-up period would delay revenue generation and 

worsen the payback period by approximately 0.5 ‒ 1. 0 years. Furthermore, the integration of 

three technologies (AD, struvite precipitation, and HTC) on a single site introduces 

operational complexity that may require more skilled personnel than assumed in the OPEX 

calculations. 

The 8 % real discount rate reflects the Bank of Namibia’s policy rate environment. However, 

for private industrial investors, the weighted average cost of capital (WACC) may be higher 

(10 ‒ 14 %) due to country risk premiums and limited access to project finance in Namibia. 

The choice of discount rate is therefore not a technical parameter but a reflection of the 

financing environment, which in turn depends on policy support and risk mitigation 

instruments. 
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The following were not included in the research: (a) full life-cycle assessment (LCA) of 

environmental impacts; (b) the empirical assessment of the social dimension’s (i.e. 

community/societal acceptance and labor force availability); (c) the costs associated with 

achieving the 75 mg/L COD discharge limit such as secondary aerobic polishing to meat the 

regulatory requirements; (d) the modeling of the existing municipal sewer instead of a 

dedicated pipeline. Each limitation identified above has been discussed in isolation, however, 

in practice these risks compound.  

5.6 Ethical Considerations 

5.6.1 Data Ethics and Confidentiality 

In this study, industrial wastewater data were derived from compliance monitoring data from 

Gammams Water Care Works Scientific Services. Data may not reflect industrial processes 

and therefore may not impact the reporting industry. However, the financial implications of 

this analysis may impact the reporting industries. To ensure the confidentiality of operations, 

the results of this study report aggregates and averages rather than individual monitoring 

results. 

5.6.2 Environmental Justice 

Through the recovery of 1,427 kg P/yr, the valorisation system creates struvite, which helps to 

improve environmental justice. Namibia also benefits from this system by reducing its 

dependency on imported phosphates, which has an impact on the food sovereignty of 

smallholder farmers in the country. This reduction in the dependency on imported 

phosphates also has an impact on the food sovereignty of smallholder farmers (Talboys et al., 

2016, pp. 109). 

5.6.3 Gender Dimensions 

Windhoek informal settlements are characterized by the interconnections between water 

shortage, inadequate sanitation, and food insecurity (UNDP, 2024, p. 12). A 

gender-responsive implementation of waste valorisation should include formal waste 

management system jobs for women, women’s urban farming in receiving struvite, and 

women receiving training at the plant. 
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6​  CONCLUSIONS 

This study assessed the technical and economic feasibility of integrated waste valorisation in 

Windhoek, Namibia, to strengthen the Water-Energy-Food Nexus. The conclusions are 

presented in response to each research question. 

What are the characteristics of waste from Meatco, NamBrew, and NamBev waste streams in 

Windhoek? NamBrew waste provides a carbon substrate for energy recovery; while Meatco 

waste provides nitrogen and phosphorus; and NamBev waste provides the hydraulic volume 

needed to dilute digestion inhibitors. No single waste stream provides the C:N ratio for 

optimal digestion, the streams must be blended to provide the optimal conditions for the 

system.  

What is the potential for resource recovery, energy (biogas), nutrients (struvite), and 

hydrochar  from the identified waste streams? The mass and energy balance calculations 

demonstrate that significant quantities of energy, nutrients, and solid fuel can be recovered 

from the combined industrial waste streams through a cascading process chain from 

anaerobic co-digestion (energy), struvite precipitation (struvite, nitrogen and phosphorus), 

and hydrothermal carbonisation (hydrochar). Each technology operates on the residual 

output of the preceding step, thereby maximising total resource extraction from the waste 

stream.  

What is the financial viability of valorising waste from the three waste streams in Windhoek? 

The techno-economic assessment reveals a viability hierarchy determined by effluent 

strength and the regulatory cost environment. The commercial viability is driven by the 

avoidance of the city of Windhoek's industrial effluent treatment levy rather than by the sale 

of recovered products.  

What are the benefits of industrial waste valorisation in Windhoek in the context of the 

Water-Energy-Food Nexus? The proposed valorisation system simultaneously addresses all 

three dimensions of the WEF Nexus. Regarding water, pre-treatment of industrial effluent 

substantially reduces the organic and nutrient load discharged to the municipal reclamation 

system, thereby lowering the operational burden on Windhoek's direct potable reuse plant 

and yielding treated water suitable for non-potable applications. In terms of energy, 

biogas-derived electricity contributes dispatchable renewable energy to the national grid. 

Locally recovered struvite reduces dependence on imported synthetic fertilisers, while 

hydrochar application to arid soils has demonstrated potential to improve water retention 

and reduce irrigation demand thereby improving food security. 

Overall this study demonstrates that regulatory cost avoidance renders waste valorisation 

commercially viable without subsidies. It also provides a reproducible assessment framework 

that integrates multiple valorisation technologies within a single techno-economic model, 

relying on routinely collected municipal wastewater data rather than pilot studies. This 

framework is directly transferable to other resource-constrained cities in sub-Saharan Africa. 
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7​  SUGGESTIONS FOR FURTHER WORK 

The most important next step is to perform site specific pilot-scale validation for the 

predicted resource recovery estimates of 80% COD removal efficiency and methane yield . 

This may be done by installing an anaerobic digestion pilot plant at Namibia Breweries with a 

12 months operational period to capture seasonal effluent variation. These assumptions could 

be further supported by conducting hydrothermal carbonization (HTC) tests on the removed 

digestate to validate assumed hydrochar yield of 60% and HHV values. It may also be useful 

to optimise the precipitation of struvite to determine the minimum dose of MgCl2, quantity 

and quality of struvite achievable with Windhoek's effluent chemistry.. 

 

A full life-cycle assessment (LCA) may be performed to understand the net environmental 

impacts of the entire valorization chain. This assessment would also consider the 

environmental impacts of the downstream use of valorized products, as well as the chemicals 

used in the valorization process. The framing of this LCA would also assess costs of the 

valorization system to determine if a positive net benefit is achieved.  

 

To address the cost of the proposed system with a negative Present Value of -$4.36M, 

multiple options could be explored. These may include, a phased integration approach that 

first focuses on NamBrew by locating the proposed system at the existing Ujams Wastewater 

Treatment Plant (WWTP), which already hosts the three wastewater streams or including 

transfer pipelines in the planned N$308 million landfill expansion by the City of Windhoek. 

 

Many avenues may be explored from a policy and scalability perspective. The Gold Standard 

or Verra verified carbon standard (VCS) credit registration could provide an additional 

$5–15/tCO₂eq for avoided landfill methane and displaced grid electricity. Capital grants from 

the Environmental Investment Fund of Namibia or the Green Climate Fund of 10–15% of 

CAPEX ($49,000–$74,000) could support the marginal viability of Meatco. The current IET 

levy system of  “polluter pays” mechanism must be supplemented with resource recovery 

credits to reward circularity and avoid the situation in which the successful removal of waste 

removes the economic incentives to operate recovery infrastructure.  

 

Qualitative research of the social acceptance of struvite fertiliser and the potential for public 

and private partnerships can be conducted through semi-structured interviews of industry 

managers, city officials, and peri-urban farmers. The last suggestion is that the methodology 

from this study be used in other sub-Saharan African cities (Johannesburg, Harare, Lusaka, 

Nairobi) through a standardised toolkit with flexible local parameters. 
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APPENDIX 1: ANAEROBIC CO-DIGESTION ASSUMPTIONS  

Table 1:​ Design parameters and assumptions for energy and resource recovery 

Parameter Symbol Value SI Unit Source 

Theoretical CH₄ yield YCH₄ 0.3 m³/kg COD 

De Mes 

et al. (2003, p. 61) 

COD removal 
efficiency ηCOD 0.8 dimensionless 

Metcalf & Eddy 
(2014, p. 1046); 

Worku & 
Leta (2017, 

p. 89) 

Dissolved CH₄ loss floss 0.15 dimensionless 

Lobato et al. (2012, p. 
2746) 

LHV of methane LHVCH₄ 

35.9 

9.97 

MJ/m³ 

kWh/m3) Standard STP Value 

CHP electrical 
efficiency ηelec 0.35 

Dimensionles
s 

Yingjian et al. (2014, 
p. 29) 

CHP thermal 

efficiency ηtherm 0.45 Dimensionless 

Yingjian et al. (2014, p. 

29) 

Parasitic electrical 
demand Fparasitic, elec 0.12 dimensionless 

Metcalf & Eddy 
(2014, p. 1046) 
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Table 1:​ Struvite precipitation assumptions 

Parameter Value Unit Reference 

MW of struvite 

(MgNH₄PO₄·6H₂O) 245.41 g mol⁻¹ Bhuiyan et al. (2008, p. 176) 

MW of P 30.97 g mol⁻¹ Standard atomic weight 

MW of N 14.01 g mol⁻¹ Standard atomic weight 

MW of Mg 24.31 g mol⁻¹ Standard atomic weight 

MW of PO₄³⁻ 94.97 g mol⁻¹ Standard molecular weight 

MW of MgCl₂·6H₂O 203.3 g mol⁻¹ Standard molecular weight 

MW of NaOH 40 g mol⁻¹ Standard molecular weight 

PO₄-P recovery efficiency 

(η_P) 0.85 dimensionless Siciliano et al. (2020, p. 12) 

Mg:P molar dosing ratio 

(r_Mg:P) 1.3 mol Mg / mol P Siciliano et al. (2020, p. 8 

Optimal pH for 

precipitation 9 dimensionless Le Corre et al. (2009, p. 440) 

NaOH dosing ratio 1 mol NaOH / mol PO₄ Siciliano et al. (2020, p. 10) 

Struvite purity 0.95 dimensionless Le Corre et al. (2009, p. 450) 

Struvite market value (low) 200 USD Mg⁻¹ Siciliano et al. (2020, p. 16) 

Struvite market value 

(high) 800 USD Mg⁻¹ Siciliano et al. (2020, p. 16) 
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APPENDIX 3: HYDROTHERMAL CARBONISATION ASSUMPTIONS 

Table 1:​ Hydrothermal carbonisation (HTC)  assumptions 
Parameter Value Unit Reference 

HTC Temperature 200 °C Wilk et al. (2023, p. 39) 

HTC Residence Time 2 h Wilk et al. (2023, p. 39) 

COD Removal 

Efficiency 0.80 dimensionless Metcalf & Eddy (2014, p. 1046) 

Sludge Yield (Y_obs) 0.4 

kg TSS / kg COD 

removed Metcalf & Eddy (2014, p. 660) 

Sludge Moisture 

Content 0.75 dimensionless 

(Aragón-Briceño, 2021, p. 477; 

Merzari et al., 2020, p. 17)  

Hydrochar Yield 

(Y_HC) 0.6 

kg dry HC / kg dry 

sludge Wilk et al. (2023, p. 42) 

Energy Densification 

Ratio (EDR) 1.4 dimensionless Libra et al. (2011, p. 82) 

HHV Raw Sludge - 

Meatco 18 MJ/kg dry basis Malaťák & Dlabaja (2015, p. 25) 

HHV Raw Sludge - 

NamBrew 15 MJ/kg dry basis Wilk et al. (2023, p. 45) 

HHV Raw Sludge - 

NamBev 13 MJ/kg dry basis Wilk et al. (2023, p. 45) 

HTC Energy 

Requirement 3.5 MJ / kg dry sludge 
Aragón-Briceño, 2021, p. 477; 

Merzari et al., 2020, p. 17 

Process Water 

Fraction 0.65 dimensionless Merzari et al., 2020, p. 17 

Gas Fraction 0.07 dimensionless Merzari et al., 2020, p. 17 
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Table 1:​ Capital Expenditure (CAPEX) 

Parameter / 

Assumption 

Value Unit Justification / Notes Reference 

AD-CHP Scaling 

Factor (Power Law) 

0.7 dimensio

nless 

Standard chemical engineering 

scaling exponent for process 

equipment 

Gavaldà et al. (2022, p. 

458) 

Location Factor 

(Namibia) 

1.25 dimensio

nless 

Accounts for equipment 

importation and construction 

premiums in Namibia vs. 

baseline (Europe/SA) 

AECOM (2024, p. 18) 

HTC CAPEX Range 200–500 $/tonne 

dry 

sludge 

capacity 

Scaled based on dry sludge 

processing capacity 

Pagés-Díaz et al. (2025, 

p. 4) 

Conveyance 

Pipeline Cost 

350 $/m 

(installed

) 

For DN300-DN400 HDPE pipeline 

including trenching, bedding, 

and backfill in Namibia 

AECOM (2024, p. 18) 

Pipeline Length 

(Integrated) 

15 km (3 × 5 

km) 

Distance between the three 

industrial sites and proposed 

central treatment location 

Site-specific 

measurement (Google 

Earth) 

Contingency 

Allowance 

15 % of 

equipme

nt cost 

Standard engineering 

contingency for feasibility-level 

estimates 

AECOM (2024, p. 22) 

Engineering & 

Project 

Management 

15 % of 

equipme

nt cost 

EPCM fees for Southern African 

industrial projects 

AECOM (2024, p. 22) 

Instrumentation & 

Controls 

5 % of 

equipme

nt cost 

Process automation and SCADA 

systems 

Gavaldà et al. (2022, p. 

460) 

Civil & Structural 

Works 

8 % of 

equipme

nt cost 

Foundations, buildings, and site 

preparation 

AECOM (2024, p. 22) 

Electrical 

Installations 

5 % of 

equipme

nt cost 

Power distribution, switchgear, 

and grid connection 

Gavaldà et al. (2022, p. 

460) 

 

 

 

 

 

Table 2:​ Operational Expenditure (OPEX) 

Parameter / Assumption Value Unit Reference 

Labour: Skilled Plant ~N$15,000 /month Government of Namibia (2024, 
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Operator Wage p. 2) 

Number of Operators 

(Scenario A) 

2–3 FTE per site Engineering estimate 

Number of Operators 

(Integrated) 

6–8 FTE Engineering estimate 

MgCl₂·6H₂O Unit Cost 0.45 $/kg Manhongo et al. (2025, p. 6) 

NaOH Unit Cost (for pH 

adjustment) 

0.35 $/kg Manhongo et al. (2025, p. 6) 

General Maintenance 2–3 % of CAPEX per 

annum 

IEA Bioenergy (2021, p. 14) 

Insurance & Overheads 1 % of CAPEX per 

annum 

Gavaldà et al. (2022, p. 460) 

 

Table 3:​ Revenue streams and avoided costs 

Parameter / 

Assumption 

Value Unit Reference 

Electricity Tariff 

(NamPower Bulk) 

0.12 $/kWh 

(N$2.14/kWh) 

ECB (2024, p. 1) 

Struvite Selling Price 0.60 $/kg Randall et al. (2017, p. 348); Wilk et 

al. (2023, p. 45) 

Hydrochar Selling 

Price 

0.10 $/kg Wilk et al. (2023, p. 42) 

Thermal Energy Value 0.08 $/kWh Engineering estimate based on coal 

price 

IET Levy Base Tariff (L₁ 

+ L₂) 

33.94 N$/m³ Government Gazette 8552, Notice 

844 (Municipality of Windhoek, 2024, 

p. 8) 

IET Levy COD 

Weighting Factor 

Proportional 

to 

COD/TSS/N/P 

— Municipality of Windhoek (2024, p. 8) 

Annual Tariff 

Escalation (assumed) 

0 % (real terms) ECB (2024, p. 1); Bank of Namibia 

(2026, p. 1) 

 

 

 

Table 4:​ Financial indicators and TEA assumptions 

Parameter / Assumption Value Unit Reference 

Project Lifespan 20 years UNIDO (2023, p. 28); Gbadeyan et al. (2024, 

p. 4792) 
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Real Discount Rate 8 % Bank of Namibia (2026, p. 1) 

Inflation Rate (implicit) 0 % (real 

terms 

analysis) 

Standard TEA methodology 

USD:NAD Exchange Rate 1:18 USD/NA

D 

Bank of Namibia (2026, p. 1) 

Salvage/Residual Value 0 $ Standard TEA methodology 

Construction Period 0 years 

(instanta

neous) 

Standard TEA methodology 

Tax & Depreciation Excluded — Standard TEA methodology 

UNIDO Commercial Viability 

IRR Target 

18–25 % UNIDO (2023, p. 28) 

 

 

Table 4:​ Sensitivity analysis 

Parameter / Assumption Value Unit Reference 

Parameter Variation Range ±40% — Gbadeyan et al. (2024, p. 4795) 

IET Levy Sensitivity Range 20.4–47.5 N$/m³ Municipality of Windhoek ( 2024, p. 

8) 

Discount Rate Sensitivity 

Range 

4.8–11.2 % Bank of Namibia (2026, p. 1) 

CAPEX Sensitivity Range ±40% % of base CAPEX Standard TEA methodology 

OPEX Sensitivity Range ±40% % of base OPEX Standard TEA methodology 

Electricity Tariff Sensitivity 

Range 

0.072–0.168 $/kWh ECB (2024, p. 1) 

Hydrochar Price Sensitivity 

Range 

0.06–0.14 $/kg Wilk et al. (2023, p. 42) 

COD Removal Sensitivity 

Range 

51–100 % Simate et al. (2011, p. 238) 

CHP Efficiency Sensitivity 

Range 

22.8–53.2 % (electrical) Mabalane et al. (2021, p. 1170) 
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