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Abstract— This study explored the environmental impact of
a wastewater treatment system that combines anaerobic
digestion with an advanced oxidation process (AD-AOP) for
sustainable wastewater treatment and methane-rich biogas
production. A life cycle assessment (LCA) was used to quantify
and evaluate the system's environmental footprint and treated
water using a local sugar refinery effluent (SRE) feedstock.
Results of the LCA demonstrated that the SRE contributed
most to ecological impacts, including global warming (50.3%)
and ecotoxicity (60.2%0). The electricity demand was also found
to have a significant effect, provided the system can generate
energy for its reusability. The AD-AOP system has the
potential to address multiple developmental challenges by
converting wastewater to safe, usable water, generating clean
energy, and supporting climate goals.
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I. INTRODUCTION

South Africa is facing an extreme energy and water crisis,
made worse by the lack of adequate existing infrastructure and
climate change. Due to the increase in population with
agricultural and industrial activity, wastewater treatment plants
(WWTPs) are unable to meet with the rising demand, meaning
that they would need to evolve to keep up with this increase and
meet environmental standards [1]. A direct consequence of this
is poorly treated water that can affect nearby water and bring
harm to the environment and people within the area. The
World Health Organization (WHO) stated that over 2.4 billion
people do not have access to adequate water and sanitation
facilities, further showing the importance of establishing
efficient wastewater collection and treatment systems [2].
Anaerobic digestion (AD) is a possible solution, providing
biogas while treating wastewater. This biogas can be used as a
clean-burn alternative energy source, which may relieve
pressure on more traditional sources, such as coal or oil. These
systems are required to ensure the health and safety of people
and the environment, but they are lacking in rural and township
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areas where they are needed the most.

South Africa’s energy mix mainly consists of coal and oil,
both known to be high-emission fossil fuels that add to global
warming, justifying the need to shift towards cleaner, more
environmentally sustainable sources of energy [3]. Biogas
obtained from the anaerobic digestion of organic matter within
wastewater may act as a substitute in maintaining the balance of
both current and future energy systems as a nearly
carbon-neutral energy source [4, 5]. The global population is
expected to reach 9.7 billion by 2050, raising concerns about
water scarcity and energy depletion worldwide. These issues
are already widespread in developing and underdeveloped
nations, such as South Africa [6]. By 2050, more than 6 billion
people worldwide will face some form of water scarcity,
underscoring the need for sustainable wastewater treatment
plants (WWTPs). WWTPs can address both water scarcity and
waste management issues by providing water for industrial
processes and irrigation, thereby diverting freshwater to
sanitation and drinking needs. This also protects the
environment by reducing pollutants that could enter water
systems [7].

Coal

Energy Mix [ZA]

Qil

Naturalgas m Nuclear Solar m Biofuels

Fig. 1: Total energy supply (TES) for South Africa in 2023

A life cycle assessment (LCA) is a tool used to analyze the
potential environmental impacts of a process or product
throughout its life cycle. The concept of the LCA was
introduced in the late 1960s to measure the energy consumption
and needs of industrial processes, which eventually changed to
involve waste production, water use, and a variety of
environmental impacts [8]. The modern version of the LCA
was proposed by the Society of Environmental Toxicology and



Chemistry and included in the 1SO 14000 Environmental
Management Standards. The current 1SO 14040 and 14044
standards define an LCA as a method for compiling and
analyzing the inputs, outputs, and potential impact of a product
throughout its lifetime [9]. LCAs provide comprehensive
analyses of the environmental impacts of processes by
measuring the effects across all stages of a system's life cycle.
While laboratory studies provide an understanding of different
treatment methods, they may not fully consider variables
involved with real-life implementation, especially in regions
like South Africa, which has limited infrastructure [10].
Performing an LCA is crucial for highlighting the region's
specific environmental impacts, given its socioeconomic and
ecological setting.

Anaerobic digestion (AD) is defined as the decomposition of
organic waste material in the absence of oxygen. The process
converts the organic waste into biogas, mainly consisting of
methane and carbon dioxide [11]. It is a slow conversion

consisting of four phases: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis.
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Fig. 2: Anaerobic digestion mechanism

Advanced oxidation process (AOP) is a chemical treatment
that uses oxidation to break down recalcitrant contaminants in
wastewater. AOPs generate highly reactive hydroxyl radicals
that break down organic matter into more biodegradable
components that have a lower potential for adverse
environmental effects.

The foundation of the AD-AOP system involves both
anaerobic digestion and advanced oxidation processes.
Anaerobic digestion is a biological process that decomposes
organic material in an oxygen-free environment, yielding
biogas (primarily methane) and a digestate by-product. The
biogas production rate depends on COD levels in the feedstock,
as organic content directly influences microbial activity and
biogas output. [12]. COD, measured in mg/L, serves as an
indicator for the availability of organic matter. AOPs, on the
other hand, involve oxidation to degrade pollutants that are
resistant to biological breakdown. In AD-AOP systems, AOP
typically follows anaerobic digestion to target any remaining
contaminants. This step improves water quality by breaking
down recalcitrant molecules that anaerobic digestion may not
entirely remove, enhancing the final effluent's usability for
non-potable purposes [13]. In terms of LCA, several studies
have detailed environmental assessment methodologies for
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wastewater systems. The standardized phases include the goal
and scope definition, inventory analysis, impact assessment,
and interpretation [14]. This systematic approach ensures a
thorough evaluation of environmental impacts, from raw
materials to post-treatment stages.

Il. METHODOLOGY

A. Goal and scope

The main goal of this study is to analyze the environmental
effects of feedstock, sugar effluent, sewage sludge, and
wastewater, and the biogas produced within the AD-AOP
system. The functional unit was defined as 0.1887 kg of biogas
produced per 10 kg of feedstock. This study takes a
cradle-to-gate approach, beginning with analyzing the
collection of feedstocks as they are created and ending after
biogas production. This study aligns with several United
Nations Sustainable Development Goals (SDGs), such as SDG
6 (clean water and sanitation) through wastewater treatment,
SDG 7 (affordable and clean energy) through biogas
production, and SDG 12 (responsible consumption and
production) by reducing greenhouse gas emissions compared to
conventional treatment methods and its stand-alone feedstock.

B. Inventory analysis

The inventory analysis was conducted using data from
previous studies on the AD-AOP system, which were then
imported into SimaPro. Each input and output is selected from
the Ecoinvent 3.0 database.
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Fig. 3: Network diagram listing the fnputs for the AD-AOP system

C. Impact assessment

The LCA was performed in SimaPro software, version
9.6.0.1. This assessment allowed for the analysis of the
AD-AOP system, and in the determination of the various
environmental impacts. For the impact assessment, the ReCiPe
Endpoint method was used to determine the environmental
impacts of the system. The Hierarchist perspective was used to
gauge the environmental impact of the AD-AQOP system over a
mid- to long-term period, ranging from 100 to 1000 years in
SimaPro. The perspective assumes that any environmental
damage can be reversed with effective policy management.
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TABLE I: SCOPE OF ENDPOINT IMPACT CATEGORIES FOR LIFE non-carcinog 6 8
CYCLE ASSESSMENT enic
Impact Impact category Units toxicity
category (endpoint) Mineral USD201 0,63597 2,26609316  -3,55113E-0
Ecosystems Stratospheric ozone depletion species.yr resource 3 0058 4 5
Ozone formation species.yr scarcity
Terrestrial acidification species.yr Fossil usD201 0 0,71351130  -0,00208245
Freshwater eutrophication species.yr resource 3 7 3
Marine eutrophication species.yr scarcity
Terrestrial ecotoxicity species.yr Water DALY 0 0,00014599  -3,24373E-1
Freshwater ecotoxicity species.yr consumption 7 0
Marine ecotoxicity species.yr
Human Global warming DALY Table 2 shows the quantified impacts of each of the
Health _ components within the AD-AOP system. The positive values
Water consumption DALY show the environmental impact of the components within the
Resource scarcity DALY . . .
RESOUICeS Mineral resource scarcity USD2013 Scope, while the negative valugs show the impact (_)f '_[he
Fossil resource scarcity USD2013 avoided products, such as the digestate and carbon dioxide

emissions.

Endpoint Impact Characterisation

D. Interpretation

The interpretation of the results was intended to identify the
effects of the sugar effluent, wastewater, and sewage sludge
feedstock, as well as the produced biogas, on the impact
categories shown in Table 1.

I1l. RESULTS AND DISCUSSION

A. Results

TABLE II: QUANTIFIED ENDPOINT IMPACT ASSESSMENT OF
AD-AQOP SYSTEM

Impact Unit Biogas Sugar Carbon
category effluent dioxide g

feed mbiogas mWastewster mSewageSiudge mSugarEHuent m Electriity [4] W Digestate m Carbon Diovide
Global DALY 0,00009 0,00020079  -4,52841E-0
warmin 28 5 8 ; . it g ;
Stratospgheri DALY 0 310694E-0  -4,34712E-1 Fig. 4: Characterization of endpoint impact categories
c 6 2 B. Discussion of results
gZeOT:tion Global Warming—Figure 3 shows the impact of global
Oz%ne DALY 0O 6,14495E-0  -5,93144E-1 warming on human health, with the major contributors being
formation 8 1 sugar effluent feed, sewage sludge, and biogas, accounting for
Fine DALY 0 5,11484E-0  -3,27847E-0 50.3%, 23.4%, and 23.3%, respectively. Sugar effluent, which
particulate 5 8 is rich in organic materials, is the main driver for the production
matter of biogas, and thus has the highest GWP. The significance of
formation the global warming impact result in figure 3 highlights the
Terrestrial | species. 0 1,37508E-0  -2,1395E-11  re|ative contributions of the different inputs to greenhouse gas
acidification | yr _ 7 emissions.
eFJergg‘ﬁi‘EZ:i ;p:emes. 0 é’37218E'0 -9,567E-12 Stratospheric Ozone Depletion—Figure 3 shows that sugar
on effluent feed accounts for almost all (98.9%) stratospheric
Marine species. 0 710197E-1 -433657E-1  0zone depletion. This is due to the characteristics and
eutrophicati | yr 1 5 processing steps associated with sugar byproducts, such as
on sugar effluent. The biogas generated has a minimal impact on
Terrestrial species. 0 1,08202E-0  -5,07652E-1  stratospheric ozone depletion compared to sugar effluent, as it
ecotoxicity yr 9 2 is commonly used as a clean, sustainable energy source with
Freshwater | species. 0 5,00876E-1 ~ -153812E-1  |ow emissions. Sewage sludge has a minimal impact on ozone
ecotoxicity yr 0 2 depletion because it is stable and partially decomposed before
ggs:éziecny ;p:ecnes. 0 1,0613E-10 53,19089E-1 entering the bioga_s_pro_cess. - -
Human DALY 0 0,00000506  -2,28958E-0 Terrestrial Acidification—The terrestrial aC|d|f|cat|or_1 impact
carcinogenic 8 cate_gory refers to.sgbstan_ces th_at. may be released into the
toxicity environment to acidify soil. Acidifying compounds, such as
Human DALY 0 7,50156E-0  -1,00369E-0  Sulphur dioxide (SO, ), nitrogen oxides (NOy), and ammonia
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(NHs ), can deposit onto soil through processes like rainfall or
direct deposition. Sugar effluent had the most tremendous
impact in this category, accounting for 54.9% of the terrestrial
acidification potential. Electricity from the South African grid
is the second-largest contributor, accounting for 37.1% of the
impact. The other feeds, biogas, wastewater feed, and sewage
sludge feed, contribute much less to terrestrial acidification due
to their lower content of nitrogen and sulphur compounds
relative to sugar effluent feed.

Eutrophication (freshwater and marine )—The freshwater
and marine eutrophication impact categories assess the
potential of nutrient-rich compounds, particularly nitrogen and
phosphorus, to cause nutrient enrichment in aquatic
ecosystems. Wastewater contributes the most to both
freshwater (78.5%) and marine eutrophication (89.1%) because
it typically contains high concentrations of nitrogen and
phosphorus compounds from organic matter, fertilizers, and
industrial chemicals. Other feeds, such as sugar effluent,
biogas, and sewage sludge, contribute far less to eutrophication
due to their lower concentrations of bioavailable nitrogen and
phosphorus.

Ecotoxicity (terrestrial, freshwater and marine )—The
Terrestrial, Freshwater, and Marine Ecotoxicity impact
categories evaluate the potential of toxic substances to harm
various ecosystems. Grid electricity contributed 13.2% to the
ecotoxicity impact for the same reasons discussed previously.
The sugar effluent feed contributes the highest share to
terrestrial ecotoxicity, at 60.2%, due to its high organic content
and residual chemicals from sugar processing. Sewage sludge
feed contributes 17.8% to terrestrial ecotoxicity. Sewage
sludge contains various contaminants, including heavy metals
such as cadmium, chromium, and zinc, as well as
pharmaceuticals from human waste streams. Wastewater feed,
which contributes 18.87% to terrestrial ecotoxicity, is another
significant contributor and can contain industrial chemicals,
detergents, and heavy metals, depending on its source. Biogas
does not affect terrestrial ecotoxicity because it consists of
methane (CH, ) and carbon dioxide (CO. ), which are
non-toxic to soil ecosystems. Freshwater and marine
ecotoxicity measures the effect of pollutants on freshwater and
marine environments. The freshwater and marine ecotoxicity
impacts in the biogas production process are primarily driven
by grid electricity (20.3%), sugar effluent feed (44.4%),
sewage sludge feed (12.4%), and wastewater feed (23%).
Electricity contributed more to marine/freshwater ecotoxicity
(20.3%) than to terrestrial ecotoxicity (13.2%). The sugar
effluent feed remains the most significant contributor to both
freshwater and terrestrial ecotoxicity, but its impact is lower in
freshwater ecotoxicity (44.4%) than in terrestrial ecotoxicity
(60.2%). Sewage sludge feed has a similar effect on both
marine/freshwater (12.4%) and terrestrial ecotoxicity (17.8%),
although its contribution to freshwater ecotoxicity is somewhat
reduced. Wastewater feed contributes more heavily to
freshwater ecotoxicity (23%) than terrestrial ecotoxicity
(18.87%).

IVV. CONCLUSION
The study underscores the significant impact of wastewater
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management and biogas production on global health,
environmental sustainability, and resource management. The
LCA highlights that the sugar effluent feed had the most
important ecological impact across most of the impact
categories, especially with respect to GWP, ozone depletion,
acidification, and ecotoxicity. Its high organic content and
processing byproducts introduce significant greenhouse gases,
ozone-depleting substances, and acidifying compounds into the
biogas production process. The effluent’s nutrient-rich nature
further contributes to eutrophication and ecotoxicity,
underscoring its role as the primary driver of overall
environmental impacts in biogas production.

Recommendations include implementing targeted measures
to reduce the environmental impact of sugar effluent feed.
Improved treatment of the effluent before it is introduced into
the system could help mitigate specific ecological effects.
Additionally, optimizing biogas production systems to handle
sugar effluent more effectively could lower emissions and
pollutant discharge, aligning the process with environmental
sustainability goals.
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