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Climate change is driving global endeavours to achieve carbon neutrality and renewable energy expansion.
Sludge, a nutrient-rich waste, holds energy potential yet poses environmental challenges that need proper
management. We conducted a comprehensive life cycle assessment to evaluate the energy balance and envi-
ronmental footprint of the most commonly used sludge management scenarios in BRICS countries, namely Brazil,
Russia, India, China, and South Africa. Technologies such as incineration and anaerobic digestion with energy
recovery units (i.e., cogeneration unit) maximize energy balance and minimize the environmental footprint, with
incineration showing a superior performance. Shifting sludge management scenarios from the worst to the best
can boost energy production by 1.4-98.4 times and cut the environmental footprint by 1.5-21.4 times. In 2050,
these improvements could lead to a 98-fold boost in energy generation and a 25-fold drop in carbon emissions,
according to the Announced Pledges Scenarios. Optimizing parameters such as volatile solids and anaerobic
digestion efficiency further boosts energy output and minimizes the environmental footprint. This study offers
robust evidence to support sustainable sludge management and thus promote energy recovery and carbon

neutrality goals, guide technological transitions, and inform policymaking for sustainable development.

Introduction

The need to respond to global climate change has inspired a drive
toward carbon neutrality and renewable energy development. Sludge, a
waste product generated by sewage treatment plants, is increasingly
recognized as a renewable energy source due to its high energy content
(3.54 kWh/kg dry sludge) and availability at massive quantities of
production (75-100 million tons (Mt) globally in 2022) (Apollo, 2022;
Wang et al., 2020). Rapid urbanization and population growth have
directly boosted sludge generation, especially in densely populated
countries such as India and China, leading to predictions that global
sludge production will reach 130 Mt by 2030 (Apollo, 2022; Wang et al.,
2023b). Many countries have set ambitious goals to halve their carbon
emissions by 2030 and to achieve carbon neutrality by 2050 (Du et al.,
2023). Consequently, sludge is proposed as a promising renewable en-
ergy source and an alternative to fossil fuels. However, sludge contains
diverse pollutants (e.g., heavy metal ions, triclosan, per- and poly-
fluoroalkyl substances, virus, antibiotic resistance genes, etc.) that
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require proper management or treatment (Bagheri et al., 2023; Li et al.,
2021; Wang et al., 2023c; Zhou et al., 2024). Globally, sludge man-
agement involves the reduction of moisture content through processes
such as thickening, dewatering, and thermal drying (Teoh and Li, 2020);
stabilization to decrease the organic content through anaerobic diges-
tion, composting, and incineration (Fang et al., 2019); and, ultimately,
disposal via landfills and land application (Tang et al., 2022). However,
most of these processes are energy-intensive and negatively impact the
environment by contributing to global warming, terrestrial acidifica-
tion, freshwater eutrophication, human carcinogenic toxicity, and fossil
resource scarcity (Chen et al., 2022; Mayer et al., 2021). An under-
standing of the energy balance and environmental impact of sludge
management is thus urgently needed to inform decision-making and
support energy and environmental sustainability.

Studies on sludge management have generally focused on assessing
the environmental impacts of laboratory technological inventions and
improvements such as sludge pre-treatment, advanced oxidation pro-
cesses, hydrothermal carbonization, and co-combustion with coal (Hao
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et al., 2020; Medina-Martos et al., 2020), while neglecting real-life
application scenarios. Moreover, densely populated developing coun-
tries tend to generate sludge in significantly larger amounts than
developed countries (e.g., 18 Mt/year in China versus 6.5 Mt/year in the
United States) (Altieri et al., 2023; Sauve and Van Acker, 2020). In
particular, 40.7 % (3.28 billion) of the global population lives in the
BRICS countries, namely, Brazil, Russia, India, China, and South Africa,
which account for 42 % to 56 % of global sludge production (Fig. 1).
Additionally, the BRICS countries collectively are responsible for
approximately 41.8 % of all global carbon dioxide emissions, high-
lighting the urgent need to develop renewable energy sources (Fang and
Chang, 2023). However, limited attention has been directed towards
BRICS countries in assessments of the energy balance and environmental
impact of sludge management. Recently, BRICS countries have focused
on fostering economic growth, promoting sustainable development, and
leveraging their potential to address global challenges and thus achieve
the United Nations Sustainable Development Goals (Nguyen and Kho-
minich, 2023). Therefore, it is necessary to comprehensively evaluate
the energy balance and environmental footprint of sludge management,
particularly in densely populated developing countries such as those
within the BRICS alliance.

In this study, we focused on assessing the energy balance and envi-
ronmental impact of mainstream sludge management scenarios in the
BRICS countries (Fig. 2 and detailed in Figs. S1-S5). A comprehensive
life cycle assessment was conducted to address the following questions:
1) What is the best sludge management scenario for each country in
terms of the energy balance and environmental impact? 2) What level of
carbon emission reduction can be anticipated in the future if the best
sludge management scenarios are adopted? 3) How do crucial parame-
ters affect the energy balance and environmental impact of sludge
management scenarios? Notably, the functional unit for this assessment
was 1 t of dry sludge. By providing solid scientific evidence, our study
will enable technological transitions and inform policymaking in
developing countries, enabling them to maximize energy recovery while
minimizing environmental contamination and, ultimately, achieving
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BRICS countries

Brazil Russia India China South Africa

BS1 BS2 BS3 RS1 RS2 RS3 IS1 IS2 IS3 CS1 CS2 CS3 SS1 SS2 SS3
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Anaerobic digestion
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Fig. 2. Mainstream sludge treatment and disposal processes used in the BRICS
countries. For each country, three mainstream sludge management scenarios
were considered and labelled accordingly. For instance, BS1, BS2, and BS3
represent three different sludge management scenarios that are commonly used
in Brazil (sourced from a governmental report, see Methods). For each sludge
management scenario, the dots are connected sequentially from top to bottom,
representing the sequence of steps in the process. UASB represents the up-flow
anaerobic sludge blanket.

sustainable development.

Results

Energy balance and environmental impact of sludge management scenarios
in Brazil

In our analysis of sludge management scenarios in Brazil, BS3
(UASB-Anaerobic  digestion-Cogeneration  unit-Dewatering-Land
application) (Fig. 2) yielded the highest energy recovery of 2815 MJ,
whereas both BS1 (UASB-Dewatering-Thermal drying-Landfill) and
BS2 (UASB-Dewatering-Lime stabilisation-Land application) (Fig. 2)
exhibited increased energy consumption of 7031 and 43 MJ, respec-
tively (Fig. 3). The superior energy recovery performance of BS3 was
likely to due to energy production by the cogeneration unit (Fig. S6a)
(Ding et al., 2021; Pasciucco et al., 2023). Conversely, scenarios BS1 and

Population: 144.4 million
World share: 1.80%
Biosolids: 4.5 million tons
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Fig. 1. Population size and annual biosolids (dry sludge) production of the BRICS countries (Brazil, Russia, India, China, and South Africa, sourced from http://
infobrics.org/). The world share indicates each BRICS country’s proportion of the global population.
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Fig. 3. Net energy balance and total environmental impact of sludge treatment and disposal scenarios in BRICS countries. The total environmental impact of the
sludge management scenarios was calculated using the sum of the normalized impact categories (see Methods). Negative total environmental impact values denote
environmental benefits, while positive values represent environmental burdens. For the net energy balance, positive values indicate energy production, whereas
negative values represent energy consumption. BS1-3, RS1-3, IS1-3, CS1-3, and SS1-3 denote the selected sludge management scenarios in Brazil, Russia, India,
China, and South Africa, respectively. The specific processes and mass flow of each sludge management scenario are outlined in Figs. 2, S1-S5. The total envi-
ronmental impact and net energy balance were calculated based on the functional unit of 1 ton of dry sludge solids.

BS2 lack energy recovery processes, and BS1 includes a particularly
energy-intensive thermal drying step (Adibimanesh et al., 2023) that led
to a higher energy consumption than BS2.

The superior energy production in BS3 was also associated with the
lowest total environmental impact, as indicated by the highest envi-
ronmental impact value of —1.04 (Fig. 3). BS3 exhibited predominant
advantages in reducing carbon emissions (—314 kg CO- equivalent (eq)
saving), freshwater eutrophication (—0.036 kg phosphorus (P) eq),
human carcinogenic toxicity (—8.61 kg 1,4-dichlorobenzene (1,4-DCB)),
and fossil resource scarcity (—141.61 kg oil eq) (Fig. 4). These envi-
ronmental benefits of BS3 stem from its inclusion of anaerobic digestion,
cogeneration unit, and land application processes (Fig. S7c). Anaerobic
digestion improves sludge quality by reducing the release of nutrients
and untreated substances into the environment, thus mitigating fresh-
water eutrophication (Dere et al., 2012; Usman et al., 2012), and by
stabilizing heavy metal ions (i.e., nickel, cadmium, and mercury), which
contribute to human carcinogenic toxicity (Liew et al., 2022; Mayer
et al., 2021). Moreover, the cogeneration unit enables energy recovery,
thus reducing carbon emissions and fossil resource scarcity (Ding et al.,
2021; Pasciucco et al., 2023). Land application takes advantage of ni-
trogen and phosphorus fertilizers present in sludge, reducing the use of
chemically synthesized fertilizers and thus decreasing carbon emissions
(Yang et al., 2023). In contrast, BS1 had the worst environmental impact
value of 4.02 (Fig. 3), which was dominated by carbon emissions (273 kg
CO4, eq), freshwater eutrophication (0.19 kg P eq), human carcinogenic
toxicity (36.91 kg 1,4-DCB), and fossil resource scarcity (101.43 kg oil
eq) (Fig. 4). These factors stem from the absence of sludge stability
technology (e.g., anaerobic digestion, lime stabilization, or incineration)
and the high amount of energy consumed by thermal drying (6640 MJ)
(Adibimanesh et al., 2023). Notably, the terrestrial acidification impact
of BS1 (0.37 kg SO; eq) was lower than that of BS2 (5.94 kg SO eq); this
was mainly due to the addition of lime (Fig. S7b) and consequently

resulted in emissions of ammonia, sulfur oxides, and nitrogen oxides
(Yoshida et al., 2018)

Energy balance and environmental impact of sludge management scenarios
in Russia

Among the sludge management scenarios used in Russia, RS2
(Thickening-Dewatering—Thermal drying-Incineration-Landfill)
(Fig. 2) achieved a maximum energy production of 8765 MJ, while RS1
(Thickening-Anaerobic digestion-Cogeneration unit-Dewatering-Land
application) and RS3 (Thickening-Dewatering-Landfill) (Fig. 2)
exhibited increased energy consumption of 41 MJ and 90 MJ, respec-
tively (Fig. 3). The notable energy recovery in RS2 can be primarily
attributed to the inclusion of incineration process (Fig. S6b), which
effectively decomposes organic matter in sludge while simultaneously
generating heat and electricity (Liu et al., 2023). Although RS1 includes
a cogeneration unit to enable energy recovery through anaerobic
digestion, the energy recovered (3220 MJ) cannot offset the high energy
consumption (3261 MJ) required to achieve a desirable temperature for
anaerobic digestion (i.e., 35 °C) in Russia (annual average temperature
of 4.9 °C). In RS3, the energy consumption stems from the thickening
and dewatering processes, consistent with prior research, indicating that
these processes have lower energy requirements than other sludge
treatment processes such as anaerobic digestion and cogeneration unit
(Wang et al., 2024a).

RS2 also emerged as the optimal sludge management scenario in
terms of environmental burden mitigation, boasting a total environ-
mental impact value of —42.49; accordingly, it outperformed RS1
(benefit = —1.22) by 35-fold. In contrast, RS3 imposed a severe envi-
ronmental burden, with a total impact value of 4.11 (Fig. 3). RS2 sub-
stantially mitigated global warming, terrestrial acidification, freshwater
eutrophication, and human carcinogenic toxicity, as indicated by
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Fig. 4. Comparison of the environmental impacts in various categories between sludge management scenarios used in BRICS countries. The results for environmental
impact categories of the sludge management scenarios used in Brazil (a), Russia (b), India (c), China (d), and South Africa (e). BS1-3, RS1-3, IS1-3, CS1-3, and SS1-3
denote the sludge management scenarios adopted in the BRICS countries; the detailed processes are outlined in Fig. 2.

respective values of —489 kg CO2 eq, —3.67 kg SOz eq, —5.74 kg P eq,
and —347.91 kg 1,4-DCB. These superior mitigation effects of RS2 can
be attributed to the enhanced energy recovery due to the incineration
process, enabling reductions in fossil-based fuel consumption and car-
bon emissions (Singh et al., 2020b). Furthermore, studies have shown
that phosphorus in ash from sludge incineration has low bioavailability
and that incineration releases nitrogen as exhaust fumes (Horttanainen
et al., 2017), thus reducing freshwater eutrophication (Li et al., 2015).
Incineration converts the heavy metal ions in sludge to more stable
forms than those found in digested sludge, thus mitigating human
carcinogenic toxicity (Horttanainen et al., 2017; Li et al., 2015). The fact
that the heaviest environmental burden was imposed by RS3 can be
attributed primarily to the absence of a sludge stabilization process; this
lack facilitates the transfer of pollutants to the environment, thus
increasing the environmental burden (Guo et al., 2023).

Energy balance and environmental impact of sludge management scenarios
in India

Among the scenarios used in India, IS1 (Thickening-Anaerobic
digestion-Cogeneration unit-Dewatering-Land application) (Fig. 2)
achieved the highest energy recovery, reaching 4394 MJ (Fig. 3). In
contrast, IS2 (Thickening-Dewatering-Landfill) and IS3 (Thick-
ening—Anaerobic digestion-Biogas flare-Dewatering-Land application)
(Fig. 2) both increased the energy consumption by 73 MJ and 683 MJ,
respectively (Fig. 3). Notably, IS1 and IS3 have similar processes other
than the utilization of biogas (energy recovery in the cogeneration unit
in IS1, biogas flaring in IS3). The vast disparity in the net energy balance
between IS1 and IS3 can be attributed primarily to the energy-intensive
nature of anaerobic digestion (Ding et al., 2021; Pasciucco et al., 2023);
IS1 lacks energy recovery, while IS3 includes it (Fig. S6c¢).

IS1 achieved the greatest environmental benefit, with an impact
value of —1.27 (Fig. 3). IS1 demonstrated the greatest advantages in
terms of reducing greenhouse gas emissions (—274 kg CO; eq), fresh-
water eutrophication (—0.016 kg P eq), human carcinogenic toxicity
(—10.81 kg 1,4-DCB), and fossil resource scarcity (—182.73 kg oil eq)
(Fig. 4). These mitigating effects can be ascribed to the improved sludge
quality due to anaerobic digestion (Dad et al., 2019; Dong et al., 2013), a
reduced reliance on fossil fuels due to enhanced energy recovery from
the cogeneration unit, and the ability of land application to substitute for
chemical fertilizer use (Yang et al., 2023) (Fig. S9). Moreover, terrestrial
acidification was lower in IS1 than in IS2 (1.04 versus 3.96 kg SO, eq),
which may be attributable to the higher ammonia emissions caused by
organic matter decomposition during the landfill disposal of untreated
sludge in IS2 (Angouria-Tsorochidou et al., 2022) (Fig. 4). Furthermore,
IS2 was found to exacerbate the total environmental impact burden,
with an impact value of 4.02 (Fig. 3). Specifically, IS2 led to increases in
terrestrial acidification (3.96 kg SOy eq), freshwater eutrophication
(0.21 kg P eq), human carcinogenic toxicity (36.67 kg 1,4-DCB), and
fossil resource scarcity (21.39 kg oil eq) (Fig. 4). IS3 yielded the greatest
carbon emissions (96.42 kg CO5 eq) due to the energy-intensive nature
of anaerobic digestion (Ding et al., 2021; Pasciucco et al., 2023), which
relies heavily on fossil-based fuel and consequently increases the at-
mospheric emission of greenhouse gases.

Energy balance and environmental impact of sludge management scenarios
in China

Among the scenarios used in China, CS1 (Thickening—Anaerobic
digestion-Cogeneration unit-Dewatering-Incineration-Landfill) and
CS2 (Thickening—Anaerobic digestion—Cogeneration uni-
t-Dewatering-Land application) (Fig. 2) exhibited increased energy
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production, with CS1 (4758 MJ) outperforming CS2 (922 MJ) by 5.2
times (Fig. 3). In contrast, CS3 (Thickening—Dewatering—Composting—-
Land application) (Fig. 2) consumed 2011 MJ of energy (Fig. 3). The
superiority of CS1 over CS2 can be attributed to the energy recovery
process: although both scenarios include anaerobic digestion, only CS1
includes incineration (Fig. S6d). In CS3, energy consumption can be
attributed primarily to composting, which is recognized as an energy-
intensive process (Arias et al., 2021).

Both CS1 and CS2 effectively reduced the total environmental
burden, with CS1 (—18.26) demonstrating a 36.5 times greater reduc-
tion in the impact value than CS2 (—0.50) (Fig. 3). CS1 exhibited su-
perior performance in terms of mitigating carbon emissions (—350.27 kg
COs eq), freshwater eutrophication (—2.38 kg P eq), and human carci-
nogenic toxicity (—149.68 kg 1,4-DCB). It also exhibited the smallest
increase in the environmental burden related to terrestrial acidification
(1.23 kg SO eq) (Fig. 4). Studies have shown that anaerobic digestion
improves sludge quality (Dere et al., 2012; Usman et al., 2012), while
incineration further reduces the nutrient content and stabilizes heavy
metal ions (Horttanainen et al., 2017; Li et al., 2015); these factors
contributed to the dominant role of CS1 in these impact categories.
Furthermore, high energy recovery from sludge incineration leads to a
reduced dependency on fossil fuel and consequently reduces the emis-
sion of environmental pollutants. Notably, CS2 mitigated fossil resource
scarcity to a greater extent than CS1 (Fig. 4), and this can be attributed
mainly to the land application of digested sludge, which provides nu-
trients to the soil (Fig. S10) and reduces the need for chemically syn-
thesized fertilizers (Yang et al., 2023). CS3, the worst scenario, increased
the environmental burden (1.59) (Fig. 4), with the strongest impacts on
global warming (638.48 kg CO eq), freshwater eutrophication (0.09 kg
P eq), human carcinogenic toxicity (12.17 kg 1,4-DCB), and fossil
resource scarcity (109.24 kg oil eq). The composting process included in
CS3 has been recognized as energy-intensive, leading to fossil fuel
scarcity (Arias et al., 2021), and it contributes to the atmospheric
emission of nitrogen and sulfur oxides, which contribute to global
warming (Morsink-Georgali et al., 2022; Weihs et al., 2022). Simulta-
neously, the composting process facilitates the release of heavy metal
ions (e.g., nickel, cadmium) and nutrients (e.g., nitrogen, phosphorus)
into the environment, leading to human carcinogenic toxicity and
freshwater eutrophication (Zheng et al., 2007). The release occurs due to
microbial activity during the composting process, allowing heavy metal
ions to enter soil and water environments. Human exposure occurs
through multiple pathways, including direct contact with contaminated
soil, consumption of crops grown in contaminated soil, and drinking
water sourced from contaminated areas. Previous studies have reported
that heavy metal ions (i.e., nickel, cadmium, and mercury) are highly
associated with human carcinogenic toxicity (Liew et al., 2022; Mayer
et al., 2021).

Energy balance and environmental impact of sludge management scenarios
in South Africa

Among the scenarios used in South Africa, SS2 (Thick-
ening-Dewatering-Thermal drying-Incineration-Landfill) (Fig. 2) was
identified as the most effective scenario for achieving energy recovery,
with an energy production of 12,694 MJ, followed by SS1 (Thick-
ening-Anaerobic digestion—Cogeneration unit-Dewatering-Land appli-
cation) (Fig. 2) with an energy production of 1970 MJ (Fig. 3). These
findings indicate that incineration and the cogeneration unit contribute
to energy recovery, with incineration being most effective for energy
production, aligning with previous studies (Zhao et al., 2023). SS2,
which includes the same processes as RS2, exhibited a 1.45-fold higher
energy production than RS2, which is probably attributable to a higher
organic matter content in sludge (70 % versus 65 % in RS2). In contrast,
SS3  (Thickening-Dewatering-Thermal drying-Land application)
(Fig. 2) led to a substantial increase in energy consumption, reaching
3039 MJ (Fig. 3). This elevated energy consumption can be attributed
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primarily to thermal drying, which accounted for 97 % of the total en-
ergy consumption in SS3 (Fig. S6e).

SS2 achieved the best performance in terms of mitigating the envi-
ronmental burden, with an impact value of —50.80, followed by SS1,
which achieved a slight reduction in the total environmental burden
(impact value = —0.66) (Fig. 3). SS2 led to reductions in the global
warming, terrestrial acidification, freshwater eutrophication, and
human carcinogenic toxicity, as demonstrated by values of —1348.6 kg
CO2 eq, —0.98 kg SO, eq, —6.85 kg P eq, and —412.83 kg 1,4-DCB eq,
respectively (Fig. 4). The high energy recovery achieved during incin-
eration, combined with a reduction in the nutrient content and stabili-
zation of heavy metal ions (Horttanainen et al., 2017; Li et al., 2015),
determined the mitigation of these impact categories in SS2. However,
SS2 was less effective than SS1 in addressing fossil resource scarcity
(Fig. 4). This is because the combination of energy recovery (cogene-
ration unit) and chemical fertilizer substitution (Iand application) in SS1
surpasses the energy recovery achieved via incineration (Fig. S11). SS3
represents the worst scenario, exhibiting a slight increase in the envi-
ronmental burden (impact value = 0.05). It achieves a minimal reduc-
tion in carbon emissions (—62 kg CO» eq) and human carcinogenic
toxicity (—0.082 kg 1,4-DCB eq), while experiencing the maximum
improvement in terrestrial acidification (1.23 kg SO5 eq) and freshwater
eutrophication (0.019 kg P eq). Notably, these impact categories were
dominated by thermal drying and land application (Fig. S11).

Comparative analysis of the optimal sludge management strategies in the
BRICS countries

In the preceding discussion, the most effective sludge management
strategies for maximizing environmental benefits and energy recovery
across Brazil, Russia, India, China, and South Africa were identified as
BS3, RS2, IS1, CS1, and SS2, respectively. Specifically, the overall
environmental benefits of optimal sludge management scenarios in the
BRICS countries followed the order: South Africa (—50.80), Russia
(—42.49), China (—18.26), India (—1.27), and Brazil (—1.04), with
corresponding energy production of 12,694, 8765, 4758, 4394, and
2815 MJ, respectively, per 1 t of dry sludge. The maximum environ-
mental benefits observed in South Africa can be attributed to the
application of incineration at a high volatile solids content (up to 70 %,
Table S1), accompanied by a net positive energy balance and a
remarkable reduction in reliance on fossil fuels. Additionally, the
incineration process reduced nutrient content (e.g., nitrogen and phos-
phorus) and stabilized metal ions (Horttanainen et al., 2017; Zhou et al.,
2024). Although India had a higher volatile solids content in sewage
sludge than South Africa (83 % versus 70 %, Table S1), it did not achieve
higher environmental benefits and energy recovery. This discrepancy
was attributed to the fact that incineration with energy recovery was
more effective than anaerobic digestion with energy recovery in
reducing pollutant emissions and increasing net energy balance
(Horttanainen et al., 2017; Li et al., 2015). Notably, sludge management
scenarios in Brazil exhibited the lowest environmental benefits and
energy recovery compared to the other BRICS countries. The primary
reason for this was the lower volatile content of sewage sludge (56 %,
Table S1), which resulted in less biogas generation during the anaerobic
digestion process and, consequently, less energy production for biogas
valorization in the cogeneration unit.

Further analysis found that the optimal sludge management strate-
gies in the BRICS countries can be categorized as follows: 1) anaerobic
digestion with energy recovery and land application of sludge (i.e., BS3
and IS1); 2) incineration with energy recovery and landfill disposal (RS2
and SS2); and 3) anaerobic digestion with energy recovery, incineration
with energy recovery and landfill disposal (CS1). Although the same
sludge treatment process is applied, SS2 outperformed RS2 and IS1
outperformed BS3. This is likely due to the differences in sludge prop-
erties (i.e., solids content, volatile solids content of sewage sludge) and
varying treatment standards (i.e., the permissible concentration values
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of heavy metal ions for land application of sludge). Scenarios in the last
category (e.g., CS1) have not been widely adopted globally due to their
complexity and cost (Zhao et al., 2023). Consequently, the sensitivity
analysis in the subsequent section focuses exclusively on SS2 and IS1.

Projections of energy balance and carbon emissions associated with sludge
management in BRICS countries in 2023 and 2050

Increasing global turmoil has intensified the emphasis placed on
greenhouse gas emissions (Liu and Rajagopal, 2019). Carbon emission, a
primary concern of the sewage treatment industry, is a metric reportable
to regulatory bodies; it incurs millions of dollars in annual taxes, such as
those related to the Carbon Reduction Commitment (Mills et al., 2014).
Most of the BRICS countries have committed to carbon emission
reduction efforts: Brazil and South Africa have set a target of net-zero
carbon emissions by 2050, China by 2060, and India by 2070 (Afrane
et al., 2024; Das et al., 2023; Soterroni et al., 2023). The following
projections of energy production and carbon emission under different
sludge management scenarios in BRICS countries in 2023 and 2050 are
based on the best-performing (i.e., BS3, RS2, IS1, CS1, and SS2) and
worst-performing (i.e., BS1, RS3, IS3, CS3, and SS3) sludge management
scenarios in each country, with consideration of increased sludge pro-
duction along with urbanization and/or population growth and the
countries’ carbon emission goals. Notably, the years 2023 and 2050
were chosen for the availability of accurate and current data and their
significance in reflecting actual conditions and future carbon neutrality
targets for most countries worldwide.

In 2023, the worst sludge management scenarios are estimated to
exhibit substantial energy consumption, with the highest value in China
(CS3: 36.2 PJ), followed by Brazil (BS1: 17.6 PJ), India (IS3: 10.2 PJ),
South Africa (SS3: 6.1 PJ), and Russia (RS3: 0.4 PJ) (Fig. 5). Shifting to
the best scenarios, the highest energy production is projected in China
(CS1: 82.4 PJ), followed by India (IS1: 65.9 PJ), Russia (RS2: 39.4 PJ),
South Africa (SS2: 25.4 PJ), and Brazil (BS3: 7 PJ). The energy benefits
generated by shifting the worst scenarios to the best could satisfy the
annual electricity demands of approximately 16.1, 5.3, 2.5, 2.2, and 1.4
million people in India, China, South Africa, Brazil, and Russia,
respectively. Similar patterns are observed in the projections for 2050:
the worst sludge management scenarios was predicted to have the
highest energy consumption (CS3: 86.3 PJ) in China, followed by Brazil
(BS1: 53.4 PJ), India (IS3: 37.5 PJ), and South Africa (SS2: 7.6 PJ).
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Transitioning to the best scenarios, India was predicted to have the
highest energy production (IS1: 241.1 PJ), followed by China (CS1:
196.5 PJ), South Africa (SS2: 31.7 PJ), and Brazil (BS3: 21.4 PJ) (Fig. 5).
The differences between the best and worst scenarios could meet the
annual electricity needs of 59, 12.7, 6.6, and 3.1 million people in India,
China, Brazil, and South Africa, respectively. Notably, in Russia, the
variations of energy consumption (RS3) and energy production (RS2) in
2050 were comparable to those in 2023, mainly due to a projected
decrease in population (Fig. S13b).

In terms of environmental impact, the worst sludge management
scenario, CS3 in China, is estimated to contribute the largest amount of
carbon emissions by 2023, reaching 11.48 Mt CO3 eq. This is estimated
to be followed by the worst scenarios in India (IS3: 0.92 Mt CO- eq),
Brazil (BS1: 0.68 Mt CO; eq), Russia (RS3: 0.44 Mt CO5 eq) and South
Africa (SS3: —0.12 Mt CO5 eq) (Fig. 5). In contrast to other countries, the
worst sludge management scenario in South Africa resulted in a slight
reduction in carbon emissions in 2023. This reduction is likely due to the
substitution of sludge for chemical fertilizer in agriculture applications
(Fig. S11c). Transitioning to the best scenario, CS1 in China is projected
to achieve the greatest carbon emission savings of 6.3 Mt CO» eq, fol-
lowed by India (IS1: 4.11 Mt CO; eq), South Africa (SS2: 2.7 Mt CO; eq),
Russia (RS2: 2.2 Mt CO; eq), and Brazil (BS3: 0.79 Mt CO5 eq) (Fig. 5).
Shifting the worst scenarios into best scenarios is projected to reduce
55.8 %, 19.3 %, 18.2 %, 11 %, and 7.8 % of carbon emissions from the
transport sectors in South Africa, China, India, Russia, and Brazil,
respectively.

Similar patterns are observed in the projections for 2050, with CS3 in
China expected to yield the greatest amount of carbon emissions of 3.65
Mt CO3 eq, followed by Brazil (BS1: 2.07 Mt CO; eq), India (IS2: 1.59 Mt
CO2 eq), Russia (RS3: 0.25 Mt CO3 eq). In contrast, the best sludge
management scenario, CS1 in China, is projected to achieve the greatest
reduction in carbon emissions (32.8 Mt CO; eq), followed by India (IS1:
17.55 Mt CO; eq), Russia (RS2: 5.98 Mt CO; eq), South Africa (SS2: 4.79
Mt CO; eq), and Brazil (BS3: 2.38 Mt CO; eq). Although both the best
and worst scenarios in South Africa are predicted to reduce carbon
emissions, the best scenario (SS2: 4.79 Mt CO; eq) demonstrates a
reduction 14 times greater than that of the worst scenario (SS3: 0.34 Mt
CO; eq). The differences between the best and worst scenarios account
for 96.6 %, 69.4 %, 39.6 %, 26 % and 23.5 % of carbon emissions from
the transport sectors in South Africa, India, China, Russia and Brazil,
respectively. Notably, the projected carbon emission reductions
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Fig. 5. Energy balance and carbon emission projections for the best and worst sludge management scenarios in each BRICS country for the years 2023 and 2050
(according to the Announced Pledges Scenarios: see Methods). The green and purple values represent the differences between the best and worst sludge management
scenarios in terms of the net energy balance and carbon emission, respectively, across the BRICS countries in the indicated years (for detailed calculations, see
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Z. Wang et al.

associated with RS3 and CS3 are lower in 2023 than in 2050, in contrast
to the projections for other BRICS countries (Fig. 5); this difference may
be due to expected reductions in population growth and/or urbanization
rates (Fig. S13).

The above observations highlight the importance of selecting
appropriate sludge management scenarios. Among the BRICS countries,
shifting from the worst to the best scenario could enable China to ach-
ieve maximum energy and environmental benefits, with an estimated
energy production of 118.6 PJ and carbon savings of 17.78 Mt CO; eq in
2023 and respective increases to 282.87 PJ and 36.45 Mt CO5 eq by
2050 (Fig. 5). These projected benefits will enhance energy resources,
reduce the fossil fuel dependency, and also mitigate sludge pollutants,
stabilizing its state (e.g., heavy metal ions and nutrients).

Sensitivity analysis of the optimal sludge management scenarios in BRICS
countries

The volatile solids content, anaerobic digestion efficiency, and
electricity sources were selected as variables for sensitivity analysis (see
Methods). Increasing the volatile solids content from 50 % to 80 %
reduced carbon emissions by 27 kg CO; eq in IS1 and 1295 kg CO; eq in
SS2 (Fig. 6). These reductions can be attributed primarily to increases in
energy production of 1826 MJ in IS1 and 10,503 MJ in SS2 (Fig. 6). In
IS1, energy recovery mainly occurred in the cogeneration unit
(Fig. S16a), where an increase in biogas from anaerobic digestion
elevated the energy output (Evangelisti et al., 2014a). In contrast, in
SS2, the higher volatile solids content boosted the calorific value of
sewage sludge (Zhang et al., 2021; Zhao et al., 2023), increasing energy
production during incineration (Fig. S16c). These improvements have
reduced reliance on fossil fuels during sludge management and, conse-
quently, the emission of pollutants (i.e., carbon dioxides, nitrogen ox-
ides, and sulfur oxides) into the atmosphere (Fig. S15). Similarly, in IS1,
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enhancing the anaerobic digestion efficiency from 40 % to 70 % led to a
reduction in carbon emissions by 49 kg CO5 eq (Fig. 6a). This can be
attributed to an increase in the conversion of organic matter to biogas,
which is subsequently transformed into electricity and heat in the
cogeneration unit (Fig. S16b), resulting in increased energy recovery (by
3786 MJ) and a reduced dependence on fossil fuels (Wang et al., 2024a).
These observations are in line with those of previous studies indicating
that a higher volatile solids content and anaerobic digestion efficiency
contribute to an increase in energy recovery and, consequently, reduced
carbon emissions (Wang et al., 2024a).

Additionally, shifting the electricity sources used for sludge man-
agement from fossil fuels (e.g., coal) to renewable sources (e.g., wind,
solar, hydropower, and/or nuclear) could reduce carbon emissions
(Fig. 6). In the sensitivity analysis, carbon emissions decreased by 1.09-
fold in IS1 and 1.44-fold in SS2 when using renewable electricity sources
compared with coal-based fossil fuels (Fig. 6). Moreover, the decision to
use renewable energy sources resulted in comparable reductions in
carbon emission in both IS1 and SS2. These observations are consistent
with those of previous studies, suggesting that clean renewable energy
sources typically emit fewer pollutants than traditional fossil fuels
(Rahman and Alam, 2021; Staples et al., 2017). Notably, anaerobic
digestion (in IS1) and incineration (in SS2), which have high energy
demands, dominated carbon emission during sludge management (Di
Capua et al., 2020) (Fig. S15c and e).

Discussion

Selecting the appropriate scenario for sludge management is para-
mount. In this study, scenarios involving anaerobic digestion with en-
ergy recovery (Brazil and India), incineration with energy recovery
(Russia and South Africa), or a combination of these steps (China) were
found to most efficiently minimize environmental impacts while
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Fig. 6. Sensitivity analysis of the optimal sludge management scenarios used in BRICS countries. (a) India, IS1 (Thickening-Anaerobic digestion-Cogeneration
unit-Dewatering-Land application). (b) South Africa, SS2 (Thickening-Dewatering-Thermal drying-Incineration-Landfill). GWP and NEB represent the global
warming potential (kg CO5 eq) and net energy balance (MJ), respectively. Regarding India, sensitivity analysis was used to explore parameters such as the volatile
solids content (range: 50 %-80 %), anaerobic digestion efficiency (range: 40 %-70 %), and electricity sources (coal, hydropower, wind, and solar). Regarding South
Africa, sensitivity analysis was used to explore parameters such as the volatile solids content (50 %-80 %) and electricity source (coal, wind, solar, and nuclear). The
global warming potential is displayed in the upper left (Fig. 6a; India) and upper right (Fig. 6b; South Africa) halves of the circles. The lower left (Fig. 6a; India) and
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maximizing energy production. Conversely, sludge management sce-
narios that lack a stabilization process tend to have a substantial adverse
environmental impact and may lead to a high energy demand if the
treatment process involves energy-intensive methods (e.g., thermal
drying). Compared with the worst scenarios, the best sludge manage-
ment scenarios were found to enhance energy recovery by 1.4-98.4
times and to reduce the environmental impact by 1.5-21.4 times in
BRICS countries. To further support the transition towards these optimal
scenarios, it is essential to focus on advancing technology and devel-
oping effective policies (Chrispim et al., 2021; Zhang et al., 2017).
Continued innovation in sludge management technologies is crucial, to
enhance anaerobic digestion and incineration processes, improving
their efficiency and reducing their environmental footprint (Chrispim
etal., 2021). Concurrently, effective policy frameworks and investments
are vital to facilitate the innovation and adoption of these advanced
technologies. Governments should implement incentives for adopting
state-of-the-art sludge treatment methods and provide subsidies for
upgrading existing facilities. Relevant regulations are highly recom-
mended to promote the use of renewable energy sources in sludge
management processes and establish stringent environmental standards
to reduce pollution (Tyagi and Lo, 2013; Wen et al., 2023). Additionally,
policies that encourage collaboration among industry, academia, and
government agencies can accelerate the development and deployment of
innovative technologies (Li et al., 2023).

Enhanced energy production can provide a renewable alternative to
fossil fuels and thus help to reduce carbon emissions. In the BRICS
countries, shifting to the best sludge management scenarios from the
worst is projected to reduce carbon emissions by 1.54-21.42 times by
2023 and by 2.15-24.92 times by 2050. Such a shift is also projected to
reduce carbon emissions by 7.8 %-55.8 % in 2023 and 10.6 %-69.5 % in
2050 in the corresponding transport sector of each BRICS country
(Supplementary Note 6). These projections highlight the importance of
selecting the optimal sludge management scenario. Additionally, the
replacement of fossil-based fuels with renewable energy sources for
electricity production in the best sludge management scenarios is pro-
jected to further reduce carbon emissions by 23.5 %, 26 %, 69.3 %, 39.6
%, and 96.6 % compared with the worst scenarios in Brazil, Russia,
India, China, and South Africa, respectively, in 2050 (Fig. 6). These
findings highlight the significance of transitioning towards the use of
renewable energy sources to achieve carbon neutrality goals. Given the
global nature of environmental challenges, international cooperation is
essential for sharing best practices and technological advancements.
Collaborative research and knowledge exchange among BRICS countries
can accelerate the adoption of effective sludge management strategies
and drive innovation. Additionally, raising public awareness through
educational programs for stakeholders, policymakers, industry pro-
fessionals, and the general public is crucial (Li et al., 2023). Such ini-
tiatives can promote the adoption of best practices and support informed
decision-making, leading to more effective and widespread imple-
mentation of advanced sludge management strategies.

Further improvements in energy recovery and reductions in carbon
emissions can be achieved by adjusting the anaerobic digestion effi-
ciency and volatile solids content during sludge management. Increasing
the anaerobic digestion efficiency from 40 % to 70 % was shown to
enhance energy production by 1.4-1.9 times and to reduce carbon
emissions by 1.03-1.18 times. At the laboratory scale, various methods
have been proposed to enhance anaerobic digestion efficiency, such as
pre-treatment (e.g., free ammonia, advanced oxidation process, thermal,
CaOo, etc.), the use of additives (e.g., lignosulfonate, zero-valent iron,
etc.), and co-digestion with diverse substrates (e.g., microalgae, food
waste, sugarcane bagasse, agricultural residues, etc.) (Liu et al., 2024;
Wang et al., 2023a, 2023b; Wei et al., 2017). Despite these advances, the
application of these methods in real-world sludge management sce-
narios (e.g., pilot-scale and full-scale studies) is still lacking, and addi-
tional research will be needed to realize actual improvements in energy
production and carbon emission reduction. Additionally, it is also
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essential to explore novel approaches that enhance anaerobic digestion
efficiency, while being cost-effective and environmentally friendly.
Increasing the volatile solids content from 50 % to 80 % was also shown
to enhance energy production by 1.45-2.35 times in South Africa and
1.26-1.76 times in India, while also reducing carbon emissions by
1.84-3.62 times and 1.04-1.11, respectively. Potential strategies for
prioritizing higher volatile solids content include: 1) establishing sepa-
rate sewer systems and minimizing leakage (especially in China) (Yang
et al.,, 2015); 2) optimizing organic matter removal efficiency and
adjusting sludge recirculation ratios during wastewater treatment (Nges
and Liu, 2010; Shi et al., 2021); and 3) ensuring a balanced biode-
gradable ratio in mixed sludge, as primary clarifier sludge typically
contains larger amounts of biodegradable matter than secondary clari-
fier sludge (Wang et al., 2024b). In the future, the benefits of these
proposed technological advancements will warrant further investigation
once they have been widely adopted in real-world scenarios.

Conclusions

This study has provided a comprehensive assessment of sludge
management scenarios used in the BRICS countries regarding their
environmental impacts and energy balance. Across all the BRICS coun-
tries, sludge stabilization technologies involving energy recovery pro-
cesses such as anaerobic digestion and incineration, were identified as
the optimal sludge management scenarios, with incineration proving to
be more effective than anaerobic digestion in terms of environmental
benefits and energy production. Under the best scenario for each
country, energy recovery was enhanced by 1.4-98.4 times and the
environmental negative impact was reduced by 1.5-21.4 times
compared with the worst scenario. The selection of sludge management
scenarios and renewable energy sources played a crucial role in
achieving carbon neutrality goals. The differences in energy production
and carbon emission reduction between the best and worst scenarios in
the BRICS countries could fulfill the annual electricity demands of up to
59 million people and account for up to 69.5 % of carbon emissions in
the corresponding transport sectors. Transitioning to renewable energy
could further reduce carbon emissions by up to 96.6 % in the transport
sector in 2050, highlighting the importance of optimal scenario selec-
tion and the use of renewable energy. Optimizing the volatile solids
content and anaerobic digestion efficiency, were shown to further
reduce the environmental footprint by up to 3.62 times and to enhance
energy recovery by up to 2.35 times, respectively. In summary, the
findings of this study support the advancement of sludge valorization
efforts to promote energy recovery and help reduce carbon emissions
related to sludge management.

Material and methods
BRICS countries

A targeted analysis of the BRICS countries, namely Brazil, Russia,
India, China, and South Africa, was conducted, focusing on sludge
management scenarios and their energy balance and potential envi-
ronmental impacts. Fig. 1 illustrates the population size and annual
biosolids production of each BRICS country. The combined population
and biosolids production amounted to 3.28 billion people and 42 Mt/
year, respectively, representing 40.7 % of the total population and 42
%-56 % of the total biosolids production worldwide, as estimated in
2023 (Apollo, 2022). Specifically, Brazil, Russia, India, China, and South
Africa had respective populations of 216.4, 144.4, 1428.6, 1425.6, and
60.4 million residents, accounting for 2.69 %, 1.80 %, 17.76 %, 17.72 %,
and 0.75 % of the global population, respectively. Moreover, these na-
tions respectively produced up to 2.5, 4.5, 15, 18, and 2 Mt of biosolids
annually (Apollo, 2022; Kovalev et al., 2022) (Fig. 1).
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Functional unit, system boundary and life cycle inventory

The treatment of 1 ton of dry sludge (DS) was set as the functional
unit in this analysis of BRICS countries. All calculations regarding ma-
terials, energy consumption, energy recovery, and emissions were based
on this unit. The system boundaries considered various aspects such as
the materials input, energy consumption, road transport, energy re-
covery, avoided products produced (which refers to avoided environ-
mental impacts due to specific actions taken to prevent the use and
production of products such as fertilizers and electricity), and direct
emissions of pollutants to air, soil, and water environments. Notably, the
construction and installation of sludge management infrastructures
were not considered in this study, as numerous studies have shown that
their overall environmental impact may be negligible (Hong et al., 2009;
Singh et al., 2020a; Xu et al., 2014). The specific system boundaries of
the selected sludge management scenario in each BRICS country are
outlined in Figs. S1-S5.

Three scenarios (BS1, BS2, BS3) used in Brazil for sludge treatment
and disposal were considered in this work (Fig. S1). BS1 comprises
UASB, dewatering, thermal drying, and landfill; BS2 comprises UASB,
dewatering, lime stabilisation, and land application; and BS3 comprises
UASB, anaerobic digestion, cogeneration unit, dewatering, and land
application. The characteristics of sludge were sourced from the Na-
tional Solid Waste Policy in Brazil and published articles (see Table S1
for details).

Three scenarios (RS1, RS2, RS3) used in Russia for sludge manage-
ment were considered in this study (Fig. S2). RS1 includes thickening,
anaerobic digestion, cogeneration unit, dewatering, and land applica-
tion; RS2 follows thickening, dewatering, thermal drying, incineration,
and landfill; and RS3 involves thickening, dewatering and landfill. The
characteristics of sludge were sourced from the Ministry of National
Resources and Environment of the Russian Federation and published
articles (seeTable S1 for details).

Three sludge management scenarios (IS1, IS2, IS3) used in India
were considered in this work (Fig. S3). IS1 incorporates thickening,
anaerobic digestion, cogeneration unit, dewatering, and land applica-
tion; IS2 involves thickening, dewatering, and landfill; and IS3 consists
thickening, anaerobic digestion, biogas flaring, dewatering, and land
application. The characteristics of sludge were sourced from the Min-
istry of Environment, Forest, and Climate Change of the Government of
India and published articles (see Table S1 for details).

Three sludge treatment and disposal scenarios (CS1, CS2, CS3) used
in China were considered in this study (Fig. S4). CS1 includes thick-
ening, anaerobic digestion, dewatering, cogeneration unit, dewatering,
thermal drying, incineration, and landfill; CS2 encompasses thickening,
anaerobic digestion, cogeneration unit, dewatering, and land applica-
tion; and CS3 involves thickening, dewatering, composting, and land
application. The characteristics of sludge were sourced from the Min-
istry of Housing and Urban-Rural Development of the People’s Republic
of China and published articles (see Table S1 for details).

Three sludge treatment and disposal scenarios (SS1, SS2, SS3) used in
South Africa were considered in this work (Fig. S5). SS1 incorporates
thickening, anaerobic digestion, cogeneration unit, dewatering, and
landfill; CS2 follows thickening, dewatering, thermal drying, incinera-
tion, and landfill; and SS3 consists thickening, dewatering, thermal
drying and land application. The characteristics of sludge were sourced
from the Guidelines for the Utilization and Disposal of Wastewater
Sludge issued by the Department of the Water Affairs and Forestry,
Republic of South Africa and published articles (see Table S1 for details).

Specific data on each sludge management process were sourced from
published articles focusing on sludge-related topics in Brazil, Russia,
India, China and South Africa; the respective details are shown in Sup-
plementary Notes 1-5.
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Unit process and inventory analysis

The energy flows and environmental impact of each sub-system were
calculated using the life cycle inventory model, which includes 1) the
heat and power consumption and generation across system processes (e.
g., dewatering, thermal drying, anaerobic digestion, cogeneration unit,
and incineration) and 2) the materials used (e.g., flocculant). Compre-
hensive details concerning the equations, inventory, and constants
employed in this analysis are provided in Supplementary Notes 1-5.

Dewatering: Various mechanical dewatering methods, including
filter press, centrifugation, vacuum filtration, and belt press, have been
used extensively in sludge treatment (Zhang et al., 2022). The assess-
ment of energy consumption by mechanical dewatering methods was
conducted using Eq. (1):

E. = E,_Coeff x (1 j ! ) (@)

Wa 1 — Wp

where E. represents the energy consumption due to mechanical dew-
atering (kWh); Ec_Coeff represents the energy consumption coefficient
(0.632 kWh/t DS); and w, and wp represent the sludge moisture content
(%) before and after dewatering, respectively.

Thermal drying: The energy demand of sludge heating and water
evaporation in thermal drying was calculated using the formulas out-
lined in Egs. (2)-(7):

Ec_st =Cs x (T2-A — T>_B) x M, (@)
Ec_wt =Cw x (T,_A — T,_B) x M_eva_w 3)
E_eva.w = Q_eva_w x M_eva_w 4)
E_w_drying = Ec_wt + E_eva_w 5)
TEc, = Ec_wt + E_eva_w 6)
EAcy, = TEc, x (1 +Eff_hl) @)

where Ec_st and Ec wt represent the energy consumption (MJ) of heat
sludge and water, respectively; To A and T2 B represent the sludge
temperature (°C) before and after thermal drying, respectively; and Cs
and Cw denote the heat capacity of sludge and water, respectively,
which are assumed to be equal at 4.186 kJ/(kg °C) (Yin et al., 2018). M»
and M _eva w represent the mass (t) of sludge entering the thermal pro-
cess and the evaporated water mass during drying, respectively; E_eva w
and Q eva w represent the energy required (MJ) for water evaporation
and the vaporization heat value (2260 kJ/kg), respectively; and
E_w_drying represents the energy required for water drying (MJ). TEco,
EAcy, and Eff hl represent the theoretical energy consumption (MJ),
actual energy consumption (MJ), and heat loss efficiency (20 %) (Hao
et al., 2019) during drying, respectively.

Anaerobic digestion: Anaerobic digesters require energy input for
regular operation, and this was calculated using Eq. (8):

Pc_g=Cy x (M3 +Msw) x (T3 — T}) 8)

where Pc_3 represents the theoretical power consumption for anaerobic
digestion (MJ); Cs represents the heat capacity of wet sludge (equal to
that of water, 4.186 kJ/(t x °C)); and M3 and M3 w denote the mass of
sludge (dry basis) entering the digester and the mass (t) of water within
the sludge, respectively. T3 and T; represent the temperature (°C) of
anaerobic digestion and of the initial sludge, respectively.

,  Pc_
Pcy = £Cs 9
a

where Pc_3’ represents the actual energy consumption during anaerobic
digestion (MJ), and «a represents the conversion coefficient between the
actual and theoretical energy consumption required to maintain the



Z. Wang et al.

anaerobic digestion performance (%). Noticeably, biogas is generated
during anaerobic digestion, and its volume was calculated using Eq.
(10):

Dcop = 1.42 x Eff x M3 x VS (10)
where D¢op represents the degraded chemical oxygen demand (COD)
during anaerobic digestion (t); Eff represents the anaerobic digestion
efficiency (%); M3 represents the mass of dry sludge entering the digester
(t); and VS represents the volatile solids content contained in the sludge
(%).

V3_giogas = 0.35 X Dcop an
where V3 Biogas signifies the biogas production (m®), and 0.35 is the
coefficient relating biogas production to degraded COD.

Cogeneration unit: Heat and power production during the cogen-
eration unit process were evaluated using Eqs. (12)—(13):

P_el = V3_biogas x LHV _biogas x Eff _CHP_el (12)

P_heat = V3_biogas x LHV _biogas x Eff _CHP_heat 13)

where P_el represents the electricity production in the cogeneration unit
(MJ); V3 biogas denotes the biogas volume entering the cogeneration
unit (m>); LHV biogas represents the lower heating value of biogas from
sludge anaerobic digestion, (6.5 kWh/m?®) (Mukawa et al., 2022); and
Eff CHP_el and Eff CHP _heat respectively represent the conversion effi-
ciency of electricity and heat production in the cogeneration unit, with
corresponding values of 40 % and 50 % (Xu et al., 2022).

Incineration: Heat and electricity recovery in the incineration
process were determined using Eqs. (14)—(19):

HCV= 2.5 x 10° x (100 x Per_om—5) 14)
LCV = HCV — Q_eva_w x Ms_w (15)
CV _sludge = 1Lf:;5 (16)
E_DS = CV_sludge x Mg a7z
E_ele = Eff _ele x E.DS 18)
E_the = Eff the x E_DS 19

where HCV, LCV, and CV_sludge represent the high, low, and calorific
values of sludge, respectively (GJ/t dry sludge); Per om represents the
percentage of organic matter in the sludge (%); Q evaw denotes the
potential vaporization heat value of sludge (2260 kJ/kg); and Ms w and
ws indicate the mass and sludge moisture content of sludge before
entering incineration (t), respectively. E_DS, E _ele, and E_the indicate the
energy contents in dry sludge, electricity, and thermal production dur-
ing incineration (GJ), respectively, and Mg (t), Eff ele (%), and Eff the
(%) represent the mass of dry sludge before entering incineration and
the conversion coefficients of electricity and thermal energy,
respectively.

The life cycle inventory results for the sludge management scenarios
used in the BRICS countries are outlined in Supplementary Tables 2-6.

Life cycle analysis for energy balance and environmental impacts

The environmental impact of each sludge management scenario was
calculated using the ReCiPe 2016 Midpoint (H) V1.07 method in
SimaPro 9.4.0.1 software. This method is a widely recognized indicator
used in life cycle assessment analysis (Laurent and Espinosa, 2015;
Sternberg and Bardow, 2015; Wang et al., 2024a; Zhang et al., 2023).
The environmental impact categories were selected from among those
that have been reported as being most strongly correlated with sludge
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management in previous studies (Cartes et al., 2018; Chen et al., 2022;
Evangelisti et al., 2014b; Li et al., 2017; Mayer et al., 2021; Singh et al.,
2020a; Wang et al., 2024a). Five impact categories were quantified:
global warming, terrestrial acidification, freshwater eutrophication,
human carcinogenic toxicity, and fossil resource scarcity. The applied
equivalent factors were CO5 eq for global warming, SO eq for terrestrial
acidification, P eq for freshwater eutrophication, 1,4-DCB eq for human
carcinogenic toxicity, and oil eq for fossil resource scarcity. The total
environmental impact was calculated as the sum of the normalized in-
dividual impact category scores. The net energy balance represents the
summed total energy across all processes within each sludge manage-
ment scenario.

Sensitivity analysis of the main contributors

Studies have identified the volatile solids content, anaerobic diges-
tion efficiency, and electricity sources as key parameters that signifi-
cantly influence the results of sludge management evaluation (Shahbeig
and Nosrati, 2020; Zhao et al., 2023; Zhou et al., 2022). Consequently,
these parameters were included in a sensitivity analysis of the optimal
sludge management scenarios in the BRICS countries. The volatile solids
content was selected based on those observed (Table S1) in the BRICS
countries, while the values of anaerobic digestion efficiency were
sourced from the previous studies (Li et al., 2018). To assess their in-
fluence, the parameters were adjusted in 10 % intervals. The selection of
electricity sources was guided by the information shown in Fig. S12,
which depicts the actual electricity compositions in the BRICS countries.

Announced Pledges Scenario for projected carbon emissions in 2050

The Announced Pledges Scenario is based on an assumption that
governments will meet all of their announced climate-related commit-
ments fully and in a timely manner, including their longer-term net-zero
emissions targets, pledged nationally determined contributions, and
commitments in related areas such as energy access. This scenario also
considers pledges made by businesses and other stakeholders that
contribute to goals set by governments. Carbon emissions in 2050 were
projected by multiplying the projected annual sludge production in each
BRICS country by the corresponding carbon emissions per functional
unit (1 t DS). Notably, these projected emissions were determined for
both the best and worst sludge management scenarios (derived from an
analysis in this study), based on the projected electricity generation
sources to be used in the BRICS countries in 2050 as outlined in the
Announced Pledges Scenarios, and the calculations of environmental
impact were performed using the ReCiPe method. The projected elec-
tricity generation sources for each BRICS country in 2050 were deter-
mined from the World Energy Outlook 2023 report by the International
Energy Agency; detailed results are presented in Fig. S14. The projected
annual sludge production for each BRICS country was calculated by
multiplying the population quantity, using data provided by the
Department of Economic and Social Affairs, United Nations (Fig. S15),
by the per capita sludge production, using data from previous studies
(Appels et al., 2008). The ultimate outcome is illustrated in Fig. S17.
Additionally, the projected carbon emissions in 2023 were similar to
those in 2050, except for the electricity generation sources, which were
based on the current composition of electricity generation.

The number of people whose annual electricity consumption demand
could be met by the energy recovered from sludge management was
calculated by dividing the total energy recovered by the per capita
average annual energy consumption. Moreover, the proportion of car-
bon emissions from each sludge management scenario used in the BRICS
countries compared with the carbon emissions from the transport sector
was calculated based on the ratio of the projected values in 2023 and
2050. Data on the per capita annual electricity consumption and carbon
emissions from the transport sector were obtained from Our World in
Data (https://ourworldindata.org/). Detailed results are provided in
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Figs. S18 and S19.
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