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ABSTRACT

In developing countries, there is often a lack of a comprehensive data set that supports
the development of coherent policies on resource recovery from wastewater treatment.
This paper aims to contribute to the elaboration of resource recovery projects by
providing accurate and updated data from wastewater treatment plants such as those
located in the region of the Macrometropolis of Sao Paulo. The authors discuss
possibilities of improvement of resource recovery for this illustrative example.
Comprehensive analyses were performed based on data from 143 municipal wastewater
treatment plants to understand the situation regarding resource recovery implementation
in this region. The results show that just 26% of the plants perform at least one resource
recovery practice. The predominant resource recovery practice is internal water reuse,
and recovery is concentrated more in large plants than in medium and small ones. The
sludge is disposed in landfills except for three plants, which perform sludge recycling
for compost. Some plant managers reported interest in recovering energy from biogas,
in expanding water reuse and in recovering sludge for fertilizer production or for
building materials. Several aspects that have been regarded as relevant to the
implementation of resource recovery processes in previous literature are discussed, such
as the size of the plant, related legislation as well as treatment technologies and
configurations. Finally, the authors propose a generic framework with several steps that
can help to achieve resource recovery implementation. Therefore, the results can
provide support for planning of resource recovery projects for large cities in developing

countries.
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1. Introduction

Wastewater contains important resources that should be recovered in wastewater
treatment plants to generate value-added products such as renewable energy,
biofertilizers and water for different purposes. The recycling of resources through
innovative recovery processes is only a recent objective in wastewater treatment
systems (Mehta et al., 2015; Rao et al., 2017) and makes the processes of the plants
more efficient; it reduces the amount of waste and it provides environmental and
economic benefits. Some of the key resources that can be recovered are nutrients and
energy.

Regarding nutrient recovery, it provides sustainable use of phosphorus
(Sarvajayakesavalu et al., 2018), produces a high-quality effluent with low phosphorus
concentration, which mitigates eutrophication risks in water bodies as well as produces
an alternative source of fertilizer, alleviating phosphate rock reserves (Chrispim et al.,
2019). Regarding eutrophication, Lwin et al. (2017) estimated the amount of
phosphorus flowing from agriculture and domestic wastewater and concluded that India,
China, Brazil and USA will be the countries with the largest flows of phosphorus by
2100.

A promising solution for wastewater treatment systems is energy recovery, since
wastewater contains chemical, thermal and hydraulic energies. In a conventional

wastewater treatment plant, it is possible to recover energy in the effluent treatment or
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in the sludge line to supply at least a substantial part of the wastewater plant’s energy
demand (Purdevi¢ et al., 2019). The ultimate aim would be for the plant to become
energy self-sufficient with zero external energy supply (Svardal and Kroiss, 2011). As
there is substantial energy consumption during several stages of the treatment (sewage
collection, transportation, effluent treatment, sludge treatment and disposal), energy
recovery in a wastewater treatment plant can reduce electricity costs.

In the context of the perspectives described above, there is a need for energy,
water and waste systems to be analysed by a nexus approach to move towards more
sustainable cities (Wang et al., 2018a) characterised by water conservation and the
efficient use of natural resources. According to Mo and Zhang (2013), sustainability in
wastewater management needs to consider not only treatment of sewage, but also the
potential for resource recovery from the treatment.

However, most of the wastewater treatment installations currently only aim for
sewage treatment and final disposal into the environment. Papa et al. (2017) analyzed
600 plants in Italy to understand the situation of resource recovery, and concluded that
60% of the works did not perform any kind of recovery. The most common recovery
options in the plants with resource recovery were internal water reuse from treated
effluent and sludge reuse for agricultural application. So, these systems did not reach
their maximum potential of resource recovery.

Especially in developing countries, there is a lack of reliable, recent and detailed
data regarding wastewater flow rates, treatment performance as well as recovery actions
from wastewater works (Sato et al., 2013; Malik et al., 2015; Mateo-Sagasta et al.,
2015) and solid waste recycling (Harir et al., 2015). Consequently, quantifying the
current situation of resource recovery in developing countries is a challenge. According

to Guven and Tanik (2018), assessments of applications of water use and energy
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recovery from wastewater treatment plants in developing countries are generally
lacking. The available information does not use uniform terminologies and units to
describe current practices, making it difficult to compare data or establish global
inventories (Jiménez et al., 2010).

Most of the publications on this topic (Van der Hoek et al., 2016; Kretschmer et
al., 2016; Leeuwen et al., 2018) do not cover developing countries. Coats and Wilson
(2017) state that real implementation examples of resource recovery remain relatively
scarce in the literature. For instance, there is a shortage of research that addresses the
implementation of resource recovery actions for different locations in Brazil, where
little progress has been made in collecting data to support the development of coherent
policies in resource recovery. Few studies have addressed how to integrate resource
recovery technologies in municipal wastewater treatment processes. Borges et al.
(2015), Santos et al. (2016), Bressani-Ribeiro et al. (2017) and Rosa et al. (2018)
analyzed energy recovery in some plants in Brazil. Moreover, only some studies
(Chrispim et al., 2017; Paulo et al., 2019) were based on decentralized and source-
separation sanitation systems.

Besides analyzing measures and technologies from technical, economic and
environmental aspects, it is necessary to implement inventories of the quality and the
quantity of the resources in municipal wastewater, the current application status as well
as opportunities and challenges for future implementation. Sato et al. (2013) state that
this type of information on wastewater generation, treatment and use are crucial for
decision-makers, researchers and practitioners for the development of national and local
plans aiming at safe wastewater reuse and for assessment of the potential of resource

recovery at different scales.
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The introduction of resource recovery strategies into existing wastewater
treatment systems or into new facilities is particularly interesting for megacities and
urban agglomerations. In these areas, there is significant scarcity of natural resources to
meet the population demand and a need to improve wastewater treatment services
(Wang et al., 2018b). These cities have larger impacts on water resources than smaller
urban or rural settlements for several reasons. Because of the large quantities of surface
water that may be diverted, the water supplies to downstream users are affected. In
addition, as a result of inadequate wastewater management, surface waters can become
severely polluted, compromising the quality and availability of future supplies and
creating health risks (National Research Council, 1996). Therefore, the main challenges
include improvement and expansion of the population’s access to water and wastewater
services (National Research Council, 1996; WHO, 2018).

Because of their high population, large cities require massive quantities of
energy, water and food provision (Khan et al., 2006). So, resource recovery strategies
for wastewater treatment plants in megacities could mitigate some of these problems by
supplying water, energy or raw materials for products to meet the demand, and
simultaneously provide economic benefits from the recovered products. The reduction
of operational costs (Catarino et al., 2007) relates to the disposal and treatment of
byproducts such as sludge. Environmental benefits include improvement of the effluent
quality and reduction of emissions.

In the case study country Brazil, the most populous region is located in the State
of Sao Paulo. The term Sao Paulo might refer to four different levels. The State of Sao
Paulo (level 1) comprises several regions including the region of the Macrometropolis
of Sao Paulo (level 2), which is one of the largest urban settlements in the world,

concentrating more than 33 million inhabitants and accounting for 50% of the urbanized
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area of the State of Sao Paulo and for 75% of its population (S&o Paulo Metropolitan
Planning Company S/A (EMPLASA), 2019). The region of the Macrometropolis of Sao
Paulo comprises eight urban agglomerations. One of these agglomerations is the
Metropolitan Region of Sao Paulo, also known as Megacity of Sao Paulo (level 3) (The
United Nations, 2018). This megacity includes the City of Sao Paulo (level 4). For
reasons of simplicity, in this paper, the authors will refer to the above four levels as
state, region, megacity and city, respectively, if and when the official meaning is clear
from the context. However, this study is mainly concerned with the region (level 2).

The region of Sao Paulo faces several challenges regarding water and sanitation
infrastructure. Considering that it is a very populous area, water management is a
complex issue. According to projections for the coming years, there is a trend to
increase both the water demand and the population in this region (The Department of
Water and Electric Power (DAEE), 2013). The qualitative commitment of the water
sources used for human supply and the low water availability characterizes a critical
scenario in this area. Considering its size, rapid population growth, high population
density and economic situation, the region has been chosen as a representative case
study for other megacities in developing countries, which face similar conditions such
as water scarcity and inadequate wastewater treatment and collection.

In this context, tools that facilitate the process of planning and decision-making
are necessary and allow for more cost-effective and sustainable means to recover
resources from wastewater. This paper aims to produce organized and reliable data
related to resource recovery application in megacities in developing countries to support
and facilitate the transition to sustainable wastewater treatment plants through the
assessment of the potential of resource recovery implementation at different scales in an

effective way. The corresponding objectives are (a) to analyze the current situation of
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existing plants in the region of Sao Paulo used as a representative case study regarding
the implementation of resource recovery solutions; (b) to identify relevant factors that
can stimulate and support the implementation of resource recovery from wastewater
treatment; (c) to suggest potential areas for improvement in the respective case study
such as interventions of resource recovery technologies; (d) to propose a generic
framework to facilitate the planning and implementation of resource recovery in plants;
and (e) to discuss briefly the results of the case study region and other megacities in

developing economies.

2. Methodology
2.1. Region of Sao Paulo (study area)

The region of Sao Paulo is located in the State of Sao Paulo and includes 174
municipalities. The demographic density is 630.5 inhabitants/km?. This region has
significant socio-economic importance and is well-industrialized, including diversified
commerce, complex services and a productive agroindustry (EMPLASA, 2019). It
represents 83% of the state gross domestic product (GDP; 1.61 trillion reais, equivalent
to 0.4 trillion US dollars) and represents about 27% of the national GDP (referring to
the GDP of 2015) (Senese Neto, 2018). The region of Sao Paulo comprises five
metropolitan regions and three urban agglomerations (EMPLASA, 2019) (Fig. 1).

In the state of Sdo Paulo, tropical climate dominates the central region of S&o
Paulo. This climate is characterized by a rainy season in summer, a dry winter and an
average temperature of over 22°C in the warmest month. In some mountainous areas,
the average upper temperature is below 22°C in the warmest month. In the higher areas

(Serra do Mar and Serra da Mantiqueira), summer is milder and rainier. The coast has a
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tropical rainy climate without a dry season and average rainfall of the driest month
exceeding 60 mm (Sao Paulo State Government, 2018). The Koppen Climate
Classification subtype predominant in the study area is "Cfa" (Humid Subtropical
Climate) (Weatherbase, 2020).

The region of Sao Paulo presents several challenges related to water
management. The megacity of Sao Paulo is an example of this problem, since it
concentrates more than 10% of the inhabitants of Brazil in less than 0.1% of its
corresponding territory. Moreover, the megacity has low water supply provision.
Several municipalities within the region have high industry activity and agricultural
production. The coastal area is also subjected to water scarcity, especially because of
the intensive water consumption by complex industries, and an increase in water
demand during the holiday season (Ribeiro, 2011).

Most surface water bodies within the region are polluted due to urban sprawl
(Tagnin et al., 2016). In 2010, there were 3.8 million people living in favelas (Sayuri,
2014), with lack of access to proper wastewater collection and treatment as well as
absence of safe water supply. Favelas are known as low and middle-income unregulated
neighbourhoods experiencing governmental neglect.

Due to the mentioned characteristics, highlighting the problematic of water
vulnerability (National Water Agency (ANA), 2014), the high population concentration,
socio-economic urbanization characteristics, the great consumption rate of natural
resources and climate zone, the region of Sao Paulo was chosen as a representative case

study for other megacities in developing countries.

2.2. Resource recovery implementation survey
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The procedure for the survey of wastewater treatment plants in the study region
to assess the corresponding resource recovery implementation is outlined in this section.
This process was divided into three phases: 1) Definition of the sample in the study area
and contact with the organizations responsible for the works; 2) questionnaire for data

collection; and 3) data analysis.

2.2.1. Phase 1

This phase comprised the following steps: survey of contacts, communication
with the managers and sending of questionnaire. First, the organizations responsible for
the plants in each of the 174 municipalities belonging to the region were identified.
Regarding the municipalities where the Sao Paulo State Water and Sewage Services
Company is the authority responsible for wastewater treatment, the managers of each
sub-region were contacted. For the other cities, where other organizations are
responsible for wastewater treatment, data were obtained from other sources such as the
Water and Sewage Services Diagnostics of the National Sanitation Information System
(SNIS, 2018), the websites of the Regulatory Agency of Sanitation and Energy of the
State of Sao Paulo (ARSESP, 2019) and websites of the city councils (specifically those
linked to the department/secretary managing wastewater treatment; e.g., the municipal
secretary of sanitation). For private companies, their respective websites were searched.
After this step, the department and the manager responsible for the wastewater

treatment services of each municipality received the questionnaire.

2.2.2. Phase 2
In order to collect the data in relation to the resource recovery actions

implemented in the wastewater treatment plant, an easy-to-fill-in questionnaire was

10
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prepared based on Papa et al. (2017). The questionnaire consisted of two sections:
preliminary questions and specific questions about the existence of resource recovery
options (Fig. 2). Supplementary Material 1 contains the questionnaire.

The questionnaires were sent by e-mail with an informed consent form to
educate the participants about the purpose of the research, following ethical standards.
All data collected with the questionnaires are relevant for the period between July 2017
and April 2019. In some cases, managers were contacted with additional questions via

e-mail or telephone to clarify the collected information.

2.2.3. Phase 3

After data collection, both qualitative and quantitative data from questionnaires
were organised into data spreadsheets for comparison purposes. The results were
parameterized according to the size of the plant with three classes being established
according to the Brazilian Resolution 377 of the National Environment Council
(CONAMA): small WWTP with a wastewater inflow rate <50 L/s or a population
equivalent of up to 30,000 people; medium-sized plants: the plant with a nominal
wastewater inflow rate >50 L/s but <400 L/s, or with a capacity to serve 30,000 to
250,000 inhabitants; large plants: the plant with an inflow > 400 L/s and with a capacity
of supporting more than 250,000 inhabitants (National Environmental Council, 2006a).

Within the region of Sao Paulo, there are cities without any wastewater
treatment. Also, some cities sent their sewage to plants belonging to other
municipalities nearby. In order to estimate the number of wastewater treatment plants
within the case study region, the authors referred to the questionnaire answers.
Concerning non-responsive municipalities, the authors consulted two national

databases: Atlas Sewers: Depollution of Water Basins from the National Water

11
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Resources Information System (SNIRH), which contains information about the number
of plants for each Brazilian city (SNIRH, 2013); and the Information System on
Sanitation for Sao Paulo State (SISAN, 2016) that contains the municipal plan of
sanitation for each municipality. Based on this, it was possible to estimate the total
amount of plants and to calculate the percentage of the responsive plant managers.
Based on questionnaire findings, existing resource recovery initiatives were
mapped and described. Then, the key factors that can affect the implementation of
resource recovery were identified and potential areas for improvement were discussed.
The authors identified what can be done in the future to develop sustainable works
based on successful examples that are already underway in the region. The results were

discussed, and key measures of resource recovery were recommended.

2.3. Framework creation

The authors propose a new generic framework for planning and implementation
of resource recovery. This framework was initially derived based on the results from the
conducted survey. For step 9 of the framework, indicators were selected based on
various references. Technical indicators were after Sikosana et al. (2017), Van der Hoek
et al. (2016) and Harris-Lovett et al. (2018). Economic indicators were influenced by
Sikosana et al. (2017). Environmental indicators were inspired by Hu et al. (2016).
Finally, societal indicators as well as institutional and political ones were based on

Woltersdorf et al. (2018).

3. Results and discussion

3.1. Overview

12
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The findings are organized in six sections: (1) Findings obtained from the
questionnaires and a discussion on how practices vary in the different metropolitan
regions; (2) the key factors that affect the implementation of resource recovery; (3)
possibilities for resource recovery strategies that could be implemented in the study
area, considering the local context; (4) a proposed framework as a tool to
stimulate/support planning and decision-making; (5) a comparison between the region
of Sao Paulo and other megacities concerning resource recovery from wastewater

treatment; and (6) limitations of this study.

3.2. Implementation of resource recovery measures

About 53% of the total number of plants in the region of Sao Paulo were
analysed. This equates to 143 facilities located in 75 municipalities across the region.
The proportion of plants with responses for each metropolitan region was 100% for
MRBS, RUB and UAJ, 85.7% for MRSP, 77.1% for MRS, 67.5% for UAP, 20.3% for
MRC and 7.9% for MRPVNC (see Fig. 1 for meanings of abbreviations). From the total
(143) analysed, just 37 plants performed at least one resource recovery strategy (not
considering the recycling of oil waste). The only other form of recovery mentioned was
the separation of equipment-related oil waste, which is collected and conveyed to
appropriate facilities for recycling.

Regarding the surveyed plants with some resource recovery action, the situation
varies among different metropolitan regions. Considering the plants with surveyed data,
the metropolitan area with the highest predominance of resource recovery plants is
Baixada Santista (76.9% of the total of plants). Figure 1 displays the distribution of the

plants in the study area.

13
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Figure 3 shows the general results for the situation of the implementation of
resource recovery strategies from wastewater treatment in the region of Sao Paulo. As
can be seen, few plants currently include resource recovery practices. Only 26% of the
surveyed plants performed at least one resource recovery action. Among the plants with
resource recovery, it can be noted that water reuse for internal purposes was the most
common resource recovery action implemented in this region. This finding agrees with
the results reported by Papa et al. (2017), where water reuse was the most common
resource recovery practice. The prevalence of internal reuse over external reuse was
expected since reclaiming water externally involves several other variables such as
specific effluent quality requirement compliance, market demand in the surrounding
area, higher investments and infrastructure of distribution of the reclaimed water (e.g.,
pipes or trucks) to the destination. Supplementary Material 2 shows the distribution of
all resource recovery practices in the region of Sao Paulo.

Considering the group of plants with internal reuse, the predominant uses for
reclaimed water were washing and cleaning of courtyards as well as landscape irrigation
(57.1% of the plants), sludge dewatering processes with polymers, cleaning of
centrifuges and screens (45.7%), washing of sewage treatment equipment and reactors
(40%), cleaning and unblocking of sewage collection networks (20%) and others
(sewage lift station, preparation of chemicals and toilet flushing) (20%). The total
volume of water reused (considering the plants that perform internal reuse and with
response for this question) was about 405,094 m3/month.

In relation to the plants that practice external water reuse, the applications are
mostly (present in 44% of the plants with external reuse) for industrial purposes such as
cooling towers, (textile) industry, civil (and ground) construction companies, laundries

and urban use. The latter includes irrigation of parks, firefighting, washing streets after

14
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fairs, washing of trucks for transportation of recycled waste, transportation (airplanes
and trains), urban cleaning, clearing of rain gutters and sewage pipes, washing of
courtyards and cleaning of public streets and squares. Considering the responses from
the plants, which perform external reuse (n = 9), the total was 1,176,516 m3/month. In
2018, the plants located in the megacity of Sao Paulo marketed a volume of 1,461,470
m? of reclaimed water. This figure does not include the volume provided by the
Aquapolo Project (see below). In spite of this, the reclaimed water supplied at nominal
plant capacity was 38.3%. In comparison, the reclaimed water sold as treated effluent
was only 0.43% (SABESP, 2018a), which indicates that the production and
commercialization of reclaimed water is relatively low.

Some treatment plants implemented more robust technologies such as the
combination of physicochemical processes. This is the case for two plants with a high
volume of reclaimed water for external reuse. They comprise tertiary treatment. One of
these plants is located in Sao Paulo city and has tertiary treatment by granular filters,
cartridge filters and chlorine for disinfection. The other plant is part of the Aquapolo
Project and comprises disc filters (400 microns), anoxic reactors, aerobic reactors,
membrane bioreactors (0.05 micron pores) and reverse osmosis units, producing an
effluent of high quality reclaimed water. The Aquapolo Project is an advanced water
reuse plant for industrial purposes. In this works, the ABC plant effluent is the supply
source to the Aquapolo Project's treatment system, which serves a Petrochemical
Complex (SABESP, 2018a). The volume of treated effluent from the ABC WWTP to
the Aquapolo project was 1,044,576 m3/month for the period from January to June
2017.

Regarding sewage sludge, Fig. 3 shows that just three plants recycle nutrients

from sludge through composting and subsequent fertilizer production. In all the other
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plants, the sewage sludge is disposed via landfills. The results of Ribarova et al. (2017)
showed that disposal via landfills and temporary storage at wastewater treatment sites
were the most common destinations for sewage sludge. Their study indicated that about
26% of the total generated sludge was used in agriculture. In other developing countries
such as China, landfilling is also the most common option (about 50%) of treated sludge
disposal (Zhang et al., 2016).

In this study, one similarity was observed between the three plants with sludge
recycling: the existence of partnerships with private companies and/or with universities.
In one of these plants, there was an experimental study collaboration with the Faculty of
Agronomical Sciences. At the Jundiai plant, the composting facility was built inside the
wastewater treatment area to minimize costs of transport. The operators use dried sludge
combined with other organic solid waste (e.g., wood chips, chopped urban pruning,
sugarcane bagasse and eucalyptus husk) for composting, resulting in commercial
organic fertilizer production for agriculture supported by a spin-off company.

Concerning the surveyed plants, the fertilizer has been accredited by the
Brazilian Ministry of Agriculture, Livestock and Food Supply as a safe product, and it
is therefore used for cultivation of corn, sugarcane, coffee, apple, orange, soy, citrus,
eucalyptus and flowers. However, there is a restriction for crops where the eatable parts
have been in contact with soil such as roots, tubers and vegetables. About 28,000 tonnes
per annum of fertilizer are being produced from thermophilic composting at the Jundiai
plant.

Another important finding of this study is that there is no energy recovery in the
surveyed plants. Although several of them produce biogas through anaerobic processes
(Table 1), it is not used sustainably but flared. According to the response of some

managers, the main reason for not recovering the biogas was that the generated volume
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is too low and that recycling is therefore not economically feasible. They also
mentioned that some previous studies were undertaken to estimate the potential of
biogas recovery. However, follow-up statements indicated that some managers do lack
knowledge about energy recovery solutions.

According to the Brazilian Association of Biogas (ABIOGAS, 2019), in 2018,
there was a potential of 5.8 billion Nm3 biogas production linked to the sanitation sector
in Brazil. Forbes et al. (2018) evaluated the feasibility for biogas recovery for power
generation and/or thermal heat production for three plants with anaerobic digestion in
Brazil. The results were promising for two of the analysed utilities (wastewater inflow
rates of 1,500 L/s and 2,290 L/s). The benefits of installing biogas utilization facilities
include the production of electrical and thermal power as well as the reduction of
biosolid volume, energy bills, expenses related to sludge transport and disposal, and
revenue from sale. For a plant with low capacity (350 L/s), the financial analysis was
not favourable, mainly due to the estimated costs of producing electricity, which was
higher than the corresponding purchase price. So, as anaerobic digestion and biogas
utilization facilities have strong economies of scale, their unit costs tend to decrease and
become more attractive as processing capacities increase. Some difficulties related to
biogas utilization in Brazil are the high cost of equipment, too few cogeneration
(combined heat and power) projects, absence of good data, lack of operator’s
knowledge of cogeneration systems; potential need for additional staff, lack of area
available for new equipment and limited governmental incentives (Forbes et al., 2018).
Santos et al. (2016) evaluated the economic viability and the potential of energy
generation by biogas in anaerobic plants in Brazil. Their results indicated economic

viability only for cities with populations greater than 300,000.
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In the study region, some measures that could be applied to stimulate energy
recovery are (a) the creation of partnerships with private companies and/or with
universities to share knowledge and support on energy recovery technologies and
operation; (b) partnership with other wastewater treatment facilities in Brazil, which
already have practical experience and perform biogas recovery (e.g. in Parana State); (c)
economic incentives from government, for example, to buying equipment; and (d) co-
digestion with organic food waste or combined with biogas from sanitary landfill could
be done to increase biogas production. Felca et al. (2018) highlighted the need of public
policies to support the generation of energy from renewable sources, lack of research
and lack of investment in biogas in Brazil.

Regarding the existence of on-going project and future initiatives of resource
recovery, managers of 25 plants answered positively (17.5% of the total of plants). The
recovery practices reported were sludge recycling for fertilizer or soil conditioner (16
plants), biogas for energy recovery (6), external water reuse (5) and sludge reuse for
civil construction materials (3).

Some plant managers replied that studies were already performed to evaluate the
potential of biogas and sludge recovery. One mentioned a study for assessing the
potential for biogas recovery. Two other plants already performed studies for evaluating
the use of sludge in bricks, tiles or as fuel for ovens. Their results indicated that these
solutions could be applied under favourable economic and technical boundary
conditions. Three other plant managers expressed an interest in transforming sludge into
fertilizer, depending on favourable legislation. One example is Campinas municipality,
where there is an intention to compost sludge to produce biofertilizer. There is a current
agreement with the city council and a company to recycle urban organic waste (tree

pruning waste, fruits and vegetables together combined with sewage sludge) to be
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treated in a composting process. Also, in the same city, there is a project to expand the
reuse of water (from treated effluent) through pipes connecting the reclaimed water to
the Airport and Industrial Park of Campinas. In addition, some new plants are being
built with the goal of water reuse and another one is being retrofitted for tertiary
treatment as well as nitrogen and phosphorus removal for production of water for reuse
from the treated effluent.

Some plant managers reported interest in initiatives for recovery of biogas. This
is the case for the five largest plants in the megacity of Sao Paulo. It includes the project
entitled Waste to Energy Barueri. Barueri is the largest wastewater treatment plant in
South America with a wastewater inflow rate of 10.84 m3/s. This plant receives more
than half of the treated wastewater of the megacity. In this plant, the implementation of
a pilot plant for sludge thermal treatment using plasma technology is being considered.
It aims to reuse sludge either for energy recovery or for civil construction material. In
this process, the sludge is subjected to high temperatures of around 1500°C. An inert
vitreous residue with a drastic reduction of the initial volume is being created. There is a
possibility of application of the material in the construction sector (SABESP, 2017;
SABESP, 2018b).

Harris-Lovett et al. (2019) undertook a survey with stakeholders (diverse groups
of regulators, wastewater managers, coastal stewards, researchers as well as advocates
for environmental or industrial causes) to analyse their preferences concerning nutrient
management options and corresponding objectives. Most stakeholders mentioned the
option of recycling treated effluent to irrigation to increase resource recovery. In
comparison, concerning the region of Sao Paulo, the option of reuse of treated effluent

for irrigation in agriculture was not mentioned by the managers, probably because there
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is not yet local regulation for water reuse in agricultural irrigation, except for the

irrigation of landscapes and green areas.

3.3. Factors that affect resource recovery implementation

Some managers reported the following barriers to resource recovery
implementation: low amount and quality of biogas; no possibility of energy recovery
due to the type of biological treatment through ponds (not true according to the authors’
understanding), impracticability of the current legislation for sludge reuse and the low
demand for reclaimed water in areas close to the plant. These factors and others
reported in the previous literature are discussed below.

According to Bertanza et al. (2018), a key factor that interferes with the ability
of plants to incorporate resource recovery strategies is the corresponding scale of
operation. For larger wastewater treatment works, the recovery of the corresponding
effluent as reclaimed water and the retrieval of major nutrients from sludge can be
easier achieved, while potential restrictions are linked to small- and medium-sized
works. In relation to this aspect, most of the plants, which perform at least one type of
resource recovery, are large- and medium-sized (Table 2). The classification of size is
based on Resolution CONAMA 377 (National Environmental Council, 2006a).
Supplementary Material 3 shows the distribution of wastewater treatment plant size and
inflow rates in the region of Sao Paulo, and Supplementary Material 4 contains the raw
data for the surveyed plants. Results indicate that the size of the plant affects its ability
to implement resource recovery. Most of the large plants performed resource recovery,
while few of the small ones recovered resources. This is likely due to the constraints in
investment (economies of scale) for small plants (Papa et al., 2017). Hanna et al. (2018)

compared the energy consumption in wastewater treatment facilities and also noticed
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that larger facilities are usually more energy-efficient in terms of volume of water to be
treated. In addition, larger facilities are able to invest more money in their installations
and can therefore afford newer and more efficient equipment such as process control
systems.

Although in this study we considered a Brazilian regulation to classify the size
of plants, the distribution of them in relation to size was similar to another study in the
USA (Diaz-Elsayed et al., 2019). Overall, the results in this study showed a higher
number of small plants compared to large ones, considering the region of Sao Paulo.
Diaz-Elsayed et al. (2019) found that almost 80% of the wastewater treatment plants are
of small or medium size (below 10,000 population equivalent), and about 20% plants
are classified as large. According to their findings, the strategies of energy recovery
from wastewater are more prevalent in large-scale plants in the form of biogas and/or
electricity generated from sludge.

Besides the plant size, another important aspect is location. Concerning rural and
semi-urban areas, it may not be economically feasible to implement resource recovery
technology such as phosphorus recovery, because of the low recovery rate and the
elevated cost of innovative technology. Therefore, Sarvajayakesavalu et al. (2018)
propose farmland application of sludge as a viable alternative for recovery of
phosphorus.

Legislation is an important aspect to consider when planning resource recovery
implementation. For example, water reuse regulations are important to incentivise the
wastewater treatment plants to produce water for reuse from their treated effluent. In the
State of Sao Paulo, the Joint Regulation SES/SMA/SSRH n.1 (Sao Paulo State
Government, 2017) governs the non-potable direct reuse of treated wastewater for urban

purposes. This was an important milestone in establishing guidelines and criteria for
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non-potable direct water reuse. The categories covered by this resolution are landscape
irrigation, washing of streets and other public and private spaces, civil construction,
clearing of rainwater galleries and sewage networks, car washing, and firefighting. The
use of treated effluent for irrigation, agriculture, grazing and forestry are not included.
In this regulation (Sao Paulo State Government, 2017), there are quality standards and
categories of use such as moderate and severe restrictions.

Regarding sewage sludge reuse, two national regulations (CONAMA 375/2006
and 380/2006) establish the criteria and requirements for agricultural use of sewage
sludge and other derived products. Some of the requirements relate to environmental
permission, specific treatment processes and criteria for frequent monitoring of the
sewage sludge products (biosolids) depending on the specificities of agricultural
application. The analysis of several parameters is mandatory including inorganic
substances (heavy metals such as mercury, lead, arsenic and copper), pathogens
(thermotolerant coliforms, helminth eggs, Salmonella spp. and viruses) and organic
substances (chlorinated benzenes and non-chlorinated phenols). This regulation also
defines the crops that can be cultivated in soil where the sludge will be applied, and
restrictions of application for some specific sites such as preservation of natural areas
(National Environmental Council, 2006b, 2006c). Currently, there are discussions on
proposals to update these regulations, including the flexibilization of some
requirements. In the present survey, these regulations were mentioned by some of the
managers as a barrier to reuse sewage sludge. For instance, some analyses that are
required have high costs and technical limitations.

One factor that could be considered as a barrier to implementation of resource
recovery (De Boer et al., 2018) is the mind-set of water boards (plant managers) and the

perception of other stakeholders in wastewater management and the general public
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(Poortvliet et al., 2018). According to our results, few managers answered positively
(17.5% of the total of plants) about their interest in future initiatives of resource
recovery. This finding raises the need for awareness about the benefits and importance
of resource recovery to increase the interest of stakeholders, and consequently
encourage implementation.

Another aspect that varied between the surveyed plants of our case study was the
legal nature of the service provider. In the region of Sao Paulo, wastewater treatment
management is the responsibility of the municipalities. The legal status of service
providers can be divided into the following categories: private company, private right
with public administration, public right/autarchy (absolute rule) and public-private
partnership. Considering just the management of plant groups that perform resource
recovery, the distribution of them according to service providers is as follows: 27
public-private partnerships, 5 private, 2 public right with private administration and 2
public right/autarchy. This indicates that the type of service provider does not seem to
be a factor that influences resource recovery implementation since most of the plants
(64% of the total of 143) in the Macrometropolis of Sao Paulo are managed by SABESP

(public-private partnership).

3.4. Improvement options for resource recovery in the Macrometropolis of Sao Paulo
Our results indicate that most of the evaluated regional plants are not operating
at their maximum capacity, and some recently started their operation, which indicates
that they can treat a higher volume of wastewater. This represents an opportunity to
implement resource recovery actions in parallel to the expansion of wastewater

treatment.
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In the study area (Macrometropolis of Sao Paulo), the total volume of sewage
generated is in the range between 39,885 and 59,238 L/s, considering the data of
average water consumption per person per day (SABESP, 2018a), total population data
(EMPLASA, 2019) and quantitative information provided by SNIRH (2013). The most
populous metropolitan region (MRSP) contributes to 58.4% of the total flow. The other
regions provide flow proportions as follows: MRPVNC 12%, MRC 8.9%, MRS 6.3%,
MRBS 6%, UAP 5%, UAJ 2.3% and RUB 1.1% (SNIRH, 2013).

Considering the total of 143 surveyed plants, the approximate quantity of
wastewater treated per year is 992 million m3. This total volume contains resources that
could be recovered, and some options will be presented below. The corresponding real
value is certainly even higher, because it does not include all plants in the region, and
the volume of sewage, which is not treated or not collected and treated. Based on the
data from SNIRH (2013), the average index without collection and treatment was 13%,
and the total sewage flow rate without collection and deprived of treatment was 6.8 m3/s
for the region.

In addition, based on data from SNIS (2019a), the authors calculated that the
total collected sewage was 1.44 billion m3/year and the total treated proportion was 1.06
billion m3/year for the region in 2017. This indicates that about 26% of the collected
sewage is not treated and several municipalities still do not have treatment for their
collected sewage. Based on the estimate of total sewage generation in comparison with
the total collected and treated wastewater (SNIRH 2013), it can be estimated that around
70.3% of generated wastewater is collected and treated. With the future expansion of
sanitation services in this area, resource recovery technologies could be integrated in the

treatment systems.
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596 In terms of urban and rural population, from the total municipalities (174) in the
597  study region, most of them (162) are predominantly urban (urban population higher than

598  50%), of which 144 municipalities have an urban population higher than 75%. There are
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599 3 municipalities that have the same proportion (50% rural and 50% urban) and only 9
600  municipalities have a higher rural population (IBGE, 2010). In developing countries,
601  wastewater management is usually worse in secondary cities than in capital and large
602  cities (Coulibaly et al., 2016). The sanitation issues (lack of proper sewage collection
603  and treatment) are more accentuated in secondary cities, since governments prioritize
604  major cities, which attract most of the economic activity (Coulibaly et al., 2016). The
605  results of this study show that rural municipalities and the group with the same

606  proportion (of rural and urban) have lower collection of wastewater (63.2%) and lower
607  treatment (62.7% of the treated sewage) proportions than the urban municipalities

608  (73.7% of collection and 74.6% of treatment) according to SNIS (2019b). Another

609  finding was that all the surveyed plants with resource recovery are in urban

610  municipalities. So, there is an opportunity to expand wastewater treatment particularly
611 inrural municipalities integrated with resource recovery strategies.

612 Among the metropolitan regions, the MRSP is the one with the highest flow of
613  untreated and not collected sewage (4,615.8 L/s), followed by MRPVNC (1,218 L/s),
614 MRBS (466.1 L/s) and MRS (347.6 L/s) (SNIRH, 2013). The three first regions

615 (MRSP, MRPVNC and MRBS) have a higher index without collection and treatment;
616  21.2%, 15% and 15%, respectively (SNIRH, 2013). In terms of access to sewage

617  collection, MRSP is the region with the lowest percentage (58.5%) of which 56% is
618 treated, followed by RUB with 59.7% and 68.5%, respectively. The other metropolitan
619  regions have a sewage collection proportion and treatment percentage higher than 70%
620  (SNIS, 2019b).
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Considering the results of this case study, the most adopted treatment
technology in the study region is activated sludge, followed by pond systems and
anaerobic reactors (Table 1). The treatment process types for the 37 plants in the group
with resource recovery solutions are distributed as follows: 25 plants with activated
sludge, 7 with anaerobic reactors, 3 with other systems and 2 with pond systems. In
general, the authors did not notice that the presence of resource recovery action is
dependent on treatment technologies.

Depending on the wastewater treatment works, the recovery technology could be
introduced in a way that it fits with the existing configuration of treatment units
(Sarvajayakesavalu et al., 2018). Therefore, the existing treatment configuration can be
an important aspect to be considered for planning purposes.

Anaerobic treatment processes (e.g., up-flow anaerobic sludge blanket,
anaerobic membrane bioreactor and anaerobic digestion of sludge) are some
technologies used for energy and valuable biochemical recovery (Akyol et al., 2019).
However, in some of the plants with anaerobic processes, the low volume of biogas was
reported by some managers as the reason for not performing recovery actions. One
alternative would be to include other organic waste such as food waste into the
anaerobic treatment process of sewage sludge, which may increase biogas production,
and consequently the generation of heat or energy (Tolksdorf and Cornel, 2017). Co-
digestion raises the concentration of methane in the biogas, and the biogas production
increased by 25% to 50% with the addition of 1%-5% food manufacturing and
processing wastes to sewage sludge (Zahan et al., 2016). In some cases, the combined
use of biogas from wastewater treatment plants and from sanitary landfills is also an

option with great potential, as explored by Santos et al. (2018) within the Brazilian
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context. Other options for energy recovery such as heat pumps are not commonly
applied worldwide (Kretschmer et al., 2016).

Considering that pond treatment was commonly applied in the study area, one
possibility that could be evaluated for implementation is microalgae growth technology
to make use of the existing infrastructure within these plants. The application of
microalgae in open pond systems can offer many advantages such as the reduction of
energy consumption (through aeration), improvement of the effluent quality, biomass
harvesting for production of biofuel, food supplements and green pharmaceuticals
(Craggs et al., 2014). The microalgae harvested can be used as a co-substrate together
with primary sludge and waste activated sludge in anaerobic digestion for biogas
production (Olsson et al., 2018). The biomass could be transported to larger plants
equipped with digesters. Such initiatives are particularly interesting for developing
and/or tropical countries, which can reduce their wastewater treatment costs via the
recovery of their resources.

Raceway ponds, photobioreactors and hybrid systems of microalgae can be
applied as a complement to existing wastewater treatment systems (Christenson and
Sims, 2011). This is especially interesting for existing systems with aerated ponds,
because of oxygen production by microalgae that reduce energy consumption. This
technology is being applied to the side streams such as the reject water from digesters or
the excess water from dewatering of digested sludge due to their high nutrient
concentrations (Marazzi et al., 2019). As the reject water has a high temperature, it
could be diluted to allow for a more optimal temperature supporting microalgae growth.
Other sustainable adaptations that could be made to the ponds are floating macrophyte
systems with the ability to produce nutrient-enriched plants simultaneously with

wastewater treatment.
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The treatment processes grouped under “others” in Table 1 require some further
explanations. There are two plants using the Nereda process. This technology can
recover valuable biopolymers, because aerobic granular sludge contains alginate-like
exopolysaccharides, which can be harvested/extracted for economic applications in the
food, paper, medical and construction industries (Van der Roest et al., 2015; Royal
Haskoning DHV, 2017; Leeuwen et al., 2018). Thus, combining alginate extraction
with existing excess sludge treatment processes has been the focus of some recent
research (Van der Roest et al., 2015). In addition, as the Nereda process removes high
proportions of phosphorus, consequently it allows for extra phosphorus recovery as
struvite (Van der Hoek et al., 2016). Another plant within the “others” group has a
bioreactor with ultrafiltration membranes, which produces high-quality effluent that can
be reused for several purposes including potable use (Yin and Xagoraraki, 2014).
However, for developing countries, economic indicators still have a high weight in
decision-making processes (Kalderis et al., 2010; Ngan et al., 2019).

The performances of the WWTP may be very variable and depend on the
treatment processes, operational conditions and other factors. For the region of Sao
Paulo (Macrometropolis), considering the BOD load of the total sewage volume, which
is collected and treated, and the BOD load of the effluent discharged to the receiving
surface waters, the estimated BOD removal efficiencies of the plants were around 83%
(SNIRH, 2013). For example, a plant with an activated sludge process (the most
common treatment process in the study area) unit is located in Sao Paulo city. This plant
had mean removal efficiencies of 85.7% for COD, 24.5% for total N and 73.5% for total
P (SABESP, 2018b). Oliveira and Sperling (2005) evaluated the performances of plants

comprising several different technologies. These plants are located in Sao Paulo State
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and Minas Gerais State. For the activated sludge process, the removal efficiencies were
higher: 85% (BOD), 81% (COD), 76% (TSS), 50% (NTK) and 46% (TP).

Other treatment processes commonly found in the study area are the up-flow
anaerobic sludge blanket (UASB) and pond systems. According to Oliveira and
Sperling (2005), the removal efficiencies for facultative ponds and anaerobic ponds
followed by facultative ponds were 75% and 82% (BOD), 55% and 71% (COD), 48%
and 62% (TSS), 38% and 45% (NTK), and 46% and 36% (TP), respectively. Moreover,
for UASB systems without and with post treatment, the removal efficiencies were 72
and 88% (BOD), 59 and 77% (COD), 67 and 82% (TSS), -13 and 24% (NTK), -1. and
23% (TP), correspondingly.

Water reuse in cities is an important strategy to address current water shortage
and quality challenges (Sun et al., 2016). However, the final water quality has to follow
the regulation 01/ 2017 (Sao Paulo State Government, 2017). Therefore, operational
plant improvements might be required to uphold the regulation.

The water demand in S&o Paulo region is about 223 m?3/s distributed in
household supply (48.95%), industry (31.32%) and agricultural irrigation (19.73%) (Sao
Paulo State et al., 2013). Considering the average water consumption per person (128
L/day based on SABESP (2018a)) and the population of the region of Sao Paulo
(Senese Neto, 2018), the total water demand for supplying households is around 4.3
million m3/day. It is worth highlighting that about 49% of the total water demand is
associated with the Alto Tiete river basin, which comprises 87% of the municipalities of
MRSP (Sao Paulo State et al., 2013).

The potential of water reuse for industrial purposes was identified in a forecast
for 2035 by the Master Plan for Water Resources Use in Sao Paulo Macrometropolis

(Sao Paulo State et al., 2013). Mairipora was the only city classified as having a “very
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high potential” for water reuse in the future. The other eleven municipalities were
classified as “high potential”; all of them belong to the Piracicaba/Capivari/Jundiai
Basin indicating a deficit for industrial water supply. All treated wastewater could be
directed to supply part of the industrial demand in these cities, especially Paulinia and
Limeira. Based on the results from the survey presented in this paper, there is only one
wastewater treatment plant that produces water for external reuse in this basin. Several
other municipalities, including some in other metropolitan regions, were classified as
having a “medium potential”. There are cities classified as having a “medium potential”
in the megacity of Sao Paulo (e.g., Guarulhos, Embu and Maud), Piracicaba
Agglomeration and Sorocaba region (Sao Paulo State et al., 2013).

The agriculture sector also requires a lot of water. The water demand for
irrigation in agriculture will increase by 33, 31 and 10% in Tieté and Sorocaba,
Piracicaba/Capivari/Jundiai and Mogi-Guagu water resources management units,
respectively, by the year 2035. Based on this forecast, there are several municipalities,
which are likely to face water scarcity challenges. Furthermore, the public water supply
demand is also likely to increase according to the projections, especially in the water
resources management units of Alto Tieté, Piracicaba Capivari Jundiai, Baixada
Santista and Tieté/Sorocaba (Sao Paulo State et al., 2013).

Nutrient recovery is especially interesting for municipalities that have
agriculture as the main economic activity. The predominant economic activity of the
municipalities was assessed based on data from The Brazilian Institute of Geography
and Statistics (IBGE, 2016). There are five relevant municipalities in the
Macrometropolis of Sao Paulo; most of them are located in the Metropolitan Region of
Sorocaba. Furthermore, there are 14 other municipalities where agriculture is the second

or third main economic activity in terms of importance. If the wastewater treatment
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facilities in these cities or nearby ones apply nutrient recovery techniques from
wastewater treatment, this activity could also benefit them as an alternative fertilizer
source.

Some measures of resource recovery compete with each other. Therefore, it is
necessary to prioritise. In this context, the value pyramid is a tool that allows for the
distinction between the recovered products and can support the decision. According to
this tool, the hierarchy from low to high value is as follows: energy (electricity and
heat), transportation fuels, materials and chemicals (e.g., fertilizers), food, and health
and lifestyle (e.g., pharmaceuticals and fine chemicals) (Van der Hoek et al., 2016;
Betaprocess Bioenergy, 2019). Moreover, the framework proposed by the authors in the

next section is a tool facilitating further decision-making.

3.5. Framework for resource recovery planning and implementation

In most urban areas within developing countries, there is no effective system for
collection and treatment of wastewater, which causes eutrophication and other water
pollution issues. The lack of both infrastructure and a legislative framework for the new
treatment processes further intensifies this challenge, and poor incentives can be
considered as the reason for low resource recovery implementation (Sarvajayakesavalu
et al., 2018). Moreover, these areas face the overall challenge of the use of natural and
financial resources in a sustainable manner (Woltersdorf et al., 2018).

Informal urban settlements lack infrastructure entirely, and could be the first to
adopt new sustainable and cost-effective treatment systems (Mega-cities Project, 2019).
In the case of resource recovery implementation, there is an opportunity to implement

these solutions in the megacities of developing countries. These areas need to expand
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the coverage of wastewater treatment through building new wastewater treatment plants
or retrofitting the existing ones.

Public acceptance is an important challenge, since low-income communities do
not want to have “second class” solutions (Mega-cities Project, 2019). For instance,
public perception is commonly an important barrier to implementation of water reuse.
For example, low public acceptance for water reuse might be attributed to the lack of
information such as evidence demonstrating the technological success and safety for
public health (Wilcox et al., 2016).

The selection of an appropriate method is a challenge as it is highly site-
dependant. It follows that the regional water quality and influent quantity, size of the
treatment plant and other economic considerations play a major part in the selection
procedure.

In order to accelerate the process of resource recovery implementation, several
complex aspects should be considered. Therefore, the authors created a framework (Fig.
4) to support the planning process and encompass a set of measures to contribute to
decision-making.

The proposed framework contains several steps and can work as an action plan
to achieve resource recovery implementation. The qualitative and quantitative
characteristics of the influent vary in different regions of a country (Sun et al., 2016),
and this should be considered for evaluating the effluent for reuse. When mapping the
demand, it is useful to analyse regional planning documents. Each city has a different
context and a specific demand of what resource is more important to recover from the
wastewater treatment plant. According to Gunther et al. (2018), plant managers can

choose from a wide range of techniques to decide which of them is more appropriate
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and fits better to local raw material availability, economic and ecological boundary
conditions.

For the framework step 9, which is concerned with a comparison between the
selected recovery options, some indicators were proposed. This comparison between the
recovery methods allows for the discussion of their advantages and disadvantages,
considering the option that best adjusts the economic-technical-environmental tripod,
facilitating decision-making. This framework could be integrated into the plans of
wastewater treatment companies to base strategies of resource recovery at municipal
and regional levels. It is expected that the framework is flexible and can be adapted by
users, depending on the context (e.g., plant size and specific demand) and available
data. Besides supporting retrofitting of resource recovery solutions for existing
treatment facilities, the framework can also be applied for new plants at the planning
stage.

The expected benefits from a successful implementation of the proposed
framework are (a) the reduction in time for decision-making of resource recovery
projects; (b) lowering of adverse environmental impacts related to wastewater treatment
processes through improvement of effluent quality, reduction of energy consumption
and allowance for more efficient natural resources management; (c) contribution to
water conservation providing economic benefits by generation of revenues of recovered
products; and (d) saving money from operational costs related to, for example, by-

product management and disposal as well as energy consumption.

3.6. Comparison of the region of Sao Paulo with other megacities in developing

countries
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This comparison complements the discussion and contextualizes original results
with the literature. Treatment technologies are usually basic in developing economies of
the Brazil, Russia, India, China and South Africa (BRICS) group. For example, in
Russia, wastewater treatment facilities have a similar configuration compared to the
region of Sao Paulo, consisting of preliminary treatment units such as screens and grit
chambers.

The wastewater of Moscow City is treated at the Kuryanovskaya and
Luberetskaya secondary biological treatment plants, which discharge treated effluents to
the Moscow River downstream of the city. In some plants, the wastewater inflow rate is
between 10,000 and 100,000 m3/day. The sludge for these works is only reused for
composting after the digestion tank and the mechanical sludge dewatering room. In
larger plants with an inflow rate higher than 100,000 m3/day, digestion gases are also
recovered benefitting a mini-thermal power plant (MosvodokanalNIlproject Institute,
2015). After biogas purification, the mini-thermal power plant produces electricity and
additional heat to supply a central heat-supply station. This form of energy recovery can
improve the energy efficiency of these plants and reduce greenhouse gas emissions
(MosvodokanalNIIproject Institute, 2015).

In Johannesburg, South Africa, there is a need for policy change and
implementation to promote the reduction, reuse and recycling of phosphate as well as to
control pollution. The wastewater treatment capacity is insufficient in South Africa for
the treatment of all wastewater types. This causes pollution both from untreated
wastewater and from treated effluents, which do not meet standards and might cause
microbial contamination, particularly due to the rapid urbanization of informal
settlements located near cities (Food and Agriculture Organization of the United

Nations (FAQ), 2016). Policies could be updated to promote the reduction, reuse and

34



©CO~NOOOTA~AWNPE

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

recycling of phosphate. Consequently, this would mitigate the pollution challenge.
Regarding phosphorus recovery, struvite processes were shown to be unprofitable,
partly due to low struvite prices, which are subject to relatively low regional South
African phosphate fertilizer market prices (Sikosana et al., 2017). As such, fertilizer
policy and price regulations would help to improve the placement of struvite in the
fertilizer market and to increase fertilizer prices to values more comparable to the global
market (Sikosana et al., 2017).

In China, the mostly adopted treatment technologies in municipal plants are
oxidation ditches (30.5%), anaerobic-anoxic-oxic processes (16.2%), conventional
activated sludge systems (10.0%), anaerobic-oxic processes (8.2%) and sequencing
batch reactors (6.8%) (Sun et al., 2016). Thus, the analysis of each context is important
to assess the potential for resource recovery strategies. There is some resource recovery
from municipal wastewater in some regions, but the proportion of resources utilization
after treatment is low. According to Zhang et al. (2016), who studied 656 WWTP in 70
cities of 7 Chinese regions, the proportion of resource recycling (recycled building
materials and compost) is only 25%. Approximately 15% of wastewater is inefficiently
treated, and the water reuse from treated effluent is low. Another concern is that up to
40% of sewage sludge is still improperly disposed of (Lu et al., 2019). In addition, the
operation ratio of the treatment plants is below the design capacity due to insufficient
sewer networks (Lu et al., 2019).

Sun et al. (2016) estimated the recovered resources from wastewater in China:
water reuse of 3.76 x 10° m*/year, NH3-N recycling of 2.05 x 10° tons/year and total
phosphorus recovery of 2.92 x 10* tons/year (Sun et al., 2016). The water reuse rate in
some megacities in China has reached 35-60%, and provinces with low available water

resources and high gross domestic product (GDP) levels showed larger proportions of
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reclaimed water construction and utilization (Chen et al., 2017). Thus, the calculated
potential for recovery of water, nutrients and organics from wastewater at national scale
is much higher (Sun et al., 2016).

Regarding energy recovery, there is a large wastewater treatment plant with a
population equivalent of 3.5 million in Shanghai recovering energy from biogas to meet
the heat demand of both digesters and sludge thermal drying processes. The remaining
biogas is burned (Zhao et al., 2019).

Resource recovery measures are not commonly implemented in wastewater
treatment plants in developing countries, so studies supporting the planning of more
recovery practices are important. Potential multiple societal benefits linked to resource
recovery should be highlighted to attract more investment from new sectors such as
agriculture (Andersson et al., 2018). For example, in countries with strong agricultural
activity, there is an opportunity to develop a biofertilizer market model resulting from
anaerobic digestion (Felca et al., 2018; Battista et al., 2019) or other nutrient recovery
solutions from their wastewater treatment plants, benefitting both rural and urban

communities.

3.7. Study limitations

Some wastewater treatment organisations did not answer the questionnaire,
which limits the interpretation of findings. Also, in some municipalities with a high
number of wastewater treatment plants and/or insufficient staffing resources, it was not
possible to collect data from all plants. Another limitation was that few responses
concerning less important data were incomplete. Furthermore, some plant managers
were temporarily unavailable, which led to a pre-longed period (July 2017 to April

2019) of data return.
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4. Conclusions and recommendations

This study was undertaken to increase the evidence base of resource recovery
options by providing accurate and relevant data from wastewater treatment plants and
their resource recovery levels in the most populous area in South America; the region of
Sao Paulo. These data should support the planning of various resource recovery projects
in the region: water reuse, biofertilizer production and energy recovery initiatives based
on local socio-economic activities and regional demand, contributing to long-term
sustainable water management in urban areas.

The results show that there is currently low implementation of resource recovery
in the region, but there is a great potential to expand the strategies of resource recovery,
either for new plants or for retrofitting existing ones. The predominant recovery action
Is internal water reuse while other options have not been much explored. Another
finding is that recovery is concentrated mainly in large- and medium-sized plants.
However, there are more small plants in the studied region, so it is important to evaluate
how to expand the recovery solutions to these small plants as well.

For most of the studied works, the sludge generated is disposed in landfills. In
dense large cities, there is no space available for this, which involves additional costs
for wastewater treatment facilities. So, other options such as sludge reuse are very
promising. One factor that can help to support the implementation of such options is
partnership with universities for new developments and with private companies for
implementation as shown for sludge reuse cases. In addition, results can facilitate the

identification and evaluation of the regional demands for which resources can be
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recovered; e.g., fertilizer or water for reuse, and the identification of priority areas in
each metropolitan area that comprises the region of Sao Paulo.

Most of the addressed megacities in developing countries have low
implementation of resource recovery and poor management and operational conditions
for their wastewater treatment facilities. Incentive-based policies are important to
stimulate the interest of water utilities on implementation of resource recovery
technologies and to support the introduction of recovered products in the market.
According to some of the managers, some barriers for sludge reuse implementation are
the lack of government incentives and legislation. These are thus interesting aspects for
future studies.

This study also offers several further research possibilities. Specifically, the
detailed data obtained for the region of Sao Paulo could be compared with data from
other urban agglomerations to establish a global inventory. Further studies involving
life-cycle assessments are recommended, particularly for the evaluation of
environmental impacts related to resource recovery options. Moreover, they could be
combined with the framework application. Our contribution can be useful for decision-
makers applying the same procedures as proposed in this study to other cities and
regions with similar conditions. Also, countries with different conditions from the ones
described in this study might benefit from the proposed assessments. The proposed
framework has been designed for application in similar case studies. However, further

studies are encouraged to validate its potential.

Acknowledgements

38



©CO~NOOOTA~AWNPE

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

The authors acknowledge the support received from all responsive managers of
wastewater management companies in the Macrometropolis of Sao Paulo. Thanks go to
Prof. Lene Nordum (Lund University) for support in the writing process and Mr. Sameh
Adib Abou Rafee for his assistance with the creation of maps. The study was financed
in part by the Coordenacédo de Aperfeicoamento de Pessoal de Nivel Superior-Brazil
(CAPES) -Finance Code 001, through a scholarship (grant number 88881.190158/2018-
01) via the Programa Institucional de Doutorado-Sanduiche no Exterior (Institutional
Program of Overseas Sandwich Doctorate) granted to the double PhD degree student

Mariana Cardoso Chrispim.

Supplementary material

This article includes Supplementary Materials 1 to 4, which can be found in the online

version of this paper.

References

Akyol, C., Foglia, A., Ozbayram, E.G., Frison, N., Katsou, E., Eusebi, A.L., Fatone, F., 2019.
Validated innovative approaches for energy-efficient resource recovery and re-use from
municipal wastewater: From anaerobic treatment systems to a biorefinery concept. Crit.
Rev. Environ. Sci. Technol. 1-34. https://doi.org/10.1080/10643389.2019.1634456

Andersson, K., Otoo, M., Nolasco, M., 2018. Innovative sanitation approaches could address
multiple development challenges. Water Sci. Technol. 77, 855-858.

https://doi.org/10.2166/wst.2017.600

39



©CO~NOOOTA~AWNPE

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

Battista, F., Frison, N., Bolzonella, D., 2019. Energy and nutrients’ recovery in anaerobic
digestion of agricultural biomass: An Italian perspective for future applications. Energies
12. https://doi.org/10.3390/en12173287

Bertanza, G., Canato, M., Laera, G., 2018. Towards energy self-sufficiency and integral
material recovery in waste water treatment plants: Assessment of upgrading options. J.
Clean. Prod. 170, 1206-1218. https://doi.org/10.1016/j.jclepro.2017.09.228

Betaprocess Bioenergy, 2019. The value-pyramid. http://www.betaprocess.eu/the-value-
pyramid.php (accessed 6.2.18).

Borges, N.B., Campos, J.R., Pablos, J.M., 2015. Characterization of residual sand removed from
the grit chambers of a wastewater treatment plant and its use as fine aggregate in the
preparation of non-structural concrete. Water Pract. Technol. 10, 164-171.
https://doi.org/10.2166/wpt.2015.018

Brazilian Association of Biogas (ABIOGAS), 2019. The 2018 Brazilian Biogas Potential by
source. https://abiogas.org.br (accessed 7.2.19).

Bressani-Ribeiro, T., Brandt, E.M.F., Gutierrez, K.G., Diaz, C.A., Garcia, G.B., Chernicharo,
C.A.L., 2017. Potential of resource recovery in UASB/trickling filter systems treating
domestic sewage in developing countries. Water Sci. Technol. 75, 1659-1666.
https://doi.org/10.2166/wst.2017.038

Catarino, J., Mendonga, E., Picado, A., Anselmo, A., Nobre da Costa, J., Partidario, P., 2007.
Getting value from wastewater: by-products recovery in a potato chips industry. J. Clean.
Prod. 15, 927-931. https://doi.org/https://doi.org/10.1016/j.jclepro.2005.12.003

Chen, Z., Wu, Q., Wu, G., Hu, H.Y., 2017. Centralized water reuse system with multiple
applications in urban areas: Lessons from China’s experience. Resour. Conserv. Recycl.
117, 125-136. https://doi.org/10.1016/j.resconrec.2016.11.008

Chrispim, M.C., Tarpeh, W.A., Salinas, D.T.P., Nolasco, M.A., 2017. The sanitation and urban
agriculture nexus: urine collection and application as fertilizer in Sdo Paulo, Brazil. J.

Water Sanit. Hyg. Dev. 7, 455-465. https://doi.org/10.2166/washdev.2017.163

40


https://doi.org/10.2166/wpt.2015.018

©CO~NOOOTA~AWNPE

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

Chrispim, M.C., Scholz, M., Nolasco, M.A., 2019. Phosphorus recovery from municipal
wastewater treatment: Critical review of challenges and opportunities for developing
countries. J. Environ. Manage. 248, 109268.
https://doi.org/10.1016/j.jenvman.2019.109268

Christenson, L., Sims, R., 2011. Production and harvesting of microalgae for wastewater
treatment, biofuels, and bioproducts. Biotechnol. Adv. 29, 686-702.
https://doi.org/https://doi.org/10.1016/j.biotechadv.2011.05.015

Coats, E.R., Wilson, P.1., 2017. Toward Nucleating the Concept of the Water Resource
Recovery Facility (WRRF): Perspective from the Principal Actors. Environ. Sci. Technol.
51, 4158-4164. https://doi.org/10.1021/acs.est.7b00363

Coulibaly, S.L., Sangaré, D., Akpo, S.K., Coulibaly, S., Bamba, H. Ben, Coulibaly, L., 2016.
Assessment of Wastewater Management and Health Impacts in African Secondary Cities:
Case of Dimbokro (Cote D’Ivoire). J. Geosci. Environ. Prot. 04, 15-25.
https://doi.org/10.4236/gep.2016.48002

Craggs, R., Park, J., Heubeck, S., Sutherland, D., 2014. High rate algal pond systems for low-
energy wastewater treatment, nutrient recovery and energy production. New Zeal. J. Bot.
52, 60-73. https://doi.org/10.1080/0028825X.2013.861855

De Boer, M.A., Romeo-Hall, A.G., Rooimans, T.M., Slootweg, J.C., 2018. An assessment of
the drivers and barriers for the deployment of urban phosphorus recovery technologies: A
case study of the Netherlands. Sustainability 10, 1-19. https://doi.org/10.3390/su10061790

Diaz-Elsayed, N., Rezaei, N., Guo, T., Mohebbi, S., Zhang, Q., 2019. Wastewater-based
resource recovery technologies across scale: A review. Resour. Conserv. Recycl. 145, 94—
112. https://doi.org/10.1016/j.resconrec.2018.12.035

Purdevi¢, D., Blecich, P., Juri¢, Z., 2019. Energy Recovery from Sewage Sludge: The Case
Study of Croatia. Energies 12, 1927. https://doi.org/10.3390/en12101927

Felca, A.T.A., Barros, R.M., Tiago Filho, G.L., dos Santos, I.F.S., Ribeiro, E.M., 2018.

Analysis of biogas produced by the anaerobic digestion of sludge generated at wastewater

41



©CO~NOOOTA~AWNPE

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

treatment plants in the South of Minas Gerais, Brazil as a potential energy source. Sustain.
Cities Soc. 41, 139-153. https://doi.org/10.1016/j.scs.2018.04.035

Food and Agriculture Organization of the United Nations (FAQ), 2016. AQUASTAT website.
http://www.fao.org/nr/water/aquastat/countries_regions/Profile_segments/ZAF-
EnvHea_eng.stm (accessed 5.7.19).

Forbes, R., Fortin, A., Andrade, B.H. de, Sa, L., 2018. Exploring the Feasibility of Water
Resource and Recovery Facility (WRRF) Biogas Utilization in Brazil. Proc. Water
Environ. Fed. 2018, 4090-4101. https://doi.org/10.2175/193864718825136198

Gunther, S., Grunert, M., Miller, S., 2018. Overview of recent advances in phosphorus recovery
for fertilizer production. Eng. Life Sci. 18, 434-439.
https://doi.org/10.1002/elsc.201700171

Guven, H., Tanik, A., 2018. Water-energy nexus: Sustainable water management and energy
recovery from wastewater in eco-cities. Smart Sustain. Built Environ.
https://doi.org/10.1108/SASBE-07-2017-0030

Hanna, S.M., Thompson, M.J., Dahab, M.F., Williams, R.E., Dvorak, B.I., 2018. Benchmarking
the Energy Intensity of Small Water Resource Recovery Facilities. Water Environ. Res.
90, 738-747. https://doi.org/10.2175/106143017X15131012153176Harir, A.l., Kasim, R.,
Ishiyaku, B., Professor, A., Fellows, P., 2015. Exploring the Resource Recovery Potentials
of Municipal Solid Waste: A review of solid wastes composting in Developing Countries.
Int. J. Sci. Res. Publ. 5, 1-8.

Harris-Lovett, S., Lienert, J., Sedlak, D., 2018. Towards a New Paradigm of Urban Water
Infrastructure: ldentifying Goals and Strategies to Support Multi-Benefit Municipal
Wastewater Treatment. Water 10, 1-22. https://doi.org/10.3390/w10091127

Harris-Lovett, S., Lienert, J., Sedlak, D., 2019. A mixed-methods approach to strategic planning
for multi-benefit regional water infrastructure. J. Environ. Manage. 233, 218-237.

https://doi.org/10.1016/j.jenvman.2018.11.112

42



©CO~NOOOTA~AWNPE

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

Hu, M., Fan, B., Wang, H., Qu, B., Zhu, S., 2016. Constructing the ecological sanitation: A
review on technology and methods. J. Clean. Prod. 125, 1-21.
https://doi.org/10.1016/j.jclepro.2016.03.012

Information System on Sanitation for Sao Paulo State (SISAN), 2016. General Information.
http://www.sisan.sp.gov.br/ASP/sig/munic/inform_gerenc_DG.aspx?User=0 (accessed
4.6.19).

Jiménez, B., Drechsel, P., Koné, D., Bahri, A., Raschid-Sally, L., Qadir, M., 2010. Wastewater,
Sludge and Excreta Use in Developing Countries: An Overview, in: Dreschel, P. et al.
(Ed.), Wastewater Irrigation and Health: Assessing and Mitigating Risk in Low-Income
Countries. Earthscan; International Development Research Centre (IDRC); International
Water Management Institute (IWMI), London (UK), Ottawa (Canada) and Colombo (Sri
Lanka), pp. 3-27.

Kalderis, D., Aivalioti, M., Gidarakos, E., 2010. Options for sustainable sewage sludge
management in small wastewater treatment plants on islands: The case of Crete.
Desalination 260, 211-217. https://doi.org/10.1016/j.desal.2010.04.030

Khan, M.Z.H., Karim, M.R., Haque, A.A.M., Hossain, M.Z., 2006. Water supply and sanitation:
for mega cities, in: Conference: 5th International Symposium on New Technologies for
Urban Safety of Mega Cities in Asia (USMCA 2006). Phuket, Thailand.

Kretschmer, F., Neugebauer, G., Kollmann, R., Eder, M., Zach, F., Zottl, A., Narodoslawsky,
M., Stoeglehner, G., Ertl, T., 2016. Resource recovery from wastewater in Austria:
wastewater treatment plants as regional energy cells. J. Water Reuse Desalin. 06, 421-429.
https://doi.org/10.2166/wrd.2015.119

Leeuwen, K. Van, Vries, E. de, Koop, S., Roest, K., 2018. The Energy & Raw Materials
Factory: Role and Potential Contribution to the Circular Economy of the Netherlands.
Environ. Manage. 1-10. https://doi.org/10.1007/s00267-018-0995-8

Lu, J.Y., Wang, X.M., Liu, H.Q., Yu, H.Q., Li, W.W., 2019. Optimizing operation of municipal
wastewater treatment plants in China: The remaining barriers and future implications.
Environ. Int. 129, 273-278. https://doi.org/10.1016/j.envint.2019.05.057

43



©CO~NOOOTA~AWNPE

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

Lwin, C.M., Murakami, M., Hashimoto, S., 2017. The implications of allocation scenarios for
global phosphorus flow from agriculture and wastewater. Resour. Conserv. Recycl. 122,
94-105. https://doi.org/10.1016/j.resconrec.2017.01.017

Malik, O.A., Hsu, A., Johnson, L.A., de Sherbinin, A., 2015. A global indicator of wastewater
treatment to inform the Sustainable Development Goals (SDGs). Environ. Sci. Policy 48,
172-185. https://doi.org/10.1016/j.envsci.2015.01.005

Marazzi, F., Bellucci, M., Rossi, S., Fornaroli, R., Ficara, E., Mezzanotte, V., 2019. Outdoor
pilot trial integrating a sidestream microalgae process for the treatment of centrate under
non optimal climate conditions. Algal Res. 39, 101430.
https://doi.org/10.1016/j.algal.2019.101430

Mateo-Sagasta, J., Raschid-Sally, L., Thebo, A., 2015. Global Wastewater and Sludge
Production, Treatment and Use, in: Drechsel, P.; Qadir, M.; Wichelns, D. (Ed.),
Wastewater: Economic Asset in an Urbanizing World. Springer, Dordrecht, The
Netherlands, pp. 15-38. https://doi.org/10.1007/978-94-017-9545-6_2

Mega-Cities Project, 2019. Mega-cities and Innovative technologies.
https://megacitiesproject.org/projects/megacities-and-innovative-technologies/ (accessed
5.25.19).

Mehta, C.M., Khunjar, W.O., Nguyen, V., Tait, S., Batstone, D.J., 2015. Technologies to
Recover Nutrients from Waste Streams: A Critical Review. Crit. Rev. Environ. Sci.
Technol. 45, 385-427. https://doi.org/10.1080/10643389.2013.866621

Mo, W., Zhang, Q., 2013. Energy-nutrients-water nexus: Integrated resource recovery in
municipal wastewater treatment plants. J. Environ. Manage. 127, 255-267.
https://doi.org/10.1016/j.jenvman.2013.05.007

MosvodokanalNlIproject Institute, 2015. Wastewater Disposal.
http://www.mvkniipr.ru/en/fields-of-activity/catalogue/wastewater-disposal.html#2

(accessed 15.6.19).

44



©CO~NOOOTA~AWNPE

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

National Environmental Council (CONAMA), 2006a. Resolugdo CONAMA 377 (Regulation
CONAMA 377). http://conexaoagua.mpf.mp.br/arquivos/legislacao/resolucoes/resolucao-
conama-377-2006.pdf (accessed 6.6.18).

National Environment Council (CONAMA), 2006b. Resolugdo CONAMA 375 (Regulation
CONAMA 375). http://www2.mma.gov.br/port/conama/legiabre.cfm?codlegi=506
(accessed 18.4.19).

National Environment Council (CONAMA), 2006¢. Resolucio CONAMA 380 (Regulation
CONAMA 380). http://www2.mma.gov.br/port/conama/legiabre.cfm?codlegi=514
(accessed 5.10.19).

National Research Council, 1996. Water and Sanitation services for megacities — A working
paper, in: Meeting the Challenges of Megacities in the Developing World. Boland J. J. et
al. The National Academies Press, Washington, D.C., USA. pp. 35-64.
https://doi.org/10.17226/5267

National Sanitation Information System (SNIS), 2018. Diagnosis of Water and Sewage
Services- 2016. http://www.snis.gov.br/diagnostico-agua-e-esgotos/diagnostico-ae-2016
(accessed 29.6.18).

National Sanitation Information System (SNIS), 2019a. Diagnosis of Water and Sewage
Services- 2017. http://www.snis.gov.br/diagnostico-agua-e-esgotos/diagnostico-ae-2017
(accessed 6.2.19).

National Sanitation Information System (SNIS), 2019b. Diagnosis of Water and Sewage
Services- 2018. http://www.snis.gov.br/diagnostico-anual-agua-e-esgotos/diagnostico-dos-
servicos-de-agua-e-esgotos-2018 (accessed 02.01.20).

National Water Agency (ANA), 2014. Conjuntura dos recursos hidricos no Brasil - Encarte
Especial sobre a Crise Hidrica (Conjuncture of water resources in Brazil - Special
Insertion on Water Crisis). http://conjuntura.ana.gov.br/docs/crisehidrica.pdf (accessed

6.4.15).

45


http://www.snis.gov.br/diagnostico-anual-agua-e-esgotos/diagnostico-dos-servicos-de-agua-e-esgotos-2018
http://www.snis.gov.br/diagnostico-anual-agua-e-esgotos/diagnostico-dos-servicos-de-agua-e-esgotos-2018

©CO~NOOOTA~AWNPE

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

National Water Resources Information System (SNIRH), 2013. Atlas Esgotos: Despolui¢do de
Bacias Hidrograficas (Atlas Sewers: Depollution of water basins).
http://www.snirh.gov.br/portal/snirh/snirh-1/atlas-esgotos (accessed 5.3.18).

Ngan, S.L., How, B.S., Teng, S.Y., Promentilla, M.A.B., Yatim, P., Er, A.C., Lam, H.L., 2019.
Prioritization of sustainability indicators for promoting the circular economy: The case of
developing countries. Renew. Sustain. Energy Rev. 111, 314-331.
https://doi.org/10.1016/j.rser.2019.05.001

Oliveira, S.M.A.C., Von Sperling, M., 2005. Avaliacdo de 166 ETEs em operag&o no pais,
compreendendo diversas tecnologias. Parte 1: analise de desempenho (Evaluation of 166
treatment plants operating in Brazil, comprising several technologies. Part 1 - performance
analysis). Eng. Sanit. e Ambient. 10(4), 347-357. http://dx.doi.org/10.1590/51413-
41522005000400011

Olsson, J., Forkman, T., Gentili, F.G., Zambrano, J., Schwede, S., Thorin, E., Nehrenheim, E.,
2018. Anaerobic co-digestion of sludge and microalgae grown in municipal wastewater -
A feasibility study. Water Sci. Technol. 77, 682—-694. https://doi.org/10.2166/wst.2017.583

Paulo, P.L., Galbiati, A.F., Magalhaes Filho, F.J.C., Bernardes, F.S., Carvalho, G.A., Boncz,
M.A., 2019. Evapotranspiration tank for the treatment, disposal and resource recovery of
blackwater. Resour. Conserv. Recycl. 147, 61-66.
https://doi.org/https://doi.org/10.1016/j.resconrec.2019.04.025

Papa, M., Foladori, P., Guglielmi, L., Bertanza, G., 2017. How far are we from closing the loop
of sewage resource recovery? A real picture of municipal wastewater treatment plants in
Italy. J. Environ. Manage. 198, 9-15. https://doi.org/10.1016/j.jenvman.2017.04.061

Poortvliet, P.M., Sanders, L., Weijma, J., De Vries, J.R., 2018. Acceptance of new sanitation:
The role of end-users’ pro-environmental personal norms and risk and benefit perceptions.
Water Res. 131, 90-99. https://doi.org/https://doi.org/10.1016/j.watres.2017.12.032

Rao, K.C., Otoo, M., Drechsel, P., Hanjra, M.A., 2017. Resource Recovery and Reuse as an

Incentive for a More Viable Sanitation Service Chain. Water Altern. 10, 493-512.

46



©CO~NOOOTA~AWNPE

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

Regulatory Agency of Sanitation and Energy of the State of Sao Paulo (ARSESP), 2019.
Municipios conveniados (Partner municipalities).
http://www.arsesp.sp.gov.br/SitePages/saneamento/municipios-conveniados-
saneamento.aspx (accessed 8.6.18).

Ribarova, 1., Dimitrova, S., Lambeva, R., Wintgens, T., Stemann, J., Remmen, K., 2017.
Phosphorus recovery potential in Sofia WWTP in view of the national sludge management
strategy. Resour. Conserv. Recycl. 116, 152—-159.
https://doi.org/10.1016/j.resconrec.2016.10.003

Ribeiro, W.C., 2011. Oferta e estresse hidrico na regido Metropolitana de Sao Paulo (Water
supply and water stress in the Metropolitan Region of Sdo Paulo). Estud. Avancados 25,
119-133.

Rosa, A.P., Chernicharo, C.A.L., Lobato, L.C.S., Silva, R.V., Padilha, R.F., Borges, J.M., 2018.
Assessing the potential of renewable energy sources (biogas and sludge) in a full-scale
UASB-based treatment plant. Renew. Energy 124, 21-26.
https://doi.org/10.1016/j.renene.2017.09.025

Royal Haskoning DHV, 2017. Nereda ® The natural way of treating wastewater Nereda ® The
natural way of treating wastewater. WWW document: RHDHYV Insert Nereda ENGLISH
V2 HR (1).pdf.

Santos, I.F.S., Barros, R.M., Tiago Filho, G.L., 2016. Electricity generation from biogas of
anaerobic wastewater treatment plants in Brazil: an assessment of feasibility and potential.
J. Clean. Prod. 126, 504-514. https://doi.org/10.1016/j.jclepro.2016.03.072

Santos, I.F.S. dos, Barros, R.M., da Silva Lima, R., Gongalves, A.T.T., Borges, P.B., 2018.
Combined use of biogas from sanitary landfill and wastewater treatment plants for
distributed energy generation in Brazil. Resour. Conserv. Recycl. 136, 376-388.
https://doi.org/10.1016/j.resconrec.2018.05.011

Sao Paulo State Government, 2017. Resolucdo Conjunta SES/SMA/SSRH no 01 (Joint

Resolution 01). Brazil. URL

47



©CO~NOOOTA~AWNPE

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

https://smastr16.blob.core.windows.net/legislacao/2017/06/resolucao-conjunta-ses-sma-
ssrh-01-2017-agua-de-reuso.pdf

Sao Paulo State Government, 2018. Sao Paulo: clima [WWW Document]. URL
http://www.bibliotecavirtual.sp.gov.br/temas/sao-paulo/sao-paulo-clima.php (accessed
1.13.20).

S&o Paulo Metropolitan Planning Company S/A (EMPLASA), 2019. Macrometropole Paulista
(Sao Paulo Macrometropolis). https://www.emplasa.sp.gov.br/MMP (accessed 8.6.18).

Sao Paulo State/ Secretary of Water Resources/ Department of Water and Electric Power, 2013.
Plano Diretor de Aproveitamento de Recursos Hidricos para a Macrometrépole Paulista:
Relatério Final v.1 (Master Plan for the Use of Water Resources for the Paulista
Macrometropolis: Final Report v.1). URL
http://www.daee.sp.gov.br/index.php?option=com_content&view=article&id=1112:plano-
diretor-de-aproveitamento-dos-recursos-hidricos-para-a-macrometropole-
paulista&catid=42:combate-a-enchentes (accessed 25.9.19).

Sao Paulo State Water and Sewage Services Company (SABESP), 2017. Sustainability Report
2017.
http://site.sabesp.com.br/site/uploads/file/asabesp_doctos/relatorio_sustentabilidade 2017.
pdf (accessed 7.01.19).

Sao Paulo State Water and Sewage Services Company (SABESP), 2018a. Sustainability Report.
http://site.sabesp.com.br/site/uploads/file/relatorios_sustentabilidade/sabesp_rs_2018_port
ugues.pdf (accessed 7.6.19).

Sao Paulo State Water and Sewage Services Company (SABESP), 2018b. Monitoring data for
raw wastewater and treated effluent. Unpublished results.

Sarvajayakesavalu, S., Lu, Y., Withers, P.J.A., Pavinato, P.S., Pan, G., Chareonsudjai, P., 2018.
Phosphorus recovery: a need for an integrated approach. Ecosyst. Heal. Sustain. 4, 48-57.

https://doi.org/10.1080/20964129.2018.1460122

48



©CO~NOOOTA~AWNPE

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

Sato, T., Qadir, M., Yamamoto, S., Endo, T., Zahoor, A., 2013. Global, regional, and country
level need for data on wastewater generation, treatment, and use. Agric. Water Manag.
130, 1-13. https://doi.org/10.1016/j.agwat.2013.08.007

Sayuri, J., 2014. Unstable Macrometropolis. Rev. Pesqui. FAPESP.
http://revistapesquisa.fapesp.br/en/2014/07/22/unstable-macrometropolis (accessed
23.07.18).

Senese Neto, E., 2018. Planilha com Dados Atualizados da Macrometrdpole Paulista
(Spreadsheet with Updated Data of the Sao Paulo Macrometropolis). Sdo Paulo
Metropolitan Planning Company S/A (EMPLASA). Unpublished results. Sao Paulo,
Brazil.

Sikosana, M.K.L.N., Randall, D.G., Blottnitz, H. Von, 2017. A technological and economic
exploration of phosphate recovery from centralised sewage treatment in a transitioning
economy context municipal wastewater return to sludge recycle. Water SA 43, 343-353.

Sun, Y., Chen, Z., Wu, G., Wu, Q., Zhang, F., Niu, Z., Hu, H., 2016. Characteristics of water
guality of municipal wastewater treatment plants in China: implications for resources
utilization and management. J. Clean. Prod. 131, 1-9.
https://doi.org/10.1016/j.jclepro.2016.05.068

Svardal, K., Kroiss, H., 2011. Energy requirements for waste water treatment. Water Sci.
Technol. 64, 1355-1361. https://doi.org/10.2166/wst.2011.221

Tagnin, R.A., Capellari, B., Rodrigues, L.C.D.R., 2016. Novas fontes de suprimento de agua
para a macrometrépole Paulista: reproduzindo crises? (New water sources to supply the
macro-metropolis of S&o Paulo: reproducting crises?). InterfacEHS-Salde, Meio Ambient.
e Sustentabilidade 11, 53—-73.

The Brazilian Institute of Geography and Statistics (IBGE), n.d. Produto Interno Bruto dos
Municipios — Tabelas 2010 - 2015 (Gross Domestic Product of Municipalities - Tables
2010 - 2015). 2016. https://www.ibge.gov.br/estatisticas-novoportal/economicas/contas-
nacionais/9088-produto-interno-bruto-dos-municipios.html?=&t=resultados (accessed
29.8.19).

49



©CO~NOOOTA~AWNPE

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

The Brazilian Institute of Geography and Statistics (IBGE), 2010. Sinopse Do Censo
Demogréfico 2010 (Census Synopsis). 2010.
https://cens02010.ibge.gov.br/sinopse/index.php?uf=35&dados=8 (accessed 05.1.20).

The Department of Water and Electric Power (DAEE), 2013. Plano Diretor de Aproveitamento
de Recursos Hidricos para a Macrometropole Paulista (Master Plan of Water Resources
Use for Sao Paulo Macrometropolis).
http://www.daee.sp.gov.br/index.php?option=com_content&view=article&id=1112:plano-
diretor-de-aproveitamento-dos-recursos-hidricos-para-a-macrometropole-
paulista&catid=42:combate-a-enchentes (accessed 15.6.15).

Tolksdorf, J., Cornel, P., 2017. Semicentralized greywater and blackwater treatment for fast
growing cities: How uncertain influent characteristics might affect the treatment processes.
Water Sci. Technol. 75, 1722-1731. https://doi.org/10.2166/wst.2017.047

United Nations, 2018. The World’s Cities in 2018 [WWW Document]. Data Booklet. URL
https://www.un.org/en/events/citiesday/assets/pdf/the_worlds_cities_in_2018 data_bookle
t.pdf (accessed 9.10.19).

Van Der Hoek, J.P., De Fooij, H., Struker, A., 2016. Wastewater as a resource: Strategies to
recover resources from Amsterdam’s wastewater. Resour. Conserv. Recycl. 113, 53—-64.
https://doi.org/10.1016/j.resconrec.2016.05.012

Van der Roest, H., Van Loosdrecht, M., Langkamp, E.J., Uijterlinde, C., 2015. Recovery and
reuse of alginate from granular Nereda sludge. Water 21. April 2015, p. 48.

Wang, X., Guo, M., Koppelaar, R.H.E.M., van Dam, K.H., Triantafyllidis, C.P., Shah, N.,
2018a. A Nexus Approach for Sustainable Urban Energy-Water-Waste Systems Planning
and Operation. Environ. Sci. Technol. 52, 3257-3266.
https://doi.org/10.1021/acs.est.7b04659

Wang, X., Daigger, G., Lee, D.-J., Liu, J., Ren, N.-Q., Qu, J., Liu, G., Butler, D., 2018b.
Evolving wastewater infrastructure paradigm to enhance harmony with nature. Sci. Adv. 4,

eaaq0210. https://doi.org/10.1126/sciadv.aaq0210

50


https://censo2010.ibge.gov.br/sinopse/index.php?uf=35&dados=8

©CO~NOOOTA~AWNPE

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

Weatherbase, 2020. Sao Paulo [WWW Document]. URL
https://www.weatherbase.com/weather/weather-
summary.php3?s=8738&cityname=Sao+Paulo,+Sao+Paulo,+Brazil (accessed 1.14.20).

Wilcox, J., Nasiri, F., Bell, S., Rahaman, M.S., 2016. Urban water reuse: A triple bottom line
assessment framework and review. Sustain. Cities Soc. 27, 448-456.
https://doi.org/10.1016/j.s¢s.2016.06.021

Woltersdorf, L., Zimmermann, M., Deffner, J., Gerlach, M., Liehr, S., 2018. Benefits of an
integrated water and nutrient reuse system for urban areas in semi-arid developing
countries. Resour. Conserv. Recycl. 128, 382-393.
https://doi.org/10.1016/j.resconrec.2016.11.019

World Health Organization (WHO), 2018. WHO Water, Sanitation and Hygiene Strategy 2018-
2025. https://apps.who.int/iris/bitstream/handle/10665/274273/WHO-CED-PHE-WSH-
18.03-eng.pdf?ua=1 (accessed 6.26.19).

Yin, Z., Xagoraraki, I., 2014. Membrane Bioreactors (MBRs) for Water Reuse in the USA, in:
Fatta-Kassinos, D., Dionysiou, D., Kimmerer, K. (eds) Advanced Treatment
Technologies for Urban Wastewater Reuse. The Handbook of Environmental Chemistry,
vol 45. Springer, Cham, Switzerland. pp. 223-245.
https://doi.org/10.1007/698 2014 324

Zahan, Z., Othman, M.Z., Rajendram, W., 2016. Anaerobic Codigestion of Municipal
Wastewater Treatment Plant Sludge with Food Waste: A Case Study. Biomed Res. Int.
2016, 1-13. https://doi.org/10.1155/2016/8462928

Zhang, Q.H., Yang, W.N., Ngo, H.H., Guo, W.S., Jin, P.K., Dzakpasu, M., Yang, S.J., Wang,
Q., Wang, X.C., Ao, D., 2016. Current status of urban wastewater treatment plants in
China. Environ. Int. 92-93, 11-22. https://doi.org/10.1016/j.envint.2016.03.024

Zhao, G., Garrido-Baserba, M., Reifsnyder, S., Xu, J.C., Rosso, D., 2019. Comparative energy
and carbon footprint analysis of biosolids management strategies in water resource
recovery facilities. Sci. Total Environ. 665, 762—773.
https://doi.org/10.1016/j.scitotenv.2019.02.024

51


https://doi.org/10.1016/j.scitotenv.2019.02.024

©CO~NOOOTA~AWNPE

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

Figure captions

Fig. 1. (a) Map of geographical location of Brazil, highlighting the State of Sao Paulo in bold,;
(b) Macrometropolis of Sao Paulo location in the State of Sao Paulo; and (c) locations of the
143 wastewater treatment plants in the metropolitan regions and urban agglomerations. RUB,
Regional Unit Bragantina; UAJ , Urban Agglomeration of Jundiai; UAP, Urban Agglomeration
of Piracicaba; MRBS, Metropolitan Region of Baixada Santista; MRC, Metropolitan Region of
Campinas; MRS, Metropolitan Region of Sorocaba; MRSP, Metropolitan Region of Sao Paulo;

MRPVNC, Metropolitan Region of the Paraiba Valley and the North Coast.

Fig. 2. Summary of the content of the questionnaire provided to the managers of wastewater

treatment plants located in the Macrometropolis of Sao Paulo.

Fig. 3. Implementation of resource recovery options in the surveyed wastewater treatment plants
in the Macrometropolis of Sao Paulo. Data from 143 wastewater treatment plants collected

between 2017 and 2019. Note that there were plants that performed more than one action.

Fig. 4. Framework to guide decision-making on resource recovery for water and sanitation
service providers. Notes: * It is also a technical indicator; and ? The environmental load includes
pollutants (nutrients and organic matter) measured through the removal efficiencies of
biological oxygen demand (BOD), chemical oxygen demand (COD), ammonia (NH3), nitrate

(NQs) and phosphorus (P).
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Table 1

Table 1.

Different municipal wastewater treatment plant (143 plants) processes in the region of the Macrometropolis of Sao Paulo, and corresponding possibilities of resource
recovery.
Type of data Treatment process configuration
Secondary treatment line Sludge line*
Activated Pond Anaerobic Others Thickening Anaerobic digestion Dewatering
sludget systems? reactors?

Proportion 38.5 30.8 21.7 9.0 21.7 2.8 46.9

of plants
(%)

Potential of Water Water reuse’ Water Not Phosphorus Phosphorus from Phosphorus from dewatering effluent,
resource reuse’ and and energy reuse’ and applicable recovery from digester supernatant biosolids for fertilizer, sludge for
recovery phosphorus recovery energy supernatant and and biogas for composting (or to manufacture building

recovery recovery sludge for reuse energy recovery materials) and biosolids as source for
valuable metals
Usage Internal Power Power Not Application in Application in Application in agriculture and insertion of
possibilities purposes supply (on-  supply (on-  applicable agriculture agriculture and the recovered products into the market
or external site and site and power supply (on-
reuse external) external) site and externally)

L Includes batch, continuous and extended aeration as well as the activated sludge process followed by a moving bed biofilm reactor.

2 Includes the following: aerated pond and settling pond (with or without disinfection); aerated pond, settling pond and maturation pond; anaerobic pond and facultative pond
maturation; anaerobic pond, aerated biological filter and settling tank; anaerobic pond, aerobic pond and maturation pond; anaerobic pond and facultative pond; facultative
and settling pond; facultative pond (with or without disinfection); facultative pond and maturation pond; aerated pond, anaerobic filter, secondary clarifier and disinfection;
and stabilization pond with aeration and mixing as well as settling pond; anaerobic pond, facultative pond, flotation with diffuse air and disinfection.

3 Includes anaerobic reactor followed by aerobic reactor; upflow anaerobic sludge blanket (UASB); UASB and submerged aerated filter; combined systems of UASB and
aeration tanks; UASB and ponds.

* The data do not include the following cases: plants without sludge line, where the sludge is stored and subsequently transferred to other large plants; mainly pond treatment
where the removal of sludge does not occur at a fixed frequency or the sludge is removed after 10 or 20 years; and replies with no specifications for the sludge line.

® Depending on water quality and regulatory requirements.



Table 2

Table 2.

Size distribution of the wastewater treatment plants (see also Supplementary Material 3) and
corresponding indication of resource recovery implementation.

Size of plant Number of plants Number of plants with resource recovery Proportion (%)
Small 86 4 4.7
Medium 47 25 53.2
Large 10 8 80.0

Note: The classification of size was based on Resolution CONAMA 377 (National Environmental
Council, 2006a).
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Figure 2
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