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ABSTRACT

Anaerobic treatment of domestic wastewater has been recognized as a feasible technology to reduce energy
demand from the valorization of streams with high-organic load. However, there are many factors that influence the
environmental and economic profiles of the process, such as the effluent pollutant load, operating temperature and
methane emissions in the treated effluent and in the air. Therefore, all these parameters must be optimized taking
into account not only the technical performance (i.e. biogas production), but also environmental and economic
implications. This chapter presents a dual approach to highlight the characteristics of anaerobic treatment of
domestic wastewater with life-cycle assessment and techno-economic analysis and how to approach these
methodologies in diverse case studies.

Keywords: domestic anaerobic treatment, life-cycle assessment (LCA), techno-economic analysis (TEA),
wastewater treatment (WWT).

11.1 SUSTAINABILITY AND CIRCULARITY IN WASTEWATER TREATMENT PLANTS

The 2030 Agenda for Sustainable Development sets out a series of ambitious objectives for the
global community. These sustainable development goals include targets for access to safe water and
sanitation and improved water management. To date, these are challenges that have proven difficult
to meet, partly not only because they are complex, but also due to the global context, with political,
social, economic uncertainty and environmental adversities. This calls for redoubled efforts and
carefully selected approaches to achieve transformational change. Especially, drinking water scarcity,
climate change and resource depletion are driving a paradigm shift in the wastewater treatment
sector, reinforced by social awareness and new legislative changes. Because of this, there has been a
more proactive attitude regarding the transformation of public perception of wastewater treatment
plants from disposal to waste valorization facilities or ‘biorefineries’. In Europe, the goal is not only
compliance with the already outdated Directive 91/271/EEC, but also try to incorporate the precepts
supported by the Circular Economy Action Plan published in 2020, the Regulation (EU) 2020/852
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(also known as ‘EU Taxonomy’) in relation to sustainable development, the Regulation (EU) 2020/741
for minimum quality in water reuse and with the forthcoming wastewater treatment directive (revised
proposal in October 2022). Quality thresholds for wastewater reuse have also been contemplated
by non-European countries and worldwide organizations, such as the World Health Organization,
Environmental Protection Agency (EPA), Australian Guideline for Water Recycling (AGWR) and
International Organization for Standardization (ISO). In terms of the implementation of circular
economy, other initiatives, platforms and organizations around the world can also be cited, such as
African Circular economy Network, Economy and Social Commission for Asian and the Pacific, Asia
Circular Economy Association and the Platform for Accelerating the Circular Economy.

In this context of sustainability and circularity, the strategic direction of the sector is moving
towards the design of energy-neutral facilities, the application of more restrictive criteria for the
removal of micropollutants, the improvement of reclaimed water quality and the improvement of
sanitation in areas that had been left behind. Better access to water and sanitation, water management
and governance and the multiple benefits they bring, can contribute significantly to positive
transformation in these environments.

Because of these, strategies and technologies have been put forward to reduce, reclaim, reuse,
recycle, recover and rethink and thus maintain material flows within the production-consumption
chain. The most prominent resource of a wastewater treatment plant (WWTP) is wastewater, which
could be transformed into a multitude of co-products such as liquid or solid fertilizers from digestate
or as struvite, hydroxyapatite, k-struvite or ammonium sulphate, polymers (polyhydroxyalkanoates
(PHAs), celluloses and polyhydroxybutyrates (PHBs)), biomass (microalgae and biochar) and energy
(hydrogen, biomethane, biodiesel, bioethanol and biogas) and also reclaimed water to be reused (Singh
et al., 2022). Among them, one of the most recurrent products is biogas given the large technological
maturity of anaerobic digestion (AD) processes and its well-known function as storable energy vector.
Although AD has been typically supporting sewage sludge management in developed countries because
the continuous challenges in the search for politically and economically acceptable treatment routes,
its applicability goes beyond, as algal biomass, food waste, sewage, industrial feedstocks and other
high-organic strength streams have been widely used in the co-digestion of organic waste (European
Environment Agency, 2022). Anaerobic treatment offers an opportunity for the transformation of
organic matter presentinindustrial and domestic wastewaters and reduced sludge production compared
to a conventional activated sludge (CAS) system. Apart from this, anaerobic treatment improves the
profile of facilities in relation to energy self-sufficiency by converting the produced biogas into heat
and/or electricity (Stazi & Tomei, 2018). The system also responds more quickly to the addition of
substrates after shutdown periods. In line with the above benefits, it entails a reduction in reactor size,
a feature associated with its higher loading rate (Zieliniski et al., 2023). However, these are only some
of the reported advantages, as there are also environmental (avoidance of carbon dioxide emissions)
and economic (sale of energy) benefits to consider. To obtain a broader view of the performance of
this process across these two pillars of sustainability, this chapter presents both a critical review of
the literature to highlight the potential environmental and economic benefits of anaerobic domestic
treatment and a practical case study. Given the limited publication rate of research articles in the
fields of life-cycle assessment (LCA) and techno-economic analysis for anaerobic secondary treatment,
prospective challenges for technologies were also analysed by addressing a broad systematic revision
of the literature on the topic of anaerobic treatment of domestic wastewater.

11.2 ANAEROBIC TREATMENT FROM AN ENVIRONMENTAL PERSPECTIVE

Anaerobic treatment is a very versatile process whose application has been widely studied in the
wastewater treatment sector, especially for the management of sludge. However, depending on the
operating conditions the required energy can totally or partially offset the energy balance of the facility.
Sustainable sewage treatment plants (STPs) operated with anaerobic processes must, then, rely on
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technologies capable of maintaining a positive balance between the desired quality of emissions and
the recovered resources. Therefore, the design and operation of STPs must be framed within a context
in which environmental impacts are comprehensively and continuously assessed. One of the most
recognized methodologies for this purpose is LCA, which not only takes into account direct-indirect
emissions, but it is also useful for the identification of internal process weaknesses and technological
benchmarking through its life cycle.

It consists of four well-defined stages: definition of the scope and system boundaries, development
of the life-cycle inventory (LCI), life-cycle impact assessment (LCIA) and interpretation of the results
(ISO, 2006a, 2006b). The first stage comprises the formulation of the initial hypothesis, the level
of detail of the system under study, the data search needs, the definition of system boundaries and
functional unit (FU). The so-called ‘system boundaries’ include all elements of technology, process
or product under assessment. On the contrary, the FU is a quantitative definition of the system, as it
is used as a reference for inputs and outputs and allows comparison of processes (ISO, 2006a). The
second stage or LCI involves the quantification of the quantities of materials and energy, emissions
and waste calculated with reference to the previously selected FU. All the data collected is then
used and translated into environmental burdens during the impact assessment (third stage), which
classifies emissions into their respective impact categories. These categories are global indicators
(e.g. climate change, eutrophication or resource depletion), which provide insight into the status of an
environmental aspect. Finally, in the last stage, the results of the LCI and the LCIA are interpreted,
and conclusions of the study are provided.

In this sense, the first question to be answered is whether the anaerobic treatment constitutes a good
technological alternative compatible with a good quality state of ecosystems, wildlife and humans when
installed in domestic wastewater treatment plants. As mentioned in Section 11.1, the technology can be
implemented both in water and sludge lines. In the first case, the most powerful strategy is the direct
reduction of energy demand by replacing typical aeration systems with mixing devices. It is worth noting
that aeration electricity accounts for 45-75% of the overall cost of wastewater treatment plants (Kong
et al., 2021). In the second case, the use of anaerobic treatment in the sludge line allows higher methane
yields as a source of bioenergy while allowing the concentration of phosphorus or nitrogen in a solid
digestate that can be used in agriculture. In terms of environmental performance, anaerobic treatment,
if all the produced methane is recovered, has the potential to reduce greenhouse gas (GHG) emissions.
The best performance of an anaerobic process is directly related to the concentration of wastewater.
Considering only direct emissions, a conventional aerated sludge process is only outperformed when
the influent has a biochemical oxygen demand (BOD) concentration above 500 mg/L. This is related
to emissions to the environment of dissolved methane contained in the anaerobically treated effluents,
which can be as high as the methane recovered (Cakir & Stenstrom, 2005). Methane is a strong GHG
with a global warming potential (GWP) of 28 (IPCC, 2021). Thus, GHG emissions associated with
the anaerobic treatment of diluted sewage could be higher that the aerobic counterpart. Problems
associated with the presence of dissolved methane in the anaerobically treated effluents were discussed
in Chapter 7. For indirect emissions, the selection of post-treatment technologies, reactor configuration
and wastewater salinity play key roles. The environmental profile is expected to be positive for anaerobic
systems, at least for medium-strength influents (Smith et al., 2014).

Concerning the environmental benefits of anaerobic treatment for sewage sludge three publications
can be highlighted claiming its best environmental performance. Blanco ef al. (2016) and Arias et al.
(2020a) tried to quantify it with an LCA focused on the introduction of a digester within the sludge line
of a domestic WWTP. The implementation of this technology led to a noteworthy impact reduction
in the environmental profile of the facility of ~85 and 10% for each of the previously named studies,
respectively. Awad et al. (2019) also supported the conclusions found in both publications, although
the benefits achieved for the climate change category were much smaller (0.3% difference). It should be
noted that, when an AD process is implemented, the dewatering characteristics of the sludge improve
and, therefore, a lower amount of chemicals (polyelectrolytes) is required in the following dewatering
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stages. In addition, the energy received from the biogas transformation provides the plant with a
certain degree of autonomy from the national grid. However, and as it was underlined for domestic
wastewater, the results achieved would depend on the characteristics of influent and technologies.

11.2.1 Is technology selection affecting the environmental profile?

The environmental benchmarking between anaerobic treatment technologies and other technologies
cannot yet be offered in its entirety. The reason is the difficulties encountered in the following two
aspects: the implementation of the technology within wastewater treatment plants and the lack of
comparability between LCA studies, as they have different objectives, scopes, FUs, system boundaries
and so on. Due to different methodological decisions made in each publication related to the topic,
a coherent comparison between technologies cannot be made among research studies published by
different authors. Accordingly, the comparison is restricted to scenarios proposed within the same
published manuscript. In this sense, currently the maximum number of scenarios evaluated in the
same manuscript is around five-six, although it is usual to study three—four scenarios in a comparative
way. In addition, the diversity of studies is greater when anaerobic treatment is applied for sludge
valorization compared to when it is referring to the water line. Consequently, research for domestic
treatment has been directed towards the comparison of biological technologies, whereas the ongoing
study of the scientific community for sewage sludge has resulted in some interesting findings for
incineration, PHA production, hydrothermal carbonization (HTC) systems, pyrolysis and AD with
microalgae processes for side-streams and lagoon biodigesters.

Chronologically, the first research addressing the aerobic versus anaerobic debate as secondary
treatment from an LCA perspective was published by Smith et al. (2014) trying to compare an anaerobic
membrane bioreactor (AnMBR) with a -rate activated sludge (HRAS) system. Other technologies were
evaluated, not only in terms of technological comparison, but also taking into account different domestic
wastewater composition, temperature and sludge-handling practices. An AnMBR produced the highest
environmental impact in all categories analysed for medium-strength wastewater (430 mg/L chemical
oxygen demand (COD)) and was related to two aspects: high-energy requirements for membrane scouring
by biogas sparging and dissolved methane emissions. At higher strength of wastewater (800 mg/L
COD), an AnMBR was able to outperform a CAS system due to higher energy production. Two years
later, Pretel et al. (2016) also share insights on the environmental performance of AnMBRs. Due to
the problematic encountered with respect to diffuse methane emissions in the previous study, they
proposed an improvement of the system with a degassing unit in order to capture the methane dissolved
in effluents for additional energy production or to be used as organic matter for denitrification in the
downstream post-treatment unit. As a result, they obtained the best profile for AnMBRs for moderate-
high-strength domestic wastewater in all categories analysed except for eutrophication. However, many
more parameters affect the environmental profile. Pretel ef al. (2013) attempted to provide insight into
energy demand, biogas recovery, nutrient recovery and sludge removal factors for an AnMBR. Although
it is true that higher operating temperatures resulted in higher methane production, this energy was
not sufficient to tackle the heating requirements to operate. To address the environmentally needed
improvements for AnMBR technologies in domestic wastewater treatment, Harclerode et al. (2020)
evaluated eight new scenarios. They considered primary treatment, membrane fouling, sulphide removal,
phosphorus removal, dissolved methane management and waste management. Oxidative biological
sulphide removal was shown to be more sustainable than coagulation, vacuum degassing tanks were
shown to be better than hollow fibre contactors for methane removal and primary sedimentation was
shown to be better than simple fine screening. Among these, sulphide and phosphorus removal offered
the greatest improvements, with reductions of up to 70% in all impact categories.

The study of Sills ef al. (2016) was no longer related to AnMBRs. Their environmental assessment
was rather carried out for an anaerobic baffled reactor (ABR), for a combination of a tricking filter
with ABR, tricking filter and ABR with constructed wetland (CW) and for an ABR with CW. Of the
four scenarios, the ABR followed by tricking filter resulted in the best profile. However, the benefits of
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bioelectricity production in the climate change category for ABRs were again hampered by dissolved
methane in anaerobic effluents. This is because ~95% of GWP was affected by this specific direct
emission. It appears that, regardless of the technology used, the environmental competitiveness of
anaerobically operated technologies as secondary treatment is related to the degassing of methane in
effluents and the concentration of nitrogenous compounds. Upflow anaerobic sludge blanket (UASB)
with wetland post-treatment and CAS were also compared in a study by Laitinen et al. (2017), who
found a strong relationship between energy demand and climate change. The clear winner of their
analysis was the CW-based treatment. UASB + CW was also the core topic of the study by de Sampaio
Lopes et al. (2014) but the interpretation of the results did not include a comparative assessment of
technologies. However, the contribution analysis provided pointed out the importance of sodium
hypochlorite solution control during the disinfection stage. There are no longer restrictions for the
joint application of UASB with CWs as a post-treatment step, Patel and Singh (2022) carried out a
comparative LCA of the stand-alone performance of a UASB reactor with activated sludge processes,
sequential batch reactors and CWs separately. Overall, UASBs show a better profile in the categories
analysed compared to CAS and SBR (sequencing batch reactor) processes, except in eutrophication.
This is due to the negligible nutrient removal from the anaerobic treatment, whereas SBR, despite being
the highest contributor in the other categories, shows the lowest eutrophication potential (Table 11.1).

Considering the AD of domestic sewage sludge, two groups of technologies were studied: non-biological
and biological-based. Within the first family, Chen et al. (2022) attempted to provide a comparative
view for sewage sludge management of direct incineration and a combination of AD with incineration,
whereas Medina-Martos et al. (2020) focused on the integration of the above-mentioned technology
with a newly developed HTC system. The combination of HTC and AD resulted in a reduction of global
warming potential by 75%. The improved performance compared to stand-alone AD was due to the
recovery of hydrochar for heat production, which has a renewable biogenic origin. Studies by Li and
Feng (2018) and Li et al. (2017a) are other examples on pyrolysis and co-incineration (Table 11.2).

For biological systems, AD was combined with a microalgae treatment. Benefits can be obtained
from exhaust gas treatment with microalgae and dewatering of digestate from primary and secondary
sludge. Because co-digestion would result in increased biogas and reduced energy for aeration in a
secondary treatment reactor (the algae pond acts as a treatment process for ammonia emissions and
prevents its return to the water line), implementation of the technology improves the environmental
profile in relation to climate change, ozone layer depletion, freshwater eutrophication and water
consumption (Tua et al., 2021). However, microalgae production does not necessarily need to occur in
the sludge line and advantages can also be taken from the substitution of the CAS process.

It is noteworthy that the energy sector seems to benefit from technological advances in AD. A
future optimized perspective of a two-stage system including stages of a dark fermentation process
and PHA accumulation can reduce the environmental impact associated with climate change by up
to 41%. However, AD as a single solution remains as of today the most advantageous alternative for
wastewater valorization, as three gaps remain to be filled in two-stage systems: the microbial growth
demands an increase, the need of higher accumulation yields for polyhydroxybutyrate production and
larger organic loading rates or amount of feedstock processed inside the reactor (Asunis et al., 2021).

11.2.2 Prospective environmental-technological challenges

One of the recurrent applications of LCA is the identification of critical points and a comparison
among products/scenarios performing the same function, especially in large-scale operation, and also
in the early-design phases when it is possible to identify those stages with the greatest potential impact
and on time implementation of changes that can result in a significant environmental performance
improvement. Therefore, this section presents a critical review of the environmental consequences
of different variables and technologies related to anaerobic treatment. So far, published studies have
discussed the concentration of volatile solids, the impact of upstream and downstream processes, the
temperature and co-digestion with other organic waste streams.
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Table 11.1 Methods and FUs of anaerobic domestic wastewater treatment processes for domestic wastewater
and related.

11.2.2.1 Solid concentration

There is direct relationship among feedstock concentration, the conversion efficiency of the organic
matter and environmental impact. However, the conclusions drawn by several authors regarding to
the best techno-environmental performance do not seem to go in the same direction. The reason
may be related to LCA methodological approaches adopted by each author, but also to the use of
feedstocks with different solid concentrations (despite considering similar VS/TS (volatile solids/total
solids) ratios in the studies) and technological configurations. Research conducted in the scientific
community on this topic has been applied mainly to the most concentrated streams, sludge. This is
because domestic wastewater usually contains a solid concentration of <0.1% and, therefore, the
benefits of stream concentration are not sufficiently relevant unless the wastewater is mixed with
food waste (Becker et al., 2017; Lij6 et al., 2017). Recent LCA studies have demonstrated that the
environmental feasibility of anaerobic treatment depends on both the biodegradability of organic
matter and the concentration of solids (Chen et al., 2022; Li & Feng, 2018; Li et al., 2017a). Although all
of them mainly focused on sludge treatment, lessons can be learnt for domestic wastewater treatment.
For example, the environmental profile would improve with increasing volatile solid concentration
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(Continued)

Table 11.2 Methods and FUs of anaerobic domestic wastewater treatment processes for sewage sludge and related.
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Table 11.2 Methods and FUs of anaerobic domestic wastewater treatment processes for sewage sludge and related (Continued).
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regardless of reactor configuration. However, the results (methane production) might be negligible
and not be able to offset the environmental impacts of other inputs that cross system boundaries.

This is the case of Li et al. (2017a), which has obtained a very small (1.6-7.1% among scenarios)
modification in the environmental profile when the organic content of the sludge varied from 70
to 40%. Other publications can be highlighted: Chen et al. (2022) demonstrated for sludge that
incineration is a good option instead of AD for recoverable biodegradable waste with a low-organic
content (VS/TS <55%), and Li and Feng (2018) showed that pyrolysis improve as much as its organic
matter content does (the results were 4.6 times higher when achieving 70% compared to the baseline
value of 50%). Finally, Li ef al. (2017b) analysed processes with operation at low (3-6%) and high (10—
15%) total solid concentrations with the same organic matter fraction (i.e. VS/TS of 70%). In the latter
case, environmental benefits are obtained for high-solid concentration technologies at thermophilic
temperature and for low-solid concentration, at mesophilic temperature.

11.2.2.2 Upstream and downstream processes

The system boundaries of an LCA should be defined in accordance with the goals of the study.
Therefore, the analysis of the environmental impacts of anaerobic treatment may be complemented
by other processes or technologies used to facilitate organic matter solubilization, enhanced nutrient
recovery or removal or compliance with legislation. The analysis of wider system boundaries has
been mainly applied for the sewage line, but two studies have been reported for anaerobic secondary
treatment. The first one is the research of Harclerode et al. (2020) who studied the differences between
the use of primary sedimentation and screening only, included subsequent treatment with dissolved
methane removal and nutrient removal and sludge management with AD and lime stabilization. The
other one is the study of Laitinen et al. (2017) that incorporated a CW as post-treatment for a UASB
reactor. Indeed, the substitution of secondary treatment technologies from aerobic to anaerobic can
lead to the creation of new technological challenges within the sludge line, which indirectly contribute
to the overall environmental sustainability of the system. This technological replacement has been
analysed through several studies. For example, Brockmann ef al. (2021) compared the performance
of a CAS system with oxygen photogranulation and Arias et al. (2020a) provided information on
the benefits of HRASs followed by an integrated film-activated sludge. In anaerobic treatment
technologies, the change in environmental impact could be due to both a decrease in excess sludge
produced and a change in its quality. This would influence not only the size of the equipment, but also
the selection of the most appropriate technologies for its management. Within this topic, the study by
Arias et al. (2021) is noteworthy as they have proposed a comparison between a chemical and thermal
pre-treatment for sewage sludge management after the subsequent AD. Although the absence of these
technologies implies a lower energy demand, a worse environmental profile in terms of climate change
was found. The best performance in this category corresponded to the chemical approach due to
higher biogas production and lower energy demand. However, a higher impact was recorded in other
categories such as terrestrial acidification, particulate formation and terrestrial eco-toxicity due to
indirect emissions generated for the production of these chemicals. Wang et al. (2020) also compared
stand-alone AD with the AD process with heat treatment and a new alkali/acid pre-treatment. The
latter treatment shows less impact on climate change, although other categories such as acidification
and eutrophication potentials favoured the implementation of the thermal technology. Despite this,
the authors claim that alkaline treatment is comparable to thermal treatment and that the small
differences are due to sodium chloride consumption and higher energy demand.

11.2.2.3 Temperature

Temperature is another parameter that must be considered within the process because there is a
strong relationship with the reaction yield and with the energy requirements. When it comes to the
valorization of wastewater for energy purposes, the energy consumed must be compensated by that
resulting from the manufacture of the co-products. In domestic anaerobic treatment, the only product
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analysed so far with LCAs is the biogas and, thus, only an energy perspective has been considered
in the literature. The temperature was addressed for membrane bioreactors (MBRs) at 15, 20 and
33°C in Smith et al. (2014) and Pretel et al. (2013). However, for temperatures up to 33°C, energy
production from urban wastewater is not able to compensate for the heating needs of the system. For
this reason, it is necessary to optimize the biogas yield, but only if the balance between production
and consumption is positive. Studies on anaerobic sludge digestion processes (more data available)
have shown that higher temperatures do not always lead to better environmental performance, and, in
many situations, such improvement is only possible for some impact categories and FUs.

In this regard, Lanko et al. (2020) demonstrated the effects of temperature for sewage management
through the analysis of three options: mesophilic, thermophilic and temperature-phased AD. The
latter alternative showed the best environmental performance of the three in all the categories
analysed (i.e. toxicity, land occupation, eutrophication and fossil resource depletion, among others)
but climate change on which mesophilic digestion slightly outperforms. However, the authors found
inconsistencies among different FUs. By changing the FU from 1 m3 of the treated wastewater to
1 m? of the produced methane, the previously stated environmental results were rearranged and
led to a better profile of the thermophilic reactor for all categories except for climate change where
mesophilic operation is still more favourable. With a similar approach, Li ef al. (2017b) presented the
environmental differences among five processes (conventional AD, high-solid AD, AD with thermal
pre-treatment hydrolysis, thermophilic AD and thermophilic high-solid AD). Regardless of the solid
concentration (suitable for both high- and low-solid contents), the best environmental results were
obtained with high-solid thermophilic AD (44% improvement for a VSS (volatile suspended solids)
concentration of 70%). It is true that this technology requires more energy for heating the feed sludge,
agitation and transport, but its efficiency is also higher and therefore more biogas is recovered. It
seems that, for the same solid concentration, thermophilic technologies provide the best profile.

On the contrary, domestic anaerobic wastewater treatment still lacks LCA studies referring to the
production of non-energy bioproducts. In contrast, the sewage sludge digestion may produce VFAs
(volatile fatty acids) as a result. However, the production of non-energy products reduces the energy
self-sustainability of facilities because they cannot be converted in electricity or heat to be recycled
back to systems. Therefore, the efficiency of heating devices, energy loss prevention (adiabatic systems
are preferable) and energy-environmental optimization become essential. For example, Elginoz et al.
(2020) reported a 10% decrease in environmental load by improving the efficiency of the heating device
by 10%. Furthermore, in many impact categories (i.e. terrestrial acidification, eutrophication, eco-
toxicity and global warming, among others) temperature reduction showed a better profile (between
13 and 36%) despite the lower performance associated with a temperature decrease.

11.2.2.4 Co-digestion of streams
Temperature and organic matter content are commonly parameters in the evaluation of anaerobic
technologies, as indicated in sections 11.2.2.1 and 11.2.2.3. In this sense, co-digestion of other
biodegradable waste streams with domestic wastewater would allow process optimization as higher
volatile solid concentrations, C/N ratios and removal efficiencies can be achieved. Within this context,
Becker et al. (2017) have demonstrated decreased impact on GWP with increased treatment of food
waste with domestic wastewater. They have evaluated three technologies: a conventional (CAS), an
anaerobic (AnMBR) and a newly developed aerobic treatment (HRAS). Their study could not draw
conclusive results, as the environmental profiles of each were very similar and the uncertainty analysis
showed small confidence intervals (probability within which the results of the environmental profile
can be found). However, they highlight the potential of AnMBRs due to the recent development of the
technology and the comparability of the net energy balance with HRAS-AD (technology that Arias
et al. (2020a) stated as environmentally friendly compared to CAS for municipal wastewater).
Although not for domestic wastewater, other publications can be cited for sewage sludge. Morelli
et al. (2020) have reported that there was a clear reduction (between 46 and 108% depending on the
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impact category) of the environmental impact with the implementation of co-digestion in wastewater
treatment plants. Edwards et al. (2017) compared the same co-digestion strategy with a segregated
treatment where food waste ended up in landfill. As a result, the co-digestion scenario outperformed
(given the additional bioenergy generated) the segregated treatment in climate change potential
(represented as 53-71% of the impact of the business-as-usual or landfill scenario for food waste).

11.3 TECHNO-ECONOMIC VIABILITY OF THE AD

Techno-economic assessment (TEA), cost-benefit analysis (CBA), life-cycle costing (LCC), cost-
effectiveness analysis, cost-utility analysis and cost method of accounting are some examples of
methodologies for the analysis of economic aspects of products, technologies and/or processes. Among
them, TEA, CBA and LCC are some of the most frequently mentioned methodologies in the scientific
community. Although LCC is the oldest methodology, they have been recently developed in parallel
leaving to a vague distinction among them. CBA mainly focuses on projects and policies with the
monetization of costs and benefits and aims at financial profitability. Although it is advantageously
an autonomous tool unveiling whether a selected system under study has attributable welfare, CBA
is considered a ‘black-box’ methodology. It simply ignores what happens inside the system in order
to confirm its economic viability. Because of this problematic, TEA emerged as a tool simultaneously
integrating the implications of technological aspects in the economy of a process or project as it
systematically examines the interrelationships amongthem. There s, thus, a combination of engineering
decision taking aiming at process optimization with the economic changes associated with them. In
this regard, TEA separates from the vision provided for CBA as is not seem only a tool for investment.
Therefore, TEA analysis should always go accompanied by a technological description and definition
of technology-readiness levels. Despite implying and improvement for industrial processes of its use
compared to CBA, TEA still lacks an appropriate regulatory foundation. In this regard, a new 1SO
standard is being developed (ISO/WD TS 14076) covering not only techno-economic analyses at any
size or scale but also incorporating the environmental impacts. However, the inclusion of TEA in
the legislation is far behind LCC which has already being recognized in directives (2014/24/EU and
2014/25/EU) and in standards (ISO 15663:2000 and 15686:2017).

Then, considering Tables 11.3 and 11.4, why scientists have decided to use TEA instead of LCC in
their studies in the topic of anaerobic treatment? Generally, LCC has been associated with a product
approach and a cost analysis though all life-cycle stages whereas TEA has been typically limited to an
inherent investor perspective with gate-to-gate system boundaries (around the factory). However, the
truth is that both TEA and LCC have their origin altogether in LCA methodology and both of them could
be suitably used interchangeably in some contexts. It is then that LCC has a wider applicability whereas
the scope of TEA is narrowing more and more to the stand-alone analysis of technologies and facilities.
It is also very associated with the use of LCC the monetization of externalities (noise, environmental
pollution, social effects and vibration, among others) which could partially be internalized (such as
GHG emission taxes or waste-disposal costs) in the analysis. This could be appreciated for the studies
dealing with anaerobic wastewater treatment. Out of the 33 studies shown in Tables 11.3 and 11.4 for
TEA, only one has included environmental externalities whereas two of nine of the LCC studies were
considering them. And yet, the sector seems to prefer the use of TEA instead of LCC (~72% of the
studies were carried out with TEA). On the contrary, only one publication classified its study as CBA.
Regarding the type of wastewater, the percentage of economic analyses focused on stand-alone analysis
of sewage sludge was higher (57.6%) than for co-digestion and for other flows. The use of anaerobic
treatment for domestic wastewater has only been addressed by five publications.

11.3.1 Techno-economic emerging challenges
Although the environmental analysis for anaerobic treatment of the state-of-the art focused primarily
on parameter optimization (i.e. temperature and solid concentration) and upstream and downstream
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Table 11.3 Methodology and tools used for the economic analysis of anaerobic technologies in domestic treatment
for sewage sludge.

Note: CBA, cost-benefit analysis; CAPEX, capital expenditure; IRR, internal rate of return; LCC, life-cycle costing; MARR, minimum
acceptable rate of return; NPV, net present value; OPEX, operational expenditure; PBP, payback period; ROI, return of investment;
SIR, saving to investment ratio; TAEC, total annual equivalent cost; TEA, techno-economic assessment.
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Table 11.4 Methodology and tools used for the economic analysis of anaerobic technologies in domestic
treatment for wastewater resources.

Type of Resource Methodology  Accounting Tools Reference

Domestic wastewater TEA OPEX, CAPEX and NPV Sanchez et al. (2023)
Domestic wastewater, blackwater, LCC OPEX and CAPEX Lehtoranta et al. (2022)
greywater and urine

Domestic wastewater TEA OPEX and CAPEX Vinardell et al. (2020)
Blackwater LCC OPEX, CAPEX and NPV Estévez et al. (2022b)
Blackwater and urine LCC OPEX and CAPEX Postacchini et al. (2022)
Domestic wastewater TEA OPEX and CAPEX Shoener et al. (2016)
Domestic wastewater TEA OPEX, CAPEX and NPV  Sills ef al. (2016)

Note: CBA, cost-benefit analysis; CAPEX, capital expenditure; IRR, internal rate of return; LCC, life-cycle costing; MARR, minimum
acceptable rate of return; NPV, net present value; OPEX, operational expenditure; PBP, payback period; ROI, return of investment;
SIR, saving to investment ratio; TAEC, total annual equivalent cost; TEA, techno-economic assessment.

technologies, the economic studies were mainly aimed at creating a roadmap around anaerobic
processes and how the process could overcome cost-effectiveness constraints. Therefore, the study of
complementary technologies for anaerobic systems plays an important role in the quality (and thus the
price) and marketability improvement of co-products.

11.3.1.1 Upstream and downstream

Although the economic studies centred on anaerobic processes implemented within the sector of
wastewater treatment have thermal pre-treatment for sewage (i.e. hydrolysis and carbonization),
domestic anaerobic treatment as a secondary process has been investigated by the implementation of
forward osmosis and reverse osmosis as pre-treatments. Within this context, Vinardell et al. (2020) have
analysed the feasibility of forward and reverse osmosis to concentrate diluted solutions. Given that the
wastewater pre-concentration accounts for more than 74% of the total budget, pre-treatment worsens
the costs associated with the treatment. Therefore, the stand-alone AnMBR operation is cheaper
than the scenario with such pre-treatment, those being half of the scenario with pre-concentration.
Because of the better economic performance of forward osmosis—FAnMBR, Vinardell et al. (2022)
studied the influence of the draw solution used during the operation of the system because it affects
the membrane fluxes and the salinity (inhibiting anaerobic bacteria in the subsequent reactor). The
most economically favourable draw solute was dependent on the membrane type but in any of the
case studies proposed by the authors the economic impact from these substances was moderate. The
hotspot still was the capital investment for pre-concentration. Although the forward and reverse
osmosis for water reclamation is still not a viable configuration, pre-concentration of sewage sludge
with membrane remains a promising approach.

The techno-economic analysis for domestic anaerobic wastewater treatment has been poorly
addressed and the literature has been focused on sewage sludge. Two approaches can be found in
the literature: AD is one of the multiple options for sludge treatment and AD is the main process
discussed, but it is followed by other treatment. Garrido-Baserba et al. (2015), Tarpani and Azapagic
(2018) and Xu et al. (2014) are examples of economic analysis for sewage treatment.

11.3.1.2 Feasibility of reactor configuration

Despite the large variability of reactors capable of operating at total solid concentration lower than
3% (CSTRs or continuous stirred tank reactors, UASBs, AFBs or anaerobic fluidized bed reactors,
ECGS or expanded granular sludge bed reactors, MBRs, among others), the techno-economic
analysis of domestic anaerobic treatment has only paid attention to the operation of MBRs and ABRs.
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For example, Sills et al. (2016) compared the performance of ABRs with other systems such as the
combination of an aerobic tricking filter with AD. This reactor provided a lower cycle cost (~40%
in agreement with the results of its net current value) because of both better capital and operating
costs. It should be highlighted also the lower solid production of this system, which reduced the costs
associated with disposal from 25 to 7%. Regarding the implementation of MBRs, membrane purchase
seems to be the largest hotspot (over 49%) of the analysis followed by chemical addition for cleaning
(between 0 and 26% depending on the flowrate) (Sanchez et al., 2023). Vinardell et al. (2020) also
agreed on a higher contribution of capital expenditures (CAPEX) in membrane reactors (between 63
and 77%).

11.3.1.3 Influence of co-digestion on economic profile

The organic matter concentration of domestic wastewater is not expected to be as high as, for example,
that of molasses, cheese whey or sewage, among others. What can be expected from co-digestion of
organic waste and municipal wastewater? To clarify this issue, Vinardell et al. (2021) proposed a
comparison of the following scenarios: (1) anaerobic secondary treatment with an AnMBR and with
another AD reactors as side-stream for sewage sludge and food co-digestion, (2) the CAS system,
(3) anaerobic secondary treatment but without co-digestion in the side-stream with AD and (4)
another including nutrient recovery from the centrate of the side-stream AD. Although the analysis
centred in the sludge line, the highest costs were also achieved by domestic WWTPs with an aerated
secondary treatment because a larger amount of sludge with poor biodegradability is produced. The
implementation of an AD AnMBR and co-digestion significantly increased the revenues (triple) despite
the increase of the costs up to a 44%. Among the case studies with anaerobic co-digestion, the greatest
benefits were obtained with the configuration in which the nutrients are treated in the mainstream.
Co-digestion of food waste in a conventional domestic WWTP is not only preferable in terms of the
facility itself, but also in comparison to the separate treatment of both types of waste.

11.3.1.4 Nutrient recovery efficiencies
The nutrient recovery can be performed both in the water and sludge lines and brings multiple benefits
beyond the transformation of pollutants into marketable products. This strategy also supports the
increase of quality of effluents and prevents the uncontrolled precipitation, which increases the
performance efficiencies of unitary operations. However, nutrient recovery poses a challenge because
it may compromise the economic feasibility of the processes. When implemented in the sludge line,
the question to be solved is whether the precipitation of phosphorus should be performed before or
after AD. Considering the results achieved by Roldan et al. (2020), there is 1% difference between both
options, which ensures the viability of the processes when the LCC analysis is expressed by an amount
of phosphorus recovered. However, a change in the FU per m? unit led to a drastic change in the
direction of the results because only one of the newly proposed alternatives was viable. This is related,
thus, to the lower maintenance costs associated with the uncontrolled phosphorus precipitation and
higher biogas production of the alternative considering the phosphorus precipitation before AD.
When anaerobic treatment is applied in the water line, costs are saved compared to aerobic systems,
as aeration requirements are avoided. However, anaerobic processes are not capable of removing
nutrients such as phosphorus and nitrogen by themselves and thus the effluent do not comply with
European standards. Therefore, resource recovery technologies should be installed in the facility
to maintain the emission thresholds. Because of this, the economic feasibility of the entire system
is compromised because in many cases the methane production of the water line does not offset
the higher CAPEX and operational expenditure (OPEX) associated with it (even for concentrations
higher than 1100 mg/L). It should be considered that the biogas from the side-stream AD treating the
sewage sludge from the main anaerobic treatment located in the water line may not also be sufficient
to provide a profitable system (Vinardell ef al., 2021).
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11.3.1.5 Valorization of the raw biogas

The valorization pathway selected for the raw biogas produced during anaerobic treatment has a
strong influence on the economic viability of the facilities, as each of the co-products is co-related to
a market price and to a specific post-treatment cost. The selection of the best technology has not been
an easy task within this topic as each of the researchers compared different technologies with each
other, and all drawn different conclusions. The knowledge in this section comes specifically from
publications on AD of domestic sewage sludge treatment. However, and as the product obtained from
the anaerobic secondary treatment of the domestic wastewater is also biogas, the recommendations
and guidelines from the environmental studies of sewage sludge anaerobic treatment can also be
applied. Volpi et al. (2023) recommended the use of biogas for the production of PHA, Purwanta et al.
(2022) for co-firing in boilers, Alfonso-Cardero et al. (2021) for electricity production and Fuess and
Zaiat (2018) for biomethane production.

Besides upgrading and transformation of the raw biogas, the CO, in the biogas can also be
transformed into a vast number of co-products. In this regard, Cuéllar-Franca et al. (2019) compared
four technological configurations for the production of fuels: the capture of the CO, by adsorption
with mono-ethanolamine (MEA) from the raw biogas, the capture of CO, with MEA from the flue
gases of combusted raw biogas, combustion of raw biogas and direct use of the CO, in the flue gases
and capture of CO, from raw biogas, combustion and final use of flue gases. The highest capital
and operating costs arise from the CO, capture by absorption from the flue gas, with a difference
of ~13% compared to the best scenario (CO, capture from unsweetened biogas). Despite being the
most expensive process, it has the most cost-effective design. This is because the liquid fuel has a
higher price.

11.4 ANALYSIS OF WASTEWATER TREATMENT TECHNOLOGIES AND PROCESSES WITH
LCA AND LCC

11.4.1 LCA approach for wastewater scenarios: a case study

Despite the growing interest in the application of LCA over the last decade, the complexity involved in
collecting data throughout the entire life cycle, especially for novel practitioners, remains a threshold
to overcome. This becomes more evident across sectors, as the focus (i.e. process or product) and
logic (existence of cross-functionality) of the analysis vary depending on the objective of the study.
To resolve some issues related to the applicability of LCA in the field of wastewater, Corominas ef al.
(2020) proposed a practical guide with a hypothetical approach for the sector. In this sense, this
chapter aims to perform an LCA for domestic anaerobic treatment with experimental data as a starting
point. Therefore, the main focus of the example provided is more on the early stages of research
and development than on decision making (product purchasing or development of environmental
legislation) or marketing (eco-design).

In this sense, the environmental profile of a sequential granular UASB bioreactor has been analysed
taking into account the effects of changing temperature and hydraulic retention time. For this purpose,
laboratory experimental data were obtained from the study of Stazi et al. (2022). Four scenarios were
constructed based on two aspects: data availability and comparability between scenarios (Table 11.5).
Effluent composition, operating temperature, product characterization (purity and amount of biogas),
hydraulic retention times and pump run times are some of the raw data collected. Because two
variables were analysed, the scenarios were named accordingly. ‘T’ refers to temperature whereas ‘H’
refers to hydraulic retention time. The numbers just after each letter correspond to the temperature in
degrees Celsius and the hydraulic retention time in hours. Thus, the stage operating at 35°C and 22 h
will be referred to as T35H22.
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Table 11.5 Data collection from the experimental study of Stazi et al. (2022).

T35H09, 35°C of temperature and 9 h of hydraulic residence time; T35H14, 35°C of temperature and 14 h of hydraulic residence
time; T25H22, 25°C of temperature and 22 h of hydraulic residence time; T35H22, 35°C of temperature and 22 h of residence.

Regardless of the sector or technology to be analysed, LCA should always proceeds according
to ISO 14040 and 14044 standards, so the analysis of environmental aspects should be carried out
following their four stages.

Goal and scope: One of the main assumptions when approaching anaerobic wastewater treatment is
whether to consider the digestate/effluent as a discharge, a stream to be further treated, or a co-product.
Generally, effluents from AD processes do not meet the discharge thresholds set by European legislation
and, therefore, the removal of some compounds such as nitrogen or phosphorus should be considered.
This feature could be managed by an extension of system boundaries to incorporate the respective
treatment technologies. However, many other questions must be answered before decisions can be
made: Is the analysis focused on reactor optimization? Is the process decentralized and space limited?
Does the country where the technology is implemented have restrictive emission limits? On the
contrary, the circular economy concept is driving the recovery of nutrients from wastewater streams.
However, direct reuse of liquid and solid digestate is sometimes limited by crop type, proper fertigation
practices, nutrient concentration in effluent, presence of metals and pathogens (which are only removed
at higher temperatures), distance from facility to point of application, community acceptance and
economic feasibility (Helmecke ef al., 2020). The complexity of the treatment paradigm detailed above
is something that must be reflected by LCA practitioners through the definition of system boundaries.
As one of the key aspects, system boundaries should predefine the set of unit processes, inputs and
outputs for total emissions accounting and is therefore fundamental in the creation of the LCI.

The system boundaries should consider three dimensions: geographical, temporal and technical
(Li et al., 2014). Among them, the last one has a particular importance among the wastewater
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scientific community, corresponding to data collection for new technologies. However, the other two
are rarely defined due to the limitations of the environmental characterization factor in the databases.
For example, the Eco-invent database only covers 20,000 datasets, far fewer than the 204 million
organic substances, alloys, mixtures, polymers and salts accounted for in the Chemical Abstract
Service (2023) record. Moreover, many of them are not country or region specific and the inventory
refers to a global or European approach. When studying a sequential granular UASB reactor, the
system boundaries can therefore only be threefold: cradle-to-gate, gate-to-gate and cradle-to-gate
with expansion/substitution/boundary partitioning allocation. In the first approach, emissions are
accounted for from raw material extraction to UASB effluent.

In the second case, according to International Reference Life Cycle Data (ILCD) guidelines, direct
foreground process emissions, such as methane or carbon dioxide, would be included. The latter
perspective is the most difficult to define and a full consensus among LCA practitioners has not yet
been achieved. Depending on how emissions are accounted for, three main schools of thoughts can
be distinguished as: attributional, consequential and socioeconomic (Moretti et al., 2020). The pure
attributional approach advocates that environmental impact should only be described by physical
causalities entering and leaving through system boundaries. In contrast, the pure consequential
approach aims at the description of the change of the environmental profile in response to a given
modification in process technologies or the assessment of the future marginal energy supply. However,
not many of the studies referring to anaerobic processes in wastewater treatment (11% according to
the results in Tables 11.1 and 11.2) present how these emissions were reported. So, how to approach
the limits of the cradle-to-gate system with expansion/substitution for sequential UASB reactors? One
option could be to compare the scenarios with an attributional perspective considering that all viable
alternatives provide the same number of products. This implies ‘expansion’ of the system boundaries to
introduce other productive processes such as fertilizer or energy industries. ‘Substitution’ is, however,
more typical of the consequential approach and is implemented through the avoidance of emissions
from such production processes. Table 11.6 summarizes the decisions made at the goal and scope stage
to carry out the case study described in this chapter.

Secondary treatment of domestic wastewater becomes, with the implementation of an anaerobic
UASB, a multifunctional system capable of reducing direct pollution to water resources and
simultaneously providing marketable products. Therefore, the complete definition of the system
boundaries also depends on the function selected and the strategy followed to achieve the objective of
the study. The functions of anaerobic wastewater treatment can be oriented at three different levels:
micro-level, macro-level and accounting decision support (European Commission et al., 2011). The
first is closely related to specific products, the second to the comparison of technological scenarios,
material strategies and policy options and the third is interested in the documentation of what has
happened or will happen based on decisions already taken. An example of a micro-level approach in
the case of AD for the example provided in this chapter could be the comparison of the electricity and
liquid bio-fertilizer produced versus products already on the world market.

As far as the process or macro-level analysis is concerned, multiple strategies can be cited:
technological optimization by analysing the weak points and identifying the flows with the highest
environmental impact, forecastingand comparing technologies, affecting the remaining unit operations
of a facility and the overall impact through technology implementation, geographical coverage and
system response to specific environmental conditions (especially in the case of open-air reactors, as
the profile may change between regions for the same technological approach), as well as the use of
specific characterization factors. All these strategies belong to one of the following groups: planning,
design and operation/optimization. Within the first group one could include decision-making studies
regarding the selection of treatment alternatives, the second group refers mainly to the elucidation
of environmental hotspots and the anticipation of impacts and the third to the creation of roadmaps
to ameliorate environmental impacts. Therefore, it should be considered whether the objective of the
LCA is to provide guidance on planning, design or operation. Because the research objective of Stazi
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Table 11.6 Summary of the attributes of the LCA for the case study.

et al. (2022) for the technology was the optimization of temperature and hydraulic retention time in
a domestic wastewater treatment reactor, the case study provided can be framed within operation/
optimization.

Finally and as mentioned earlier in Section 11.2, the first stage (called objective and scope) of the
LCA should also include the identification of the FU. As can be seen in Tables 11.1 and 11.2 in Section
11.1, the most recurrent FU in AD for wastewater treatment is the volume of treated wastewater
or ‘1 m3 of treated wastewater’. This FU has also been selected by many other authors focused on
the analysis and comparison of technologies to be implemented as anaerobic secondary treatment.
Examples are the studies of: Boldrin et al. (2022), de Sampaio Lopes et al. (2014), Harclerode et al.
(2020), Laitinen ef al. (2017), Patel and Singh (2022), Pretel et al. (2013), Pretel ef al. (2016), Sills ef al.
(2016) and Smith et al. (2014). However, this FU is only representative of one of the system functions:
wastewater treatment. The product approach should be considered with other FUs such as: 1 m3 of
biogas, 1 kWh or 1 kg of methane produced, 1 kg of nutrients recovered and 1 m? of soil fertilized.

Life-cycle inventory: In LCA, two LCI perspectives can be differentiated depending on the sources
of data collection. In process-based inventories, data have been collected with a ‘bottom-up’ approach
and use primary input-output data associated with the foreground system process. On the contrary,
input-output inventories follow a ‘top-down’ approach and have been collected from statistical data.
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In the latter case, emissions are estimated from the selling prices of consumables/processes used and
are therefore more suitable for regional/national scales than for industrial/facility scales. Although
the data from Stazi et al. (2022) cannot be considered primary due to its bibliographic origin, it is
certain that similar LCAs can be performed from laboratory data that have not already been published.
Consequently, the nature of the study forces the foreground LCI to be a process-based inventory
compiled from a ‘bottom-up’ approach. In addition to the application of mass and energy balances,
software databases (for this case SimaPro®) were used to fill in gaps related to background processes,
such as electricity and heat production. The LCI should be completed throughout the operation,
maintenance, construction and demolition phases of a process/technology lifetime. However, the
case study was only exemplified for the operational phase and the others were outside the system
boundaries. For this reason, the LCI is constituted by direct and indirect emissions but only related
to the treatment process.

Therefore, the emissions for anaerobic treatment in a UASB can be divided into direct and indirect.
Direct emissions are considered within the boundaries of a gate-to-gate or inside-the-fence system, as
they can be measured or modelled within a foreground system (Li ef al., 2022). As a secondary biological
treatment, emissions come from the microbial metabolic activities of the biomass involved in the unit
operations or from the limited removal of the target pollutant. Estimation of such emissions can be
performed with direct laboratory measurements, with IPCC (Intergovernmental Panel on Climate
Change) guidelines, with characterization factors exposed in the scientific literature with similar
objectives and from process modelling. However, the latter options may resort to overestimation or
underestimation of such emissions, as inhibitory effects and other operational particularities of a system
are not included. Therefore, only methane and carbon dioxide emissions were considered for the LCA
example provided in this chapter. A comparison of scenarios has been shown according to commonly
measured parameters at a laboratory scale. In addition, many of the remaining emissions were not
considered relevant in other publications and were therefore assumed to have an impact of <5% (cut-off
criterion) (Laurent et al., 2020). On the contrary, and depending on the composition achieved by the
technologies, some of these components, such as methane, may rather be considered as valuable output.
This is because biogas first undergoes a combustion process to produce electricity and/or heat.

Indirect emissions are usually defined for broader system boundaries, such as cradle-to-gate and
cradle-to-grave, as emissions upstream (inputs from the Technosphere) and downstream (outputs to
the Technosphere) of the target process or product may be considered background (system but not
under the direct control or decisive influence of the producer of the good) processes and are often
predefined in regulatory databases. Indirect and direct emissions were included in the case study. It
should be noted that depending on the hypothesis and initial boundaries, the data may be reorganized
differently. Table 11.7 specifically defines effluent nitrogen and phosphorus as emissions and not as
feasible outputs.

Life-cycle impact assessment: This third stage of LCA aims to transform with impact assessment
modelling factors the inventory in Table 11.7 into results that can be understood in terms of
environmental impact or damage. It is further subdivided into the following stages: selection and
definition of impact categories, classification, characterization, normalization and weighting.
Unlike other LCA methodologies, such as carbon or water footprinting, LCA is a multidimensional
methodology. Therefore, a multi-criteria analysis must be provided through the investigation of the
results of indicators or categories. Many methods are currently available from which categories
can be selected: USEtox, ReCiPe, IMPACT 2002+, TRACI, EDIP, CML, MEEUP, EPS, IPCC, Eco-
indicator and LIME (European Commission et al., 2011). The first pre-selection of the method
should be performed on the level at which the impact categories should act, namely midpoint or
endpoint. This implies that the results will be shown for different parts of the environmental value
chain. Furthermore, the selection of the categories does not follow a strict rule; however, the usual
practice is to select the method based on the categories of interest. The other option could be to
choose the categories independently of the method. However, attributes such as completeness of
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Table 11.7 LCI per FU (1 m3 of wastewater treated) for the case study defined from the data of Stazi et al. (2022).

scope, robustness and uncertainty, reproducibility, transparency or stakeholder acceptance would
vary among the selected categories. For example, the ILCD manual ‘Recommendations for Life Cycle
Impact Assessment in the European context’ provides guidelines for pre-selection of methods based
on the most common impact categories (climate change, ozone depletion, human toxicity, respiratory
particulates/inorganics, photochemical ozone formation, ionizing radiation impacts, acidification,
eutrophication, eco-toxicity, land use and resource depletion).

However, the guidelines were published in 2010 and many methods have since been updated as
ReCiPe 2016. The selection of impact categories for the case study aimed at representativeness of
the following aspects: background energy consumed, implications of biogas production in reducing
resource depletion, relevance of direct emissions control and water resource pollution. For these
reasons, the categories analysed were climate change, ozone depletion, eutrophication and resource
depletion. During the classification stage, the LCI data are assigned to each of the previously
selected impact categories. All of these categories can be found in CML and ReCiPe, two of the
most widely used methods in the field of AD (see Tables 11.1 and 11.2). After selection of the LCIA
method, the connection between the LCI and the environmental impact/harm is performed during
the classification and characterization stages. Environmental loadings are assigned to each LCIA
data element and category using factors. Both stages can be supported by the use of software such
as SimaPro, EASETECH and OpenLCA, among many others. In particular, the first three LCIA
stages for the environmental comparison of the UASB granular sequential reactor scenarios have
been performed with SimaPro version 9.3 for the ReCiPe 2016 Midpoint (H) V1.07/World (2010) H
method. Normalization and weighting, the optional ICLC stages were not included within the study.

Interpretation of the results: All of the above phases of LCA are interrelated. The objective of this
analysis is not only to provide a clear message to the readers about the environmental expectations of
the analysed process, product or technology, but it is also relevant for the identification of missing data
and errors. Therefore, the LCA is iterative, and the results obtained at this stage lead to the modification
or redesign of the assumptions adopted in the previous stages. When interpreting the results, the first
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step should be a data and sensitivity analysis, because the results depend on the decisions made
throughout the design process. This should be especially important when using data from unreliable
sources, numerical data that falls within a range, assumptions, and when alternative production routes
can be modelled. Referring to the case study proposed for Stazi et al. (2022), ranges of data can be
found regarding pollutant removal efficiency, assumptions were used for reactor sizing and distances
between pumps and other equipment and the European profile was used to power electrical devices
(the more renewable the profile, the lower the environmental impact). To check whether some of these
parameters represent a significant change in the results, the sensitivity analysis should be linked to a
contribution statement. The hotspots or elements of the process system that have the greatest impact
on the overall profile should be identified. Depending on the details of the contribution analysis, the
results could highlight the species of substances impacting the environment, the processes involved
(i.e. energy or chemicals) or sections of a facility (i.e. primary treatment, secondary treatment). Finally,
for comparative analysis, the results of different scenarios can be contrasted with each other. Figure
11.1 shows the visualization of the contribution of one of the four scenarios analysed, as well as the
comparison among all scenarios considering hypothesis (a) of the analysis (Table 11.6).

Table 11.6 highlights the two initial hypotheses of the LCA study conducted: discharge of the effluent
directly into the environment and valorization of the effluent compounds as liquid fertilizer. Under the
first hypothesis, five background processes and six polluting substances emitted to nature are responsible
for the current distribution of the environmental profile in Figure 11.1a. Among them, the use of electricity
in the pump needed for agitation and recirculation of the stream inside the reactor is the main contributor
in three (between 54.8 and 78.6% for FRS or fossil resource scarcity and SOD or stratospheric ozone
depletion, respectively) of the four impact categories under study. The ME (marine eutrophication), on the
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contrary, is affected 96.2% by nitrogen emissions to water resources. With the exception of the marine
eutrophication category, heat consumption is the second most important process in the profile with a
minimum and maximum representativeness of 19.1 and 43.6% for SOD and FRS. This is due to two
reasons: the five listed background processes are energy related, with an LCI underlining a much higher
influence of electricity demand on the recirculation pump, and the unit process (expressed in impacts
per kWh) of electricity is more polluting than the selected heating process. In this context, effluent
recirculation is the main hotspot of the process when the distance between units is 0.4 m. A reduction of
the length of the pump suction and discharge piping to 0.1 m would lead to completely different results, as
the electricity demand would no longer be the main hotspot. Unlike temperature, hydraulic retention time
and influent concentrations, the distance between equipment is not an intensive variable. Thus, full-scale
anaerobic treatment systems may have pump arrangements and distances differing from those indicated
within this chapter. For such reason, the results of the herein described LCA have been proposed as an
example for the identification of environmental weak points from an early stage of design. The procedure
could be repeated for larger scale technologies or facilities but considering that not all the parameters
from the inventory are going to relate proportionally to the scaling-up of the facility. Another option to
decrease the environmental impact of electricity use would be a modification of the hydraulic retention
time. This is due to the relationship between the running time of the pump used in effluent recycling and
the energy demand. To this effect, a comparison of three scenarios is shown in Figure 11.1b. Scenarios
T35H09, T35H14 and T35H22 demonstrate how a shorter hydraulic residence time is accompanied by
a decrease in environmental impact by an order of magnitude of up to 51.5%, from 22 to 9 h. Lower
operating temperature also translates into better results (up to 30%). The answer to which of the two
parameters (temperature or HRT (hydraulic retention time)) is more relevant for the profile with the
same degree of modification cannot be obtained with this case study, as the hypotheses were built on
experimental data. However, it appears that for modifications ~30% the results depend on the distance
from the recycle pump to the reactor. For example, three of the categories analysed are favourable to
T35H14 for 0.4 m, whereas the same hypothesis is worse than T25H22 for 0.1 m.

When comparing initial hypotheses, A with B, the qualitative LCA results are similar. In both
cases, T35H22 is the worst scenario in all impact categories and T35H09 is the best. Accordingly, the
results are congruent regardless of the adopted scenario. The decrease in the environmental profile
between the most and least polluting scenarios is, however, 11.8% higher for ME under scenario B.
This means that T35HO09 is still a better alternative in terms of lower effluent nutrient composition and
thus under-recovery. The reason for this is the higher affect of a direct emission compared to fertilizer
production from other sources (a comparability of the scenarios was performed considering that all of
them could provide the same amount of phosphorus and nitrogen fertilizer).

11.4.2 How to approach the techno-economic analysis of anaerobic domestic wastewater
treatment

The objective of wastewater treatment plants is to eliminate the pollutants present in the water in
order to return the water to the environment, causing the minimum environmental impact, or to
use it for other purposes in order to reduce the pressure on conventional water sources. To carry out
wastewater treatment, a set of physicochemical treatments are necessary; the degree of treatment
required for wastewater depends mainly on the effluent discharge limits. Most facilities have a
conventional type of treatment, which consists of pre-treatment, primary and secondary treatment. In
turn, various processes mentioned above involve the use of a wide variety of assets and can be grouped
into civil construction, piping and electromechanical equipment.

As in any other industrial process, these infrastructures require a series of costs: energy, personnel,
reagents, maintenance and so on, for the operation of facilities. In this sense, as with investment
costs, these can vary depending on multiple variables that must be considered. Precisely, one of the
first phases in any investment project is the feasibility analysis. The study makes possible to assess the
profitability and financial sustainability of a project in the long term. This is particularly important
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when, as is the case in the wastewater treatment sector, there are different treatment technologies
available. Another important aspect of feasibility analyses is that they enable decision makers to assess
the environmental, social and legal implications of a project. These assessments can help prevent risks
and ensure that the project complies with applicable legal and environmental regulations.

A wastewater treatment project is viable when, in addition to technically complying with the legal
criteria regarding the quality of the influent, it is sustainable in the long term, which implies identifying
a priori all the aspects associated with the process that may jeopardize the operation itself in short-
and medium-term future. From the techno-economic point of view, some treatment technologies may
require higher operating costs but with a lower investment or, on the contrary, technologies requiring
higher economic investment that minimize operating costs. However, any economic analysis must
take into account the unique characteristics associated with the site of the facility, local energy costs,
specific quality and regulatory requirements, for example. In this sense, the economic analysis of the
treatment process can include, in a second stage, the quantification of the benefits generated, or, in
other words, the resources produced in the process. In the case of anaerobic treatment, in addition to
generating water resources for irrigation, it also generates an alternative source of energy in the form
of biogas that is converted into heat or electricity to save energy resources, thereby reducing GHG
emissions. With respect to sludge generation, compared to other treatments, it is lower, which reduces
the costs associated with sludge disposal. This stabilized sludge can be used as a fertilizer to enrich
and improve soil characteristics. In summary, understanding the wastewater treatment infrastructure
as a source of resources, which can be quantified, makes it possible to integrate the benefits generated
into an overall decision balance (Figure 11.2).

In scenarios where there are different technical alternatives, cycle cost analysis can help to identify
which option is economically more viable taking into account the entire investment period. Life-cycle cost,
also known by its acronym LCC, is used to evaluate project costs. LCC is a method of economic analysis
used to evaluate the total cost of ownership of a product or service over its entire life cycle. This method
is based on life-cycle thinking and takes into account all costs associated with a product or service, from
acquisition to disposal. The main objective of LCC is to provide a complete and accurate picture of the
total costs associated with a product or service, to help companies and individuals make more informed
procurement decisions. LCC calculations can be used on any piece of equipment or treatment system
to determine the cost of procurement, operation, maintenance or disposal over its lifetime. There are
currently a wide range of models used to calculate the total cost over the lifetime of a product. Regardless
of the model used, they all share a common objective: to provide an accurate estimate of total pump
system costs over time, expressed in today’s currency value. In this sense, the result of an LCC can be
used to compare different products or services and choose those with a lower total cost.
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Figure 11.2 Anaerobic wastewater treatment costs and resource generation.
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Naturally, the weighting of certain factors in an LCC analysis will depend on local circumstances.
For example, in countries with low-energy prices or for stations that run infrequently, energy costs
may not be a major factor. Similarly, maintenance costs will not be a major factor in locations where
labour is inexpensive. The advantage of an LCC analysis is that it lets the user focus on factors that
matter most for a specific treatment system and situation. LCC can help in making informed decisions
in the design and planning of the project. By evaluating the total costs associated with different design
and planning options, the most cost-effective and sustainable option in the long term can be chosen.
In addition to the great usefulness of LCC in the design phase of the project, it is also particularly
useful throughout the operation period of the project. By evaluating the total costs associated with
the project, areas where resource consumption such as water and energy can be reduced, and waste-
disposal costs can be minimized, can be identified. In this way, improvements can be made that
increase the sustainability of the project.

LCC is divided into several steps, including identifying all costs associated with a product or
service, estimating the future cost and projecting the cost over the life cycle. In general, we can
simplify the following four costs:

(1) Acquisition costs (CAPEX). These are all costs associated with the initial investment plus
research and development costs, corresponding to the engineering and construction, testing,
transfer and integrated logistical support activities incurred to incorporate an asset into an
organization.

(2) Operating costs (OPEX). They correspond to the variable costs derived from the operation of
the system in accordance with the planned degree of activity (which may be hours/year).

(2.1) Maintenance costs. These reflect the consumption of resources derived from preventive
and corrective maintenance, basic infrastructure, spare parts and associated consumption
(not considered in the acquisition), repairs, modifications and/or modernizations, to
ensure the availability of the system to fulfil its mission.

(2.2) Repair costs. These costs relate to technical failures or equipment breakdowns. They may
require the intervention of a technician or the replacement of damaged components.

To summarize, the investment and/or acquisition costs are called CAPEX (capital expenditures)
and the operating and maintenance costs are called OPEX (operational expenditures). The costs
associated with fixed assets (CAPEX) take into account the useful life for which the infrastructures
have been designed. Thus, they represent the capacity of the facilities to generate a profit over time.
The costs associated with maintenance and operation tasks (OPEX) ensure the correct functioning of
the facilities, optimizing their use and avoiding wear and tear and deterioration.

11.4.2.1 Capital expenditures

Investment costs correspond to all those costs related to the acquisition of the necessary assets and
the start-up of the project. In the case in question, a wastewater treatment plant mainly involves
land, piping, civil works (such as physical unit processes, biological reactors, degritting units and
settlers, among others), electromechanical equipment (impulsion pumps, submersible pumps, blowers,
centrifuges, etc.) and piping. Moreover, the infrastructure required to carry out water reclamation
processes may include different types of technology and can vary depending on the quality of the
reclaimed water, which will determine the technology chosen for the process.

It is important to note that the investment costs associated with reclaimed water infrastructure
can vary depending on the specific circumstances of each project. However, despite the initial
investment costs, these types of infrastructure can provide significant long-term benefits, such as
reducing demand for freshwater resources and reducing the discharge of wastewater into surface
waters, leading to improved environmental and public health outcomes. The percentage distribution
of the investment cost for wastewater treatment and reclaimed water process infrastructure can vary
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depending on a number of factors, such as the type and size of the facility, the technology used, the
geographic location and local regulatory conditions.

In the case of an STP, construction costs can represent ~70-80% of the total investment cost. Within
construction costs, the cost of treatment equipment (e.g. biological and chemical treatment technology)
and construction costs (e.g. installation of piping, construction of settling tanks and digesters) are
the two major components (EPA, 2016). The remaining costs include the cost of land acquisition,
engineering, design, licensing and permitting costs and administration and supervision costs. In the
case of reclaimed water processing infrastructure, the cost of treatment equipment can represent the
majority of the total investment cost. Advanced water treatment technology, such as reverse osmosis and
membrane filtration, can be expensive to install and operate. Other costs include the cost of constructing
and maintaining pipelines, storage tanks, pumping stations and other equipment associated with the
distribution of reclaimed water. There are also costs associated with the management and oversight of
the reclaimed water programme, including quality monitoring and regulatory compliance.

Another aspect to be taken into account with regards to investment costs is the useful life of the
assets that make up these infrastructures in order to establish their depreciation. It should be borne in
mind that the expected life of the different assets (infrastructures, electromechanical equipment and
piping) may be defined by operational variables such as operating hours, or fixed variables such as the
age of the element. However, there are references that allow these maximum useful life parameters to
be established approximately.

A period of 30 years is considered appropriate for civil works and the rest of the first establishment
costs, as although it may be necessary to remodel some equipment beforehand, the civil works are
perfectly usable for a new installation. Shorter periods are established for the rest of the equipment,
and in many cases not because they will continue to operate with good performance at the end of this
period, but because of technical obsolescence, given that technical progress may make it advisable to
replace them with others that are more efficient or better adapted to the real needs of the installation.
With these criteria, the most frequently adopted periods are:

+  Mechanical equipment: 12 years

+ Membranes: 8 years

+ Electrical equipment: 15 years

- Instrumentation and control: 12 years
- Piping: 15 years

The investment required to build any STP depends very much on its size. The specific investment
(investment required for each m3/day of production) decreases as the size of the plant increases,
which means that the scale factor plays an important role in the investment. In addition to the scale
factor, other aspects such as the quality of the influent and effluent plays an important role, which
will determine the type of treatment required. The investment costs of a wastewater treatment
system have been studied by numerous authors, many of whom, through the development of cost
functions, provide a model to estimate the investment costs for different types of treatment. These
authors include the work of Friedler and Pisanty (2006) who establishes a cost function for secondary
treatment and advanced secondary treatment with nitrification or Singhirunnusorn and Stenstrom
(2010) who develops cost functions for four types of technologies: activated sludge, oxidation tank,
aerated lagoons and oxidation ponds. On the contrary, Tsagarakis et al. (2003) focus on the analysis
of the investment, operation and maintenance costs of different secondary treatments whose main
difference is aeration. They conclude that activated sludge treatments can be the most economical
above a certain size. On the contrary, Rodriguez-Miranda et al. (2015) estimates the investment
costs of wastewater treatment by differentiating between investment costs associated with primary
treatment and secondary treatment.

With respect to anaerobic wastewater treatment, one of the most used types of treatment is
anaerobic sludge blanket reactors. Sludge blanket reactors are a type of anaerobic treatment in which
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wastewater is passed through a floating ‘blanket’ of suspended sludge particles. As the anaerobes
in the sludge digest the organic components of the wastewater, they multiply and accumulate into
larger granules that settle at the bottom of the reactor tank and can be recycled for future cycles.
The treated effluent flows up and out of the unit. Biogas resulting from the degradation process is
collected through collection hoods throughout the treatment cycle. With respect to investment costs,
Tchobanoglus et al. (2003), based on a sample of infrastructures with similar characteristics, suggest
the following cost function:

IC =Qq x 35,877 xZ % (11.1)

where IC is the investment cost (€), Q4 is the design flow rate and Z is the equivalent inhabitants
(design).

In this sense, it is important to point out the influence of economies of scale on investment
costs, so that a larger infrastructure would imply a lower unit cost according to the design flow
rate (Figure 11.3). These results coincide with studies by other authors relating investment and
operating costs to economies of scale in the wastewater treatment sector (Hernandez-Chover et al.,
2018).

11.4.2.2 Operational expenditures

In the urban water cycle sector, a large number of equipment and infrastructures are necessary to
carry out the process, in this sense, operation and maintenance (O&M) costs may exceed the initial
investment costs. The initial investment in a project can be significant, but it is often only a fraction
of the total costs that must be considered over the entire life cycle of the project. O&M costs can
include expenses such as energy required to operate the project, equipment replacement and repair,
labour costs and material costs. It is important to take these costs into account when assessing the
feasibility and profitability of a project. An effective approach to minimize O&M costs is to carefully
plan and design the project from the outset, with the goal of minimizing maintenance and operational
requirements and maximizing energy efficiency. In addition, implementing preventive and predictive
maintenance programmes can help reduce long-term maintenance costs by detecting and addressing
issues before they become serious problems.
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Figure 11.3 Investment costs and design flow rate (€/m3) for an UASB reactor.
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Operating and maintenance costs can be divided into two main groups:

(a) Fixed costs, independent of the treatment flow (€/day), such as:

+ Operating and maintenance personnel costs

+ Electromechanical maintenance costs

+  Monitoring and control, health and safety and administrative costs
(b) Variable costs, depending on the flow treated (€/m?). These are

- Electricity costs

- Costs of chemical reagents

+ Replacement costs of membranes or other treatment elements

+ Waste management

Any analysis that aims to evaluate the operating costs associated with the wastewater treatment
process will include technical and economic aspects that may affect the process. With respect to
the technical aspects, the technology used can influence in a higher or lower pollutant collection
and consequently in the formation of costs. At the same time, there are other variables that must be
evaluated because of the influence they can have on the variation of the economic costs of the process.
In the previous section, we have observed the influence of economies of scale on the investment costs of
anaerobic treatment, so that the larger the size of the infrastructure, according to the design capacity,
the lower the costs. With respect to operating costs, Hernandez-Chover et al. (2018) confirmed that
they have a similar behaviour, that is, larger infrastructure dimensions will generate a lower unit cost
in terms of treatment (also shown in Figure 11.4).

There are other aspects that can influence the operational costs of these infrastructures: Sala-
Garrido et al. (2012) showed that WWTPs located in tourist areas are affected by seasonality and
variability of pollutant loads, which implies that these infrastructures operate at full capacity during
part of the year, generating higher operational costs and possible problems with effluent quality.

As in the previous section, an economic function is proposed to project the costs associated with
the O&M of these infrastructures:

OC =64,286 x Z 4% (11.2)

where OC is the operational cost (€) and Z is the equivalent inhabitants treated.
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Figure 11.4 Operational costs per equivalent inhabitant treated for an UASB reactor.
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The results indicate that the operational costs of this type of technology are influenced by the
presence of economies of scale, so that a greater number of treated inhabitants would reduce the
relative costs of the treatment process. In addition, it should be taken into account that higher organic
loads would generate greater amounts of resources, such as energy in the form of biogas, sludge that
can be valorized and water.

In this section, we have synthesized the economic costs associated with this type of facility,
suggesting economic functions that model the investment and operating costs of an anaerobic treatment
plant. The LCC methodology divides the costs according to their nature, so that the proposed function
would be as follows:

LCC=Cij+Cj +Coc +Cy +Ciy +Cs + Cepry +C4

where C;. =initial costs. Initial costs relate to the cost of purchasing systems, piping and all mechanical
and electrical equipment as well the cost of engineering, testing and inspection, including any spare parts
and training; C;, =installation and commissioning costs. These costs can include civil work, foundations,
connection of piping, electrical wiring and instrumentation. They also cover the cost of setting and grouting
of equipment on the foundations, provisions for flushing as well as performance evaluations at start-up.
The installation and commissioning of monitoring and control equipment is also included in this item.
Installation time can be minimized or eliminated by selecting a pre-programmed variable speed drive
that requires a minimum of configuration settings; C. =energy costs. These costs can include civil work,
foundations, connection of piping, electrical wiring and instrumentation. They also cover the cost of setting
and grouting of equipment on the foundations, provisions for flushing as well as performance evaluations
at start-up. The installation and commissioning of monitoring and control equipment is also included in
this item. Installation time can be minimized or eliminated by selecting a pre-programmed variable speed
drive that requires a minimum of configuration settings; Co =operational costs. Operational costs cover
the labour costs for normal operation of the pumping system. This includes, for example, normal wear and
tear, system supervision and keeping the station clean. Operational costs do not include costs attributable
to energy or maintenance of the treatment water system. An LCC analysis can be a good tool to see how
fast the investment in a new supervision system will pay back;

C, =maintenance and repair costs. Such costs relate directly to the total number of hours
spent on maintenance and the cost of spare parts, including planned and unplanned maintenance;
C; =downtime costs. This category relates mainly to unexpected downtime but may also be due to a
loss of production or even loss of trust from a customer. Downtime costs can be minimized by using
maintenance contracts that ensure regular service to maximize uptime and shorten response time
in the event of emergencies. Monitoring and control solutions can also create early warnings that
help to prevent downtime; Cenv =environmental costs. These include costs for dealing with spills,
environmental inspections and contaminant disposal during the lifetime of the water treatment system.
Such costs are often set by local regulatory authorities and vary from country to country. The disposal
of used parts and materials is also included. For information about what materials are used and their
effects on the environment, see the Environmental Product Declaration; Cq4 =decommissioning costs.
Decommissioning costs usually include the disposal of the water treatment system and auxiliary
services as well as restoration of the local environment. The decommissioning costs seldom vary for
similar solutions and are often excluded from an LCC calculation.

An LCC analysis can be used to determine the total cost for the system over its lifetime. When
conducting a complete analysis, it is necessary to gather and enter data for all eight categories in the
formula. An LCC analysis can also be used to examine how beneficial an investment can be, meaning
that only factors that are of relevance for the analysis need to be included. Making two analyses — one
with the investment and one without - and comparing the results will show the payback time for
the investment. When comparing different systems, the relevant data should be entered for the same
categories. The comparison of technological alternatives should include, in addition to the technical
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aspects, the resources that each technology is capable of generating. The valorization of the resources
generated can influence the reduction of the economic costs associated with both investment and
operation. Thus, technologies with higher investment or operating requirements may be more viable
options due to the resources they can generate over other alternatives.
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