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Abstract 

Sewage treatment is a process that protects water resources and human health by preventing 
the discharge of pollutants collected in sewage into aquatic environments. Conventional 
sewage treatment is energy-intensive, which translates into operation costs and carbon dioxide 
emissions. Sewage treatment is also a source of global anthropogenic methane and nitrous 
oxide emissions. In addition, conventional processes produce large amounts of sludge which 
represent environmental loads and economic costs. Considering these shortcomings, emerging 
processes have been developed to pursue environmental sustainability and economic 
efficiency.  

Recently developed processes focus on resource recovery and reducing energy consumption, 
without compromising water effluent quality. Some water resource recovery facilities (WRRF) 
have achieved energy self-sufficiency through a combination of sewage treatment processes 
and anaerobic digestion of sludge. Whilst energy self-sufficiency contributes to reducing 
environmental impacts, a holistic environmental assessment of sewage treatment is needed to 
ensure that the impacts are not shifted from one category to another. In addition, economic 
implications of plant-wide systems combining mature and emerging processes should be 
assessed to determine the funds needed to retrofit existing sewage treatment plants. An 
integrated environmental and economic analysis for a whole-plant system could provide further 
understanding on potential trade-offs and economic competitiveness of WRRF compared to 
conventional sewage treatment.  

Many life-cycle assessments (LCAs) have evaluated the environmental impacts of sewage 
treatment plants attempting resource recovery. These LCAs provide excellent insights on 
environmental performance of different processes. However, most LCAs have diverse data 
collection and processing methods for inventories of conventional and emerging processes. In 
addition, existing databases lack site-specific and regionalized data for most countries, 
resulting in LCAs with low representativeness and high uncertainty. Widespread acceptance 
and integration of emerging processes into conventional sewage treatment is more challenging 
without a benchmark to evaluate their competitive advantages or limitations.  

A novel stoichiometric life-cycle inventory (S-LCI) framework was developed to obtain site-
specific water, air and soil emissions through empirical data combined with stoichiometry and 
thermodynamics. In addition, the S-LCI provides a benchmark for data collection and 
processing of energy, chemicals, and materials involved in sewage treatment. The S-LCI helps 
to reduce uncertainty in LCA studies by enhanced specificity, regionalization, and 
standardization of data. The features of the S-LCI for environmental assessment were extended 
to evaluate economic implications of different systems which resulted in more precise costs 
estimations.  

Environmental and economic evaluations of different sewage-derived energy systems 
identified that a hypothetical system consisting of chemically enhanced primary treatment, 
partial nitritation/anammox fluidized-bed membrane bioreactor (PN/AFMBR) and anaerobic 
digestion for energy recovery is more eco-efficient than conventional sewage treatment. 

Integration of the S-LCI into LCA resulted in site-specific environmental and economic 
assessments of sewage treatment for effective policy decision-making with reduced uncertainty 
and further understanding of their trade-offs. Future research should focus on cheaper materials 
for the construction of the PN/AFMBR to reduce capital costs. Further development of 
stoichiometric equations, integration of heavy metals implications, and dynamic analysis into 
S-LCI would enable database expansion.   
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1. Introduction 

The global population continues to grow year after year in a world with finite resources. The 

expansion of densely populated urban centers especially generates challenges. The United 

Nations has identified the critical problems of today’s society and has proposed 17 sustainable 

development goals (SDGs) for the prosperity of our world (UN, 2015). About 30% and 92% 

of the total sewage generated respectively in high- and low-income countries is released into 

the environment without any treatment (WWAP, 2017). In addition, sewage treatment is 

expected to be the fifth- and sixth- largest source of global anthropogenic methane (CH4) and 

nitrous oxide (N2O) emissions by 2030 (EPA, 2012). Efforts in improving sewage treatment 

has the potential to contribute to several of the SDGs, namely #6: “Clean water and sanitation”, 

#7: “Affordable and clean energy”, #13: “Climate action”, and #14: “Life below water”. 

Construction of modern sewage treatment plants (STPs) formally began in the twentieth 

century (Sedlak, 2014). At that time, the main purposes of STPs were eliminating oxygen 

depletion in water bodies, mitigating waterborne disease, and reducing sewage odors. Stricter 

discharge regulations, grants, and loans contributed to important developments in primary and 

secondary treatment processes (Sedlak, 2014). Activated sludge, developed by Gilbert Fowler 

and his students (Edwin Ardern and W. T. Lockett) in 1913, is still the most widely applied 

secondary treatment in STP (Sedlak, 2014). Activated sludge consists of adding oxygen into 

sludge to feed organic oxidizing bacteria which then form bulky colonies that settle in a clarifier 

(Rittmann and McCarty, 2001). Biological nitrogen removal (BNR) might also occur in 

activated sludge when excess oxygen is utilized by nitrifying bacteria to convert ammonium 

(NH4
+) into nitrate (NO3

-) during nitrification (Rittmann and McCarty, 2001). Subsequently, 

NO3
- can be removed by denitrifying bacteria to obtain nitrogen gas during denitrification 

(Rittmann and McCarty, 2001).  
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Oxygen addition through aeration for activated sludge consumes a considerable amount of 

electricity, thus increasing operational costs and greenhouse gases (GHG) emissions. Up to 

65% of the total energy consumption in an STP is used for aeration (Fernández et al., 2011). 

Aerobic bacteria have a high growth rate which translates into high sludge production and costs 

for handling and transportation, and direct pollutant emissions in soil. In addition, studies of 

nitrification/denitrification (N/D) process have measured direct N2O gas emissions within a 

range of below 1% to 35% per total nitrogen removed. Some studies found low N2O emissions 

from N/D processes for medium-to-low carbon municipal sewage ranging from below 1% to 

about 6% N2O emissions per total nitrogen removed (Foley and Lant, 2008; Wang et al., 2016a). 

However, Ge et al. (2017) measured 7% to 35% N2O emissions per nitrogen removed under 

different carbon-to-nitrogen (C/N) ratios (from 1 to 4).  

In developed countries, reducing net energy consumption for sewage treatment has become a 

concurrent goal to removing harmful compounds for water effluent discharge (Pretel et al., 

2015). To achieve both goals, sewage must no longer be perceived as a waste source but instead 

as a potential source of chemical energy, nutrients, valuable chemicals, and reclaimed water. 

The design of conventional STP has been shifting in purpose to pursue resource recovery, 

which might translate into reduced energy consumption and thus reduced environmental 

impacts and operation costs. Empirical studies identified that the chemical energy in raw 

sewage ranges between 1.75 and 3.14 kWh/m3 (Horstmeyer et al., 2018; Shizas and Bagley, 

2004), whereas the unit energy consumption of municipal STP with nutrient removal varies 

between 0.39 and 3.74 kWh/m3 (Gu et al., 2017), thus energy self-sufficient sewage treatment 

is potentially achievable. In practice, Wolfgangsee-Ischl wastewater treatment plant (WWTP) 

in Austria, and Point Loma WWTP in the United States (US) achieve energy self-sufficiency 

based solely on the influent wastewater. Strass WWTP in Austria; Gloversville-Johnstown 

Joint, Sheboygan Regional, Greshman, and East Bay Municipal Utility District WWTPs in the 
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US; and Zürich Werdhölzli WWTP in Switzerland, leverage the chemical energy of other 

substrates (e.g. fats, oils, and grease) for co-digestion with sludge to achieve energy self-

sufficiency (Shen et al., 2015). 

Given that a consensus on the precise definition of a water resource recovery facility (WRRF) 

has not been agreed upon, energy self-sufficient STPs are categorized as WRRFs in this thesis. 

Energy recovery through anaerobic digestion (AD) of sludge by biogas combustion combined 

with low energy consumption processes enable existing WRRFs to achieve energy self-

sufficiency (Gu et al., 2017; Jenicek et al., 2013; Nowak et al., 2015; Shen et al., 2015). The 

main components of the biogas generated in AD are carbon dioxide (CO2) and CH4. The need 

for lower energy consumption and better water effluent quality has led to the development of 

sewage treatment processes that attend to an array of environmental areas of concern.  

Some of these emerging processes are more efficient at removing pollutants from sewage—

within a certain range of organics and nitrogen concentrations—than others (Cogert et al., 

2019). Usually, low C/N ratios are found in medium-to- low carbon municipal sewage. Partial 

nitritation (Pn) and anaerobic ammonium oxidation (anammox) (PN/A), shortcut 

nitritation/denitritation, and simultaneous nitrification/denitrification, are emerging biological 

processes working at low C/N ratios (Gao et al., 2014; McCarty, 2018; Smith et al., 2014; Wan 

et al., 2016) of 3, 7, and 11, respectively (Guven et al., 2019; Sun et al., 2010). Among them, 

PN/A has the lowest oxygen requirements and sludge yield, with potentially lower associated 

electricity consumption and operation costs (Jetten et al., 1997; Mulder et al., 1995; Soliman 

and Eldyasti, 2018; Strous et al., 1998; van de Graaf et al., 1996). 

High-quality water effluents obtained in some emerging processes might reduce the 

eutrophication and ecotoxicity impacts generated from direct pollutant emissions at the expense 

of high electricity consumption and thus operation costs (Corominas et al., 2013; O’Connor et 
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al., 2014a; Remy et al., 2014a; Wang et al., 2015; Zang et al., 2015). Electricity consumption 

has been associated with environmental impacts such as climate change, freshwater 

eutrophication, ecotoxicity, human toxicity, and terrestrial acidification (Pretel et al., 2015; 

Smith et al., 2014). Conversely, some studies have linked low electricity consumption to low-

quality water effluent that increases direct water and air pollutant emissions (Lorenzo-Toja et 

al., 2015; Remy et al., 2014b; Rodriguez-Garcia et al., 2014; Wang et al., 2009). These 

relationships and trade-offs have led to questioning whether the construction of energy self-

sufficient WRRFs is enough to achieve environmentally sustainable and economically efficient 

sewage treatment. Thus far, most research on low C/N ratio emerging processes has provided 

insights into only one or two of their individual environmental, technical, or economic 

performances (Cogert et al., 2019; Huang et al., 2020; Lin et al., 2016; Ma et al., 2019; Pretel 

et al., 2015; Smith et al., 2014; Solon et al., 2019; Wang et al., 2016b; Zhao et al., 2018). 

Accordingly, what remains is for the environmental and economic merits of emerging 

processes to be assessed in a plant-wide configuration and in an integrated manner. Existing 

evaluations that compare emerging processes to conventional sewage treatment have applied a 

variety of assessment tools, resulting in divergent analyses without a standardized benchmark. 

The environmental impacts of sewage treatment have usually been evaluated through life cycle 

assessments (LCAs) (Byrne et al., 2017; Corominas et al., 2013a; Loubet et al., 2014; Zang et 

al., 2015). However, different studies have collected primary data and estimated life cycle 

inventories (LCIs) with different approaches, thus complicating comparisons between 

emerging processes and conventional treatments. Foreground information for LCIs might be 

collected from reports, measuring campaigns, and models, which are costly and time 

consuming. In particular, existing biological models require detailed kinetic breakdowns that 

might not be available for emerging processes. Background information is usually collected 

from literature and databases that might not be specific to the place of study. Even sewage 
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treatment data from Ecoinvent, which has the most comprehensive coverage for background 

information, is limited to values from Switzerland and a global average for the rest of the 

countries, thus the results may not be properly regionalized to the area of study (Ecoinvent, 

2015).  

The goal of this thesis is to provide not only a roadmap for environmentally friendly municipal 

sewage treatment through a standardized framework, but also a comparative analysis of the 

economic competitiveness of recently developed processes and conventional STP. Performing 

integrated environmental and economic plant-wide analyses while emerging processes are still 

under development could provide valuable insights on potential trade-offs and research 

priorities before full-scale implementation. 

The general objectives of this thesis are to: 

 Develop a life cycle inventory framework with enhanced standardization and 

specificity capable of assessing plant-wide sewage treatment processes. 

 Investigate environmental implications of mature primary treatments and emerging low 

C/N ratio secondary biological treatments through site-specific LCA.  

 Understand environmental and economic trade-offs of hypothetical WRRFs and STPs 

for effective policy decision-making. 

These objectives were met through the development of a novel stoichiometric life-cycle 

inventory (S-LCI) for the environmental assessment of sewage treatment systems. The novelty 

of the S-LCI lies in its hybrid approach aiming to utilize the least number of experimental and 

primary data combined with theoretical stoichiometry and thermodynamics to obtain the 

highest number of site-specific foreground information. S-LCI’s core contributions help 

improve the current LCI methodology by enhancing standardization, specificity, and 
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regionalization. S-LCI facilitates site-specific environmental and economic evaluations. 

Furthermore, S-LCI has the potential for database expansion. 

S-LCI enables standardization by providing a determined 41-item checklist for data collection 

of conventional sewage treatment, and an Excel-based spreadsheet for foreground information 

processing with background information. Foreground information is calculated from 

biochemical pathways derived from elemental analyses and developed through standardized 

thermodynamic and stoichiometric principles.  

S-LCI specificity and regionalization are achieved by integrating the results of the elemental 

analysis into stoichiometric calculations with data collected from a 41-item checklist to 

estimate site-specific water pollutants emissions, sludge and biogas production, electricity and 

heat production, transportation required, slag and residue disposed to landfill, and direct GHG 

emissions, as illustrated in Figure 1. In addition, data collected in the checklist enables site-

specific estimation of energy, materials, and fuel consumption. Furthermore, S-LCI contributes 

to existing databases with Asian regionalization through large primary data collected from 

experiments involving sewage and sludge samples; quantification of 560 blueprints from the 

construction of a conventional STP in Hong Kong; operation of laboratory- and pilot-scale 

reactors; an extensive literature review; and direct communications with the authority in charge 

of sewage treatment in Hong Kong. 

Integration of the S-LCI into a life-cycle framework results in site-specific LCA and life-cycle 

cost (LCC) of conventional and emerging processes. Site-specific data estimated in the S-LCI 

(e.g. electricity, heat, pollutant emissions, and materials for infrastructure) integrated into an 

LCA framework enables the estimation of regionalized (e.g. eutrophication, ecotoxicity, 

acidification) and global (e.g. climate change) environmental impacts with reduced uncertainty. 

Capital and operation and maintenance (O&M) costs are estimated with enhanced specificity 

by using the S-LCI framework (Figure 1). Site-specific sludge production reflects in O&M 
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costs of transportation, incineration, and landfill. Site-specific biogas prediction represents the 

economic benefits of energy recovery on-site. Data collected in the 41-item checklist enables 

the estimation of O&M costs of electricity and chemical consumption, and capital costs from 

the material in the infrastructure. 

S-LCI has the potential for database expansion by replacing the generic values in databases for 

site-specific values of electricity, heat, pollutant emissions, and materials for infrastructure. In 

addition, stoichiometric calculations and a substantial amount of biological data have been 

provided for emerging processes (i.e. anaerobic fluidized bioreactor, and partial 

nitritation/anammox fluidized-bed membrane bioreactor) for database expansion through new 

unit processes. 

 

Figure 1. Stoichiometric life-cycle inventory (S-LCI) framework contributions to improve specificity and 
standardization of life-cycle environmental and economic assessments.  

Notes: COD: chemical oxygen demand; BOD5: biological oxygen demand, TOC: total organic carbon; DOC: 
dissolved organic carbon; LCIA: life-cycle impact assessment. 
 
The main contributions of this thesis are (i) the improvement of certainty and 

representativeness of LCA results by using stoichiometry and thermodynamics to obtain site-
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specific life-cycle inventories for sewage treatment systems, and (ii) the enhancement of 

science-driven policy-making in the sewage treatment field.  

Chapter 2 mainly focuses on the development of the general S-LCI framework. A 41-item 

checklist for data collection of conventional STPs is presented. Detailed calculations for 

infrastructure are developed for a conventional STP regionalized to Asia. Foreground 

information was calculated through overall stoichiometric reactions of conventional (i.e. 

organic oxidation, nitrification, denitrification, and methanogenesis) and emerging (i.e. partial 

nitritation and anammox) processes, which yielded standardized inventories with enhanced 

specificity. The results of the mass balance derived from the biochemical equations were 

compared to a plant-specific LCI, which included data gathered through conventional data 

collection and processing methods for an STP in a developed city. Even in a developed city, 

most data collection for the plant-specific LCI was time consuming. Furthermore, some data 

(i.e. heat recovery from internal combustion engines and GHG emissions) specific to the plant 

could not be gathered from any source. The mean percentage error (MPE) between the S-LCI 

estimations and the plant-specific LCI in terms of water quality, sludge and biogas production, 

and electricity generation ranged from 0% to16%, 4% to 16%, and 11% to 19%, respectively.   

In Chapter 3, the integration of the S-LCI framework for the study of environmental 

implications with a site-specific LCA was demonstrated. Environmental trade-offs of up-

concentration of organics, low C/N ratio emerging biological treatments, and conventional STP 

were determined using the S-LCI framework with a focus on energy self-sufficiency. A plant-

wide scenario consisting of chemically enhanced primary treatment (CEPT) with AD of sludge 

achieved energy self-sufficiency with overall environmental impacts reduction, except for 

marine eutrophication, compared to conventional treatment. High values in marine 

eutrophication translated into opposing endpoint results for different impact assessment 

methodologies (IAMs). A plant-wide scenario consisting of CEPT followed by a staged 
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anaerobic fluidized-bed membrane bioreactor (SAF-MBR) and AD of sludge was not energy 

self-sufficient but presented consistent environmental impacts reduction across all impact 

categories and different endpoint IAMs. Based on these environmental trade-offs of different 

plant-wide scenarios, two tailor-made policies and tree general policies were recommended to 

decision-makers in a developed city. The main policy recommendation demands that energy 

self-sufficient WRRFs must be evaluated through site-specific LCA to avoid shifts in 

environmental impacts.  

Chapter 4 highlights the importance of integrated environmental and economic analysis for 

well-informed comparisons of emerging processes to conventional STP. Environmental 

impacts were assessed for different plant-wide scenarios using the S-LCI framework integrated 

into LCA as explained in Chapter 3. Economic analysis was based on LCC including costs and 

benefits of the scenarios. Data collected from the S-LCI was utilized to estimate capital costs, 

net O&M costs, and transportation costs. The results showed that a hypothetical energy-

positive WRRF consisting of CEPT followed by partial nitritation/anammox fluidized-bed 

membrane bioreactors (PN/AFMBRs), with AD of sludge for energy production demonstrated 

would reduce environmental impacts by 56% and costs by 35% compared to conventional STP. 

In addition, an investment of about 700 M USD to include AD in an existing CEPT plant is 

recommended now to decrease environmental impacts by 22% and O&M costs by 11%, yet 

the installation of PN/AFMBRs should be delayed till its construction becomes cheaper. 

Finally, Chapter 5 details the theoretical and practical contributions of this thesis. S-LCI 

contributes to reducing uncertainty through standardization and site-specificity. However, its 

steady-state approach, the lack of heavy metal calculations, and the lack of data from full-scale 

installations for emerging processes represent other sources of uncertainty. Future works will 

focus on improving the steady-state approach through virtual experimental platforms to include 

dynamic influent characterization.  
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2. A Standardized Stoichiometric Life-cycle Inventory for Enhanced 

Specificity in Environmental Assessment of Sewage Treatment  

2.1. Introduction 

In 2012, sewage treatment was the eighth-largest anthropogenic source of CH4 emissions (12.8 

million metric tons of CO2-equivalent) in the US (Shen et al., 2015). Some countries have focused 

on developing more-holistic sewage treatment processes, so called emerging processes, to save 

energy and reduce GHG emissions. The pursuit of environmentally friendly sewage treatment 

processes requires assessments of the trade-offs between the level of sewage treatment, sludge 

production, and energy-related emissions (Corominas et al., 2013a; Teodosiu et al., 2016; 

Wang et al., 2015). However, the application of diverse assessment tools for comparison has 

complicated the decision-making process for their implementation.  

LCA is the most commonly used tool to account for environmental impacts in the sewage 

treatment field (Byrne et al., 2017; Corominas et al., 2013a). As defined by the International 

Standards Organization 14000 series, an LCA is a methodology for evaluating or comparing 

the potential environmental impacts of a product, service, or activity throughout its life cycle 

(ISO, 2006). LCA comprises of four main steps: (a) goal and scope; (b) LCI; (c) life-cycle 

impact assessment (LCIA), and (d) interpretation. Previous studies have identified several areas 

in which the LCA methodology could be improved (Bai et al., 2017; Corominas et al., 2013a; 

Loubet et al., 2014; Teodosiu et al., 2016; Zang et al., 2015). In particular, challenges in LCI 

include data requirements, inventory coverage levels, site-specificity, regionalization, and 

uncertainty. 

Data requirements, standardization, and quality have been identified as important factors to 

decrease bias and uncertainty; and, to increase representativeness (Hernández-Padilla et al., 

2017; Jeong et al., 2015; Lorenzo-Toja et al., 2016; Niero et al., 2014; Opher and Friedler, 

2016; Petit-Box et al., 2015; Vera et al., 2015; Wang et al., 2012; Xu et al., 2014; Yoshida et 
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al., 2014), as explained in detail in Table S1. Many authors have faced difficulties in collecting 

reliable data, because it was unavailable, expensive or time-consuming (Bravo and Ferrer, 

2011; Chiu et al., 2016; Colón et al., 2012; Corominas et al., 2013b; Jeong et al., 2015; 

Lorenzo-Toja et al., 2015; Mcnamara et al., 2016; O’Connor et al., 2014b; Opher and Friedler, 

2016; Petit-Boix et al., 2015; Rodriguez-Garcia et al., 2014; Slagstad and Brattebø, 2014; 

Svanström et al., 2014; Xu et al., 2014; Yoshida et al., 2014). Current methodologies for data 

collection include measuring campaigns (i.e., GHG emissions), literature, government reports, 

databases, modeling, and simulations (Colón et al., 2012; Hauck et al., 2016; Masuda et al., 

2015; Rodríguez et al., 2016; Rodriguez-Garcia et al., 2014; Schaubroeck et al., 2015). 

Regarding modeling and simulation, some literature can be found on plant-wide biological 

models applied to conventional systems: for example, the Benchmark Simulation Model series 

including activated sludge model No. 1 and anaerobic digestion model no. 1 (Alex et al., 1999; 

Gernaey et al., 2014; Jeppsson et al., 2006; Spanjers et al., 1998), BioWin (Bisinella de Faria 

et al., 2015; Envirosim, 2019; Rahman et al., 2016), WEST® (DHI, 2019; Hadjimichael et al., 

2016), Mantis series from GPS-X (Hydromantis, 2019; Lin et al., 2016; Ontiveros and 

Campanella, 2013; Smith et al., 2014), design and simulation of activated sludge systems 

(Ferrer et al., 2008; Pretel et al., 2016a), decision support system (Garrido-Baserba et al., 2014; 

Novedar, 2019), and dynamic supply chain system model (O’Connor et al., 2013). In addition, 

there are biological models that have been integrated to LCA (Bisinella de Faria et al., 2015). 

These models are excellent for research purposes, but their application in an environmental 

assessment is limited because their purpose differs from the LCA approach. In general, these 

models involve high-level data requirements; focus on conventional treatments thus neglecting 

emerging technologies; lack the integration of energy generation, material inputs, and/or GHG 

implications; and/or their design is not focused on obtaining functional units for LCA. Detailed 

explanations of these models are given in Table S2.  
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The need for site-specificity and regionalization has been identified by several authors as listed 

in Table S1 (Gianico et al., 2015; Jeong et al., 2015; Li et al., 2013; Niero et al., 2014; 

Svanström et al., 2014; Yoshida et al., 2014). Site-specific and regionalized data enables 

understanding of the regional environmental impacts and trade-offs between different 

environmental indicators (Bai et al., 2017; Heimersson et al., 2014); increases relevance, 

precision, discriminating power, and representativeness (Corominas et al., 2013a; Fang et al., 

2016; Hernández-Padilla et al., 2017; Opher and Friedler, 2016; Vera et al., 2015); and helps 

to reduce uncertainty in the nutrient enrichment-related and ecotoxicity categories (Byrne et 

al., 2017; Cornejo et al., 2016; Corominas et al., 2013b; Hernández-Padilla et al., 2017; Opher 

and Friedler, 2016; Wang et al., 2015). The available databases such as Ecoinvent, the US Life 

Cycle Inventory, and the Swiss Input/output contain comprehensive LCI data which represent 

the situation in Europe, North America, or Japan. The sewage treatment inventory templates in 

the Ecoinvent database consists of just information on Switzerland and the rest of the world 

(RoW) based on a global average (Ecoinvent, 2015). Thus, any other country using the 

databases without site-specific or regionalized data might generate results with high 

uncertainty.  

Even though the lack of a systematic approach for data collection, site-specificity, and 

regionalization have been recognized in several studies, only a few studies have been solely 

dedicated to tackling these issues. In terms of data collection, some efforts have been made to 

provide transfer coefficients for municipal conventional WWTP (Doka, 2003a) and sewage 

treatment from the chemical industry (Köhler et al., 2007). However, recently developed 

processes were not included, and sludge management and GHG emissions (except CO2) were 

excluded from the system boundaries. Regarding standardization, efforts have focused on the 

development of a primary data collection scheme (Yoshida et al., 2014) and data requirement 

reduction through sub-process elimination to decrease parameter uncertainty (Opher and 
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Friedler, 2016). Yet no further analysis for predicting inventory was included, and a potential 

for increased scenario uncertainty remains. Concerning regionalization, Hernández-Padilla et 

al. (2017) not only identified that regionalization can be achieved through the inventory and 

the characterization factors but also proposed a systematic approach for regionalization based 

solely on data collection. Bai et al. (2017) developed China-specific characterization factors, 

while Lehtoranta et al. (2014) included Finland-specific characterization factors. Furthermore, 

Lorenzo-Toja et al. (2016) carried out on-site measurements in two different climatic regions 

to provide regional emission factors as a benchmark for Spain. 

This chapter focuses on methodological development of the LCI with standardization of data 

collection and processing, and regionalization through site-specific data. The stoichiometric 

LCI (S-LCI) is a framework designed to integrate the elemental analysis from any type of 

sewage sample using the stoichiometric calculations for constructing the foreground LCI 

information. In the present chapter, the S-LCI is compared with data from (i) a conventional 

STW in Hong Kong, and (ii) a sewage-derived energy system (SES) that includes recently 

developed processes. The main features of S-LCI are (i) its enhanced standardization of 

primary data requirements and processing through a determined checklist and an Excel-based 

spreadsheet, (ii) its increased specificity through the fixed checklist, S-LCI recommendations, 

and a laboratory test—elemental analysis—for sample composition, and (iii) its potential for 

database expansion. 

2.2. Materials and methods 

The S-LCI is integrated into the second step of LCA, namely the LCI (Figure 2). The S-LCI 

comprises of three main parts, namely data collection, calculations, and results. The data 

collection includes the elemental analysis of the samples, primary data, and STW energy 

requirements. The calculations include the STW configurations and the stoichiometric 

calculations. The results of the elemental analysis are used to construct a specific empirical 
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formula for microbial cells. The stoichiometric calculations are developed based on the 

Thermodynamic Electron Equivalents Model (TEEM) (Rittmann and McCarty, 2001). The 

TEEM is complemented with the primary data (i.e., flows, concentrations, removal 

efficiencies) and energy requirements to construct whole-plant process inventories including 

the system inputs and outputs. The results of the calculations are converted to the LCA 

functional unit of “1 m3 of sewage treated”. 

 

Figure 2. Framework of stoichiometric life-cycle inventory (S-LCI). 

2.2.1. Data collection 

2.2.1.1. Elemental analysis  

The sewage and sludge sample collection process followed the APHA-1060B procedure for 

grab samples (Baird et al., 2017). The sample preparation followed the APHA-2540G 

procedure for total solids (TS) (Baird et al., 2017). The samples were then pulverized as 

determined by ASTM-D2013 (ASTM-D2013, 2012), while the CHNS elemental analysis 

according to ASTM-D5373 to obtain the weight percentage of each element (ASTM-D5373, 

2016). Oxygen was calculated by subtraction, and the ash was obtained according to ASTM-

D3174 (ASTM-D3174, 2012). 
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2.2.1.2. Primary data 

In the S-LCI, the primary data was collected from (i) the authority in charge of sewage 

treatment and (ii) the results of the experiments on CEPT sewage and sludge. A 41-item 

checklist of the collected primary data for a conventional STW is provided in Table 1, which 

can be used as a reference for future studies. In the present chapter, the primary data collected 

included the blueprints of a conventional STW and a literature review that focused on the 

materials used for the construction of recently developed technologies that could serve as a 

template for future studies. 

The experimental results on CEPT sewage and sludge can be used as default values in future 

work. The sample collection and TS test were performed as described for the elemental 

analysis. The total suspended solids (TSS) test followed the APHA-2540D procedure, while 

the volatile solids (VS) test was performed based on the APHA-2540G procedure (Baird et al., 

2017).  

Table 1. Data collection checklist for a conventional STW 

Concept Value* 

Flows of interest (m3/d)  
      1- After degritting 
      2- Primary sludge 
      3- Recirculation sludge 
      4- Surplus activated sludge 
      5- Thickened sludge 
      6- Digested sludge 

 
230,150.00 
1,598.00 

394,117.00 
2,505.00 

96.00 
1,205.00 

Compounds concentrations (mg/L) 
   Water stream: 
      - Chemical Oxygen Demand (COD) 
            7- After degritting 
            8- Primary clarifier effluent 
      -Ammonium (NH4

+)  
            9- Primary clarifier effluent 
            10- Second clarifier effluent  
      -Total Kjeldahl Nitrogen (TKN) 
           11- Second clarifier effluent 
   Solids stream (g/L): 
      -Total solids (TS) 
           12- After degritting 
      - Volatile solids (VS) 
            13- After degritting 
            14- Primary sludge  
            15- Thickened sludge 

 
 
 

310.00 
230.00 

 
31.00 
2.60 

 
3.00 

 
 

0.27 
 

0.05 
10.81 
80.01 
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Removal efficiencies (%) 
   Water stream: 
      16- Biological treatment COD removal 

 
 

73.56 
Solids retention times (d) 
      17- Activated sludge 
      18- Anaerobic digestion 

 
15.00 
10.00 

Anaerobic digestion 
      19- Digested sludge TS (% of dry solids) 
      20- Digested sludge VS (% of TS) 
      21- VS destruction (%) 
      22- Reactor capacity (m3) 
      23- Operating reactors (units) 
      24- Existing reactors (units) 
      25- Operation temperature (°C) 
      26- Polymer consumption (m3/d) 

 
2.90 

48.00 
44.80 

3,400.00 
5.00 

14.00 
35.00 
11.97 

Sludge dewatering 
      27- Dry solids after dewatering (%) 

 
31.00 

Biogas 
      28- Biogas flow to combined heat and power engine (%) 
      29- Biogas flow to dual fuel engines (%) 

 
80.00 
20.00 

Energy requirements 
      30- Total annual electricity consumption (GWh/y) 
      31- Sludge treatment electricity consumption 
      32- Surplus activated sludge thickening electricity consumption 
      33- Digester heating 
      34- Sludge dewatering 
      35- Number of heat and power units (units) 
      - Combined heat and power 
            36- Electricity conversion efficiency (%) 
            37- Heat conversion efficiency (%) 
      - Dual fuel engine 
            38- Electricity conversion efficiency (%) 
            39- Heat conversion efficiency (%) 

 
36.40 
10.46 
3.45 
2.76 
4.25 
2.00 

 
42.00 
38.00 

 
34.00 
28.00 

Transportation (km) 
      40- Distance from STW to incineration facility 
      41- Distance from incineration facility to landfill 

 
45.00 
1.10 

Notes: * Primary data collected from Shatin STW provided by the Drainage Services Department for the 
stoichiometric life-cycle inventory (DSD, 2015). GWh/y means gigawatt hours per year which is equivalent to 
M kWh/y (million kilowatt-hours per year). 

 

2.2.1.3. Energy requirements 

The data collected for the energy requirements were from the authority in charge of the sewage 

treatment in Hong Kong, which was complemented with literature review as presented in Table 

1. 

2.2.2. Stoichiometric and kinetic calculations  

The percentage of each organic element (C, H, O, and N) present in a sewage sample was 

obtained from the results of the elemental analysis. Rittmann and McCarty (2001) introduced 
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the equations for the empirical microbial cells formulas CnHaObNc, where n, a, b, and c are the 

mass distributions of the four elements in a sample. These empirical formulas were used as part 

of the custom organic half-reactions for TEEM. As Rittmann and McCarty (2001) state: “The 

overall biochemical equation (Eq. (1)) uses the half-reactions of the electron donor (Rd), the 

electron acceptor (Ra), and the carbon or nitrogen source for biomass synthesis (Rc): 

𝑅 = 𝑓 𝑅 +  𝑓 𝑅 − 𝑅  ,                                                      (Eq.1) 

where R is the general equation for microbial synthesis and growth on an electron-equivalent 

basis, fe is the electron portion for energy generation considering net yield, Ra is the electron-

acceptor equation, fs is the electron portion used for cell synthesis considering net yield, Rc is 

the cell synthesis equation, and Rd is the electron-donor equation. The fractions of electrons 

used for energy generation (fe) and synthesis (fs) must equal 1.0. Assuming a steady-state 

process, fs can be estimated from Eq. (2): 

 𝑓 = 𝑓
( )

 ,                                                         (Eq.2) 

where fs
0 is the portion of energy used for cell synthesis, fd is the fraction of the active biomass, 

that is, biodegradable, b is the endogenous decay rate, and θx is the solids retention time.” 

The overall biochemical equations were built for conventional biological treatments, such as 

organic oxidation, nitrification, denitrification, and methanogenesis, and for the SES that 

included partial nitritation (Pn) and anammox. Pn and anammox were selected because a recent 

study focusing on nitrogen removal identified that mainstream anaerobic treatment followed 

by Pn and anammox, and AD for treating solids were the most environmentally friendly options 

compared to conventional N/D processes (McCarty, 2018). In the SES, mainstream anaerobic 

treatment was assumed to occur in an anaerobic fluidized bioreactor (AFBR) as the first-stage 

of a SAF-MBR (Yoo et al., 2012), followed by the second-stage where Pn and anammox were 

expected to work simultaneously in a PN/AFMBR. Activated sludge treatment included 

organic oxidation (Eq. (3)) and proportional nitrification/denitrification (Eq. (9)). AD was 
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based on methanogenesis (Eq. (10)). SAF-MBR included proportional partial 

nitritation/anammox (Eq. (16)) and methanogenesis processes. Table 2 contains the overall 

biochemical equations for the conventional and SES treatments. 

Table 2. Overall reactions to conventional and sewage-derived energy system treatments 

Process Overall reaction (R) 

Organic oxidation  

 

(Eq.3)                                                                    

Nitrification  

           
(Eq.4) 

Denitrification  

 

                                                                

 

(Eq.5) 

Proportional Nitrification/ 
Denitrification  

Step 1: Normalization to one mole of NH4
+ 

                                                                

(Eq.6) 

Step 2: Determine the proportional factor for NO3
−  

                                                                                                                    

(Eq.7) 

 

Step 3: Include the proportional factor in the denitrification process 

(Eq.8)                                                                                 

Step 4: Summation of nitrification and denitrification, and normalize to one mole of NH4
+ 

                                                            
(Eq.9) 

Anaerobic digestion (as 
developed by Rittmann 
and McCarty, 2001) 

 

 

       

(Eq.10)   
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Partial nitritation    

                                                                       

(Eq.11) 

Anammox   

                                              

(Eq.12) 

Proportional partial 
nitritation/anammox 

 

   Step 1: Normalization to one mole of NH4
+ 

 

   

(Eq.13) 

Step 2: Determine the proportional factor for NO2
−  

                                                                                                             
(Eq.14) 

 

 

 Step 3: Include the proportional factor in the partial nitritation process 

(Eq.15)                                                  

 Step 4: Summation of partial nitritation and Anammox, and normalize to one mole of NH4
+ 

                                                                         

(Eq.16) 

Notes: ox: organic oxidation; nit: nitrification; den: denitrification; nitnorm: nitrification normalized to one mole of NH4
+; dennorm: 

denitrification normalized to one mole of NH4
+;  proportional denitrification/nitrification factor; denprop: denitrification with 

proportional factor; D-N: denitrification and nitrification; meth: methanogenesis; Pn: partial nitritation; anx: anammox; Pnnorm: 
partial nitritation normalized to one mole of NH4

+; anxnorm: anammox normalized to one mole of NH4
+; : proportional partial 

nitritation and anammox factor in the fluidized-bed membrane bioreactor; Pnprop: partial nitritation with proportional factor; F-MBR: 
fluidized-bed membrane bioreactor; and, d=4n+a-2b-3c.(Rittmann and McCarty, 2001). 

 

The approach to calculating the overall biochemical formulas is explained in detail in Appendix 

A. The overall biochemical reactions include the kinetic parameters that can be substituted with 

the typical values as discussed in the literature (Table 3). 

 

 



20 

 

Table 3. Typical kinetic values for different biological processes 

Parameter Organic 
oxidation 

(Ox) 

Nitrification 
(Nit) 

Denitrification 
(Den) 

Partial 
nitritation 

(Pn) 

Anammox 
(Anx) 

Methanogenesis 
(Meth) 

𝒇𝒔
𝟎 0.60

1

 0.13
1

 0.52
1

 0.06
2

 0.08
3

 0.11
1

 

𝒇𝒅

1

 0.80 0.80 0.80 0.80 0.80 0.80 

𝒃 0.15
1

 0.11
1

 0.04
4

 0.15
1

 0.05
3 

0.05
1

 

Notes: fs
0 is the portion of energy used for cell synthesis; fd is the fraction of the active biodegradable biomass; b 

is the endogenous decay rate. References: 1Rittmann and McCarty, 2001; 2Lee et al., 2013; 3McCarty, 2018; 
4Stensel et al., 1973. 

 

The combustion of biogas for energy production by combined heat and power (CHP), and dual 

fuel engines (DFE) was calculated using the overall biogas combustion equation (EA, 2004): 

                                             𝐶𝐻 + 2𝑂 → 𝐶𝑂 + 2𝐻 𝑂                                             (Eq.17) 

 Analysis of the link between the microscopic and macroscopic levels for engineering 

applications comprised of using the calculated moles (nRX) of the reactants and products to 

obtain the daily concentrations as inputs and outputs of the system. In general, the flows of 

reactants, organics, or NH4
+ treated were determined by their concentrations at the influent 

point and the removal efficiency of the process (as stated by the current STW operation or 

legislation). The process products, namely the outputs (required as the foreground information 

in the LCI), were calculated as shown in Eq. (18) based on Rittmann and McCarty (2001) and 

Bisinella de Faria et al. (2015): 

𝑀 = 𝑀 ∗ (𝑀𝑊 ∗ 𝑛 )/(𝑀𝑊 ∗ 𝑛 ) ,                                    (Eq.18)  

where  

Mi is the mass of product i (kg/d), 

MRX is the mass flow of the organics or inorganics (reactants) to be treated, which includes 

their concentrations (mg/L) times and flow (L/d), 

MWi is the molecular weight of product i (g/mol), 
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ni is the number of moles of product i obtained from the overall biochemical equation (mol), 

MWRX is the molecular weight of the reactants treated (g/mol), and  

nRX is the number of moles of the reactants obtained from the overall biochemical equation 

(mol).  

In the case of gas production, the volume was calculated based on the ideal gas equation. The 

S-LCI process inventories contain the inputs and outputs of the water effluent quality, solids 

generation, gas production, and energy consumption and production. The detailed assumptions 

and justifications of the S-LCI are explained in Appendix B. 

 2.2.3. Results 

To increase the S-LCI standardization, the S-LCI uses the existing “Wastewater, average 

{RoW}| treatment of, capacity #L/year| Alloc Def, U” inventory from Ecoinvent v.3.2 as a 

template, where the #L/year (number of liters of sewage treated per year) vary for different 

classes of STW. The Ecoinvent database has five classes of STW that represent five different 

annual flows. Apart from Switzerland, the rest of the countries may only collect the missing 

data from the RoW template in the Ecoinvent database. This database was chosen over other 

options because of its comprehensive coverage (Hou et al., 2018). To select the STW class, the 

flow per year calculations were made based on the Ecoinvent database.  

The Ecoinvent inventory comprises of seven categories that include the concept, amount, unit, 

distribution, and standard deviation. First, the concepts are taken directly from the RoW 

template. The Ecoinvent template requires the highest level of inventory data according to the 

collection scheme by Yoshida et al. 2014. However, some new concepts were added into the 

S-LCI from biogas combustion and incineration, transport of sludge and incineration products, 

the specific infrastructure, and the dissolved CH4 in the water effluent. Second, the amounts 

correspond to the stoichiometric results which are in kg/d, m3/d or kWh/d. Therefore, 

conversion factors and consideration of the influent flow are included to fulfill the functional 
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unit. Third, the units represent the functional units for each concept. Fourth, the distribution is 

assumed to be a log-normal based on the current Ecoinvent database. Fifth, the standard 

deviation is calculated by following the Pedigree Matrix, given that the uncertainty estimations 

are unknown (Weidema et al., 2013; Yoshida et al., 2014). The Pedigree Matrix evaluates data 

quality from S-LCI criteria using five data quality indicators–reliability, completeness, 

temporal correlation, geographical correlation, and further technological correlation (Weidema 

et al., 2013). The standard deviation (Eq.19) expresses the distribution of the data variation: 

𝑆𝐷 = 𝑒𝑥𝑝                                 (Eq.19) 

where 

 σ  are the uncertainty factors used to convert the data quality indicators of the Pedigree Matrix 

into additional uncertainty, and   

σ  is the variance of the log-transformed data and the default basic uncertainty. Past versions 

of SimaPro included a sixth factor, namely the sample size which is no longer in use. 

The “S-LCI” file in Alvarado et al. (2019) already has a built-in Pedigree Matrix. The values 

1–5 must be updated for each case study. The standard deviations for other concepts in the 

template are taken from the Ecoinvent v.3.2 values (Ecoinvent, 2015). To construct the LCI, 

the results of the process inventories are closely related to the LCA assumptions as explained 

in detail in Appendix C.  

2.2.4. Performance measurement analysis 

The performance of the S-LCI is evaluated by comparing the estimated data with the originally 

collected data using the MPE as performed by Hou et al. (2018). In addition, the S-LCI 

framework is compared to an inventory calculated with current data collection practices. LCIA 

and interpretation are the third and fourth steps of the LCA, thus out of the scope of this chapter. 

Nevertheless, the inventories are compared by using IAMs to illustrate the methodology and 
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the possible results that can be achieved. ReCiPe Endpoint and CML 2 baseline 2000 were the 

IAMs evaluated in SimaPro 8.  

2.3. Results and discussion 

The S-LCI was tested with two different STW configurations: System 1 represents a 

conventional treatment and system 2 represents a SES. 

2.3.1. System 1: conventional treatment 

System 1 is a conventional treatment that includes activated sludge, AD, CHP, and DFE for 

energy production. This configuration is the same as the Shatin STW, which is the second-

biggest secondary treatment STW in Hong Kong. The effluent from Shatin STW is discharged 

into Victoria Harbor. The sludge generated is sent to an incineration facility (named T-Park) 

(EPD, 2019). The sludge management method that includes thickening, AD, dewatering, and 

incineration has been found to have the best environmental and economic performance in China 

(Xu et al., 2014).  

2.3.1.1. Data collection 

For the elemental analysis, the sewage and sludge sample collection technique involved using 

plastic containers for manual single-grab sampling from different points of the Tai Po STW 

that contained saline sewage treated by the same processes as at Shatin STW. Within 2 h of 

collection, approximately 2 L of samples were stored in a refrigerator at 4°C. Evaporating 

crucibles were prepared and weighed. The samples were mixed and added to the crucibles to 

dry at 105°C until 5 mg of dried sample were yielded. The dry samples were pulverized with a 

mortar and pestle. The samples were prepared to pass a 250-µm (no. 60) sieve size and were 

taken out of the oven right before the elemental analysis, which was performed with vario 

MICRO cube (Elementar) (ASTM-D3174). Listed in Table 4, the results are within the ranges 

of CHNS of other STW sludge (Thipkhunthod et al., 2005). In another crucible, 1 g of sample 

was added and placed in a cold furnace. The temperature was increased gradually to 500°C in 
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1 h and then increased to 750°C for another 1 h, which was maintained for 2 h. The crucibles 

were then cooled in a 105°C oven. Lastly, the crucibles were placed in a desiccator until room 

temperature was reached, whereupon they were weighed. 

Table 4. Results of elemental analysis for grab samples from Tai Po STW 

Sample C (%) H (%) N (%) S (%) O (%)* Ash (%) 

Effluent primary clarifier 1.2 2.4 0.1 1.8 18.5 76 

Primary sludge 29.8 5.4 2.2 0.9 20.9 40.8 

Thickened activated sludge 40.1 6.6 8.3 1.2 26.4 17.4 

Note: Average for each sample from duplicates on a dry basis. * Calculated by the difference. STW: sewage 
treatment works. 

 

In the present chapter, the primary data was collected from Shatin STW. Figure 3 shows the 

specific data collected from the Drainage Services Department (DSD) (DSD, 2015). Additional 

data collected to validate the S-LCI are shown in Table 5. 

Figure 3. Primary data from Shatin STW provided by the Drainage Services Department.  

Notes: Q: flow rate; COD: chemical oxygen demand; TS: total solids; TSS: total suspended solids; VS: volatile 
solids; NH4

+: ammonium; SRT: solids retention time; TKN: total Kjeldahl nitrogen; EC: electricity consumption. 
M kWh/y means million kilowatt-hours per year which is equivalent to GWh/y (gigawatt hours per year). 
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Table 5. Data collection for validation of the S-LCI of Shatin STW provided by the Drainage Services 
Department 

Concept Value1 

Compounds concentrations (mg/L) 
   Water stream: 
      - Chemical Oxygen Demand (COD) 
            Second clarifier effluent 

 
 
 

<59 
Removal efficiencies (%) 
   Water stream: 
      - Biological treatment NH4

+ removal 

 
 

90 
Anaerobic digestion 
      - Annual sludge production (m3/y) 

 
43,000 

Biogas 
      - Biogas production (m3/d) 
      - Methane content (%) 

 
10,411 

60 
Energy 
      - Combined heat and power 
            Electricity production (kWh/d) 
      - Dual fuel engine 
            Electricity production (kWh/d) 

 
 

26,381 
 

5,856 
Notes: The S-LCI validation is only possible when the STW is already operating. The validation is not possible 
for non-existing plants. References: 1DSD, 2015. 

 

Moreover, the infrastructure inventory for major materials was counted manually in 560 

blueprints from a conventional STW in Hong Kong. The current land-use concept in the 

Ecoinvent database template was obtained by quantifying the areas of three plants in 

Switzerland (Doka, 2003b). Thus, three plants, namely Shatin STW, Shek Wu Hui STW, and 

Stonecutters Island STW were quantified to regionalize the inventory to Hong Kong as given 

in Tables S3–S6. 

In Hong Kong, 7,347,900 inhabitants generated 1,048 million cubic meters (MCM) of sewage 

in 2016 (CSD, 2017), revealing that they generated 143 cubic meters of sewage per capita 

equivalent (PCE) annually. The capacity classification chosen was similar to the Swiss WWTP 

classification to make an effective comparison. The biochemical oxygen demand (BOD5) 

concentrations were obtained from the chemical oxygen demand (COD) concentrations of the 

three main STW in Hong Kong that represent 69% of the total annual flow of sewage treatment. 

The BOD5 PCE for Hong Kong was estimated as 0.04 kg/inhab/day (Tables S7 and S8). In 

Hong Kong, many of the plants are either large- (class 1) or small-capacity plants (class 5). 
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The average capacity per plant for each class was calculated for Hong Kong, with the results 

shown in Table 6. The infrastructure units per sewage cubic meter were calculated based on 

Doka (2003a). These data can be used in other Asian cities. 

Table 6. Classification, average capacity, and plant infrastructure for life-cycle inventory in Hong Kong 

Capacity class Unit 1 2 3 4 5 

Capacity range PCE/a over 100,000 40,000 to 
100,000* 

10,000 to 
40,000* 

2,000 to 
10,000 

10 to 2,000 

Number of 
plants 

unit 10 1 4 6 28 

Total treatment 
capacity 

PCE/a 12,414,722 43,278 100,561 17,912 18,648 

Average 
capacity per 
plant in class 

PCE/a*unit 1,241,472 43,278 25,140 2,985 666 

Annual sewage 
volume  

m3/a 177,066,997 6,172,569 3,585,662 425,793 94,989 

Lifetime plant A 30 30 30 30 30 

Lifetime sewage 
volume 

m3 5,312,009,922 185,177,067 107,569,873 12,773,788 2,849,669 

Plant 
infrastructure  

unit/m3 1.882E−10 5.400E−09 9.296E−09 7.828E−08 3.509E−07 

Comparison to 
Ecoinvent 
values (Doka, 
2003a) 

unit/m3 7.075E−10 2.320E−09 6.637E−09 3.101 E−08 2.047E−07 

Notes: * In the Ecoinvent database for Switzerland, sewage treatment works in capacity class 2 has a capacity 
range of 50,000 to 100,000 PCE/a, and those in capacity class 3 have a range of 10,000 to 50,000 PCE/a. 
PCE: per capita equivalents. 

 

Shatin STW belongs to class 1 with a capacity of 1,045,880 PCE/a, an annual sewage volume 

of 149,170,415 m3/a, and a plant infrastructure value of 2.234E−10 (Table S9). The materials 

inventory for the construction concept was based on the Shek Wu Hui STW (Tables S10–S12) 

with some modifications (Table S13). For energy requirements, an extract of the energy-related 

concepts from the 41-item checklist was complemented with the literature as listed in Table 7. 
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Table 7. Energy requirements for system 1 (conventional system) based on Shatin STW 

Concept Value Unit 
Total annual electricity consumption1 36.40 GWh/y 
Sludge treatment electricity consumption1 10.46 GWh/y 
Waste activated sludge thickening electricity consumption 1 3.45 GWh/y 
Digester heating1 2.76 GWh/y 
Sludge dewatering1 4.25 GWh/y 
Heat and power units (including CHP and DFE)2 2.00 unit 
Aeration electricity consumption from the total* 60 % 
Incineration electricity efficiency3 20 % 
Notes: *Assumed from the difference between the annual electricity consumption and sludge-management 
electricity consumption. GWh/y means gigawatt hours per year which is equivalent to MkWh/y (million 
kilowatt-hours per year). CHP: combined heat and power; DFE: dual fuel engines. References: 1Chiang, 2011; 
2DSD, 2105; 3Chang, 2015. 

 

2.3.1.2. Calculations 

The design criteria for the stoichiometric calculations were obtained from the literature and the 

real operation of the Shatin STW as given in Table 8. Detailed calculations are given in the “S-

LCI” Excel file in Alvarado et al., 2019. 

Table 8. Design criteria for different biological processes 

Parameter Organic 
oxidation 

(Ox) 

Nitrification 
(Nit) 

Denitrification 
(Den) 

Partial 
nitritation 

(Pn) 

Anammox 
(Anx) 

Methanogenesis 
(Meth) 

𝜽𝒙 15.000 15.000 15.000 20.000
1

 20.000
1,2

 10.000
 3*

 

𝒇𝒔 0.268 0.064 0.364 0.026 0.048 0.081 

𝒇𝒆 0.732 0.936 0.636 0.974 0.952 0.919 

Notes: θx is the solids retention time; fs is the electron portion used for cell synthesis considering net yield; fe is 
the electron portion for energy generation considering net yield. * 20 d considered for NO3

− formation around 
4% in AFBR1, and 10 d is the hydraulic retention time for CEPT sludge.4 References: 1Lee et al., 2013; 2McCarty, 
2018; 3Wilkins et al., 2015; 4Ju et al., 2016. 

 

2.3.1.3. Results 

The complete S-LCI inventory for the Shatin STW is given in Table 9. 
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Table 9. Life-cycle inventory for system 1 (conventional system) calculated with the S-LCI framework 

No.  Avoided products Value Standard deviation Unit 

1 Electricity, high voltage {CH}| market for | Alloc Def, U 0.1800 1.1453 kWh 

2 

Heat, district or industrial, other than natural gas {CH}| 
market for heat, district or industrial, other than natural 
gas | Alloc Def, U 0.3625 1.2449 MJ 

3 Electricity, low voltage 0.1222 1.1312 kWh 

4 Heat, district or industrial, natural gas  0.3921 1.1312 MJ 

  Materials/fuels Value Standard deviation Unit 

5 Titanium dioxide {RER}| market for | Alloc Def, U 2.41E-06 4.3479 kg 

6 Chemical, organic {GLO}| market for | Alloc Def, U 6.15E-07 3.7117 kg 

7 Iron sulfate {GLO}| market for | Alloc Def, U 0.01166 1.8822 kg 

8 
Residual material landfill {GLO}| market for | Alloc 
Def, U 9.02E-12 1.6975 p 

9 
Hydrochloric acid, without water, in 30% solution state 
{RER}| market for | Alloc Def, U 4.62E-07 1.7607 kg 

10 
Sodium hydroxide, without water, in 50% solution state 
{GLO}| market for | Alloc Def, U 0.000412 1.8221 kg 

11 Slag landfill {GLO}| market for | Alloc Def, U 4.91E-11 1.6975 p 

12 
Municipal waste incineration facility {GLO}| market for 
| Alloc Def, U 3.79E-11 1.4918 p 

13 
Process-specific burdens, residual material landfill 
{GLO}| market for | Alloc Def, U 0.0216 1.5256 kg 

14 
Chromium oxide, flakes {GLO}| market for | Alloc Def, 
U 4.92E-08 4.3479 kg 

15 
Quicklime, milled, packed {GLO}| market for | Alloc 
Def, U 1.47E-06 1.7607 kg 

16 
Wastewater treatment facility, capacity 4.7E10l/year 
{GLO}| market for | Alloc Def, U 2.23E-10 3.0014 p 

17 
Iron (III) chloride, without water, in 40% solution state 
{GLO}| market for | Alloc Def, U 5.03E-04 1.3719 kg 

18 Cement, unspecified {GLO}| market for | Alloc Def, U 0.001732 1.7607 kg 

19 
Aluminium sulfate, powder {GLO}| market for | Alloc 
Def, U 0.003151 1.8822 kg 

20 
Process-specific burdens, slag landfill {GLO}| market 
for | Alloc Def, U 0.0216 1.5256 kg 

21 
Process-specific burdens, municipal waste incineration 
{GLO}| market for | Alloc Def, U 0.15169 1.4918 kg 

22 
Sewer grid, 4.7E10l/year, 583 km {GLO}| market for | 
Alloc Def, U 1.24E-07 1.4918 km 

23 Ammonia, liquid {RER}| market for | Alloc Def, U 8.43E-05 2.5551 kg 

24 
Chemical, inorganic {GLO}| market for chemicals, 
inorganic | Alloc Def, U 7.70E-07 1.7607 kg 

25 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 0.0194 2.0258 tkm 

26 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 2.38E-05 2.0260 tkm 

27 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 2.38E-05 2.0260 tkm 

28 Polyacrylamide {GLO}| market for | Alloc Def, U 0.0520 1.0748 kg 

29 

Heat and power co-generation unit, 1MW electrical, 
common components for heat+electricity {RER}| 
construction | Alloc Def, U 2.48E-07 3.0014 p 

  Electricity/heat Value Standard deviation Unit 
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30 Electricity, low voltage {CH}| market for | Alloc Def, U 0.4004 1.1237 kWh 

31 Electricity, high voltage {CH}| market for | Alloc Def, U 0.0622 3.8367 kWh 

32 
Heat, district or industrial, natural gas {CH}| market for 
heat, district or industrial, natural gas | Alloc Def, U 0.1183 1.1237 MJ 

33 

Heat, district or industrial, other than natural gas {CH}| 
market for heat, district or industrial, other than natural 
gas | Alloc Def, U 0.3626 1.2449 MJ 

  Emissions to air Value Standard deviation Unit 

34 Calcium 5.96E-06 5.4579 kg 

35 Lead 2.05E-10 5.6522 kg 

36 Nickel 8.03E-14 6.0496 kg 

37 Molybdenum 6.77E-10 5.5223 kg 

38 Arsenic 2.53E-10 5.5223 kg 

39 Ammonia 0.00028 2.7183 kg 

40 Cyanide 1.50E-06 2.6639 kg 

41 Carbon dioxide, biogenic 0.5518 1.2286 kg 

42 Methane, biogenic 0.0013 1.5639 kg 

43 Cadmium 5.52E-12 5.5871 kg 

44 Mercury 3.37E-13 5.5871 kg 

45 Carbon monoxide, biogenic 0.000174 2.1697 kg 

46 Sulfur dioxide 0.000887 1.8822 kg 

47 Copper 1.47E-10 5.7177 kg 

48 Zinc 8.85E-10 5.7177 kg 

49 Iron 3.18E-07 2.4459 kg 

50 Aluminium 1.65E-06 3.9398 kg 

51 Chromium 3.20E-13 5.9826 kg 

52 Water/m3 0.1000 1.7650 m3 

53 Manganese 1.02E-13 6.1848 kg 

54 Cobalt 1.81E-14 6.0496 kg 

55 Dinitrogen monoxide 7.13E-05 1.8342 kg 

56 Nitrogen oxides 0.000708 1.7607 kg 

57 
NMVOC, non-methane volatile organic compounds, 
unspecified origin 2.28E-06 2.7727 kg 

58 Tin 1.88E-09 5.5223 kg 

59 Magnesium 5.53E-07 5.4579 kg 

60 Phosphorus 1.56E-06 1.8822 kg 

61 Silicon 4.91E-06 5.5223 kg 

62 Methane 0.0011 1.8282 kg 

  Emissions to water Value Standard deviation Unit 

63 Iron 0.003603 5.0774 kg 

64 Chromium 1.38E-08 5.4579 kg 

65 Lead 9.49E-07 4.7077 kg 

66 Cobalt 8.21E-07 5.0774 kg 

67 Iron 0.004459 7.3153 kg 

68 Phosphate 0.00269 1.7607 kg 

69 Silicon 0.000183 107.0535 kg 
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70 Copper 1.61E-05 5.5223 kg 

71 Chromium VI 4.58E-07 8.0693 kg 

72 Calcium 0.04586 5.1401 kg 

73 Silicon 0.000188 4.5266 kg 

74 Nitrate 6.00E-05 1.7607 kg 

75 COD, Chemical Oxygen Demand 0.000306 1.9412 kg 

76 Nitrogen 0.00049 1.7607 kg 

77 Chromium VI 6.35E-06 4.9530 kg 

78 Arsenic 7.68E-07 4.7077 kg 

79 Magnesium 0.005149 5.1401 kg 

80 Sulfate 0.002769 1.8822 kg 

81 Cadmium 9.95E-10 191.2478 kg 

82 Zinc 8.40E-07 109.3636 kg 

83 Cobalt 5.00E-07 5.3937 kg 

84 Tin 1.42E-06 5.0774 kg 

85 Mercury 5.16E-09 31.3978 kg 

86 BOD5, Biological Oxygen Demand 0.0230 1.6161 kg 

87 Aluminium 0.000782 3.8824 kg 

88 Arsenic 7.65E-08 5.3937 kg 

89 Manganese 2.69E-05 5.0774 kg 

90 TOC, Total Organic Carbon 0.000121 1.9412 kg 

91 TOC, Total Organic Carbon 0.0170 1.6161 kg 

92 Sodium 0.002186 5.1401 kg 

93 Sulfate 0.14497 1.7607 kg 

94 Phosphate 0.000182 61.7507 kg 

95 Mercury 6.29E-08 4.9530 kg 

96 Nitrite 0.000644 1.7607 kg 

97 Copper 9.71E-06 5.0151 kg 

98 Zinc 3.38E-05 5.0151 kg 

99 Water, CH 0.9000 1.765 m3 

100 DOC, Dissolved Organic Carbon 0.0170 1.6161 kg 

101 Cadmium 1.42E-07 5.0774 kg 

102 COD, Chemical Oxygen Demand 0.0460 1.5110 kg 

103 Chloride 0.040484 3.9974 kg 

104 Molybdenum 5.44E-07 4.5266 kg 

105 Manganese 1.61E-05 6.4590 kg 

106 Nickel 4.00E-06 5.0774 kg 

107 Fluoride 3.28E-05 5.1401 kg 

108 Molybdenum 2.80E-07 5.3937 kg 

109 Potassium 0.000399 5.1401 kg 

110 Magnesium 0.000371 5.3937 kg 

111 Ammonium, ion 0.0026 1.5110 kg 

112 Calcium 0.003113 5.3937 kg 

113 Tin 7.13E-07 9.4404 kg 
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114 DOC, Dissolved Organic Carbon 0.000121 1.9412 kg 

115 BOD5, Biological Oxygen Demand 0.0001 1.9412 kg 

116 Aluminium 6.23E-05 4.4072 kg 

117 Lead 3.93E-07 192.7085 kg 

118 Nickel 1.74E-06 5.3937 kg 

119 Nitrate 3.93E-04 1.5112 kg 

  Waste to treatment Value Standard deviation Unit 

120 Waste plastic, mixture {GLO}| market for | Alloc Def, U 1.55E-02 1.4918 kg 

121 
Waste cement, hydrated {GLO}| market for | Alloc Def, 
U 4.33E-03 1.7607 kg 

122 
Waste graphical paper {CH}| treatment of, municipal 
incineration with fly ash extraction | Alloc Def, U 1.55E-02 1.4918 kg 

Notes: The rows in green mean a new concept was added to the default template from the Ecoinvent database; 
rows in purple mean that the values are results from the S-LCI; and, rows in white represent the default 
values from the Ecoinvent database (Ecoinvent, 2015). 

2.3.2. System 2: SES  

System 2 represents a SES that includes CEPT followed by a SAF-MBR for the water stream. 

The solid stream includes the same sludge treatment and energy production technologies as in 

the conventional system. The SAF-MBR involves two reactors (Yoo et al., 2012). The first 

reactor is an AFBR, followed by PN/AFMBR. 

2.3.2.1. Data collection 

The results of the elemental analysis from the primary clarifier effluent were assumed to be the 

same as the influent for the SAF-MBR. However, for the AD process, the elemental analysis 

values were taken from Shao et al. (2008). 

The primary data was collected from the Stonecutters Island STW, which is a CEPT plant that 

treats ~ 1.7 MCM of municipal sewage per day in Hong Kong and complemented with the 

values from the literature as shown in Table 10. 
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Table 10. Primary data collected for system 2 (sewage-derived energy system) 

Concept Value 

Staged anaerobic fluidized-bed membrane bioreactor (SAF-MBR) considerations 
      - Bulk wasting ratio (%) [1] 

      - Chemical oxygen demand (COD) converted to dissolved CH4 (%) [1] 
      - Biosolids production (g VSS/ g COD removed) [1] 
      - Biofilm in granulated activated carbon (GAC) (mg VSS/L) [1] 

 
1.00 

15.00 
0.03 

704.00 
Chemically enhanced primary treatment (CEPT) considerations 
      - Iron chloride consumption (m3/d) [2] 

 
29.40 

Removal efficiencies (%) 
   Water stream: 
      - CEPT COD removal [3] 
      - CEPT total suspended solids (TSS) removal [3] 
      - CEPT volatile suspended solids (VSS) removal [3] 
      - Anaerobic fluidized bioreactor (AFBR) COD removal [1, 4, 5]  
      - Anaerobic fluidized-bed membrane bioreactor (AFMBR) COD removal [1, 4, 5] 

      - PN/AFMBR total nitrogen removal [6] 

 
 

62.55 
87.18 
87.50 
46.00 
48.00 
94.40 

Solids retention times (d) 
      - SAF-MBR [6] 

 
20.00 

Anaerobic digestion 
      - Total solids in raw saline CEPT sludge (% of dry solids) [*] 
      - TSS for raw saline CEPT sludge (g/L) [*] 
      - Volatile Solids (VS) for raw saline CEPT sludge (g/L) [*] 
      - CEPT saline VS destruction (%) [7] 
      - Percent of VS for digested CEPT (% of TS) [*] 
      - Percent of TS for digested CEPT sludge (% of dry solids) [*] 
      - Polymer consumption (kg/d) [2] 

 
3.87 

26.08 
17.09 
61.00 
75.32 
2.58 
899 

Notes: [*] Based on a laboratory-scale anaerobic digester as explained in Appendix D. [*] The COD removal 
from AFMBR was assumed as the COD removal in PN/AFMBR. The bulk wasting ratio refers to the flow of 
combined liquid with biosolids (apart from the GAC) divided by the influent flow rate of the PN/AFMBR, 
which is withdrawn to maintain a stable operation. References: 1Shin et al., 2014; 2DSD, 2017a; 3De Feo et al., 
2008; 4Wu et al., 2017; 5Bae et al., 2013; 6Lee et al., 2013; 7Ju et al., 2016. 

 

The average capacity for an SAF-MBR was obtained from the literature as given in Table S14. 

The bioreactors tested by Shin et al. (2014, 2016) were assumed to be in the higher class 1 

capacity, whereas the bioreactors by Wu et al. (2017) and Kim et al. (2011) were assumed to 

be in the smallest capacity class 5. 

Other materials were included from the literature to account for the SAF-MBR construction 

(Kim et al., 2011; Shin et al., 2014, 2016; Wu et al., 2017). The membrane quantification from 

the literature is given in Table S15. The granulated activated carbon (GAC) is given in Table 

S16. The estimated chemical requirement for cleaning the membranes is given in Table S17. 

The total weight per system considered for the LCI was an average between the capacity classes 

1 and 5. The materials inventory for constructing the SES is given in Table S18. 
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Three values of raw CEPT sludge samples from Stonecutters Island STW were obtained by 

experiments to determine the TS, TSS, and VS. The sludge samples are the manual sampling 

of the single-grab samples in plastic containers at the Stonecutters Island STW. The samples 

were collected biweekly from June 2016 to March 2017. Evaporating crucibles were prepared 

and weighed. These tests are explained in detail in Appendix E. The VS of digested CEPT 

sludge was obtained from an anaerobic digester fed with the CEPT sludge from the 

Stonecutters Island STW and seeded with anaerobic sludge from the Tai Po STW (Jing et al., 

2019). The anaerobic digester is described briefly in Appendix D. 

The energy requirements were postulated according to several assumptions. It was assumed 

that the value of AFBR electricity consumption for GAC fluidization and recirculation was 

0.016 kWh/m3 (Shin et al., 2014). The PN/AFMBR electricity consumption for GAC 

fluidization, recirculation, and permeate was assumed from an AFMBR as 0.211 kWh/m3 (Shin 

et al., 2014). The microaeration energy consumption was omitted. 

2.3.2.2. Calculations 

The S-LCI and the LCA-related assumptions for system 1 and 2 are detailed in Appendix B 

and C. The key parameters based on the S-LCI assumptions for system 1 and system 2 are 

summarized in Table 11. 
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Table 11. Variable parameters involved in the S-LCI for system 1 and 2. 

Activated sludge variables 

Concept Value Unit Notes or short reference 

Chemical oxygen demand (COD) 
denitrification removal efficiency 

27.1000 %  About 28% (Rittmann and 
Langeland, 1985). This value can 
change to represent the overall COD 
removal. 

COD organic oxidation removal 
efficiency 

26.9400  %  Estimation from mass balance 

COD removal efficiency for 
activated sludge 

73.5600 %  From the actual operation of the 
STW. (DSD, 2015) 

Recirculation times 1.7244    (DSD, 2015)  

Solids retention time in activated 
sludge 

15.0000 d Rittmann and McCarty, 2001 

Final sedimentator COD removal 
efficiency 

26.0000* %  Assumed as the primary clarifier. 
(DSD, 2015) 

Final sedimentator ammonium 
(NH4

+) removal efficiency 
16.0000*  % Estimated from DSD, 2015. 

Air emissions variables 

Concept Value Unit Reference 

CH4 emissions for effluent discharge 
without treatment 

0.0250 kgCH4/kg COD 
discharged 

Godin et al 2012- (Range 0-0.05) 

N2O emissions for effluent 
discharge without treatment 

0.0025 kgN2O-N/kg N 
discharged 

Godin et al 2012- (Range 0.0005-
0.25) 

N2O emission from denitrification 0.0450 %  The denitrification rate to N2O is 
0.02%-0.07% relative to the total 
nitrogen (TN) input (Doka, 2003b). 

N2O emissions for flue gas from 
incineration 

0.0495 g/m3 sewage Doka, 2003b 

Methane, flue gas from incineration 1.0890 g/m3 sewage Doka, 2003b 

Carbon dioxide, flue gas from 
incineration 

205.4000 g/m3 sewage Doka, 2003b 

Fugitive emissions from reactors 1.0000 %  IPCC, 2006 (ranges from 0-10%; 
default is 5%); IWA, 2012 (1%) 

Anaerobic digestion (AD) variables 

Concept Value Unit Reference 

Solids retention time in AD 10.0000 d DSD, 2015 

Anaerobic digestion volatiles solids 
(VS) destruction 

44.8000  % DSD, 2015 

CEPT saline AD VS destruction 61.0000  % In the range of 52-78% for saline 
CEPT sludge 7 to 16 days HRT (Ju 
et al., 2016). 

Concentration of dissolved CH4 in 
AD 

11.0000 mg/L Under typical conditions for AD 
35 C̊, 60% CH4 (van der Ha et al., 
2011) 

Total suspended solids (TSS) in 
thickened CEPT sludge 

60.0000 g/L Assumed from mass balance 
(Appendix B) 

TSS/TS raw CEPT sludge 67.4774 %  Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

VS/TS raw CEPT sludge 44.2173 % Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 
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Percent TS for raw CEPT sludge 3.8650 % of dry solids Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

TSS in raw CEPT Sludge 26.0800 g/L Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

VS in raw CEPT sludge 17.0900 g/L Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

COD CEPT removal efficiency 62.5500  % De Feo et al., 2008 gives a range of 
30-70% and CEPT COD removal in 
Stonecutters Island STWs is 62.55% 
(DSD, 2017a) 

TSS CEPT removal efficiency 87.1800  % De Feo et al., 2008 gives a range of 
60-90% and CEPT TSS removal in 
Stonecutters Island STWs is 87.18% 
(DSD, 2017a) 

Volatile suspended solids (VSS) 
CEPT removal efficiency 

87.5000  % De Feo et al., 2008 gives a range of 
60-90% and CEPT TSS removal in 
SCI STWs is 87.50% (DSD, 2017a) 

Percent of VS for digested sludge 48.0000  % of TS DSD, 2015 

Percent TS for digested sludge 2.9000  % of dry solids DSD, 2015 

Percent of VS for digested CEPT 
sludge 

75.3200  % of TS Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

Percent TS for digested CEPT 
sludge 

2.5800  % of dry solids Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

SAF-MBR variables 

Concept Value Unit Reference 
COD AFBR removal efficiency 46.0000 %  TCOD removal at 23 ̊C= 49% (Wu 

et al, 2017); at 25-30 ̊C =46%; 20-
25 C̊=37% (Shin et al., 2014), at 
25 ̊C=72% (Bae et al., 2013) 

Total nitrogen removal efficiency 94.4000 %  Lee et al., 2013 

COD AFMBR# removal efficiency 89.0000 %  TCOD removal at 23 ̊C= 48% (Wu 
et al, 2017); at 25-30 ̊C =48%; 20-
25 C̊=57% (Shin et al., 2014), at 
25 C̊=19 (Bae et al., 2013) from the 
original COD influent. 89% 
represents the removal percentage 
after the AFBR. 

Solids retention time (SRT) in SAF-
MBR 

20.0000 d At a 20d SRT the NO3
- formation is 

around 4.6% (Lee et al., 2013) 
Overall COD efficiency 94.0000 %  TCOD removal at 23 C̊= 97% (Wu 

et al, 2017); at 25-30 ̊C =94%; 20-
25 C̊=94% (Shin et al., 2014), at 
25 ̊C=91 (Bae et al., 2013) 

Bulk wasting ratio SAF-MBR 1.0000 %  Shin et al., 2014 

Biosolids production 0.0260 g VSS/g 
CODrem 

Shin et al., 2014 

Biofilm in GAC in VSS 704.0000 mg/L Shin et al., 2014 
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COD percentage converted to 
dissolved CH4  

15.0000 %  Shin et al., 2014 

Operation parameters 

Concept Value Unit Reference 

AD capacity 3,400.00 m3 DSD, 2015 

No. of current operating AD reactors 5.00 units DSD, 2015 

No. of existing AD reactors 14.00 units DSD, 2015 

AD temperature 35.00 ̊C   

Distance from STW to incineration 
facility (IF) 

45.00 km Google maps, 2017 

Distance from IF to landfill 1.10 km Google maps, 2017 

Iron chloride consumption in CEPT 29.40 m3/d DSD, 2017a 

Polymer consumption for AD 11.97 m3/d Includes Polymer S135 and S246 
added at anaerobic digester (*Lam 
et al., 2016) 

Polymer consumption for CEPT 899.00 kg/d DSD, 2017a 

Dry solids content after dewatering 31.00 %  31-35% for dewatering process in 
STW in Hong Kong. (DSD, 2015) 

Slag and residue overall percentage 0.10 % Doka, 2003a 

CH4 energy content 38.80 MJ/m3  EEE, 2011 

CHP conversion efficiency 
(electricity) 

42.00  % Fung and Yeung, 2012- Full load 
1.4 MW CHP 

CHP conversion efficiency (heat) 38.00  % Fung and Yeung, 2012- Full load 
1.4 MW CHP 

Overall CHP energy efficiency 80.00  % DSD, 2015 

Flow into CHP 80.00 % DSD, 2015 

DFE conversion efficiency 
(electricity) 

34.00  % Fung and Yeung, 2012 

DFE conversion efficiency (heat) 28.00  % Fung and Yeung, 2012 

Overall DFE energy efficiency 62.00  %   

Flow into DFE 20.00  % DSD, 2015 

Life expectancy of the internal 
combustion engines 

35.00 years Bisinella de Faria et al., 2015 

Electricity consumption 

Concept Value Unit Reference 

Total annual electricity consumption 36.40 GWh/y Chiang, 2011 

Sludge treatment electricity 
consumption 

10.50 GWh/y Chiang, 2011 

Waste activated sludge thickening 
electricity consumption 

3.45 GWh/y Chiang, 2011  

Digester heating 2.76 GWh/y Chiang, 2011 

Sludge dewatering 4.25 GWh/y Chiang, 2011 

Heat and Power units 2.00 unit Chiang, 2011 

Aeration electricity consumption 
from the total 

60.00 %  Fernández et al., 2011 

Incineration electricity efficiency 20.00 %  Chang and Pires, 2015 

Notes: *Traditionally, there is no COD nor NH4+ removal in a final sedimentator; however, these values were 
estimated to represent the removal efficiencies present in Shatin STW. #The COD removal efficiency of an 
AFMBR was assumed for the PN/AFMBR. GWh/y means gigawatt hours per year which is equivalent to 
MkWh/y (million kilowatt-hours per year). All the key parameters and their possible value ranges are included 
in this table. It provides the necessary tools for other studies to change variables within the ranges for further 
sensitivity analysis. CEPT: chemically enhanced primary treatment; HRT: hydraulic retention time; TS: total 
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solids; AFBR: anaerobic fluidized bioreactor; AFMBR: anaerobic fluidized-bed membrane bioreactor; GAC: 
granulated activated carbon; CHP: combined heat and power; DFE: dual fuel engine. 

 

The detailed calculations are given in the “S-LCI” Excel file in Alvarado et al., 2019. The SES 

configuration, main design criteria, and removal efficiencies are shown in Figure 4.  

Notes: Q: flow rate; COD: chemical oxygen demand; TSS: total suspended solids; TS: total solids; VS: volatile 
solids; CODrem: COD removal efficiency; TSSrem: TSS removal efficiency; VSSrem: Volatile suspended solids 
removal efficiency; VSred: Volatile solids reduction; SRT: solids retention time; T-Park: incineration facility. 
 

2.3.2.3. Results 

The complete S-LCI inventory in the plant-wide SES is given in Table 12. 

Table 12. Life-cycle inventory for system 2 (sewage-derived energy system) calculated with the S-LCI 
framework. 

No.  Avoided products Value Standard deviation Unit 

1 Electricity, high voltage {CH}| market for | Alloc Def, U 0.1241 1.1453 kWh 

2 

Heat, district or industrial, other than natural gas {CH}| 
market for heat, district or industrial, other than natural 
gas | Alloc Def, U 0.2498 1.2449 MJ 

3 Electricity, low voltage 0.1875 1.5723 kWh 

4 Heat, district or industrial, natural gas  0.6013 1.5723 MJ 

  Materials/fuels Value Standard deviation Unit 

5 Titanium dioxide {RER}| market for | Alloc Def, U 2.41E-06 4.3479 kg 

6 Chemical, organic {GLO}| market for | Alloc Def, U 6.15E-07 3.7117 kg 

7 Iron sulfate {GLO}| market for | Alloc Def, U 0.01166 1.8822 kg 

8 
Residual material landfill {GLO}| market for | Alloc 
Def, U 9.02E-12 1.6975 p 

Figure 4. Sewage-derived energy system configuration, main design criteria, and removal efficiencies.  
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9 
Hydrochloric acid, without water, in 30% solution state 
{RER}| market for | Alloc Def, U 4.62E-07 1.7607 kg 

10 
Sodium hydroxide, without water, in 50% solution state 
{GLO}| market for | Alloc Def, U 0.000412 1.8221 kg 

11 Slag landfill {GLO}| market for | Alloc Def, U 4.91E-11 1.6975 p 

12 
Municipal waste incineration facility {GLO}| market for 
| Alloc Def, U 3.79E-11 1.4918 p 

13 
Process-specific burdens, residual material landfill 
{GLO}| market for | Alloc Def, U 0.01489 1.8258 kg 

14 
Chromium oxide, flakes {GLO}| market for | Alloc Def, 
U 4.92E-08 4.3479 kg 

15 
Quicklime, milled, packed {GLO}| market for | Alloc 
Def, U 1.47E-06 1.7607 kg 

16 
Wastewater treatment facility, capacity 4.7E10l/year 
{GLO}| market for | Alloc Def, U 2.23E-10 3.0014 p 

17 
Iron (III) chloride, without water, in 40% solution state 
{GLO}| market for | Alloc Def, U 0.0154 1.0748 kg 

18 Cement, unspecified {GLO}| market for | Alloc Def, U 0.001732 1.7607 kg 

19 
Aluminium sulfate, powder {GLO}| market for | Alloc 
Def, U 0.003151 1.8822 kg 

20 
Process-specific burdens, slag landfill {GLO}| market 
for | Alloc Def, U 0.01489 1.8258 kg 

21 
Process-specific burdens, municipal waste incineration 
{GLO}| market for | Alloc Def, U 0.15169 1.4918 kg 

22 
Sewer grid, 4.7E10l/year, 583 km {GLO}| market for | 
Alloc Def, U 1.24E-07 1.4918 km 

23 Ammonia, liquid {RER}| market for | Alloc Def, U 8.43E-05 2.5551 kg 

24 
Chemical, inorganic {GLO}| market for chemicals, 
inorganic | Alloc Def, U 7.70E-07 1.7607 kg 

25 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 0.0134 2.2843 tkm 

26 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 1.64E-05 2.2843 tkm 

27 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 1.64E-05 2.2843 tkm 

28 Polyacrylamide {GLO}| market for | Alloc Def, U 4.72E-04 1.0748 kg 

29 

Heat and power co-generation unit, 1MW electrical, 
common components for heat+electricity {RER}| 
construction | Alloc Def, U 2.48E-07 3.0014 p 

  Electricity/heat Value Standard deviation Unit 

30 Electricity, low voltage {CH}| market for | Alloc Def, U 0.3298 1.5737 kWh 

31 Electricity, high voltage {CH}| market for | Alloc Def, U 0.0429 3.8367 kWh 

32 
Heat, district or industrial, natural gas {CH}| market for 
heat, district or industrial, natural gas | Alloc Def, U 0.0710 1.5737 MJ 

33 

Heat, district or industrial, other than natural gas {CH}| 
market for heat, district or industrial, other than natural 
gas | Alloc Def, U 0.2498 1.2449 MJ 

  Emissions to air Value Standard deviation Unit 

34 Calcium 5.96E-06 5.4579 kg 

35 Lead 2.05E-10 5.6522 kg 

36 Nickel 8.03E-14 6.0496 kg 

37 Molybdenum 6.77E-10 5.5223 kg 

38 Arsenic 2.53E-10 5.5223 kg 

39 Ammonia 0.00028 2.7183 kg 
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40 Cyanide 1.50E-06 2.6639 kg 

41 Carbon dioxide, biogenic 0.2804 1.5751 kg 

42 Methane, biogenic 0.0014 1.8282 kg 

43 Cadmium 5.52E-12 5.5871 kg 

44 Mercury 3.37E-13 5.5871 kg 

45 Carbon monoxide, biogenic 0.000174 2.1697 kg 

46 Sulfur dioxide 0.000887 1.8822 kg 

47 Copper 1.47E-10 5.7177 kg 

48 Zinc 8.85E-10 5.7177 kg 

49 Iron 3.18E-07 2.4459 kg 

50 Aluminium 1.65E-06 3.9398 kg 

51 Chromium 3.20E-13 5.9826 kg 

52 Water/m3 0.1 1.7650 m3 

53 Manganese 1.02E-13 6.1848 kg 

54 Cobalt 1.81E-14 6.0496 kg 

55 Dinitrogen monoxide 5.38E-05 1.8342 kg 

56 Nitrogen oxides 0.000708 1.7607 kg 

57 
NMVOC, non-methane volatile organic compounds, 
unspecified origin 2.28E-06 2.7727 kg 

58 Tin 1.88E-09 5.5223 kg 

59 Magnesium 5.53E-07 5.4579 kg 

60 Phosphorus 1.56E-06 1.8822 kg 

61 Silicon 4.91E-06 5.5223 kg 

62 Methane 1.73E-04 1.8282 kg 

  Emissions to water Value Standard deviation Unit 

63 Iron 0.003603 5.0774 kg 

64 Chromium 1.38E-08 5.4579 kg 

65 Lead 9.49E-07 4.7077 kg 

66 Cobalt 8.21E-07 5.0774 kg 

67 Iron 0.004459 7.3153 kg 

68 Phosphate 0.00269 1.7607 kg 

69 Silicon 0.000183 107.0535 kg 

70 Copper 1.61E-05 5.5223 kg 

71 Chromium VI 4.58E-07 8.0693 kg 

72 Calcium 0.04586 5.1401 kg 

73 Silicon 0.000188 4.5266 kg 

74 Nitrate 6.00E-05 1.7607 kg 

75 COD, Chemical Oxygen Demand 0.000306 1.9412 kg 

76 Nitrogen 0.00049 1.7607 kg 

77 Chromium VI 6.35E-06 4.9530 kg 

78 Arsenic 7.68E-07 4.7077 kg 

79 Magnesium 0.005149 5.1401 kg 

80 Sulfate 0.002769 1.8822 kg 

81 Cadmium 9.95E-10 191.2478 kg 

82 Zinc 8.40E-07 109.3636 kg 
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83 Cobalt 5.00E-07 5.3937 kg 

84 Tin 1.42E-06 5.0774 kg 

85 Mercury 5.16E-09 31.3978 kg 

86 BOD5, Biological Oxygen Demand 0.0035 1.8643 kg 

87 Aluminium 0.000782 3.8824 kg 

88 Arsenic 7.65E-08 5.3937 kg 

89 Manganese 2.69E-05 5.0774 kg 

90 TOC, Total Organic Carbon 0.000121 1.9412 kg 

91 TOC, Total Organic Carbon 0.0026 1.8643 kg 

92 Sodium 0.002186 5.1401 kg 

93 Sulfate 0.14497 1.7607 kg 

94 Phosphate 0.000182 61.7507 kg 

95 Mercury 6.29E-08 4.9530 kg 

96 Nitrite 0.000644 1.7607 kg 

97 Copper 9.71E-06 5.0151 kg 

98 Zinc 3.38E-05 5.0151 kg 

99 Water, CH 0.9000 1.765 m3 

100 DOC, Dissolved Organic Carbon 0.0026 1.8643 kg 

101 Cadmium 1.42E-07 5.0774 kg 

102 COD, Chemical Oxygen Demand 7.02E-03 1.8282 kg 

103 Chloride 0.040484 3.9974 kg 

104 Molybdenum 5.44E-07 4.5266 kg 

105 Manganese 1.61E-05 6.4590 kg 

106 Nickel 4.00E-06 5.0774 kg 

107 Fluoride 3.28E-05 5.1401 kg 

108 Molybdenum 2.80E-07 5.3937 kg 

109 Potassium 0.000399 5.1401 kg 

110 Magnesium 0.000371 5.3937 kg 

111 Ammonium, ion 0.0017 1.8282 kg 

112 Calcium 0.003113 5.3937 kg 

113 Tin 7.13E-07 9.4404 kg 

114 DOC, Dissolved Organic Carbon 0.000121 1.9412 kg 

115 BOD5, Biological Oxygen Demand 0.0001 1.9412 kg 

116 Aluminium 6.23E-05 4.4072 kg 

117 Lead 3.93E-07 192.7085 kg 

118 Nickel 1.74E-06 5.3937 kg 

119 Nitrate 0.0027 1.8282 kg 

120 Methane 5.26E-04 1.7731 kg 

  Waste to treatment Value Standard deviation Unit 

121 Waste plastic, mixture {GLO}| market for | Alloc Def, U 1.55E-02 1.4918 kg 

122 
Waste cement hydrated {GLO}| market for | Alloc Def, 
U 4.33E-03 1.7607 kg 

123 
Waste graphical paper {CH}| treatment of, municipal 
incineration with fly ash extraction | Alloc Def, U 1.55E-02 1.4918 kg 
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Notes: The rows in green mean a new concept was added to the default template from the Ecoinvent 
database; rows in purple mean that the values are results from the S-LCI; and, rows in white represent the 
default values from the Ecoinvent database (Ecoinvent, 2015). 

 

2.3.3. Performance measurement analysis 

The results for the conventional systems were compared between the actual operation of the 

Shatin STW and system 1. In addition, systems 1 and 2 were compared to evaluate the 

performance of the SES configuration. The comparisons were based on the water effluent 

quality, solids generation, energy production, and GHG emissions as given in Table 13. The 

MPE was used to evaluate the accuracy of the results from the S-LCI and the actual data from 

the Shatin STW. The step-by-step calculation of the MPE is presented in Table S19. 

Table 13. Comparison by mean percentage error (MPE) of the S-LCI of system 1 (conventional treatment) to the 
actual performance of the Shatin sewage treatment works (STW), and the S-LCI results of system 2 (sewage-

derived energy system). 

Water stream Shatin STW 
data1 

System 1 MPE (%) System 2 
Concept 
Oxygen consumption (ton/d) - 76.81 NA 4.46 
COD concentration in the effluent (mg/L) 
COD in the effluent (ton/d) 

<59.00 

<13.58 
45.90 
10.56 

0.00 
0.00 

6.97 
0.79 

NH4
+ concentration in the effluent (mg/L) 

NH4
+ in the effluent (ton/d) 

3.10 
0.71 

2.59 
0.60 

17.00 
16.00 

1.75 
0.20 

NO3
− concentration in the effluent (mg/L) 

NO3
− in the effluent (ton/d) 

0.40 
0.09 

0.40 
0.09 

0.00 
0.00 

2.72 
0.31 

Solids stream with energy generation Shatin STW 
data 

System 1 MPE (%) System 2 
Concept 
Sludge production (m3/d) 117.81 99.46 16.00 68.54 
Biogas production (m3/d) 10,410.96 9,810.32 6.00 17,838.50 
Methane production (m3/d) 6,246.58 6,526.06 4.00 10,148.57 
CHP: 
Electricity recovery with an efficiency of 42% 
(kWh/d) 
Heat recovery with an efficiency of 38% (kWh/d) 
DFE: 
Electricity recovery with an efficiency of 34% 
(kWh/d) 

 
26,381.43 

- 
 

5,856.22 

 
23,396.69 
21,168.44 

 
4,735.05 

 
11.00 
NA 

 
19.00 

 
35,881.51 
32,464.22 

 
7,261.73 

Heat recovery with an efficiency of 28% (kWh/d) - 3,899.45 NA 5,980.25 
GHG emissions (ton/d) Shatin STW 

data 
System 1 MPE (%) System 2 

Concept  
Biogenic CO2 emissions  - 79.72 NA 17.27 
Biogenic CH4 emissions  - 0.041 NA 0.06 
Direct CH4 emissions  - 0.26 NA 0.04 
Direct N2O   0.02 NA 0.01 
Notes: - No information was provided. NA: not applicable. COD: chemical oxygen demand; CHP: combined heat 
and power; DFE: dual fuel engines. References: 1DSD, 2015. 
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Overall, the results obtained for the S-LCI for system 1 are in agreement with the reported data 

of the actual performance of the Shatin STW, supporting the specificity of the S-LCI approach 

developed in this work. In practice, acceptable relative errors between measured and predicted 

values in models for biological processes (e.g. activated sludge) range from 10% to 40% 

(Melcer et al., 2003; Sin et al., 2008). These errors might be attributable to the assumptions 

made in models which simplify complex processes of reality (Rittmann and McCarty, 2001). 

Furthermore, microbial ecology of biological processes is a field under development.  

In terms of water effluent quality, the similarity of S-LCI to actual performance was 84% 

(MPE=16%) for NH4
+ concentration and 100% (MPE=0%) for COD. Systems 1 and 2 had 

close results for NH4
+ removal. System 1 considered total Kjeldahl nitrogen (TKN) removal 

efficiency of 93%, whereas the total NH4
+ removal efficiency of the SAF-MBR from system 2 

was assumed as 94%. 

Solids generation is closely related to biogas and energy production. The S-LCI results from 

system 1 were similar to the current operation of the Shatin STW of 84% (MPE= 16%) for 

sludge generation, 94% (MPE=6%) for biogas production, 96% (MPE=4%) for CH4 

production, 89% (MPE= 11%) for electricity generation from CHP, and 81% (MPE=19%) for 

electricity generation from one DFE. The differences in electricity generation may be due to 

the dynamic operational conditions for the ratio of biogas between CHP and DFE. In the actual 

operation of the Shatin STW, the biogas flow ratio of CHP and DFE changes constantly, 

whereas S-LCI assumes a constant ratio (80:20). System 2 had lower sludge production than 

the conventional system, with more biogas generated and thus more energy recovered. 

The benefits of calculating the inventory with the S-LCI framework are demonstrated through 

its comparison with the conventional approach, which is the use of the database with available 

disclosed data. The data available from the DSD for Shatin STW only included the electricity 

production on-site; iron consumption; sludge production and distance from the Shatin STW to 
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the incineration plant; polyacrylamide consumption; number of co-generation units, and COD 

and NH4
+ in the water effluent. No data could be gathered for GHG emissions. Details of the 

inventories assuming conventional data collection approach, system 1 and 2 are shown in Table 

14. The results of the IAM show that the conventional data collection methods translated into 

an overestimation of the environmental impacts compared to the site-specific S-LCI as 

presented in Figure S1. However, more detailed analysis of environmental impacts will be 

presented in the next chapter. 

Table 14. Comparison of S-LCI for system 1 to conventional data collection approach 

Categories in SimaPro Shatin STW data 
(LR + CH)1  

System 1 System 2 
 
Avoided products 
Electricity, high voltage 
Heat, other than natural gas 

 
- 
- 

 
0.1800 
0.3626 

 
0.1241 
0.2498 

Electricity, low voltage 
Heat, natural gas 

0.1401 
- 

0.1222 
0.3921 

0.1875 
0.6013 

Materials/fuels    
Process-specific burdens, residual material landfill 
Wastewater treatment facility 
Iron (III) chloride, without water, in 40% solution state 
Process-specific burdens, slag landfill 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
Polyacrylamide 
Heat and power co-generation unit, 1 MW electrical 

0.0043 
6.06E-10 
5.03E-04 
0.0276 
0.0731 

- 
- 

0.0520 
2.48E-07 

0.0216 
2.23E-10 
5.03E-04 
0.0216 
0.0194 

2.38E-05 
2.38E-05 
0.0520 

2.48E-07 

0.0149 
2.23E-10 
0.0154 
0.0149 
0.0134 

1.64E-05 
1.64E-05 
4.72 E-04 
2.48E-07 

Electricity/heat     
Electricity, low voltage 
Electricity, high voltage 
Heat, natural gas 
Heat, other than natural gas  

0.4004 
- 

0.1182 
- 

0.4004 
0.0622 
0.1183 
0.3626 

0.3298 
0.0428 
0.0710 
0.2498 

Emissions to air     
Carbon dioxide, biogenic 
Methane, biogenic 
Dinitrogen monoxide 
Methane 

0.1990 
0.0005 
0.0001 

- 

0.5517 
0.0013 

7.13E-05 
0.0011 

0.2804 
0.0014 

5.38E-05 
1.73E-04 

Emissions to water    
BOD5 
TOC 
DOC 
COD 
Ammonium, ion 
Nitrate 
Methane 

0.0098 
0.0073 
0.0075 
0.0460 
0.0031 
0.0483 

- 

0.0230 
0.0170 
0.0170 
0.0260 
0.0026 

3.93E-04 
NA 

0.0035 
0.0026 
0.0026 
0.0070 
0.0017 
0.0027 

5.26E-04 
Notes: LR means literature review. CH stands for Switzerland in the Ecoinvent database. Switzerland was 
chosen because rest-of-world (RoW) is not available for Class 1 capacity. - No information was provided. 
NA: not applicable. References: 1DSD, 2015. 
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2.3.4. Water–energy–gas implications 

The present chapter included the CO2 and CH4 biogenic and direct emissions, and N2O 

emissions. According to the Intergovernmental Panel on Climate Change, the CO2 biogenic 

gas emissions are recommended as GHG-neutral (IPCC, 2006) and have been omitted in other 

studies (Bisinella de Faria et al., 2015; Bravo and Ferrer, 2011; Limphitakphong et al., 2016; 

O’Connor et al., 2014a; Schaubroeck et al., 2015). The Ecoinvent database includes CO2 

biogenic gas emissions for sewage treatment assessment, thus the S-LCI enables the site-

specific quantification of biogenic emissions to replace the default values. The S-LCI results 

show that system 2 had the lowest performance solely in CH4 biogenic emissions. The main 

CH4 biogenic emissions were due to the assumed leakage from the anaerobic digesters. These 

emissions are highly related to the higher sludge production of system 2 from CEPT. The S-

LCI also considered the direct CH4 produced from the untreated COD released into the 

environment (IWA, 2012). System 1 had a higher COD concentration in the water effluent, 

meaning that there were more direct CH4 emissions from system 1 than from system 2. Unlike 

the biogenic emissions, the direct CH4 emissions were closely related to the water effluent 

quality. The N2O emissions were estimated from the literature (Doka, 2003b). These emissions 

have been recognized as essential to the calculation of GHG emissions because of the high 

global-warming potential (GWP) of N2O (Hauck et al., 2016; Lorenzo-Toja et al., 2016). 

Moreover, other studies have noted N2O emissions’ importance when introducing anammox in 

an A-B system including activated sludge treatment (Larsen et al., 2010; Schaubroeck et al., 

2015). In this chapter, denitrification was not considered to be taking place in the SAF-MBR 

as shown by the proportional partial nitritation/anammox biochemical reaction (Eq. (16)) 

eliminating the biological pathway for N2O production. The SAF-MBR is an enclosed system, 

therefore the operational conditions could be optimized through the control strategies. In the 
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case of N2O production, only 1% of the total production would be assumed to be in a leakage 

form. 

It has been recognized that advanced treatments for better effluent quality lead to higher energy 

consumption (Corominas et al., 2013a; Remy et al., 2014b; Shoener et al., 2016; Zang et al., 

2015). Therefore, the trade-offs between energy consumption and contaminant removal must 

be analyzed carefully. Contrary to the results of other studies on membrane bioreactors (MBRs) 

where higher water quality and energy recovery imply higher energy consumption (Shoener et 

al., 2016; Zang et al., 2015), the results from the S-LCI for system 2 show that the higher energy 

production from AD, optimized AD operation, and similar energy production from incineration 

in systems and 1 and 2 compensated for the high energy consumption for membrane fouling 

control. This finding is similar to the results for AFMBR systems that had better energy 

performance than the activated sludge process (Kavvada et al., 2017), and AFMBR systems 

that recovered more energy than high-rate activated sludge (HRAS) coupled with AD (Smith 

et al., 2014). In this chapter, the plant-wide low-voltage electricity consumption decreased from 

0.4004 kWh/m3 (system 1) to 0.3298 kWh/m3 (system 2).  

2.3.5. Implications for LCA 

S-LCI is a tool that links biochemistry and management in a user-friendly way that can help 

the decision-making process. Four main implications were identified for LCA research and 

application. First, existing LCA approaches involve high data collection variability. There is 

no standard checklist for data collection for foreground information of the existing processes. 

S-LCI includes a 41-item checklist of data requirements. The legislative/water authority could 

include parameters from the checklist into the monitoring programs to be disclosed by law. 

Furthermore, S-LCI provides different ranges for the variable parameters, which could 

facilitate sensitivity analysis.  
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Second, there is no standard process for estimating or predicting foreground information with 

higher specificity. A major original aspect of the S-LCI is its use of stoichiometry coupled with 

kinetics to obtain the water, air, and soil emissions, which increases the specificity of the LCI 

and enables its replication for similar STW configurations for other sewage sample. S-LCI 

encourages using elemental analysis of the sample of interest to construct the specific empirical 

microbial formula for increasing the representativeness and specificity for the local conditions. 

Despite increased uncertainty from the use of grab samples, this approach is more specific than 

using current databases that involve global averages. 

Third, a full set of infrastructure inventories, including SES configuration, was calculated for 

Hong Kong, which contribute to the “wastewater treatment facility” concept in the Ecoinvent 

database for Asian cities. The listed inputs/outputs in the SES inventory in the present chapter 

could be used as default values for other studies that focus on inputs/outputs in which sample 

composition has no influence. The wastewater facility construction concept for Ecoinvent 

class 1 and systems 1 and 2 are compared in Table S20.  

Lastly, foreground information for the sewage treatment LCI can be extended from the S-LCI 

beyond RoW and Switzerland to other countries. Adding data analysis of the recently 

developed processes contributes to new unit processes, such as CEPT, AFBR, and 

PN/AFMBR. A considerable amount of biological data has been collected for the recently 

developed processes. Thus, fewer parameters need to be calculated or tested to reduce the costs 

and time for data collection. The S-LCI can be applied by pioneers of the emerging-

technologies who might not yet understand all the kinetic breakdowns of the processes as 

required in state-of-the-art biochemical models (i.e., hydrolysis rates and inhibition effects) but 

whose technologies must be compared with the conventional systems to determine whether the 

trade-offs in the systems have good environmental performance (Kavvada et al., 2017). 
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2.3.6. Limitations 

Although adopting the S-LCI could extend the databases’ inventories for sewage treatment 

with enhanced specificity and standardization, several limitations should be addressed before 

it is applied in practice. First, there are two main sources of uncertainty, namely (i) data 

collected from the laboratory- and pilot-scale studies for the SES scenario, and (ii) the steady-

state mass balance compared to a dynamic approach.  

Second, the S-LCI could be considered to be over-simplified compared to state-of-the-art 

models, such as BSM2. Yet, S-LCI requires data collection for 41 items. In addition, between 

the conventional system and the SES combined, the S-LCI encompasses 69 variable parameters 

for water, solids, energy generation, and gas emissions considerations. Even though the data 

collection proposed is extensive, the acceptable ranges and experimental results are already 

provided in a clear way. 

Third, the trade-offs involved in removing emergent pollutants and heavy metals from water 

to sewage sludge must be studied in further detail (Lorenzo-Toja et al., 2016; Yoshida et al., 

2014; Zang et al., 2015). CEPT tends to have higher heavy-metal removal than conventional 

clarifiers. In particular, scenarios that involve spreading sludge for land application or 

agriculture must include the fate of heavy metals into the soil (Corominas et al., 2013a). The 

optimization of the MBRs for energy consumption (Shoener et al., 2016), and strategies for 

dissolved CH4 recovery (Kavvada et al., 2017; Pretel et al., 2013; Smith et al., 2014) should 

also be included when data becomes available. 

Despite these limitations, S-LCI provides a clear step toward more specific and regionalized 

LCA. In addition, the data of recently developed systems in the SES scenario are not from full-

scale systems, but their inclusion in a whole-plant analysis helps to identify the water-energy-

gas trade-offs to tackle before scaling up.   
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2.3.7. Future work 

Further studies based on S-LCI are expected to reduce uncertainty, increase robustness, and 

improve decision-making. To reduce uncertainty, new developments regarding the mainstream 

full-scale application of SAF-MBR and the integration of emerging pollutants and heavy 

metals should be included. S-LCI represents a relatively generic methodology yet other system 

configurations should be conducted case by case. The S-LCI robustness could be enhanced by 

adding the biochemical equations of other emerging sewage treatment processes. In addition, 

the results of the S-LCI should be evaluated by IAM and interpretation methods to provide a 

clearer picture of the environmental impacts of the different systems. Instead of initially 

spending time and money on laboratory- and pilot-scale studies for each of the processes for 

each specific sample, further studies and more advanced models could be assessed after the 

environmental impacts are identified. 
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3. Beyond Energy Balance: Environmental Trade-Offs of Organics Capture 

and Low Carbon-to-Nitrogen Ratio Sewage Treatment Systems 

3.1. Introduction 

Climate change, eutrophication, and acidification of water bodies are three of the most pressing 

environmental impacts to be tackled by the United Nations’ SDGs (UN, 2015). Stricter 

regulations for water quality discharge from STPs while reducing GHG emissions demand the 

implementation of more sophisticated treatment that include energy efficiency optimization, 

use of reclaimed water and nutrient recovery (Gu et al., 2017; Jenicek et al., 2013; Wan et al., 

2016). 

Energy efficiency optimization refers to enhanced energy recovery and reduced energy 

consumption, which might lead to energy self-sufficient STPs (Gu et al., 2017; Guven et al., 

2019). In theory, energy self-sufficiency is possible given that the chemical energy potential of 

raw sewage (Shizas and Bagley, 2004) surpasses the unit electricity consumption of municipal 

STPs in the US and in Europe (Gu et al., 2017). In practice, there are several energy self-

sufficient STPs that can be claimed as WRRFs (e.g. two WRRFs in Austria, five WRRFs in 

the US, and one WRRF in Switzerland) (Shen et al., 2015). These WRRFs achieved energy 

self-sufficiency through a combination of AD of sludge and other process units. AD is a widely 

applied biological process in which the organic components of sludge are converted into biogas 

containing mainly CO2 and CH4 (Rittmann and McCarty, 2001). AD for energy generation has 

been identified as one of the key processes to achieving energy self-sufficiency (Gao et al., 

2014; Jenicek et al., 2013; Shen et al., 2015; Nowak et al., 2015).  

In the primary treatment of a conventional STP, a fraction of the organics present in sewage is 

concentrated as primary sludge for AD, whereas the remaining organics in the settled sewage 

assist in the BNR process. In recent years, up-concentration alternatives have emerged for 
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primary treatment such as CEPT, HRAS, anaerobic processes, and other advanced treatments 

(Dai et al., 2015; Guven et al., 2019; Wan et al., 2016). Several benefits have been identified 

in the up-concentration of organics, such as enhanced sludge, higher biogas, and energy yield, 

and reduction of CO2-equivalent emissions from power importation (Gori et al., 2013; Jenicek 

et al., 2013; Remy et al., 2014a). Despite the benefits, there are still cost-benefit questions on 

whether the organic matter should be preserved to assist in denitrification of BNR or, 

alternatively, should be up-concentrated in primary treatment to obtain higher sludge 

production for high methane yield in AD (Flores-Alsina et al., 2014). 

CEPT and HRAS are the most common up-concentration practices at full-scale (Guven et al., 

2019). However, there has been increasing interest in the development of mainstream anaerobic 

treatment processes (Pretel et al., 2015), which have been adopted at full-scale in tropical 

regions (Oliveira and Sperling, 2008). Submerged anaerobic membrane bioreactors (AnMBRs) 

have several benefits, such as a small footprint, less sludge yield, adequate control of biomass 

due to decoupling of solids retention time and hydraulic retention time, and production of high-

quality effluents (Hospido et al., 2012; Pretel et al., 2015; Shoener et al., 2014). Recent studies 

have suggested that AnMBRs are a promising technology even under low temperature (Gao et 

al., 2014; Shoener et al., 2014, Smith et al., 2014) but the dissolved CH4 capture in the effluent, 

electricity consumption, membrane fouling mitigation, the membrane material, its complex 

operation, the application of stricter pre-treatment requirements, and minimum removal of 

soluble nutrients should be addressed before full-scale implementation (Dai et al., 2015; 

Hospido et al., 2012; Pretel et al., 2015; Wan et al., 2016). 

Owing to low nutrient removal, up-concentration processes applied as primary treatment 

require further BNR. Secondary treatment should consider the low C/N ratio, which restricts 

the application of conventional activated sludge because of the lack of organic matter as an 

electron donor for denitrifiers (Rittmann and McCarty, 2001). Considering that municipal 
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sewage typically has medium-to-low COD content and that up-concentration further decreases 

the carbon content in the settled sewage, research attention is shifting to the study of emerging 

biological pathways for low C/N ratios (Gao et al., 2014; McCarty, 2018; Smith et al., 2014; 

Wan et al., 2016), such as 11, 7, and 3 for simultaneous N/D, shortcut nitritation/denitritation 

and combined PN/A, respectively (Guven et al., 2019; Sun et al., 2010).  

PN/A works under the lowest C/N ratio, consumes the least oxygen (thus electricity 

consumption) and carbon, and reduces sludge production and CO2 emissions (Jetten et al., 

1997; Rittmann and McCarty, 2001; Soliman and Eldyasti, 2018). In PN, the two-step 

nitrification process is interrupted by inhibiting denitrifiers after the first step, where NH4
+ is 

only oxidized to nitrite (NO2
−) (Tchobanoglous et al., 2014). Anammox is the process where 

NH4
+ and NO2

− are simultaneously converted into dinitrogen gas. Combined PN/A can be 

achieved through suspended and attached growth systems, and single-stage or two-stage 

reactors (Lackner et al., 2014; Soliman and Eldyasti, 2018; Sun et al., 2010). In practice, the 

majority of full-scale PN/A systems operating worldwide work as single-stage suspended 

growth systems for sidestream treatment (Lackner et al., 2014). Furthermore, Strass WWTP in 

Austria and Changi water reclamation plant in Singapore carry out mainstream PN/A (Guven 

et al., 2019; Soliman and Eldyasti, 2018; Yeshi et al., 2016). However, given that out-selection 

of nitrite-oxidizing bacteria and heterotrophic denitrifiers is more challenging in the 

mainstream (Dai et al., 2015), the slow growth rate of anammox bacteria, and the stringent 

operational conditions (Ni et al., 2013), system configurations that minimize anammox-

biomass washout, such as MBRs, have gained attention (Kwak et al., 2012; Sun et al., 2016; 

Tao et al., 2012).  

Since energy self-sufficiency is unlikely achieved through a single technology, combined 

configurations for primary and secondary treatment, including these emerging technologies, 

have been evaluated in terms of net energy balance (NEB). Net energy production was 
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predicted for a SAF-MBR with GAC as the fouling mitigation strategy (Bae et al., 2013; Kim 

et al., 2011; Yoo et al., 2012). In addition, the use of PN/A in AFMBR has been proposed, 

which would lead to lower N2O formation and increased polishing of residual carbon and 

nitrogen (Kwak et al., 2012; Lee et al., 2013). Mainstream PN/A combined with AD (Gao et 

al., 2014), a combined submerged anaerobic membrane bioreactor (AnMBR) with a completely 

autotrophic nitrogen removal over nitrite MBR (Dai et al., 2015),  mainstream AFBR followed 

by PN/A (Wan et al., 2016), and up-concentration followed by mainstream anaerobic and PN/A 

treatment (McCarty, 2018) showed higher energy recovery than other emerging technologies.  

Even though the results of NEB greatly contribute to the evaluation of the total environmental 

impacts of WWTPs and WRRFs, additional information on air and soil emissions, materials 

and fuel inputs, and waste, should be included to assess the environmental performance of a 

process (Gao et al., 2014; Gu et al., 2017). LCA is a management technique that enables the 

evaluation and comparison of the environmental impact of different systems by considering a 

cradle-to-grave approach (ISO, 2006). It consists of four steps: i) goal and scope, (ii) LCI, (iii) 

LCIA, and (iv) interpretation. LCA has been widely used for environmental performance 

comparison in sewage treatment, including whole-plant LCA analyses of emerging 

technologies (Byrne et al., 2017; Corominas et al., 2013a). LCAs for mainstream AnMBR 

using gas sparging (Smith et al., 2014), up-concentration processes combined with sidestream 

PN/A for urine source-separation (Bisinella de Faria et al., 2015), mainstream PN/A 

(Schaubroeck et al., 2015), and sidestream two-step anammox-single reactor for high-activity 

ammonia removal over nitrite system (Hauck et al., 2016) have already been conducted. 

However, a plant-wide LCA analysis for low-strength sewage in a subtropical climate 

considering different primary treatments and a mainstream AFBR followed by a PN/AFMBR 

with GAC as the membrane fouling mitigation technique, has not yet been investigated.  



53 

 

Existing LCAs are an excellent step toward identifying the sewage treatment configurations 

with the best environmental performance. However, data collection and processing for LCI 

differ in each LCA, making comparison and decision-making more challenging. A standardized 

stoichiometric life-cycle inventory (S-LCI) framework combines biochemistry and process 

engineering to obtain steady-state and site-specific air, water, and soil emissions for a sewage 

treatment (Alvarado et al., 2019). Studies integrating the S-LCI framework are expected to 

enhance standardization and specificity and improve decision-making. 

The goal of this chapter is to identify the environmental trade-offs of CEPT and emerging BNR 

processes for low C/N ratio sewage in comparison with conventional sewage treatment 

systems. Three scenarios are analyzed through LCA. Scenario 1 represents a conventional 

system with activated sludge. Scenario 2 consists of CEPT as the only process to obtain settled 

sewage. Scenario 3 proposes further BNR after CEPT using a SAF-MBR. The LCIs of scenario 

1 and 3 have been presented in the previous chapter using the S-LCI framework. However, the 

S-LCI results for scenario 1 and 3 need further analysis through IAMs and interpretation 

methods to obtain a clearer trend of their environmental impacts. This chapter has a three-fold 

objective: (i) to compare the environmental trade-offs of CEPT to those of conventional 

primary treatment, (ii) to determine environmental hotspots in different whole-plant 

configurations for low-strength sewage in a subtropical city, and (iii) to demonstrate the 

integration of the S-LCI framework into LCA. This chapter adds to our understanding of the 

environmental impacts of low-carbon sewage treatment, whose characteristics are likely to 

become more frequent because of diluted sewage from high-intensity precipitation as a 

consequence of climate change (Stocker et al., 2013; VO et al., 2014; Wilén et al., 2006). 
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3.2. Materials and methods 

LCA consists of four main steps that are integrated into the software SimaPro v.8.2.3. The first 

step is setting the goal and scope of the LCA, which includes the definition of a funcitonal unit 

and the different boundaries (Figure 5; data flow 1). Although researchers agree that the 

selected functional unit should cover the different influent qualities and different removal rates, 

most still use the “treatment of 1 m3 of sewage to be treated” (Byrne et al., 2017; Corominas et 

al., 2013a; Loubet et al., 2014; Zang et al., 2015). The S-LCI adopts this unit to facilitate further 

comparison between studies. The Ecoinvent database, the most widely used database for 

sewage treatment, also uses this functional unit (PRé Consultants, 2016a). 

The second step is constructing the LCI based on the background and foreground information. 

The background information can be obtained from databases. In this chapter, the foreground 

information follows the S-LCI methodology for enhanced standardization and specificity as 

described in the previous chapter (Alvarado et al., 2019). The S-LCI consists of three main 

steps: data collection, calculations, and results. In the S-LCI, the results of the elemental 

analysis of the samples (Figure 5; data flow 2) help in constructing the specific empirical 

formulas for microbial cells. Then, the empirical formulas are used for the stoichiometric and 

kinetic calculations following the TEEM (Rittmann and McCarty, 2001). The TEEM is 

complemented by primary data (i.e., flows, concentrations, and removal efficiencies) and 

energy requirements of the municipal WWTP or WRRF of interest to construct the process 

inventories with inputs and outputs of the system (Figure 5; data flow 3).  

The third step of the LCA is evaluating the environmental impacts of the resulting LCI through 

midpoint or endpoint methodologies (Figure 5; data flow 4). It has been found that the use of 

more than one characterization model validates the robustness of the results and provides 

concise information for decision-making (Niero et al., 2014; Zang et al., 2015). In this chapter, 
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ReCiPe Midpoint is the methodology used for midpoint analysis, while ReCiPe Endpoint and 

Ecological Scarcity 2013 are the methodologies used for endpoint analyses.  

ReCiPe is the successor of the methods Eco-Indicator 99 and CML-IA (Goedkoop et al., 2013). 

ReCiPe has been the preferred method for its midpoint and endpoint results in recent years 

(Igos et al., 2017; Kobayashi et al., 2015; Longo et al., 2017; Lorenzo-Toja et al., 2015; Morera 

et al., 2017; Risch et al., 2014). In addition, ReCiPe is a methodology that includes conceptual 

sub-compartments to allocate the receiving body for emissions into air, water, and soil (PRé 

Consultants, 2016a). Even though the midpoint results have lower uncertainty, endpoint 

indicators are perceived as more relevant by decision-makers (Corominas et al., 2013a; PRé 

Consultants, 2016a). The normalization factors in ReCiPe are based on updated emission and 

extraction data acquired from 28 European countries (Sleeswijk et al., 2008). The population 

of those 28 countries are used to recalculate the normalization figures per citizen in SimaPro 

(PRé Consultants, 2016a). 

Given that the principal function of WWTPs and WRRFs is related to water emissions, 

Ecological Scarcity 2013 is chosen because its integration of water pollution is a key factor for 

its single score. Ecological Scarcity 2013 uses “eco-factors” whose normalization involves the 

quantification of the current pressure/load from pollutant emissions or resource consumption 

in Switzerland per year, and weighting consists of the current substance emissions in the 

reference area per year divided by the environmental law limits or political targets 

(Frischknecht and Büsser, 2013; PRé Consultants, 2016a). 

The assumptions for the value choices include the selection of the attributional model, the 

allocation approach for multifunctional processes, and the hierarchist perspective (PRé 

Consultants, 2016b). The allocation procedure is by default the “Allocation at the point of 

substitution” integrated into Ecoinvent v.3.2 (Moreno et al., 2013). The hierarchist perspective 
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is selected because it was built in accordance with policy principles to model environmental 

mechanisms through time (Goedkoop et al., 2013). 

The results of the LCIA (Figure 5; data flow 5) are used for interpretation, which is the last step 

of the LCA. Interpretation of the results includes contribution analysis, uncertainties 

management, limitations, recommendations, and conclusions. Contribution analysis indicates 

the percentage to which main processes contribute to the total environmental impact of each 

category. Contribution analysis can be calculated from SimaPro8 to identify the main 

contributors and hotspots of each scenario. Uncertainties management focuses on conducting 

sensitivity analysis and Monte Carlo simulations.   

 

Figure 5. Stoichiometric life-cycle inventory (S-LCI) integration to life-cycle assessment.  

Notes: The blue boxes represent the steps of the LCA. The white boxes show further descriptions for the life-cycle 
inventory and life-cycle impact assessment. The gray boxes refer to the S-LCI framework. 

3.2.1. Treatment of low C/N ratio sewage in subtropical climate: Hong Kong  

Hong Kong is a subtropical city that treats ~2.8 MCM of municipal sewage per day (DSD, 

2018c). Treated seawater for toilet flushing is the common practice in Hong Kong, thus 80% 

of municipal sewage contains high salinity. The majority of the saline sewage is treated at 

Stonecutters Island STW which is the largest STW treating ~1.65 MCM of municipal sewage 
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per day. Shatin STW is the second major STW in Hong Kong treating ~0.24 MCM of municipal 

sewage per day. 

3.2.2. Goal and scope 

The LCA goal was to compare the plant-wide environmental trade-offs of treatments for low-

strength sewage in a subtropical-climate area considering different primary treatments and 

mainstream BNR emerging processes and to identify the hotspots associated with each 

treatment. The processes under study were conventional primary sedimentation, CEPT, 

conventional activated sludge, SAF-MBR (includes AFBR followed by PN/AFMBR), which 

were divided into three scenarios (Figure 6).  

Scenario 1 consisted of a conventional system based on the current operation and influent 

characterization at Shatin STW, which benefited from the organic presence for the N/D process 

in activated sludge. Shatin STW consists of conventional primary sedimentation followed by 

activated sludge, and thickening followed by AD, dewatering, incineration, and landfill for 

sludge management (DSD, 2009a; DSD, 2015; EPD, 2019). Shatin STW produces energy from 

AD through CHP and DFE. The energy and chemical consumption and transportation distance 

are based on Shatin STW primary data. 

Scenario 2 harnessed the organics in sewage for AD purposes by using CEPT without further 

BNR, which illustrated the advantages of up-concentration over conventional primary 

treatment. The primary treatment and raw CEPT sludge characterization in scenario 2 are based 

on the current operation at Stonecutters Island STW. Given that the current water effluent from 

the Stonecutters Island STW has high COD and nitrogen concentrations, the Hong Kong 

government has encouraged further studies on different BNR processes. The influent 

characterization is based on Shatin STW. CEPT is the only treatment to obtain settled sewage 

in Stonecutters Island STW, while dewatering, incineration, and landfill are the processes for 

sludge management (DSD, 2009b; DSD, 2015; EPD, 2019). Thickening, AD with CHP and 
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DFE for energy generation were added to scenario 2 as an alternative short-term strategy for 

sludge management. The AD process assumed in scenario 2 is based on the laboratory-scale 

anaerobic digester fed with raw CEPT sludge obtained from Stonecutters Island STW by Jing 

et al. (2019) and Ju et al. (2016). The CHP and DFE performances are based on the operation 

at Shatin STW. The electricity consumption for sludge handling and dewatering, and chemicals 

consumption is based on Stonecutters Island STW. The consumption of electricity for 

thickening and thermal energy for AD are based on Shatin STW. The transportation distance 

is based on Shatin STW location.  

Scenario 3 considered the need for BNR but discarded conventional activated sludge because 

of the low C/N ratio after CEPT (Alvarado et al., 2019). Instead, scenario 3 explored emerging 

technologies by using a SAF-MBR consisting of an AFBR and a PN/AFMBR to enhance water 

effluent quality. The sludge management practices included thickening, AD with CHP and 

DFE for energy generation, dewatering, incineration, and landfill. The primary treatment, raw 

CEPT sludge characterization, AD process, and chemical consumption are based on the 

Stonecutters Island STW. The electricity consumption for sludge dewatering was updated with 

new data from Stonecutters Island STW. The influent characterization, energy production and 

consumption, and transportation distance are based on Shatin STW. 

The geographical boundaries were taken from Europe (including Switzerland) and RoW 

average values from the Ecoinvent database. However, the concepts were regionalized as much 

as possible to China. The temporal boundary representing the STW lifetime was 30 years. The 

system boundaries included the following: construction, operation and maintenance, and 

disposal. The system boundaries in the S-LCI framework included GHG emissions from 

biological treatment, sludge management, treatment and disposal, and energy recovery.  
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Notes: All the scenarios include energy and greenhouse gas implications. The squared orange arrows represent 
the mixed sewage streams, the gray arrows represent the sludge streams, and the blue diagonal arrows show the 
water streams. PS: Primary sedimentation; AS: Activated sludge; SS: Secondary sedimentation; WE: Water 
effluent; CEPT: Chemically enhanced primary treatment; SAF-MBR: Staged anaerobic fluidized-bed membrane 
bioreactor consisting of an anaerobic fluidized bioreactor (AFBR) followed by a partial nitritation anammox 
fluidized-bed membrane bioreactor (PN/AFMBR). 

3.2.3. LCI 

The calculation of the LCI for scenario 1 and 3 is explained in Chapter 2 (Alvarado et al., 2019). 

The S-LCI for scenario 1 was based on the operation of Shatin STW, whereas that for S3 was 

based on data from the Shatin and Stonecutters Island STW. The differences between the 

previous and updated LCI for scenario 1 and 3 are that COD and NH4
+ removal efficiencies 

from the final sedimentator were modified to 0% for scenario 1; and, scenario 3 was updated 

with newly collected data for electricity consumption for sludge dewatering.  

Following the S-LCI framework, the LCI for scenario 2 was calculated in this chapter based on 

the Shatin and Stonecutters Island STW. The degritted sewage characterization for scenario 2 

is based on the previously collected data for scenario 3 from Shatin STW (Table S22-23) 

(Alvarado et al., 2019; DSD, 2015). The degritted sewage flow is 230,150 m3/d. The degritted 

Figure 6. Sewage treatment works scenarios and system boundaries for scenario 1 (S1), scenario 2 (S2), and 
scenario 3 (S3).  



60 

 

sewage COD, TSS and volatile suspended solids (VSS) concentrations are 310 mg/L, 270 

mg/L, and 50 mg/L, respectively. The NH4
+ and TKN concentrations were assumed from the 

effluent of the primary clarifier in Shatin STW as 31 mg/L and 42 mg/L, respectively. The NO3
- 

concentration (11 mg/L) was assumed as the difference between TKN and NH4
+ concentration. 

Empirical data for scenario 2 was collected from the previous experimental sludge 

characterization in scenario 3 which is based on Stonecutters Island STW (Alvarado et al., 

2019). The empirical TS, TSS, VS, VS/TS and TSS/TS for raw CEPT sludge is 38.65 g/L, 

26.08 g/L, 17.09 g/L, 0.44 and 0.67, respectively (Table S24). Further details are explained in 

the Appendix F. 

The “Wastewater treatment facility, capacity #l/year {GLO}| market for | Alloc Def, U” 

inventory from the Ecoinvent database was modified to include the considerations of scenario 

2. The infrastructure considerations were based on the infrastructure inventories of scenario 1 

and 3 (Alvarado et al., 2019), as detailed in Appendix F. The full inventories for the materials 

and the STW facility for scenario 2 are shown in Tables S25-S26. 

The water emissions were calculated from the data provided by the government authority in 

charge of the STW. The C/N ratio after primary sedimentation was 5.47, and the estimated C/N 

ratio after CEPT is 2.76, as presented in Table 15. Other water emissions are explained in detail 

in Appendix F. 

Table 15. Sewage carbon-to-nitrogen ratio after primary treatment 

Concentration after primary treatment (mg/L) S1 with conventional PS S2 with CEPT 
Chemical Oxygen Demand (COD)  230.00 116.00 
Total Kjeldahl nitrogen (TKN) 42.00 42.00 
Carbon-to-nitrogen (C/N) ratio 5.47 2.76 
Notes: S1: scenario 1; S2: scenario 2; PS: primary sedimentation; CEPT: Chemically enhanced primary 
treatment. In this thesis, COD is selected as the measurement for carbon, while TKN is assumed as the value 
for nitrogen. S2 assumes the COD concentration after CEPT is 116 mg/L (Alvarado et al., 2019). It is 
assumed that there is no nutrient removal in CEPT, thus the assumed TKN concentration is 42 mg/L resulting 
in a C/N ratio of 2.76. 
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The NEB included electricity and heat consumption and production. The electricity and heat 

production at the STW and incineration facility were considered avoided products. Scenario 1 

and 3 showed net electricity consumption of 0.1604 and 0.0478kWh/m3, respectively, whereas 

scenario 2 indicated net electricity production of 0.1180 kWh/m3, as explained in Appendix F 

and Table 16. The electricity consumption and production were accounted separately to enable 

clear visualization of the saved impacts (electricity production) and the harmful impacts 

(electricity consumption). The heat balance at the STW reflected higher production than 

consumption, as detailed in Table 16. 

Table 16. Energy balance for the three scenarios 

The thickened CEPT sludge production was previously calculated in scenario 3 as 904 m3/d 

(Alvarado et al., 2019). The thickened sludge is anaerobically digested during 10 d with a VS 

destruction of 61% (Ju et al., 2016); thus, the digested flow in scenario 2 is 782.44 m3/d. The 

percentage of TS and VS in CEPT digested sludge is obtained from a laboratory-scale 

anaerobic digester as 2.58% of dry solids, and 75.32% of TS, respectively (Alvarado et al., 

2019; Jing et al., 2019). The dry solids content after dewatering was assumed as 31%, hence 

Electricity balance 
Concept (kWh/m3 sewage treated) 

Scenario 1 
PS + AS 

Scenario 2 
CEPT 

Scenario 3 
CEPT + SAF-MBR 

In the STW facility- Low voltage 
   - Electricity consumption 
   - Electricity production 
   - Net electricity 

 
0.4004 
0.1222 
-0.2782 

 
0.1190 
0.1598 
0.0408 

 
0.3166 
0.1875 
-0.1291 

Incineration- High voltage 
   - Electricity consumption 
   - Electricity production 
   - Net electricity 

 
0.0622 
0.1800 
0.1178 

 
0.0407 
0.1179 
0.0772 

 
0.0429 
0.1241 
0.0813 

Net electricity of the scenario -0.1604 0.1180 -0.0478 
Heat balance* Scenario 1 

PS + AS 
Scenario 2 

CEPT 
Scenario 3 

CEPT + SAF-MBR Concept (MJ/m3 sewage treated) 
In the STW facility 
   - Heat consumption 
   - Heat production 
   - Net heat production 

 
0.1182 
0.3921 
0.2739 

 
0.0631 
0.5129 
0.4498 

 
0.0710 
0.6013 
0.5303 

Notes: “-” represents electricity consumption. *It is assumed that the incineration facility produces as much 
heat as it consumes. PS + AS: primary sedimentation and activated sludge; CEPT: chemically enhanced primary 
treatment; CEPT + SAF-MBR: CEPT and staged anaerobic fluidized-bed membrane bioreactor. 
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the dewatered sludge production for incineration in scenario 2 is 65.12 m3/d as shown in Figure 

7.  

Notes: CEPT= chemically enhanced primary treatment; Q = flow rate; COD = chemical oxygen demand; TSS = 
total suspended solids; TS = total solids; VS = volatile solids; CODrem = COD removal efficiency; TSSrem = TSS 
removal efficiency; VSrem = VS removal efficiency; VSred = VS consumed in anaerobic digestion; SRT = Solids 
retention time. 
 

Similar to scenario 3, the biogas production in scenario 2 was based on the elemental analysis 

of Shao et al. (2008) which measured the carbon, hydrogen, nitrogen, sulfur, oxygen and ash 

content in raw CEPT sludge as 33.00%, 4.35%, 2.02%, 0.50%, 36.72%, and 23.41%, 

respectively. The biogas production in scenario 2 was 17,550 m3/d from which 8,531 m3/d was 

CH4 gas (including the assumption of dissolved CH4). S-LCI enables the quantification of 

biogenic emissions to replace the existing default values in the Ecoinvent database for sewage 

treatment. Otherwise, the calculations would be based on generic data rather than site-specific 

or regionalized data. Other non-GHG emissions were obtained from the Ecoinvent database 

which involves biogas combustion and incineration as shown in Table S27 (e.g. carbon 

monoxide, sulfur dioxide, nitrogen oxides, NMVOC, etc.). 

Figure 7. Scenario 2 sewage treatment configuration, design criteria, and removal efficiencies. 
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Material and fuel consumption for scenario 2 are explained in Appendix F. In scenario 2, the 

emissions to the soil were deleted because the sludge was not used for agricultural spreading. 

The typical kinetic values and design criteria for AD by methanogenesis in scenario 2 are the 

same as in previous chapter and detailed in Table S28. A summary of the operation, kinetic and 

design parameters for the three scenarios are presented in Table S29.  

3.2.4. LCIA 

 Eutrophication, acidification, freshwater ecotoxicity, marine ecotoxicity, human toxicity, GWP, 

and climate change are the impact categories that have received much attention in sewage 

treatment (Bradford-Hartke et al., 2015; Byrne et al., 2017; Corominas et al., 2013a; Lehtoranta 

et al., 2014; Pretel et al., 2015; Smith et al., 2014; Yoshida et al., 2014; Zang et al., 2015). Thus, 

particulate matter formation (PMF), metal depletion, fossil depletion, terrestrial ecotoxicity, 

abiotic depletion, and photochemical oxidation are quantified but not discussed further in this 

thesis.  

3.2.5. Interpretation 

In this chapter, the total environmental impacts include positive and negative values. Positive 

values represent harmful impacts on the environment, whereas negative ones correspond to 

those impacts that have been avoided because of energy production (i.e., electricity and heat). 

The avoided impacts are included to reflect the benefits of energy self-sufficiency for the 

environment.  

The sensitivity analysis evaluates the sensitivity of the emissions in the impact categories to 

sensitive parameters. Table S30 lists the 9 sensitive parameters, which represent variations in 

membrane performance, energy efficiency, and GHG fugitive emissions. SAF-MBR is an 

emerging process for which less data is available relative to activated sludge and CEPT, thus 

almost half of the sensitive parameters were associated with scenario 3. In particular, a 
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sensitivity analysis was done assuming the membrane lifetime in scenario 3 as 5, 10 and 15 

years (Smith et al., 2014). Similarly, the sensitivity to the membrane cleaning frequency 

uncertainty parameter was evaluated by assuming 4.33 times/month instead of 0.027 

times/month (Smith et al., 2014). Scenario 3 assumes 0.227 kWh/m3 of electricity consumption 

for the SAF-MBR, thus the sensitivity analysis assumed future reductions to the electricity 

consumption as 0.140 kWh/m3 and 0.053 kWh/m3 (Bae et al., 2013; Shin et al., 2014). The 

sensitivity to dissolved CH4 recovery was performed for 0%, 50% and 90% (Smith et al., 2014). 

Vacuum extraction with degassing membranes is the process assumed for dissolved CH4 

recovery, and the design parameters are explained in Table S30 (Shoener et al., 2016; Smith et 

al., 2019). Spearman’s rank correlation coefficient was determined between the sensitive 

parameters and the impact categories results, and an arbitrary level of a 5% change in the 

impact values were chosen as the sensitivity threshold to determine if the influence of the 

sensitive parameter is significant (Lin et al., 2016). 

The Monte Carlo analysis evaluated the aggregate impacts of data uncertainty with a 95% 

confidence interval and 1000 iterations for reliability test. The probability distributions were 

obtained through the Pedigree Matrix in the “S-LCI” file from Alvarado et al. (2019). 

3.3. Results and discussion 

3.3.1. LCI 

The results of the S-LCI for scenario 2 were compared to scenario 1 and 3, as summarized in 

Table 17. The complete LCI for scenario 2 is shown in Table S27. The highest COD, NH4
+, 

and NO3
− concentrations in the effluent resulted from using CEPT as the only treatment to 

obtain settled sewage in scenario 2. CEPT followed by SAF-MBR in scenario 3 resulted in 

reductions of ~94%, 94% and 75% in COD, NH4
+, and NO3

− compared to scenario 2, 

respectively. However, the low-voltage electricity consumption within the WRRF in scenario 

3 was ~2.66 times higher than scenario 2. Despite the use of membranes, the conventional 
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system in scenario 1 consumed ~26% more low-voltage electricity than scenario 3. In addition, 

scenario 3 reduced COD and NH4
+ by ~89% and 44% compared to scenario 1, respectively. 

Yet, NO3
− emissions increased about one order of magnitude for scenario 3 compared to 

scenario 1 due to the PN/A process consideration. 

The highest sludge production resulted from activated sludge in scenario 1. CEPT followed by 

SAF-MBR in scenario 3 and sole CEPT in scenario 2 produced ~31% and 35% less sludge 

compared to scenario 1, respectively. Even though scenario 3 produced only ~4% more sludge 

than scenario 2 compared to scenario 1, the generation of low-voltage electricity through AD 

and high-voltage electricity through incineration was ~17% and 5% higher than scenario 2, 

respectively. However, the NEB showed that scenario 3 had net electricity consumption, 

whereas scenario 2 had net electricity production. In terms of GHG emissions, scenario 1 

produced the highest amount of biogenic CO2, whereas scenario 2 and scenario 3 produced 

more biogenic CH4 than scenario 1. Scenario 3 had the lowest direct CH4 emissions because of 

the low COD concentration in the effluent. Scenario 2 produced the highest N2O emissions 

because of the untreated NH4
+ in the effluent.  
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Table 17. Results of the S-LCI for scenarios 1, 2, and 3. 

The main trade-off that could be identified among the scenarios was related to electricity 

consumption and water effluent quality. Even though scenario 2 reached energy self-

sufficiency, the water effluent quality was the worst among the three scenarios. In order to 

obtain a clearer idea of each system’s environmental performance, an LCIA was conducted. 

3.3.2. LCIA 

The normalized results of ReCiPe Midpoint (Figure 8) identified marine ecotoxicity, marine 

eutrophication, and freshwater ecotoxicity as the environmental impact categories with the 

Functional units (#/m3 sewage treated) Scenario 1 
PS + AS 

Scenario 2 
CEPT 

Scenario 3 
CEPT + SAF-MBR Avoided products  

Electricity, high voltage (kWh) 
Heat, other than natural gas (MJ) 
Electricity, low voltage (kWh) 
Heat, natural gas (MJ) 

0.180067 
0.362582 
0.122232 
0.392111 

0.117892 
0.237387 
0.159789 
0.512591 

0.124081 
0.249849 
0.187457 
0.601347 

Materials/fuels    
Residual material landfill (kg) 
Wastewater treatment facility (p) 
Iron (III) chloride (kg) 
Slag landfill (kg) 
Transport sludge from STWs to IF, lorry 7.5–16 (tkm) 
Transport residual from IF to landfill, lorry 7.5–16 (tkm) 
Transport slag from IF to landfill, lorry 7.5–16 (tkm) 
Polyacrylamide (kg) 
Heat and power co-generation unit (p) 

0.021608 
2.23E−10 
0.000503 
0.021608 
0.019447 
0.000024 
0.000024 
0.052010 
2.48E−07 

0.014147 
2.23E−10 
0.015441 
0.014147 
0.012732 
0.000016 
0.000016 
0.000472 
2.48E−07 

0.014890 
2.23E−10 
0.015441 
0.014890 
0.013401 
0.000016 
0.000016 
0.000472 
2.48E−07 

Electricity/heat consumption     
Electricity, high voltage (kWh) 
Heat, other than natural gas (MJ) 
Electricity, low voltage (kWh) 
Heat, natural gas (MJ) 

0.062231 
0.362582 
0.400454 
0.118279 

0.040743 
0.237387 
0.118998 
0.063126 

0.042882 
0.249849 
0.316653 
0.070967 

Emissions to air (kg)    
Carbon dioxide, biogenic 
Methane, biogenic 
Dinitrogen monoxide 
Methane 

0.551783 
0.001269 
0.000073 
0.001551 

0.270153 
0.001324 
0.000126 
0.002876 

0.280440 
0.001359 
0.000054 
0.000173 

Emissions to water (kg)    
Biological oxygen demand 
Total organic carbon 
Dissolved organic carbon 
Chemical oxygen demand 
Ammonium, ion 
Nitrate 
Dissolved methane 

0.031054 
0.023021 
0.023021 
0.062150 
0.003079 
0.000393 

/ 

0.057563 
0.042658 
0.042658 
0.115168 
0.030720 
0.010901 

/ 

0.003491 
0.002605 
0.002605 
0.007025 
0.001732 
0.002698 
0.000526 

Notes: / = Not applicable. “Electricity, high voltage” refers to the electricity in the incineration facility, and 
“Electricity, low voltage” refers to the electricity at the sewage treatment works. “Heat, other than natural 
gas” refers to the heat at the incineration facility, and “Heat, natural gas” refers to the heat at the anaerobic 
digester. PS + AS: primary sedimentation and activated sludge; CEPT: chemically enhanced primary 
treatment; CEPT + SAF-MBR: CEPT and staged anaerobic fluidized-bed membrane bioreactor. 
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highest values for the three scenarios. Scenario 1 has the highest impacts on marine and 

freshwater ecotoxicity. Scenario 2 has the lowest impacts in marine and freshwater ecotoxicity, 

but the highest in marine eutrophication. Scenario 3 has the lowest impact on marine 

eutrophication. Scenario 1 exhibits the highest impact in all other impact categories, and 

Scenario 2 exhibits the lowest, except for metal depletion.  

S-LCI enables site-specific inventories particularly for nitrogen emissions in the water effluent, 

which is an important factor for marine eutrophication and ecotoxicity. In addition, S-LCI 

encourages the collection of site-specific data regarding electricity consumption in WWTPs 

and WRRFs, which is key in freshwater and marine ecotoxicity, and freshwater eutrophication. 

Thus, the implementation of S-LCI helps in obtaining and processing site-specific data that are 

related to the categories with the highest impacts in the LCIA.  

 

 

Notes: S1: PS + AS (scenario 1, including primary sedimentation and activated sludge), S2: CEPT (scenario 2, 
including chemically enhanced primary treatment), and S3: CEPT + SAF–MBR (scenario 3, including CEPT and 
staged anaerobic fluidized membrane bioreactor). Note: normalization results are dimensionless. MEc: Marine 
ecotoxicity; MEu: Marine eutrophication; FEc: Freshwater ecotoxicity; FEu; Freshwater eutrophication; HT: 
Human toxicity; TAc: Terrestrial acidification; CC: Climate change. Triangles (▼, ▲) represent 95% confidence 
interval of the total environmental impact per impact category from the Monte Carlo simulations. 
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Figure 8. ReCiPe Midpoint results for scenarios 1, 2, and 3. 

S2: CEPT S3: CEPT + SAF-MBR S1: PS + AS 97.5% 2.5% 
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The results of ReCiPe Endpoint (Figure 9) identify scenario 1 with the highest environmental 

impact, followed by scenario 3 and 2. Among the three impact categories of ReCiPe Endpoint, 

human health has the highest contribution to the single score results. The human health 

category is linked to human toxicity and air pollution categories such as PMF, climate change, 

and photochemical oxidation (PRé Consultants, 2016a). In ReCiPe Midpoint, scenario 1 has 

the highest impacts on human toxicity, climate change, and PMF, whereas scenario 2 has the 

lowest impacts. The resources category focuses on fossil fuel and mineral depletion. In ReCiPe 

Midpoint, scenario 1 has the highest impacts for fossil and metal depletion, whereas scenario 

2 has the lowest impacts for fossil depletion and scenario 3 for metal depletion. The ecosystems 

category includes terrestrial, marine water, and freshwater damage. Marine and freshwater 

ecotoxicity, were identified as the impact categories with the highest damage in midpoint 

methodologies. However, the contribution of these water damage categories identified in the 

midpoint results is barely reflected in the endpoint results.  

 

 

Notes: S1 (scenario 1, including primary sedimentation and activated sludge), S2 (scenario 2, including 
chemically enhanced primary treatment (CEPT)), and S3 (scenario 3, including CEPT and staged anaerobic 
fluidized membrane bioreactor). Triangles (▼, ▲) represent 95% confidence interval of the total environmental 
impact per impact category from the Monte Carlo simulations. 
 
  

0
10
20
30
40
50
60
70
80
90

S1 S2 S3

m
P

t

ReCiPe Endpoint (H) V1.12 / World 
ReCiPe H/A/Single Score 

Figure 9. ReCiPe Endpoint single score results for scenarios 1, 2, and 3.  

Resources Ecosystems Human health 97.5% 2.5% 
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In contrast to ReCiPe Endpoint, the results of Ecological Scarcity 2013 identify scenario 2 with 

the highest environmental impact, followed by scenario 1 and 3 (Figure 10). In Ecological 

Scarcity 2013, the categories with the highest values were water pollutants and heavy metals 

into the water. For the water pollutants category, the total nitrogen, and COD concentrations in 

the effluent of scenario 2 do not comply with the standards for discharged effluents established 

by the Hong Kong government (EPD, 2000). Even though the Ecological Scarcity 2013 

methodology links substance emissions to European instead of Hong Kongnese environmental 

policy, it is reasonable that water pollutants have the highest contribution to the single score 

and that scenario 2 has the worst environmental performance. The heavy metals (e.g. zinc, 

copper, cadmium) into the water category represent the background emissions obtained from 

the Ecoinvent database for sewer overload discharge, direct WWTP emissions, and sludge 

incineration.  

The discrepancy among different methodologies lies in their different priorities. Specifically, 

ReCiPe Endpoint assigns higher weights to human toxicity and air pollution, whereas 

Ecological Scarcity 2013 focuses on water impacts. A detailed comparison of the contribution 

analysis for endpoint methodologies clearly shows that the main contributor of Ecological 

Scarcity 2013 is direct emissions (e.g. COD, NH4
+ and dissolved CH4 into the water and GHG 

emissions into air), whereas the main contributors for ReCiPe Endpoint are the electricity 

consumption and sewer construction emissions (Figure S2).  
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Figure 10. Ecological Scarcity 2013 single score results for scenarios 1, 2, and 3.  

Notes: S1 (scenario 1, including primary sedimentation and activated sludge), S2 (scenario 2, including 
chemically enhanced primary treatment (CEPT)), and S3 (scenario 3, including CEPT and staged anaerobic 
fluidized membrane bioreactor). HM-w: Heavy metals into the water; WP: Water pollutants; C-a: Carcinogenic 
substances into the air; MAPPM: Main air pollutants and particulate matter; GW: Global warming; MR: Mineral 
resources. Triangles (▼, ▲) represent a 95% confidence interval of the total environmental impact per impact 
category from the Monte Carlo simulations. 

3.3.3. Interpretation 

3.3.3.1. Contribution analysis 

Ten processes contribute to over 92% of the impacts in midpoint methodologies for each 

scenario. The contribution analysis results identify that the main environmental hotspots are 

direct emissions and electricity consumption at the WWTPs or WRRF. Electricity use has been 

previously identified as one of the main contributors to MBRs processes (Hospido et al., 2012). 

Other less dominant hotspots recognized are the use of chemicals, sewer grid, CHP, and 

infrastructure. In addition, the impacts avoided from electricity recovery in scenario 2 are 

higher than the harmful impacts from electricity consumption. Figure 11 shows the contribution 

analyses of ReCiPe Midpoint for freshwater and marine eutrophication and ecotoxicity. Direct 

emissions are the highest contributor for freshwater and marine eutrophication in the three 

scenarios. For freshwater eutrophication in scenario 1 and 3, direct emissions are closely 

followed by low-voltage electricity consumption. Even if scenario 2 has the lowest effluent 

water quality, its electricity balance translates into lower freshwater eutrophication impacts 
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than scenario 1 and 3. In marine eutrophication, direct emissions represent more than 87% of 

the impacts. Thus, the high content of macro-nutrients in the water effluent of scenario 2 makes 

it the indisputable worst scenario in this category. In addition to direct emissions, the use of 

polyacrylamide in scenario 1 contributes to marine eutrophication. The main contributor of 

freshwater ecotoxicity is low-voltage electricity consumption, followed by direct emissions for 

scenario 2 and 3, and infrastructure for scenario 1. Scenario 2 has the best environmental 

performance in freshwater ecotoxicity because of the fewer background emissions from low-

voltage electricity consumption compared to scenario 1 and 3. Even if marine ecotoxicity is 

mainly dominated by direct emissions and the highest contribution of direct emissions is for 

scenario 2, the electricity balance of scenario 2 translates into the best environmental 

performance also in this category.  

The contribution analyses of terrestrial acidification and ecotoxicity and human toxicity for 

ReCiPe Midpoint are presented in Figure S3a. For terrestrial acidification, direct emissions and 

low-voltage electricity consumption are the two key contributors. The main contributors to 

terrestrial ecotoxicity are chemical consumption, sewer grid construction and WRRF 

infrastructure for scenario 1, 2, and 3, respectively. For human toxicity, the key contributor for 

scenario 1 and 3 is low-voltage electricity consumption, whereas it is the sewer grid for scenario 

2.  

The contribution analysis of air pollution and material depletion categories is presented in 

Figure S3b. The main contributors to climate change are the indirect emissions from low-

voltage electricity consumption, and direct GHG emissions intrinsic to the treatment, dissolved 

CH4, and untreated COD and NH4
+ in the water effluent. Scenario 2 has the highest direct 

emissions because of the concentrations of COD and NH4
+ in the effluent that are transformed 

into CH4 and N2O by natural processes (Godin et al., 2012). Nevertheless, the electricity 

implications give scenario 2 the best environmental performance in this category. N2O 
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emissions have been a concern in two-stage PN/A systems (McCarty, 2018), yet scenario 3 

considers a single-stage PN/A system in an enclosed system, which is expected to control N2O 

emissions (Soliman and Eldyasti, 2018). Electricity consumption followed by direct emissions 

is the main contributor to climate change in scenario 3. Similarly, previous studies identified 

dissolved CH4 in the effluent and electricity use of AnMBRs as the key contributors in GWP 

(Pretel et al., 2015; Smith et al., 2014).  

  

Notes: S1 (scenario 1, including primary sedimentation and activated sludge), S2 (scenario 2, including 
chemically enhanced primary treatment), and S3 (scenario 3, including CEPT and staged anaerobic fluidized 
membrane bioreactor). FEu: Freshwater eutrophication; MEu: Marine eutrophication; FEc: Freshwater 
ecotoxicity; MEc: Marine ecotoxicity; CHP: Combined heat and power; EC: Electricity consumption; WWTP: 
Wastewater treatment plant; WRRF: Water resource recovery facility; EP: Electricity production. 

 

3.3.3.2. Uncertainties management 

 The results of the sensitivity analysis with the SAF-MBR sensitive parameters show a negative 
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translates in less emissions. Yet, the increase of membrane lifetime from 5 to 10 and 15 years 

only decreases emissions by maximum 3% to 4% (Figure S4). In contrast, membrane cleaning 

frequency, SAF-MBR electricity consumption, and dissolved CH4 recovery show a positive 

correlation to impact emissions (Table S31), thus increasing these parameters result in 

increased emissions. Increasing the frequency of membrane cleaning represented an increase 

in up to one order of magnitude for marine ecotoxicity, freshwater eutrophication, human 

toxicity, terrestrial acidification and climate change (Figure S4). Decreasing the SAF-MBR 

electricity consumption from 0.227 kWh/m3 to 0.14 kWh/m3 decreases emissions in the range 

of ~6% (marine ecotoxicity) to 25% (climate change) while decreasing to 0.053 kWh/m3 

decreases emissions in the range of ~13% (marine ecotoxicity) to 50% (climate change) (Figure 

S4). Marine eutrophication was negligibly influenced by SAF-MBR electricity consumption. 

The recovery of 50% and 90% of dissolved CH4 with a degassing membrane resulted in 

increased emissions (Figure S4). Yet, when the recovery is from 0% to 50% the emissions 

increase in a range of ~<1% (marine ecotoxicity and marine eutrophication) to ~5% (human 

toxicity). Furthermore, increasing the recovery from 50% to 90% has neglecting increased 

emissions (<0.02%). On the contrary, GWP and marine eutrophication decreased when CH4 

and nutrient were recovered for a single-stage AnMBR without previous primary treatment 

(Pretel et al., 2015).  

The results of the sensitivity analysis with the sludge and energy production sensitive 

parameters (Table S32) show that increasing the electrical efficiency for CHP results in fewer 

emissions (freshwater ecotoxicity, terrestrial acidification, and climate change) for scenario 2 

and 3. Increasing the thermal efficiency for CHP in scenario 3 shows a positive correlation to 

emissions in climate change. The electrical and thermal efficiency in DFE has no significant 

impact on emissions. Lastly, more fugitive emissions represent more climate change emissions 

for all scenarios. 
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The Monte Carlo results show that the SEM were <0.01, ≤0.33, and ≤0.02 for ReCiPe 

Midpoint, ReCiPe Endpoint and Ecological Scarcity 2013, respectively, as detailed in Table 

S33-S35. The highest SEM in ReCiPe Midpoint, ReCiPe Endpoint, and Ecological Scarcity 

are for marine ecotoxicity, human health, and heavy metals into water, respectively.  

 3.3.3.3. Policy recommendations  

The analysis of the case study for Shatin and Stonecutters Island STW in Hong Kong and the 

general methodological contributions of the site-specific S-LCI integration to the LCA enable 

the recommendation of two tailor-made policies and three general policies for decision-makers. 

Current policy related to WWTPs and WRRFs focuses on water discharge emissions, but more 

holistic considerations should be included in the legislation to ensure sustainable processes.  

First, the addition of AD for sludge management to the current CEPT process in Stonecutters 

Island STW as presented in scenario 2 is recommended as a policy in the short-term which 

translates in energy self-sufficiency and overall environmental impacts reduction (range of 

27%–61 %), except for the marine eutrophication impact, compared to conventional treatment, 

as supported by ReCiPe Midpoint. The low-voltage electricity consumption shows a positive 

linear relationship to the freshwater eutrophication and ecotoxicity, marine ecotoxicity and 

climate change categories, where higher electricity consumption translates into higher impacts. 

Similarly, Smith et al. (2014) found a linear relationship where higher energy consumption 

translates into higher GWP for systems including HRAS, AD, activated sludge and aerobic 

MBRs. In contrast, low-voltage electricity consumption had a negative correlation with COD, 

NH4
+ and NO3

− emissions to water (thus marine eutrophication), where higher electricity 

consumption resulted in fewer water pollutants emissions. These results agree with the 

environmental trade-offs previously identified between eutrophication, toxicity, and global 

warming categories (Corominas et al., 2013a). 
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Second, the integration of the SAF-MBR for BNR and AD for sludge management to the 

current CEPT process in Stonecutters Island STW as presented in scenario 3 is recommended 

as a policy in the long-term to comply with discharge standards and reduce all impact categories 

(range of 17%–47 %) compared to scenario 1 as supported by ReCiPe Midpoint, even if energy 

self-sufficiency is not achieved. The implementation of scenario 3 for compliance with 

discharge levels would significantly (~90%) reduce the impact to marine eutrophication, but 

would increase (range of 12%–28%) freshwater eutrophication, freshwater ecotoxicity, marine 

ecotoxicity, terrestrial acidification, climate change, and human toxicity compared to scenario 

2 due to the addition of the SAF-MBR. These results agree with previous conclusions stating 

that stricter discharge levels reduce local eutrophication, but hinder overall environmental 

performance (Wang et al., 2015). The reduction of marine eutrophication in mainstream one-

step anammox of the SAF-MBR is ~7% higher than the reduction previously identified (16%) 

in sidestream two-step anammox (Hauck et al., 2016). Climate change has been found to 

increase when marine eutrophication is reduced (Hauck et al., 2016), whereas the configuration 

of scenario 3 decreases climate change impacts because of the enhanced electricity recovery 

and the reduced polyacrylamide consumption. The endpoint methodologies show opposing 

results for scenario 2, whereas consistent reductions of 45% and 21% are identified for scenario 

3 compared to scenario 1 by ReCiPe Endpoint and Ecological Scarcity 2013, respectively. 

Thus, the selection of scenario 3 represents reduced impacts for the two endpoint 

methodologies, without compromising marine eutrophication impacts. 

Third, when planning a new WRRF or upgrading a WWTP with CEPT process, the integration 

of AD for sludge treatment and BNR should be mandatory, so that the benefits of organic 

capture through a low energy process can be translated into high energy recovery without 

compromising water effluent quality. CEPT process has been considered as an interesting 

option for megacities (Guven et al., 2019) and energy recovery due to COD capture (Wan et 
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al., 2016), low footprint, low energy requirement, and high removal efficiencies. In recent 

decades, China and the US have adopted the CEPT process in full-scale plants (Bourke et al., 

2000; Meerburg et al., 2016; Wang et al., 2009). 

Fourth, when the technology transfer is ready for adoption of mainstream PN/AFMBR for low 

C/N sewage, more stringent effluent discharge limits could be set through legislation. By 2014, 

100 full-scale PN/A installations were predicted to be operating worldwide (Lackner et al., 

2014). Even though more than 50% of all PN/A systems are sequencing batch reactors instead 

of MBRs, 88% of all plants are operated as single-stage systems as the PN/AFMBR presented 

in scenario 3. The data collected and the S-LCI framework in this chapter complemented with 

site-specific data of these existing PN/A systems could be applied to obtain the holistic 

environmental impacts of these installations. In addition, upgrading of these installations by 

implementing MBR technology for PN/AFMBR operation might shift their application from 

sidestream to mainstream WWT. The resulted water effluent would then have reduced carbon 

(Shin et al., 2014; Wu et al., 2017), nitrogen (Lee et al., 2013), pharmaceuticals (Dutta et al., 

2014), and heavy metals (Katsou et al., 2011).  

Lastly, if Governments encourage the pursuit of energy self-sufficient WRRFs, then a site-

specific LCA analysis should be performed to ensure that the environmental impacts are not 

shifted from one category to another. The overall environmental impacts should be studied and 

reported, even for WRRFs that are currently energy self-sufficient (e.g. Austrian WWTPs). 

The S-LCI is a tool that enables enhanced specificity in the quantification of environmental 

impacts of WWTPs and WRRFs by standardizing the data collection and processing of life-

cycle inventories. For example, generic data from databases are substituted by the site-specific 

air emissions calculated by S-LCI because data on GHG emissions from WWTPs are not 

available in Hong Kong. In addition, the collection of site-specific data regarding low-voltage 

electricity consumption translates into a more accurate quantification of indirect GHG 
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emissions. Site-specific data collection for electricity consumption and sample characterization 

integrated into the stoichiometric calculations of S-LCI to obtain the water, air, and soil 

emissions result in site-specific inventories that reduce uncertainty. Similarly, material 

quantification provided in the S-LCI for the WWTPs infrastructure enabled the estimation for 

infrastructure in scenario 2, which would otherwise have a generic inventory.  

3.3.3.4. Limitations and future work 

There are inherent limitations to LCA, S-LCI, and emerging technologies. Regarding LCA, 

several areas of improvement have been identified: data requirements, lack of specificity and 

regionalization, difficulties in performing comparative analyses across different studies, and 

IAM inconsistencies and simplified models to describe complex environmental impacts 

(Teodosiu et al., 2016; Zang et al., 2015). 

Data requirements, site specificity, regionalization, and standardization can be tackled using S-

LCI for the calculation of the inventories. However, the data for SAF-MBR is based mainly on 

a steady-state pilot- and laboratory-scale studies. In addition, emerging pollutants and heavy 

metals are not included in the foreground emissions calculation of S-LCI.  

Despite these limitations, the plant-wide analysis of different primary treatments and low C/N 

ratio processes helps in identifying their environmental trade-offs and hotspots. This chapter 

confirms the viable integration of S-LCI into LCA as a tool for enhanced standardization and 

specificity, which decreases uncertainty. 

Further scenario analysis could be performed on scenario 3. SAF-MBR could be integrated into 

a single-stage MBR to reduce materials, footprint, GHG emissions, and electricity consumption 

(Wu et al., 2017). The benefits of high effluent quality might be enhanced with the integration 

of scenario 3 into the urban water management system for water reuse (Horstmeyer et al., 

2018). Further development for mainstream full-scale implementation of SAF-MBR can be 

incorporated as data become available. Advances in the removal of emerging pollutants and 
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heavy metals in MBR, AD, and incineration could be integrated. Sewer grid quantification can 

be studied in further detail (Risch et al., 2015). 
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4. Stoichiometric Eco-efficiency Analysis of Organics Capture and Low 

Carbon-to-Nitrogen Ratio Sewage Treatment Systems 

4.1. Introduction 

Sewage treatment has been a service dedicated to protecting aquatic environments by reducing 

the discharge of contaminants in sewage into water bodies. Currently, sewage is not only 

perceived as a waste source, but also as a potential source of chemical energy, nutrients, 

valuable chemicals, and reclaimed water. Conventional activated sludge WWTP have provided 

the service of carbon and nitrogen removal from municipal sewage for over 100 years. Energy 

consumption optimization in conventional activated sludge may have reached a limit (Wan et 

al., 2016), impeding further potential chemical energy recovery. The design of conventional 

WWTP has been shifting in purpose to pursue resource recovery as WRRF, which might 

translate into reduced environmental impacts and operating costs. There are a variety of 

emerging processes capable of resource recovery that have been tested in laboratory-, pilot- 

and full-scale installations. The carbon and nitrogen removal efficiencies in some emerging 

processes depend on the influent characterization (Cogert et al., 2019). 

Medium-to- low carbon municipal sewage usually has low C/N ratios. A hypothetical plant-

wide mainstream AnMBR followed by a PN/A system has been identified as the ideal process 

to minimize costs and GHG emissions for sewage influent with approximate COD below 120 

mg/L and nitrogen in the range of 15–30 mg/L (Cogert et al., 2019). Theoretically, primary 

sedimentation with 100% VSS (by CEPT or HRAS) followed by mainstream anaerobic 

organics removal and PN/A have been identified as the most environmentally friendly systems 

with net energy production and high nitrogen removal for sewage with a C/N ratio of 8.0 

(McCarty et al., 2018). Two potential energy-positive WRRFs schemes with low operational 

costs and high nitrogen removal were identified by simulating an HRAS followed by a PN/A 

system, and a CEPT followed by partial nitrification-denitrification over nitrite process for 
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sewage with a C/N ratio of 10.72 (Solon et al., 2019). These whole-plant systems included AD 

of sludge for energy recovery and were compared to conventional N/D and other innovative 

processes. 

Whilst full-scale PN/A installations are operating worldwide for side stream treatment 

(Lackner et al., 2014), the operation of mainstream PN/A has been deemed challenging due to 

low anammox bacteria yield, and the necessity of tight operational conditions (Kwak et al., 

2012; Ni et al., 2013; Sun et al., 2016). To eliminate washout of slow-growing anammox 

bacteria and control N2O emissions, PN/A process has been studied in MBRs as an alternative 

to sequencing batch reactors (Huang et al., 2016, 2020; Ma et al., 2019; Tao et al., 2012; Zhang 

et al. 2013). A plant-wide analysis concluded that an AFBR followed by a PN/AFMBR had 

lower environmental impacts than conventional activated sludge, both with AD for energy 

recovery, for settled sewage obtained from CEPT with a C/N ratio of 2.76 (Alvarado et al., 

2020). Integrating the two-stage reactor into a single-stage PN/AFMBR was recommended for 

reduced material, GHG emissions, and electricity consumption. These studies provide specific 

environmental or technical performance indicators, but an integrated environmental and 

economic analysis for a whole-plant system considering CEPT and a single-stage PN/AFMBR 

with AD for energy recovery could provide further insights on potential trade-offs and research 

priorities for full-scale implementation. 

This chapter aims to determine the integrated environmental and economic performance of 

emerging processes compared to conventional WWTP. Four scenarios are analyzed from a life-

cycle perspective to (i) compare the economic and ecological efficiency of a hypothetical 

energy-positive WRRF to conventional systems, (ii) evaluate the environmental and economic 

implications of real options upgrades to transform an existing CEPT plant into an energy-

positive WRRF in Hong Kong as a case study, and (iii) determine the environmental and 

economic trade-offs of real options upgrades to conventional WWTP.  
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4.2. Materials and methods 

A process flow diagram of a hypothetical energy-positive WRRF with nitrogen removal is 

shown in Figure 12. In this WRRF, sewage is treated with CEPT followed by a PN/AFMBR, 

achieving high-quality effluent and up-concentration of organics for high energy production. 

The proposed energy-positive WRRF is compared to a conventional WWTP to assess its 

environmental and economic implications. The conventional system consists of primary 

sedimentation followed by activated sludge and secondary sedimentation. The sludge 

management practices in both systems include thickening, AD, dewatering, incineration, and 

landfilling. Energy is produced with on-site biogas combustion using internal combustion 

engines in both systems.  

In addition, environmental and economic analyses for short- and long-term upgrades to an 

existing WWTP were examined based on the concept of real options value analysis (Bollen, 

1999). This approach considers options (i.e., size, lifetime, and operations of a project) 

available to the managers of business for capital investment decisions. This chapter evaluates 

the option of integrating a mature technology (i.e., AD) into an existing WWTP in the short-

term, and the option of further adding an emerging process (i.e., PN/AFMBR) in the long-term.  

4.2.1. Environmental assessment 

An LCA (ISO, 2006) integrated with the novel stoichiometric life-cycle inventory (S-LCI) 

(Alvarado et al., 2019) was conducted in SimaPro v.8.2.3. The goals of this LCA were to 

quantify the environmental impacts of (i) a plant-wide system considering CEPT and a 

PN/AFMBR with GAC as the membrane fouling mitigation strategy to a conventional 

activated sludge WWTP, both with AD for energy recovery, and (ii) real upgrade options to an 

existing WWTP, including AD in the short-term and PN/AFMBR in the long-term. 

The functional unit chosen was “treatment of 1 m3 of sewage to be treated in a sewage treatment 

system with a 30-year life span”. The system boundaries included the construction; O&M; 
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disposal and transportation related to sewage treatment; and sludge treatment and disposal. The 

inputs consisted of influent, chemicals, materials, fuel, and energy. The outputs were effluent, 

direct, and indirect emissions to water, air, and soil; and waste generated from the different 

processes. Process data were estimated using the S-LCI framework for foreground information 

(Alvarado et al., 2019), and the Ecoinvent database for background information (Ecoinvent, 

2015). ReCiPe Midpoint, ReCiPe Endpoint, and Ecological Scarcity 2013 were the impact 

methodologies selected for the assessment. The attributional model with the allocation 

approach for multifunctional processes, and the hierarchist perspective were selected for the 

IAMs (PRé Consultants, 2016b). The impact categories selected in this LCA include climate 

change, human toxicity, fossil and metal depletion, marine and freshwater ecotoxicity, marine 

eutrophication, agricultural land occupation, and ionizing radiation.  

4.2.2. Economic evaluation 

The systems studied in the LCA were also evaluated by their economic performance through a 

LCC, which considers capital and O&M costs. The capital costs for existing infrastructure were 

estimated based on budgets of past projects, whereas the capital costs for the hypothetical 

systems were complemented with estimations from the Handbook Estimating Sludge 

Management Costs (EPA, 1985), laboratory- and pilot-scale reactors, and literature. All capital 

costs were normalized to present value. The costs of chemicals, materials, fuel and electricity 

consumption, and labor were accounted for by converting uniform series to present worth. The 

benefits of electricity production were also included in the operation costs.  

4.2.3. Eco-efficiency analysis (EEA) 

EEA is a decision support tool that assesses efficiency from both an economic and ecological 

perspective, combining measurement of environmental impacts of a product or service across 

key categories (eutrophication, acidification, climate change, etc.) with costs incurred in 

manufacturing or using the product or service (Kicherer et al., 2007). In this thesis, the EEA 
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was based on a modified Baden Aniline and Soda Factory method (Saling et al., 2002) with 

further adjustments to the LCC normalization (Kicherer et al., 2007) as presented in Lam et al. 

(2017). The EEA results are presented in an eco-efficiency portfolio graph. In the eco-

efficiency portfolio, the environmental impact portfolio position (y-coordinate) is determined 

from the total environmental impact quantified in the LCA for a scenario divided by the average 

value of the environmental impacts of all the scenarios under study. The difference between 

the LCC normalization in Lam et al. (2017) and this thesis is that the net present value of a 

scenario is first divided by the functional unit used in the LCA for each scenario. Then, the 

LCC impact portfolio position (x-coordinate) is obtained by dividing the normalized LCC of a 

scenario over the average value of the normalized LCC of all the scenarios under study. The 

lower the costs and lower the environmental impact, the better the eco-efficiency.  

4.2.4 Case study 

Hong Kong, a subtropical city with a high population density (6,940 people/km2) (CSD, 2019), 

is used as a case study to assess the performance of the proposed energy-positive WRRF 

compared to conventional WWTPs. Hong Kong was selected because over 1.65 MCM of 

municipal sewage is treated daily by CEPT in Stonecutters Island STW (DSD, 2017b). The 

possible addition of a BNR system has been studied for this STW; however, implementation 

of the system is under review by the Hong Kong government, with consideration of the latest 

technological developments in biological treatment. Given that the majority of Hong Kong uses 

treated seawater for toilet flushing, the Government is particularly interested in biological 

treatments related to municipal sewage with high salinity. 

Four scenarios were investigated as presented in Figure 12: (1) conventional WWTP, (2) CEPT 

WWTP, (3) short-term upgrade, and (4) energy-positive WRRF as a long-term upgrade. 

Scenarios 1 and 2 represent the current operation of existing STW in Hong Kong. Scenario 3 

is proposed as a real upgrade option in the short-term into a CEPT WWTP because AD is a 
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mature technology that could be adopted with low uncertainty. Scenario 4, a hypothetical 

energy-positive WRRF, represents a real upgrade option in the long-term into a CEPT WWTP 

because further developments are expected for PN/AFMBR before full-scale implementation. 

Scenario 4 represents both, i.e., the hypothetical energy-positive WRRF to be compared to the 

conventional WTTP, and the long-term upgrade to be evaluated as a real option in Stonecutters 

Island STW. In this case study, the geographical boundaries were Switzerland for the 

background information as obtained from Ecoinvent database, and Hong Kong for the 

foreground information as estimated in the S-LCI. The electricity mix was regionalized by 

selecting the China Southern Power Grid in Ecoinvent. Given the diversity of primary data 

required for the EEA, the temporal boundary extends from the year 2015 to 2017. 

 

Notes: All the scenarios include energy and greenhouse gas implications. The gray arrows with diagonals represent 
influent sewage, the squared gray arrows show sewage under treatment, the dotted gray arrows symbolize effluent 
settled sewage, the white arrows indicate the biogas stream, and the dark solid gray arrows represent sludge 
streams. PT: Preliminary treatment; PS: Primary sedimentation; AS: Activated sludge; SS: Secondary 
sedimentation; TH: Thickening; AD: Anaerobic digestion; SM: Sludge management (including dewatering, 
incineration and landfill); ICE: internal combustion engines; CEPT: Chemically enhanced primary treatment; and 
PN/AFMBR: Partial nitritation anammox fluidized-bed membrane bioreactor. 

Figure 12. Sewage treatment works (STW) layouts for scenarios 1, 2, 3, and 4.  
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The calculation of the S-LCI for scenario 1 (primary sedimentation + activated sludge + AD) 

is based on the operation of Shatin STW in Hong Kong as detailed in Chapter 3. The differences 

between the LCI for scenario 1 in Chapter 3 and 4 are related to the energy implications. The 

low-voltage electricity consumption at the STW was updated from a previous study in 2010 

(36,400,000 kWh/y) (Chiang, 2011) to data collected directly from the DSD in Hong Kong for 

the financial year 2015/2016 (31,000,000 kWh/y) (DSD, 2017a). The percentages of electricity 

consumption for sludge thickening (9.48%), digester heating (7.58%), and sludge dewatering 

(11.68%) were calculated for the year 2010 and assumed to remain the same for the updated 

data. The heat produced in AD was assumed to be equal to the heat required to maintain the 

sludge at 35 0C. In this chapter, the default values in the Ecoinvent database to estimate the 

high-voltage electricity consumption (0.144 kWh/kg sludge) and production (7.500 MJ/ kg dry 

solid with 20% electric efficiency) during incineration were replaced with data collected 

directly from the Environmental Protection Department in Hong Kong. In 2016, the 

incineration facility received 1,144 Ton sludge/d from 11 STW as detailed in Table S40 (DSD, 

2017a; EPD, 2017b). In 2016, the high-voltage electricity generation and consumption were 

49,610,000 kWh/y and 47,390,000 kWh/y, respectively (DSD, 2017a). Then, the high-voltage 

electricity production per STW was estimated by considering the heating value of CEPT sludge 

(Shao et al., 2008) and digested sludge (Turovskiy and Mathai, 2006), and the dewatered sludge 

production for each STW as detailed in Table 18. The estimated high-voltage electricity 

production is 0.146 kWh/kg sludge for undigested CEPT sludge and 0.071 kWh/kg sludge for 

digested sludge.  
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Table 18. Estimation of high-voltage electricity production in the incineration facility in Hong Kong. 

 Stonecutters 
Island STW 

Shatin STW Others* 

Dewatered sludge type Undigested 
CEPT 

Digested Digested# 

Heating value of dewatered sludge (MJ/kg sludge) 25.6001 12.5002 12.500 
Heating value ratio for dewatered sludge 0.500 2.000 2.000 
Dewatered sludge production (m3/d) 724.329 99.462 320.21 
Contribution of each STW to total electricity 
production 

0.779 0.052 0.168 

Electricity production (GWh/y) 38.670 2.593 8.347 
Electricity production (kWh/m3) 0.056 0.031 0.042 
Electricity production (kWh/kg sludge) 0.146 0.071 0.071 
Notes: *“Others” refers to 9 STW that also send their dewatered sludge to the incineration facility. #The 
dewatered sludge from “Others” was assumed as digested sludge. References:1 Shao et al., 2008; 2Turovskiy 
and Mathai, 2006. 

 

The incineration facility also includes recreational and educational features that contribute to 

electricity consumption on-site and have been incorporated into the calculation of the high-

voltage electricity consumption (EPD, 2019). A sensitivity analysis was performed to consider 

20% of the total electricity consumption for exhaust gas scrubbers (Yang et al., 2016), and 5–

50% for building amenities. The averaged high-voltage electricity consumption was estimated 

as 0.069 kWh/kg sludge for undigested CEPT sludge and 0.034 kWh/kg sludge for digested 

sludge, as presented in Table 19. 

Table 19. Estimation of high-voltage electricity consumption in the incineration facility in Hong Kong. 

 Stonecutters Island 
STW 

Shatin STW Others* 

Dewatered sludge type Undigested CEPT Digested Digested# 
Electricity production (kWh/kg sludge) 0.146 0.071 0.071 
Percentages assumed for electricity 
consumption by scrubber and amenities 
(%) 

Electricity consumption (kWh/kg sludge) 
Stonecutters Island 

STW 
Shatin STW Others* 

25 0.037 0.018 0.018 
30 0.044 0.021 0.021 
35 0.051 0.025 0.025 
40 0.059 0.029 0.029 
45 0.066 0.032 0.032 
50 0.073 0.036 0.036 
55 0.080 0.039 0.039 
60 0.088 0.043 0.043 
65 0.095 0.046 0.046 
70 0.102 0.050 0.050 

Average 0.069 0.034 0.034 
Notes: *“Others” refers to 9 STW that also send their dewatered sludge to the incineration facility. #The 
dewatered sludge from “Others” was assumed as digested sludge. 
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Similarly, sludge incineration consumed 72.59 kWh/ton sludge in South Korea (Piao et al., 

2016), which is about half the consumption suggested by Ecoinvent database. High-voltage 

electricity consumption and production as described in scenario 1 were also adopted for the 

rest of the scenarios. 

The S-LCI of scenario 2 (CEPT) represents the operation of Stonecutters Island STW, which 

obtains settled sewage by CEPT without further BNR. The sludge management consists of 

dewatering, incineration, and landfill. Primary data collected is presented in the 41-item 

checklist provided in the S-LCI framework in Table S41. Complementary primary data 

collection including chemicals for CEPT (i.e., polymer, sodium hypochlorite, and sodium 

bisulfite) (DSD, 2017b) and CEPT sludge characteristics (i.e., TSS, TS, and VS) are 

summarized in Table 20.  

Table 20. Complementary primary data collected for scenario 2. 

Concept Value 

Chemically enhanced primary treatment (CEPT) considerations1 
      - Iron chloride consumption (m3/d) 

      - Polymer (Cationic polymer) 
      - Polymer 
      - Sodium hypochlorite 
      - Sodium bisulphite  

 
29.43 

190.00 
0.89 

26.29 
42.95 

Raw saline CEPT sludge* 
      - Total suspended solids (g/L) [#]       
      - Total solids (% of dry solids) [#] 

      - Volatile Solids (VS) for raw saline CEPT sludge (g/L) [#]  

 
26.08 
3.87 

17.09 
Notes: [#] Obtained from the experiments as detailed in Alvarado et al., 2020. *Hong Kong uses treated seawater 
for toilet flushing; thus, the municipal sewage contains high salinity. References: 1DSD, 2017b.  

 

Stonecutters Island STW receives degritted sewage from 15 preliminary treatment works, thus 

the system boundary was extended to include their electricity consumption as listed in Table 

S42.  

The S-LCI for scenario 3 (CEPT + anaerobic digestion) is based on scenario 2 from Chapter 3. 

The differences between the LCI for scenario 3 in Chapter 3 and 4 are the influent 

characterization, flow, and dry solids content after dewatering values, which were adopted from 
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Stonecutters Island STW instead of Shatin STW. The low-voltage electricity consumption of 

the preliminary treatment works was also included. The solids retention time, VS reduction, 

TS, and VSS in digested CEPT sludge were assumed as 10 d, 61.00%, 2.58% of dry solids and 

75.32% of total solids, respectively. The oxygen content in raw CEPT sludge was revised from 

36.72% (Shao et al., 2008) to 21.36% to resemble the methane production in the anaerobic 

digesters in Jing et al. (2019). 

The S-LCI for scenario 4 (CEPT + PN/AFMBR + AD) is based on scenario 3 in this chapter 

and the implications for PN/AFMBR were included. The COD and NH4
+ removal efficiencies 

were assumed as 83.00% (Aslam et al., 2018) and 89.50% (Huang et al., 2016), respectively. 

N2O emissions were assumed as 1.35% of the nitrogen removed (Ali et al., 2016). The 

electricity consumption and bulk wasting were assumed as 0.02 kWh/m3 and 0.50% of the 

influent COD treated, respectively (Aslam et al., 2018). However, the operation conditions of 

AD are different from scenario 3. In scenario 4, the solids retention time, VSS, TS, and VSS 

in digested CEPT sludge were assumed as 20 d, 70.90%, 3.99% of dry solids, and 39.46% of 

total solids, respectively (Jing et al., 2019).  

Biogas combustion is performed by on-site DFE and CHP engines for all scenarios. The 

infrastructure inventory for scenario 1 was calculated in Chapter 2. The material quantification 

(Tables S43-S45) and infrastructure inventories (Table S46) for scenarios 2, 3, and 4 were 

estimated in this chapter. The typical kinetic values and design criteria for the four scenarios 

are detailed in Table 21.  
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Table 21. Summary of the operation, kinetic and design parameter for the four scenarios. 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Pr

im
ar

y 
tr

ea
tm

en
t Primary sedimentation 

COD removal efficiency 
25.80% 
TSS removal efficiency 
69.63% 
 

Chemically enhanced primary treatment (CEPT): 
COD CEPT removal efficiency 70.12% 
TSS CEPT removal efficiency 87.75% 
 

Se
co

nd
ar

y 
(b

io
lo

gi
ca

l)
 tr

ea
tm

en
t 

Activated sludge: 
COD denitrification 
removal efficiency= 27.10% 
COD organic oxidation 
removal efficiency= 26.94% 
COD removal efficiency for 
activated sludge= 73.56% 
Recirculation times= 1.72 
Final clarifier COD removal 
efficiency= 0% 
Final clarifier NH4

+ removal 
efficiency= 0% 
 
Organic oxidation: fs

0=0.60, 
fd=0.80, b=0.15, θx= 15.00, 
fs= 0.27, fe= 0.73. 
Nitrification: fs

0=0.13, 
fd=0.80, b=0.11/d, θx= 
15.00d, fs= 0.06, fe= 0.94 
Denitrification: fs

0=0.52, 
fd=0.80, b=0.04/d, θx= 
15.00d, fs= 0.36, fe= 0.64. 
 
 

N/A N/A Partial nitritation/Anammox 
fluidized-bed membrane 
bioreactor (PN/AFMBR): 
COD PN/AFMBR removal 
efficiency= 83.00% 
Ammonium PN/AFMBR 
removal efficiency= 89.50% 
Bulk wasting ratio = 0.50% 
COD percentage converted to 
dissolved CH4= 15.00% 
 
Partial nitritation fs

0=0.06, 
fd=0.80, b=0.15/d, θx= 
20.00d, fs= 0.03, fe= 0.97 
Anammox fs

0=0.08, fd=0.80, 
b=0.05/d, θx= 20.00d, fs= 
0.05, fe= 0.95 
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Sl
ud

ge
 m

an
ag

em
en

t 
Thickening: 
VS in thickened sludge= 
80.01 g/L 
 
Anaerobic digestion: 
Temperature= 35.00°C 
Fugitive emissions from 
reactors= 1.00% 
VS destruction= 44.80% 
Percent of VS for digested 
sludge= 48.00% of TS 
Percent of TS for digested 
sludge= 2.90% of dry solids 
 
Methanogenesis: fs

0=0.11, 
fd=0.80, b=0.05/d, θx= 
10.00d, fs= 0.08, fe= 0.92 
 
Dewatering: 
Dry solids content after 
dewatering= 31.00% 
Distance from STW to 
incineration facility: 
45.00km 
 
 

 
 
 

Thickening: 
VS in thickened 
sludge= 39.32 g/L 
 
Anaerobic digestion: 
Temperature= 35.00°C 
Fugitive emissions 
from reactors= 1.00% 
CEPT saline AD VS 
destruction= 61.00% 
TSS in raw CEPT 
sludge= 26.08 g/L 
VS in raw CEPT 
sludge= 17.09 g/L 
TSS in thickened 
sludge= 60.00 g/L 
Percent of VS for 
digested CEPT 
sludge= 75.32% of TS 
Percent of TS for 
digested CEPT 
sludge= 2.58% of dry 
solids 
 
Methanogenesis 
fs

0=0.11, fd=0.80, 
b=0.05/d, θx= 10.00d, 
fs= 0.08, fe= 0.92 
Dewatering: 
Dry solids content after 
dewatering= 35.00% 
Distance from STW to 
incineration facility: 
42.95km 
 

Thickening: 
VS in thickened sludge= 39.32 
g/L 
 
Anaerobic digestion: 
Temperature= 35.00°C 
Fugitive emissions from 
reactors= 1.00% 
CEPT saline AD VS 
destruction= 70.90% 
TSS in raw CEPT sludge= 
26.08 g/L 
VS in raw CEPT sludge= 
17.09 g/L 
TSS in thickened sludge= 
60.00 g/L 
Percent of VS for digested 
CEPT sludge= 39.46% of TS 
Percent of TS for digested 
CEPT sludge= 4.04% of dry 
solids 
 
Methanogenesis fs

0=0.11, 
fd=0.80, b=0.05/d, θx= 20.00d, 
fs= 0.07, fe= 0.93 
Dewatering: 
Dry solids content after 
dewatering= 35.00% 
Distance from STW to 
incineration facility: 42.95km 
 

Incineration:  
Electricity efficiency= 20.00% 
Distance from incineration facility to landfill: 1.10km 

E
ne

rg
y 

ge
ne

ra
tio

n 

Combined heat and power and dual-fuel engine: 
CHP conversion efficiency (electricity): 42.00% 
CHP conversion efficiency (heat): 38.00% 
Overall CHP energy efficiency= 80.00% 
Flow into CHP= 80.00% 
 
DFE conversion efficiency (electricity): 34.00% 
DFE conversion efficiency (heat): 28.00% 
Overall DFE energy efficiency= 62.00% 
Flow into DFE= 20.00% 
Life expectancy of the internal combustion engines= 35.00 years 

Notes: COD: Chemical oxygen demand; TSS: total suspended solids; VSS: volatile suspended solids; NH4
+: 

Ammonium, fs
0 is the portion of energy used for cell synthesis; fd is the fraction of the active biodegradable 

biomass; b is the endogenous decay rate; θx is the solids retention time; fs is the electron portion used for cell 
synthesis considering net yield; fe is the electron portion for energy generation considering net yield; N/A: not 
applicable; GAC: granulated activated carbon; CH4: methane; VS: Volatile solids; TS: total solids; STW: 
sewage treatment works; CHP: combined heat and power; DFE: dual-fuel engine. The bulk wasting ratio refers 
to the flow of combined liquid with biosolids (apart from the GAC) divided by the influent flow rate of the 
PN/AFMBR, which is withdrawn to maintain a stable operation. 

 



91 

 

In comparison to Chapter 3, this chapter includes the economic evaluations of scenarios 1 to 4. 

The capital costs for the existing STW, obtained from the DSD in Hong Kong, were estimated 

on present value with a 4% discount rate (GHK, 2007). The capital costs for scenario 1, Shatin 

STW, include stages 1 to 3 where the capacity was increased from 102,960 m3/d to the final 

340,000 m3/d (DSD, 1999; LegCo, 2000). The capital costs for the DFE and the CHP in Shatin 

STW were grouped under the same consideration of 1,225 USD/kW generated (Shoener et al., 

2016). The capital costs for Stonecutters Island STW include the Harbor Area Treatment 

Scheme stage 1 and 2A (DSD, 2018b).  

The capital costs for the short-term strategy were based on the existing infrastructure costs, 

hypothetical thickening, AD, and dewatering installations (EPA, 1985), and the CHP costs as 

USD/kW generated. The capital costs for the long-term strategy include the costs from the 

short-term strategy and the costs of the PN/AFMBR. The costs of the PN/AFMBR are based 

on a pilot-scale reactor which was installed at the Stonecutters Island STW in Hong Kong as 

detailed in Table S47. The pilot-scale reactor operated for 523 days with the final treatment of 

4 m3/d of saline CEPT settled sewage. GAC fluidization, through up-flow recirculation of 

sewage, was the strategy applied to mitigate membrane fouling. Five submerged hollow-fiber 

membrane modules were placed in the reactor. The membrane was made of polyvinylidene 

fluoride with a total surface area of 55 m2. The membrane costs were estimated as 125.10 

USD/m2, which is higher than the previously identified range, 64.5-107.6 USD/m2 (Shoener et 

al., 2016). The GAC costs were estimated as 8.44 USD/kg as used for the PN/AFMBR pilot-

scale, which is lower than the cost of 13.78 USD/kg used in other studies (Shoener et al., 2016). 

The costs were estimated in present value with a 4% discount rate, and the economy of scale 

(Le Bozec, 2004) was included to account for the transfer from pilot-scale to full-scale 

application. The scale factor chosen was 0.7, which is in between gas-phase and solids-

handling processes.  
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The capital costs of the incineration and landfill facilities (EPD, 2017a) were estimated in 

present value as shown in Table 22.  

Table 22. Incineration facility capital costs. 

 Incineration facility Landfill 

Design capacity (ton/day) 2,000.001 5,570.772 

Current waste intake (ton/day) 1,144.003 8,8002 

Dewatered sludge into incineration facility (ton/day) 1,144.003 - 

Ash and residue into landfill (ton/day) - 114.40 

Percentage of sludge-related waste into facilities (%) 57.20 1.30 

Capital cost (M HKD) 1 5,364.00 2,000 

Base year (year) 2017 2017 

Discount rate (%) 4 4 

Number of periods 3 3 

Capital cost in present value (M HKD) 6,033.77 2,249.73 

Capital cost in present value (M USD) 778.55 290.29 

Notes: “-” means not applicable. References: 1EPD, 2017b; 2EPD, 2018; 3EPD, 2017a;  

 

A ratio for dewatered sludge that considers the contribution of daily dry solids of each STW 

into the incineration facility was considered for the calculation of the capital cost share of each 

STW into the total cost of the incineration facility, as detailed in Table 23. The daily dry solids 

were calculated based on the Handbook Estimating Sludge Management Costs (EPA, 1985).  

Table 23. Ratio of daily dry solids contribution of the dewatered sludge treated in the incineration facility from 
the 11 STW. 

 
Suspended 
solids (SS)1 

Sludge specific 
gravity (SSG) 

Total daily dry 
solids (TDSS) 

Sludge volume 
(SV) 

Ratio for daily 
dry solids 

contribution per 
STWs 

Unit %  DT/day Gal/day  

Shatin STW 31.000 1.101 37.394 26,274.970 0.080 

Yuen Long STW 33.000 1.108 4.992 3,273.562 0.011 

Shek Wu Hui STW 31.000 1.101 11.331 7,961.348 0.024 

Tai Po STW 30.000 1.097 15.897 11,580.142 0.034 

SCI STW 35.000 1.115 311.520 191,347.379 0.664 

Others 31.000 1.101 87.918 61,775.367 0.187 

References:1Lam et al., 2016. 
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A ratio of ash and residue that estimates the contribution per STW into landfill was included 

to estimate the capital cost share of each STW into the total cost of landfill as presented in 

Table 24.  

Table 24. Ratio of ash and residue contribution to be disposed into landfill per STW. 

 
Ash and residue volume* 

Ratio of ash and residue 
contribution per STWs 

Unit Gal/day  

Shatin STW 2,627.497 0.087 

Yuen Long STW 327.356 0.011 

Shek Wu Hui STW 796.135 0.026 

Tai Po STW 1,158.014 0.038 

SCI STW 19,134.738 0.633 

Others 6,177.537 0.204 

Notes: * The incineration process reduces the dewatered sludge volume in 90%. 

 

The O&M costs for existing STW comprise personnel emoluments, personnel related expenses 

(i.e., mandatory and civil service provident fund contribution) and departmental expenses for 

financial year 2015/2016 (DSD, 2018b). The departmental expenses include light and power; 

hire of services and professional fees; fuel and lubricating oil; specialist supplies and 

equipment; maintenance materials; contract maintenance; and general departmental expenses. 

Shatin STW (scenario 1) and Stonecutters Island STW (scenario 2) account for approximately 

6% and 18% of the total operating expenditure, respectively (DSD, 2018a). The electricity 

recovery benefits were accounted for Shatin STW (scenario 1) with consideration of the 

electricity production in financial year 2015/2016 and the tariff of 1.132 HKD/kWh for 

electrical energy in 2016 (CLP, 2017). The uniform series present worth was estimated with a 

4% discount rate and 30-year time horizon. 

The O&M costs for the short-term strategy (scenario 3) were based on scenario 2, but included 

the electricity consumption and recovery for the additional thickening, AD, and biogas 
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combustion processes. The O&M costs for the long-term strategy (scenario 4) were based on 

the short-term O&M costs with the addition of the sodium hypochlorite and sodium hydroxide 

used for maintenance and recovery cleaning of membranes (Aslam et al., 2018) and the 

membrane replacement cost (Shoener et al., 2016). The membrane lifetime was considered 10 

years (Shoener et al., 2016).  

The transportation costs for dewatered sludge were estimated for all scenarios with 

consideration of travel distance, 0.168 kg/km transport diesel consumption (Lam et al., 2016), 

13 m3 truck capacity, and 13.96 HKD/L diesel cost (Consumer Council, 2016). The operation 

costs of the incineration facility and landfill were calculated with consideration of the 

percentage of sludge-related waste into the facilities, the ratio for daily dry solids contribution 

per STW, and the ratio of ash and residue contribution per STW. Key static costs are 

summarized in Table 25. 

Table 25. Key static cost assumptions for all scenarios. 

Concept Value Units Reference 

Parity 7.75 HKD/USD  

Interest rate 0.04  GHK, 2007 

Base years 2015/2016   

Time horizon 30.00 Years  

Unit cost of electrical energy 1.132 HKD/kWh CLP, 2017 

Unit cost of diesel price 13.96 HKD/L Consumer council, 2016 

Unit cost of ferric Chloride 0.22 USD/kg Demirbas and Kobya, 2017 

Unit cost of sodium hypochlorite (NaOCl) 0.14 USD/L Shoener et al., 2016 

Unit cost of sodium Bisulphite 0.08 USD/L Shoener et al., 2016 

Unit cost of sodium hydroxide (caustic soda) 0.22 USD/kg Gao et al., 2001 

Unit cost of Granulated activated carbon 8.44 USD/kg  

Transport diesel consumption 0.168 Kg/km Lam et al., 2016 

Truck capacity 13 M3  

Membrane replacement labor cost 15 % of membrane cost Shoener et al., 2016 

Membrane lifetime 10 years Shoener et al., 2016 
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Engineering News Record Construction Cost 
Index 

10,331.43  USDA, 2017 

Marshall and Swift Equipment Cost Index 1,582.30  Marshall & Swift, 2018 

Minimum wage in Hong Kong 32.50 HKD/hr Minimum Wage 
Commission, 2016 

Notes: 1kg =2.205 kg; 264.17 gal/m3 

 

LCI for all the scenarios in this chapter were calculated using the S-LCI framework developed 

in Chapter 2. Scenario 1 and 3 S-LCIs in this chapter were based on scenario 1 and 2 from 

Chapter 3. S-LCI of scenario 4 leverages the calculations for CEPT, and biochemical equations 

for partial nitritation/anammox and AD from Chapter 3. Unlike Chapter 3, this chapter presents 

the capital and O&M costs for scenarios 1 to 4. 

Standard deviations for foreground information were estimated using the Pedigree Matrix 

adopted in the S-LCI as shown in Chapter 2, which evaluates data quality based on reliability, 

completeness, temporal correlation, geographical correlation, and further technological 

correlation (Weidema et al., 2013). The standard deviations for background information were 

obtained from the Ecoinvent database. The uncertainty analysis was conducted using log-

normal distributions for Monte Carlo analysis (1,000 iterations) in the SimaPro software. The 

confidence interval was set at 95%. The range of the uncertainty is expressed in the LCA results 

for the 2.5 and 97.5 percentiles. 

4.3. Results and discussion 

4.3.1. Electricity and pollutant emissions trade-offs 

The S-LCI framework enabled the quantification of site-specific energy consumption and 

production, and materials and fuel consumption, and air, water, and soil emissions, as 

summarized in Table 26 for scenarios 1 through 4.  
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Table 26. Results of the S-LCI for scenarios 1, 2, 3, and 4. 

A trade-off between on-site electricity consumption and water effluent quality was identified. 

Low on-site electricity consumption in scenarios 2 and 3 was linked to COD, NH4
+, NO3

-, and 

CH4 (gas) emissions higher than for scenarios 1 and 4, as illustrated in Figure 13. Even though 

scenario 4 required only ~ 60% of the total electricity consumption on-site of that required for 

conventional WWTP in scenario 1, the lowest COD and NH4
+ emissions were achieved with 

the PN/AFMBR. However, NO3
- emissions were the lowest in scenario 1. Given that direct 

CH4 emissions into air are linked to the COD concentrations in the effluent, scenarios 2 and 3 

Functional units (#/m3 sewage treated) Scenario 1 
 

Scenario 2 
 

Scenario 3 
 

Scenario 4 
Avoided products   
Electricity, high voltage (kWh) 
Heat, other than natural gas (MJ) 
Electricity, low voltage (kWh) 
Heat, natural gas (MJ) 

0.030865 
0.362582 
0.122232 
0.100732 

0.055643 
0.319176 

/ 
/ 

0.016271 
0.191140 
0.207089 
0.055028 

0.036589 
0.429825 
0.373381 
0.155113 

Materials/fuels     
Residual material landfill (kg) 
Wastewater treatment facility (p) 
Iron (III) chloride (kg) 
Slag landfill (kg) 
Transport sludge from STWs to IF, lorry 7.5–16 (tkm) 
Transport residual from IF to landfill, lorry 7.5–16 (tkm) 
Transport slag from IF to landfill, lorry 7.5–16 (tkm) 
Polyacrylamide (kg) 
Polymer (kg) 
Sodium hypochlorite (kg) 
Sodium bisulphite (kg) 
Heat and power co-generation unit (p) 

0.021608 
2.23E−10 
0.000503 
0.021608 
0.019447 
0.000024 
0.000024 
0.052010 

/ 
/ 
/ 

2.48E−07 

0.019021 
3.22E−11 
0.015441 
0.019021 
0.016339 
0.000021 
0.000021 
0.000100 
0.000472 
0.013806 
0.001997 

/ 

0.011391 
3.22E−11 
0.015441 
0.011391 
0.009785 
0.000013 
0.000013 
0.000100 
0.000472 
0.013806 
0.001997 
2.40E-07 

0.025615 
3.22E−11 
0.015441 
0.025615 
0.022004 
0.000028 

0.0000128 
0.000100 
0.000472 
0.013906 
0.001997 
4.50E-07 

Electricity/heat consumption      
Electricity, high voltage (kWh) 
Heat, other than natural gas (MJ) 
Electricity, low voltage (kWh) 
Heat, natural gas (MJ) 

0.014661 
0.362582 
0.341046 
0.100732 

0.026431 
0.319176 
0.138605 

/ 

0.007729 
0.191140 
0.161462 
0.055028 

0.017380 
0.429825 
0.199435 
0.155113 

Emissions to air (kg)     
Carbon dioxide, biogenic 
Methane, biogenic 
Nitrous oxide 
Methane 

0.551783 
0.001269 
0.000073 
0.001551 

0.205400 
0.001089 
0.000100 
0.003750 

0.289228 
0.001393 
0.000100 
0.003750 

0.357271 
0.001637 
0.000294 
0.000632 

Emissions to water (kg)     
Biological oxygen demand 
Total organic carbon 
Dissolved organic carbon 
Chemical oxygen demand 
Ammonium, ion 
Nitrate 

0.031054 
0.023021 
0.023021 
0.062150 
0.003079 
0.000393 

0.075040 
0.055604 
0.055604 
0.150122 
0.020000 
0.007000 

0.075040 
0.055604 
0.055604 
0.150122 
0.020000 
0.007000 

0.012689 
0.009418 
0.009418 
0.025421 
0.002083 
0.002211 

Notes: / = Not applicable. “Electricity, high voltage” refers to the electricity in the incineration facility, and “Electricity, 
low voltage” refers to the electricity at the sewage treatment works (STW). “Heat, other than natural gas” refers to the 
heat at the incineration facility, and “Heat, natural gas” refers to the heat at the STW.  
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had the highest CH4 emissions. N2O emissions into air are correlated to the nitrogen 

concentrations in the effluent discharged (Godin et al., 2012). Scenario 4 had the lowest NH4
+ 

concentration in the effluent but fugitive N2O emissions from the PN/A process accounted for 

the highest N2O emissions (Ali et al., 2016; Huang et al., 2016; Kampschreur et al., 2009).  

 

 

Another clear trade-off was identified between electricity recovery on-site and in the 

incineration facility as presented in Figure 14. Whenever more electricity was recovered on-

site, there was lower electricity recovery in the incineration facility. However, scenario 2 shows 

that the lack of electricity recovery on-site did not translate into high electricity recovery in the 

incineration. This could be due to the lower electrical efficiency of the steam turbine generator 

for incineration compared to the DFE/CHP engines. Up-concentration of organics for AD and 

biogas combustion on-site might lead to greater electricity recovery from the chemical energy 

potential of sewage than incineration. 

Figure 13. Relationship between electricity consumption and pollutants into water and air. 
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Even though the biogenic CO2 and CH4 gas emissions could be assumed to be linked to sludge 

production because of potential leakage from anaerobic digesters, exhaust gas from biogas 

combustion, and incineration flue gas, there was no clear trade-off between sludge production 

and biogenic emissions (Figure 14). Instead, the processes selected for BNR and sludge 

management had a greater influence on the quantity of biogenic emissions. For example, 

scenario 1 had the highest biogenic CO2 emissions, from which activated sludge contributed 

over 50% of the total emissions. The lack of AD and biogas combustion led to the lowest 

biogenic CH4 emissions in scenario 2. 

 

 

Scenarios 1 and 2, representing existing WWTPs, were estimated as net electricity consumers 

(Table 27). Scenario 3, consisting of CEPT and AD, resulted in net electricity production. The 

same configuration as scenario 3 but treating lower sewage flow and COD load was also 

projected to result in net electricity production (Alvarado et al., 2020). In contrast to the results 

in Alvarado et al., 2020 for a hypothetical scenario consisting of a two-stage AFBR followed 

by a PN/AFMBR, scenario 4 with a single-stage PN/AFMBR resulted in net electricity 

Figure 14. Relationship between sludge, electricity, and emissions into air. 
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production. The difference in results could be attributed to lower electricity consumption from 

the single-stage PN/AFMBR, and the enhanced biogas yield (thus energy recovery) from AD 

at 20 days of solids retention time. A similar hypothetical layout, combining bioflocculation, 

deammonification, phosphorous recovery, AD and CHP also achieved net energy production 

(Khiewwijit et al., 2015).  

Table 27. Electricity balance for scenarios 1, 2, 3, and 4. 

4.3.2. Environmental impacts 

The characterization results of ReCiPe Midpoint (Figure S5a) identified climate change, human 

toxicity, metal depletion, fossil depletion, and marine ecotoxicity as the environmental impact 

categories with the highest values for the four scenarios. The highest values for climate change 

and fossil depletion were from scenario 1 (0.61 kg CO2 eq, 0.16 kg oil eq), while the lowest 

values were from scenario 4 (0.25 kg CO2 eq, 0.04 kg oil eq). The climate change results could 

be attributed to the electricity balance where scenario 4 has net electricity production, whereas 

scenario 1 has net electricity consumption. Low-voltage electricity consumption was the main 

contributor to climate change in scenarios 1 and 4 as supported by the contribution analysis 

shown in Figure S6a. Conventional WWTPs in Spain, with both carbon and nutrient removal, 

averaged 0.45 kg CO2 eq for climate change impacts (Lorenzo-Toja et al., 2015). The climate 

change results for scenario 4 agree with similar findings for simultaneous partial nitrification, 

Electricity balance 
Concept (kWh/m3 sewage treated) 

Scenario 1 
 

Scenario 2 
 

Scenario 3 
 

Scenario 4 

In the STWs facility- Low voltage 
   - Electricity consumption 
   - Electricity production 
   - Net electricity 

 
-0.3410 
0.1222 
-0.2188 

 
-0.1386 
0.0000 
-0.1386 

 
-0.1615 
0.2071 
0.0456 

 
-0.1994 
0.3734 
0.1739 

Incineration- High voltage 
   - Electricity consumption 
   - Electricity production 
   - Net electricity 

 
-0.0147 
0.0309 
0.0162 

 
-0.0264 
0.0556 
0.0292 

 
-0.0077 
0.0163 
0.0085 

 
-0.0174 
0.0366 
0.0192 

Net electricity of the scenario -0.2026 -0.1094 0.0542 0.1932 
Notes: “-” represents electricity consumption. 
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anammox, and denitrification process which achieved high nitrogen and carbon removal with 

low GHG emissions (Wang et al., 2016b).  

Scenario 2 has the highest values for human toxicity and marine ecotoxicity, whereas scenario 

3 has the lowest values. Toxicity-related categories have high uncertainty which might be why 

the key contributors in the human toxicity category varied in each scenario as illustrated in 

Figure S6a. The main difference between scenarios 2 and 3 is that scenario 3 has energy 

recovery through AD.  

Scenario 4 had the highest impacts on metal depletion, whereas scenario 2 had the lowest 

impacts. The hotspots for metal depletion were sewer, infrastructure, and CHP. The detailed 

material quantification for the infrastructure inventory estimations as presented in the S-LCI 

contributed to enhanced specificity in the metal depletion results. The characterization results 

of the remaining impact categories are presented in Figure S5b with their contribution analyses 

shown in Figure S6b. 

The single score results of ReCiPe Endpoint (Figure 15) identified scenario 1 as having the 

highest and scenario 4 the lowest environmental impacts. The results for scenario 4 showed 

that reducing the biological treatment to a single-stage PN/AFMBR and increasing the solids 

retention time in the AD to 20 days for enhanced biogas production translate into better 

environmental performance than using a two-stage AFBR followed by PN/AFMBR and 10 

days for solids retention time at the anaerobic digesters (Alvarado et al., 2020). 
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Notes: Scenario 1 includes primary sedimentation, activated sludge, and anaerobic digestion (AD). Scenario 2 
consists of chemically enhanced primary treatment (CEPT). Scenario 3 consists of CEPT, and AD. Scenario 4 
includes CEPT, partial nitritation anammox FMBR, and AD. Triangles (▼, ▲) represent a 95% confidence 
interval for the total environmental impact per impact category from the Monte Carlo simulations. 
 
The single score results of Ecological Scarcity 2013 identified scenario 4 with the lowest 

environmental impacts, which agrees with the results from ReCiPe Endpoint. In addition, both 

methodologies recognized that conventional WWTP (scenario 1) has higher environmental 

impacts than the hypothetical energy-positive WRRF (scenario 4). Scenarios 2 and 3 show 

different results among the endpoint methodologies as shown in Figure 16. In Ecological 

Scarcity 2013, scenario 2 has over ten times higher environmental impacts than the 

conventional treatment from scenario 1. In particular, the category of “heavy metals into water” 

is the main contributor to the high score for scenario 2. In this category, heavy metals (e.g. 

zinc, copper, cadmium) represent background emissions for sewer overload discharge, direct 

emissions, and sludge incineration. The second higher impacts are from water pollutants, which 

include direct emissions from COD and NH4
+ into water, highlighting the need for further 

BNR.  
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Figure 15. ReCiPe Endpoint single score results for scenarios 1, 2, 3, and 4. 

Resources Ecosystems Human health 97.5% 2.5% 
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Figure 16. Ecological Scarcity 2013 single score results for scenarios 1, 2, 3, and 4.  

Notes: Scenario 1 consists of primary sedimentation, activated sludge, and anaerobic digestion. Scenario 2 
consists of chemically enhanced primary treatment (CEPT). Scenario 3 consists of CEPT, and anaerobic digestion. 
Scenario 4 consists of CEPT, partial nitritation anammox fluidized-bed membrane bioreactor, and anaerobic 
digestion. HM-w: Heavy metals into water; WP: Water pollutants; C-a: Carcinogenic substances into air; MAPPM: 
Main air pollutants and particulate matter; GW: Global warming; MR: Mineral resources. Triangles (▼, ▲) 
represent a 95% confidence interval of the total environmental impact per impact category from the Monte Carlo 
simulations. 
 
The Monte Carlo results (Tables S48-S50) show that the SEM was <0.02 for ReCiPe Midpoint. 

The highest SEM (0.39) in ReCiPe Endpoint was for scenario 4, where the highest SEMs were 

estimated for the human health category. The SEM for Ecological Scarcity were <0.01 for all 

scenarios, except in scenario 2 where the heavy metals into water category reached a SEM of 

0.50.  

4.3.3. Economic implications  

The net present value for the hypothetical energy-positive WRRF (scenario 4) compared to 

conventional WWTP (scenario 1), and the real options for short-term (scenario 3) and long-

term (scenario 4) upgrades to the existing Stonecutters Island STW (scenario 2) are shown in 

Figure 17. 

The capacity PCE for the real option of energy-positive WRRF (scenario 4) is almost 7 times 

higher than that of Shatin STW (scenario 1). The capital costs of scenario 4 are over 5 times 

WP MR 

HM-w GW Others C-a 

MAPPM 

97.5% 

2.5% 
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higher than those of the conventional WWTP (scenario 1), while the O&M costs are over 3 

times higher. In scenario 1, the construction of the WWTP, incineration facility, and landfill 

represent 97.97%, 2.01%, and 0.02% of the total capital costs, respectively. The O&M costs at 

the WWTP, incineration facility, and landfill represent 91.25%, 8.49%, and 0.26% of the total 

O&M costs in scenario 1, respectively. Electricity consumption accounts for 22.79% and 21.33% 

of the total O&M costs in the WWTP and WRRF, respectively. Activated sludge, thickening, 

dewatering, and others accounted for 61.06%, 9.48%, 11.68%, and 10.20% of the total 

electricity consumption in scenario 1, respectively. Preliminary treatment, current CEPT with 

adjusted dewatering operation, PN/AFMBR, and thickening account for 26.93%, 45.58%, 

9.95%, and 17.54% of the total electricity consumption in scenario 4, respectively.  The costs 

of electricity consumption are reduced by 8.17% and 39.93% by electricity production from 

biogas combustion on-site for scenario 1 and 4, respectively. The net present value for the 

O&M costs can be calculated with enhanced specificity because the empirical formula for 

microbial cells from the S-LCI estimates the site-specific biogas and sludge production, which 

contributes to reducing uncertainties in the O&M costs in the WWTP, WRRF, incineration, 

and landfill. 

The results of the LCC (Figure 17) indicate that investing 698.25 M USD in capital costs for 

the real option of the short-term upgrade in Stonecutters Island STW would save about 111.98 

M USD, 88.35 M USD, and 2.43 M USD in the life-time O&M costs of the WRRF, incineration, 

and landfill, respectively. The real option for the long-term upgrade represents an investment 

of 5,397.14 M USD compared to the current operation of Stonecutters Island STW. The life-

time O&M costs would decrease 63.38 M USD in the WRRF, but increase 75.68 M USD in 

incineration, and 2.10 M USD for landfill because of the higher sludge production in scenario 

4 compared to the current operation of Stonecutters Island STW.  



104 

 

 

  

Figure 17. Net present value including capital costs and operation and maintenance (O&M) costs for wastewater 
treatment plant (WWTP)/water resource recovery facility (WRRF) (left-axis), incineration (right-axis), and 

landfill.  

Notes: Scenario 1 consists of primary sedimentation, activated sludge, and anaerobic digestion. Scenario 2 
consists of chemically enhanced primary treatment (CEPT). Scenario 3 consists of CEPT, and anaerobic digestion. 
Scenario 4 consists of CEPT, partial nitritation anammox fluidized-bed membrane bioreactor, and anaerobic 
digestion. Life span was assumed as 30 years and rate of return of 4%. 

 

The current sewage charge in Hong Kong is 2.29 HKD/m3 sewage treated (0.38 USD/m3 

sewage treated). Considering the influent flows, the O&M costs of scenarios 1 and 2 are 0.12 

and 0.05 USD/m3 sewage, respectively. Scenario 3 would decrease the O&M costs by 0.01 

USD/m3 sewage treated, as shown in Table 28. Scenario 2 and 4 have the same O&M costs per 

1 m3 sewage treated, thus the energy-positive WRRF (scenario 4) is economically competitive 

in its O&M costs to conventional WWTP (scenario 1).  

Table 28. Operation and maintenance (O&M) costs for sewage treatment. 

Scenario 
O&M costs 

(M USD/y) (USD/m3) 
1 9.72 0.12 
2 34.98 0.05 
3 31.25 0.04 
4 32.87 0.05 

Notes: O&M: operation and maintenance. The O&M costs include the lifespan of 30 years and the rate of 
return: 4%.  Incineration and landfill are excluded. 

O&M costs Capital costs 
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4.3.4. EEA results 

Eco-efficiency portfolios were calculated with the results of ReCiPe Endpoint and Ecological 

Scarcity 2013, as shown in Figure 18. For existing STW, represented by scenarios 1 and 2, the 

selection of the IAM determines whether the systems are non eco-efficient, half eco-efficient, 

half non eco-efficient or eco-efficient. The robustness of the environmental assessments can be 

increased when using more than one IAM.  

The EEA results show that the energy-positive WRRF (scenario 4) reduces the normalized 

costs per 1m3 of sewage treated by 35%, and the normalized environmental impacts by 56% 

(ReCiPe Endpoint) or 25% (Ecological Scarcity 2013) compared to a conventional WWTP 

(scenario 1). These results agree with previous findings that the efficiency of a medium or large 

WWTP increased with more complex treatments (Lorenzo-Toja et al., 2015). Under the influent 

characterization and operation parameters for scenario 4, the energy-positive WRRF is more 

eco-efficient than conventional WWTP in scenario 1. 

The eco-efficiency portfolio provides a snapshot for evaluating real options proposed for 

Stonecutters Island STW (scenario 2).  For the real option in the short-term upgrade (scenario 

3), the normalized costs per 1 m3 of sewage treated increased by 14%, while the normalized 

environmental impacts decreased by 22% according to ReCiPe Endpoint and 90% according 

to Ecological Scarcity 2013, compared to scenario 2. Adding AD into Stonecutters Island STW 

would increase its eco-efficiency. For the real option in the long-term upgrade (scenario 4), the 

normalized costs per 1m3 of sewage treated doubled, while the normalized environmental 

impacts would decrease 14% (ReCiPe Endpoint) and 48% (Ecological Scarcity 2013), 

compared to scenario 3. The installation of PN/AFMBR into scenario 3 and increasing the 

solids retention time of AD would decrease the eco-efficiency achieved by scenario 4. 

Nonetheless, scenario 4 would still have better eco-efficiency compared to scenario 2 according 

to the Ecological Scarcity 2013 methodology. 
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Figure 18. Eco-efficiency portfolio with ReCiPe Endpoint and Ecological Scarcity 2013 for scenarios 1, 2, 3, 
and 4.  

Notes: Scenario 1 consists of primary sedimentation, activated sludge, and anaerobic digestion (AD). Scenario 2 
consists of chemically enhanced primary treatment (CEPT). Scenario 3 consists of CEPT, and AD. Scenario 4 
consists of CEPT, partial nitritation anammox fluidized-bed membrane bioreactor, and AD. 

4.3.5. Environmental and economic trade-offs of real options  

The trade-offs for the real options for short- and long-term upgrades are depicted in Figure 19. 

The curve shows the capital and O&M costs incurred to reduce the current environmental 

impacts of Stonecutters Island STW, as calculated with ReCiPe Endpoint (Figure 19a) and 

Ecological Scarcity 2013 (Figure 19b). A short-term upgrade with an investment of 698.25 M 

USD in capital would decrease O&M costs by 10.67%, and overall environmental impacts by 

22.05% (ReCiPe Endpoint) or 89.73% (Ecological Scarcity 2013) compared to the current 

operation in Stonecutters Island STW. An additional 4,698.89 M USD investment in capital 

costs would increase O&M costs by 5.18% with further overall environmental impacts 

reductions of 13.59% (ReCiPe Endpoint) and 48.22% (Ecological Scarcity 2013) compared to 

the real option of the short-term upgrade. By evaluating these curves, marginal environmental 

benefits are identified for the integration of PN/AFMBR compared to the addition of AD into 

Scenario 2  Scenario 3 Scenario 1 Scenario 4 ReCiPe Endpoint: 

Scenario 2  Scenario 3 Scenario 1 Scenario 4 Ecological Scarcity 2013: 
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Stonecutters Island STW. 

Capital costs account for about 88.02% of the total LCC in scenario 4, with WRRF representing 

about 95.82% of the total capital costs, and almost half the costs for the WWRF corresponding 

to the construction of the PN/AFMBR. Thus, technological developments to reduce the costs 

for the construction of the PN/AFMBR are vital to increasing the eco-efficiency of the 

hypothetical energy-positive WRRF.  The material selection for PN/AFMBR presents 

opportunities to reduce its capital costs. In addition, the need for high-quality effluent, as 

provided by PN/AFMBR, might be more economically competitive compared to conventional 

activated sludge in countries (i.e., China) with more stringent discharge standards and penalty 

charges for non-compliant emissions (Lu et al., 2017). 

Based on the concepts of real options value, starting the implementation of a mature AD 

process into the current operation of Stonecutters Island STW is recommended to save O&M 

costs and reduce environmental impacts. However, the construction of the emerging 

PN/AFMBR system should be delayed until its construction becomes cheaper.  

 

 

Figure 19. Trade-off analysis for (a) costs-environmental impacts using ReCiPe and (b) costs-environmental 
impacts with Ecological Scarcity 2013 for the upgrading scenarios of Stonecutters Island STW. 

(a) (b) 
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4.3.6. Limitations and future work 

Long-term upgrade (scenario 4) is based on emerging technologies, which increases 

uncertainty in the calculation of the LCI, thus the LCA and LCC results. Regionalization and 

site-specificity are two of the main challenges in LCA. In the LCA, these challenges are tackled 

by applying an S-LCI framework to the LCIs. However, the background information and IAMs 

are based on Switzerland. These challenges are also reflected in the LCC calculation. Even 

though the sludge management systems in the proposed short-term upgrade (scenario 3) are 

mature technologies, the capital costs and O&M costs were estimated with a methodology from 

the US.  

High uncertainties have been identified when single scores are calculated in LCA (PRé 

consultants, 2016b), thus the addition of another layer of normalization in the EEA would 

translate into even higher uncertainties. In addition, stochastic variations in the life-cycle of the 

service including supply, growth, and decay of the demand could be included for a more 

complete real options value analysis.  

Despite these limitations, the holistic environmental and economic comparison of energy-

positive WRRF and conventional WWTP aided in identifying that (i) research on cheaper 

materials for the construction of PN/AFMBR is vital for enhancing its economic 

competitiveness, (ii) even though different impact methodologies have different quantitative 

results for overall environmental impacts, both methodologies qualitatively identified that the 

energy-positive WRRF had better environmental performance than conventional WWTP, and 

(iii) integration of the real options consisting of PN/AFMBR and AD decreases normalized 

O&M costs by 6% while reducing environmental impacts by 33% (ReCiPe Endpoint) or 95% 

(Ecological Scarcity 2013) compared to the current Stonecutters Island STW operation.  

If WRRFs are approached as energy projects, the environmental and economic quantifications 

could be used to estimate competitiveness indicators (Colla et al., 2020). Site-specific results 
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from ReCiPe Midpoint and Endpoint could be used to calculate environmental indicators (i.e., 

GHG emissions and fine particles, land-use requirement and change, and resources 

sustainability). Climate change (kg CO2 eq) results could be used to obtain GHG emissions 

(gCO2-eq/Wh), while PMF (kg PM10 eq) could be applied to calculate a value for the fine 

particles indicator (g/Wh). Natural land transformation (m2) could be utilized to estimate the 

impact of land use (m2y/Wh). Similarly, the results from the fossil depletion (kg oil eq) and 

metal depletion (kg Fe eq) impact categories could be employed for the resources sustainability 

environmental indicator. Economic indicators (e.g., total life-cycle cost, net present value, 

benefits to costs ratio, etc.) could be calculated from the LCC results. Characterization results 

from ReCiPe Endpoint such as human toxicity (DALY) could be used to calculate the human 

health impact (DALY) for the social indicators. Further information would be needed to 

determine the rest of the social indicators (i.e., job creation, safety risks, and social 

acceptability) to achieve a holistic analysis of the sustainability of different WRRF.  

 

  



110 

 

5. Conclusions and Future Research 

5.1. Contributions 

This thesis has theoretical contributions through improvements to the environmental and 

economic assessment methodologies, and practical contributions reflected in policy 

recommendations.  

The theoretical contributions achieve the first objective of this thesis through the development 

of a standardized stoichiometric life-cycle inventory (S-LCI). The S-LCI tool provides a 

benchmark for data collection and processing of conventional and emerging sewage treatment 

systems for effective policy decision-making through environmental and economic 

assessments with enhanced specificity. 

Life-cycle inventory standardization is achieved in the S-LCI framework through a determined 

checklist for primary data collection, and an Excel-based spreadsheet for foreground 

information processing with background information. The results of elemental analyses of 

sewage and sludge samples are integrated into well-established stoichiometric equations and 

primary data (i.e., flow, removal efficiencies, and influent concentrations) to estimate site-

specific sludge production, GHG emissions (i.e., CO2, and CH4), and pollutants emissions into 

water (i.e., COD, NH4
+, and NO3

-). Sludge production complemented with parameters from 

literature enable the estimation of electricity and heat production on-site, transportation 

implications, and slag and residue into landfills. Site-specific data for electricity, materials, and 

fuels are integrated into the S-LCI to obtain functional units for life-cycle assessment (LCA). 

The S-LCI was validated with data collected from an existing STW in Hong Kong. The mean 

percentage error between the predicted S-LCI input/output values and the actual data of the 

existing STW were within 20%. 
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Eutrophication, eco-toxicity, and climate change usually are the main environmental impacts 

in sewage treatment. Marine eutrophication is limited by the nitrogen discharged into the ocean. 

S-LCI framework accounts for the site-specific NH4
+ and NO3

- concentrations in the water 

effluent through the stoichiometric equations for nitrification/denitrification and partial 

nitritation/anammox processes. In addition, the results of the S-LCI can replace the generic 

values in the Ecoinvent database for electricity consumption and production. The electricity 

recovery on-site via AD was calculated with the methanogenesis stoichiometric equations in 

the S-LCI, which translates in marine eco-toxicity and climate change impacts estimations with 

enhanced specificity. The S-LCI framework enables the addition of indirect GHG emissions 

from electricity consumption and biogenic GHG emissions (i.e., CO2, CH4, and N2O) to 

account for climate change impacts with higher regionalization and representativeness. 

Integration of the S-LCI tool into the LCA increases the certainty on the evaluation of the main 

contributors in the impact categories with the highest values.  

The S-LCI contributions to reduce uncertainty in environmental assessment of sewage 

treatment systems were extended into economic evaluations. The site-specific sludge 

production accounted in the S-LCI framework through the methanogenesis stoichiometric 

equation was used to estimate the operation and maintenance (O&M) costs of transportation, 

incineration, and landfill. The methanogenesis stoichiometric equations in the S-LCI enabled 

the estimation of the economic benefits from electricity recovery on-site. Primary data 

collected for the S-LCI framework enabled the estimation of O&M costs of energy and 

chemical consumption on-site, and capital costs from the material quantification for the 

infrastructure. Integration of the S-LCI into the LCC analysis increased the robustness and 

discriminating power of the economic assessment.  

The second objective of this thesis was accomplished by integrating the S-LCI tool into LCA 

to provide further understanding of site-specific environmental benefits or damages when 
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selecting (i) different primary treatments and low C/N ratio sewage treatments, and (ii) energy 

self-sufficient sewage treatments without biological nitrogen removal compared to energy-

consuming treatments with biological nitrogen removal. Electricity consumption, pollutants 

discharged into water bodies, and GHG emissions were identified as the hotspots that 

contributed to the environmental impact categories with the highest values (i.e., marine 

eutrophication, eco-toxicity, and climate change). 

A system with up-concentration of organics for energy recovery but without biological nitrogen 

removal reduced most environmental impacts, except marine eutrophication, compared to a 

conventional activated sludge system. All environmental impacts were reduced with a sewage-

derived energy system consisting of CEPT, SAF-MBR (comprised of AFBR and PN/AFMBR) 

with AD for energy production at the expense of 0.0478 kWh/m3 of electricity consumption. 

Based on the scientific measurement results, the S-LCI enables policy recommendations for 

WWTPs using CEPT, such as the need for secondary treatment and AD of sludge in the plant-

wide system to achieve water effluent with low marine eutrophication impacts and high 

electricity recovery to reduce overall environmental impacts. Energy self-sufficient WRRFs 

should be evaluated through site-specific LCA to avoid shifts in environmental impacts.   

The promising results from the sewage-derived energy system encouraged further study of 

alternatives to evaluate its environmental and economic potential as a WRRF, while completing 

the third objective of this thesis. Elimination of the AFBR and longer solids retention time in 

AD resulted in net energy production and lower environmental impacts compared to 

conventional sewage treatment as determined by ReCiPe Endpoint and Ecological Scarcity 

2013. Capital and O&M costs of the hypothetical energy-positive system consisting of CEPT, 

PN/AFMBR with AD for sludge digestion were compared to conventional sewage treatment. 

The life-cycle costs quantification identified that the O&M costs of the energy-positive system 

are economically competitive to conventional sewage treatment. In addition, the reduction of 
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costs for the construction of the PN/AFMBR is vital to decrease the high capital costs of the 

energy-positive system. Integrated results from the environmental and economic assessments 

into an eco-efficiency analysis showed that the energy-positive system has better eco-efficiency 

than conventional sewage treatment. The addition of real options such as PN/AFMBR systems 

and AD for sludge digestion into an existing CEPT plant has the potential to reduce normalized 

O&M costs and environmental impacts by 6% and 33% (ReCiPe Endpoint) compared to its 

current operation, respectively. However, the real upgrade option of adding AD is 

recommended in the short-term, whereas the integration of the PN/AFMBR system should be 

delayed till its construction becomes cheaper. The integrated S-LCI tool into LCA enabled the 

assessment of different sewage-derived energy systems to identify the most environmentally 

friendly and economically competitive WRRF. 

5.2. Limitations 

The S-LCI framework focuses on the need for enhanced data standardization and 

regionalization in the LCAs to reduce uncertainty in the evaluation of sewage treatments. Yet, 

tackling other sources of uncertainty in the S-LCI would further improve environmental and 

economic assessments for decision-making. The main potential errors in the S-LCI are random 

errors from the experimental results obtained from the grab sample; and systematic errors from 

the steady state methodology which relate to the daily and seasonal changes in influent flow 

characterization. Even though indirect heavy metals emissions into water and soil are included 

in the values from the Ecoinvent databases, direct heavy metals emissions are not integrated 

into the S-LCI. Some emerging processes have been tested solely in laboratory- and pilot-scale 

studies which might not reflect full-scale operation. 

In addition, decision-makers consider endpoint impact results in LCA more relevant than 

midpoint results. However, endpoint methodologies have higher uncertainty than midpoint 
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methodologies because the description of the environmental mechanisms from the pollutant 

source to the area of protection are still under development. Even though three impact 

assessment methodologies were used in this thesis to increase the robustness of the analysis, 

the results should be interpreted with caution given the two-layer normalization steps in the 

eco-efficiency analysis. 

5.3. Future works 

Steady-state stoichiometric reactions could be coded as behavioural rules governing bacteria 

in an agent-based model. A virtual experimental platform (e.g. Netlogo) for agent-based 

modelling could integrate dynamic influent characterization and stochastic kinetic parameters 

within a range to reduce the current uncertainty of the S-LCI and enable further understanding 

of the bacteria interactions in biological sewage treatment. 

The current S-LCI could be further developed by adding sulfur and phosphorous into the 

empirical microbial cell formulas. Even though sulfur and phosphorous discharge 

concentrations are not usually included in effluent water quality regulations, these elements 

could be added in the stoichiometric equations for further scientific understanding of 

environmental impacts. The removal efficiencies of heavy metals could also be included to 

increase the accuracy of the S-LCI. The boundaries of the systems could be expanded from 

sewage treatment to the urban water management system to leverage the benefits of high-

quality effluent from membrane bioreactors. Addition of the stoichiometric equations of other 

emerging biological processes following the S-LCI framework would help to expand the 

Ecoinvent database.  

 



115 

 

6. References 

Alex, J.; Beteau, J.F.; Copp, J.B.; Hellinga, C.; Jeppsson, U.; Marsili-Libelli, S.; Pons, M.N.; 

Spanjers, H.; Vanhooren, H. Benchmark for evaluating control strategies in wastewater 

treatment plants. Eur. Control Conf. 1999, 7. 

Ali, M.; Rathnayake, R.M.L.D.; Zhang, L.; Ishii, S.; Kindaichi, T.; Satoh, H.; Toyoda, S.; 

Yoshida, N.; Okabe, S. Source identification of nitrous oxide emission pathways from a 

single-stage nitritation-anammox granular reactor. Water Res. 2016, 102, 147–157. 

Alvarado, V.I.; Hsu, S.-C.; Lam, C.-M.; Lee, P.-H. Beyond Energy Balance: Environmental 

Trade-Offs of Organics Capture and Low Carbon-to-Nitrogen Ratio Sewage Treatment 

Systems. Environ. Sci. Technol. 2020, 54, 4746–4757. 

Alvarado, V.I.; Hsu, S.-C.; Wu, Z.; Lam, C.-M.; Leng, L.; Zhuang, H.; Lee, P.-H. A 

Standardized Stoichiometric Life-Cycle Inventory for Enhanced Specificity in 

Environmental Assessment of Sewage Treatment. Environ. Sci. Technol. 2019, 53, 

5111–5123. 

Aslam, M.; Yang, P.; Lee, P.H.; Kim, J. Novel staged anaerobic fluidized bed ceramic 

membrane bioreactor: Energy reduction, fouling control and microbial characterization. 

J. Memb. Sci. 2018, 553, 200–208. 

ASTM- D2013. Standard Practice for Preparing Coal Samples for Analysis. ASTM Int. 

2012,133–143.  

ASTM-D3174. Standard Test Method for Ash in the Analysis Sample of Coal and Coke from 

Coal D3174-12. ASTM Int. 2012, 1–6. 

ASTM-D5373. Standard Test Methods for Determination of Carbon, Hydrogen and Nitrogen 

in Analysis Samples of Coal and Carbon in Analysis Samples of Coal and Coke. ASTM 

Int. 2016, 1–11.  



116 

 

Bae, J.; Yoo, R.; Lee, E.; McCarty, P. L. Two-stage anaerobic fluidized-bed membrane 

bioreactor treatment of settled domestic wastewater. Water Sci. Technol. 2013, 68 (2), 

394–399. 

Bai, S.; Wang, X.; Huppes, G.; Zhao, X.; Ren, N.. Using site-specific life cycle assessment 

methodology to evaluate Chinese wastewater treatment scenarios: A comparative study 

of site-generic and site-specific methods. J. Clean. Prod. 2017, 144, 1–7. 

Baird, R. B.; Eaton, A. D.; Rice, E. W. In Standard methods for the examination of water and 

wastewater, 23rd ed.; Baird, R. B.; Eaton, A. D.; Rice, E. W. Eds.; American Public 

Health Association, American Water Works Association and Water Environment 

Federation: Washington, DC, 2017. 

Bisinella de Faria, A. B.; Sperandio, M.; Ahmadi, A.; Tiruta-barna, L. Evaluation of new 

alternatives in wastewater treatment plants based on dynamic modelling and life cycle 

assessment ( DM-LCA ). Water Res. 2015, 84, 99–111. 

Bollen, N. P. B. Real options and product life cycles. Manage. Sci. 1999, 45, 670–684. 

Bourke, M. Full Scale Study of Chemically Enhanced Primary Treatment in Riviera de Sao 

Lourenco, Brazil By Full Scale Study of Chemically Enhanced Primary Treatment in 

Riviera de Sao Lourenco, Brazil. Master thesis. Massachusetts Institute of Technology, 

2000. 

Bradford-Hartke, Z.; Lane, J.; Lant, P.; Leslie, G. Environmental Benefits and Burdens of 

Phosphorus Recovery from Municipal Wastewater. Environ. Sci. Technol., 2015, 49 

(14), 8611–8622.  

Bravo, L.; Ferrer, L. Life Cycle Assessment of an intensive sewage treatment plant in 

Barcelona (Spain) with focis on energy aspects. Water Sci. 2011, 64, 440–447. 

Byrne, D. M.; Lohman, H. A. C.; Cook, S. M.; Peters, G. M.; Guest, J. S. Life cycle 

assessment (LCA) of urban water infrastructure: Emerging approaches to balance 



117 

 

objectives and inform comprehensive decision-making. Environ. Sci. Water Res. 

Technol. 2017, 3, 1002–1014. 

Census and Statistics Department (CSD). 2017. Population. 

https://www.censtatd.gov.hk/hkstat/sub/so20.jsp (accessed 8 January 2018). 

Census and Statistics Department (CSD). 2019. Table E489: Land area, mid-year population 

and population density by District Council district. 

https://www.censtatd.gov.hk/hkstat/sub/sp150.jsp?productCode=D5320189 (accessed 3 

July 2020). 

Chang, N. B.; Pires, A. Sustainable solid waste management- A systems engineering 

approach. The Institute of Electrical and Electronics Engineers. WILEY: New Jersey, 

2015. 

Chiang, C. K. “Co-settlement” and Digestion of Sludge An Energy Efficient Approach in 

Solid Waste Treatment from Drainage Collection, 2011. 

Chiu, S.L.H.; Lo, I.M.C.; Woon, K.S.; Yan, D.Y.S. Life cycle assessment of waste treatment 

strategy for sewage sludge and food waste in Macau: perspectives on environmental and 

energy production performance. Int. J. Life Cycle Assess. 2016, 21, 176–189. 

CLP. Electricity Tariff. 2017, https://www.clp.com.hk/en/customer-service/frequency-asked-

questions/2017-electricity-tariff (accessed 3 July 2020). 

Cogert, K.I.; Ziels, R.M.; Winkler, M.K.H. Reducing Cost and Environmental Impact of 

Wastewater Treatment with Denitrifying Methanotrophs, Anammox, and Mainstream 

Anaerobic Treatment. Environ. Sci. Tehcnol. 2019, 53, 12935–12944. 

Colla, M.; Ioannou, A.; Falcone, G. Critical review of competitiveness indicators for energy 

projects. Renewable and Sustainable Energy Reviews. 2020, 125, March, 109794. 



118 

 

Colón, J.; Cadena, E.; Pognani, M.; Barrena, R.; Sánchez, A.; Font, X.; Artola, A. 

Determination of the energy and environmental burdens associated with the biological 

treatment of source-separated Municipal Solid Wastes. Energy Environ. Sci. 2012, 5, 

5731–5741. 

Consumer Council. Report on Auto-Fuel Price Monitoring 2016, 2016. 

Cornejo, P. K.; Zhang, Q.; Mihelcic, J. R. How Does Scale of Implementation Impact the 

Environmental Sustainability of Wastewater Treatment Integrated with Resource 

Recovery? Environ. Sci. Technol. 2016, 50(13), 6680–6689. 

Corominas, L.; Foley, J.; Guest, J. S.; Hospido, A.; Larsen, H. F.; Morera, S.; Shaw, A. Life 

cycle assessment applied to wastewater treatment: State of the art. Water Res. 2013a, 47, 

5480–5492. 

Corominas, L.; Larsen, H.F.; Flores-Alsina, X.; Vanrolleghem, P.A. Including Life Cycle 

Assessment for decision-making in controlling wastewater nutrient removal systems. J. 

Environ. Manage. 2013b, 128, 759–767.  

Dai, W.; Xu, X.; Liu, B.; Yang, F. Toward energy-neutral wastewater treatment: A 

membrane combined process of anaerobic digestion and nitritation-anammox for biogas 

recovery and nitrogen removal. Chem. Eng. J. 2015, 279, 725–734.  

De Feo, G.; De Gisi, S.; Galasso, M. Definition of a practical multi-criteria procedure for 

selecting the best coagulant in a chemically assisted primary sedimentation process for 

the treatment of urban wastewater. Desalination. 2008, 230 (1–3), 229–238. 

Demirbas, E.; Kobya, M. Operating cost and treatment of metal working fluid wastewater by 

chemical coagulation and electrocoagulation processes. Process Safety and 

Environmental Protection. 2017, 105(2017),79–90. 

Doka, G. Part I Life Cycle Inventories of Waste Treatment Services. In Ecoinvent report 



119 

 

No.13; Swiss Centre for Life Cycle Inventories: Dübendorf, 2003a. 

Doka, G. Part IV Wastewater Treatment. Life Cycle Inventories of Waste Treatment 

Services. In Ecoinvent report No.13; Swiss Centre for Life Cycle Inventories: 

Dübendorf, 2003b. 

DHI. 2019. www.mikebyDHI.com (accessed on 5 July 2020) 

Drainage Services Department (DSD).1999. Sha Tin Sewage Treatment Works, Stage III 

Extension - Environmental Impact Assessment Study. Hong Kong. 

https://www.epd.gov.hk/eia/register/report/eiareport/eia_02299/index.htm (accessed on 3 

July 2020). 

Drainage Services Department (DSD). 2009a. Shatin Sewage Treatment Works. 

https://www.dsd.gov.hk/TC/Files/publications_publicity/publicity_materials/leaflets_boo

klets_factsheets/Sha%20Tin%20STW.pdf (accessed on 5 July 2020). 

Drainage Services Department (DSD). 2009b. Stonecutters Island Sewage Treatment Works. 

https://www.dsd.gov.hk/EN/Files/DOC/SISTW.pdf (accessed on 5 July 2020). 

Drainage Services Department (DSD). 2015. Data Collected Directly from the Government 

Department in Hong Kong S.A.R.: Hong Kong, SAR. 

Drainage Services Department (DSD). 2017a. Data collected directly from the Government 

Department in Hong Kong S.A.R.: Hong Kong, SAR. 

Drainage Services Department (DSD). 2017b. Effluent Quality of Major Sewage Treatment 

Works. 

https://www.dsd.gov.hk/EN/Sewerage/Sewage_Treatment_Facilities/Effluent_Quality_o

f_Major_Sewage_Treatment_Works/index.html#3 (accessed on 3 July 2020). 

Drainage Services Department (DSD). 2018a. Data Collected Directly from the Government 

Department in Hong Kong S.A.R.: Hong Kong, SAR. 



120 

 

Drainage Services Department (DSD). 2018b. Drainage Services Department in Brief 2017-

2018. Hong Kong, SAR. 

Drainage Services Department (DSD). 2018c. Sustainability Report 2017-18. Hong Kong, 

SAR. 

https://www.dsd.gov.hk/Documents/SustainabilityReports/1718/common/dsd_full_report

_2017_18.pdf (accessed on 5 July 2020). 

Dutta, K.; Lee, M. Y.; Lai, W. W. P.; Lee, C. H.; Lin, A. Y. C.; Lin, C. F.; Lin, J. G. Removal 

of pharmaceuticals and organic matter from municipal wastewater using two-stage 

anaerobic fluidized membrane bioreactor. Bioresour. Technol. 2014, 165, 42–49.  

Ecoinvent. Ecoinvent Centre. 2015. http://www.ecoinvent.org/login-databases.html (accessed 

on 14 July 2017). 

Energy Efficiency Engineers (EEE). 2011. Boiler Efficiency- traps for the unwary. 

http://genesisnow.com.au/Genesis Now - Boilers - Traps for the Unwary.pdf (accessed 

on 9 January 2018) 

Environment Agency (EA). 2004. Guidance for monitoring enclosed landfill gas flares. 

http://www.gassim.co.uk/documents/LFTGN05 Guidance for Monitoring Flares v2 

2010.pdf (accessed on July 17, 2017). 

Environmental Protection Agency (EPA). 1985. Handbook: Estimating Sludge Management 

Costs, Environmental Protection. U.S. Environmental Protection Agency, Ohio. 

Environmental Protection Agency (EPA). 2012. Summary Report: Global Anthropogenic 

Non-CO2 Greenhouse Gas Emissions: 1990 – 2030. 

Environmental Protection Department (EPD). 2000. Technical memorandum standards for 

effluents discharged into drainage and sewerage systems, inland and coastal waters. 

Environmental Protection Department (EPD). 2017a. Implementation of Waste Disposal 



121 

 

Plan. 

https://www.epd.gov.hk/epd/english/environmentinhk/waste/prob_solutions/iwdp.html 

(accessed on 3 July 2020). 

Environmental Protection Department (EPD). 2017b. Monitoring of Solid Waste in Hong 

Kong -Waste Statistics for 2016, Environmental Protection Department. Hong Kong. 

Environmental Protection Department (EPD). 2018. West New Territories (WENT) Landfill. 

https://www.epd.gov.hk/epd/english/environmentinhk/waste/prob_solutions/msw_went.h

tml (accessed on 3 July 2020). 

Environmental Protection Department (EPD). 2019. T-Park. https://www.tpark.hk/en/ 

Envirosim. 2019. www.envirosim.com (accessed on 5 July 2020). 

Fang, L.L.; Valverde-Pérez, B.; Damgaard, A.; Plósz, B.G.; Rygaard, M. Life cycle 

assessment as development and decision support tool for wastewater resource recovery 

technology. Water Res. 2016, 88, 538–549. 

Fernández, F. J.; Castro, M. C.; Rodrigo, M. A.; Can, P. Reduction of aeration costs by 

tuning a multi-set point on / off controller : A case study. Control Engineering Practice. 

2011, 19, 1231–1237. 

Ferrer, J.; Seco, A.; Serralta, J.; Ribes, J.; Manga, J.; Asensi, E.; Morenilla, J.J.; Llavador, F. 

DESASS: A software tool for designing, simulating and optimising WWTPs. Environ. 

Model. Softw. 2008, 23, 19–26. 

Flores-Alsina, X.; Arnell, M.; Amerlinck, Y.; Corominas, L.; Gernaey, K. V.; Guo, L.; 

Lindblom, E.; Nopens, I.; Porro, J.; Shaw, A.; Snip, L.; Vanrolleghem, P.A.; Jeppsson, 

U. Balancing effluent quality, economic cost and greenhouse gas emissions during the 

evaluation of (plant-wide) control/operational strategies in WWTPs. Sci. Total Environ. 

2014, 466–467, 616–624.  



122 

 

Foley, J.; Lant, P. Fugitive Greenhouse Gas Emissions from Wastewater Systems: WSAA 

Literature Review No.01. Water Services Association of Australia, Melbourne. 2008. 

Frischknecht, R; Büsser, K. Swiss Eco-Factors 2013 according to the Ecological Scarcity 

Method. Methodological fundamentals and their application in Switzerland. 

Environmental studies no. 1330. Fed. Office Environ. 2013, 2013, 45–147. 

Fung, W.-C.;Yeung, T.-K. Utilisation of Biogas at Shatin Sewage Treatment Works. In 

Conference 2012- Efficient Energy Management in the Water and Waste Industry. 2012, 

1–12. 

Gao, H.; Scherson, Y.D.; Wells, G.F. Towards energy neutral wastewater treatment: 

Methodology and state of the art. Environ. Sci. Process. Impacts. 2014, 16, 1223–1246. 

Gao, L.; Keener, T. C.; Zhuang, L.; Siddiqui, K. F. A technical and economic comparison of 

biofilration and wet chemical oxidation (scrubbing) for odor control at wastewater 

treatment plants. Environ. Eng. Policy. 2001, 2, 203–212. 

Garrido-Baserba, M.; Hospido, A.; Reif, R.; Molinos-Senante, M.; Comas, J.; Poch, M. 

Including the environmental criteria when selecting a wastewater treatment plant. 

Environ. Model. Softw. 2014, 56, 74–82. 

Ge, G.; Zhao, J.; Li, X.; Ding, X.; Chen, A.; Chen, Y.; Hu, B.; Wang, S. Effects of influent 

COD/N ratios on nitrous oxide emission in a sequencing biofilm batch reactor for 

simultaneous nitrogen and phosphorous removal. Sci. Rep. 2017, 7, 7417.  

Gernaey, K.V., Jeppsson, U., Vanrolleghem, P.A., Copp, J.B.. Benchmarking of Control 

Strategies for Wastewater Treatment Plants. IWA Scientific and Technical Report No. 

23. IWA Publishing, 2014, London, UK. 

GHK (Hong Kong) Ltd. 2007. Hong Kong 2030: Planning Vision and Strategy. Economic 

and Financial Assessments, Planning Department. 



123 

 

Gianico, A.; Bertanza, G.; Braguglia, C.M.; Canato, M.; Laera, G.; Heimersson, S.; 

Svanström, M.; Mininni, G. Upgrading a wastewater treatment plant with thermophilic 

digestion of thermally pre-treated secondary sludge: techno-economic and environmental 

assessment. J. Clean. Prod. 2015, 102, 353–361.  

Godin, D.; Bouchard, C.; Vanrolleghem, P. A. Net environmental benefit: introducing a new 

LCA approach on wastewater treatment systems. Water Sci. Technol. 2012, 65 (9), 

1624–1631. 

Goedkoop, M.; Heijungs, R.; De Schryver, A.; Struijs, J.; van Zelm, R. ReCiPe 2008. A 

LCIA method which comprises harmonised category indicators at the midpoint and the 

endpoint level. Characterisation, 2013. 

Google Maps. 2017. Retrieved from maps.google.nl 

Gori, R.; Giaccherini, F.; Jiang, L.M.; Sobhani, R.; Rosso, D., Role of primary sedimentation 

on plant-wide energy recovery and carbon footprint. Water Sci. Technol. 2013, 68, 870–

878.  

Gu, Y.; Li, Y.; Li, X.; Luo, P.; Wang, H.; Wang, X.; Wu, J.; Li, F. The feasibility and 

challenges of energy self-sufficient wastewater treatment plants. Appl. Energy. 2017, 

204, 1463–1475. 

Guven, H.; Dereli, R.K.; Ozgun, H.; Ersahin, M.E.; Ozturk, I. Towards sustainable and 

energy efficient municipal wastewater treatment by up-concentration of organics. Prog. 

Energy Combust. Sci. 2019, 70, 145–168.  

Hadjimichael, A.; Morera, S.; Benedetti, L.; Flameling, T.; Corominas, L.; Weijers, S.; 

Comas, J. Assessing urban wastewater system upgrades using integrated modeling, life 

cycle analysis, and shadow pricing. Environ. Sci. Technol. 2016, 50, 12548–12556. 

Hauck, M.; Maalcke-Luesken, F.A.; Jetten, M.S.M.; Huijbregts, M.A.J. Removing nitrogen 



124 

 

from wastewater with side stream anammox: What are the trade-offs between 

environmental impacts? Resour. Conserv. Recycl. 2016, 107, 212–219. 

Heimersson, S.; Morgan-Sagastume, F.; Peters, G.M.; Werker, A.; Svanström, M. 

Methodological issues in life cycle assessment of mixed-culture polyhydroxyalkanoate 

production utilising waste as feedstock. N. Biotechnol. 2014, 31, 383–393. 

Hernández-Padilla, F.; Margni, M.; Noyola, A.; Guereca-Hernandez, L.; Bulle, C. Assessing 

wastewater treatment in Latin America and the Caribbean: Enhancing life cycle 

assessment interpretation by regionalization and impact assessment sensibility. J. Clean. 

Prod. 2017, 142, 2140–2153.  

Horstmeyer, N.; Weiβbach, M.; Koch, K.; Drewes, J.E. A novel concept to integrate energy 

recovery into potable water reuse treatment schemes. J. Water Reuse Desalin. 2018, 08 

(4), 455–467.  

Hospido, A.; Sanchez, I.; Rodriguez-Garcia, G.; Iglesias, A.; Buntner, D.; Reif, R.; Moreira, 

M.T.; Feijoo, G. Are all membrane reactors equal from an environmental point of view? 

Desalination. 2012, 285, 263–270. 

Hou, P.; Cai, J.; Qu, S.; Xu, M. Estimating Missing Unit Process Data in Life Cycle 

Assessment Using a Similarity-Based Approach. Environ. Sci. Technol. 2018, 52, 5259-

5267.  

Huang, X.; Mi, W., Hong, N.; Ito, H.; Kawagoshi, Y. Efficient transition from partial 

nitritation to partial nitritation/Anammox in a membrane bioreactor with activated sludge 

as the sole seed source. Chemosphere. 2020, 253, 126719. 

Huang, X.; Sun, K.; Wei, Q.; Urata, K.; Yamashita, Y.; Hong, N.; Hama, T.; Kawagoshi, Y. 

One-stage partial nitritation and anammox in membrane bioreactor. Environ. Sci. Pollut. 

Res. 2016, 23, 11149–11162. 



125 

 

Hydromantis. 2019. www.hydromantis.com (accessed on 5 July 2020). 

Igos, E.; Besson, M.; Navarrete Gutiérrez, T.; Bisinella de Faria, A. B.; Benetto, E.; Barna, 

L.; Ahmadi, A.; Spérandio, M. Assessment of environmental impacts and operational 

costs of the implementation of an innovative source-separated urine treatment. Water 

Res., 2017, 126, 50–59.  

Intergovernmental Panel on Climate Change (IPCC). IPCC Guidelines for National 

Greenhouse Gas Inventories. Egglestion, H.S., Buendia, L., Miwa, K., Ngara, T., 

Tanabe, K., Eds.; IDES: Japan, 2006. 

International Standards Organization (ISO) 14040, 2006. Environmental Management - Life 

Cycle Assessment - Principles and Framework: International Standard 14040. 

International Water Association (IWA). Comparative study of carbon footprint of water 

reuse. In Water - Energy Interactions in Water Reuse; Lazarova, V., Choo, K.-H., 

Cornel, P., Eds., IWA Publishing, 2012, 193–202. 

Jenicek, P.; Kutil, J.; Benes, O.; Todt, V.; Zabranska, J.; Dohanyos, M. Energy self-sufficient 

sewage wastewater treatment plants: is optimized anaerobic sludge digestion the key? 

Water Sci. Technol. 2013, 68 (8), 1739–1744.  

Jeong, H.; Minne, E.; Crittenden, J.C. Life cycle assessment of the City of Atlanta, Georgia’s 

centralized water system. Int. J. Life Cycle Assess. 2015, 20, 880–891. 

Jeppsson, U.; Pons, M.-N.; Nopens, I.; Alex, J.; Copp, J.B.; Gernaey, K.V., Rosen, C.; 

Steyer, J.-P.; Vanrolleghem, P.A. Towards a benchmark simulation model for plant-wide 

control strategy performance evaluation of WWTPs. Water Sci. Technol. 2006, 53, 287–

295. 

Jetten, M.S.M.; Horn, S.J.; van Loosdrecht, M.C.M. Towards a more sustainable municipal 

wastewater treatment system. Water Sci. Technol. 1997, 35, 171–180. 



126 

 

Jing, H.; Wang, Y.; Lee, P.-H.; Leu, S.-Y. Substrate-related features to maximize bioenergy 

potential of Chemical Enhanced Primary Treatment sludge. Energy Procedia. 2019, 158, 

926–933. 

Ju, F.; Wang, Y.; Lau, F. T. K.; Fung, W. C.; Huang, D.; Xia, Y. Anaerobic digestion of 

chemically enhanced primary treatment (CEPT) sludge and the microbial community 

structure. Appl. Microbiol. Biotechnol. 2016, 100, 8975–8982. 

Kampschreur, M.J.; Poldermans, R.; Kleerebezem, R.; Van Der Star, W.R.L.; Haarhuis, R.; 

Abma, W.R.; Jetten, M.S.M.; Van Loosdrecht, M.C.M. Emission of nitrous oxide and 

nitric oxide from a full-scale single-stage nitritation-anammox reactor. Water Sci. 

Technol. 2009, 60, 3211–3217. 

Katsou, E.; Malamis, S.; Loizidou, M. Performance of a membrane bioreactor used for the 

treatment of wastewater contaminated with heavy metals. Bioresour. Technol. 2011, 102, 

4325–4332. 

Kavvada, O.; Tarpeh, W. A.; Horvath, A.; Nelson, K. L. Life-cycle cost and environmental 

assessment of decentralized nitrogen recovery using ion exchange from source-separated 

urine through spatial modeling. Environ. Sci. Technol. 2017, 51(21), 12061–12071. 

Khiewwijit, R.; Temmink, H.; Rijnaarts, H.; Keesman, K. J. Energy and nutrient recovery for 

municipal wastewater treatment: how to design a feasible plant layout? Environ. Modell. 

Software. 2015, 68, 156–165. 

Kicherer, A.; Schaltegger, S.; Tschochohei, H.; Ferreira Pozo, B. Eco-Efficiency. Combining 

Life Cycle Assessment and Life Cycle Costs via Normalization. Int. J. Life Cycle Assess. 

2007. 12, 537–543. 

Kim, J.; Kim, K.; Ye, H.; Lee, E. Anaerobic Fluidized Bed Membrane Bioreactor for 

Wastewater Treatment. Environ. Sci. Technol. 2011, 45(2), 576–581. 



127 

 

 Kobayashi, Y.; Peters, G. M.; Ashbolt, N. J.; Heimersson, S.; Svanström, M.; Khan, S. J. 

Global and local health burden trade-off through the hybridisation of quantitative 

microbial risk assessment and life cycle assessment to aid water management. Water 

Res., 2015, 79, 26–38.  

Köhler, A.; Hellweg, S.; Recan, E.; Hungerbühler, K. Input-dependent life-cycle inventory 

model of industrial wastewater-treatment processes in the chemical sector. Environ. Sci. 

Technol. 2007, 41, 5515–5522.  

Kwak, W.; McCarty, P.L.; Bae, J.; Huang, Y.; Lee, P. Efficient single-stage autotrophic 

nitrogen removal with dilute wastewater through oxygen supply control. Bioresour. 

Technol. 2012, 123, 400–405.  

Lackner, S.; Gilbert, E.M.; Vlaeminck, S.E.; Joss, A.; Horn, H.; van Loosdrecht, M.C.M. 

Full-scale partial nitritation/anammox experiences - An application survey. Water Res. 

2014, 55, 292–303. 

Lam, C. M.; Lee, P. H.; Hsu, S. C. Eco-efficiency analysis of sludge treatment scenarios in 

urban cities: The case of Hong Kong. J. Clean. Prod. 2016, 112, 3028–3039. 

Lam, C.M.; Leng, L.; Chen, P.C.; Lee, P.H.; Hsu, S.C. Eco-efficiency analysis of non-potable 

water systems in domestic buildings. Appl. Energy. 2017. 202, 293–307. 

Larsen, H. F.; Hansen, P. A.; Boyer-Souchet, F. 2010. Deliverable 4.3 Decision support 

guideline based on LCA and cost/efficiency assessment.  

Le Bozec, A. 2004. Methodology for the determination of production costs and full costs of 

Municipal Solid Waste treatments, Research European commission, Cemagref. 

Lee, P.; Kwak, W.; Bae, J.; McCarty, P. L. The effect of SRT on nitrate formation during 

autotrophic nitrogen removal of anaerobically treated wastewater. Water Sci. Technol. 



128 

 

2013, 68 (8), 1751–1756. 

Legislative Council (Legco), Environmental Protection - Sewerage and sewage treatment. 

276DS - Sha Tin Sewage treatment works stage 3 extension. Hong Kong, 2000. 

Lehtoranta, S.; Vilpas, R.; Mattila, T. J. Comparison of carbon footprints and eutrophication 

impacts of rural on-site wastewater treatment plants in Finland. J. Cleaner Prod. 2014, 

65, 439–446. 

Li, Y.; Luo, X.; Huang, X.; Wang, D.; Zhang, W. Life Cycle Assessment of a municipal 

wastewater treatment plant: a case study in Suzhou, China. J. Clean. Prod. 2013, 57, 

221–227.  

Limphitakphong, N.; Pharino, C.; Kanchanapiya, P. Environmental impact assessment of 

centralized municipal wastewater management in Thailand. Int. J. Life Cycle Assess. 

2016, 21(12), 1789–1798. 

Lin, Y.; Guo, M.; Shah, N.; Stuckey, D.C. Economic and environmental evaluation of 

nitrogen removal and recovery methods from wastewater. Bioresour. Technol. 2016, 

215, 227–238. 

Longo, S.; Frison, N.; Renzi, D.; Fatone, F.; Hospido, A. Is SCENA a good approach for 

side-stream integrated treatment from an environmental and economic point of view? 

Water Res. 2017, 125, 478–489.  

Lorenzo-Toja, Y.; Alfonsín, C.; Amores, M.J.; Aldea, X.; Marin, D.; Moreira, M.T.; Feijoo, 

G. Beyond the conventional life cycle inventory in wastewater treatment plants. Sci. 

Total Environ. 2016, 553, 71–82.  

Lorenzo-Toja, Y.; Vázquez-Rowe, I.; Chenel, S.; Marín-Navarro, D.; Moreira, M.T.; Feijoo, 

G. Eco-efficiency analysis of Spanish WWTPs using the LCA+DEA method. Water Res. 

2015, 68, 637–650. 



129 

 

Loubet, P.; Roux, P.; Loiseau, E.; Bellon-Maurel, V. Life cycle assessments of urban water 

systems: A comparative analysis of selected peer-reviewed literature. Water Res. 2014, 

67, 187–202. 

Lu, B.; Du, X.; Huang, S. The economic and environmental implications of wastewater 

management policy in China: From the LCA perspective. J. Clean. Prod. 2017, 142, 

3544–3557. 

Ma, Y.; Wei, D.; Zhang, X.; Fu, H.; Chen, T.; Jia, J. An innovative strategy for inducing 

Anammox from partial nitrification process in a membrane bioreactor. J. Hazard. Mater. 

2019, 379, 120809. 

Marshall & Swift. 2018. Report – Inventory Index Factors. Index values as published by 

Marshall Swift Valuation Services. 2018-BPP-Index_ServiceLife_Depreciation.pdf  

(accessed 7 July 2020). 

Masuda, S.; Suzuki, S.; Sano, I.; Li, Y.-Y.; Nishimura, O. The seasonal variation of emission 

of greenhouse gases from a full-scale sewage treatment plant. Chemosphere. 2015, 140, 

167–173.  

McCarty, P. L. What is the Best Biological Process for Nitrogen Removal: When and Why? 

Environ. Sci. Technol. 2018, 52 (7), 3835–3841. 

Mcnamara, G.; Fitzsimons, L.; Horrigan, M.; Phelan, T.; Delaure, Y.; Corcoran, B.; Doherty, 

E.; Clifford, E. Life Cycle Assessment of Waste Water Treatment Plants in Ireland. J. 

Sustain. Dev. Energy, Water Environ. Syst. 2016, 4, 216–233. 

Meerburg, F. A. High-rate activated sludge systems to maximize recovery of energy from 

wastewater: Microbial ecology and novel operational strategies. PhD thesis. Center for 

Microbial Ecology and Technology (CMET), Ghent University, Belgium, 2016. 

Melcer, H.; Dold, P.L.; Jones, R.M.; Bye, C.M.; Takacs, I.; Stensel, H. D.; Wilson, A.W.; 



130 

 

Sun, P.; Bury S. Methods for wastewater characterisation in activated sludge modelling. 

Alexandria, VA, USA: Water Environment Research Foundation (WERF). 2003. 

Minimum Wage Commission. 2016 Report of the Minimum Wage Commission. Hong Kong, 

2016. 

Moreno, E; Weidema, C; Bauer, C; Nemecek, T; Vadenbo, C.; Treyer, K; Wernet, G. 2013. 

Documentation of changes implemented in ecoinvent database 3.0. Ecoinvent Report 5 

(v4). 

https://www.ecoinvent.org/files/20140630_report_of_changes_ecoinvent_3.01_to_3.1.pd

f (accessed on 17 July 2017) 

Morera, S.; Corominas, L.; Rigola, M.; Poch, M.; Comas, J. Using a detailed inventory of a 

large wastewater treatment plant to estimate the relative importance of construction to 

the overall environmental impacts. Water Res. 2017, 122, 614–623.  

Mulder, A.; van de Graaf, A.A.; Robertson, L.A.; Kuenen, J.G. Anaerobic ammonium 

oxidation discovered in nitrifying fluidized bed reactor. Microbiol. Ecol. 1995, 16, 177–

184. 

Ni, S.-Q.; Zhang, J. Anaerobic Ammonium Oxidation: From Laboratory to Full-Scale 

Application. Biomed Res. Int. 2013, 1–10.  

Niero, M.; Pizzol, M.; Bruun, H.G.; Thomsen, M. Comparative life cycle assessment of 

wastewater treatment in Denmark including sensitivity and uncertainty analysis. J. 

Clean. Prod. 2014, 68, 25–35.  

Novedar. 2019. www.novedar.com (accessed on 5 July 2020) 

Nowak, O.; Enderle, P.; Varbanov, P. Ways to optimize the energy balance of municipal 

wastewater systems: lessons learned from Austrian applications. J. Clean. Prod. 2015, 

88, 125–131. 



131 

 

O’Connor, M.; Garnier, G.; Batchelor, W. Life cycle assessment comparison of industrial 

effluent management strategies. J. Clean. Prod. 2014a, 79, 168–181. 

O’Connor, M.; Garnier, G.; Batchelor, W. Life cycle assessment of advanced industrial 

wastewater treatment within an urban environment. J. Ind. Ecol. 2013, 17, 712–721. 

O’Connor, M.; Garnier, G.; Batchelor, W. The trade-off between environmental impacts in 

water recycling systems using industrial effluent. J. Ind. Ecol. 2014b, 18, 771–783.  

Oliveira, S.C.; Von Sperling, M. Reliability analysis of wastewater treatment plants. Water 

Res. 2008, 42, 1182–1194.  

Ontiveros, G.A.; Campanella, E.A. Environmental performance of biological nutrient removal 

processes from a life cycle perspective. Bioresour. Technol. 2013, 150, 506–512.  

Opher, T.; Friedler, E. Reducing inventory data requirements for scenario representation in 

comparative life cycle assessment (LCA), demonstrated on the urban wastewater system. 

Urban Water J. 2016, 13, 759–772.  

Petit-Boix, A.; Sanjuan-Delmás, D.; Chenel, S.; Marín, D.; Gasol, C.M.; Farreny, R.,; 

Villalba, G.; Suárez-Ojeda, M.E.; Gabarrell, X.; Josa, A.; Rieradevall, J. Assessing the 

Energetic and Environmental Impacts of the Operation and Maintenance of Spanish 

Sewer Networks from a Life-Cycle Perspective. Water Resour. Manag. 2015, 29, 2581–

2597.  

Piao, W.; Kim, Y.; Kim, H.; Kim, M.; Kim, C. Life cycle assessment and economic 

efficiency analysis of integrated management of wastewater treatment plants. J. Clean. 

Prod. 2016, 113, 325–337. 

PRé Consultants. 2016a. SimaPro Database Manual. https://www.pre-

sustainability.com/download/DatabaseManualMethods.pdf (accessed 17 July 2017) 

PRé Consultants. 2016b. Introduction to LCA with SimaPro. https://www.pre-



132 

 

sustainability.com/download/SimaPro8IntroductionToLCA.pdf (accessed 17 July 2017) 

Pretel, R.; Moñino, P.; Robles, A.; Ruano, M. V.; Seco, A.; Ferrer, J. Economic and 

environmental sustainability of an AnMBR treating urban wastewater and organic 

fraction of municipal solid waste. J. Environ. Manage. 2016a, 179, 83–92.  

Pretel, R.; Robles, A.; Ruano, M. V.; Seco, A.; Ferrer, J. Economic and environmental 

sustainability of submerged anaerobic MBR-based (AnMBR-based) technology as 

compared to aerobic-based technologies for moderate-/high-loaded urban wastewater 

treatment. J. Environ. Manage. 2016b, 166, 45–54.  

Pretel, R.; Robles, A.; Ruano, M.V.; Seco, A.; Ferrer, J. Environmental impact of submerged 

anaerobic MBR (SAnMBR) technology used to treat urban wastewater at different 

temperatures. Bioresour. Technol. 2013, 149, 532–540. 

Pretel, R.; Shoener, B. D.; Ferrer, J.; Guest, J. S. Navigating environmental, economic, and 

technological trade-offs in the design and operation of submerged anaerobic membrane 

bioreactors (AnMBRs). Water Res. 2015, 87, 531–541. 

Rahman, S.M.; Eckelman, M.J.; Onnis-Hayden, A.; Gu, A.Z. Life-Cycle Assessment of 

Advanced Nutrient Removal Technologies for Wastewater Treatment. Environ. Sci. 

Technol. 2016, 50, 3020–3030.  

Remy, C.; Boulestreau, M.; Lesjean, B. Proof of concept for a new energy-positive 

wastewater treatment scheme. Water Sci. Technol. 2014a, 70 (10), 1709–1717.  

Remy, C.; Miehe, U.; Lesjean, B.; Bartholomäus, C. Comparing environmental impacts of 

tertiary wastewater treatment technologies for advanced phosphorus removal and 

disinfection with life cycle assessment. Water Sci. Technol. 2014b, 69, 8, 1742–1750. 

Risch, E.; Gutierrez, O.; Roux, P.; Boutin, C.; Corominas, L. Life cycle assessment of urban 

wastewater systems: Quantifying the relative contribution of sewer systems. Water Res. 



133 

 

2015, 77, 35–48.  

Risch, E.; Loubet, P.; Núñez, M.; Roux, P. How environmentally significant is water 

consumption during wastewater treatment?: Application of recent developments in LCA 

to WWT technologies used at 3 contrasted geographical locations. Water Res., 2014, 57, 

20–30. 

Rittmann, B. E.; Langeland, W. E. Simultaneous denitrification with nitrification in single-

channel oxidation ditches. Water Pollution Control Federation. 1985, 57(4), 300–308. 

Rittmann, B. E.; McCarty, P. L. Stoichiometry and Bacterial Energetics In Environmental 

Biotechnology: Principles and Applications; Rittmann, B. E., McCarty, P. L.; McGraw-

Hill, 2001; 126–164.  

Rodríguez, R.; Espada, J.J.; Pariente, M.I.; Melero, J.A.; Martínez, F.; Molina, R. 

Comparative life cycle assessment (LCA) study of heterogeneous and homogenous 

Fenton processes for the treatment of pharmaceutical wastewater. J. Clean. Prod. 2016, 

124, 21–29.  

Rodriguez-Garcia, G.; Frison, N.; Vázquez-Padín, J.R.; Hospido, A.; Garrido, J.M.; Fatone, F.; 

Bolzonella, D.; Moreira, M.T.; Feijoo, G. Life cycle assessment of nutrient removal 

technologies for the treatment of anaerobic digestion supernatant and its integration in a 

wastewater treatment plant. Sci. Total Environ. 2014, 490, 871–879.  

Saling, P.; Kicherer, A.; Dittrich-kriimer, B.; Wittlinger, R.; Zombik, W.; Schmidt, I.; 

Schrott, W.; Schmidt, S. Eco-efficiency Analysis by BASF: The Method. Int. J. Life 

Cycle Assess. 2002, 7, 203–218. 

Schaubroeck, T.; De Clippeleir, H.; Weissenbacher, N.; Dewulf, J.; Boeckx, P.; Vlaeminck, 

S.E.; Wett, B. Environmental sustainability of an energy self-sufficient sewage treatment 

plant: Improvements through DEMON and co-digestion. Water Res. 2015, 74, 166–179.  



134 

 

Sedlak, D. Chapter 5: Burning Rivers, Fading Paint, and the Clean Water Movement In 

Water 4.0: The Past, Present, and Future of the World’s Most Vital Resource; Sedlak, 

D.; Yale University Press, 2014; 63–89. 

Shao, J.; Yan, R.; Chen, H.; Wang, B.; Lee, D. H. Pyrolysis Characteristics and Kinetics of 

Sewage Sludge by Thermogravimetry Fourier Transform Infrared Analysis. Energy and 

Fuels. 2008, 25(1), 38–45. 

Shen, Y.; Linville, J. L.; Urgun-Demirtas, M.; Mintz, M. M.; Snyder, S. W. An overview of 

biogas production and utilization at full-scale wastewater treatment plants (WWTPs) in 

the United States: Challenges and opportunities towards energy-neutral WWTPs. 

Renewable Sustainable Energy Rev. 2015, 50, 346–362. 

Shin, C.; Kim, K.; McCarty, P. L.; Kim, J.; Bae, J. Integrity of hollow-fiber membranes in a 

pilot-scale anaerobic fluidized membrane bioreactor (AFMBR) after two-years of 

operation. Sep. Purif. Technol. 2016, 162, 101–105. 

Shin, C.; McCarty, P. L.; Kim, J.; Bae, J. Pilot-scale temperate-climate treatment of domestic 

wastewater with a staged anaerobic fluidized membrane bioreactor (SAF-MBR). 

Bioresour. Technol. 2014, 159, 95–103. 

Shizas, I.; Bagley, D. M. Experimental Determination of Energy Content of Unknown 

Organics in Municipal Wastewater Streams. J. Energy Eng. 2004, 130 (2), 45–53.  

Shoener, B.D.; Bradley, I.M.; Cusick, R.D.; Guest, J.S. Energy positive domestic wastewater 

treatment: the roles of anaerobic and phototrophic technologies. Environ. Sci. Process. 

Impacts. 2014, 16, 1204–1222. 

Shoener, B. D.; Zhong, C.; Greiner, A. D.; Khunjar, W. O.; Hong, P. Y.; Guest, J. S. Design 

of anaerobic membrane bioreactors for the valorization of dilute organic carbon waste 

streams. Energy and Environmental Science. 2016, 9(3), 1102–1112. 



135 

 

Sin, G.; De Pauw, D. J.W.; Weijers, S.; Vanrolleghem, P. A. An Efficient Approach to 

Automate the Manual Trial and Error Calibration of Activated Sludge Models. Biotech. 

Bioeng. 2008, 100 (3), 516-528. 

Slagstad, H.; Brattebø, H., 2014. Life cycle assessment of the water and wastewater system in 

Trondheim, Norway - A case study: Case Study. Urban Water J. 2014, 11 (4), 323–334.  

Sleeswijk, A.W.; van Oers, L. F. C. M.; Guinée, J. B.; Strujis, J.; Huijbregts, M. A. J. 

Normalization in product life cycle assessment: An LCA of the global and European 

economic systems in the year 2000. Sci. Total Envrion. 2008, 390 (1), 227–240. 

Smith, A. L.; Stadler, L. B.; Cao, L.; Love, N. G.; Raskin, L.; Skerlos, S. J. Navigating 

Wastewater Energy Recovery Strategies: A Life Cycle Comparison of Anaerobic 

Membrane Bioreactor and Conventional Treatment Systems with Anaerobic Digestion. 

Environ. Sci. Technol. 2014, 48, 5972–5981. 

Soliman, M.; Eldyasti, A. Ammonia-Oxidizing Bacteria (AOB): opportunities and 

applications — a review. Rev. Environ. Sci. Biotechnol. 2018, 17, 285–321.  

Solon, K.; Jia, M.; Volcke, E.I.P. Process schemes for future energy-positive water resource 

recovery facilities. Water Sci. Technol. 2019, 79, 1808–1820. 

Spanjers, H.; Vanrolleghem, P.; Nguyen, K.; Vanhooren, H.; Gilles, G.P. Towards a 

simulation-benchmark for evaluating respirometry - based control strategies. Water Sci. 

Technol. 1998, 37, 219–226. 

Stensel, H. D.; Loehr, R. C.; Lawrence, A. W. Biological kinetics of suspended-growth 

denitrification. Water Environ. Fed. 1973, 45(2), 249–261. 

Stocker, T.F. D.; Qin, G.-K.; Plattner, L.V.; Alexander, S.K.; Allen, N.L.; Bindoff, F.-M.; 

Bréon, J.A.; Church, U.; Cubasch, S.; Emori, P.; Forster, P.; Friedlingstein, N.; Gillett, 

J.M.; Gregory, D.L.; Hartmann, E. J; D. G. V.; S.-P. X. Technical Summary. In: Climate 



136 

 

Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change; 

Intergovernmental Panel on Climate Change (IPCC), 2013. 

Strous, M.; Heijnen, J.J.; Kuenen, J.G.; Jetten, M.S.S. The sequencing batch reactor as a 

powerful tool for the study of slowly growing anaerobic ammonium-oxidizing 

microorganisms. Appl. Microbiol. Biotechnol. 1998, 50, 589–596. 

Sun, F.; Su, X.; Kang, T.; Wu, S.; Yuan, M.; Zhu, J.; Zhang, X.; Xu, F.; Wu, W. Integrating 

landfill bioreactors, partial nitritation and anammox process for methane recovery and 

nitrogen removal from leachate. Sci. Rep. 2016, 6 (May), 1–10.  

Sun, S.-P.; Nàcher, C.P. i; Merkey, B.; Zhou, Q.; Xia, S.-Q.; Yang, D.-H.; Sun, J.-H.; Smets, 

B.F. Effective Biological Nitrogen Removal Treatment Processes for Domestic 

Wastewaters with Low C/N Ratios: A Review. Environ. Eng. Sci. 2010, 27, 111–126. 

Svanström, M.; Bertanza, G.; Bolzonella, D.; Canato, M.; Collivignarelli, C.; Heimersson, S.; 

Laera, G.; Mininni, G.; Peters, G.; Concetta Tomei, M. Method for technical, economic 

and environmental assessment of advanced sludge processing routes. Water Sci. Technol. 

2014, 69, 2407–2416.  

Tao, Y.; Gao, D. W.; Fu, Y.; Wu, W. M.; Ren, N. Q. Impact of reactor configuration on 

anammox process start-up: MBR versus SBR. Bioresour. Technol. 2012, 104, 73–80. 

Tchobanoglous, G.; Stensel, H. D.; Tsuchihashi, R.; Burton, F. Wastewater Engineering. 

Treatment and Resource Recovery, 5th ed. METCALF & EDDY| AECOM. 2014 

Teodosiu, C.; Barjoveanu, G.; Sluser, B. R.; Andreea, S.; Popa, E.; Trofin, O. Environmental 

assessment of municipal wastewater discharges: a comparative study of evaluation 

methods. Int. J. Life Cycle Assess., 2016, 21, 395–411. 

Thipkhunthod, P.; Meeyoo, V.; Rangsunvigit, P.; Kitiyanan, B.; Siemanond, K.; 



137 

 

Rirksomboon, T. Predicting the heating value of sewage sludges in Thailand from 

proximate and ultimate analyses. Fuel. 2005, 84(7–8), 849–857. 

Turovskiy, I.S.; Mathai, P.K. Thermal Drying and Incineration. Wastewater Sludge Process. 

2006, 277–303.  

United Nations (UN). Sustainable development goals. 

http://www.un.org/sustainabledevelopment/sustainable-development-goals/. 2015. 

United States Department of Agriculture (USDA). 2017. Price Indexes and Discount rates. 

http://www.economics.nrcs.usda.gov/cost/priceindexes/index.html (accessed on 7 July 

2020).  

Van de Graaf, A.A.; de Bruijin, P.; Robertson, L.A.; Jetten, M.S.S.; Kuenen, J.G. Autotrophic 

growth of anaerobic in a fluidized bed reactor. Microbiology. 1996, 142, 2187–2196. 

Van der Ha, D.; Bundervoet, B.; Verstraete, W.; Boon, N. A sustainable , carbon neutral 

methane oxidation by a partnership of methane oxidizing communities and microalgae. 

Water Res. 2011, 45(9), 2845–2854. 

Vera, L.; Sun, W.; Iftikhar, M.; Liu, J. LCA based comparative study of a microbial oil 

production starch wastewater treatment plant and its improvements with the combination 

of CHP system in Shandong, China. Resour. Conserv. Recycl. 2015, 96, 1–10. 

VO, P. T.; Ngo, H. H.; Guo, W.; Zhou, J. L.; Nguyen, P. D.; Listowski, A.; Wang, X. C. A 

mini-review on the impacts of climate change on wastewater reclamation and reuse. Sci. 

Total Environ. 2014, 494–495, 9–17. 

Wan, J.; Gu, J.; Zhao, Q.; Liu, Y. COD capture: A feasible option towards energy self-

sufficient domestic wastewater treatment. Sci. Rep. 2016, 6, 1–9.  

Wang, D. Wang, Q., Laloo, A. E.; Yuan, Z. Reducing N2O emission from a domestic-

strength nitrifying culture by free nitrous acid-based sludge treatment. Environ. Sci. 



138 

 

Technol. 2016a. 50, 7425-7433. 

Wang, G.; Xu, X.; Gong, Z.; Gao, F.; Yang, F.; Zhang, H. Study of simultaneous partial 

nitrification, ANAMMOX and denitrification (SNAD) process in an intermittent aeration 

membrane bioreactor. Process Biochem. 2016b, 51, 632–641. 

Wang, H.; Li, F.; Keller, A. A.; Xu, R. Chemically enhanced primary treatment (CEPT) for 

removal of carbon and nutrients from municipal wastewater treatment plants: A case 

study of Shanghai. Water Sci. Technol. 2009, 60(7), 1803–1809.  

Wang, X.; Liu, J.; Ren, N.-Q.; Duan, Z. Environmental profile of typical 

anaerobic/anoxic/oxic wastewater treatment systems meeting increasingly stringent 

treatment standards from a life cycle perspective. Bioresour. Technol. 2012, 126, 31–40.  

Wang, X.-H.; Wang, X.; Huppes, G.; Heijungs, R.; Ren, N.-Q. Environmental implications of 

increasingly stringent sewage discharge standards in municipal wastewater treatment 

plants: case study of a cool area of China. J. Cleaner Prod. 2015, 94, 278–283. 

Weidema, B.; Bauer, C.; Hischier, R.; Mutel. C.; Nemecek, T.; Reinhard, J.; Vadenbo, C.; 

Wernet, G. 2013. Overview and methodology. Data quality guideline for the ecoinvent 

database version 3. Ecoinvent Report 1 (v3). 

https://www.ecoinvent.org/files/dataqualityguideline_ecoinvent_3_20130506.pdf 

(accessed on 17 July 2017). 

Wilén, B. M.; Lumley, D.; Mattsson, A.; Mino, T. Rain events and their effect on effluent 

quality studied at a full scale activated sludge treatment plant. Water Sci. Technol. 2006, 

54 (10), 201–208.  

Wilkins, D.; Lu, X.; Shen, Z.; Chen, J.; Lee, P. K. H. Pyrosequencing of mcrA and Archaeal 

16S rRNA Genes Reveals Diversity and Substrate Preferences of Methanogen 

Communities in Anaerobic Digesters. Appl. Environ. Microbiol. 2015, 81(2), 604–613. 



139 

 

World Water Assessment Programme (WWAP) The United Nations World Water 

Development Report 2017: Wastewater, The Untapped Resource. Paris, United Nations 

Educational, Scientific and Cultural Organization, 2017. 

Wu, B.; Li, Y.; Lim, W.; Lin, S.; Guo, Q.; Fane, A. G. Single-stage versus two-stage 

anaerobic fluidized bed bioreactors in treating municipal wastewater: Performance, 

foulant characteristics, and microbial community. Chemosphere. 2017, 171, 158–167. 

Xu, C.; Chen, W.; Hong, J.. Life-cycle environmental and economic assessment of sewage 

sludge treatment in China. J. Clean. Prod. 2014, 67, 79–87.  

Yang, Q.; Dussan, K.; Monaghan, R.F.D.; Zhan, X. Energy recovery from thermal treatment 

of dewatered sludge in wastewater treatment plants. Water Sci. Technol. 2016. 74, 672–

680. 

Yeshi, C.; Hong, K.B.; Van Loosdrecht, M.C.M.; Daigger, G.T.; Yi, P.H.; Wah, Y.L.; Chye, 

C.S.; Ghani, Y.A. Mainstream partial nitritation and anammox in a 200,000 m3/day 

activated sludge process in Singapore: Scale-down by using laboratory fed-batch reactor. 

Water Sci. Technol. 2016, 74, 48–56.  

Yoo, R.; Kim, J.; McCarty, P. L.; Bae, J. Anaerobic treatment of municipal wastewater with a 

staged anaerobic fluidized membrane bioreactor (SAF-MBR) system. Bioresour. 

Technol. 2012, 120, 133–139. 

Yoshida, H.; Clavreul, J.; Scheutz, C.; Christensen, T.H. Influence of data collection schemes 

on the Life Cycle Assessment of a municipal wastewater treatment plant. Water Res. 

2014, 56, 292–303. 

Zang, Y.; Li, Y.; Wang, C.; Zhang, W.; Xiong, W. Towards more accurate life cycle 

assessment of biological wastewater treatment plants: a review. J. Cleaner Prod. 2015, 

107, 676–692. 



140 

 

Zhang, X.; Li, D.; Liang, Y.; Zhang, Y.; Fan, D.; Zhang, J. Application of membrane 

bioreactor for completely autotrophic nitrogen removal over nitrite (CANON) process. 

Chemosphere. 2013, 93, 2832–2838. 

Zhao, C.; Wang, G.; Xu, X.; Yang, Y.; Yang, F. Long-term operation of oxygen-limiting 

membrane bioreactor (MBR) for the development of simultaneous partial nitrification, 

anammox and denitrification (SNAD) process. Environ. Technol. 2018, 39, 2193–2202. 



141 

 

Appendices 

Appendix A: Stoichiometry 

Custom empirical formula for microbial cells  

The elemental analysis of any sewage sample provides the percentage of each element (C, H, 

O, and N) present based on the total solids percentage. A “T” value, introduced by Rittmann 

and McCarty (2001), was calculated as follows: 𝐶 𝐻 𝑂 𝑁  

𝑇 = %𝐶/12 + %𝐻 + %𝑂/16 + %𝑁/14 

Then, the proportion of elements actually present in the cells can be calculated as follows 

(Rittmann and McCarty, 2001):  

𝑛 = %𝐶/12𝑇, 𝑎 = %𝐻𝑇, 𝑏 = %𝑂/16𝑇, 𝑎𝑛𝑑 𝑐 = %𝑁/14𝑇 

The final step consists on the normalization of the empirical formula to nitrogen. The half-

reactions of interest for the construction of the general stoichiometric framework (S-LCI) are 

found in Table S21. 

Detailed example of stoichiometric calculations 

The activated sludge process consists on the organic carbon oxidation by aerobic heterotrophs; 

the inorganic nitrogen aerobic autotrophic nitrification by ammonium-oxidizing bacteria 

(AOB) and nitrite-oxidizing bacteria (NOB); and, the final nitrate and nitrite denitrification by 

heterotrophic and autotrophic bacteria under anoxic behavior.  

In the activated sludge process, the organic carbon oxidation occurs when the electron donor, 

the organic portion of the sewage, is oxidized by the electron acceptor, oxygen, to produce new 

cells, carbon dioxide, ammonia, and bicarbonate.  
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The general denitrification formula is based on the organic half-reactions for custom organic 

so that any carbon source can be used in the equation (Rd), cell synthesis half reactions of 

nitrate as nitrogen source (Rc), and common electron-acceptor equation of nitrate (Ra).   

 Then, the denitrification overall general equation is estimated as follows: 

𝑓 𝑅 : 𝑓 ∗
1

5
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6

5
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The general nitrification formula is based on the inorganic half-reactions for ammonium to 

nitrate (Rd), cell synthesis half reactions of ammonium as nitrogen source (Rc), and common 

electron-acceptor equation of oxygen (Ra).  

Then, the nitrification overall general equation is estimated as follows: 

𝑓 𝑅 : 𝑓 ∗
1

4
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2
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9

20
𝐻 𝑂  

−𝑅 : 𝑁𝐻 + 𝐻 𝑂 → 𝑁𝑂 + 𝐻 + 𝑒   
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To obtain the overall equation for the activated sludge process first we normalize both 

processes reactions to one mole of ammonium.  
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Then, we obtained the appropriate proportion such that the nitrate produced from nitrification 

reaction just equaled that needed for the denitrification reaction.    

𝑓 :

1
8

𝑓

20
+

1
8

𝑓

5
+

𝑓

28
∗

𝑑
𝑐

 

Then we recalculated the denitrification reaction to include the nitrate proportion.  

𝑅 : 𝑅 ∗  𝑓  

Then, we added both processes as shown, 

𝑅 : 𝑅 + 𝑅  

In the last step we normalized the summation reactions to one mole of ammonium, and the 

overall equation for the nitrification-denitrification process is described below:  

𝑅 : 𝑅 + 𝑅 ∗
1

1 − 𝑓
 

 

The general organic carbon oxidation formula is based on the organic half-reactions for custom 

organic (Rd), cell synthesis half reactions of ammonium as nitrogen source (Rc), and common 

electron-acceptor equation of oxygen (Ra).  

Then, the organic carbon oxidation overall general equation is estimated as follows: 
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𝑓 𝑅 : 𝑓 ∗
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Finally, integrating alkalinity and pH, the hydrogen ions produced during the process will be 

neutralized by the bicarbonate ions in the water. In typical values with pH lower than 8.5, then 

the equation is as follows: 

𝐻 + 𝐻𝐶𝑂 →  𝐶𝑂 + 𝐻 𝑂 

The anaerobic digestion (AD) of sludge process is based on the methanogenesis process. The 

process is carried out by methanogen bacteria. When the chemical composition of the organic 

matter is known, the following stoichiometric equation developed by Rittman and McCarty 

(2001) can be used for the overall conversion of the organic matter to methane: 

𝐶 𝐻 𝑂 𝑁 + 2𝑛 + 𝑐 − 𝑏 −
9𝑑𝑓

20
−
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4
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8
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5
−
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8
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20
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𝑑𝑓

20
𝑁𝐻 + 𝑐 −

𝑑𝑓

20
𝐻𝐶𝑂  

 

The SAF-MBR consists of two stages. The first reactor is an anaerobic fluidized-bed bioreactor 

(AFBR), followed by a partial nitrification/anammox fluidized-bed membrane bioreactor 

(PN/AFMBR). The AFBR process consists of the anaerobic degradation of organic carbon by 

facultative and obligate anaerobes. Thus, the previous overall conversion of the organic matter 

to methane will be applied for this case.  

Then, the dominant biochemical pathways in the PN/AFMBR reactor are the partial nitritation 

of ammonia by ammonium-oxidizing bacteria, followed by the anaerobic ammonium oxidation 

(anammox) by autotrophic bacteria. Low concentrations of dissolved oxygen (DO) are 



145 

 

provided for the oxidation of ammonium into nitrite, but not further oxidation to nitrate. The 

general partial nitritation of ammonia formula is based on the inorganic half-reactions for 

ammonium to nitrite (Rd), cell synthesis half reactions of ammonium as nitrogen source (Rc), 

and common electron-acceptor equation of oxygen (Ra). 

Then, the partial nitritation overall general equation is estimated as follows: 

𝑓 𝑅 : 𝑓 ∗
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4
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Then, nitrite will be consumed in the anammox reaction to produce nitrogen. The general 

anammox formula is based on the inorganic half-reactions for ammonium as electron donor 

(Rd), and common electron-acceptor equation of nitrite (Ra) which describes the reaction for 

energy generation (Re). Yet, the anammox process has to be described carefully for the cell 

synthesis reaction (Rs). The ammonium is used as nitrogen source (Rc), while nitrite is oxidized 

to nitrate (Rd2). Then the overall reaction as described in Lee et al. (2013): 

𝑅 = 𝑓 𝑅 +  𝑓 𝑅  

 

where R = R − R  ,and R = R − R   

 

Then, the anammox overall general equation is estimated as follows: 
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1

2
𝑁𝑂 +

1

2
𝐻 𝑂 →

1

2
𝑁𝑂 + 𝐻 + 𝑒  

__________________________________________________________________________________ 

𝑅 : 
1

20
𝑁𝐻 +

1

2
𝑁𝑂 +

1

5
𝐶𝑂 +

1

20
𝐻𝐶𝑂 +

1

20
𝐻 𝑂 →

1

20
𝐶 𝐻 𝑂 𝑁 +

1

2
𝑁𝑂  

 

 

 

𝑓 𝑅 : 𝑓 ∗
1

3
𝑁𝐻 +

1

3
𝑁𝑂 →

1

3
𝑁 +

2

3
𝐻 𝑂  

𝑓 𝑅 : 𝑓 ∗
1

20
𝑁𝐻 +

1

2
𝑁𝑂 +

1

5
𝐶𝑂 +

1

20
𝐻𝐶𝑂 +

1

20
𝐻 𝑂 →

1

20
𝐶 𝐻 𝑂 𝑁 +

1

2
𝑁𝑂  

__________________________________________________________________________________ 

𝑅 : 
𝑓

3
+

𝑓

20
𝑁𝐻 +

𝑓

3
+

𝑓

2
𝑁𝑂 +

𝑓

5
𝐶𝑂 +

𝑓

20
𝐻𝐶𝑂 → 

𝑓

20
𝐶 𝐻 𝑂 𝑁 +

𝑓

2
𝑁𝑂 +

𝑓

3
𝑁 +

2𝑓

3
−

𝑓

20
𝐻 𝑂 

 

To obtain the overall equation for the PN/A-FMBR process first we normalize both processes 

reactions to one mole of ammonium.  

𝑅 :

⎣
⎢
⎢
⎢
⎡

𝑓

20
+

1

6
𝑁𝐻 +

𝑓

4
𝑂 +

𝑓

5
𝐶𝑂 +

𝑓

20
𝐻𝐶𝑂 →

𝑓

20
𝐶 𝐻 𝑂 𝑁 +

1

6
𝑁𝑂 +

4

3
− 𝑓 − 𝑓 𝐻 +

𝑓

2
+

9𝑓

20
−

1

3
𝐻 𝑂

⎦
⎥
⎥
⎥
⎤

∗
1

𝑓

20
+

1
6

 

𝑅 : 

⎣
⎢
⎢
⎢
⎡

𝑓

3
+

𝑓

20
𝑁𝐻 +

𝑓

3
+

𝑓

2
𝑁𝑂 +

𝑓

5
𝐶𝑂 +

𝑓

20
𝐻𝐶𝑂 →

𝑓

20
𝐶 𝐻 𝑂 𝑁 +

𝑓

2
𝑁𝑂 +

𝑓

3
𝑁 +

2𝑓

3
−

𝑓

20
𝐻 𝑂

⎦
⎥
⎥
⎥
⎤

∗
1

𝑓
3

+
𝑓
20

 

 

Then, we obtained the appropriate proportion such that the nitrite produced from the partial 

nitrification reaction just equaled that needed for the anammox reaction.   

𝑓 :

𝑓
3

+
𝑓

2
𝑓

3
+

𝑓
20

1
6

𝑓

20
+

1
6
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Then we recalculated the partial nitrification reaction to include the nitrite proportion. 

𝑅 : 𝑅 ∗ 𝑓  

Then, we added both processes as shown, 

𝑅 : 𝑅 + 𝑅  

In the last step we normalized the summation reactions to one mole of ammonium, and the 

overall equation for the PN/AFMBR process is described below: 

𝑅 : 𝑅 + 𝑅 ∗
1

1 + 𝑓
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Appendix B: Stoichiometric life-cycle inventory main assumptions 

Water stream 

- Chemical oxygen demand (COD) was chosen for the calculations because in practice this 

is the parameter that has been commonly used to determine the total amount of organic 

matters in domestic sewage (Wan et al., 2016). 

- Similar to the nitrite equilibrium proposed for anammox reaction by Lee et al. (2013); it 

was assumed that the nitrification/denitrification process in activated sludge was in 

equilibrium. Thus, the nitrate produced during nitrification equaled the nitrate needed for 

denitrification without external carbon source. 

- Nitrate was assumed from the difference between total kjeldahl nitrogen (TKN) which was 

42 mg/L and ammonium which was 31 mg/L. Thus, nitrate concentration in the influent 

was assumed as 11 mg/L. In the case of the effluent for activated sludge, the nitrate 

concentration was assumed from the difference between TKN (3 mg/L) and ammonium 

(2.6 mg/L). 

- The volatile solids (VS) concentration for chemically enhanced primary treatment sludge 

(CEPT) was assumed from the average of the experimental results (June 2016- March 

2017) from Stonecutters Island sewage treatment works (STW). 

- The COD removal efficiency for denitrification was assumed as 27% which is similar to 

the value found by Rittmann and Langeland (1985). The COD removal efficiency from 

organic oxidation was obtained considering the recirculation flow. The overall COD 

removal of activated sludge included denitrification and organic oxidation efficiencies. 

- The VS removal in CEPT was assumed as 87% (Aiyuk et al., 2004). In this case, volatile 

suspended solids (VSS) were assumed as VS. The COD removal efficiency was assumed 

as 70% (Aiyuk et al., 2004; De Feo et al., 2008). The total solids (TS) from experimental 
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results from a local plant that uses CEPT were assumed as the total suspended solids (TSS) 

for TSS removal at CEPT. 

- The COD removal efficiency was assumed from non-saline sewage (NSS) as 46% for 

AFBR (25-30 C̊), and 48% for PN/AFMBR as AFMBR with total COD removal efficiency 

of 94% (Shin et al., 2014). The sulfate (SO4
2-) concentration in the influent was unknown. 

However, it was assumed that 10% of the COD in the influent to the AFBR was utilized 

for SO4
2- reduction rather than methane (CH4) production (Shin et al., 2014). Thus, the 

COD converted to CH4 was assumed as 36% COD removal efficiency. Under these 

considerations, the permeate represented 6% of the total COD incoming to the SAF-MBR 

which is similar to the 5% found in Shin et al. 2014. 

- The dissolved CH4 was assumed as 15% of the total COD in the influent to the SAF-MBR 

(Shin et al. 2014), and most of the dissolved CH4 was assumed from the AFBR. Thus, only 

the rest of CH4 produced was considered as gaseous.  

- The nitrogen removal efficiency was assumed as 94.4% as in NSS systems (Lee et al., 213). 

The ammonium in the PN/AFMBR included the ammonium generated in the AFBR and 

from the simultaneous anaerobic digestion (solids retention time of 20 days) in the 

PN/AFMBR. The total nitrogen removal efficiency was assumed as the ammonium 

removal efficiency.  

- The solids retention time in the PN/AFMBR as AFMBR was set as 20 days for nitrate 

formation of about 4.6% (Lee et al., 2013).  

- The “BOD5, Biological Oxygen Demand”, “TOC, Total Organic Carbon”, and “DOC, 

Dissolved Organic Carbon” concepts in Ecoinvent include the direct emissions from the 

treatment and the emissions from incineration. The direct emissions were calculated using 

the best estimates as recommended by Moreno et al. (2013). 

- The “Water, RoW’ was modified to “Water, CN” for regionalization to China.  
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Solids stream 

- The sludge production for System 1 scenario was assumed with 48% VS of the TS, and 

2.9% TS from the dry solids (DSD, 2015).  

- For System 2, the CEPT removal efficiencies were assumed as 87.18% for TSS and 62.55% 

for COD. De Feo et al. (2008) gives a range of 60-90% for chemically assisted primary 

sedimentation (CAPS) for TSS removal efficiencies, and 30-70% for COD removal 

efficiency. The TS from experimental results from a local plant that uses CEPT were 

assumed as the TSS for TSS removal at CEPT. The flow of raw CEPT sludge (2,080 m3/d) 

was assumed from the mass balance considering the influent TS concentration after 

degritting, the experimental TSS of raw sludge from a local plant named Stonecutters Island 

STW, and the TSS removal efficiency from CEPT. In these calculations TSS was assumed 

as TS. It was assumed that the TSS concentration in thickened sludge was 60 g/L obtained 

from the mass balance. This concentration was estimated considering that the total flow of 

thickened sludge should be lower than the total capacity of the AD tanks at the STW. The 

flow of thickened sludge at 60 g/L was estimated as 904.1 m3/d. The solids production from 

the SAF-MBR was not included for AD due to its low sludge yield (Shin et al., 2014), thus 

the bulk waste was directly connected to the dewatering unit. Shatin STW has 14 tanks of 

approximately 3,400 m3 each. Thus, the total AD capacity is 47, 600 m3/d.  The VS/TS 

ratio in CEPT sludge was obtained through experiments; and it was 0.45 in average (DSD, 

2017). The TSS/TS ratio was 0.6748 (DSD, 2017). Assumed VSS as VS for the Shatin 

calculations. The VS reduction was assumed as 61% (Ju et al., 2016). The VS reduction in 

AD with solids retention time of 10 days with CEPT sludge can be assumed as 61% for 

saline-sewage and 57% for NSS (Ju et al., 2016). The VS in digested sludge was assumed 

as 75.32% of TS from experimental results of a lab-scale anaerobic digester. The TS in 

digested sludge was assumed as 2.58% of dry solids from the experimental results. Then, 
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the sludge dewatering to dry solids was assumed as 31% (DSD, 2015). Typical values vary 

from 31% to 35% for STW in Hong Kong.    

- The elemental analysis of CEPT sludge was assumed from Shao et al. (2008). 

- The concentration of dissolved CH4 in effluent AD sludge under typical conditions (35 ̊C, 

60% CH4) was found to be 11 mg/L (Van der Ha et al., 2011). The same value was assumed 

for CEPT sludge digestion. Yet, if the sludge is incinerated and not directly landfilled, then 

the dissolved CH4 effect is not accounted as an emission to soil.  

- The ferric chloride (FeCl3) dosing was assumed from the actual operation of Stonecutters 

Island STW (DSD, 2017). 

- The COD and ammonium removal efficiencies for the final sedimentator were assumed as 

the efficiency in the primary clarifier at Shatin STW of 26% and 16%, respectively (DSD, 

2015).  

Energy considerations 

- The energy consumption for aeration in the biological treatment of activated sludge was 

assumed as 60% of the plant electricity consumption (Fernández et al., 2011). 

- The combined heat and power (CHP) efficiency has been usually been considered 38% 

electrical efficiency and 42% thermal efficiency (Tchobanoglous et al., 2014). A full load 

(100%) for a 1.4 MW CHP has a 42% electrical efficiency (Fung and Yeung, 2012). Thus, 

38% thermal efficiency was assumed to obtain an overall 80% energy efficiency.  

- The dual fuel engine (DFE) was assumed 34% electrical efficiency and 28% thermal 

efficiency (Fung and Yeung, 2012). And a life expectancy of 35 years (Bisinella de Faria 

et al., 2015).  

- The energy required for a SAF-MBR without the microaeration for anammox consideration 

ranged from 0.047-0.23 kWh/m3 (Shin et al., 2014; Yoo et al., 2012). In this chapter, 0.23 

kWh/m3 was assumed as the electrical requirement. The oxygen required should be 
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maintained equally or less than 0.75 mol O2 per mole sewage ammonium removed to 

achieve high nitrogen removal (Lee et al., 2013). Thus, the energy consumption for 

microaeration was neglected. 

- The low-voltage electricity for System 1 included all the electricity consumption except the 

daily digester heating requirement that was used as the heat, natural gas concept. The 

System 2 was calculated by subtracting the difference in electricity consumption from 

activated sludge and the SAF-MBR, considering the extra thickening electricity and 

dewatering from the additional reactors. The heating natural gas was estimated for the 

additional reactors.  

- The “Electricity, high voltage from {GLO}|market group for| Alloc Def, U” in “Known 

outputs to technosphere. Avoided products” refers to the electricity produced during 

incineration. In this case, the incineration facility claims to have energy self-sufficiency. 

The heating values were assumed 7.5 MJ/kg dry solids for digested sludge (Lam et al., 

2016). And, the incineration electricity efficiency was assumed as 20% (Chang and Pires, 

2015). 

- The “Electricity, high voltage” and “Heat, district or industrial, other than natural gas” in 

“Known inputs from technosphere (electricity/heat) were calculated with the average 

values proposed by Doka (2003b). Average electricity high voltage consumption for 

incineration 0.144 kWh/kg of sludge, and average heat other than natural gas 

consumption for incineration 0.839 MJ/kg of sludge.   

Gas emissions 

- The fugitive emissions for all gasses coming from reactors (AD, SAF-MBR) were 

considered as 1%. The Intergovernmental Panel on Climate Change recommends a value 

between 0-10% (IPCC, 2006), while the International Water Association recommends 1% 

(IWA, 2012). 
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- The CO2 emissions from aerobic degradation in activated sludge, combustion of biogas, 

and flue from incineration were assumed as biogenic (Bisinella de Faria, 2015; Zang et al., 

2015). The emissions of flue gas from incineration were 205.4 g/m3 sewage for CO2 (Doka, 

2013c). 

- “Methane, biogenic” accounted for the fugitive emissions due to leakage and flue gas from 

incineration. The emissions of flue gas from incineration were 1.089 g/m3 sewage value 

proposed by Doka (2003c). “Methane” constituted the direct emissions from untreated-

COD in the water effluent. The direct emissions were assumed as 0.025 kg CH4/kg-COD 

discharged (Godin et al., 2012).  

- “Dinitrogen monoxide” include denitrification rate to nitrous oxide (N2O), N2O content in 

the flue gas from incineration and direct N2O emissions for effluent discharge with 

Nitrogen. Based on Doka (2003c) the denitrification rate to N2O is 0.02%-0.07% relative 

to the total nitrogen (TN) input. Assumed that the TN treated was the ammonium treated 

during nitrification/denitrification. In this chapter an average 0.045% of the ammonium 

treated was assumed. The N2O content in the flue gas from incineration was 0.0495 g/m3 

sewage (Doka, 2003c). The direct emissions were assumed as 0.0025 kg N2O-N/kg-NH4
+ 

(Godin et al., 2012). In the case of SAF-MBR, it was assumed that denitrification does not 

take place in the SAF-MBR. However, 1% of reactor gas leakage was considered.  
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Appendix C: Life-cycle assessment-related main assumptions 

- The functional unit allows the comparison among different scenarios. Its selection has been 

widely studied, and even though researchers agree that the functional unit should cover the 

different influent qualities and different removal rates, most studies still use the “treatment 

of 1 m3 of sewage to be treated” (Byrne et al., 2017; Corominas et al., 2013a; Loubet et al., 

2014). Thus, S-LCI adopts this unit aiming for the possibility of further comparison 

between studies.  

- S-LCI considers construction, operation and maintenance (O&M), and disposal. The O&M 

boundaries include processes such as incineration and landfill because the Rest of the 

World {RoW} template from the Ecoinvent database already includes these processes in 

the inventory. The physical boundaries have to be consistent for the definition of the STW 

configurations and stoichiometric calculations in the S-LCI. Furthermore, S-LCI system 

boundaries are capable of including GHG emissions from biological treatment and sludge 

management, sludge treatment and disposal, sludge spreading for agricultural purposes, 

and energy recovery. S-LCI excludes upstream processes such as sewage collection and 

transport to the STWs. The geographical boundary is recommended to be as much as 

possible to the country where the sample is collected. 

Life-cycle inventory main assumptions 

- The attributional model was chosen, because the aim of this model is to estimate the 

environmental impact of the STW, identify the hotspots in their life cycle, and comparison 

of two products with the same functional unit (PRé Consultants, 2016a). The attributional 

model applies the allocation approach for multifunctional processes. The allocation 

procedure is by default the “Allocation at the point of substitution” included in Ecoinvent 

v.3.2. 

Known outputs to technosphere. Avoided products: 
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- The total energy produced by the systems was included in the “Known outputs to 

technosphere. Avoided products” category. 

- The “Electricity, low voltage from {GLO}|market group for| Alloc Def, U” was replaced 

with the electricity mix of the country of interest.  

Known inputs from technosphere (materials/fuels) 

- The “Process-specific burdens, residual material landfill/slag landfill {GLO}|market 

for|Alloc Def, U” was modified with the actual values after incineration. It was assumed 

that the sludge volume reduction in the incineration process was up to 90%. Thus, only 

10% would be disposed in landfill.  

- “Liquid manure spreading, by vacuum tanker {GLO}|market for| Alloc Def, U” must be 

deleted when sludge spreading to agricultural soils was not included in the STW 

configurations. Also, other chemicals were deleted when their use was not included in the 

STW. If it was not the case, the amounts corresponding to those concepts were added. 

- The “iron (III) chloride, without water, in 40% solution state” and “polyacrylamide” 

concepts were calculated based on data from Stonecutters Island STW.  

- The “Wastewater treatment facility, capacity #l/year {GLO}| market for | Alloc Def, U” 

was modified to include the materials and land use specific to each STW configuration.  

- The “Heat and power co-generation unit, 1.4MW electrical, common components for 

heat+electricity {RER}|construction |Alloc Def, U” were added when the STW 

configurations included co-generation units, such as CHP and DFE. The lifetime was 

assumed as 35 years as done by Bisinella de Faria et al (2015). 

- The “Transport, freight, lorry, 7.5-16 metric ton, EURO 5 {GLO}|market for|Alloc Def, 

U” was calculated with the sludge and incineration residues; and, the kilometers between 

the STW and the incineration and landfill facilities. The maximum load for the trucks is 14 

tons (DSD, 2017). The Government reported the upgrade of their landfill tractors. It was 
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assumed the sludge trucks are similar to the landfill tractors, and that all the Government 

vehicles have been upgraded to high European Standards (EB and EPD, 2015).  

- The polyacrylamide for the System 1 was obtained from Lam et al. (2016). The 

polyacrylamide for the System 2 was assumed from the polymers consumption at 

Stonecutters Island STW (DSD, 2017).  

 

Known inputs from technosphere (electricity/heat) 

- The total energy consumption was included in the “Known inputs from the technosphere 

(electricity/heat)” category. The “Electricity, high/ low voltage from {GLO}|market 

group for| Alloc Def, U” was replaced with the electricity mix of the country of interest. 

In this case, Southern China Grid was used.  

Emissions to air 

- Described in the S-LCI assumptions.  

 

Emissions to water: 

- Described in the S-LCI assumptions.  

 

Emissions to soil: 

- In the case of Shatin STW the sludge is always incinerated and then the ashes are sent to 

landfill. In Hong Kong, sludge is not for agriculture. Thus, in this case the emissions to 

soil were deleted. 

  



157 

 

Appendix D: Digester operation and performance 

A 5 L continuously stirring anaerobic digester of CEPT sludge was operated at 35 °C at sludge 

retention times of 20d (Jing et al., 2019). Studies for sludge retention time of 10 days were also 

conducted. The digester was initially seeded with the inoculum from a full-scale anaerobic 

digester of Tai Po STW, Hong Kong. The feeding was performed every 2 days and consisted 

of supplying CEPT sludge from the Stonecutters Island STW. The digester reached a stable 

biogas production of 1,600 mL/d with CH4 and CO2 content of 70% and 30%, respectively. 

The data subtracted for this thesis was focused on the final concentration of TS and VS in the 

digested sludge at 10 days of solids retention time which was 25.8 g/L and 19.43 g/L, 

respectively. Thus, the VS of digested sludge was 75.32 % of TS and TS of 2.58% of dry solids. 

 

Appendix E: Total solids, total suspended solids, and volatile solids 

The TS test started with mixing the samples and adding to the crucibles and weighted. Then 

the sample was dried at 105°C overnight. The samples were taken out of the oven to cool the 

containers to room temperature in a desiccator. Each crucible was weighted twice on the 

analytical balance to the nearest 0.1 mg and recorded.  

The TSS test consisted on preparing a glass-fiber filter disk. Then, the sample was mixed, and 

three successive volumes of 10 mL were transferred to a glass-fiber filter with applied vacuum. 

The filter was removed and dried for over 1 h at 105°C. To measure, the filter was cool in a 

desiccator to ambient temperature, and weighted. 

 The VS was measured from the dried sample of TS test by heating the sample to 550 °C. The 

samples were taken out of the oven to cool the containers to room temperature in a desiccator. 

Each crucible was weighted twice on the analytical balance to the nearest 0.1 mg and recorded. 
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Appendix F: Stoichiometric life-cycle inventory for scenario 2 

Scenario 2 has three main processes: chemically enhanced primary treatment (CEPT), 

anaerobic digestion (AD), and biogas combustion with combined heat and power (CHP) and 

dual-fuel engines (DFE). The life-cycle inventories of these processes are calculated through 

the stoichiometric life-cycle inventory (S-LCI) framework (Alvarado et al., 2019). The S-LCI 

comprises of three main parts, namely data collection, calculations, and results. The 

methodological descriptions extracted from Alvarado et al. (2019) are complemented with the 

specific details necessary to create the life-cycle inventory for scenario 2.  

a. Data collection 

The data collection includes the elemental analysis of the samples, primary data, and the energy 

requirements of the sewage treatment works (STW).  

When using the S-LCI framework, the sewage and sludge sample collection process must 

follow the APHA-1060B procedure for grab samples (Baird et al., 2017). The sample 

preparation must follow the APHA-2540G procedure for total solids (TS) and volatile solids 

(VS) (Baird et al., 2017). Then, the samples must be pulverized as determined by ASTM-

D2013 (ASTM-D2013, 2012), while the CHNS elemental analysis must be performed 

according to ASTM-D5373 to obtain the weight percentage of each element (ASTM-D5373, 

2016). Oxygen must be calculated by subtraction, and the ash must be obtained according to 

ASTM-D3174 (ASTM-D3174, 2012). The elemental analysis values of CEPT sludge for 

scenario 2 and scenario 3 were taken from Shao et al. (2008), while experimentally obtained 

for scenario 1 as presented in Table S36 (Alvarado et al., 2019). Tai Po STW sewage and sludge 

samples were collected instead of Shatin STW because at the time of this thesis the typical 

saline sewage of Shatin STW was changed due to an extraordinary event. Tai Po STW has the 

same operation parameters and configuration as Shatin STW under normal conditions. 
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In the S-LCI, the primary data were collected (i) from the results of the CEPT raw and digested 

sludge, and (ii) from the authority in charge of the STW.  

The total suspended solids (TSS) test must follow the APHA-2540D procedure (Baird et al., 

2017). The TS, TSS and VS values for raw CEPT sludge used for scenario 2 have previously 

obtained experimentally for scenario 3 from the raw CEPT sludge samples from Stonecutters 

Island STW (Alvarado et al., 2019). The sludge samples are the manual sampling of the single-

grab samples in plastic containers at the Stonecutters Island STW. The samples were collected 

biweekly from June 2016 to March 2017. The TS, TSS, VS, VS/TS, and TSS/TS ratio for raw 

CEPT sludge is 38.65 g/L, 26.08 g/L, 17.09 g/L, 0.44 and 0.67, respectively. 

The TS and VS of digested CEPT sludge were obtained from an anaerobic digester fed with 

the CEPT sludge from the Stonecutters Island STW and seeded with anaerobic sludge from the 

Tai Po STW (Jing et al., 2019). The anaerobic digester is described in Alvarado et al. (2019). 

The percentage of TS is 2.58% of dry mass, and of VS is 75.32% of TS. 

Primary data relevant to the wastewater treatment plants (WWTPs) construction was collected 

for scenario 1 and modified for scenario 2 and 3 (DSD, 2015). For scenario 2, the final 

sedimentation tanks were added into the concrete calculation. The recycled activated sludge 

pumping station, the air compressor house and blower house were excluded because there is 

neither activated sludge, granulated activated carbon (GAC) recirculation nor aeration required 

in scenario 2. The concrete for scenario 2 represents only 61.1% of the concrete used in Class 

1 wastewater treatment facility’s inventory, thus the rest of the materials were reduced to 

61.1%. Further details for the construction inventory of scenario 2 are presented in and (Table 

S25-S26). Further details for the construction inventory of scenario 3 are explained elsewhere 

(Alvarado et al., 2019). 
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There are two types of inputs for the S-LCI in the Excel file (i) water characterization and (ii) 

variable parameters (Alvarado et al., 2019). The data collected (Table S22, Table S23, and 

Table S37) is used as these “inputs”. The Excel file contains many inputs that could be used 

for scenario 1 and 3. Table S38 and Table S39 summarize the water characterization and 

variable parameters “inputs” specific to scenario 2, respectively. 

b. Calculations 

The results of the elemental analysis are used to construct a specific empirical formula for 

microbial cells as CnHaObNc, where n, a, b, and c were the mass distributions of the four 

elements in a sample (Rittmann and McCarty, 2001). In scenario 2, anaerobic digestion is the 

main biological process. To calculate the custom empirical formula for microbial cells in the 

CEPT sludge, the elemental analysis of the CEPT sludge sample provides the percentage of 

each element (C, H, O, and N) present based on the TS percentage. The T value introduced by 

Rittmann and McCarty (2001, pp. 128) was calculated as follows:  

𝑇 = %𝐶/12 + %𝐻 + %𝑂/16 + %𝑁/14 

𝑇 = 33/12 + 4.35 + 36.72/16 + 2.02/14 

𝑇 = 9.54 

Then, the proportion of elements actually present in the cells can be calculated as follows:  

𝑛 = %𝐶/12𝑇, 𝑎 = %𝐻/𝑇, 𝑏 = %𝑂/16𝑇, 𝑎𝑛𝑑 𝑐 = %𝑁/14𝑇 

𝑛 = 33/(12 ∗ 9.54), 𝑎 = 4.35/9.54, 𝑏 = 36.72/(16 ∗ 9.54), 𝑎𝑛𝑑 𝑐 = 2.02/(14 ∗ 9.54) 

𝑛 = 0.29, 𝑎 = 0.46, 𝑏 = 0.24, 𝑎𝑛𝑑 𝑐 = 0.015 

The final step consists on the normalization of the empirical formula to nitrogen. The custom 

molecular formula for CEPT sludge resulted as C19.1H30.1O15.9N.  

The stoichiometric calculations are developed based on the Thermodynamic Electron 

Equivalents Model (TEEM) (Rittmann and McCarty, 2001). The following stoichiometric 

equation developed by Rittman and McCarty (2001) and adopted from Alvarado et al. (2019) 

was used for the overall conversion of the organic matter to methane: 
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“The fractions of electrons used for energy generation (fe) and synthesis (fs) must equal 1.0. 

Assuming a steady-state process, fs can be estimated from the following equation: 

𝑓 = 𝑓
1 + (1 − 𝑓 )𝑏𝜃

1 + 𝑏𝜃
 

 

where fs
0 is the portion of the energy used for cell synthesis, fd is the fraction of the active 

biomass, that is, biodegradable, b is the endogenous decay rate, and θx is the solids retention 

time.” (Rittmann and McCarty, 2001) And, d=4n+a-2b-3c (Rittmann and McCarty, 2001). 

The kinetic parameters can be substituted with the typical values as presented in Table S28. 

Detailed explanations of the kinetic values and design criteria are explained in Alvarado et al. 

(2019). 

As stated in Alvarado et al. (2019): “The TEEM is complemented with the primary data (i.e., 

flows, concentrations, removal efficiencies) and energy requirements to construct whole-

plant process inventories including the system inputs and outputs. Analysis of the link at the 

microscopic and macroscopic level for engineering applications comprised of using the 

calculated moles (nRX) of the reactants and products to obtain the daily concentrations as 

inputs and outputs of the system. In general, the flows of reactants, organics, or ammonium 

treated were determined by their concentrations at the influent point and the removal 

efficiency of the process (as stated by the current STW operation or legislation). The process 

products, namely the outputs (required as the foreground information in the S-LCI), were 
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calculated as shown in the following equation based on Rittmann and McCarty (2001) and 

Bisinella de Faria et al. (2015): 

𝑀 = 𝑀 ∗ (𝑀𝑊 ∗ 𝑛 )/(𝑀𝑊 ∗ 𝑛 ) 

 

where  

Mi is the mass of product i (kg/d), 

MRX is the mass flow of the organics or inorganics (reactants) to be treated, which includes their 

concentrations (mg/L) times and flow (L/d), 

MWi is the molecular weight of product i (g/mol), 

ni is the number of moles of product i obtained from the overall biochemical equation (mol), 

MWRX is the molecular weight of the reactants treated (g/mol), and  

nRX is the number of moles of the reactants obtained from the overall biochemical equation 

(mol).  

In the case of gas production, the volume was calculated based on the ideal gas equation. The 

combustion of biogas for energy production by CHP and DFE was calculated using the overall 

biogas combustion equation (EA, 2004): 

 𝐶𝐻 + 2𝑂 → 𝐶𝑂 + 2𝐻 𝑂” 

Other assumptions were made for water emissions, sludge production, avoided products, 

materials and fuel consumption, and air emissions as mentioned below. 

Water emissions 

The biochemical oxygen demand (BOD5), total organic carbon (TOC) and dissolved organic 

carbon (DOC) were calculated according to the ratios suggested in the Ecoinvent database 

(Doka, 2003a).  

Sludge production 
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CEPT raw sludge production was 2,080 m3/d as calculated from TSS and CEPT removal 

efficiencies (Alvarado et al., 2019). Then, it was assumed that the sludge was thickened to a 

TSS concentration of 60 g/L with an estimated flow of 904 m3/d (Alvarado et al., 2019). The 

thickened sludge is anaerobically digested during 10 d with a VS reduction of 61%; thus, the 

digested flow in scenario 2 is 782.44 m3/d. The dry solids content after dewatering was assumed 

as 31%, hence the dewatered sludge production for incineration in scenario 2 is 65.12 m3/d as 

shown in Figure 7 in chapter 3. 

Avoided products 

For scenario 2, the electricity (low voltage) and heat (natural gas) generation from the 

combustion engines on-site are 0.1598 kWh/m3 and 0.5129 MJ/m3, respectively. Considering 

that the digested dewatered sludge contains 7.5 MJ/kg DS and 20% electricity conversion 

efficiency for incineration, the high voltage electricity production in scenario 2 is 0.1179 

kWh/m3. For scenario 2, the electricity consumption was based on Stonecutters Island STW 

for CEPT sludge handling and dewatering considerations and Shatin STW for thickening. The 

annual total electricity consumption in Stonecutters Island STW is 59 GWh which includes the 

CEPT handling and dewatering (DSD, 2017a). The annual flow of Stonecutters Island STW is 

~ 695 million cubic meters, thus its electricity consumption is 0.0848 kWh/m3. Shatin STW 

consumes 3.7733 kWh/m3 of sludge for thickening, thus the functional unit for electricity 

consumption for thickening in scenario 2 is 0.0341 kWh/m3. The total electricity consumption 

at the STW configuration of scenario 2 is 0.1190 kWh/m3. The thermal energy required for AD 

in Shatin STW is 4.4638 kWh/m3 of sludge. In scenario 2, 904 m3/d of sludge are directed to 

AD, thus the functional unit for heat (natural gas) requirement is 0.0175 kWh/m3 (0.0631 

MJ/m3). The energy consumption during incineration is also revised due to the sludge 

production of scenario 2. The electricity and heat consumption during incineration are 

estimated as 0.0407 kWh/m3 and 0.2373 MJ/m3, respectively. The heat (other than natural gas) 
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produced in incineration is assumed to be in balance with the heat consumed. The summary of 

the avoided products is shown in Table 16 in chapter 3. 

Materials and fuels consumption 

Considering the sludge production for scenario 2, the residual material and slag to the landfill 

are 0.0141 kg/m3 each. The distances from Shatin STW to the incineration facility and from 

the incineration facility to the landfill are 45 km and 1.1 km, respectively. Thus, the transport 

of sludge to the incineration facility is 0.0127 tkm/m3. The transport of residual material and 

slag to landfill is 1.56E-05 tkm/m3 each. It is assumed that the ferric chloride (FeCl3) and 

polyacrylamide consumption in scenario 2 follows the consumption of Stonecutters Island 

STW, which consumes 0.0154 kg/m3 and 0.0005 kg/m3 of FeCl3 and polyacrylamide, 

respectively. 

Air emissions  

The biogenic carbon dioxide (CO2) emissions are 0.2702 kg/m3 which include the fugitive 

emissions from the AD reactor, the flue gas from biogas combustion, and from incineration. 

The biogenic methane (CH4) emissions are 0.0013 kg/m3 which include the fugitive emissions 

from the AD reactor and the flue gas from incineration. The direct CH4 emissions are 0.0029 

kg/m3 from untreated COD discharged in the effluent. The nitrous oxide (N2O) emissions are 

1.26E-04 kg/m3 from the untreated NH4
+ discharged in the effluent and the flue gas from 

incineration. 

There was one addition to the Excel file compared to Alvarado et al. (2019)  

The total Kjeldahl nitrogen (TKN) concentration was added in inputs to calculate the nitrate 

concentration in the effluent. 
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c. Results 

The results of the calculations are converted to the life-cycle assessment (LCA) functional unit 

of “1 m3 of sewage treated” as shown in Table S27. 
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Supplementary tables 

Table S1. Literature review of life cycle assessment in sewage treatment 

No. Short reference Data limitation identified Site-specificity and regionalization need identified 

1 

Bai et al., 2017 

Identified the variance of inventory input and output coverage 
levels as one of the major reasons for variations in LCA results. It 
was also recognized that the coverage of environmental 
interventions has to be developed with minimal efforts for the 
collection and compilation of data.  

The importance of developing regional LCA methods or 
differentiated LCA factors relies on their potential to enable a 
deep understanding of the regional environmental impact and 
insights of the trade-offs between environmental indicators. 
Also, it was recognized that site-generic LCA methods might 
generate outcome bias when evaluating cases with obvious 
regional features. 

2 
Bradford-Hartke et al., 2015 N 

This study recognized that the results must be interpreted 
cautiously for case studies with specific local conditions.  

3 

Bravo & Ferrer, 2011 

Identified difficulties to access real data from operating facilities 
and to measure gas emissions. In particular, gases emissions 
direct from the treatment and fugitive emissions from sludge 
digestion were not accounted for due to the difficulty of 
measuring this type of emissions in-situ.  

N 

4 

Byrne et al., 2017 N 

Identified the integration of spatial considerations (e.g. 
spatialized characterization factors) as one of the critical 
opportunities for LCA. Also, it was recognized that accuracy of 
LCA results can be affected by spatial variations. The spatial 
assessment can be integrated to LCA through three different 
stages: in the inventory (i.e., quantity of an emission), impact 
assessment (i.e., characterization factors), and the interpretation 
stages of the LCA. In particular, in the LCI stage, spatial 
assessment affects impact categories such as eutrophication and 
toxicity, which are concentration-dependent. 

5 
Chiu et al., 2016  

Identified data unavailability of anaerobic co-digestion data. Time 
and money were spent to complete a survey of the incineration 
plant in Macau. 

N 

6 
Colón et al., 2012 

Time and money were spent to complete a survey and sampling 
work for measurements in-situ or in the laboratory.  

N 

7 
Cornejo et al., 2016 N 

Identified that gathering more on-site nutrient data might 
decrease the uncertainty in the eutrophication impact category.  
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8 

Corominas et al., 2013a 

Identified the need for improvement of the data quality as one of 
the factors to increase quality and transparency. Also, it was 
identified that the inventory should be designed to integrate with 
other model-based approaches. The lack of inclusion of the non-
biogenic and direct gaseous emissions (i.e., N2O and CH4) was 
also identified as important factors for LCI. 

Identified the development of regional factors as opportunity 
areas of LCA. The importance of location-specific factors was 
also recognized, especially for the eutrophication impact 
category. As current methodologies in LCA cannot deal with the 
specifics of particular locations, there is a trend to incorporate 
spatially differentiated factors to estimate eutrophication impacts 
and to develop new methods on both spatially differentiated 
freshwater and marine eutrophication. 

9 

Corominas et al., 2013b  N 

Identified the importance of using site-specific factors for 
nutrient enrichment impact categories to select best operating 
and environmental performance strategies. There is a trend for 
LCA research moving towards developing methodologies that 
include the importance of local conditions and set country-
specific or site depended characterization factors. 

10 

Fang et al., 2016 N 

Identified that in order to assess the true performance potential of 
a system, the system needs to be placed into a specific local 
geographical context, water demand, and existing WWTP 
operations. 

11 
Gianico et al., 2015 

Due to the lack of full-scale data, laboratory-scale results 
combined with mass and energy balances were used as input for 
LCI. 

It recognized that the final judgement of a system depends on the 
site-specific conditions. Also, it identified that both technical and 
economic assessments are strongly affected by local conditions. 

12 

Hauck et al., 2016 

Time and money were spent for on-site measurements of gas 
emissions. However, CH4 emissions were included as a 
percentage of COD in the influent based on national inventory 
guidelines; while CO2 emissions from the WWTP were calculated 
assuming all the TOC becomes oxidized to CO2 and CO2 
emissions from combustion of biogas were estimated based on 
the carbon content and amount of biogas generated.   

N 

13 

Heimersson et al., 2014a  N 

Identified that the integration of pathogens analysis to LCA 
needs further development because the specific exposure 
pathways of pathogens are sensitive to the location and timing, 
whereas impact assessment methodologies are in a continental 
scale.  

14 

Heimersson et al., 2014b  

Identified the challenge of conducting LCA for emerging 
technologies due to the lack of data. As there is no full-scale data, 
laboratory-scale results combined with estimations and 
simulations were used for the LCI. 

Identified that in systems which electricity use is an 
environmental hot spot, energy-related data is important due to 
its strong regional dependency. 

15 Hernández-Padilla et al., 2017  Time and money were spent for on-site measurements of 158 
WWTPs in Latin American and the Caribbean. Also, the 

One of the goals of this study included an analysis of 
regionalization for the enhancement of LCA interpretation. It 
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importance of primary data collection to improve 
representativeness was identified.  

was identified that regionalization has the potential for adding 
relevance of the interpretation, representativeness and 
discriminating power. Also, it was stated that regionalization can 
be obtained through the inventory and the characterization 
factors. A pragmatic and stepwise iterative approach for 
regionalization was proposed. This paper also focused on the 
characterization of regional emissions for the Latin American 
and Caribbean region. The characterization of eutrophication 
emission and the adaptation of the electricity mixes were 
identified as the two key parameters that significantly influence 
the results of the study. 

16 

Jeong et al., 2015  

Identified difficulties to access real data for infrastructure and 
chemical datasets. Also, this study identified that having the real 
data of the infrastructure would decrease data uncertainty, but 
additional efforts would be required to collect material and 
process data. 

Identified that the use of an appropriate LCIA methodology for a 
region is critical. 

17 
Lam et al., 2015  N 

The use of characterization factors (CFs) of East Asian countries 
were used due to the lack of CFs specific to Chinese local 
conditions. 

18 

Lehtoranta et al., 2014 N 

Identified the importance of the integration of local conditions to 
determine the optimal on-site system. Finland-specific 
characterization factors (for P, N, and NH3) were used for 
impacts on freshwater eutrophication. 

19 
Li et al., 2013 N 

Identified the need to develop Chinese-specific Life Cycle 
Inventories. 

20 
Limphitakphong et al., 2016  

This study omitted the potential GHG emissions remaining in the 
treated water. 

Identified eutrophication as the highest potential environmental 
impact from a municipal WWTP. 

21 
Lin et al., 2016  

Identified the need to validate the results of the simulation models 
with the actual plant operational data for future research.  

N 

22 

Lorenzo-Toja et al., 2016  

Identified the difficulties of accessing reliable data, but also 
highlighted the importance of data collection and LCI build-up. In 
particular, on-site measurements have the potential to reduce data 
uncertainty. However, on-site measurements were identified as 
expensive or even not feasible. In this study, time and money 
were spent for on-site measurements of GHG (i.e., CH4 and N2O) 
and pharmaceuticals and personal care products. In addition, it 
was identified that mandatory regulations for data collection and 

N 
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monitoring in WWTPs are limited to conventional operational 
parameters and the scope could be increased to include more data.  

23 
Lorenzo-Toja et al., 2015  

Identified difficulties to access high quality data, especially in 
small WWTPs that lack continuous operational control.  

N 

24 
Masuda et al., 2015  

Time and money were spent for on-site measurements of GHG 
(i.e., CO2, N2O and CH4). 

N 

25 
Mcnamara et al., 2016  

Identified that direct collection and analysis of data is not always 
practical or feasible, but it is the most preferred level of quality. 

Identified that the lack of site-specific data would reduce the 
quality of the results. 

26 
Morera et al., 2015  N 

Identified the need to understand the impact of WWTPs effluents 
at the local scale.  

27 
Niero et al., 2014  

Identified the need to improve data quality and reduce uncertainty 
as emerging challenges in LCA.  

In this study, regionalization was tackled by using data from 
WWTPs in different regions of Denmark. 

28 
O’Connor et al., 2013 

Due to the lack of a full-scale plant for the emerging technology 
studied in this paper, the data was based on pilot scale plant. 

N 

29 O’Connor et al., 2014a  Identified the difficulty of modelling GHG fugitive emissions.  N 

30 O’Connor et al., 2014b  Identified limited data availability.  N 

31 

Opher and Friedler, 2016  

Identified that the construction of LCI for complex systems is 
very time consuming. Also, it was recognized that the lack of 
resources and unavailability of data often delimits the scope of 
the study.  

Identified that fully localized and technology-specific data would 
increase precision and reduce parameter uncertainty. 

32 
Petit-Boix et al., 2015  

Identified the lack of available data. Also, it recognized the need 
to standardize and improve the data collection process. 

In this study the energy issues were analyzed considering the 
regional features of the sample to qualitatively identify trends.  

33 
Postacchini et al., 2016  N 

This study emphasized the use of an impact assessment 
methodology, TRACI, which was consistent with US locations.  

34 
Righi et al., 2013  

Time and money were spent for on-site measurements of a pilot-
scale plant.  

N 

35 Risch et al., 2014 N This study focused on water stress in the region.  

36 
Rodríguez et al., 2016 

High accuracy and sensitivity of the results were associated to the 
experimental data which was directly obtained from the company 
and the laboratory-scale systems. 

N 

37 
Rodriguez-Garcia et al., 2014  

Identified lack of data regarding the construction of the pilot plant 
reactors.  

N 
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38 
Schaubroeck et al., 2015  

Time and money were spent for on-site measurements of GHG 
emissions at all biological treatment steps. 

N 

39 
Slagstad and Brattebø, 2014 

Data collection for LCI build-up was identified as intensive and 
time consuming. 

Identified the need of a cautious interpretation of the LCA results 
due to the lack of regionalized characterization factors.  

40 

Svanström et al., 2014  

Identified difficulties to obtain available, confidential, and quality 
data of emerging technologies which affected the usefulness of 
the results. The study used a range of full scale and laboratory-
scale data. 

Identified the need of site-specific technical and environmental 
preconditions for the consideration and assumptions for the 
analysis of a system. This study highlighted their efforts to 
include site-specific and data that reflected local conditions.  

41 

Teodosiu et al., 2016 Identified data quality needed as a drawback for LCA.  

Identified the lack of frameworks for calculating site-dependent 
impacts for water pollution and methodologies that better 
represent the local conditions. It was recognized that 
regionalized impacts would improve the usefulness of LCA to 
enable better decisions regarding wastewater management.  

42 

Vera et al., 2015  
Time and money were spent for on-site measurements of energy 
consumption. The importance of high-quality data was 
recognized due to its influence on the LCA results.  

Identified that regional or local references may be of interest to 
policy makers. This study emphasized the use of site-specific 
data for the inventory. Also, it was proposed that by using global 
and regional normalization references, the real impact of the 
LCA results could be represented. 

43 
Wang et al., 2012  

This study highlighted the dependency of the LCA outcomes with 
data quality. 

N 

44 
Wang et al., 2015  N 

Identified that the site-generic characteristic of the LCA needs to 
be improved with a site-specific approach to enable the analysis 
of impact categories such as ecotoxicity. 

45 

Xu et al., 2014  

Identified that there are limitations of LCA due to the availability 
of data. Also, it recognized the need for a more systematic and 
sustainable assessment method due to the limitations of data 
availability.  

Identified that the geographically representative and time-related 
LCI for products is critical for LCA studies.  

46 

Yoshida et al , 2014  

Identified that reliable data collection as a burden and one of the 
most critical issues in LCA. Furthermore, data collection is 
expensive and not feasible. The dependency between the LCA 
results and the input data coverage was recognized.  Time and 
money were spent for on-site measurements of primary data. 

Confirmed the importance of collecting site-specific emissions 
data through the contribution and sensitivity analyses.  

47 

Zang et al., 2015  
Identified that the lack of completeness with imprecise measured 
or simulated inventory data increase uncertainty.  

Identified the importance of specificity for eutrophication 
potential and toxic-related impact categories. Also, it recognized 
that obtaining site-specific emission data constitutes a challenge, 
but necessary to obtain more accurate LCA results.  

Notes: N means not identified. 
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Table S2. Literature review of plant-wide biological models in sewage treatment 

Short reference Model Description Differences compared to S-LCI 

Alex et al., 1999; 
Jeppsson et al., 2006; 
Spanjers et al., 1998 

COST/IWA Benchmark 
simulation Model No. 1 with 
Activated sludge model no. 1 
(ASM1) 

A model, control system, a benchmarking procedure 
and evaluation criteria. The model is a five-reactor 
activated sludge plant configuration with a secondary 
clarifier, utilizing the ASM1 and Takács model.  

Detailed kinetic parameters (i.e., uptake rates for 
carbohydrates, proteins, and lipids). 
No plant-wide approach. 
No incineration emissions included. 
No GHG (CO2, CH4 and N2O) emissions accounted 
for. 
No sludge considerations. 
No energy generation calculation. 
No infrastructure material input quantification. 
No functional unit determination.  
No emergent processes included. 

Gernaey et al., 2014; 
Jeppsson et al., 2006 

Benchmark simulation Model No. 
2 with Activated sludge model 
no. 1 (ASM1) and Anaerobic 
Digestion model No. 1 (ADM1) 
by IWA 

 A plant-wide model, control system, a benchmarking 
procedure and evaluation criteria. The model includes a 
primary settler, ASM1, secondary clarifier, thickener, 
and the use of ADM1 for the modelling of anaerobic 
digester.  

Detailed kinetic parameters (i.e., uptake rates for 
carbohydrates, proteins, and lipids). 
No GHG (CO2 and N2O) emissions accounted for. 
No incineration emissions included. 
No energy generation calculation. 
No infrastructure material input quantification. 
No functional unit determination.  
No emergent processes included. 

Bisinella de Faria et al., 
2015; Rahman et al., 
2016; Rodriguez-Garcia 
et al., 2014  

BioWin by Envirosim 
 

 A Microsoft Windows-based simulator for the analysis 
and design of WWTPs. The full-treatment plant 
includes ASM1 and ADM1 or activated sludge – 
digestion model (ASDM). 

Detailed kinetic parameters (i.e., uptake rates for 
carbohydrates, proteins, and lipids). 
No incineration emissions included. 
No infrastructure material input quantification. 
No functional unit determination.  
No emergent processes included. 
Commercial use. 

Corominas et al., 2013; 
Hadjimichael et al., 2016 
(www.mikebyDHI.com)  

WEST ® by HDI 

 A simulation model for the analysis and design of 
WWTPs and integrated urban water systems. The plant-
wide treatment plant includes primary and secondary 
settling tanks, ASM1, 2, 2d and 3, ADM1, dewatering, 
anaerobic ammonium oxidation model and greenhouse 
gas emission (GHG) model. 

Detailed kinetic parameters (i.e., uptake rates for 
carbohydrates, proteins, and lipids). 
No incineration emissions included. 
No energy implications calculation. 
No infrastructure material input quantification. 
No functional unit determination.  
Commercial use. 
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Lin et al., 2016; 
Ontiveros and 
Campanella, 2013; 
Smith et al., 2014 
(www.hydromantis.com)  

GPS-X ™ - Mantis 3 by 
Hydromantis 

 A simulation model, control, optimization, and 
management of WWTPs. The plant-wide treatment 
plant includes primary and secondary settling tanks, 
ASM library, ADM1, dewatering, anaerobic ammonium 
oxidation model, GHG model and carbon footprint. 

Detailed kinetic parameters (i.e., uptake rates for 
carbohydrates, proteins, and lipids). 
Uses a set of 48 variables and 56 biological, 
chemical, and physical reactions. 
No incineration emissions included. 
No infrastructure material input quantification. 
No functional unit determination.  
Commercial use.  

Ferrer et al., 2008; Pretel 
et al., 2016a, 2016b, 
2015, 2013 

Design and Simulation of 
activated sludge systems 
(DESASS) by CALAGUA 
research group 

 A simulation model for design and optimization of 
WWTPs. The plant-wide treatment plant includes 
primary and secondary settling tanks, activated sludge, 
chemical phosphorus precipitation, biological nutrient 
removal model no. 1, anaerobic and aerobic digestion, 
and thickener.  

No incineration emissions included. 
No GHG (CO2, CH4 and N2O) emissions accounted 
for. 
No energy implications calculation. 
No infrastructure material input quantification. 
No functional unit determination.  
No emergent processes included. 

Garrido-Baserba et al., 
2014 
(www.novedar.com) 

Decision support system (DSS) 
by Novedar_Consolider team 

 A simulation model for the evaluation, control, 
monitoring, comparison, and design of WWTPs and the 
performance of cost analysis and evaluation of the 
technical, economic, and environmental efficiency. The 
plant-wide treatment plant includes. The software 
includes databases and can be combined with 
compatibility knowledge base, specification knowledge 
base, and environmental and legal knowledge base.  

No incineration emissions included. 
No GHG (CO2 and CH4) emissions accounted for. 
No energy generation calculation. 
No infrastructure material input quantification. 
Only plants working in optimum levels were 
predicted within 25% of error.  

O’Connor et al., 2013 
Dynamic supply chain system 
model simulation 

 A simulation model for design and optimization of 
systems for industrial wastewater treatment by 
identifying subsystems within the whole.   

No incineration emissions included. 
No energy generation calculation. 
No infrastructure material input quantification. 
No conventional or emergent processes are 
described by their biological pathways. 
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Table S3. Estimated area sizes of three main sewage treatment works in Hong Kong 

Sewage Treatment 
Works (STW) 

Total area (m2) Sealed area PCE/y Total area per PCE 
(m2) 

Shek Wu Hui 94000 85 360648.4459 0.261 

Shatin 280000 75 1045880.493 0.268 

Stonecutters Island 367163.918 95 7261055.378 0.051 

Notes: The land use calculation method on Doka (2003c) was used with data of three plants in Hong Kong to 
obtain the total area per capita equivalent (PCE) of the STW in Hong Kong. 

 

Table S4. Estimated areas of the 15 preliminary treatment works connected to Stonecutters Island sewage 
treatment works 

Preliminary treatment works (PTW) connected to Stonecutters Island STW Area (m2)* 

Cheung Chau STW 11366.64 

Chai Wan PTW 6511.11 

Kwai Chung PTW 2121.67 

Kwun Tong PTW 8389.94 

To Kwan Wan PTW 5862.88 

Tseung Kwan O PTW 26418.98 

Tsing Yi PTW 16211.98 

Aberdeen PTW 4419.88 

Ap lei Chau PTW 3654.85 

Central PTW 3945.87 

Cyberport STW (April 2015 to Nov 2015) 1841.97 

North Point PTW 1296.48 

Sandy Bay PTW 1917.56 

Wah Fu PTW 1290.03 

Wan Chai East PTW 7535.54 

Notes: *The area was obtained by measurement in Google maps. A factor of 10% was added to the final sum 
of the areas to include some measurements errors. Stonecutters Island STW is a special case due to its compact 
design (10 ha) that serves around half the population of Hong Kong. The areas for the 15 PTW and the deep 
tunnel infrastructure to connect them to Stonecutters Island STW were included in the calculation of the total 
area per plant. The deep tunnel from the Harbour Area Treatment Scheme (HATS) Stage 1 has a length of 23.6 
km and a variable diameter (3.3 m -4.3 m ), an average diameter of 3.5 m was chosen for the calculations. The 
interim outfall is 1.7 km in length and 5 m in diameter. The HATS Stage 2A is 21 km of deep tunnels with 0.6 
m to 3 m equivalent diameter. 
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Table S5. Land use information for SimaPro for different class capacity. 

STW capacity 
class 

Units 1 2 3 4 5 

Capacity average PCE/a 1241472 43278 25140 2985 666 

Specific land use total m2/PCE 0.05154 0.2521 0.25577 0.26020 0.26064 

% sealed  95.00% 80.42% 80.24% 80.02% 80.00% 

Total m2 per plant m2 63987 10912 6430 777 174 

Percentage sealed m2 60788 8776 5160 622 139 

Vegetated area per 
plant m2 3199 2136 1271 155 35 

Construction time y 5 2.08 2.05 2.00 2 

Notes: The devised specific area sizes were linearly interpolated with the information of the three STW. Shek 
Wu Hui STW was assumed as class 5, while the class 1 was estimated from Stonecutters Island STW. STW: 
sewage treatment works; PCE: per capita equivalent. 

 

 

Table S6. Shatin, Shek Wu Hui and Stonecutters Island STW land use values for SimaPro. 

STW capacity class Units Shatin STW SWH STW SCI STW 

Capacity average PCE/a 1,045,880.49 360,648.45 7,261,055.38 

Specific land use total m2/PCE 0.27 0.26 0.05 

% sealed  75.00 85.00 95.00 

Total m2 per plant m2 280,000.00 94,000.00 374,243.92 

Percentage sealed m2 210,000.00 79,900.00 355,531.72 

Vegetated area per 
plant m2 70,000.00 14,100.00 18,712.20 

Construction time* y 5.00 5.00 9.50 

Occupation, 
construction site m2*y 1,400,000.00 470,000.00 3,555,317.22 

Occupation, 
industrial area, built 
up (30 years) m2*y 6,300,000.00 2,397,000.00 10,665,951.66 

Notes: *Construction times are approximated. The value for “total m2 per plant” is the value used for the 
“Transformation, from pasture and meadow” concept. The value for “Percentage sealed” represents the 
“Transformation, to industrial area” concept. In the System 2, all land use concepts were reduced to a fourth of 
the current Shatin STW space due to the reduced hydraulic retention time of about 6h (Shin et al., 2014). SWH: 
Shek Wu Hui; SCI: Stonecutters Island; STW: sewage treatment works, PCE: per capita equivalent. 
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Table S7. Sewage system characteristics in Hong Kong. 

Concept (Units) Value 

Sewage treatment per day1 (Mm3/d) 2.87125 

Total population in Hong Kong in 20162 (inhab) 7,347,900 

Annual sewage volume in a year (m3/PCE) 143 

Annual average chemical oxygen demand (COD) concentration (mg/L) in the influent 
of: 
     -Shatin STWs3 
     -Shek Wu Hui STWs3 
     -Stonecutters Island STWs3 

 
 

310 
356 
502 

Average annual COD concentration (mg/L) for 69% of the total flow treated in Hong 
Kong. 

 
389 

Average annual BOD5 concentration (mg/L) assumed from Doka4 (COD=2*BOD5) 194.5 

Daily water consumption (l/d) in Hong Kong5: 
     -Per capita domestic freshwater consumption (2013-2014)  
    -Per capita flushing water consumption (2013-20014) 

227.9 
131.2 
96.7 

BOD5 per capita equivalents (kg/inhab*day) in Hong Kong*  0.04 

Notes: *Compared to the BOD5 per capita equivalents (PCE) 0.06 kg/inhab*day used in Ecoinvent database. 
Hong Kong had 70 sewage treatment works (STW) registered in 2016 (DSD, 2017b) from which 3 plants 
services have been suspended and 3 served as preliminary sewage treatment facilities in the past. Under the 
Harbour Area Treatment Scheme (HATS), 15 preliminary treatments works (PTW) are connected to the 
Stonecutters Island STWs. Thus, under these considerations the data from 49 STW was analyzed for the 
classification. References: 1GovHk, 2017; 2CSD, 2017; 3DSD, 2015; 4Doka, 2003c; 5ROLCS, 2015. 
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Table S8. Per capita equivalents (PCE) for the sewage treatment works (STW) in Hong Kong. 

No. Sewage treatment works (STW) Flow rate 
(Mm3/y)1 

BOD5 load 
(kg/d) 

PCE/a 

1 Shatin STW 87 46400 1045880 
2 Tai Po STW 36 19200 432778 
3 Shek Wu Hui STW 30 16000 360648 
4 Yuen Long STW 9 4800 108195 
5 Sai Kung STW 3 1600 36065 
6 Sham Tseng STW 3.6 1920 43278 
7 Pillar Point STW 62.2 33173 747744 
8 Kwu Tung Market 0.02 11 240 
9 Lo Wu Border District Police HQ's 0.017 9 204 
10 Lo Wu Correctional Institution 0.16 85 1923 
11 Lok Ma Chau Border Control Point 0.079 42 950 
12 Lok Ma Chau Police Operation Base 0.004 2 48 
13 Man Kam To Food Control Point 0.0012 1 14 
14 Man Kam To Control Point 0.045 24 541 
15 Sha Tau Kok STW 0.3 160 3606 
16 San Wai PTW 34 18133 408735 
17 Clear Water Bay 0.05 27 601 
18 Pik Uk Quarters 0.03 16 361 
19 Pik Uk Correctional Institute 0.07 37 842 
20 Pik Uk Prison 0.13 69 1563 
21 Razor Hill 0.01 5 120 
22 Siu Lam Psychiatric Centre 0.086 46 1034 
23 Tai Lam Chung 0.007 4 84 
24 Tai Lam Correctional Institute 0.11 59 1322 
25 Tai Lam Women Centre 0.07 37 842 
26 Kam Tin Market 0.017 9 204 
27 Stonecutters Island STW 604 322133 7261055 
28 Siu Ho Wan STW 18.6 9920 223602 
29 Stanley STW 3 1600 36065 
30 Ngong Ping STW 0.14 75 1683 
31 O Pui Shan STW 0.016 9 192 
32 Cape Collinson Correctional Institute 0.019 10 228 
33 Hei Ling Chau Nei Kwu Correctional 

Institute 
0.027 14 325 

34 Hei Ling Chau Lai Sun Correctional 
Institute 

0.08 43 962 

35 Hei Ling Chau OD 0.075 40 902 
36 Hei Ling Chau RBC 0.021 11 252 
37 Hung Shung Yeh Beach 0.015 8 180 
38 Ma Wan STW 1.4 747 16830 
39 Mui Wo STW 0.965 515 11601 
40 Peng Chau STW 0.46 245 5530 
41 Sha Tsui 0.069 37 829 
42 Shek Pik RBC 0.26 139 3126 
43 Sok Kwu Wan STW (May 2015 - March 

2016) 
0.043 23 517 

44 Tong Fuk Correctional Institute 0.2 107 2404 
45 Yung Shue Wan STW 0.14 75 1683 
46 Tai O Imhoff Tank 0.3 160 3606 
47 North West Kowloon PTW 125 66667 1502702 
48 Shau Kei Wan PTW 26.9 14347 323381 
49 Shek O PTW 0.27 144 3246 
50 Cheung Chau STW PTW connected to Stonecutters Island STWs 
51 Chai Wan PTW PTW connected to Stonecutters Island STWs 
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52 Kwai Chung PTW PTW connected to Stonecutters Island STWs 
53 Kwun Tong PTW PTW connected to Stonecutters Island STWs 
54 To Kwan Wan PTW PTW connected to Stonecutters Island STWs 
55 Tseung Kwan O PTW PTW connected to Stonecutters Island STWs 
56 Tsing Yi PTW PTW connected to Stonecutters Island STWs 
57 Aberdeen PTW PTW connected to Stonecutters Island STWs 
58 Ap lei Chau PTW PTW connected to Stonecutters Island STWs 
59 Central PTW PTW connected to Stonecutters Island STWs 
60 Cyberport STW (April 2015 to Nov 

2015) 
PTW connected to Stonecutters Island STWs 

61 North Point PTW PTW connected to Stonecutters Island STWs 
62 Sandy Bay PTW PTW connected to Stonecutters Island STWs 
63 Wah Fu PTW PTW connected to Stonecutters Island STWs 
64 Wan Chai East PTW PTW connected to Stonecutters Island STWs 
65 Siu Lam Hospital Service suspended 
66 Chi Ma Wan Correctional Institution 

Sewage Treatment Plant 
Service suspended 

67 Chi Sun Correctional Institution 
Sewage Treatment Plant 

Service suspended 

68 Sham Shui Po No. 1 Sewage Screening 
Plant 

Served as PTWs 

69 Sham Shui Po No. 2 Sewage Screening 
Plant 

Served as PTWs 

70 Cheung Sha Wan Sewage Screening 
Plant 

Served as PTWs 

References: 1DSD, 2015. 
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Table S9. Shatin, Shek Wu Hui and Stonecutters Island plant infrastructure value for SimaPro. 

Capacity class Unit Shatin STW Shek Wu Hui 
STW 

Stonecutters Island 
STW 

Capacity range PCE/a 1045880 360648 7261055 

Number of plants unit 1 1 1 

Total treatment capacity PCE/a 1045880.493 360648 7261055.378 

Average capacity per plant 
in class 

PCE/a*unit 
1045880.493 360648.4459 7261055.378 

Annual sewage volume  m3/a 149170415.2 51438074.19 1035619894 

Lifetime plant a 30 30 30 

Lifetime sewage volume m3 4475112455 1543142226 31068596813 

Plant infrastructure  unit/m3 2.23458E-10 6.48028E-10 3.21868E-11 

Notes: Shatin sewage treatment works (STW) was classified as capacity class 1. Yet, the plant infrastructure 
per capacity class can be used by other countries which BOD5 loading is similar to Hong Kong and can be 
compared to European STW within the same class capacity. 

 

Table S10. Material inventory per system in Shek Wu Hui sewage treatment works. 

System Material
s 

Dimensions (m) Weight per 
unit (kg)1 

No. 
of 

units 

Total weight 
per system 

(kg) Heig
ht 

Diamet
er 

Widt
h 

Dept
h 

Thickne
ss 

Pumping 
station concrete 4.50 - 12.80 

24.0
0 0.30 680,832.00 1.00 680,832.00 

Primary 
sedimentati
on tanks concrete 3.15 26.90 - - 0.25 394,227.00 8.00 

3,153,816.0
0 

Aeration 
tanks concrete 5.70 - 

150.0
0 9.00 0.30 

2,277,072.
00 

10.0
0 

22,770,720.
00 

Final 
sedimentati
on tanks  concrete 3.20 31.90 - - 0.25 671,953.68 8.00 

5,375,629.4
6 

Primary 
sludge 
thickeners concrete 6.45 13.00 - - 0.40 39,207.08 2.00 78,414.15 

Sludge 
digestion 
tanks 

concrete 15.31 16.20 - - 0.43 51,911.68 4.00 207,646.71 

aluminu
m alloy  15.31 16.20 - - 0.10 13,843.11 4.00 55,372.46 

Sludge 
holding 
tanks concrete 13.03 16.20 - - 0.50 61,072.56 4.00 244,290.24 

Screening 
plant concrete 2.75 - 19.30 

13.1
0 0.40 656,832.00 1.00 656,832.00 

Grit 
channels concrete 7.90 - 21.00 

14.8
0 0.30 854,812.80 1.00 854,812.80 

Flume 
channels concrete 3.25 - 27.50 7.30 0.25 309,795.00 1.00 309,795.00 
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Sludge 
drawoff 
chambers concrete 4.95 - 7.70 8.50 0.30 209,721.60 1.00 209,721.60 

Works 
chambers concrete 4.50 - 5.30 5.60 0.30 92,001.60 1.00 92,001.60 

Magnetic 
flowmeter 
chamber concrete 3.45 - 3.60 3.80 0.25 47,052.00 1.00 47,052.00 

R.A.S 
pumping 
station concrete 10.60 - 33.00 

25.0
0 0.30 

2,073,312.
00 1.00 

2,073,312.0
0 

Wash water 
pumping 
station concrete 3.50 - 26.50 7.00 0.40 581,280.00 1.00 581,280.00 

Auxiliary 
pumping 
station concrete 3.80 - 27.00 1.80 0.30 189,993.60 1.00 189,993.60 

Septic tank concrete 4.90 - 3.50 6.00 0.45 135,324.00 1.00 135,324.00 

Lime tank concrete 4.50 5.40 - - 0.25 54,420.00 2.00 108,840.00 

Conditioned 
sludge tank concrete 3.9 2.00 2.95 3.80 0.30 65,874.24 1.00 65,874.24 

Main 
pumping 
station concrete 6.85 - 27.00 7.90 0.45 685,508.40 1.00 685,508.40 

Storage 
warehouse concrete 6.20 - 9.60 

12.6
0 0.30 372,384.00 1.00 372,384.00 

Consolidati
on building concrete 7.20 - 49.00 

14.0
0 0.25 

1,367,520.
00 1.00 

1,367,520.0
0 

Press house concrete 9.80 - 25.00 
43.0

0 0.25 
2,987,520.

00 1.00 
2,987,520.0

0 

Chemical 
storage 
warehouse 

concrete 7.85 - 17.50 
30.0

0 0.25 
1,077,450.

00 1.00 
1,077,450.0

0 

ceramics 7.85 - 17.50 
30.0

0 0.30 
1,023,577.

50 1.00 
1,023,577.5

0 

Compressor 
plants concrete 12.85 - 10.30 

10.4
0 0.30 614,412.00 1.00 614,412.00 

Compressor 
building concrete 7.50 - 20.60 

31.0
0 0.25 

1,230,720.
00 1.00 

1,230,720.0
0 

Admin 
building concrete 11.60 - 8.65 9.00 0.45 694,472.40 1.00 694,472.40 

Ferric 
chloride 
storage 
tanks GRP 4.00 3.00 - - 0.02 1,557.13 1.00 1,557.13 

Roof 
extractor 
fan-
digestion 
area concrete 13.00 - 12.20 7.00 0.30 605,376.00 1.00 605,376.00 
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Dry weather 
flow 
interception 
chamber concrete 2.75 - 23.70 2.50 0.25 157,560.00 1.00 157,560.00 

Water 
heater concrete 4.80 - 8.00 9.60 0.30 134,323.20 1.00 134,323.20 

UV 
disinfection 
system concrete 3.70 - 3.50 2.20 0.20 23,942.40 1.00 23,942.40 

Methane 
dosing 
system concrete 5.00 - 2.90 2.60 0.40 67,276.80 1.00 67,276.80 

Air 
compressor 
house concrete 2.10 - 9.50 

31.0
0 0.30 546,552.00 1.00 546,552.00 

Lighting 
compressor 
house concrete 3.50 - 8.70 6.00 0.25 124,380.00 1.00 124,380.00 

Blower 
house concrete 9.40 - 33.00 

21.5
0 0.60 

3,532,320.
00 1.00 

3,532,320.0
0 

LV 
switchroom 
for sludge 
treatment concrete 3.50 - 8.70 6.00 0.25 124,380.00 1.00 124,380.00 

Biogas 
holder concrete 3.55 13.40 5.70 5.80 0.30 204,131.81 2.00 408,263.62 

Dewatering 
house concrete 4.50 - 50.00 

40.0
0 0.40 

4,617,600.
00 1.00 

4,617,600.0
0 

Notes: - not applicable, 1 Density of materials (kg/m3): Concrete= 2400; aluminum alloy= 2720; ceramics= 
1900; glass reinforced plastic (GRP) = 1740. The materials inventories provided in this thesis are based on 
Shek Wu Hui STW and some modifications were made to calculate Shatin STW (DSD, 2015). The account of 
materials was approximations (without counting windows, doors, detailed structures) and a 30% from the total 
of the concrete accounted was summed to the final concrete weight to account for the foundation structures.   
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Table S11. Foundation depths quantification for systems in Shek Wu Hui sewage treatment works. 

 Foundation depth (m) 

System Min. depth Max. depth 

Aeration tanks 4.1 4.75 

Sludge digestion tanks 4.055 7.791 

Primary sludge thickeners 2.4  

Sludge storage tanks 5.425  

Administration building 3.125  

Notes: The excavation depth from “Wastewater treatment facility, capacity 1E9l/year {RoW} |construction|  
Alloc Def,U” was estimated at around 5.7 m. The excavation depth from “Wastewater treatment facility, 
capacity 4.7E10l/year {RoW}|construction” was about 12.7 m. The excavation depth for Shatin STWs is 
similar to “Wastewater treatment facility, capacity 1E9l/year {RoW} |construction| Alloc Def,U”. The 
excavation depth was assumed as 8m for the calculations of the material inventory. 

 

Table S12. Life time per material and use in the sewage treatment works (STW) life time. 

Material Life time (y) Fraction of use in STWs life time 

Concrete 30 1.00 

Aluminum alloy 20 1.50 

Ceramics 30 1.00 

Glass reinforced plastic 20 1.50 

Stainless steel 40* 0.75 

PVDF 10 3.00 

GAC 30 1.00 

NaOCl 3 10.00 

Citric acid 3 10.00 

Notes: *Stainless steel was assumed to be recycled. The life time considered for STW was 30 years and the 
materials lifetime were derived from it. The polyvinylidene fluoride (PVDF) was assumed as polyvinylidene 
chloride (PVDC) (Smith et al., 2014). The NaOCl was taken as sodium hypochlorite with 15% solution. 
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Table S13. Estimated material inventory for Shatin sewage treatment works (STW). 

System Material
s 

Dimensions (m) Weight per 
unit (kg)* 

No. 
of 

units 

Total 
weight per 
system (kg) Heig

ht 
Diamet

er 
Widt

h 
Dept

h 
Thickne

ss 

Pumping 
station concrete 4.50 - 12.80 24.00 0.30 680,832.00 1.00 680,832.00 

Primary 
sedimentati
on tanks concrete 5.70  

150.0
0 6.00 0.30 

1,928,448.
00 

22.0
0 

42,425,856.
00 

Aeration 
tanks concrete 5.70 - 

150.0
0 9.00 0.30 

2,277,072.
00 

22.0
0 

50,095,584.
00 

Final 
sedimentati
on tanks 
(stage I and 
II) concrete 3.20 31.90 - - 0.25 671,953.68 

24.0
0 

16,126,888.
37 

Final 
sedimentati
on tanks 
(stage III) concrete 5.70 - 9.00 

150.0
0 0.25 

1,897,560.
00 

20.0
0 

37,951,200.
00 

Sludge 
thickeners 
facilities concrete 6.45 - 50.00 30.00 0.40 

3,870,720.
00 1.00 

3,870,720.0
0 

Sludge 
digestion 
tanks 

concrete 15.31 16.20 - - 0.43 51,911.68 
14.0

0 726,763.48 

aluminu
m alloy  15.31 16.20 - - 0.10 13,843.11 

14.0
0 193,803.59 

Sludge 
holding 
tanks concrete 13.03 16.20 - - 0.50 61,072.56 4.00 244,290.24 

Sludge 
storage 
tanks1 concrete 13.00 27.00 - - 0.50 101,787.60 4.00 407,150.41 

Screening 
plant concrete 2.75 - 19.30 13.10 0.40 656,832.00 1.00 656,832.00 

Grit 
channels concrete 7.90 - 21.00 14.80 0.30 854,812.80 1.00 854,812.80 

Flume 
channels concrete 3.25 - 27.50 7.30 0.25 309,795.00 1.00 309,795.00 

Sludge 
drawoff 
chambers concrete 4.95 - 7.70 8.50 0.30 209,721.60 1.00 209,721.60 

Works 
chambers concrete 4.50 - 5.30 5.60 0.30 92,001.60 1.00 92,001.60 

Magnetic 
flowmeter 
chamber concrete 3.45 - 3.60 3.80 0.25 47,052.00 1.00 47,052.00 
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R.A.S 
pumping 
station concrete 10.60 - 33.00 25.00 0.30 

2,073,312.
00 4.00 

8,293,248.0
0 

Wash water 
pumping 
station concrete 3.50 - 26.50 7.00 0.40 581,280.00 1.00 581,280.00 

Auxiliary 
pumping 
station concrete 3.80 - 27.00 1.80 0.30 189,993.60 1.00 189,993.60 

Septic tank concrete 4.90 - 3.50 6.00 0.45 135,324.00 1.00 135,324.00 

Lime tank concrete 4.50 5.40 - - 0.25 54,420.00 2.00 108,840.00 

Conditioned 
sludge tank concrete 3.90 2.00 2.95 3.80 0.30 65,874.24 1.00 65,874.24 

Main 
pumping 
station concrete 6.85 - 27.00 7.90 0.45 685,508.40 1.00 685,508.40 

Storage 
warehouse concrete 6.20 - 9.60 12.60 0.30 372,384.00 1.00 372,384.00 

Consolidati
on building concrete 7.20 - 49.00 14.00 0.25 

1,367,520.
00 1.00 

1,367,520.0
0 

Press house concrete 10.13 - 25.00 43.00 0.25 
2,987,520.

00 1.00 
2,987,520.0

0 

Chemical 
storage 
warehouse 

concrete 7.85 - 17.50 30.00 0.25 
1,077,450.

00 1.00 
1,077,450.0

0 

ceramics 7.85 - 17.50 30.00 0.30 
1,023,577.

50 1.00 
1,023,577.5

0 

Compressor 
plants concrete 12.85 - 10.30 10.40 0.30 614,412.00 1.00 614,412.00 

Compressor 
building concrete 7.50 - 20.60 31.00 0.25 

1,230,720.
00 1.00 

1,230,720.0
0 

Admin 
building concrete 11.60 - 8.65 9.00 0.45 694,472.40 1.00 694,472.40 

Ferric 
chloride 
storage 
tanks GRP 4.00  16.00 12.00 0.02 21,158.40 1.00 21,158.40 

Roof 
extractor 
fan-
digestion 
area concrete 13.00 - 12.20 7.00 0.30 605,376.00 1.00 605,376.00 

Dry weather 
flow 
interception 
chamber concrete 2.75 - 23.70 2.50 0.25 157,560.00 1.00 157,560.00 

Water 
heater concrete 4.80 - 8.00 9.60 0.30 134,323.20 1.00 134,323.20 
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UV 
disinfection 
system concrete 3.70 - 3.50 2.20 0.20 23,942.40 1.00 23,942.40 

Methane 
dosing 
system concrete 5.00 - 2.90 2.60 0.40 67,276.80 1.00 67,276.80 

Air 
compressor 
house concrete 2.10 - 9.50 31.00 0.30 546,552.00 1.00 546,552.00 

Lighting 
compressor 
house concrete 3.50 - 8.70 6.00 0.25 124,380.00 1.00 124,380.00 

Blower 
house concrete 9.40 - 33.00 21.50 0.60 

3,532,320.
00 1.00 

3,532,320.0
0 

LV 
switchroom 
for sludge 
treatment concrete 3.50 - 8.70 6.00 0.25 124,380.00 1.00 124,380.00 

Biogas 
holder concrete 3.55 13.40 5.70 5.80 0.30 204,131.81 4.00 816,527.23 

Dewatering 
house concrete 4.50 - 50.00 40.00 0.40 

4,617,600.
00 1.00 

4,617,600.0
0 

Notes: - not applicable; *Density of materials (kg/m3): Concrete= 2400; aluminum alloy= 2720; ceramics= 
1900; glass reinforced plastic (GRP) = 1740. Glass reinforced plastic was assumed as “Glass fibre” in the 
“Wastewater treatment facility, capacity 4.7E10l/year{RoW}|construction| Alloc Def,U”. The material 
quantification for Shatin sewage treatment works (STW)4 was based on the dimensions per system of Shek Wu 
Hui STW. The changes from Shek Wu Hui STW consisted on the shape of primary sedimentation tanks from 
circular to rectangular tanks and 22 tanks were accounted for; aeration tanks were also changed to 22 units; the 
final sedimentation tanks were divided in those constructed in Stage I and II circular-shaped and those from 
Stage III rectangular-shaped and the number of units were changed; primary sludge thickeners were also 
changed from circular-shaped to rectangular-shaped and the number of units were adjusted; the total number 
of sludge digestion tanks was modified to 14; 4 sludge storage tanks of 27m diameter  were added to Shatin 
STW; the recirculation activated sludge pumping station were adjusted to 4 units; the ferric chloride dosing 
facilities are from circular-shaped to rectangular-shaped and was assumed as a fraction of the thickening 
facilities; and, the number of biogas holders was augmented to 4. References: 1Lai et al., 2011. 
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Table S14. Per capita equivalents (PCE) for pilot and laboratory-scale anaerobic fluidized-bed bioreactor 
(AFBR) and anaerobic fluidized-bed membrane bioreactors (AFMBR). 

Reactor 
type 

AFBR1 AFMBR1 AFMBR2 AFBR3 AFMBR3 AFBR4 AFMBR4 

Scale Pilot Lab Pilot Pilot Pilot Lab Lab 

Flux 
water per 
hour 
(L/m2*h) 

- 20 7.5 - 5.6* - 10 

Total 
effective 
surface 
area (m2) 

- 0.022 39.5 - 39.5 - 0.091 

Flow 
(m3/y) 

8760 3.854 2595.150 1937.712 1937.712 7.972 7.972 

COD 
influent 
(mg/L) 

809 411 227 282 152 513 59 

COD 
load 
(kg/d) 

19.416 0.004 1.614 1.497 0.807 0.011 0.001 

BOD5 
load 
(kg/d) 

9.708 0.002 0.807 0.748 0.403 0.005 0.0006 

PCE/y 218.823 0.049 18.190 16.872 18.189 0.126 0.029 

Notes: * Summer period (25-30°C). References: 1Wu et al., 2017; 2Shin et al., 2016; 3Shin et al., 2014; 4Kim 
et al., 2011. 

 

Table S15. Estimated material inventory for polyvinylidene fluoride (PVDF) membranes. 

Capacity 
class 

System Materials Total effective 
surface area 

(m2) 

Thickness (m) Total weight per 
system (kg)* 

1 Membrane1 PVDF 39.5 0.0011# 77.34 

5 Membrane2 PVDF 0.091 0.0011# 0.18 

Notes: # Assumed from GE ZeeWeed 500D (Smith et al., 2014); * Density of materials (kg/m3): PVDF = 1780. 
References: 1Shin et al., 2016; 2Kim et al., 2011. 
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Table S16. Estimated material inventory for granulated activated carbon (GAC). 

Capacity 
class 

System Materials Weight in 
AFBR (kg) 

Weight in 
AFMBR (kg) 

Total weight per 
system (kg) 

1 Fouling control1 GAC 139 264 403 

5 Fouling control2 GAC 250 0.45 250.45 

5 Fouling control3 GAC 0.45 0.45 0.90 

References: 1Shin et al., 2014; 2Wu et al., 2017; 3Kim et al., 2011. 

 

Table S17. Estimated chemical usage for cleaning of PVDF membranes. 

Capacity 
class 

System Materials Concentration 
(mg/L) 

Material 
volume (m3) 

Total weight per 
system (kg) # 

1 Cleaning1 NaOCl 1000 0.007 0.77 

1 Cleaning1 Citric acid 5000 0.0035 5.81 

Notes: # Density of materials (kg/m3): NaOCl = 1100; Citric acid = 1660. References: 1Shin et al., 2016. 

 

Table S18. Estimated material inventory for the system 2 representing the sewage-derived system (SES). 

System Material
s 

Dimensions (m) Weight per 
unit (kg)* 

No. 
of 

units 

Total weight 
per system 

(kg) Heig
ht 

Diamet
er 

Widt
h 

Dept
h 

Thickne
ss 

Pumping 
station concrete 4.50 - 12.80 

24.0
0 0.30 680,832.00 1.00 680,832.00 

Primary 
sedimentati
on tanks/ 
Replaced as 
CEPT tanks concrete 5.70 - 

150.0
0 6.00 0.30 

1,928,448.
00 

22.0
0 

42,425,856.
00 

Aeration 
tanks  concrete 5.70  - 

150.0
0 9.00 0.30 

2,277,072.
00 

22.0
0 

12,523,896.
00 

Primary 
sludge 
thickeners/ 
CEPT 
sludge 
thickeners concrete 6.45 - 50.00 

30.0
0 0.40 

3,870,720.
00 1.00 

3,870,720.0
0 

Sludge 
digestion 
tanks 

concrete 15.31 16.20 - - 0.43 51,911.68 
14.0

0 726,763.48 

aluminu
m alloy  15.31 16.20 - - 0.10 13,843.11 

14.0
0 193,803.59 

Sludge 
storage 
tanks concrete 13.03 27.00 - - 0.50 101,787.60 4.00 407,150.41 

Screening 
plant concrete 2.75 - 19.30 

13.1
0 0.40 656,832.00 1.00 656,832.00 



190 

 

Grit 
channels concrete 7.90 - 21.00 

14.8
0 0.30 854,812.80 1.00 854,812.80 

Flume 
channels concrete 3.25 - 27.50 7.30 0.25 309,795.00 1.00 309,795.00 

Sludge 
drawoff 
chambers concrete 4.95 - 7.70 8.50 0.30 209,721.60 1.00 209,721.60 

Works 
chambers concrete 4.50 - 5.30 5.60 0.30 92,001.60 1.00 92,001.60 

Magnetic 
flowmeter 
chamber concrete 3.45 - 3.60 3.80 0.25 47,052.00 1.00 47,052.00 

R.A.S 
pumping 
station concrete 10.60 - 33.00 

25.0
0 0.30 

2,073,312.
00 4.00 

8,293,248.0
0 

Wash water 
pumping 
station concrete 3.50 - 26.50 7.00 0.40 581,280.00 1.00 581,280.00 

Auxiliary 
pumping 
station concrete 3.80 - 27.00 1.80 0.30 189,993.60 1.00 189,993.60 

Septic tank concrete 4.90 - 3.50 6.00 0.45 135,324.00 1.00 135,324.00 

Lime tank concrete 4.50 5.40 - - 0.25 54,420.00 2.00 108,840.00 

Conditioned 
sludge tank concrete 3.90 2.00 2.95 3.80 0.30 65,874.24 1.00 65,874.24 

Main 
pumping 
station concrete 6.85 - 27.00 7.90 0.45 685,508.40 1.00 685,508.40 

Storage 
warehouse concrete 6.20 - 9.60 

12.6
0 0.30 372,384.00 1.00 372,384.00 

Consolidati
on building concrete 7.20 - 49.00 

14.0
0 0.25 

1,367,520.
00 1.00 

1,367,520.0
0 

Press house concrete 9.80 - 25.00 
43.0

0 0.25 
2,987,520.

00 1.00 
2,987,520.0

0 

Chemical 
storage 
warehouse 

concrete 7.85 - 17.50 
30.0

0 0.25 
1,077,450.

00 1.00 
1,077,450.0

0 

ceramics 
7.85 - 17.50 

30.0
0 0.30 

1,023,577.
50 1.00 

1,023,577.5
0 

Compressor 
plants concrete 12.85 - 10.30 

10.4
0 0.30 614,412.00 1.00 614,412.00 

Compressor 
building 

Admin 
building 

concrete 7.50 - 20.60 
31.0

0 0.25 
1,230,720.

00 1.00 
1,230,720.0

0 

concrete 11.60 - 8.65 9.00 0.45 610,394.40 1.00 610,394.40 

Ferric 
chloride 
storage 
tanks 

GRP 

4.00 - 16.00 
12.0

0 0.02 21,158.40 1.00 21,158.40 
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Roof 
extractor 
fan-
digestion 
area concrete 13.00 - 12.20 7.00 0.30 605,376.00 1.00 605,376.00 

Dry weather 
flow 
interception 
chamber concrete 2.75 - 23.70 2.50 0.25 157,560.00 1.00 157,560.00 

Water 
heater concrete 4.80 - 8.00 9.60 0.30 134,323.20 1.00 134,323.20 

UV 
disinfection 
system concrete 3.70 - 3.50 2.20 0.20 23,942.40 1.00 23,942.40 

Air 
compressor 
house concrete 2.10 - 9.50 

31.0
0 0.30 546,552.00 1.00 136,638.00 

Lighting 
compressor 
house concrete 3.50 - 8.70 6.00 0.25 124,380.00 1.00 124,380.00 

Blower 
house concrete 9.40 - 33.00 

21.5
0 0.60 

3,532,320.
00 1.00 883,080.00 

LV 
switchroom 
for sludge 
treatment concrete 3.50 - 8.70 6.00 0.25 124,380.00 1.00 124,380.00 

Biogas 
holder concrete 3.55 13.40 5.70 5.80 0.30 204,131.81 4.00 816,527.23 

Dewatering 
house concrete 4.50 - 50.00 

40.0
0 0.40 

4,617,600.
00 1.00 

4,617,600.0
0 

Notes: - not applicable, *Density of materials (kg/m3): Concrete= 2400; aluminum alloy= 2720; ceramics= 
1900; glass reinforced plastic (GRP) = 1740. Glass reinforced plastic was assumed as “Glass fibre” in the 
“Wastewater treatment facility, capacity 4.7E10l/year{RoW}|construction| Alloc Def,U”. The System 2 which 
represents the sewage-derived system (SES) scenario assumed that the primary sedimentation tanks were used 
as chemically enhanced primary treatment (CEPT) tanks. The aeration tanks were reduced to 75% due to the 
low hydraulic retention time of 6 hours assumed. Final sedimentation tanks were deleted because the aeration 
will be done within the PN/AFMBR and no final sedimentation is required from the PN/AFMBR permeate. 
The waste activated sludge thickeners are used for CEPT sludge thickening. The recycled activated sludge 
pumping station was assumed as the infrastructure needed for the fluidization (recirculation) of the granulated 
activated carbon (GAC) in the SAF-MBR. The methanol system was deleted because SAF-MBR does not 
require additional methanol. The air compressor house and the blower house concrete requirement was reduced 
75% because SAF-MBR was assumed to consume only 25% of the oxygen consumed in activated sludge. 
Thus, the infrastructure required for aeration is higher in activated sludge than in the SAF-MBR.  
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Table S19. Mean percentage error (MPE) between the actual operation of Shatin sewage treatment works and 
the results from the stoichiometric life-cycle inventory for system 1. 

 Period 

Actual 
(Shatin 
STW)1 

S-LCI 
results for 
System 1 Error 

Square of the 
error (SE) SE/atj

2 MPE 

Concept 
t atj etj atj-etj (atj - etj)2 (atj - etj)2 /atj

2 

√(atj - 
etj)2 

/atj
2 

Water stream               
Oxygen 
consumption 
(Ton/d) 1   76.81         
COD 
concentration in 
the effluent 
(mg/L) 1 <59.00 45.90 13.10 171.60 0.05 0.22* 
COD in the 
effluent (Ton/d) 1 <13.58 10.56 3.02 9.10 0.05 0.22* 
NH4

+ 
concentration in 
the effluent 
(mg/L) 1 3.10 2.59 0.51 0.26 0.03 0.17 
NH4

+ in the 
effluent (Ton/d) 1 0.71 0.60 0.11 0.01 0.03 0.16 
NO3

- 
concentration in 
the effluent 
(mg/L) 1 0.40 0.40 0.00 0.00 0.00 0.00 
NO3

- in the 
effluent (Ton/d) 1 0.09 0.09 0.00 0.00 0.00 0.00 
Solid stream 
with energy 
generation               
Sludge 
production 
(m3/d) 1 117.80 99.46 18.35 336.60 0.02 0.16 
Biogas 
production 
(m3/d) 1 10,410.96 9,810.32 600.64 360769.85 0.00 0.06 
Methane 
production 
(m3/d) 1 6,246.58 6,526.06 -279.48 78109.07 0.00 0.04 

CHP:               
Electricity 
recovery with 
efficiency of 
42% (kWh/d) 1 26,381.43 23,396.69 2984.7361 8908649.582 0.012800154 0.11 
Heat recovery 
with efficiency 
of 38% (kWh/d) 1   21,168.44         

DFE:               
Electricity 
recovery with 
efficiency of 
34% (kWh/d) 1 5,856.22 4,735.05 1121.1748 1257032.945 0.0366532 0.19 
Heat recovery 
with efficiency 
of 28% (kWh/d) 1   3,899.45         
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GHG emissions 
(Ton/d)               
Biogenic CO2 
emissions  1   79.72         
Biogenic CH4 
emissions  1   0.29         
Direct CH4 
emissions  1   0.26         

Direct N2O  1   0.02         
Notes: * In the calculations the upper limit of the range was chosen. However, the S-LCI results comply with 
belonging to a lower value than the upper limit. References: 1DSD, 2015. 
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Table S20. Final inventory for the “Wastewater treatment facility, construction” concept for system 1 
representing Shatin STW and system 2 representing the sewage-derived energy system in SimaPro. 

Categories/Concepts Amounts 

 

Class 1 
RoW 

WWTP 

System 1 System 2 

Average capacity (PCE/a) 233,225 1,045,880 1,045,880 

Avoided products    

Occupation, industrial area 2,074,781 6,300,000 1,575,000 

Occupation, construction site 69,324 1,400,000 350,000 

Transformation, from pasture and meadow 69,324 280,000 70,000 

Transformation, to industrial area 69,324 210,000 52,500 

Materials/fuels    
Steel, chromium steel 18/8, hot rolled {GLO}| market for | Alloc Def, 
U 

1,574,655 
1,574,655 653,482 

Glass fibre {GLO}| market for | Alloc Def, U 493,194 31,738 31,738 

Rock wool packed {GLO}| market for | Alloc Def, U 219,857 219,857 91,241 

Tap water {GLO}| market group for | Alloc Def, U 
30,898,88

3 
29,137,64

7 12,823,037 
Polyethylene, low density, granulate {GLO}| market for | Alloc Def, 
U 

4,051 
4,051 1,681 

Pitch {GLO}| market for | Alloc Def, U 126,765 126,765 52,607 

Copper {GLO}| market for | Alloc Def, U 232,732 232,732 96,584 

Excavation, hydraulic digger {GLO}| market for | Alloc Def, U 880,420 1,680,000 420,000 

Chemical, organic {GLO}| market for | Alloc Def, U 1,020,059 1,020,059 423,325 
Concrete, high exacting requirements {RoW}| market for | Alloc Def, 
U 

253,529 
239,011 115,375 

Limestone, crushed, washed {GLO}| market for | Alloc Def, U 5,446,919 5,136,444 2,260,471 
Chemical, inorganic {GLO}| market for chemicals, inorganic | Alloc 
Def, U 

125,774 
125,774 52,196 

Extrusion, plastic film {GLO}| market for | Alloc Def, U 619,958 619,958 257,283 

Synthetic rubber {GLO}| market for | Alloc Def, U 222,829 222,828 92,474 
Polyethylene, high density, granulate {GLO}| market for | Alloc Def, 
U 

615,997 
615,997 255,639 

Reinforcing steel {GLO}| market for | Alloc Def, U 
19,608,90

7 
18,491,19

9 8,137,696 

Aluminium, cast alloy {GLO}| market for | Alloc Def, U 218,867 290,705 290,705 

Ceramics - 1,023,578 1,023,577 

PVDC (polyvinylidene chloride) - - 8,884,149 

GAC (Bituminous coal)/hard coal - - 13,814,744 

NaOCl - - 442,734 

Citric acid - - 3,340,632 

Electricity/heat    

Electricity, medium voltage {GLO}| market group for | Alloc Def, U 9,626 9,626 3,995 

Emissions to air    

Water/m3 4,635 4,635 1,923 

Emissions to water    

Water, RoW 26,264 26,264 10,900 

Waste to treatment    
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Waste bitumen sheet {RoW}| market for | Alloc Def, U 126,655 126,655 13,867,306 

Waste reinforced concrete {GLO}| market for | Alloc Def, U 
578,363,7
16 

544,159,7
08 239,708,761 

Waste mineral wool {GLO}| market for | Alloc Def, U 713,051 251,595 122,978 
Waste polyethylene/polypropylene product {GLO}|market for|Alloc 
Def, U 

842,876 
842,876 9,233,943 

Notes: - not applicable. The “Limestone, crushed, washed” and “Tap water” were assumed as part of the concrete 
mix and reduced in proportion to the concrete used in Shatin STW and System 2 scenario. In this chapter, the 
concrete for the System 2 represents only 41.5% of the concrete used in Shatin STW, Shatin STW represent 
94.3% of the concrete used in Class 1 RoW. In the System 2 scenario the rest of the elements were reduced to 
41.5% of the amounts in Shatin STW as the required infrastructure was lower than the Shatin STW. “Waste 
bitumen sheet{RoW}|market for|Alloc Def,U” was calculated based on the “Chemical, inorganic” multiplied 
by a factor of 1.007 as shown in both “Wastewater treatment facility, capacity 1E9l/year{RoW}|construction| 
Alloc Def,U” and “Wastewater treatment facility, capacity 4.7E10l/year{RoW}|construction| Alloc Def,U”. The 
“hard coal” that represents the bituminous coal of the GAC was added to this type of waste. “Waste reinforced 
concrete {GLO}| market for|Alloc Def,U” was the sum of “Concrete, high exacting requirements”, “Reinforcing 
steel” and “Limestone, crushed, washed” in dismantling. The sum was multiplied by a factor of 22.8 as shown 
in both “Wastewater treatment facility, capacity 1E9l/year{RoW}|construction| Alloc Def,U” and “Wastewater 
treatment facility, capacity 4.7E10l/year{RoW}|construction| Alloc Def,U”. “Waste mineral 
wool{GLO}|market for| Alloc Def,U” is the sum of “Glass fibre” and “Rock wool, packed” in dismantling. 
“Waste polyethylene/polypropylene product {GLO}|market for|Alloc Def,U” was calculated from the sum of 
polymers (“Polyethylene, low density, granulate”, “Polyethylene, high density, granulate” and “Synthetic 
rubber”) in dismantling. The PVDF membranes were added to this type of waste. Based on Doka (2003c) all 
metals were assumed to be recycled. 
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Table S21. Half-reactions of interest for the construction of the general stoichiometric framework (S-LCI) 

Reaction number Half-reaction 

Common Electron-donor Equations (Rd) 

Reduced custom organic: 𝑛 − 𝑐

𝑑
𝐶𝑂 +

𝑐

𝑑
𝑁𝐻 +

𝑐

𝑑
𝐻𝐶𝑂 + 𝐻 + 𝑒 → 

1

𝑑
𝐶 𝐻 𝑂 𝑁 +

2𝑛 − 𝑏 + 𝑐

𝑑
𝐻 𝑂 

where, d= 4n + a – 2b – 3c 

Reduced-oxidized ammonium-nitrate 1

8
𝑁𝑂 +

5

4
𝐻 + 𝑒 →

1

8
𝑁𝐻 +

3

8
𝐻 𝑂 

Reduced-oxidized ammonium-nitrite 1

6
𝑁𝑂 +

4

3
𝐻 + 𝑒 →

1

6
𝑁𝐻 +

1

3
𝐻 𝑂 

Reduced-oxidized ammonium-nitrogen 1

6
𝑁 +

4

3
𝐻 + 𝑒 →

1

3
𝑁𝐻  

Reduced-oxidized nitrite-nitrate 1

2
𝑁𝑂 + 𝐻 + 𝑒 →

1

2
𝑁𝑂 +

1

2
𝐻 𝑂 

Common Electron-acceptor Equations (Ra) 

Oxygen 1

4
𝑂 + 𝐻 + 𝑒 →

1

2
𝐻 𝑂 

Nitrate 1

5
𝑁𝑂 +

6

5
𝐻 + 𝑒 →

1

10
𝑁 +

3

5
𝐻 𝑂 

Nitrite1 1

3
𝑁𝑂 +

4

3
𝐻 + 𝑒 →

1

6
𝑁 +

2

3
𝐻 𝑂 

Carbon dioxide 1

8
𝐶𝑂 + 𝐻 + 𝑒 →

1

8
𝐶𝐻 +

1

4
𝐻 𝑂 

Cell Synthesis Equations (Rc) 

Ammonium as Nitrogen Source 1

4
𝑂 + 𝐻 + 𝑒 →

1

2
𝐻 𝑂 

Nitrate as Nitrogen Source  1

5
𝑁𝑂 +

6

5
𝐻 + 𝑒 →

1

10
𝑁 +

3

5
𝐻 𝑂 

Notes: The half-reactions of interest were extracted from Rittmann and McCarty (2001), where d= 4n + a – 
2b – 3c; CnHaObNc= empirical formula of waste being digested; C5H7O2N= empirical formula of bacterial dry 
mass (i.e., VSS). References: 1Tchobanoglous et al., 2014. 
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Table S22. Summary of primary data collected from Shatin and Stonecutters Island STW and experiments 
results for scenario 2. 

Concept Value 

Flows of interest (m3/d)  
      1- After degritting 
      2- Primary sludge 
      3- Recirculation sludge 
      4- Surplus activated sludge 
      5- Thickened sludge 
      6- Digested sludge 

 
230,150.000 

- 
- 
- 
- 
- 

Compounds concentrations (mg/L) 
   Water stream: 
      - Chemical Oxygen Demand (COD) 
            7- After degritting 
            8- Primary clarifier effluent 
      -Ammonium (NH4

+)  
            9- Primary clarifier effluent 
            10- Second clarifier effluent  
      -Total Kjeldahl Nitrogen (TKN) 
           11- Second clarifier effluent 
   Solids stream (g/L): 
      -Total solids (TS) 
           12- After degritting 
      - Volatile solids (VS) 
            13- After degritting 
            14- Primary sludge  
            15- Thickened sludge 

 
 
 

310.000 
- 
 

31.000 
- 
 
- 
 
 

0.270 
 

0.050 
- 
- 

Removal efficiencies (%) 
   Water stream: 
      16- Biological treatment COD removal 

 
 

- 
Solids retention times (d) 
      17- Activated sludge 
      18- Anaerobic digestion 

 
- 

10.000 
Anaerobic digestion 
      19- Digested sludge TS (% of dry solids) [*] 
      20- Digested sludge VS (% of TS) [*] 
      21- VS destruction (%) 
      22- Reactor capacity (m3) 
      23- Operating reactors (units) 
      24- Existing reactors (units) 
      25- Operation temperature (°C) 
      26- Polymer consumption (m3/d) ♠2 

 
2.580 
75.320 

- 
3,400.000 

- 
14.000 
35.000 
0.899 

Sludge dewatering 
      27- Dry solids content after dewatering (%) 

 
31.000 

Biogas 
      28- Biogas flow to combined heat and power engine (%) 
      29- Biogas flow to dual-fuel engines (%) 

 
80.000 
20.000 

Energy requirements 
      30- Total annual electricity consumption (EC) (GWh/y)♠2 
      31- Sludge treatment EC 
      32- Sludge thickening EC 
      33- Digester heating 
      34- Sludge dewatering♠2 
      35- Number of heat and power units (units) 
 - Combined heat and power 
       36- Electricity conversion efficiency (%) 
       37- Heat conversion efficiency (%) 
 - Dual fuel engine 

 
59.000 

- 
3.450 
2.760 
11.930 
2.000 

 
42.000 
38.000 
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       38- Electricity conversion efficiency (%) 
       39- Heat conversion efficiency (%) 

34.000 
28.000 

Transportation (km) 
      40- Distance from STWs to Incineration facility (IF) 
      41- Distance from IF to landfill 

 
45.000 
1.100 

Notes: ♠Data collected from Stonecutters Island STW with a 1,904,000 m3/d flow. “-” means not applicable for 
scenario 2 but used for scenario 1 and/or 3. [*] Based on a laboratory-scale anaerobic digester as explained in Alvarado 
et al. (2019). GWh/y means gigawatt hours per year which is equivalent to MkWh/y (million kilowatt-hours per year). 
Given that scenario 2 is not based on conventional activated sludge and anaerobic digestion of sludge, a total of 27 
items out of the 41-item checklist were relevant to scenario 2. References: 1DSD, 2015; 2DSD,2017a. 

 

 

Table S23. Complementary primary data collected for scenario 2. 

Concept Value 

Degritted sewage 
   Total suspended solids (TSS) (g/L) [1] 

   Volatile suspended solids (VSS) (g/L)[2] 
Primary clarifier effluent Total Kjeldahl Nitrogen (mg/L) [1] 
Chemically enhanced primary treatment (CEPT) considerations 
      - Iron chloride consumption (m3/d) [3] 

 
0.27 
0.05 

42.00 
 

29.40 
Removal efficiencies (%) 
   Water stream: 
      - CEPT COD removal [4] 
      - CEPT total suspended solids (TSS) removal [4] 
      - CEPT volatile suspended solids (VSS) removal [4]     

 
 

62.55 
87.18 
87.50 

Anaerobic digestion* 
      - Total solids in raw saline CEPT sludge (% of dry solids) [#] 

      - TSS for raw saline CEPT sludge (g/L) [#] 
      - Volatile Solids (VS) for raw saline CEPT sludge (g/L) [#] 

      - VS/TS for raw saline CEPT sludge (%) [#] 

      - TSS/TS for raw saline CEPT sludge (%) [#] 

      - TSS for thickened saline CEPT sludge (g/L) 
      - CEPT saline sewage VS destruction (%) [5] 

 
3.87 

26.08 
17.09 
44.22 
67.48 
60.00 
61.00 

Notes: [#]Obtained from the experiments as explained in Appendix F.* Hong Kong uses treated seawater for toilet 
flushing; thus, the municipal sewage contains high salinity. References: 1DSD,2015; 2Alvarado et al., 2019; 
3DSD, 2017a; 4De Feo et al., 2008; 5Ju et al., 2016. 

 

 

Table S24. Experimental sewage and sludge characterization data for scenario 2. 

Raw chemically enhanced primary treatment (CEPT) sludge characterization 
     TS (g/L) 
     Total suspended solids (TSS)(g/L) 
     VS (g/L) 
     VS/TS 
     TSS/TS 

Value 
38.65 
26.08 
17.09 
0.44 
0.67 

Digested CEPT sludge characterization 
     TS (% of dry solids) 
     VS (% of TS) 

 
2.58 

75.32 
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Table S25. Estimated material inventory for scenario 2. 

System Materials Dimensions (m) Weight per 
unit (kg)* 

No. 
of 

units 

Total 
weight per 
system (kg) Heig

ht 
Diamet

er 
Widt

h 
Dept

h 
Thickne

ss 

Pumping 
station Concrete 4.50  - 12.80 24.00 0.30 680,832.00 1.00 680,832.00 

Primary 
sedimentati
on tanks/ 
Replaced as 
CEPT tanks concrete 5.70 - 

150.0
0 6.00 0.30 

1,928,448.
00 

22.0
0 

42,425,856.
00 

Final 
sedimentati
on tanks 
(stage I and 
II) Concrete 3.20 31.90 - - 0.25 671,953.68 

24.0
0 

16,126,888.
37 

Final 
sedimentati
on tanks 
(stage III) Concrete 5.70 - 9.00 

150.0
0 0.25 

1,897,560.
00 

20.0
0 

37,951,200.
00 

Primary 
sludge 
thickeners/ 
CEPT 
sludge 
thickeners concrete 6.45 - 50.00 30.00 0.40 

3,870,720.
00 1.00 

3,870,720.0
0 

Sludge 
digestion 
tanks 

concrete 15.31 16.20 - - 0.42 51,911.68 
14.0

0 726,763.48 

aluminiu
m alloy  15.31 16.20 - - 0.10 13,843.11 

14.0
0 193,803.59 

Sludge 
storage 
tanks Concrete 13.00 27.00  - -  0.50 101,787.60 4.00 407,150.41 

Screening 
plant concrete 2.75  - 19.30 13.10 0.40 656,832.00 1.00 656,832.00 

Grit 
channels concrete 7.90  - 21.00 14.80 0.30 854,812.80 1.00 854,812.80 

Flume 
channels concrete 3.25  - 27.50 7.30 0.25 309,795.00 1.00 309,795.00 

Sludge 
drawoff 
chambers concrete 4.95  - 7.70 8.50 0.30 209,721.60 1.00 209,721.60 

Works 
chambers concrete 4.50  - 5.30 5.60 0.30 92,001.60 1.00 92,001.60 

Magnetic 
flowmeter 
chamber concrete 3.45  - 3.60 3.80 0.25 47,052.00 1.00 47,052.00 

Wash water 
pumping 
station concrete 3.50  - 26.50 7.00 0.40 581,280.00 1.00 581,280.00 
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Auxiliary 
pumping 
station concrete 3.80  - 27.00 1.80 0.30 189,993.60 1.00 189,993.60 

Septic tank concrete 4.90 - 3.50 6.00 0.45 135,324.00 1.00 135,324.00 

Lime tank concrete 4.50 5.40   0.25 54,420.00 2.00 108,840.00 

Conditione
d sludge 
tank concrete 3.90 2.00 2.95 3.80 0.30 65,874.24 1.00 65,874.24 

Main 
pumping 
station concrete 6.85  - 27.00 7.90 0.45 685,508.40 1.00 685,508.40 

Storage 
warehouse concrete 6.20 - 9.60 12.60 0.30 372,384.00 1.00 372,384.00 

Consolidati
on building concrete 7.20 - 49.00 14.00 0.25 

1,367,520.
00 1.00 

1,367,520.0
0 

Press house concrete 9.80 - 25.00 43.00 0.25 
2,987,520.

00 1.00 
2,987,520.0

0 

Chemical 
storage 
warehouse 

concrete 7.85 - 17.50 30.00 0.25 
1,077,450.

00 1.00 
1,077,450.0

0 

ceramics 
7.85 - 17.50 30.00 0.30 

1,023,577.
50 1.00 

1,023,577.5
0 

Admin 
building concrete 11.60   8.65 9.00 0.45 694,472.40 1.00 694,472.40 

Ferric 
chloride 
storage 
tanks 

GRP 

4.00 - 16.00 12.00 0.02 21,158.40 1.00 21,158.40 

Roof 
extractor 
fan-
digestion 
area concrete 13.00 - 12.20 7.00 0.30 605,376.00 1.00 605,376.00 

Dry 
weather 
flow 
interception 
chamber concrete 2.75 -  23.70 2.50 0.25 157,560.00 1.00 157,560.00 

Water 
heater concrete 4.80  - 8.00 9.60 0.30 134,323.20 1.00 134,323.20 

UV 
disinfection 
system concrete 3.70 - 3.50 2.20 0.20 2,3942.40 1.00 2,3942.40 

Lighting 
compressor 
house concrete 3.50  - 8.70 6.00 0.25 124,380.00 1.00 124,380.00 

LV 
switchroom 
for sludge 
treatment concrete 3.50  - 8.70 6.00 0.25 124,380.00 1.00 124,380.00 
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Biogas 
holder concrete 3.55 13.40 5.70 5.80 0.30 204,131.81 4.00 816,527.23 

Dewatering 
house concrete 4.50 - 50.00 40.00 0.40 

4,617,600.
00 1.00 

4,617,600.0
0 

Notes: - not applicable, *Density of materials (kg/m3): Concrete= 2400; aluminium alloy= 2720; ceramics= 
1900; glass reinforced plastic (GRP) = 1740. Glass reinforced plastic was assumed as “Glass fibre” in the 
“Wastewater treatment facility, capacity 4.7E10l/year{RoW}|construction| Alloc Def, U”. 



202 

 

  

Table S26. Life-cycle inventory for wastewater treatment facility of scenario 2 in SimaPro. 

Categories/Concepts Amounts 

 
Scenario 2 

Average capacity (PCE/a) 1,045,880 

Avoided products  

Occupation, industrial area 1,575,000 

Occupation, construction site 350,000 

Transformation, from pasture and meadow 70,000 

Transformation, to industrial area 52,500 

Materials/fuels  

Steel, chromium steel 18/8, hot rolled {GLO}| market for | Alloc Def, U 962,114 

Glass fibre {GLO}| market for | Alloc Def, U 31,738 

Rock wool, packed {GLO}| market for | Alloc Def, U 134,333 

Tap water {GLO}| market group for | Alloc Def, U 18,879,218 

Polyethylene, low density, granulate {GLO}| market for | Alloc Def, U 2,475 

Pitch {GLO}| market for | Alloc Def, U 77,453 

Copper {GLO}| market for | Alloc Def, U 142,199 

Excavation, hydraulic digger {GLO}| market for | Alloc Def, U 420,000 

Chemical, organic {GLO}| market for | Alloc Def, U 623,256 

Concrete, high exacting requirements {RoW}| market for | Alloc Def, U 154,890 

Limestone, crushed, washed {GLO}| market for | Alloc Def, U 3,328,067 

Chemical, inorganic {GLO}| market for chemicals, inorganic | Alloc Def, U 76,848 

Extrusion, plastic film {GLO}| market for | Alloc Def, U 378,795 

Synthetic rubber {GLO}| market for | Alloc Def, U 136,148 

Polyethylene, high density, granulate {GLO}| market for | Alloc Def, U 376,374 

Reinforcing steel {GLO}| market for | Alloc Def, U 11,981,042 

Aluminum, cast alloy {GLO}| market for | Alloc Def, U 290,705 

Electricity/heat  

Electricity, medium voltage {GLO}| market group for | Alloc Def, U 5,882 

Emissions to air  

Water/m3 2,832 

Emissions to water  

Water, RoW 16,047 

Waste to treatment  

Waste bitumen sheet {RoW}| market for | Alloc Def, U 77,386 

Waste reinforced concrete {GLO}| market for | Alloc Def, U 352,579,174 

Waste mineral wool {GLO}| market for | Alloc Def, U 166,071 

Waste polyethylene/polypropylene product {GLO}|market for|Alloc Def, U 514,997 
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Table S27. Life-cycle inventory for scenario 2. 

Avoided products Value Standard deviation Unit 

Electricity, high voltage {CH}| market for | Alloc Def, U 0.1179 1.1453 kWh 
Heat, district or industrial, other than natural gas {CH}| 
market for heat, district or industrial, other than natural 
gas | Alloc Def, U 0.2374 1.2449 MJ 

Electricity, low voltage 0.1598 1.1312 kWh 

Heat, district or industrial, natural gas  0.5126 1.1312 MJ 

Materials/fuels Value Standard deviation Unit 

Titanium dioxide {RER}| market for | Alloc Def, U 2.41E-06 4.3479 kg 

Chemical, organic {GLO}| market for | Alloc Def, U 6.15E-07 3.7117 kg 

Iron sulfate {GLO}| market for | Alloc Def, U 0.0117 1.8822 kg 
Residual material landfill {GLO}| market for | Alloc 
Def, U 9.02E-12 1.6975 p 
Hydrochloric acid, without water, in 30% solution state 
{RER}| market for | Alloc Def, U 4.62E-07 1.7607 kg 
Sodium hydroxide, without water, in 50% solution state 
{GLO}| market for | Alloc Def, U 0.0004 1.8221 kg 

Slag landfill {GLO}| market for | Alloc Def, U 4.91E-11 1.6975 p 
Municipal waste incineration facility {GLO}| market for 
| Alloc Def, U 3.79E-11 1.4918 p 
Process-specific burdens, residual material landfill 
{GLO}| market for | Alloc Def, U 0.0141 1.5256 kg 
Chromium oxide, flakes {GLO}| market for | Alloc Def, 
U 4.92E-08 4.3479 kg 
Quicklime, milled, packed {GLO}| market for | Alloc 
Def, U 1.47E-06 1.7607 kg 
Wastewater treatment facility, capacity 4.7E10l/year 
{GLO}| market for | Alloc Def, U 2.23E-10 3.0014 p 
Iron (III) chloride, without water, in 40% solution state 
{GLO}| market for | Alloc Def, U 0.0154 1.3719 kg 

Cement, unspecified {GLO}| market for | Alloc Def, U 0.0017 1.7607 kg 
Aluminum sulfate, powder {GLO}| market for | Alloc 
Def, U 0.0032 1.8822 kg 
Process-specific burdens, slag landfill {GLO}| market 
for | Alloc Def, U 0.0141 1.5256 kg 
Process-specific burdens, municipal waste incineration 
{GLO}| market for | Alloc Def, U 0.1517 1.4918 kg 
Sewer grid, 4.7E10l/year, 583 km {GLO}| market for | 
Alloc Def, U 1.24E-07 1.4918 km 

Ammonia, liquid {RER}| market for | Alloc Def, U 8.43E-05 2.5551 kg 
Chemical, inorganic {GLO}| market for chemicals, 
inorganic | Alloc Def, U 7.70E-07 1.7607 kg 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 0.0127 2.0258 tkm 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 1.56E-05 2.0260 tkm 
Transport, freight, lorry 7.5-16 metric ton, EURO5 
{GLO}| market for | Alloc Def, U 1.56E-05 2.0260 tkm 

Polyacrylamide {GLO}| market for | Alloc Def, U 4.72E-04 1.0748 kg 
Heat and power co-generation unit, 1MW electrical, 
common components for heat+electricity {RER}| 
construction | Alloc Def, U 2.48E-07 3.0014 p 
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Electricity/heat Value Standard deviation Unit 

Electricity, low voltage {CH}| market for | Alloc Def, U 0.1190 1.1237 kWh 

Electricity, high voltage {CH}| market for | Alloc Def, U 0.0407 3.8367 kWh 
Heat, district or industrial, natural gas {CH}| market for 
heat, district or industrial, natural gas | Alloc Def, U 0.0631 1.1237 MJ 
Heat, district or industrial, other than natural gas {CH}| 
market for heat, district or industrial, other than natural 
gas | Alloc Def, U 0.2374 1.2449 MJ 

Emissions to air Value Standard deviation Unit 

Calcium 5.96E-06 5.4579 kg 

Lead 2.05E-10 5.6522 kg 

Nickel 8.03E-14 6.0496 kg 

Molybdenum 6.77E-10 5.5223 kg 

Arsenic 2.53E-10 5.5223 kg 

Ammonia 0.0003 2.7183 kg 

Cyanide 1.50E-06 2.6639 kg 

Carbon dioxide, biogenic 0.2702 1.2286 kg 

Methane, biogenic 0.0013 1.5639 kg 

Cadmium 5.52E-12 5.5871 kg 

Mercury 3.37E-13 5.5871 kg 

Carbon monoxide, biogenic 0.0002 2.1697 kg 

Sulfur dioxide 0.0009 1.8822 kg 

Copper 1.47E-10 5.7177 kg 

Zinc 8.85E-10 5.7177 kg 

Iron 3.18E-07 2.4459 kg 

Aluminium 1.65E-06 3.9398 kg 

Chromium 3.20E-13 5.9826 kg 

Water/m3 0.1000 1.7650 m3 

Manganese 1.02E-13 6.1848 kg 

Cobalt 1.81E-14 6.0496 kg 

Dinitrogen monoxide 1.26E-04 1.8342 kg 

Nitrogen oxides 0.0007 1.7607 kg 
NMVOC, non-methane volatile organic compounds, 
unspecified origin 2.28E-06 2.7727 kg 

Tin 1.88E-09 5.5223 kg 

Magnesium 5.53E-07 5.4579 kg 

Phosphorus 1.56E-06 1.8822 kg 

Silicon 4.91E-06 5.5223 kg 

Methane 0.0029 1.8282 kg 

Emissions to water Value Standard deviation Unit 

Iron 0.0036 5.0774 kg 

Chromium 1.38E-08 5.4579 kg 

Lead 9.49E-07 4.7077 kg 
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Cobalt 8.21E-07 5.0774 kg 

Iron 0.0045 7.3153 kg 

Phosphate 0.0027 1.7607 kg 

Silicon 0.0002 107.0535 kg 

Copper 1.61E-05 5.5223 kg 

Chromium VI 4.58E-07 8.0693 kg 

Calcium 0.0459 5.1401 kg 

Silicon 0.0002 4.5266 kg 

Nitrate 0.0001 1.7607 kg 

COD, Chemical Oxygen Demand 0.0003 1.9412 kg 

Nitrogen 0.0005 1.7607 kg 

Chromium VI 6.35E-06 4.9530 kg 

Arsenic 7.68E-07 4.7077 kg 

Magnesium 0.0051 5.1401 kg 

Sulfate 0.0028 1.8822 kg 

Cadmium 9.95E-10 191.2478 kg 

Zinc 8.40E-07 109.3636 kg 

Cobalt 5.00E-07 5.3937 kg 

Tin 1.42E-06 5.0774 kg 

Mercury 5.16E-09 31.3978 kg 

BOD5, Biological Oxygen Demand 0.0576 1.6161 kg 

Aluminium 0.0008 3.8824 kg 

Arsenic 7.65E-08 5.3937 kg 

Manganese 2.69E-05 5.0774 kg 

TOC, Total Organic Carbon 0.0001 1.9412 kg 

TOC, Total Organic Carbon 0.0427 1.6161 kg 

Sodium 0.0022 5.1401 kg 

Sulfate 0.1450 1.7607 kg 

Phosphate 0.0002 61.7507 kg 

Mercury 6.29E-08 4.9530 kg 

Nitrite 0.0006 1.7607 kg 

Copper 9.71E-06 5.0151 kg 

Zinc 3.38E-05 5.0151 kg 

Water, CH 0.9000 1.765 m3 

DOC, Dissolved Organic Carbon 0.0427 1.6161 kg 

Cadmium 1.42E-07 5.0774 kg 

COD, Chemical Oxygen Demand 0.1152 1.5110 kg 

Chloride 0.0405 3.9974 kg 

Molybdenum 5.44E-07 4.5266 kg 

Manganese 1.61E-05 6.4590 kg 

Nickel 4.00E-06 5.0774 kg 
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Fluoride 3.28E-05 5.1401 kg 

Molybdenum 2.80E-07 5.3937 kg 

Potassium 0.0004 5.1401 kg 

Magnesium 0.0004 5.3937 kg 

Ammonium, ion 0.0307 1.5110 kg 

Calcium 0.0031 5.3937 kg 

Tin 7.13E-07 9.4404 kg 

DOC, Dissolved Organic Carbon 0.0001 1.9412 kg 

BOD5, Biological Oxygen Demand 0.0001 1.9412 kg 

Aluminium 6.23E-05 4.4072 kg 

Lead 3.93E-07 192.7085 kg 

Nickel 1.74E-06 5.3937 kg 

Nitrate 0.0109 1.5112 kg 

Waste to treatment Value Standard deviation Unit 

Waste plastic, mixture {GLO}| market for | Alloc Def, U 0.0155 1.4918 kg 
Waste cement, hydrated {GLO}| market for | Alloc Def, 
U 0.0043 1.7607 kg 
Waste graphical paper {CH}| treatment of, municipal 
incineration with fly ash extraction | Alloc Def, U 0.0155 1.4918 kg 
Notes: The rows in green mean a new concept was added to the default template from the Ecoinvent 
database; rows in purple mean that the values are results from the S-LCI; and, rows in white represent the 
default values from the Ecoinvent database (Ecoinvent, 2015). 

 

 

 

Table S28. Typical kinetic values and design criteria for methanogenesis in scenario 2. 

Parameter Methanogenesis (Meth) 

𝑓  0.110
1

 
𝑓  0.8001 

𝑏 0.050
1

 

𝜃  10.000
 2

 
𝑓  0.081 
𝑓  0.919 

Notes: fs
0 is the portion of energy used for cell synthesis; fd is the fraction of the active biodegradable biomass; 

b is the endogenous decay rate; θx is the solids retention time; fs is the electron portion used for cell synthesis 
considering net yield; fe is the electron portion for energy generation considering net yield. References: 
1Rittmann and McCarty, 2001; 2Wilkins et al., 2015. 
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Table S29. Summary of the operation, kinetic and design parameter for the three scenarios. 

 Scenario 1 Scenario 2 Scenario 3 
Pr

im
ar

y 
tr

ea
tm

en
t Primary sedimentation 

COD removal efficiency 25.80% 
TSS removal efficiency 69.63% 
 

Chemically enhanced primary treatment (CEPT): 
COD CEPT removal efficiency 62.55% 
TSS CEPT removal efficiency 87.18% 
VSS CEPT removal efficiency 87.50% 

Se
co

nd
ar

y 
(b

io
lo

gi
ca

l)
 tr

ea
tm

en
t 

Activated sludge: 
COD denitrification removal 
efficiency= 27.10% 
COD organic oxidation removal 
efficiency= 26.94% 
COD removal efficiency for activated 
sludge= 73.56% 
Recirculation times= 1.72 
Final clarifier COD removal 
efficiency= 0% 
Final clarifier NH4

+ removal 
efficiency= 0% 
 
Organic oxidation: fs

0=0.60, fd=0.80, 
b=0.15, θx= 15.00, fs= 0.27, fe= 0.73. 
Nitrification: fs

0=0.13, fd=0.80, 
b=0.11/d, θx= 15.00d, fs= 0.06, fe= 0.94 
Denitrification: fs

0=0.52, fd=0.80, 
b=0.04/d, θx= 15.00d, fs= 0.36, fe= 
0.64. 
 
 

N/A Partial nitrification and Anammox in a 
staged anaerobic fluidized-bed membrane 
bioreactor (SAF-MBR) composed of an 
anaerobic fluidized-bed bioreactor 
(AFBR) and a partial 
nitritation/Anammox fluidized-bed 
membrane bioreactor (PN/AFMBR): 
COD AFBR removal efficiency= 46.00% 
Total Nitrogen removal efficiency= 
94.40% 
COD PN/AFMBR removal efficiency= 
89.00% 
Overall COD efficiency= 94.00% 
Bulk wasting ratio SAF-MBR= 1.00% 
COD percentage converted to dissolved 
CH4= 15.00% 
 
Partial nitritation fs

0=0.06, fd=0.80, 
b=0.15/d, θx= 20.00d, fs= 0.03, fe= 0.97 
Anammox fs

0=0.08, fd=0.80, b=0.05/d, 
θx= 20.00d, fs= 0.05, fe= 0.95 
Methanogenesis fs

0=0.11, fd=0.80, 
b=0.05/d, θx= 20.00d, fs= 0.07, fe= 0.93 

Sl
ud

ge
 m

an
ag

em
en

t 

Thickening: 
Thickened sludge with VS= 80.01 g/L 
 
Anaerobic digestion: 
Temperature= 35.00°C 
Fugitive emissions from reactors= 
1.00% 
VS destruction= 44.80% 
Percent of VS for digested sludge= 
48.00% of TS 
Percent of TS for digested sludge= 
2.90% of dry solids 
 
Methanogenesis: fs

0=0.11, fd=0.80, 
b=0.05/d, θx= 10.00d, fs= 0.08, fe= 0.92 
 
Dewatering: 
Dry solids content after dewatering= 
31.00% 
Distance from STW to incineration 
facility: 45.00km 
 
Incineration:  
Electricity efficiency= 20.00% 
Distance from incineration facility to 
landfill: 1.10km 
 
Landfill 

Thickening: 
Thickened sludge with VS= 39.32 g/L 
 
Anaerobic digestion: 
Temperature= 35.00°C 
Fugitive emissions from reactors= 1.00% 
CEPT saline AD VS destruction= 61.00% 
TSS in raw CEPT sludge= 26.08 g/L 
VS in raw CEPT sludge= 17.09 g/L 
TSS in thickened sludge= 60.00 g/L 
Percent of VS for digested CEPT sludge= 75.32% of TS 
Percent of TS for digested CEPT sludge= 2.58% of dry 
solids 
 
Methanogenesis fs

0=0.11, fd=0.80, b=0.05/d, θx= 10.00d, fs= 
0.08, fe= 0.92 
 
Dewatering: 
Dry solids content after dewatering= 31.00% 
Distance from STW to incineration facility: 45.00km 
 
Incineration:  
Electricity efficiency= 20.00% 
Distance from incineration facility to landfill: 1.10km 
 
Landfill 
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E
ne

rg
y 

ge
ne

ra
tio

n 
Combined heat and power and dual-fuel engine: 
CHP conversion efficiency (electricity): 42.00% 
CHP conversion efficiency (heat): 38.00% 
Overall CHP energy efficiency= 80.00% 
Flow into CHP= 80.00% 
 
DFE conversion efficiency (electricity): 34.00% 
DFE conversion efficiency (heat): 28.00% 
Overall DFE energy efficiency= 62.00% 
Flow into DFE= 20.00% 
Life expectancy of the internal combustion engines= 35.00 years 

Notes: COD: Chemical oxygen demand; TSS: total suspended solids; VSS: volatile suspended solids; NH4
+: 

ammonium, fs
0 is the portion of energy used for cell synthesis; fd is the fraction of the active biodegradable 

biomass; b is the endogenous decay rate; θx is the solids retention time; fs is the electron portion used for cell 
synthesis considering net yield; fe is the electron portion for energy generation considering net yield; N/A: not 
applicable; GAC: granulated activated carbon; CH4: methane; VS: Volatile solids; TS: total solids; STW: 
sewage treatment works; CHP: combined heat and power; DFE: dual-fuel engine. The bulk wasting ratio refers 
to the flow of combined liquid with biosolids (apart from the GAC) divided by the influent flow rate of the 
PN/AFMBR, which is withdrawn to maintain a stable operation. 

 

 

  



209 

 

Table S30. Sensitive parameters: ranges and distributions. 

Sensitive parameters System Units Baseline 
value 

Low 
value 

High 
Value 

Distribution 

SAF-MBR parameters: 

1. Membrane lifetime 

 

SAF-MBR 
(C&F) 

 

Years 

 

10.001 

 

5.001 

 

15.001 

 

Triangular 

2. In-situ membrane cleaning SAF-MBR 
(C&F) 

Times/
month 

0.032 - 4.331 Uniform 

3. Electricity consumption 

 

SAF-MBR 
(C) 

kWh/m3 0.233 0.143 - Uniform 

SAF-MBR 
(F) 

kWh/m3 0.233 0.054 - Uniform 

4. Dissolved methane recovered SAF-MBR 
(F) 

% 0.331 - 90.00 Uniform 

 SAF-MBR 
(F) 

% 50.001 0 90.00 Triangular 

Sludge and energy generation 
parameters: 

      

5. CHP electricity efficiency (All) % 42.005 35.006 45.006 Triangular 

6. CHP heat efficiency (All) % 38.005 - 50.006 Uniform 

7. DFE electricity efficiency (All) % 34.005 20.007 - Uniform 

8. DFE heat efficiency 

9. Fugitive emissions from AD 
reactors 

(All) 

(All) 

% 

% 

28.005 

1.0020 

- 

0.009 

36.008 

10.009 

Uniform 

Triangular 

Notes: “-” means not applicable. For the recovery of dissolved methane, it was assumed that the degassing 
membranes are not replaced during the project lifetime, removed dissolved CH4 with 100% efficiency and 
operated at energy neutrality.10 The degassing membranes operate with a membrane permeate flow rate of 30 
m3/hr, thus the number of required units was calculated based on the SAF-MBR permeate flow rate. The 
thickness of the membrane was assumed as 0.0011 m.1 The total effective surface area of an EF–120 large–
scale degassing membrane is 120 m2,11,12 thus the polymethylpentene (PMP) membrane volume in one EF-120 
is 0.132 m3. The density of PMP was assumed as 0.84 g/cm3, thus the weight of PMP for one degassing 
membrane is 110.88 kg. The per-capita equivalents (PCE) was assumed with the maximum flow for degassing 
membrane (50 m3/h), the average COD for sewage in Hong Kong (389 mg/L) and the biochemical oxygen 
demand (BOD) PCE of 0.04 kg/inhab*day.2 SAF-MBR: Staged fluidized-bed membrane bioreactors; AD: 
anaerobic digestion; CHP: combined heat and power; DFE: Dual fuel engine. SAF-MBR (C) parameters were 
varied to reflect sensitivity in SAF-MBR in its current technological state. SAF-MBR (F) parameters were 
varied to reflect sensitivity related to potential future development in SAF-MBR technology. References: 
1Smith et al., 2014; 2Alvarado et al., 2019; 3Shin et al., 2014; 4Bae et al., 2013; 5Fung and Yeung, 2012; 6Goss 
et al., 2017; 7Dasappa and Sridhar, 2013; 8Dryden, 1982; 9IPCC, 2006; 10Shoener et al., 2016, 11DIC 
Corporation, 2016; 12DIC Corporation, 2019.  
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Table S31. Emissions categories sensitive to a sensitive parameter related to the SAF-MBR with Spearman’s 
rank correlation coefficient (|ρ|>0.6) for scenario 3. 

 Membrane 
lifetime 

Membrane cleaning SAF-MBR electricity 
consumption 

Dissolved methane 
recovery 

MEc     

MEu     

FEc     

FEu     

HT     

TAc     

CC     

Note:  means that the Spearman’s rank correlation coefficient (|ρ|) was bigger than 0.6 between the sensitive 
parameter and the emissions of the impact category, and the change on emissions in the impact category was 
higher than the sensitive threshold of 5%. Results show positive correlations. Empty cells represent that the |ρ| 
was smaller than 0.6 and the change in emissions of the impact category was smaller than 5% indicating no 
correlation between the sensitive parameters and the impact category. MEc: Marine ecotoxicity; MEu: Marine 
eutrophication; FEc: Freshwater ecotoxicity; FEu; Freshwater eutrophication; HT: Human toxicity; TAc: 
Terrestrial acidification; CC: Climate change; SAF-MBR: Staged anaerobic fluidized-bed membrane 
bioreactor. 

 

 

Table S32. Emissions categories sensitive to a sensitive parameter with Spearman’s rank correlation coefficient 
(|ρ|>0.6) for the three scenarios with ReCiPe Midpoint. 

CHP DFE  

 Electrical 
efficiency 

Thermal 
efficiency 

Electrical 
efficiency 

Thermal 
efficiency 

GHG fugitive 
emissions 

MEc      

MEu      

FEc -S2, -S3     

FEu      

HT      

TAc -S2, -S3     

CC -S2, -S3 S3   S1, S2, S3 

Note: The abbreviation of the scenario was used when the Spearman’s rank correlation coefficient (|ρ|) was 
bigger than 0.6 between the sensitive parameter and the emissions of the impact category, and the change on 
emissions in the impact category was higher than the sensitive threshold of 5% in the corresponding scenario. 
Negative and positive signs indicate a correlation. Empty cells represent that the |ρ| was smaller than 0.6 and 
the change in emissions of the impact category was smaller than 5% indicating no correlation between the 
sensitive parameters and the impact category for any scenario. MEc: Marine ecotoxicity; MEu: Marine 
eutrophication; FEc: Freshwater ecotoxicity; FEu; Freshwater eutrophication; HT: Human toxicity; TAc: 
Terrestrial acidification; CC: Climate change; CHP: Combined heat and power; DFE: dual-fuel engine; S1: 
scenario 1 (including primary sedimentation and activated sludge); S2: scenario 2 (including chemically 
enhanced primary treatment); S3: scenario 3 (including chemically enhanced primary treatment and staged 
anaerobic fluidized-bed membrane bioreactor). 
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Table S33. The base case, mean, 2.5th, and 97.5th percentile values for the three scenarios’ Monte Carlo 
simulation (ReCiPe Midpoint (H)/ World ReCiPe H/Normalization). 

 MEc MEu FEc FEu HT TAc CC 

S1 Base 
case 

1.07E-02 6.93E-04 3.62E-03 5.97E-04 4.96E-04 1.15E-04 8.27E-05 

Mean 1.07E-02 6.94E-04 3.69E-03 5.72E-04 4.91E-04 1.15E-04 8.29E-05 

2.50% 5.93E-03 5.16E-04 1.97E-03 1.76E-04 2.47E-04 8.76E-05 6.43E-05 

97.50% 1.95E-02 9.36E-04 6.99E-03 1.78E-03 9.96E-04 1.57E-04 1.10E-04 

SEM 1.18E-04 3.34E-06 4.17E-05 2.88E-05 6.90E-06 5.51E-07 3.64E-07 

S2 Base 
case 

7.82E-03 5.27E-03 1.78E-03 3.98E-04 2.94E-04 6.14E-05 3.22E-05 

Mean 7.77E-03 5.24E-03 1.77E-03 3.48E-04 2.96E-04 6.24E-05 3.27E-05 

2.50% 3.57E-03 3.59E-03 7.31E-04 8.19E-05 1.43E-04 3.77E-05 1.80E-05 

97.50% 1.74E-02 7.50E-03 3.81E-03 1.43E-03 6.02E-04 9.75E-05 5.37E-05 

SEM 1.23E-04 3.10E-05 2.98E-05 1.57E-05 4.21E-06 4.73E-07 3.00E-07 

S3 Base 
case 

8.89E-03 5.33E-04 2.47E-03 4.78E-04 3.71E-04 8.25E-05 4.37E-05 

Mean 8.82E-03 5.34E-04 2.42E-03 4.03E-04 3.74E-04 8.14E-05 4.30E-05 

2.50% 4.26E-03 3.84E-04 1.12E-03 1.13E-04 1.77E-04 5.14E-05 1.73E-05 

97.50% 1.84E-02 7.39E-04 4.69E-03 1.38E-03 7.78E-04 1.20E-04 7.55E-05 

SEM 1.13E-04 2.828E-06 2.849E-05 1.485E-05 6.055E-06 5.546E-07 4.83E-07 

Notes: MEc: Marine ecotoxicity; MEu: Marine eutrophication; FEc: Freshwater ecotoxicity; FEu; Freshwater 
eutrophication; HT: Human toxicity; TAc: Terrestrial acidification; CC: Climate change; S1: scenario 1 
(including primary sedimentation and activated sludge); S2: scenario 2 (including chemically enhanced primary 
treatment); S3: scenario 3 (including chemically enhanced primary treatment and staged anaerobic fluidized-
bed membrane bioreactor); SEM: standard error of mean.  
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Table S34. The base case, mean, 2.5th, and 97.5th percentile values for the three scenarios’ Monte Carlo 
simulation (ReCiPe Endpoint (H) v1.12/World ReCiPe H/A/ Weighting and Single score). 

 HH Ecosystems Resources Single Score 

S1 Base case 37.93 2.12 25.33 65.39 

Mean 37.90 2.13 25.40 66.10 

2.50% 30.00 1.66 19.20 52.01 

97.50% 49.80 2.83 34.10 87.31 

SEM 0.17 0.01 0.13 0.28 

S2 Base case 16.72 0.86 7.60 25.19 

Mean 16.85 0.87 7.77 25.50 

2.50% 10.28 0.46 2.93 14.28 

97.50% 27.12 1.48 15.69 43.46 

SEM 0.14 0.01 0.10 0.23 

S3 Base case 23.18 1.17 12.07 36.43 

Mean 23.30 1.19 12.23 36.72 

2.50% 11.90 0.48 5.45 18.00 

97.50% 36.53 1.99 21.27 59.73 

SEM 0.20 0.01 0.13 0.33 

Notes: HH: human health; S1: scenario 1 (including primary sedimentation and activated sludge); S2: scenario 
2 (including chemically enhanced primary treatment); S3: scenario 3 (including chemically enhanced primary 
treatment and staged anaerobic fluidized-bed membrane bioreactor); SEM: standard error of mean. 
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Table S35. The base case, mean, 2.5th, and 97.5th percentile values for the three scenarios’ Monte Carlo 
simulation (Ecological Scarcity 2013 v1.03/weighting and single score). 

 HM-w WP C-a MAPPM GW MR SS 

S1 Base 
case 0.5750 1.4206 0.1194 0.2258 0.2485 0.0393 

2.3971 

Mean 0.5800 1.4300 0.1170 0.2300 0.2470 0.0388 2.2547 

2.50% 0.2600 1.0200 0.0500 0.1800 0.1890 0.0212 1.5413 

97.50% 1.2200 2.0300 0.2800 0.3000 0.3300 0.0718 3.1283 

SEM 0.0079 0.0082 0.0019 0.0009 0.0011 0.0004 0.0127 

S2 Base 
case 0.5716 3.0981 0.1125 0.1120 0.0731 0.0336 

3.7215 

Mean 0.5700 3.0900 0.1110 0.1100 0.0700 0.0300 3.7184 

2.50% 0.2500 2.3800 0.0419 0.0700 0.0300 0.0200 2.7973 

97.50% 1.2200 3.9000 0.2900 0.1800 0.1500 0.0700 4.754 

SEM 0.0080 0.0127 0.0020 0.0008 0.0009 0.0004 0.0161 

S3 Base 
case 0.5719 0.9851 0.2441 0.1609 0.1361 0.0332 1.8831 

Mean 0.5819 0.9858 0.2368 0.1607 0.1349 0.0331 1.8874 

2.50% 0.2609 0.6235 0.0892 0.0963 0.0503 0.0181 1.2462 

97.50% 1.1919 1.5270 0.5665 0.2408 0.2334 0.0583 2.8578 

SEM 0.0079 0.0075 0.0042 0.0011 0.0015 0.0003 0.0130 

Notes: HM-w: Heavy metals into water; WP: Water pollutants; C-a: Carcinogenic substances into air; MAPPM: 
Main air pollutants and particulate matter; GW: Global warming; MR: Mineral resources; SS: Single score; S1: 
scenario 1 (including primary sedimentation and activated sludge); S2: scenario 2 (including chemically 
enhanced primary treatment); S3: scenario 3 (including chemically enhanced primary treatment and staged 
anaerobic fluidized-bed membrane bioreactor); SEM: standard error of mean. 

 

Table S36. Experimental results of the elemental analysis for the three scenarios. 

Scenario 1- Tai Po STW samples1+ C (%) H (%) N (%) S (%) O (%)* Ash (%) 

     Effluent primary clarifier♠ 1.2 2.4 0.1 1.8 18.5 76.0 

     Primary sludge 29.8 5.4 2.2 0.9 20.9 40.8 

     Thickened activated sludge 40.1 6.6 8.3 1.2 26.4 17.4 

Scenario 2 and 3- CEPT samples2#       

      Raw CEPT sludge 33.0 4.3 2.02 0.5 36.7 23.4 

Note: Average for each Tai Po STW sample from duplicates on a dry basis. * Calculated by the difference. 
CEPT: chemically enhanced primary treatment; STW: sewage treatment works. +The sewage and sludge 
samples come from primary sedimentation and activated sludge processes using seawater flushing.  #The sludge 
sample comes from a CEPT process using FeCl3 as coagulant, seawater flushing, and centrifuge dewatering 
process. ♠Influent sewage used for S3. References: 1Alvarado et al., 2019; 2Shao et al., 2008. 
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Table S37. Energy requirements relevant to scenario 2. 

Concept Value Unit 
Total annual electricity consumption [1]* 59.00 GWh/y 
Sludge treatment electricity consumption [2] - GWh/y 
Sludge thickening electricity consumption [2] 3.45 GWh/y 
Digester heating [2] 2.76 GWh/y 
Sludge dewatering [1]* 11.94 GWh/y 
Heat and power units (including CHP and DFE) [3] 2.00 unit 
Aeration electricity consumption from the total - % 
Incineration electricity efficiency [4] 20.00 % 
Note: *Data collected from Stonecutters Island STW with a 1,904,000 m3/d flow. “-” means not applicable for 
scenario 2, but used in scenario 1. GWh/y means gigawatt hours per year which is equivalent to MkWh/y 
(million kilowatt-hours per year). References: 1DSD, 2017a; 2Chiang et al., 2011; 3DSD, 2015; 4Chang and 
Pires, 2015. 

 

Table S38. Excel “inputs” for water characterization in scenario 2. 

Water characterization 
Basic data 

Sewage after degritting 
Flow 230,150.00 m3/d 

Chemical oxygen demand (COD) 310.00 mg/L 
Total suspended solids (TSS) 0.27 g/L 

Volatile suspended solids (VSS) 0.05 g/L 
Primary clarifier 

Ammonium (NH4
+) 31.00 mg/L 

Total Kjeldahl Nitrogen (TKN) 42.00 mg/L 

 

 

Table S39. Excel “inputs” for variable parameters in scenario 2. 

Activated sludge variables 

Concept Value Unit Notes or short reference 

Chemical oxygen demand (COD) 
denitrification removal efficiency 

- %  About 28% (Rittmann and 
Langeland, 1985). This value can 
change to represent the overall COD 
removal. 

COD organic oxidation removal 
efficiency 

-  %  Estimation from mass balance 

COD removal efficiency for 
activated sludge 

- %  From the actual operation of the 
STW. (DSD, 2015) 

Recirculation times -    (DSD, 2015)  

Solids retention time in activated 
sludge 

- d Rittmann and McCarty, 2001 

Final sedimentator COD removal 
efficiency 

- %  Assumed as the primary clarifier. 
(DSD, 2015) 

Final sedimentator ammonium 
(NH4

+) removal efficiency 
-  % Estimated from DSD, 2015. 

Air emissions variables 

Concept Value Unit Reference 

CH4 emissions for effluent discharge 
without treatment 

0.0250 kgCH4/kg COD 
discharged 

Godin et al 2012- (Range 0-0.05) 

N2O emissions for effluent 
discharge without treatment 

0.0025 kgN2O-N/kg N 
discharged 

Godin et al 2012- (Range 0.0005-
0.25) 
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N2O emission from denitrification 0.0450 %  The denitrification rate to N2O is 
0.02%-0.07% relative to the total 
nitrogen (TN) input (Doka, 2003c). 

N2O emissions for flue gas from 
incineration 

0.0495 g/m3 sewage Doka, 2003c 

Methane, flue gas from incineration 1.0890 g/m3 sewage Doka, 2003c 

Carbon dioxide, flue gas from 
incineration 

205.4000 g/m3 sewage Doka, 2003c 

Fugitive emissions from reactors 1.0000 %  IPCC, 2006 (ranges from 0-10%; 
default is 5%); IWA, 2012 (1%) 

Anaerobic digestion (AD) variables 

Concept Value Unit Reference 

Solids retention time in AD 10.0000 d DSD, 2015 

Anaerobic digestion volatiles solids 
(VS) destruction 

-  % DSD, 2015 

CEPT saline AD VS destruction 61.0000  % In the range of 52-78% for saline 
CEPT sludge 7 to 16 days HRT (Ju 
et al., 2016). 

Concentration of dissolved CH4 in 
AD 

11.0000 mg/L Under typical conditions for AD 
35 C̊, 60% CH4 (van der Ha et al., 
2011) 

Total suspended solids (TSS) in 
thickened CEPT sludge 

60.0000 g/L Assumed from mass balance (See 
Appendix F) 

TSS/TS raw CEPT sludge 67.4774 %  Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

VS/TS raw CEPT sludge 44.2173 % Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

Percent TS for raw CEPT sludge 3.8650 % of dry solids Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

TSS in raw CEPT Sludge 26.0800 g/L Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

VS in raw CEPT sludge 17.0900 g/L Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

COD CEPT removal efficiency 62.5500  % De Feo et al., 2008 gives a range of 
30-70% and CEPT COD removal in 
Stonecutters Island STWs is 62.55% 
(DSD, 2017a) 

TSS CEPT removal efficiency 87.1800  % De Feo et al., 2008 gives a range of 
60-90% and CEPT TSS removal in 
Stonecutters Island STWs is 87.18% 
(DSD, 2017a) 

Volatile suspended solids (VSS) 
CEPT removal efficiency 

87.5000  % De Feo et al., 2008 gives a range of 
60-90% and CEPT TSS removal in 
SCI STWs is 87.50% (DSD, 2017a) 

Percent of VS for digested sludge -  % of TS DSD, 2015 

Percent TS for digested sludge -  % of dry solids DSD, 2015 

Percent of VS for digested CEPT 
sludge 

75.3200  % of TS Experimental results from a CEPT 
plant (June 2016- March 2017) at 
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the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

Percent TS for digested CEPT 
sludge 

2.5800  % of dry solids Experimental results from a CEPT 
plant (June 2016- March 2017) at 
the Stonecutters Island STW as 
described in Alvarado et al., 2020. 

SAF-MBR variables 

Concept Value Unit Reference 
COD AFBR removal efficiency - %  TCOD removal at 23 ̊C= 49% (Wu 

et al, 2017); at 25-30 ̊C =46%; 20-
25 C̊=37% (Shin et al., 2014), at 
25 ̊C=72% (Bae et al., 2013) 

Total nitrogen removal efficiency - %  Lee et al., 2013 

COD AFMBR# removal efficiency - %  TCOD removal at 23 ̊C= 48% (Wu 
et al, 2017); at 25-30 ̊C =48%; 20-
25 C̊=57% (Shin et al., 2014), at 
25 C̊=19 (Bae et al., 2013) from the 
original COD influent. 89% 
represents the removal percentage 
after the AFBR. 

Solids retention time (SRT) in SAF-
MBR 

- d At a 20d SRT the NO3
- formation is 

around 4.6% (Lee et al., 2013) 
Overall COD efficiency - %  TCOD removal at 23 C̊= 97% (Wu 

et al, 2017); at 25-30 ̊C =94%; 20-
25 C̊=94% (Shin et al., 2014), at 
25 ̊C=91 (Bae et al., 2013) 

Bulk wasting ratio SAF-MBR - %  Shin et al., 2014 

Biosolids production - g VSS/g 
CODrem 

Shin et al., 2014 

Biofilm in GAC in VSS - mg/L Shin et al., 2014 

COD percentage converted to 
dissolved CH4  

- %  Shin et al., 2014 

Operation parameters 

Concept Value Unit Reference 

AD capacity 3,400.00 m3 DSD, 2015 

No. of current operating AD reactors - units DSD, 2015 

No. of existing AD reactors 14.00 units DSD, 2015 

AD temperature 35.00 ̊C   

Distance from STW to incineration 
facility (IF) 

45.00 km Google maps, 2017 

Distance from IF to landfill 1.10 km Google maps, 2017 

Iron chloride consumption in CEPT 29.40 m3/d DSD, 2017a 

Polymer consumption for AD - m3/d Includes Polymer S135 and S246 
added at anaerobic digester (*Lam 
et al., 2016) 

Polymer consumption for CEPT 899.00 kg/d DSD, 2017a 

Dry solids content after dewatering 31.00 %  31-35% for dewatering process in 
STW in Hong Kong. (DSD, 2015) 

Slag and residue overall percentage 0.10 % Doka, 2003a 

CH4 energy content 38.80 MJ/m3  EEE, 2011 

CHP conversion efficiency 
(electricity) 

42.00  % Fung and Yeung, 2012- Full load 
1.4 MW CHP 

CHP conversion efficiency (heat) 38.00  % Fung and Yeung, 2012- Full load 
1.4 MW CHP 
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Overall CHP energy efficiency 80.00  % DSD, 2015 

Flow into CHP 80.00 % DSD, 2015 

DFE conversion efficiency 
(electricity) 

34.00  % Fung and Yeung, 2012 

DFE conversion efficiency (heat) 28.00  % Fung and Yeung, 2012 

Overall DFE energy efficiency 62.00  %   

Flow into DFE 20.00  % DSD, 2015 

Life expectancy of the internal 
combustion engines 

35.00 years Bisinella de Faria et al., 2015 

Electricity consumption 

Concept Value Unit Reference 

Total annual electricity consumption 59.00 GWh/y Chiang, 2011; DSD, 2017a 

Sludge treatment electricity 
consumption 

- GWh/y Chiang, 2011 

Waste activated sludge thickening 
electricity consumption 

3.45 GWh/y Chiang, 2011  

Digester heating - GWh/y Chiang, 2011 

Sludge dewatering 11.94 GWh/y Chiang, 2011, DSD, 2017 

Heat and Power units 2.00 unit Chiang, 2011 

Aeration electricity consumption 
from the total 

- %  Fernández et al., 2011 

Incineration electricity efficiency 20.00 %  Chang and Pires, 2015 

Notes: “-” means the values are not applicable for scenario 2 but used in scenario 1 and/or 3. The values for 
scenario 1 and 3 can be found in chapter 2. GWh/y means gigawatt hours per year which is equivalent to 
MkWh/y (million kilowatt-hours per year).CEPT: chemically enhanced primary treatment; HRT: hydraulic 
retention time; TS: total solids; AFBR: anaerobic fluidized bioreactor; AFMBR: anaerobic fluidized-bed 
membrane bioreactor; GAC: granulated activated carbon; CHP: combined heat and power; DFE: dual fuel 
engine. 
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Table S40. Sludge received in the incineration facility from 11 sewage treatment works in financial year 
2015/2016. 

 Sludge produced 
Sewage Treatment Plant (STW) Ton/y1 m3/d Gal/d 
Shatin STW 36,303.48 99.46 26,274.97 
Tai Po STW 16,000.00 43.84 11,580.14 
Shek Wu Hui STW 11,000.00 30.14 7,961.35 
Yuen Long STW 4,523.00 12.39 3,273.56 
Stonecutters Island STW 264,380.00 724.33 191,347.38 
Siu Ho Wan STW 9,760.00 26.74 7,063.89 
Sai Kung STW* 1,140.00 3.12 825.09 
San Wai STW# 32,692.52 89.57 23,661.50 
Sham Tseng STW 1,900.00 5.21 1,375.14 
Pillar Point STW 38,800.00 106.30 28,081.85 
 Stanley STW 1,061.00 2.91 767.91 
Total 417,560.00 1,144.002 302,212.77 
Notes: *Data for Sai Kung STW was not provided for FY 2015/2016, thus data from 2005/2006 was adopted. 
#Data for Sai Wai STW was not provided for FY 2015/2016; thus, we assumed the difference between the total 
sludge received in 2016 (1,144 m3/d) minus the sludge produced from the other 10 STW. Reference: 
1DSD,2017a; 2EPD, 2017a. 
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Table S41. S-LCI’s 41-item checklist for scenario 2 (CEPT) representing Stonecutters Island sewage treatment 
works operation. 

Concept Value*1 

Flows of interest (m3/d)  
N- After degritting 

      2- Primary sludge 
      3- Recirculation sludge 
      4- Surplus activated sludge 
      5- Thickened sludge 
      6- Digested sludge 

 
1,904,000 

15,000 
- 
- 
- 
- 

Compounds concentrations (mg/L) 
   Water stream: 
      - Chemical Oxygen Demand (COD) 
            7- After degritting 
            8- Primary clarifier effluent 
      -Ammonium (NH4

+)  
            9- Primary clarifier effluent 
            10- Second clarifier effluent  
      -Total Kjeldahl Nitrogen (TKN) 
           11- Second clarifier effluent 
   Solids stream (g/L): 
      -Total solids (TS) 
           12- After degritting 
      - Volatile solids (VS) 
            13- After degritting 
            14- Primary sludge  
            15- Thickened sludge 

 
 
 

502 
150 

 
20 
- 
 

27 
 
 
- 
 
- 

17.09 
- 

Removal efficiencies (%) 
   Water stream: 
      16- Biological treatment COD removal 

 
 

- 
Solids retention times (d) 
      17- Activated sludge 
      18- Anaerobic digestion 

 
- 
- 

Anaerobic digestion 
      19- Digested sludge TS (% of dry solids)  
      20- Digested sludge VS (% of TS) 
      21- VS destruction (%) 
      22- Reactor capacity (m3) 
      23- Operating reactors (units) 
      24- Existing reactors (units) 
      25- Operation temperature (°C) 
      26- Polymer consumption (m3/d)  

 
- 
- 
- 
- 
- 
- 
- 

0.899 
Sludge dewatering 
      27- Dry solids content after dewatering (%) 

 
35.000 

Biogas 
      28- Biogas flow to combined heat and power engine (%) 
      29- Biogas flow to dual-fuel engines (%) 

 
- 
- 

Energy requirements 
      30- Total annual electricity consumption (GWh/y) 
      31- Sludge treatment electricity consumption 
      32- Sludge thickening electricity consumption 
      33- Digester heating 
      34- Sludge dewatering 
      35- Number of heat and power units (units) 
 - Combined heat and power 
       36- Electricity conversion efficiency (%) 
       37- Heat conversion efficiency (%) 
 - Dual fuel engine 

 
59.000 

- 
- 
- 

11.930 
- 
 
- 
- 
 



220 

 

       38- Electricity conversion efficiency (%) 
       39- Heat conversion efficiency (%) 

- 
- 

Transportation (km) 
      40- Distance from STWs to Incineration facility (IF) 
      41- Distance from IF to landfill 

 
42.95 
1.10 

Notes: *Scenario 2 represents an unconventional treatment based on solely CEPT to obtain settled sewage, thus a total 
of 13 items out of the 41-item checklist were relevant to this scenario. “-” means not applicable for scenario 2 but 
used for other scenarios. GWh/y means gigawatt hours per year which is equivalent to MkWh/y (million kilowatt-
hours per year). Reference: 1DSD, 2017a. 

 
 

 

Table S42. Electricity consumption of the 15 preliminary treatment works sending sewage to Stonecutters Island 
sewage treatment works (STW) in financial year 2015/2016. 

Preliminary treatment works (PTW)  Electricity consumption (kWh/d)1 

Cheung Chau STW 1,835.62 

Chai Wan PTW 2,739.73 

Kwai Chung PTW 10,958.90 

Kwun Tong PTW 10,958.90 

To Kwan Wan PTW 10,410.96 

Tseung Kwan O PTW 15,342.47 

Tsing Yi PTW 2,465.75 

Aberdeen PTW 3,835.62 

Ap lei Chau PTW 150.68 

Central PTW 12,602.74 

Cyberport STW (April 2015 to Nov 2015) 3,013.70 

North Point PTW 9,315.07 

Sandy Bay PTW 547.95 

Wah Fu PTW N.A. 

Wan Chai East PTW 18,082.19 

Total 102,260.27 

Reference: 1DSD, 2017a. 
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Table S43. Concrete, glass, and ceramics quantification for scenario 2. 

System# Materia
ls 

Dimensions (m) Weight per 
unit (kg)* 

No. 
of 

unit
s 

Total weight 
per system 

(kg)† Heig
ht 

Diamet
er 

Widt
h 

Dept
h 

Thickne
ss 

Pumping 
station 

concret
e 4.50 - 12.80 24 0.30 680,832.00 1 

                              
4,726,695.72  

Primary 
sedimentati
on tanks/ 
Replaced as 
CEPT tanks 

concret
e 5.70 - 

150.0
0 6 0.30 

1,928,448.
00 22 

                         
294,542,724.

41  

Final 
sedimentati
on tanks 
(stage I and 
II)  

concret
e 3.20 31.90 - - 0.25 671,953.68 24 

                         
111,961,385.

89  

Final 
sedimentati
on tanks 
(stage III) 

concret
e 5.70 - 9.00 

150.0
0 0.25 

1,897,560.
00 20 

                         
263,477,296.

55  

Sludge 
storage 
tanks 

concret
e 13.02 27.00 - - 0.5 101,787.60 4 

                              
2,826,653.41  

Screening 
plant 

concret
e 2.75 - 19.30 13.10 0.40 656,832.00 1 

                              
4,560,075.03  

Grit 
channels 

concret
e 7.90 - 21.00 14.80 0.30 854,812.80 1 

                              
5,934,562.43  

Flume 
channels 

concret
e 3.25 - 27.50 7.30 0.25 309,795.00 1 

                              
2,150,760.69  

Sludge 
drawoff 
chambers 

concret
e 4.95 - 7.70 8.5 0.30 209,721.60 1 

                              
1,455,998.23  

Works 
chambers 

concret
e 4.50 - 5.30 5.60 0.30 92,001.60 1 

                                 
638,723.75  

Magnetic 
flowmeter 
chamber 

concret
e 3.45 - 3.60 3.80 0.25 47,052.00 1 

                                 
326,659.86  

Wash water 
pumping 
station 

concret
e 3.50 - 26.50 7.00 0.40 581,280.00 1 

                              
4,035,553.10  

Auxiliary 
pumping 
station 

concret
e 3.80 - 27.00 1.80 0.30 189,993.60 1 

                              
1,319,036.03  

Septic tank 
Concret
e 4.90 - 3.50 6.00 0.45 135,324.00 1 

                                 
939,490.76  

Lime tank 
concret
e 4.50 5.4 - - 0.25 54,420.00 2 

                                 
755,624.83  

Conditioned 
sludge tank 

concret
e 3.90 2 2.95 3.80 0.30 65,874.24 1 

                                 
457,333.80  
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Main 
pumping 
station 

concret
e 6.85 - 27.00 7.90 0.45 685,508.40 1 

                              
4,759,161.77  

Storage 
warehouse 

concret
e 6.20 - 9.60 12.60 0.30 372,384.00 1 

                              
2,585,286.62  

Consolidati
on building 

concret
e 7.20 - 49.00 14.00 0.25 

1,367,520.
00 1 

                              
9,494,046.90  

Press house 
concret
e 9.80 - 25.00 43.00 0.25 

2,987,520.
00 1 

                           
20,740,943.4

5  

Chemical 
storage 
warehouse 

concret
e 7.85 - 17.50 30.00 0.25 

1,077,450.
00 1 

                              
7,480,227.59  

ceramic
s 7.85 - 17.50 30.00 0.30 

1,023,577.
50 1 

                              
7,106,216.21  

Admin 
building 

concret
e 11.60 - 8.65 9.00 0.45 610,394.40 1 

                              
4,237,680.66  

Ferric 
chloride 
storage 
tanks 

GRP 

4.00 - 16.00 12.00 0.02 21,158.40 1 
                                 

146,892.80  

Dry weather 
flow 
interception 
chamber 

concret
e 2.75 - 23.70 2.50 0.25 157,560.00 1 

                              
1,093,864.83  

Water 
heater 

concret
e 4.80 - 8.00 9.60 0.30 134,323.20 1 

                                 
932,542.68  

UV 
disinfection 
system 

concret
e 3.70 - 3.50 2.20 0.20 23,942.40 1 

                                 
166,220.80  

Lighting 
compressor 
house 

concret
e 3.50 - 8.70 6.00 0.25 124,380.00 1 

                                 
863,511.72  

LV 
switchroom 
for sludge 
treatment 

concret
e 3.50 - 8.70 6.00 0.25 124,380.00 1 

                                 
863,511.72  

Dewatering 
house 

concret
e 4.50 - 50.00 40.00 0.40 

4,617,600.
00 1 

                           
32,057,820.6

9  

Notes: #Scenario 2 which represents the current operation in Stonecutters Island sewage treatment works (STW) 
is based on the material inventory for “System 2: energy-derived sewage treatment (EST) scenario” in Alvarado 
et al., 2019. The differences between the material inventory of “System 2” and “scenario 2” are that the aeration 
tanks, sludge thickeners, sludge digestion tanks, recirculation activated sludge pumping station, compressor 
plants, compressor building, roof extractor fan-digestion area, air compressor house, blower house and biogas 
holder were excluded from the material quantification, while final sedimentation tanks were included- not 
applicable, *Density of materials (kg/m3): Concrete= 2400; ceramics= 1900; glass reinforced plastic (GRP) = 
1740. Glass reinforced plastic was assumed as “Glass fibre” in the “Wastewater treatment facility, capacity 
4.7E10l/year {RoW}|construction| Alloc Def,U”. †Given that the average capacity of Stonecutters Island STWs 
(7,261,055.38 PCE/a) is 6.94 times higher than the average capacity of Shatin STWs (1,045,880.49 PCE/a), 
the material quantification was multiplied by a scale factor of 6.94. 
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Table S44. Concrete, glass, and ceramics quantification for scenario 3. 

System# Material
s 

Dimensions (m) Weight per 
unit (kg)* 

No. 
of 

unit
s 

Total weight 
per system 

(kg)† Heig
ht 

Diamet
er 

Widt
h 

Dept
h 

Thickne
ss 

Pumping 
station concrete 4.50 - 12.80 24 0.30 680,832.00 1 

                              
4,726,695.72  

Primary 
sedimentati
on tanks/ 
Replaced as 
CEPT tanks concrete 5.70 - 

150.0
0 6 0.30 

1,928,448.
00 22 

                         
294,542,724.

41  

Final 
sedimentati
on tanks 
(stage I and 
II)  concrete 3.20 31.90 - - 0.25 671,953.68 24 

                         
111,961,385.

89  

Final 
sedimentati
on tanks 
(stage III) concrete 5.70 - 9.00 

150.0
0 0.25 

1,897,560.
00 20 

                         
263,477,296.

55  

CEPT 
sludge 
thickeners concrete 6.45 - 50.00 30.00 0.40 

3,870,720.
00 1 

26,872,584.8
3 

Sludge♠ 
digestion 
tanks 

concrete 15.31 16.20 - - 0.43 794,767.77 20 
15,895,355.5

0 

aluminu
m alloy  15.31 16.20 - - 0.10 13,843.11 20 276,862.28 

Sludge 
holding 
tanks concrete 13.03 16.20   0.50 61,072.56 4 1,695,992.04 

Sludge 
storage 
tanks concrete 13.02 27.00 - - 0.5 101,787.60 4 

                              
2,826,653.41  

Screening 
plant concrete 2.75 - 19.30 13.10 0.40 656,832.00 1 

                              
4,560,075.03  

Grit 
channels concrete 7.90 - 21.00 14.80 0.30 854,812.80 1 

                              
5,934,562.43  

Flume 
channels concrete 3.25 - 27.50 7.30 0.25 309,795.00 1 

                              
2,150,760.69  

Sludge 
drawoff 
chambers concrete 4.95 - 7.70 8.50 0.30 209,721.60 1 

                              
1,455,998.23  

Works 
chambers concrete 4.50 - 5.30 5.60 0.30 92,001.60 1 

                                 
638,723.75  

Magnetic 
flowmeter 
chamber concrete 3.45 - 3.60 3.80 0.25 47,052.00 1 

                                 
326,659.86  
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Wash water 
pumping 
station concrete 3.50 - 26.50 7.00 0.40 581,280.00 1 

                              
4,035,553.10  

Auxiliary 
pumping 
station concrete 3.80 - 27.00 1.80 0.30 189,993.60 1 

                              
1,319,036.03  

Septic tank 
Concret
e 4.90 - 3.50 6.00 0.45 135,324.00 1 

                                 
939,490.76  

Lime tank concrete 4.50 5.4 - - 0.25 54,420.00 2 
                                 

755,624.83  

Conditione
d sludge 
tank concrete 3.90 2 2.95 3.80 0.30 65,874.24 1 

                                 
457,333.80  

Main 
pumping 
station concrete 6.85 - 27.00 7.90 0.45 685,508.40 1 

                              
4,759,161.77  

Storage 
warehouse concrete 6.20 - 9.60 12.60 0.30 372,384.00 1 

                              
2,585,286.62  

Consolidati
on building concrete 7.20 - 49.00 14.00 0.25 

1,367,520.
00 1 

                              
9,494,046.90  

Press house concrete 9.80 - 25.00 43.00 0.25 
2,987,520.

00 1 

                           
20,740,943.4

5  

Chemical 
storage 
warehouse 

concrete 7.85 - 17.50 30.00 0.25 
1,077,450.

00 1 
                              

7,480,227.59  

ceramics 
7.85 - 17.50 30.00 0.30 

1,023,577.
50 1 

                              
7,106,216.21  

Admin 
building concrete 11.60 - 8.65 9.00 0.45 610,394.40 1 

                              
4,237,680.66  

Ferric 
chloride 
storage 
tanks 

GRP 

4.00 - 16.00 12.00 0.02 21,158.40 1 
                                 

146,892.80  

Roof 
extractor 
fan-
digestion 
area concrete 13.00 - 12.20 7.00 0.30 605,376.00 1 4,202,840.28 

Dry weather 
flow 
interception 
chamber concrete 2.75 - 23.70 2.50 0.25 157,560.00 1 

                              
1,093,864.83  

Water 
heater concrete 4.80 - 8.00 9.60 0.30 134,323.20 1 

                                 
932,542.68  

UV 
disinfection 
system concrete 3.70 - 3.50 2.20 0.20 23,942.40 1 

                                 
166,220.80  

Lighting 
compressor 
house concrete 3.50 - 8.70 6.00 0.25 124,380.00 1 

                                 
863,511.72  
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LV 
switchroom 
for sludge 
treatment concrete 3.50 - 8.70 6.00 0.25 124,380.00 1 

                                 
863,511.72  

Biogas 
holder concrete 3.55 13.40 5.70 5.80 0.30 204,131.81 4 5,668,763.77 

Dewatering 
house concrete 4.50 - 50.00 40.00 0.40 

4,617,600.
00 1 

                           
32,057,820.6

9  

Notes: #Scenario 3 which represents the proposed short-term upgrade for the operation of Stonecutters Island 
sewage treatment works (STW) is based on the material inventory for “Scenario 2” and “System 2: energy-
derived sewage treatment (EST) scenario” in Alvarado et al., 2019. Most systems in scenario 3 are based on 
scenario 2 but sludge thickeners, sludge digestion tanks, sludge holding tanks, roof extractor fan-digestion area 
and biogas holders are based on the current infrastructure at Shatin STW. In scenario 3, Stonecutters Island 
STW requires 20 sludge digestion tanks, whereas Shatin STW requires 14. The additional sludge digestion 
tanks were added to the quantification. “-” means not applicable, *Density of materials (kg/m3): Concrete= 
2400; aluminum alloy= 2720; ceramics= 1900; glass reinforced plastic (GRP) = 1740. Glass reinforced plastic 
was assumed as “Glass fibre” in the “Wastewater treatment facility, capacity 4.7E10l/year {RoW}|construction| 
Alloc Def,U”. †Given that the average capacity of Stonecutters Island STWs (7,261,055.38 PCE/a) is 6.94 times 
higher than the average capacity of Shatin STWs (1,045,880.49 PCE/a), the material quantification was 
multiplied by a scale factor of 6.94. ♠ The quantity of sludge digestion tanks required was already adjusted to 
scenario 3, thus no further scale factor was used. 
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Table S45. Concrete, glass, and ceramics quantification for scenario 4. 

System# Material
s 

Dimensions (m) Weight per 
unit (kg)* 

No. 
of 

unit
s 

Total weight 
per system 

(kg)† Heig
ht 

Diamet
er 

Widt
h 

Dept
h 

Thickne
ss 

Pumping 
station concrete 4.50 - 12.80 24 0.30 680,832.00 1 

                              
4,726,695.72  

Primary 
sedimentati
on tanks/ 
Replaced as 
CEPT tanks concrete 5.70 - 

150.0
0 6 0.30 

1,928,448.
00 22 

                         
294,542,724.

41  

Aeration 
tanks▲ concrete 5.70 - 

150.0
0 9 0.30 

2,277,072.
00 22 

37,571,688.0
0 

Final 
sedimentati
on tanks 
(stage I and 
II)  concrete 3.20- 31.90 - - 0.25 671,953.68 24 

                         
111,961,385.

89  

Final 
sedimentati
on tanks 
(stage III) concrete 5.70 - 9.00 

150.0
0 0.25 

1,897,560.
00 20 

                         
263,477,296.

55  

CEPT 
sludge 
thickeners concrete 6.45 - 50.00 30.00 0.40 

3,870,720.
00 1 

26,872,584.8
3 

Sludge♠ 
digestion 
tanks 

concrete 15.31 16.20 - - 0.43 794,767.77 39 
30,995,943.2

2 

aluminu
m alloy  15.31 16.20 - - 0.10 13,843.11 39 539,881.44 

Sludge 
holding 
tanks concrete 13.03 16.20   0.50 61,072.56 4 1,695,992.04 

Sludge 
storage 
tanks concrete 13.02 27.00 - - 0.5 101,787.60 4 

                              
2,826,653.41  

Screening 
plant concrete 2.75 - 19.30 13.10 0.40 656,832.00 1 

                              
4,560,075.03  

Grit 
channels concrete 7.90 - 21.00 14.80 0.30 854,812.80 1 

                              
5,934,562.43  

Flume 
channels concrete 3.25 - 27.50 7.30 0.25 309,795.00 1 

                              
2,150,760.69  

Sludge 
drawoff 
chambers concrete 4.95 - 7.70 8.50 0.30 209,721.60 1 

                              
1,455,998.23  

Works 
chambers concrete 4.50 - 5.30 5.60 0.30 92,001.60 1 

                                 
638,723.75  

Magnetic 
flowmeter 
chamber concrete 3.45 - 3.60 3.80 0.25 47,052.00 1 

                                 
326,659.86  
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Wash water 
pumping 
station concrete 3.50 - 26.50 7.00 0.40 581,280.00 1 

                              
4,035,553.10  

Auxiliary 
pumping 
station concrete 3.80 - 27.00 1.80 0.30 189,993.60 1 

                              
1,319,036.03  

Septic tank 
Concret
e 4.90 - 3.50 6.00 0.45 135,324.00 1 

                                 
939,490.76  

Lime tank concrete 4.50 5.4 - - 0.25 54,420.00 2 
                                 

755,624.83  

Conditione
d sludge 
tank concrete 3.90 2 2.95 3.80 0.30 65,874.24 1 

                                 
457,333.80  

Main 
pumping 
station concrete 6.85 - 27.00 7.90 0.45 685,508.40 1 

                              
4,759,161.77  

Storage 
warehouse concrete 6.20 - 9.60 12.60 0.30 372,384.00 1 

                              
2,585,286.62  

Consolidati
on building concrete 7.20 - 49.00 14.00 0.25 

1,367,520.
00 1 

                              
9,494,046.90  

Press house concrete 9.80 - 25.00 43.00 0.25 
2,987,520.

00 1 

                           
20,740,943.4

5  

Chemical 
storage 
warehouse 

concrete 7.85 - 17.50 30.00 0.25 
1,077,450.

00 1 
                              

7,480,227.59  

ceramics 
7.85 - 17.50 30.00 0.30 

1,023,577.
50 1 

                              
7,106,216.21  

Compressor 
plants 

Concret
e 12.85 - 10.30 10.40 0.30 460,809.00 1 460,809.00 

Compressor 
building concrete 7.5 - 20.60 31.00 0.25 923,040.00 1 923,040.00 

Admin 
building concrete 11.60 - 8.65 9.00 0.45 610,394.40 1 

                              
4,237,680.66  

Ferric 
chloride 
storage 
tanks 

GRP 

4.00 - 16.00 12.00 0.02 21,158.40 1 
                                 

146,892.80  

Roof 
extractor 
fan-
digestion 
area concrete 13.00 - 12.20 7.00 0.30 605,376.00 1 4,202,840.28 

Dry weather 
flow 
interception 
chamber concrete 2.75 - 23.70 2.50 0.25 157,560.00 1 

                              
1,093,864.83  

Water 
heater concrete 4.80 - 8.00 9.60 0.30 134,323.20 1 

                                 
932,542.68  
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UV 
disinfection 
system concrete 3.70 - 3.50 2.20 0.20 23,942.40 1 

                                 
166,220.80  

Air 
compressor 
house concrete 2.10 - 9.50 31.00 0.30 546,552.00 1 409,914.00 

Lighting 
compressor 
house concrete 3.50 - 8.70 6.00 0.25 124,380.00 1 

                                 
863,511.72  

Blower 
house concrete 9.40 - 33.00 21.50 0.60 

3,532,320.
00 1 2,649,240.00 

LV 
switchroom 
for sludge 
treatment concrete 3.50 - 8.70 6.00 0.25 124,380.00 1 

                                 
863,511.72  

Biogas 
holder concrete 3.55 13.40 5.70 5.80 0.30 204,131.81 4 5,668,763.77 

Dewatering 
house concrete 4.50 - 50.00 40.00 0.40 

4,617,600.
00 1 

                           
32,057,820.6

9  

Notes: #Scenario 4 which represents the proposed long-term upgrade for the operation of Stonecutters Island 
sewage treatment works (STW) is based on the material inventory for “Scenario 2” and “System 2: energy-
derived sewage treatment (EST) scenario” in Alvarado et al., 2019. In scenario 4, Stonecutters Island STW 
requires 39 sludge digestion tanks, whereas Shatin STW requires 14. The additional sludge digestion tanks 
were added to the quantification. “-” means not applicable, *Density of materials (kg/m3): Concrete= 2400; 
aluminum alloy= 2720; ceramics= 1900; glass reinforced plastic (GRP) = 1740. Glass reinforced plastic was 
assumed as “Glass fibre” in the “Wastewater treatment facility, capacity 4.7E10l/year {RoW}|construction| 
Alloc Def,U”. †Given that the average capacity of Stonecutters Island STWs (7,261,055.38 PCE/a) is 6.94 times 
higher than the average capacity of Shatin STWs (1,045,880.49 PCE/a), the material quantification was 
multiplied by a scale factor of 6.94. ♠ The quantity of sludge digestion tanks required was already adjusted to 
scenario 4, thus no further scale factor was used. ▲The aeration tanks total weight per system was reduced to 
75% of the measurements in Shatin STWs because the retention time is lower than activated sludge. 
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Table S46. Infrastructure inventory for the “Wastewater treatment facility, construction” for scenarios 2, 3 and 4. 

Categories/Concepts Amounts 

 
Class 1 RoW 

WWTP1 
Scenario 11 Scenario 2 Scenario 3 Scenario 4 

Average capacity (PCE) 233,225 1,045,880 7,261,055 7,261,055 7,261,055 

Occupation, industrial area* 2,074,781 6,300,000 36,801,281 36,801,281 36,801,281 

Occupation, construction site* 69,324 1,400,000 4,428,310 4,428,310 4,428,310 

Transformation, from pasture 
and meadow* 

69,324 280,000 1,247,237 1,247,237 1,247,237 

Transformation, to industrial 
area* 

69,324 210,000 1,228,525 1,228,525 1,228,525 

Materials/fuels      

Steel, chromium steel 18/8, hot 
rolled {GLO}| market for | 
Alloc Def, U# 

1,574,655 1,574,655 10,932,085 10,932,085 10,932,085 

Glass fibre {GLO}| market for | 
Alloc Def, U♠ 

493,194 31,738 220,339 220,339 220,339 

Rock wool packed {GLO}| 
market for | Alloc Def, U# 

219,857 219,857 1,526,367 1,526,367 1,526,367 

Tap water {GLO}| market 
group for | Alloc Def, U#▲ 

30,898,883 29,137,647 214,516,386 
1,027,555,02

5 
1,500,645,536 

Polyethylene, low density, 
granulate {GLO}| market for | 
Alloc Def, U# 

4,051 4,051 28,121 28,121 28,121 

Pitch {GLO}| market for | Alloc 
Def, U# 

126,765 126,765 880,067 880,067 880,067 

Copper {GLO}| market for | 
Alloc Def, U# 

232,732 232,732 1,615,748 1,615,748 1,615,748 

Excavation, hydraulic digger 
{GLO}| market for | Alloc Def, 
U 

880,420 1,680,000 6,112,342 6,112,342 6,112,342 

Chemical, organic {GLO}| 
market for | Alloc Def, U# 

1,020,059 1,020,059 7,081,791 7,081,791 7,081,791 

Concrete, high exacting 
requirements {RoW}| market 
for | Alloc Def, U♠ 

253,529 239,011 1,020,998 1,214,431 1,773,560 

Limestone, crushed, washed 
{GLO}| market for | Alloc Def, 
U#▲ 

5,446,919 5,136,444 37,815,389 181,139,508 264,536,873 

Chemical, inorganic {GLO}| 
market for chemicals, inorganic 
| Alloc Def, U# 

125,774 125774 873,192 873,192 873,192 

Extrusion, plastic film {GLO}| 
market for | Alloc Def, U# 

619,958 619,958 4,304,079 4,304,079 4,304,079 

Synthetic rubber {GLO}| 
market for | Alloc Def, U# 

222,829 222,829 1,546,993 1,546,993 1,546,993 

Polyethylene, high density, 
granulate {GLO}| market for | 
Alloc Def, U# 

615,997 615,997 4,276,577 4,276,577 4,276,577 

Reinforcing steel {GLO}| 
market for | Alloc Def, U# 

19,608,907 18,491,199 136,135,399 136,135,399 136,135,399 

Aluminium, cast alloy {GLO}| 
market for | Alloc Def, U# 

218,867 290,705 1,519,491 1,934,784 2,329,313 

Ceramics♠ - 1,023,578 7,106,216 7,106,216 7,106,216 

Aluminium oxide {GLO}| - - - - 29,200,790 
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market for | Alloc Def, U▼ 

GAC (Bituminous coal)/hard 
coal▼ 

- - - - 14,913,580 

Electricity/heat      

Electricity, medium voltage 
{GLO}| market group for | 
Alloc Def, U# 

9,626 9,626 66,830 66,830 66,830 

Emissions to air      

Water/m3# 4,635 4,635 32,177 32,177 32,177 

Emissions to water      

Water, RoW# 26,264 26,264 182,339 182,339 182,339 

Waste to treatment†      
Waste bitumen sheet {RoW}| 
market for | Alloc Def, U 

126,655 126,655 879,304 879,304 15,792,884 

Waste reinforced concrete 
{GLO}| market for | Alloc Def, 
U 

578,363,716 544,159,708 
3,993,766,97

8 
7,261,556,89

0 
9,175,764,970 

Waste mineral wool {GLO}| 
market for | Alloc Def, U 

713,051 251,595 1,746,706 1,746,706 1,746,706 

Waste 
polyethylene/polypropylene 
product {GLO}|market 
for|Alloc Def, U 

842,876 842,876 5,851,691 5,851,691 35,052,481 

Notes: “-” means not applicable. *These values include the values of Stonecutters Island sewage treatment works 
(STW) and the values for 10 Class 1 preliminary treatment works (PTW), 2 Class 2 PTW, and 3 Class 3 PTW 
that are connected to Stonecutters Island STW. In Scenario 3 and 4 these values were assumed the same as the 
values in scenario 2 because the space for biological treatment is already available within the boundaries of 
Stonecutters Island STW. ♠These values are explained in detail in Tables S43-S45. #Besides “glass fibre”, 
“concrete, high exacting requirements” and “ceramics”, the rest of the materials/fuels in scenario 2 were 
obtained from Class 1 “Wastewater treatment facility, capacity 4.7E10l/year{RoW}|construction| Alloc Def,U” 
considering a factor of 6.94 because the average capacity of Stonecutters Island STW is higher than that of 
Shatin STW and there are 15 PTW connected to it.  ▲The “Limestone, crushed, washed” and “Tap water” were 
assumed as part of the concrete mix and increased in proportion to the concrete used in scenarios 3 and 4. In 
this chapter, the concrete for the scenario 3 represents 4.79 times, whereas scenario 4 uses 7.00 times the 
concrete used in Class 1 RoW. ▼The calculation of ceramic membranes (aluminium oxide) and granulated 
activated carbon were based on a staged-anaerobic fluidized bed ceramic membrane bioreactor.2 † “Waste 
bitumen sheet {RoW}|market for|Alloc Def,U” was calculated based on the “Chemical, inorganic” multiplied 
by a factor of 1.007 (Alvarado et al., 2019). The “hard coal” that represents the bituminous coal of the GAC was 
added to this type of waste. “Waste reinforced concrete {GLO}| market for|Alloc Def,U” was the sum of 
“Concrete, high exacting requirements”, “Reinforcing steel” and “Limestone, crushed, washed” in dismantling 
and multiplied by a factor of 22.8.1 “Waste mineral wool {GLO}|market for| Alloc Def,U” is the sum of “Glass 
fibre” and “Rock wool, packed” in dismantling. “Waste polyethylene/polypropylene product {GLO}|market 
for|Alloc Def,U” was calculated from the sum of polymers (“Polyethylene, low density, granulate”, 
“Polyethylene, high density, granulate” and “Synthetic rubber”) in dismantling. The aluminum oxide 
membranes were added to this type of waste. Based on Doka, 2003c all metals were assumed to be recycled. 
References: 1Alvarado et al., 2019; 2Aslam et al., 2018. 
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Table S47. Costs for a pilot-scale partial nitritation anammox fluidized-bed membrane bioreactor. 

Component Cost in 2016 (HKD) 

Reactor 135,090 

Cleaning tank 31,284 

Membrane module 53,325.00* 

Membrane module frame 17,775.00 

Chemical tank 1,920.00 

Influent pump 5,688.00 

Permeate pump 12,798.00 

Effluent pump 5,688.00 

Recirculation pump 34,128.00 

Clean-in-place pump 3,911.00 

Chemical pump 7,821.00 

Control system unit 180,594.00 

Measurement devices 87,098.00 

Pipe and fitting work 116,604.00 

Labor cost of construction 263,070.00 

Total 956,794 

Notes: *The membrane surface area is 55 m2, thus the membrane cost is 969.55 HKD/m2 (125.10 USD/m2). In 
addition, the cost of the polyvinylidene fluoride membranes was assumed as the ceramic membranes. 
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Table S48. The base case, mean, 2.5th, and 97.5th percentile values for the four scenarios’ Monte Carlo 
simulation (Recipe Midpoint (H)/ World Recipe H/Characterization) 

 CC HT FD MD MEc MEu FEc 

S1 Base 
case 

6.12E-01 1.63E-01 1.60E-01 8.43E-02 2.56E-02 5.12E-03 1.47E-02 

Mean 6.10E-01 1.64E-01 1.60E-01 8.38E-02 2.51E-02 5.12E-03 1.46E-02 

2.50% 4.94E-01 8.32E-02 1.23E-01 4.08E-02 1.42E-02 3.84E-03 7.99E-03 

97.50% 7.80E-01 3.25E-01 2.06E-01 1.63E-01 4.68E-02 6.73E-03 2.76E-02 

SEM 2.29E-03 3.60E-03 6.78E-04 1.02E-03 2.86E-04 2.36E-05 1.58E-04 

S2 Base 
case 

4.11E-01 3.26E-01 5.83E-02 6.64E-02 7.08E-01 2.57E-02 1.21E-02 

Mean 4.08E-01 3.22E-01 5.79E-02 6.60E-02 6.97E-01 2.59E-02 1.19E-02 

2.50% 3.26E-01 1.62E-01 3.93E-02 2.86E-02 1.86E-01 1.82E-02 6.25E-03 

97.50% 5.18E-01 6.48E-01 8.30E-02 1.43E-01 2.09E+00 3.64E-02 2.42E-02 

SEM 1.52E-03 4.18E-03 3.55E-04 9.33E-04 1.61E-02 1.45E-04 1.44E-04 

S3 Base 
case 

3.26E-01 1.21E-01 4.57E-02 7.92E-02 2.27E-02 2.56E-02 1.15E-02 

Mean 3.23E-01 1.21E-01 4.51E-02 7.89E-02 2.21E-02 2.55E-02 1.13E-02 

2.50% 2.17E-01 5.96E-02 2.21E-02 3.78E-02 1.05E-02 1.80E-02 4.23E-03 

97.50% 4.61E-01 2.70E-01 7.86E-02 1.54E-01 4.85E-02 3.58E-02 2.85E-02 

SEM 1.96E-03 1.80E-03 4.47E-04 9.63E-04 3.34E-04 1.45E-04 2.08E-04 

S4 Base 
case 

2.49E-01 1.29E-01 3.56E-02 9.00E-02 2.28E-02 4.15E-03 1.17E-02 

Mean 2.53E-01 1.30E-01 3.62E-02 9.01E-02 2.32E-02 4.15E-03 1.22E-02 

2.50% 6.47E-02 5.16E-02 -1.10E-02 3.89E-02 8.86E-03 2.54E-03 1.62E-03 

97.50% 5.23E-01 2.90E-01 9.81E-02 1.77E-01 5.13E-02 6.64E-03 3.56E-02 

SEM 3.79E-03 2.21E-03 8.37E-04 1.14E-03 3.42E-04 3.22E-05 2.81E-04 

Notes: CC: Climate change; HT: Human toxicity; FD: Fossil Depletion; MD: Metal depletion; MEc: Marine 
ecotoxicity; MEu: Marine eutrophication; FEc: Freshwater ecotoxicity; SEM: Standard error of mean. S1 
(scenario 1, consisting of primary sedimentation, activated sludge, and anaerobic digestion), S2 (scenario 2, 
consisting of chemically enhanced primary treatment (CEPT)), S3 (scenario 3, consisting of CEPT, and 
anaerobic digestion), and S4 (scenario 4, consisting of CEPT, partial nitritation anammox fluidized-bed 
membrane bioreactor, and anaerobic digestion). 

 

  



233 

 

Table S49. The base case, mean, 2.5th, and 97.5th percentile values for the four scenarios’ Monte Carlo 
simulation (Recipe Endpoint (H) v1.12/World Recipe H/A/ Weighting and Single score). 

 HH Ecosystems Resources Single Score 

S1 Base case 40.67 2.31 26.55 69.53 

Mean 40.58 2.31 26.60 69.49 

2.50% 33.02 1.85 20.20 56.24 

97.50% 50.85 2.92 35.78 87.26 

SEM 0.15 0.01 0.12 0.25 

S2 Base case 31.80 1.58 11.74 45.12 

Mean 31.81 1.58 11.78 45.17 

2.50% 25.51 1.25 7.45 35.36 

97.50% 41.46 2.04 19.20 59.59 

SEM 0.13 0.01 0.09 0.20 

S3 Base case 23.14 1.25 10.78 35.17 

Mean 22.94 1.24 10.71 34.90 

2.50% 16.12 0.83 5.60 23.22 

97.50% 32.28 1.76 18.42 50.02 

SEM 0.13 0.01 0.10 0.23 

S4 Base case 19.33 1.01 10.05 30.39 

Mean 19.35 1.01 10.07 30.44 

2.50% 7.04 0.26 2.01 9.75 

97.50% 35.25 2.00 20.84 57.52 

SEM 0.23 0.01 0.15 0.39 

Notes: HH: human health; SEM: Standard error of mean S1 (scenario 1, consisting of primary sedimentation, 
activated sludge, and anaerobic digestion), S2 (scenario 2, consisting of chemically enhanced primary treatment 
(CEPT)), S3 (scenario 3, consisting of CEPT, and anaerobic digestion), and S4 (scenario 4, consisting of CEPT, 
partial nitritation anammox fluidized-bed membrane bioreactor, and anaerobic digestion). 
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Table S50. The base case, mean, 2.5th, and 97.5th percentile values for the four scenarios’ Monte Carlo 
simulation (Ecological Scarcity 2013 v1.03/weighting and single score). 

 HM-w WP C-a MAPPM GW MR SS 

S1 Base 
case 

0.5751 1.4215 0.1197 0.2361 0.2674 0.0393 2.4300 

Mean 0.5778 1.4303 0.1191 0.2357 0.2676 0.0393 2.4378 

2.50% 0.2663 1.0389 0.0458 0.1892 0.2143 0.0226 1.6229 

97.50% 1.2662 1.9998 0.2954 0.2983 0.3479 0.0717 3.3848 

SEM 0.0088 0.0079 0.0021 0.0009 0.0010 0.0004 0.0143 

S2 Base 
case 

31.2811 2.8157 0.1101 0.1593 0.1502 0.0326 34.3100 

Mean 30.8425 2.8301 0.1083 0.1605 0.1501 0.0329 33.8861 

2.50% 11.4697 2.2058 0.0363 0.1260 0.1174 0.0165 14.7022 

97.50% 70.1669 3.6471 0.2878 0.2110 0.1978 0.0669 73.6550 

SEM 0.4955 0.0112 0.0019 0.0007 0.0006 0.0004 0.4962 

S3 Base 
case 

0.5732 2.8144 0.1151 0.1417 0.1099 0.0364 3.5200 

Mean 0.5616 2.8178 0.1179 0.1425 0.1099 0.0361 3.5158 

2.50% 0.2556 2.2049 0.0408 0.0967 0.0650 0.0192 2.6882 

97.50% 1.1537 3.5697 0.2972 0.2066 0.1711 0.0641 4.5471 

SEM 0.0079 0.0112 0.0024 0.0009 0.0009 0.0004 0.0149 

S4 Base 
case 

0.5772 1.1171 0.1197 0.1267 0.1117 0.0399 1.8200 

Mean 0.5654 1.1099 0.1197 0.1304 0.1152 0.0402 1.7985 

2.50% 0.2556 0.7122 0.0444 0.0587 0.0242 0.0205 1.0101 

97.50% 1.1839 1.6868 0.2816 0.2410 0.2509 0.0719 2.7981 

SEM 0.0077 0.0077 0.0020 0.0015 0.0018 0.0004 0.0142 

Notes: HM-w: Heavy metals into water; WP: Water pollutants; C-a: Carcinogenic substances into air; MAPPM: 
Main air pollutants and particulate matter; GW: Global warming; MR: Mineral resources; SS: Single score. S1 
(scenario 1, consisting of primary sedimentation, activated sludge, and anaerobic digestion), S2 (scenario 2, 
consisting of chemically enhanced primary treatment (CEPT)), S3 (scenario 3, consisting of CEPT, and 
anaerobic digestion), and S4 (scenario 4, consisting of CEPT, partial nitritation anammox fluidized-bed 
membrane bioreactor, and anaerobic digestion). 
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Supplementary figures 

Figure S1. Comparison of impact assessment methodologies for conventional data collection, system 1, and 
system 2. 

 
Notes: Characterization results of the inventory estimated with available data of Shatin STW, inventory calculated 
using the S-LCI framework for Shatin STW (System 1) and a sewage-derived energy system (System 2) with a) 
CML 2 baseline and b) ReCiPe Endpoint. Single score results for c) ReCiPe. AD: abiotic depletion; Ac: 
Acidification; Eu: Eutrophication; GWP: Global warming potential, ODP: ozone layer depletion; HT: Human 
toxicity; EcF: Fresh water aquatic ecotoxicity; EcM: Marine aquatic ecotoxicity; EcT: Terrestrial ecotoxicity; PO: 
Photochemical oxidation; CChh: Climate change human health; OD: Ozone depletion; POF: photochemical 
oxidant formation; PMF: Particulate matter formation; IR: ionizing radiation; CCEc: climate change ecosystems; 
AcT: Terrestrial Acidification; FEu: Freshwater eutrophication; ALO: agricultural land occupation; ULO: urban 
land occupation; NLT: natural land transformation; MD: Metal depletion; and FD: Fossil depletion. 
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Figure S2. Contribution analyses for scenario 1, scenario 2 and scenario 3 with ReCiPe Endpoint and Ecological 
Scarcity 2013. 

 
  

 

 

 

 

Notes: S1: scenario 1; S2: scenario 2; S3: scenario 3; RE: ReCiPe Endpoint; ES13: Ecological Scarcity 2013; 
CHP: Combined heat and power; EC: Electricity consumption; WWTP: Wastewater treatment plant; WRRF: 
Water resource recovery facility; EP: Electricity production. 
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Notes: S1 (scenario 1, including primary sedimentation and activated sludge), S2 (scenario 2, including 
chemically enhanced primary treatment), and S3 (scenario 3, including CEPT and staged anaerobic fluidized 
membrane bioreactor). TAc: Terrestrial acidification; TEc: Terrestrial ecotoxicity; HT: Human toxicity; CC: 
Climate change; PMF: Particulate matter formation; FD: Fossil depletion; MD: Metal depletion; CHP: Combined 
heat and power; EC: Electricity consumption; WWTP: Wastewater treatment plant; WRRF: Water resource 
recovery facility; EP: Electricity production. 
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Figure S4. Results of the sensitivity of emissions categories to the SAF-MBR sensitive parameters in scenario 3 
with ReCiPe Midpoint. 

  

 

 

 

 

 

  

Notes: The base case is represented as a bar, while scattered points (○, ▲) represent the emissions with sensitive 
parameters. SAF-MBR: Staged anaerobic fluidized-bed membrane bioreactor; MEc: Marine ecotoxicity (kg 1,4-
DB eq); MEu: Marine eutrophication (kg N eq); FEc: Freshwater ecotoxicity (kg 1,4-DB eq); FEu; Freshwater 
eutrophication (kg P eq); HT: Human toxicity (kg 1,4-DB eq); TAc: Terrestrial acidification (kg SO2 eq); CC: 
Climate change (kg CO2 eq). 
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Figure S5. ReCiPe Midpoint characterization results for scenario 1, scenario 2, scenario 3, and scenario 4.  

 

 

 

 

Notes: Scenario 1 (consisting of primary sedimentation, activated sludge, and anaerobic digestion), Scenario 2 
(consisting of chemically enhanced primary treatment (CEPT)), Scenario 3 (consisting of CEPT, and anaerobic 
digestion), and Scenario 4 (consisting of CEPT, partial nitritation anammox fluidized-bed membrane bioreactor, 
and anaerobic digestion). Figure S6.a includes: CC: Climate change (kg CO2 eq); HT: Human toxicity (kg 1,4-
DB eq); MD: Metal depletion (kg Fe eq); Fossil depletion (kg oil eq); MEc: Marine ecotoxicity (kg 1,4-DB eq); 
MEu: Marine eutrophication (kg N eq); FEc: Freshwater ecotoxicity (kg 1,4-DB eq). Figure S6.b includes: ALO: 
Agricultural land occupation (m2a); IR: Ionizing radiation (kBq U235); ULO: Urban land occupation (m2a); 
Terrestrial acidification (kg SO2 eq); POF; Photochemical oxidation formation (kg NMVOC); PMF: Particulate 
matter formation (kg PM10 eq); FEu: freshwater eutrophication (kg P eq); NLT: Natural land transformation 
(m2); and TEc: Terrestrial ecotoxicity (kg 1,4-DB eq). Triangles (▼, ▲) represent 95% confidence interval of 
the total environmental impact per impact category from the Monte Carlo simulations. Negative values for the 
lowest range in the confidence interval are shown as zero in the figure. 
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Figure S6. Contribution analyses for ReCiPe Midpoint results. 

 

 

Notes: Contribution analyses for climate change (CC), human toxicity (HT), fossil depletion (FD), metal depletion 
(MD), marine ecotoxicity (MEc), marine eutrophication (MEu), freshwater ecotoxicity (FEc), and freshwater 
eutrophication (FEu) categories of ReCiPe Midpoint. S1 (scenario 1, consisting of primary sedimentation, 
activated sludge, and anaerobic digestion), S2 (scenario 2, consisting of chemically enhanced primary treatment 
(CEPT)), S3 (scenario 3, consisting of CEPT, and anaerobic digestion), and S4 (scenario 4, consisting of CEPT, 
partial nitritation anammox fluidized-bed membrane bioreactor, and anaerobic digestion). CHP: Combined heat 
and power; EC: Electricity consumption; WWTP: wastewater treatment plant; WRRF: Water resource recovery 
facility; EP: Electricity production.  
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