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Preface

Sewage treatment plants (STPs) have been evolved over time to adapt to the growth
of cities, the environmental changes (including climate change), the economic
conditions and, finally, the requirements of society under the influence of both
environment and economy. Initially, the goal of STPs was to simply release
the water of the drains from the pollutants before discharging it back to the
environment. As a result, the STPs were designed on the principle of the activated
sludge process, which is energy consuming and does not take into account the
potential of energy and nutrient recovery. The technological achievements in the
fields of monitoring and control, the design of stable and efficient processes (both
physicochemical and biological), the development of suitable benchmarking and
economic tools have begun to change the philosophy of STP from treatment to
valorisation facilities. This means that, sewage treatment should be incorporated
into a more holistic management scheme, which aims at reducing the pollutants
as well as enhancing nutrient, water and energy recycling in order to maintain the
environment’s integrity in an economic feasible but also efficient way.

In this respect, “Sewage Treatment Plants: Economic Evaluation of Innovative
Technologies for Energy Efficiency” focuses on the novel, energy and/or economic
efficient technologies or modification of the conventional, energy demanding treatment
facilities towards the concept of energy streamlining and their economic impact. The
book brings together knowledge from Engineering, Economics, Utility Management
and Practice and helps to provide a better understanding of the real economic value
with methodologies and practices about innovative energy technologies and policies
in STP. It consists of two parts; the first part is dedicated to critical discussion of
technologies aiming at enhancing the energy efficiency of STP including economic
aspects as well, while the second part includes case studies demonstrating the
economic impact of applying the energy efficient technologies at full scale.

The first two chapters are introductory. The first one briefly overviews novel, but
well established technologies in a STP as well. The second one explains how the
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xviii Sewage Treatment Plants

cost benefit analysis methodology can be used to assess the economic feasibility
of a technology or change in the operation of a STP. Chapter three focuses on how
strategic management, when regarding a STP as a whole, may lead to a better
performance at a lower cost (from a total asset life cycle point of view). Chapter four
presents the save in energy in the case of aerobic bioprocesses alternatives to the
conventional activated sludge process and when advanced technologies of oxygen
transfer are applied. More particularly, the nutrient removal technologies in energy
efficient integrated systems are discussed in chapter five, while the promising
aerobic granulation is the subject of chapter six. The application of anaerobic
digestion and recent developments in the field of both sewage and sewage sludge
treatment is presented in chapter seven. Focusing on the sewage sludge not only for
energy but also for nutrient recovery is the subject of chapter eight. Besides liquid
and solid effluents, STP produces gases that affect the atmospheric environment.
In chapter 9, an energetic and economic efficiency analysis of common odour
abatement technologies in STPs is performed. The advances in monitoring and
control boosted the performance and improved the economics of the STP. This is
examined in chapter 10, which also addresses the plant wide control. Although the
Microbial Fuel Cell technology is still technically far from its full scale application,
it deserves attention due to the rapid evolvements in this field (chapter 11).

Chapter 12 is the first case study presented in the second part of the book,
based on the experience of two companies managing integrated water service
in northeastern Italy and focusing on the energy savings in municipal STPs.
Next, the concept of the energy factory for STP is introduced and case studies
of implementing this approach in the Netherlands are presented (chapter 13). In
the case studies of Austrian STPs, the energy consumption and costs are related
to nitrogen removal efficiency and plant size (chapter 14). A methodology for
evaluating sludge dewatering devices is presented in chapter 15 and a case study
example of the implementation of this methodology is given. Chapter 16 proposes
an enhanced nutrient removal process, which is necessary if anaerobic digestion
becomes the core technology in STP, so that the nutrient rich anaerobic effluents
are adequately treated. The subject of chapter 17 is the Sequencing Batch Reactor
(SBR) technology and the potential for energy savings though aeration schemes,
as has been demonstrated in pilot scale studies. Next, the cost impact of changing
the end use of biogas and transform a STP in Norway to an energy supplier of the
public transportation sector is presented. Chapter 19 finalizes the second and last
part of the book with a study that shows how the alternative energy sources can be
integrated into STP to contribute into cost reduction of the plant.

On the completion of this collected volume, we would like to thank the
contributing authors for sharing their experience and perspective of future STPs.

Katerina Stamatelatou
Konstantinos P. Tsagarakis
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Chapter 1

Reducing the energy demands
of wastewater treatment
through energy recovery

Efthalia Chatzisymeon

Institute for Infrastructure and Environment, School of Engineering,
The University of Edinburgh, Edinburgh EH9 3JL, United Kingdom

1.1 INTRODUCTION

Wastewater treatment is a significant aspect of water industry that safeguards
public health, natural environment and allow for a high quality of life and
economic development. The rapid population growth in highly urbanized and
industrialized societies has resulted to the production of large volumes of
wastewater, which require energy and cost-intensive treatment to be sanitized
and safely discharge into receiving water bodies. In order to meet discharge
limits, existing wastewater treatment facilities utilize energy-intensive
treatment techniques, although current scientific knowledge can provide the
know-how to achieve energy saving and recovery in treatment plants. This
chapter gives a brief overview of well-established as well as novel technologies
that have the potential to reduce energy demands of existing, typical wastewater
treatment facilities, either by energy recovery or saving during treatment, in
order to reduce the environmental footprint and attain energy efficient treatment
facilities.

11.1 Wastewater management

Water and wastewater management are highly important and interdependent tasks
that can strongly affect human well-being and quality of life. If left untreated,
wastewater can pollute surface and ground water reservoirs, thus posing serious
threats onto public health and the environment. Hence, the role of water and
wastewater industry is to provide reliable protection and safely discharge wastewater
into the aquatic environment. However, rapid and localized population growth has
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4 Sewage Treatment Plants

led to large volumes of clean water being consumed daily and respectively large
volumes of wastewater being produced, which stresses even more the existing
wastewater facilities. On top of this a rapid deterioration of the quality of water
reservoirs, mainly due to the increased urbanization, industrialization and farming
activities, is observed. This is evident by the excess of organic pollutants and
nutrients (N and P) loads in aquatic bodies. All the above indicate that more
intensive water and wastewater treatment technologies, which are associated with
high energy demands and costs, need to be adopted to safeguard public health and
the natural environment.

Although estimations vary, on average the daily municipal water use per
capita reaches 400 L in USA (USGS, 2014), while the mean municipal water
consumption in Europe is half, about 200 L (EC, 2012), with substantial
differentiations among EU countries. In developing countries the municipal water
use per capita is substantially lower, reaching an order of magnitude less than
the developed ones (UNDP, 2006). Used water is collected in sewage systems
and then is led to treatment plants, as to be sanitized and safely discharged to
environment and/or recycled for agriculture and other uses. In the UK about
625 x 10° km of sewers are used daily to collect over 11 x 10® m* of municipal
and industrial wastewater (DEFRA, 2012). These vast quantities should be
treated before ending up to receiving water bodies, but that is not always the case.
For example, in Abbey Mills Pumping Stations, London around 16 x 10° t of raw
wastewater is annually discharged to the River Lee, ending up to river Thames.
In USA, in 2008 60.41 x 10° m? of municipal wastewater were produced, of
which 47.2 x 10° m? were collected and finally only 40.89 x 10° m?® were treated
(FAO, 2014).

Wastewater treatment comprises various physical, chemical and biological
processes, as well as their combination, in order to produce an effluent that can
be safely disposed to environment without causing any short or long term adverse
effects to humans or other living beings. Nonetheless, in order to meet wastewater
discharge permits, high energy demands are required, leading to high operational
costs and making wastewater management unsustainable. Therefore, more efficient
and energy friendly treatment systems, that require lower to zero external amounts
of energy to operate and hence lower operational costs, should be introduced in
large scale.

11.2 Energy demands for wastewater treatment

Wastewater treatment has improved significantly over the past 20 years, with
approximately 75% of UK surface waters now being in good biological and
chemical quality (POST, 2007). However, the energy required to treat wastewater
to this standard is high; with energy being used to collect, treat and discharge
wastewater and manage sewage sludge. Insufficient data were available to
assess accurately the actual energy intensity of each step of the water treatment.
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Reducing the energy demands of wastewater treatment 5

However, there is no doubt that as our demand for clean water increases, so
does the total amount of energy needed to safely discharge wastewater into the
environment.

For example, over 109 L of sewage are produced every day in England and
Wales and it takes approximately 6.34 GWh of energy to treat this volume
of sewage, which is almost 1% of the average daily electricity consumption of
England and Wales (POST, 2007). Moreover, Shoener et al. (2014) reported that
current energy-intensive approaches to wastewater treatment, which consume
roughly 0.3-0.6 kWh m= (i.e., 3% of U.S. electricity demand), further contribute
to climate change through greenhouse gas emissions from electricity production
(Shoener et al., 2014).

Nevertheless, to accurately estimate the actual energy demands of a wastewater
treatment facility, treatment stages and utilized technologies should be taken into
account. In addition, energy demands are strongly related to the physicochemical
characteristics of sewage (i.e., organic load, total solids, etc.) and the desirable use
of the final effluent (i.e., aquifer recharge, agriculture use, etc.), since these affect
the degree of treatment intensity. Typically, a sewage treatment plant consists of
five main stages, as described below (POST, 2007):

e Pre-treatment: includes bar screens to remove large objects, a flow
equalization tank and a grit removal channel.

* Primary treatment: consists of a primary sedimentation tank where solids
are physically settled out by gravity.

* Secondary treatment: typically is based on an activated sludge system,
where bacteria are used to convert organic pollutants to carbon rich
sludge.

e Tertiary treatment: might include UV irradiation, activated carbon filters
or other advanced techniques to further remove non-biodegradable organic
matter and/or disinfect the water.

* Sludge treatment: usually incineration, or sludge thickening and disposal is
applied.

Table 1.1 presents a typical energy demands’ breakdown for a common
wastewater treatment facility. It is evident that the highest amount of energy,
that is, 55.6%, is consumed in the activated sludge aeration process. The primary
clarifier and sludge pumps is the second largest energy demanding stage, it
consumes 10.3%, followed by heating for digesters (7.1%) and solids dewatering
(7%). All the above stand for about 80% of the total energy demands of a
common treatment facility. Since, as described above, conventional wastewater
treatment processes are energy-intensive and hence not environmentally friendly,
future strategies should focus on reducing energy demands and enabling zero
to negative energy treatment requirements, as to create economic incentives
and enable access to sustainable sanitation in both developed and developing
communities (Shoener et al., 2014).
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6 Sewage Treatment Plants

Table 1.1 Typical energy demands for a wastewater treatment facility
(Tchobanoglous et al., 2003).

Stage Energy demand (%)
Inlet pumping and headworks 4.9
Primary clarifier and sludge pumps 10.3
Activated sludge aeration 55.6
Secondary clarifier and RAS 3.7
Thickener and sludge pump 1.6
Effluent filters and process water 4.5
Solids dewatering 7.0
Tertiary treatment 341
Heating 741
Lighting 2.2
TOTAL 100

1.2 ENERGY RECOVERY

To take a step towards wastewater treatment facilities that have zero to negative net
energy demands (i.e., energy produced during treatment is greater than the energy
required for their operation), all potential energy saving and energy production
steps in a typical treatment facility should be identified. Figure 1.1 illustrates how
and where within the train system of wastewater treatment, the greatest potential
for energy saving and recovery can be achieved.
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Figure 1.1 Processes that have the potential to save and/or recover energy within
a wastewater treatment facility.
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As shown in Figure 1.1, well-established processes exist, such as anaerobic
digestion, that are already applied at industrial-scale treatment plants, as well
as novel technologies, such as microbial fuel cells (MFCs) and gasification, that
need further investigation and optimization for their application at larger scale. In
specific, energy demands can be reduced either by decreasing energy consumption
or by achieving energy recovery, by the means of the technologies described in the
following paragraphs.

1.2.1 Use of efficient mechanical parts and sensors

Significant savings can be achieved in the most energy-intensive stages of a typical
treatment facility, with the use of efficient mechanical parts. For example in aeration,
the most energy demanding stage, it is possible to reduce energy consumption by
about 30% (Caldwell, 2009). Therefore, replacement of aged machine parts, such as
pumps, motors, and so on, with more efficient ones should be carefully considered,
since they can significantly decrease energy consumption. A typical energy saving
of 10-20% can be achieved through efficient blowers in the aeration process.
Modern blowers are usually based on high speed, oil free turbo systems, which can
be further improved if aeration supply and control is well designed. Efficient motors
can be used to replace existing ones, hence achieving energy savings of about 5—15%.
Furthermore, real-time monitoring with automatic instrumentation (i.e., sensors
technology) of the treatment facility can significantly contribute to energy and
cost savings, through the precise and rapid estimation of important operating
parameters. Up to date, technological advances allow the real-time monitoring
of several parameters, such as conductivity, pH, turbidity, dissolved oxygen, and
other. This enables the optimization of the process by properly adjusting addition of
chemicals, flowrates, retention time and other significant operating conditions, thus
avoiding the excess of chemicals use and air sparging.

A successful case study of energy reduction through efficient mechanical parts
and sensors technology was presented by an Anglian Water treatment facility.
This was achieved by replacing the aeration system, which was approaching its
treatment limit due to the increased load of wastewaters entering the plant with a
higher efficiency one and by using a plate aerator that gave higher area coverage
of the aeration zone and created smaller air bubbles (Caldwell, 2009). It is well-
known that small bubbles rise more slowly and offer a larger surface area, which
increases oxygen transfer into the wastewater from a typical 5.5% to more than
7.0% per meter of water depth. This reduces air requirements to treat the same
load of wastewater by about 27% and allows more oxygen transfer in its volume.
Moreover, the old blowers of the sewage plant were replaced with efficient oil
free turbo blowers. These use 10-20% less energy to eject the same volume of
air in the system. The combination of the use of efficient aerators and blowers
with a new real-time monitoring system can significantly improve total energy
and cost savings. A real-time control system, comprised of air flowmeters and
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pressure sensors, allowed air flowrates optimization, thus avoiding excess of air
sparging consequently reducing its energy demands. The aeration capital cost
for this solution was similar to conventional disc aerators, while energy and air
requirements were reduced by 20% and 33%, respectively.

1.2.2 Anaerobic digestion

Anaerobic digestion (AD) is a well-known natural process where biodegradable
materials are broken down by the action of microorganisms, in the absence of
oxygen, which result to decreased organic loads and simultaneously to the
production of biogas. Biogas is a mixture of gases that mainly consist of methane
(typically 60—65%) and carbon dioxide. The process takes place in sealed anaerobic
digesters under appropriate temperatures of about 30 to 38°C (mesophillic
digestion) or about 49-57°C (thermophillic digestion), with the first being a more
stable process (Reith et al., 2003). AD can be divided into three main steps, (a)
hydrolysis, where microorganisms split the organic matter to simpler forms in the
presence of water, (b) volatile acid fermentation, which include acidogenesis — and
acetogenesis, with end products being acetic acid, carbon dioxide, and hydrogen,
and (c) methane formation, where products from the previous step are converted to
methane and carbon dioxide. AD can take place either in a single stage, digestion is
performed in a single tank at constant temperature, or in multiple stages, different
tanks or different temperatures or both, are used. The latter finds favourable use
in wastewater management since it allows AD facilities to optimize both organic
removal and biogas production.

Wastewaters, as well as the sludge that is generated in the aeration stage, are
rich in organic matter and therefore can be used to produce energy (biogas) and
simultaneously reduce their organic load through AD. Depending on its quality
and quantity, biogas can be used for heating purposes, electricity production or can
be fed into a combined heat and power (CHP) system to provide heating to AD and
power the high energy intensive processes within the treatment plant, such as the
aeration blowers (Cao & Pawlowski, 2012). In general, anaerobic digesters are able
to create enough biogas to maintain their own heating temperature and provide
heat and/or electricity to other stages of the plant and to the building facilities on
site (Caldwell, 2009).

AD is a well-established solution for energy recovery and organic load
reduction, presenting both environmental and economic benefits, while its
application is steadily increasing in wastewater treatment facilities throughout
the world. For example, the volume of biogas captured and utilized in two
Norwegian wastewater treatment facilities rose from 8.1 x 105 m? in 2000 to
14.6 x 10° m3 in 2007 (Venkatesh & Elmi, 2013). Furthermore, in 20052006
the UK water industry generated 493 GWh from AD, while currently, with 110
AD facilities installed, it annually generates approximately 800 GWh through
AD of sewage sludge treatment (Mills et al., 2014; POST, 2007). To add, most
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of the regional sludge centres already produce enough energy to be able to
provide for all of their internal processes and also are able to export electricity
to the grid. Interestingly, the most recent UK strategy plan, after estimating the
AD potential, sets out a goal that heat and electricity production could reach
3-5 TWh by 2020 (DEFRA, 2013).

Although AD is a widely applied technology, with significant contribution to
treatment sustainability and wastewater and sewage sludge valorisation, there is
also an increasing interest to enhance biogas quantity and quality (e.g., high ratio
of methane to carbon dioxide) and further optimize the process. Hence, research
efforts investigate possible alternatives, such as optimization of process conditions
(e.g., sludge retention time and sludge loading rate), application of multi-stage
process (e.g., temperature-phased and microorganism community-phased), and
sludge pre-treatment to increase biodegradability (Cao & Pawlowski, 2012).

1.2.3 Fermentation

During fermentation specific microorganisms, in the absence of oxygen, follow
a certain metabolic pathway and convert monomers (sugars) to acids. Anaerobic
wastewater digestion to generate methane as a final product is a well-established
technique. Nonetheless, if the growth of methanogenic bacteria is inhibited, thus
preventing methane formation, and only hydrogen producing microorganisms
are left to flourish, then acetogenesis will be the last step of AD, thus generating
hydrogen (H,), acetic acid and CO, (Reith et al., 2003).

H, is a high energy density (122 KJ/g) fuel that produces zero CO, emissions
when burned. Nonetheless the most common H, generation processes are steam
reforming of natural gas and water electrolysis, which are extremely energy
and cost-intensive (Su et al., 2010; Argun & Kargi, 2011). Therefore, increasing
research interest has been directed towards more sustainable and energy-efficient
techniques for its production. Among them, anaerobic wastewater fermentation has
proven to be a promising process that operates under mild conditions and requires
low energy demands, since it achieves both waste reduction and clean energy
production, namely H, (Chen et al., 2008).

H, production through wastewater fermentation can be achieved (a) under the
presence of light (photo-fermentation), where light provides metabolic energy,
(b) under the absence of light (dark-fermentations), where organic compounds
provide metabolic energy, or (c) by a combination of both techniques (combined-
fermentation) (Su et al., 2010; Argun & Kargi, 2011). The latter has been reported
to provide higher H, yields and can also achieve higher reduction of the effluents’
organic load (Chen et al., 2008).

In photo-fermentation anaerobic photosynthetic bacteria, such as Rhodobacter
and Rhodopseudomonas, catalyze organic acids, such as acetic and butyric acids
and more simple ones, as glucose, fructose and sucrose, while in dark fermentation
anaerobic bacteria, such as Clostridium and Enterobacter, can catalyze glucose,
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sucrose, starch and cellulosic materials to produce H, (Su et al., 2010). Restriction
factors of applying the process at large scale include low hydrogen yields (i.e.,
typically less than 15% of the maximum theoretical potential), high cost and
the need for carbohydrate-rich wastewaters, thus this technology has yet to be
effectively introduced at industrial scale.

1.2.4 Microbial fuel cells

Microbial fuel cells (MFCs) are an emerging sustainable technology that can
achieve both the removal of organic pollutants and electricity generation (Ahn
et al., 2014). When utilizing MFCs for wastewater treatment, microorganisms use
organic matter to produce electricity as well as water, CO, and other inorganic
residue as by-products (Barua & Deka, 2010; Du et al., 2007). MFCs are bioreactors
that operate under anaerobic conditions and consist of two electrodes, an anode and
a cathode separated by a positively charged ion membrane. On the anode organics
(i.e., wastewater) are oxidized by microorganisms, thus generating CO,, electrons
and protons. Electrons are transferred to the cathode compartment through an
external electric circuit, generating electricity, while protons are transferred to
the cathode compartment through the membrane. Water is also produced by the
combination of electrons and protons with oxygen, on the cathode (Oh & Logan,
2005; Rabaey & Verstraete, 2005).

The main benefits of MFCs are (a) their low-cost, since they use inexpensive
catalysts; namely microorganisms present in wastewaters, (b) their high energy
efficiency, theoretically energy can be recovered by far beyond 50%, and (c) their
ability to operate under mild reaction conditions (Barua & Deka, 2010; Scott &
Murano, 2007). Moreover, when MFCs are used significant lower amounts of solid
needs to be disposed of, since they can achieve solids removal in the range of
50-90% and therefore potentially can reduce the energy required for the aeration
treatment of wastewater by up to 50%.

Two different types of MFCs exist, the ones that require a mediator and the
mediator less, with the latter showing significant potential for wastewater treatment
applications (Oh & Logan, 2005). Also, various designs exist, with the single-
chamber, air-cathode MFCs being promising for practical applications (Ahn et al.,
2014). For wastewater applications close electrode spacing is favorable, whilst
very close electrode spacing can be achieved by placing a separator between the
electrodes, as to avoid short-circuiting. The separator configuration can produce
a 16% higher maximum power density but the separator-less closely spacing
configuration requires significant less time for wastewater treatment and hence is
better in terms of treatment efficiency (Ahn et al., 2014).

1.2.5 Energy recovery from sewage sludge

Sewage sludge constitutes one of the most significant challenges in wastewater
management, since large volumes are produced that apart from the high organic
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content, may contain hazardous substances, such as heavy metals and persistent micro-
pollutants. Sewage sludge contains from 0.25-12% solids by weight, depending on
the wastewater treatment technique that was adopted (Tchobanoglous et al., 2003).
Therefore, sludge management tradition handling routes, such as agricultural use,
can be unsafe, while sludge incineration is associated with high energy demands
and costs and landfill disposal faces various legislation restrictions, for example,
Directive 2000/76/EEC and 2003/33/EEC (Manara & Zabaniotou, 2012).

Alternative management processes include the thermochemical treatment of
sludge in the absence of oxygen or in oxygen-starved environments, as to prevent
combustion. Under carefully controlled conditions and extreme temperatures
(350-1000°C), sludge may undergo chemical reactions to produce fuels that can
be used for heat and/or energy production and simultaneously achieve organic load
removal. Processes include gasification, which produces syngas, and pyrolysis,
which produces bio-oil. These are potential alternatives to sludge incineration, but
similarly operational costs are still high, especially when using high temperatures.
Also, special consideration should be given to the monitoring of operating
conditions to avoid any formation of harmful by-products, such as hydrogen
cyanide (Samolada & Zabaniotou, 2014).

1.2.5.1 Pyrolysis

During pyrolysis sewage sludge is thermally decomposed in an oxygen-free
environment to gases (biogas), liquids (bio-oil) and solids (biochar). The major
product obtained from this process is the bio-oil, which can be used as a fuel, the
same stands for biogas, as well as a source of valuable chemical products. Biochar,
a carbon-rich solid, can be used in various applications ranging from agriculture
to adsorbent material for contaminants in soils, depending on its quality (Agrafioti
et al., 2013).

Pyrolysis, a rather endothermic process (100 kJ kg™), operates at temperatures
ranging from 350°C to 1000°C. Pyrolysis by-product formation is affected by
the process operating conditions, such as temperature and pressure as well as the
initial sludge characteristics. Therefore, when bio-oil is the target, fast pyrolysis is
employed, during which high heating rates, moderate temperatures (500°C) and
short gas residence times (<2 s) are applied, whilst when biochar is the desired
product, slow pyrolysis, characterized by mild temperatures (350-600°C) and
heating rates, is applied (Leszczynski, 2006).

Pyrolysis is a ‘greener’ technology when compared to incineration, since the
lower operating temperatures applied and the absence of oxygen result to toxic-free
by-products. In contrast, oxygen utilization and high temperatures applied during
incineration process can result to the formation of toxic substances, such as furans
and dioxins. Although research has been focused on pyrolysis of sewage sludge
for bio-oil production, thus recovering energy within the wastewater treatment
facility, large scale applications of the technology is limited. This is due to the
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need for relatively complex and expensive equipment and the need for using drying
feedstock (Samolada & Zabaniotou, 2014).

1.2.5.2 Gasification

The gasification process uses heat, pressure and steam to convert carbonaceous
materials, in the presence of oxygen and/or steam, into a synthesis gas called
syngas, which is a mixture of CO, H, as well as N, and traces of CO,, CH, and
other hydrocarbons and slag. Gasification mainly transforms organic materials to
combustible gas or syngas, using between 20% and 40% of the oxygen required
for total combustion, whereas pyrolysis is a thermochemical reaction carried
out at elevated temperatures (500-1000°C) and theoretically in an oxygen-free
environment.

Gasification has the advantage of reducing the volume of sewage sludge and
toxic organic compounds; while simultaneously it generates syngas that can be
used for heat (e.g., syngas from sewage sludge has a heating capacity of about 4 MJ
m=) or electricity (i.e., in fuel cells) production (Dogru et al., 2002; Judex et al.,
2012). In addition, problems commonly faced in incineration process, like the need
for supplementary fuel and emissions of toxic by-products, such as SOx and NOx,
heavy metals and fly ash, can be avoided by the gasification process.

Limitations of the technology include feedstock characteristics, such as moisture
(>90% dry solids) content, and the complexity of the reactors design, such as design
of the feeding system, mixing and separation of the feedstock. Also, the generated
syngas must be cleaned and purified before its further use and the high cost of the
initial set-up still prevents the wide application of this technology at large-scale.

1.3 CONCLUDING REMARKS

Reducing energy demands and increasing energy recovery in wastewater treatment
facilities can be a feasible venture by means of current technological advances. If
existing treatment facilities are upgraded as to achieve lower energy demands and
simultaneously take advantage of energy harvesting techniques from wastewater
and sewage sludge, then positive net energy facilities could exist, that will further
benefit local or national communities by providing the excess heat and energy.

In this chapter the energy demands of a typical sewage treatment plant as well
as options to reduce them were demonstrated. Furthermore, techniques that can
achieve substantial energy recovery, within the various treatment stages, were
presented. It is clear that scientific knowledge and the know-how to create energy,
and thus save cost exist and can lead to the establishment of highly sustainable
sewage treatment plants. These technologies are described and discussed in detail
in this book, while emphasis is given to economic aspects of wastewater treatment
facilities. Finally, successful case studies of energy recovery during wastewater
treatment are demonstrated in Part II of this book.
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2.1 INTRODUCTION

Traditional wastewater treatment technologies, most of them based on activated
sludge, have been widely implemented in the last decades over the world (Gavasci
et al. 2010). However, growing public concern over environmental protection and
increasing energy costs have led to the development of innovative technologies for
energy saving. Improving energy efficiency is a challenge that should be taken into
account in the construction of new wastewater treatment plants (WWTPs), in the
renovation of the plants and in the operation of all facilities.

The development and implementation of innovative technologies for energy
efficiency involves costs and benefits that should be assessed. Economic feasibility
studies are an essential tool in the decision making process for the implementation
of new technologies alternatives in the field of wastewater treatment (Molinos-
Senante et al. 2012).

One of the most popular tools to assess the economic feasibility of any project is
cost-benefit analysis (CBA) since it ensures the economic rationality of investments
testing whether the benefits of action outweigh the costs. The approach followed
in the performance of CBA in the evaluation of projects has been modified taken
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16 Sewage Treatment Plants

into account the objectives of the development policies. There are three stages
(Molinos-Senante et al. 2010):

(1) Traditional approach: it is a financial analysis based on the comparison of
incomes and costs generated during the life of the project, that is, what are
known as internal or private impacts. It follows a clear economic approach
aimed to increase the level of welfare in monetary terms, typically defined
as profits.

(2) Socio-economic approach: this arises when the concept of social equity
is incorporated. The aim is to achieve equitable income distribution, or at
least to include some kind of income-related weights into the calculation of
benefits and costs to different groups.

(3) CBA involving environmental externalities valuation: It results from the
incorporation of environmental criteria in the decision-making process.
This type of CBA originated in the 1980s and become more widespread
in the 1990s (Pearce & Nash, 1981; Sudgen & Williams, 1988; Hanley &
Spash, 1993; among others).

Wastewater treatment in general and innovative wastewater treatment
technologies for energy efficiency in particular have important associated
environmental benefits which are defined in economic terms as positive
externalities. Hence, the assessment of the economic feasibility of wastewater
treatment processes must be carried out through CBA instead of financial analysis.
Otherwise, the environmental benefits of cutting pollution and to reduce energy
consumption and consequently greenhouse gas (GHG) emissions would be
underestimated since they are not accounted by the market (unless governments
or the market offers payments for reductions in carbon emissions, for example
through carbon trading).

Other reasons for selecting CBA as the preferred method to assess the economic
feasibility are that: (i) it allows planners and decision-makers to take a long-term
view of the project lifetime; (ii) it provides a project ranking, which, for all practical
purposes, proves to be quite scientific and satisfactory (Molinos-Senante et al.
2013a) and; (iii) it clearly sets the impacts of a project in terms of who is affected,
by how much, and when (Hanley & Barbier, 2009).

2.2 COST BENEFIT ANALYSIS METHODOLOGY
2.21 Cost benefit analysis basis

The objective of a CBA is to compare the economic feasibility (net social benefit)
of several scenarios, including the ‘do nothing’ scenario, that is, maintain current
conditions. CBA proposes various decision rules in the decision making process:
(1) an intervention is only feasible if benefits are greater than costs; (ii) if alternative
options are available, the best option is the one with the highest net present value;
and (iii) time can be incorporated in the assessment through the use of discount rates.
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The principles of economic evaluation and cost-benefit 17

Since CBA starts from the premise that a project should only be commissioned if
all benefits exceed the aggregate costs, the benefits of each proposal are compared
with their costs by using a common analytical methodology (Eq. (2.1)).

NP = B, + B, @.1)

where NP is the net profit (total income — total costs); B, is the total internal benefit
(internal income — internal costs); and By is total the external benefit (positive
externalities — negative externalities). A project is economically feasible if, and
only if, NP > 0. If the result of the calculation is NP < 0, then the project is not
economically feasible. The best option offers the highest net profit (Benedetti ez al.
2006; Chen & Wang, 2009). Moreover, total income can be divided by total costs
to get a ratio which can be used to rank policies/project that are competing for
scarce funds, with the option of having the highest benefit to cost ratio being the
most preferred (De Anguita et al. 2011).

The implementation of an innovative wastewater treatment technology is a
project whose life period is more than one year, and as a result, the internal
and external benefits must be adjusted for the time they will occur. For this
reason the NP must be expressed in present value terms. By means of a properly
chosen discount rate the investor becomes indifferent regarding cash amounts
receiving at different points of time. The net present value is calculated as shown
in Eq. (2.2):

T
NP,
NPV = ! .

Zen 2

NPV is the net present value, NP, is the net profit at time #; r is the discount rate
and T is the project lifespan.

NPV results will determine the project’s feasibility. As well as NP, a positive
NPV means that the investment will be profitable and the project can be accepted.
If NPV is negative, the investment is not economically feasible. Therefore, the
decision rule is to select the option that will induce NPV optimisation. This NPV
rule can be linked to overall social welfare by the Kaldor-Hicks principle, namely
that a positive NPV implies that the gainers could compensate the losers and still
be better off (Hanley & Barbier, 2009).

It should be highlighted that the selection of the lifespan of the technologies is
always a controversial choice since it is well known that it depends on many factors
including the maintenance and management of the facilities.

Regarding the discount rate, higher discount rates favours solutions that are
weighted toward future spending, that is, those with relatively high operating costs
and lower investment cost (Woods et al. 2013). There is much debate over which
discount rate governments should use in public sector policy and project appraisal.
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18 Sewage Treatment Plants

The opportunity cost of investments should be reflected in the discount rate
because, when a particular project is invested in, it is assumed that this capital may
not be invested elsewhere, in other words, there is an opportunity cost. In water
reuse-projects, the opportunity cost generally refers to land on which the WWTP
is placed (Segui, 2007). For projects that last for a long time, it is recommended to
use lower values of discount rate than in projects with a shorter lifespan (Termes-
Rifé et al. 2013). When dealing with a long-term project, a declining value for
the discount rate at different time periods may be used. When a decision is about
environmental aspects, a very low value should be used, even near to zero, since
environmental damages may have an impact that is likely to last for many years in
the future. Pearce ef al. (2003) stressed the need for modification of the traditional
assumption in discounting rates using for example a declining discount rate
which replaces the exponential discount factor with a hyperbolic function. The
UK government uses a declining discount rate formula for long-term impacts. In
particular, Her Majesty’s Tresure (2003) recommends a discount rate of 3.5% for
1 to 30 years, a 3% rate for 31 to 75 years, a 2.5% rate for 76 to 125 years, a 2%
rate for 125 to 200 years, 1.5% for 201 to 300 years, and 1% for longer periods.
Similarly, in 2004, France replaced its constant discount rate of 8% with a 4%
discount rate that decreases to 2% for longer maturities (MacLeod & Filion, 2012).
Another approach suggested by Almansa and Martinez-Paz (2011) is the use of
a dual-rate discount rate which involves the use of different discount factors for
tangible and intangible goods.

A weakness of the CBA approach is that the final decision depends on the
alternatives proposed. Thus, other alternatives not evaluated in the CBA may be
considerably better.

Any investment project that is analysed through the CBA tool should follow a
series of steps (see Figure 2.1).

[ Step 1 ] [ Set of alternatives ]
i

[ Step 2 ] [ Identify incomes, costs and externalities ]
4

[ Step 3 ] [ Quantify incomes, costs and externalities ]
p s

[ Step4 ] [ Calculate the net present value ]
4

[ Step 5 ] [ Sensitivity Analysis ]
aos

[ Step 6 ] [ Recommendations ]

Figure 2.1 Steps of a cost benefit analysis.
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(1) Specify the set of alternatives to the project. The CBA compares the NPV of
investing resources in different projects or alternatives. In the majority of the
situations, the alternative to be compared with the one proposed is the status
quo situation, that is, the situation in which the project is not carried out.

(2) Identify the incomes, costs and positive and negative externalities. Once the
alternatives to the project have been specified, the next step is to establish
the internal and negative impacts of each one. Wastewater treatment creates
a number of externalities, including negatives such as GHG emissions
and biological and chemical risks if the treated water is reused and
positive externalities as health benefits, education services, and especially
environmental benefits.

(3) Quantify the incomes, costs and positive and negative externalities. Almost
certainly, this is the most complicated phase of a CBA. On the one hand,
internal impacts are those that have a price determined by the market and
therefore, can be quantified directly. On the other hand, the quantification
of the externalities is much more complex since they have not a price
determined by the market. However, it does not mean that they do not
have value since they contribute to improve people welfare. To quantify
externalities, specific economic valuation methods are needed. Hence, it is
possible to standardize all the units involved in the CBA.

4) Calculate the net present value. As it is shown in Eq. (2.1), the NPV is
defined as the addition of internal benefits and external benefits. Hence
all the parameters involved to calculate the NPV must be expressed in the
same units (monetary units).

(5) Carry out a sensitivity analysis. So far none of the steps described to
apply a CBA has been taken into account the existence of uncertainty.
Accounting for uncertainty is important in the development of any CBA
since uncertainty could influence the ranking of selecting projects (Flores-
Alsina et al. 2012). Xu and Tung (2008) reviewed a large number of
methodologies applied to deal with uncertainty in the water and wastewater
management including Monte Carlo simulations (Prat et al. 2012), fuzzy
logic models (Kafetzis et al. 2010), Bayesian network models (Barton et al.
2005), statistical tolerances (Bonilla et al. 2004), among others.

(6) Make a recommendation based on the NPV and sensitivity analysis. As it
has been pointed out, the alternative that generates the highest NPV will
be chosen, assuming that some other alternatives have a positive NPV.
Moreover, the sensitivity analysis could show that the project with the
highest NPV is not the best option when uncertainty is considered.

2.2.2 Internal benefit

Internal benefit is the difference between internal costs and internal incomes (that
is, private benefits minus private costs). The internal impacts are those directly
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20 Sewage Treatment Plants

linked with wastewater treatment or with the implementation of a technology to
save energy in a WWTP. This can be calculated directly since both costs and
incomes have market value.

2.2.2.1 Internal cost

In a wastewater treatment project, internal costs are composed by investment costs
(IC) and operation and maintenance costs (OMC) of the facility. If we focus on
cost assessment, both IC and OMC should be adjusted for the time they will occur.
The cost estimation on an annual basis, that is, the total annualised equivalent cost
(TAEC) can be calculated (Eq. (2.3)):

r(d+r)T

TAEC =~ 0
R s

I+0MC (2.3)

where TAEC is the total annualised equivalent cost in €/year; IC are the investments
costs in €; OMC are the operation and maintenance costs in €/year; r is the discount
rate; and T is the useful life-span of the project.

In the planning of a new investment, cost functions are a useful tool to quantify
IC and OMC as they show the relationship between the dependent variable (cost)
and independent variables (a set of representative variables of the process). Costs
functions are also useful for comparing different treatment technologies from
an economic point of view (Hernidndez-Sancho et al. 2011). Therefore, cost
functions are widely used to predict IC and OMC of wastewater treatment projects
(Panagiotakopoulos, 2004; Tsagarakis ef al. 2003; Nogueira ef al. 2007).

In the framework of ‘water and wastewater economics’, there are three main
methodologies to develop costs functions (Molinos-Senante et al. 2013b):

(I) The facility is viewed as a system consisting of components or subsystems,
each of which is simulated in detail (Panagiotakopoulos, 2004). Following
an engineering approach, the design parameters are allowed to assume
values within a wide but realistic range, thus simulating many alternative
facility forms, each with its own estimation.

(2) Inthe so-called ‘factor method’, major cost drivers related to specific major
cost parameters are known and they are directly estimated (Le Bozec,
2004). Though the use of conversion coefficients for the cost drivers,
estimates from one region or country can be transferred to another.

(3) Statistical and mathematical methods are often used when cost figures
(actual or estimates) are available. These figures might relate to set-up cost
and/or operating cost to the main variables of the facilities.

Previous studies (Sipala et al. 2005; Gonzalez-Serrano et al. 2006) illustrated
that the statistical method is the most common approach for developing cost
functions. Steps from the collection of the raw data to the generation of the costs
functions are shown in Figure 2.2.
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[ Step 1 ] [ Sort data according technology or process ]
U4

[ Step 2 ] [ Select a reference year ]
U

[ Step 3 ] [ Select cost components ]
L

[ Step 4 ] [ Selectthe functional form of the function ]
4

[ Step 5 ] [ Adjust available data regarding cost components ]
44

[ Step 6 ] [ Generate the cost function ]
4

[ Step 7 ] [ Evaluate the quality of the adjustment ]

Figure 2.2 Steps for cost function modelling.

(1) Sort through the data basis of technology. Sorting means distinguish
between the various options for saving energy or achieving other objectives
previously defined.

(2) Choose a reference year for economic valuation. Due to the difficulty to
obtain economic data in the framework of wastewater treatment, sometimes
the reference year of all available information is not homogeneous. In this
case, it is necessary to choose a reference year, which generally is the year
of analysis. The costs for other years must be updated.

(3) Decide on the cost components that will be included in the cost functions.
Usually, the treatment capacity of the plant is considered the most important
factor to determine IC and OMC. In this sense, it is very important choose
the size measure of the facilities. In WWTPs, two functional units can be
used, namely population equivalent and volume of wastewater treated.

4) Choose the functional form of the cost function. The formulation of IC
and OMC functions is based on the assessment of the relationship between
the dependent variable C (cost) and the independent variables X (volume
treated or population equivalent). For this purpose, different models can be
used, such as:

b
Inverse: C=a+ X

Power: C = ax’
Logarithmic: C = a + binX
Quardratic: C = a + bX + CX?

where a, b, ¢ are the parameters of the model to estimate.

Downloaded from https://iwaponline.com/ebooks/book-pdf/650806/wio9781780405025.pdf
bv IWA Publichina publications@iwan co uk



22 Sewage Treatment Plants

(5) Adjust all available data to comply with the choices in Step 3 regarding
cost components. In case that a cost component is missing from the report
cost figure, it must be estimated on the basis of information from other
sources.

(6) Having the sets of the adjusted figures and using appropriate statistical
methods, ‘best-fit’ cost functions are generated. A common method
to get model parameters is ordinary least squares regression analysis.
Subsequently, the significance of the independent variables should be
tested. In doing so, a statistical hypothesis test should be carried out.

(7) Evaluate the quality of the adjustment. The most common indicator to
evaluate the quality of the adjustment is the coefficient of determination (R)
which measures the proportion of total variability of the dependent variable
relative to its average according to the regression model. Its value is ranged
within [0, 1]. If the determination coefficient value is 1, the adjustment
between actual and estimated data is perfect. A value of 0 indicates that
there is no relationship between the variables.

2.2.2.2 Internal income

In a general study of the economic feasibility of a WWTP, internal income
includes revenues obtaining from the sale of the by-products that can be recovered
during the wastewater treatment process. In areas under water stress, the sale
of the recycled water may play a vital role to ensure the economic feasibility of
some water reuse projects. It should be taken into account that if the reclaimed
water is used in agriculture, the nitrogen and phosphorus content in the water
entails a saving in the fertiliser costs (Nogueira et al. 2013). Other incomes may
be obtained from the sale of nutrients (mainly phosphorus) recovered during
wastewater treatment and from the sale of stabilised sewage sludge to be used
after composting.

Focusing on the implementation of technologies for improving energy efficiency,
additional incomes must be quantified and incorporated in the economic feasibility
study. Some technologies involve a reduction in the consumption of energy;
therefore, there is an economic saving that should be taken into account. Other
processes allow recovering energy from wastewater or from sewage sludge that
can be used in the WWTP itself or sold, which supposes an additional income that
cannot be overlooked in the economic feasibility study.

Taking into account internal cost and internal income, the internal benefit for
one year is expressed as follows (Eq. 2.4). To estimate the NPV for the life-span of
the project, the internal benefit must be updated using Eq. (2.2).

B, =) AUM,-SPM, + Y AE, - SPE, - (IC + OMC) 2.4)
i J
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where B, is the internal benefit (€/year); AUM, is the annual unit of the material i
recovered such as reclaimed water (m?), phosphorus (kg), nitrogen (kg), composted
sludge (kg), and so on; SPM, is the selling price of recovered material, i (€/m?
or €/kg); AE, is the annual energy recovered through anaerobic digestion, sludge
incineration, and so on, in the form, j such as heat, electricity, and so on (kWh);
SPEj is the selling price of the recovered energy, j, (€/kWh); IC are the investment
costs (€/year); and OMC are the operational and maintenance costs (€/year).

2.2.3 External benefit

An externality is an effect of a purchase or use decision by one party (or group
of parties) on another party who did not have a choice and whose interests were
not taken into account (Hussen, 2004). In other words, an externality is generated
when an economic operation between agents A and B, produces effects on a third
agent C, without any monetary transaction between A and C, or between B and C.
However, the absence of market does not imply the absence of value.

While any internal impact can be calculated directly in monetary units, the
quantification of external impacts requires the use of economic valuation methods
due to the absence of market prices. This requirement is a major difference in
applying CBA rather than of financial analysis (Molinos-Senante et al. 2013a).

Following the same approach as for the internal benefit, the external benefit for
one year is expressed as follows (Eq. (2.5)). As well as internal benefit, it should be
updated for the life-span of the project.

B, =P, — Ng (2.5)

Where By is the external benefit (€/year); Py are the positive externalities such
are health and environmental benefits (€/year); Ny are the negative externalities
such as GHG emissions (€/year). External benefits should include the value of
avoided damage costs due to the operation of the plant for example, the value of
avoided damages to recreation.

2.2.3.1 External cost

The benefits of wastewater treatment are obvious, however treatment processes
also result in environmental impacts (Friedrich et al. 2009), such as eutrophication,
and contributions to climate change (Lassaux et al. 2007).

Due to social and political concerns about climate change, there is growing
interest in minimising the consumption of energy in WWTP. Energy consumption
is twofold from the perspective of assessing the economic feasibility of the
wastewater treatment process. On the one hand, as it has been pointed previously, it
is an internal cost. On the other hand, energy consumption is a negative externality,
which should not be overlooked since WWTPs consume a significant amount of
electricity which involves the indirect emission of GHG.
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Although IPCC Guidelines (2007) state that CO, emissions have an impact
factor of 0 kg CO,., when CO, has biogenic origins (Doorn et al. 2006) nowadays,
there is an increasing interesting in estimating not just indirect GHG emissions
from energy consumption, but also direct GHG emissions. This is because it has
been verified that IPCC guidelines underestimate the values of GHG emissions
regardless of its origin (biogenic or not) (Foley et al. 2010).

Subsequently, a methodology is described that estimates the economic value
of the GHG emissions, that is, to estimate the value of the negative externalities
associated to wastewater treatment (Molinos-Senante ef al. 2013a).

Indirect GHG emissions should be estimated based on WWTP energy demands.
At first, taken into account the national electrical production mix (national scheme
of electrical production), each GHG emission can be estimated. Subsequently, both
direct and indirect emissions should be converted to equivalent CO, emissions
using 100-year global warming potential coefficients (IPCC, 2007).

Once total GHG emissions have been quantified in physical terms, the next
step is to express them in monetary units. For this purpose, it should be noted
that in the context of the Kyoto Protocol, a well-organised emissions trading has
been developed. For example, in Europe the European Union’s Emissions Trading
System (EU ETS) was implemented in 2005, which integrates more than 11,000
power stations and industrial plants accounting for the 40% of total GHG emissions
in the European Union. The price of CO, emissions depends on supply and demand,
as well as other macroeconomic factors (Molinos-Senante et al. 2013a).

The average price paid through the EU ETS (or other CO, market) during a time
period may be used as a proxy to the price of CO,,, emissions. As a reference and
based on SENDECO database, the average market price of CO, from 2009 to 2012
was 11.9 €/t SENDECO, 2013). However, there is some concern that the European
carbon market currently set lower prices for CO, emissions.

2.2.3.2 External benefits

In the context of wastewater treatment, the US Environmental Protection Agency
(EPA) identified that wastewater regeneration and reuse provides the following
environmental benefits (EPA, 1998): (i) decreased diversion of freshwater from
sensitive ecosystems; (ii) decreased discharge to sensitive water bodies; (iii) recycled
water may be used to create or enhance wetlands and river banks; and (iv) recycled
water can reduce and prevent pollution.

Different methodologies for the quantification and internalisation of
environmental externalities arising from investment projects have been developed
from economic theory. Conventional valuation methods can be classified as follows
(Molinos-Senante et al. 2012):

— Methods not based on demand curves such as the replacement cost method,
opportunity cost method, dose-response method, among others. They use
production or cost functions and provide a ‘value to cost’ type approach.
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From a methodology point of view, these methods are not complex but they

require considerable experimental information.

— Methods based on demand curves. They belong to the ‘value to value’
approach and they are used to determine the total economic value of goods
and services that have no market (Hanley & Barbier, 2009). They are
classified as:

o Indirect methods such as travel cost method and hedonic price method. They
rely on the use of data from actual transactions by individuals. The value of
the environmental good is deducted from the complementary relationship
between it and other goods with market price (Pearce & Turner, 1990).

o Direct methods. They are known as stated preference methods since they
are based on the demand approach (Hanley et al. 2006). This approach
responds to the neoclassical view that economic value arises from the
interaction between an individual and an environmental asset as an
expression of individual preference, assuming that these preferences
are a reflection of the maximum utility. The primary categories of
stated preference methods are the contingent valuation method and
choice modelling techniques (see Figure 2.3). The contingent valuation
method is based on the creation of a hypothetical market through a
surveying process where individuals declare their willingness to pay
(WTP) (or be compensated) for an improvement (or degradation) of the
quality of the environmental good being analysed (Genius et al. 2005).
There are several ways to ask WTP questions in contingent valuations
surveys, which are known as elicitation methods. As it is shown in
Figure 2.3 there are four types of elicitation methods. In the open-
ended format, repondents are asked to state their maximum WTP for
the amenity to be valued while in dichotomous choice, respondents
are asked if they are WTP single randomly assigned amount on all-or
nothing basis. The iterative bidding is a series of dichotomous choices
questions starting with an initial low bid that nearly all respondents who
have a WTP > 0, would be willinging to pay. Finally, in the payment
card format, respondents might announce their WTP to the values
listed on the card. Alternatively, the choice modelling techniques are
based on ranking or rating a series of “product profits” that characterise
products with specific attribute levels (Pearce & Ozdemiroglu, 2002).
The idea of the contingent ranking method is to give a set of alternatives
which consists of a given amount or a given level of a specific good and
a corresponding realistic price. The alternatives specified in advance
are then ranked (ranking contingent), scored (rating contingent) or
selected (discrete choice experiments) (Slothuus et al. 2002). In most
of the applications related to water resources, the quantification of
these externalities has been made using the stated preference methods
(Guimaraes et al. 2011).
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STATED PREFERENCE METHODS

Contingent Valuation Method Choice Modelling Techniques
Open-ended Contingent ranking
Dichotomous choice Contingent rating
Iterative bidding Pair comparisons
Payment card Discrete choice experiments

Figure 2.3 Scheme of the stated preference methods.

Alternatively to methodologies based on the demand approach and from the
pioneering work by Fire et al. (1993) a stream of research has been produced
within the framework of efficiency studies that aims to provide a valuation
methodology for those undesirable outputs that have no market. Based on the cost
production approach and using the concept of distance function or directional
distance function, a shadow price is calculated for undesirable outputs associated
to production processes. Wastewater treatment can be considered as a production
process in which a desirable output (treated water) is obtained together with a series
of pollutants (organic matter, suspended solids, nutrients). Contaminants extracted
from wastewater are considered undesirable outputs because if they were dumped
in an uncontrolled manner they would cause a negative impact on the environment
(Molinos-Senante et al. 2010).

The shadow prices of undesirable outputs can be interpreted as an estimation
of the environmental benefits gained from wastewater treatment, that is, they
are a proxy to the value of the positive externalities associated with avoiding the
discharge of pollution into water bodies.

The distance function provides the distance of a vector of outputs from the
maximum output frontier and starts from a vector of constant inputs. Assuming
that the production process uses a vector of N inputs x € RY to produce a vector of
M outputs u € RM, the distance function is defined as in (Eq. (2.6)):

Dy(x,u) = Min{e : (;) e P(x)} 2.6)

where P(x) is a vector of outputs that are technically viable and use the vector of
inputs x, (1/6) is the outputs ratio in production frontier, while 6 is a ratio between

zero and one, that is, Dy(x, u) € [0,1].
The relationship of duality between the distance function and the revenue
function (Shephard, 1970) is the basis to estimate shadow prices since it creates
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the link between relative and absolute price. The relationship between the two
functions can be expressed as in (Eq. (2.7)):

R(x, u) = Max u{ru: Dy(x, u) < 1}

2.7
Dy(x, u) = Max r{ru: R(x, u) <1}

where R(x, u) is the revenue function and r represents output prices. Under the
assumption that distance and revenue functions are differentiable, the Lagrange
multiplier method and Shephard’s dual lemma enable us to calculate shadow prices.
This deduction of shadow prices for undesirable outputs means assuming that the
shadow price of an absolute desirable output coincides with the market price. If m is
a desirable output (treated wastewater or reclaimed water in our case) whose market
price is r,, equal to its shadow price (), and if m’ is undesirable output (a pollutant
removed from wastewater) and r,, is the shadow price of each undesirable output,
for all m” # m, the absolute shadow prices are given by (Fire er al. 1993) (Eq. (2.8)):

0D, (x, u)/ou
— 40 20 PN m
w = Tm oD, (x, u)/du,, 28

In most of the applications of the Fire’s methodology in the framework of
wastewater treatment (Molinos-Senante, 2011) the translog function has been used
as distance function due to its great flexibility. When applied to a problem with k&
units, 7 inputs and m outputs the formula is (Eq. (2.9)):

N M
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n=1 n'=1

M M N M
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m=1m’=1 n=1 m=1

2.9)

To calculate all the parameters of the translog function linear programming
should be used (Molinos-Senante, 2011).

The advantages of the cost production approach to estimate positive externalities
from wastewater treatment include the following: (i) it can help society understand
the benefits generated as a result of environmental improvement programs; and (ii)
it offers economists a further check on estimated measures to willingness to pay
that are produced by alternative models (stated preference methods) (Fire et al.
2011). It is worth emphasising that costs incurred to determine the environmental
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benefits based on the estimation of shadow prices of pollutants are much lower
than in the case of the traditional methodologies (demand approach) since it is not
required any surveying process.

Nevertheless, the quantification of environmental benefits using the shadow
price methodology also has some limitations in relation to the stated preference
methods since they may be more appropriate than the shadow price method when
the aim is to estimate the total economic value. The cost production approach
methodology may be useful to quantify environmental impacts derived from
production processes while demand approach methodologies can be applied in a
wider context.

2.3 CONCLUSIONS

Economic analysis provides tools, information, and instruments for streamlining
the decision-making process. Hence, in the field of wastewater treatment, economic
feasibility studies are a useful tool for selecting the most appropriate option from
among a range of technological alternatives.

Within methodologies to evaluate the economic feasibility of any project, cost
benefit analysis (CBA) provides a comprehensive assessment since, unlike financial
analysis, CBA integrates not just the costs and income with the market value but
also with the positive and negative externalities.

The current chapter presents a framework to assess the economic feasibility of
any innovative technology taking into account both internal and external impacts.
Regarding internal costs it has been illustrated that using cost functions is acommon
methodology to estimate both investment, as well as operation and maintenance
costs. Since externalities are not considered by the market, their quantification
requires economic valuation methods. There are two main approaches to estimate
the positive externalities associated to wastewater treatment namely the demand
approach and cost production approach.

As a general conclusion, we emphasise that when the economic feasibility of
a wastewater treatment technology is assessed, water companies and/or water
management authorities should consider impacts with and without market values.
Otherwise, the quality and relevance of the results will be seriously biased and an
mis-estimation of benefits will occur. Moreover, uncertainty could influence the
economic feasibility of wastewater treatment technologies. To narrow uncertainty,
it is essential to perform a sensitivity analysis based on statistical methodologies or
follow the ‘ceteris paribus’ approach.
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3.1 ENERGY MANAGEMENT OF WASTEWATER
TREATMENT PLANTS PUT INTO CONTEXT

Water and energy nexus within the urban water services is a key topic in the
utility managers and researchers’ agenda. The main drivers are of economic and
of environmental nature. Energy costs typically represent a main component of
wastewater utilities’ operational costs (e.g., UNESCO, 2014). According to the
US Environmental Agency, “for many local governments, drinking water and
wastewater plants are one of the largest energy consumers, accounting for 30-40
percent of total energy consumed. Because these services are so energy intensive,
they provide an excellent opportunity for efficiency, savings, and reductions in
greenhouse gas (GHG) emissions”!. Any savings may have a significant impact on
the economic efficiency of the organisations. From the environmental viewpoint,
the carbon footprint of the wastewater service provision is by no means negligible
and has, in general, significant room for improvement.

A part of the energy consumption refers to the drainage network, mainly
due to pumping another part refers to energy required for the wastewater
treatment process. The relative importance of each of these parts in the overall
operating costs depends on topography, network layout, treatment processes
and technologies, as well as on the operation and maintenance practices and
procedures. Wastewater utilities also have energy consumption associated to

'www.epa.gov/statelocalclimate/local/topics/water.html.
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the supporting services, such as in vehicles and office and workshop buildings,
which is not addressed in this chapter.

Wastewater treatment plants (WWTPs) are pieces of a more general complex
puzzle — the wastewater system as a whole. While recognizing the importance
of improving the efficiency of use of energy in economic and environmental
terms, most utilities and research teams tend to explore and implement sectorial
approaches —equipment or process-based, thus lacking a global analysis of the whole
system functioning. Instead, a strategic approach may lead to much better service
at lower total asset life-cycle costs. Selection of plant location, targets of treatment
process effectiveness and reliability, and control of rain water inflow are examples
of aspects that should be addressed in an integrated way (i.e., understanding the
behaviour of the wastewater system as a whole), and incorporating a long term
analysis planning horizon of WWTPs.

Let us take a simple example to illustrate the idea. An energy manager needs
to compare the behaviour and potential for improvement of two similar systems
in terms of energy, in order to prioritize intervention efforts (Figure 3.1). Both
systems start at a pumping station at level 0.00 m, that pumps the wastewater from
a gravity network to a wastewater treatment plant. The diameter, material and
length of the pressurized sewer are identical in both cases. The level of the WWTP
inflow point is 65.00 m in System 1 and 45.00 m in System 2. A volume of 800
m?3/day is pumped daily during 8 h per day,in both cases. There is a flow control
valve upstream the WWTP in the case of System 2.

System 1 System 2

Flow control

Pressurized

Gravity | 0,00m sewer Gravity | 0,00m Pressurized

sewer sewer sewer

Characteristic System 1 System2
Pumping head, H, (m) 80 72

Pump efficiency,n 82% 85%
Specific consumption (kWh/m?3) 0.266 0.231

Figure 3.1 Comparing energy efficiency in two pressurised wastewater systems.

The question this energy manager needs to answer is ‘which system is less
efficient and, therefore, has more potential for improvement?’. The table in Figure
3.1 shows that System 1 has a lower pump efficiency, and a higher specific and
total energy consumption. These are typical indicators to assess energy efficiency.
When comparing the two systems using these indicators, it seems safe to reply
‘System 1’ to the question. However, a system analysis may provide a different
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view. Table 3.1 shows the calculations of the global energy efficiency, assessed
as the ratio between the energy supplied to each system and the energy actually
supplied to the users, assuming a no-losses situation. If there were losses, the
downstream flow should be the authorized consumption.

Table 3.1 Total energy efficiency of Systems 1 and 2.

System 1 System 2
Daily energy input supplied to the system 212.5 184.5
(Einput =7+ Q;- Hin x 8) (kWh)
Daily energy supplied to the consumers 141.6 98.0
(Esuppiiea =7 - Q¢+ Hs x 8) (kWh)
Overall energy efficiency 1.50 1.88

(Einput/EsuppIied) (_)

Table 3.1 shows that the conclusion is opposite: System 2 is globally less efficient
than System 1. Figure 3.2 shows the energy line for both systems.

System 1 System 2

80,00m | 7200m

Flow control
valve

Pressurized

Gravity | 0.00m sewer Gravity | 0.00m ! Pressurized
: sewer

Figure 3.2 Comparison of the energy lines for Systems 1 and 2.

The head-loss caused by the flow control valve is much higher than the pump
inefficiency. This example demonstrates that managing energy on an ‘asset by
asset’ basis may easily fail to pinpoint the critical energy inefficiencies. The most
cost-efficient intervention is likely to be changing the pump of System 2, in order
to eliminate the need for the flow control valve.

Although not exclusively, typical sources of inefficiencies are:

e Control valves: as illustrated in the example, are a very typical asset where
energy is wasted, particularly in the network part, in general less relevant
inside the WWTP; as a result, special attention shall be paid to the valves
located downstream pumps.

e System design: very rarely systems are solicited as planned by the time
of their original planning, design and construction; as illustrated in the
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example, sometimes small changes in the infrastructure may provide major
positive gains.

e Operating modes: may affect energy consumption and intensity, as well as
energy and power use costs (e.g., pump scheduling versus variable energy rates).

* Energy and power tariffs: often there is room for negotiation and
improvement of the energy and power tariffs (e.g., in order to optimise the
maximum contracted power utilities do not explore as they could the room
they have for negotiation energy and power.

 Infiltration and rainwater inflow in separated systems: increasing the flow
to be transported and treated generally impacts the energy consumption.

* Pumping equipment: selection, maintenance and operation modes of
pumping equipment have major influence of its efficiency.

e Other electro-mechanical equipment: as previous, for other relevant
equipment (e.g., mechanical aerators, diffusers, mixers, sludge dehydration,
etc. ASK CS/MIR to correct and complete).

* Network maintenance practices: head-loss in pressurized sewers, influent load
to the WWTPs, and treatment units and cleaning frequency of some treatment
units is often affected by inadequate maintenance practices, such as cleaning.

These sources of inefficiencies are often interdependent.
In complement to fixing the inefficient uses, wastewater management also offers
opportunities to explore, such as:

* Energy production from wastewater (e.g., sludge biogas production);
* Production of wind energy in the utility facility sites;
» Exploration of in-sewer treatment processes.

3.2 ENERGY MANAGEMENT SYSTEMS: HIGHLIGHTS
OF THE ISO 50001

ISO 50001 (ISO, 2011) provides organizations with a structured framework
to manage energy aiming at increasing energy efficiency, reducing costs and
improving energy performance. This standard follows the same principles and
common elements of other management systems standards, ensuring compatibility
with ISO 9001 (quality management), ISO 14001 (environmental management)
and ISO 55000 (asset management). Similarly to the other management systems
standards, it is based on the Plan-Do-Check-Act (PDCA) cycle (Figure 3.3).

Its principles and requirements are an excellent basis for managing energy within
wastewater utilities as a whole, and in wastewater treatment plants in particular.

ISO 50001 Energy Management System requires organizations to:

e Continually improve energy performance, including energy efficiency,
energy use and consumption (Figure 3.4); in the case of WWTP, energy
production is also an important axis of energy performance;
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[- Responsibility of the top management * Implementation and h
« Energy policy realization
* Management representative « Communication
« Energy review « Training
« Objectives and action plans * Awareness
Operational control
* Monitoring
* Analysis
* Management review « Corrective action
* New strategic goals * Preventive action
* Optimization * Internal audit
J

Figure 