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Abstract 
Municipal wastewater treatment and associated sludge handling is an essential process for 
modern society and contributes to both human and environmental health. However, it is energy 
intensive. There has been a focus on cleaning efficiency in the subprocesses, e.g. activated 
sludge treatment; however, a holistic approach that reviews different system setups in detail is 
lacking. The aim of this project is to analyze the mass and energy flows through core municipal 
wastewater treatment plant (WWTP) subprocesses and propose holistic measures to improve the 
total efficiency. Two configurations for sludge-handling are proposed: incineration and 
gasification; additionally, detailed models of the mass and energy flows in/out of each 
subprocess are created. Unit processes such as a heat pump, heat exchangers, and combined heat 
and power plants are incorporated into each model configuration to maximize the energy 
efficiency. The result is that the gasification option is self-sufficient in heat and saves over half 
of the electricity needs. The incineration option is also self-sufficient in heat but still requires 
significant electricity. Both options contain inspiring characteristics for the future generation of 
WWTPs. 
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Abbreviations 
WW: Wastewater 

DS: Dry solids 

/a: per annum, or per year 

WWTP: Wastewater treatment plant 

kWh: Kilowatt-hours 

GWh: Gigawatt-hours 

Tonnes are metric tons, equivalent to 1000 kilograms. 

C: Celsius 

MGD: Million gallons per day 

GASKI: Gaziantep Water and Sewage Administration, Turkey 

CWWTP: Central Waste Water Treatment Plant, Czech Republic 

Subprocess abbreviations are as follows: 
AS: Active sludge 

HP: Heat pump 

AD: Anaerobic digestion 

DW: Dewatering 

I: Incineration 

D: Drying 

G: Gasification 

CHP: Combined heat and power plant 

 

Additionally, heat values coming from Abusoglu, et al. (2012) are enthalpy values and are based 
on a reference state of 25 degrees C. 
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1. Introduction 
Municipal wastewater treatment and associated sludge handling is an essential process for 
modern society and contributes to both human and environmental health. However, it is energy 
intensive (Lines, 1998). Each plant has a different configuration, some of which are more 
energy- and resource-efficient than others. There has been a focus on cleaning efficiency in the 
subprocesses, e.g. activated sludge treatment; however, a holistic approach that reviews different 
system setups is lacking. Many opportunities remain to make efficient use of energy, mass, and 
nutrient flows throughout these processes (Foley, et al., 2010). 

Therefore, the research question to be considered is: How can a detailed understanding of 
energy and mass flows of different core processes in municipal wastewater treatment plant 
(WWTP) help to define holistic approaches to improve current sewage and sludge 
handling? 

1.1 Aim and objectives 
The aim of this project is to analyze the energy and mass flows through core municipal WWTP 
subprocesses and propose holistic measures to improve the total efficiency.  

To achieve this aim, the following objectives are set.  

 To identify both commonly used and upcoming core subprocesses in municipal WWTP.  
 To find out the most important energy and mass flows present in these subprocesses. 
 To identify the most inefficient uses or losses of energy (e.g. waste heat not being 

utilized). 
 To propose alternative arrangements of a WWTP to better make use of these flows. 

The second aim, time permitting, is to analyze exergy, and/or nutrient flows for the same 
processes. Due to the focus on alternate configurations and time limitations, this second aim is 
not carried out and represents an opportunity to further explore the topic. 

1.2 Methodology 
The methodology will consist, in general, of a literature review, detailed analysis, and 
communication of results. The literature review will cover the technologies involved in WWTP 
and sludge handling, as well as theoretical information about the energy and mass flows. The 
core municipal subprocesses may include active sludge process, digestion, dewatering, biogas 
upgrading, drying techniques, gasification, incineration, heat exchanger, and heat pump stages. 
In order to find information, resources such as scholarly journals, contacts at companies in the 
industry, local research groups, and statistics from governmental and non-governmental 
organizations may be utilized. 

The energy/mass flows will be represented such that they can be easily visualized and potentially 
manipulated. The flows will be numerically represented, e.g. in Excel, for the possibility of 
modification/manipulation. Several areas of opportunity will be identified, based on the flow 
analysis, and investigated as potential improvements. The energy/mass flows in new scenarios 
will be shown and efficiency improvements quantified. 
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1.3 Limitations 
This analysis will not be based on any particular WWTP. The core subprocesses involved in 
WWTP will be identified and included, but special technologies used in some plants may not be 
considered. As a result, mainly mechanical and biological treatment have been studied. Chemical 
treatment that is common in many WWTPs has not been included. These technologies may 
include technologies commonly used in some countries while not used in other countries. The 
implication is that good experiences from various countries may be used to propose new 
approaches. All technologies included in the improved arrangement(s) should be based on BAT 
(best available technology) and available on the market; however, the most efficient technology 
will be selected for this survey. Collection of necessary data in order to complete the assessment 
will be attempted for all core subprocesses, but it is possible that limitations in data availability 
could hinder this goal. The project is limited in time to approximately six months. 
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2. Literature Review 
2.1 Current state of municipal wastewater treatment 
The human population has grown exponentially in the past few hundreds of years; along with it, 
the thirst for more water and the disposal of more wastewater. Wastewater treatment is critical 
for both human and environmental health. 

The primary goal behind wastewater treatment systems is to obtain an effluent that can be safely 
discharged to natural bodies of water, with minimal harmful impacts on the water quality. 
Increasingly, however, the byproducts such as sewage sludge are recognized as energy sources 
and energy consumption is being reduced through utilization of sludge to create biogas, upgraded 
biogas, and/or fertilizer  (Antakyali & Rölle, 2010).  

Municipal wastewater can be defined as water from domestic sources and run-off or storm water. 
Due to the large volume of storm water and the more sanitary nature of it, storm drains often 
collect storm water and carry it directly to waterways. Sanitary sewer systems, on the other hand, 
have smaller pipes and carry wastewater directly to a treatment plant (U.S. EPA, 2004). 
Domestic sources include greywater—from cooking, dishwashing, handwashing, etc.—and 
blackwater—from the toilet. In some municipal wastewater treatment systems, storm water is 
treated alongside domestic wastewater; these are called combined systems (U.S. EPA, 2014). 
There exist many varieties of treatment systems. In some cases, wastewater may be released into 
the environment as-is, without treatment. In rural communities or places where a central 
treatment plant does not make sense, septic tanks or on-site sewage facilities (OSSF) are used. 
For instance, in the U.S., approximately one quarter of homes rely on these types of systems 
(Davenport, 2004). In many cases, however, centralized treatment plants are used.  

Sludge created from the process must also be handled. In Europe, legislation in 1998 prohibited 
disposal of sewage sludge into the sea, and landfilling of sludge is being phased out. In Germany 
and Sweden, landfilling of sludge has been outlawed since 2005. Landfilling may still occur in 
some places, but the EU Landfill Directive of 1999 sets targets for decreasing the amount of 
biodegradable waste in landfills (PURE, 2012). Common alternatives are agricultural use, 
incineration, and other minor uses in forestry, sulviculture, land reclamation, and more (Fytili & 
Zabaniotou, 2008). Agricultural use is the most common and introduces issues of heavy metal 
contamination of soils and crops; various limitations are set up to deal with this. For instance, 
spreading of sludge is generally not permitted on grasslands and under fruit and vegetable crops. 
Heavy metal concentrations are often monitored and limited (PURE, 2012). 

The design of the treatment plant depends on wastewater flow rate (m3/day) and contaminant 
load (tonnes/day). Energy management, conservation, and efficiency are increasingly being 
taken into account among wastewater treatment plants and organizations. Cost of electricity and 
environmental impact of energy use are often cited as driving factors. Loads are expected to 
increase and electricity demand is already high (U.S. EPA, 2008). In the United States, 
approximately 1.3% of total electricity use is used for wastewater treatment, including industrial 
and municipal (Heidrich, Curtis, and Dolfing, 2011). Further, 3-4% of U.S. electricity use goes 
to the movement and treatment of water and wastewater (Daw, et al., 2012). Growing concern 
over pharmaceuticals, personal care products, hormones, etc. present in wastewater may lead to 
more complex and energy-consuming systems in the near future (Stillwell, et al., 2010). 
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Conventional processes may already be large and energy-inefficient. Most WWTPs are not 
designed with energy efficiency in mind (Daw, et al., 2012). Some have low process efficiencies, 
emissions into populated environments, and large surplus sludge production. Examples include 
aerated stabilization ponds, aerated and non-aerated lagoons, and natural or artificial wetlands. 
Newer technologies such as the active sludge process and anaerobic digestion may be better 
alternatives (Chan, et al., 2009). Many opportunities exist to utilize the resulting sludge, from 
turning it into a fertilizer to incinerating it and using the heat energy.  

Sources of energy may even be found within the plant itself. Use of biogas for energy generation 
within the plant can reduce the external energy sources needed, and in the process can save 
substantial CO2 emissions (Antakyali & Rölle, 2010). Considering wastewater treatment is such 
a crucial process for modern society, attempts to decrease its environmental impact would surely 
keep it resilient in years to come. 

2.2 Pollutants 
Wastewater treatment exists to remove pollutants from water. Municipal wastewater is composed 
of about 99.9% water and 0.1% pollutants (Libhaber & Orozco-Jaramillo, 2012; Medaware, 
2004). The density of wastewater is between 998 and 1001 kg/m^3 depending on salinity and 
temperature (Ryrfors, 1995). Pollutants commonly found in wastewater can be classified in 
different ways, e.g. dissolved vs. suspended, inorganic vs. organic, pathogenic vs. non-
pathogenic, nutrients, etc. One group of researchers identified the two most significant pollutants 
(to use as metrics for successful treatment) as total suspended solids and COD (Hérnandez-
Sancho, et al., 2011). 

Dissolved vs. suspended: Of the pollutants, 60-80% are dissolved and the remainder are 
suspended matter (Libhaber & Orozco-Jaramillo, 2012). The suspended pollutants can be 
separated with a filter. One research group defined pollutants passing through a 0.45 µm 
membrane filter to be dissolved pollutants (Wang, et al., 2007). The metric used for solid content 
of wastewater is typically total suspended solids (TSS) and total dissolved solids (TDS). 

Inorganic vs. organic: Approximately 70% of pollutants are organic, including proteins, 
carbohydrates, and fats. These are derived from components such as body waste, food waste, 
paper, and biological cells. The organic component of wastewater is directly related to its oxygen 
demand, since these proteins, carbohydrates, and fats can be converted into carbon dioxide 
through biological processes. Approximately 30% of pollutants are inorganic, including grit, 
salts, and metals. These come mostly from soil and surface sediments (Medaware, 2004). 
Organic content is monitored by the biological oxygen demand and chemical oxygen demand 
(COD). The five day biological oxygen demand (BOD5) or seven day biological oxygen demand 
(BOD7) are measures of how much dissolved oxygen is needed by microorganisms to metabolize 
the organic content of the wastewater. The chemical oxygen demand (COD) differs in that it 
assumes all organic material in wastewater can be oxidized to carbon dioxide with a strong 
enough oxidizing agent in acid solution, and it measures the oxygen equivalent of organic 
material in wastewater that can be oxidized this way (Abusoglu, et al., 2012).  

Pathogenic vs. non-pathogenic: Bacteria, viruses, and small living organisms (protozoans, etc.) 
live in municipal wastewater. Some are pathogenic, or disease-causing, in humans. Infected 
people are the source of the disease-causing organisms, which could create serious health 
problems if not treated (Medaware, 2004). Although a plethora of pathogenic organisms exist, it 
is impossible to monitor all of them. Instead, an indicator organism is used; in this case, fecal 
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coliforms. Intestinal enterococci may also be used. In raw municipal wastewater, the range for 
fecal coliform count is usually 106-107 MPN/100 ml (Libhaber & Orozco-Jaramillo, 2012). 

Nutrients: Carbon, phosphorus, and nitrogen are constituents of wastewater, also. They 
represent an opportunity for recovery and reuse through, e.g. sludge-derived fertilizer. Nitrogen 
is mostly in the form of ammonia (~40 mg/L) and a small amount of nitrate (<1 mg/L). 
Phosphorus may be present in the range of 6-20 mg/L (Medaware, 2004) 

Pharmaceuticals: A recent concern is the presence of pharmaceuticals and hormones in water, 
originating from medication being flushed down the toilet or from body waste. This is not 
typically monitored and treatment plants do not typically include processes for pharmaceutical 
removal. It is expensive, complicated, and energy-intensive to remove them. Depending on the 
risks they pose, it may become a priority in the future (Medaware, 2004). 

2.3 Energy and exergy analyses 
ESMAP (2012) points out that due to large variations between WWTPs, energy analyses have 
focused and will likely continue to focus on specific processes and equipment rather than holistic 
scenarios. However, by purposefully focusing on the details rather than the larger picture, 
opportunities may be missed to explore alternate system configurations. Additionally, 
recognition of lost exergy flows, primarily waste heat discharged along with outgoing water 
flows and from various process stages, can open up new opportunities for energy savings 
(STOWA, 2006). 

A traditional energy analysis focuses on efficiency, or how well energy is converted during a 
process. It can be described as the ratio of desired output to required input (Khaliq, Kumar & 
Dincer, 2009). Energy analyses usually performed for industrial systems are based on the first 
law of thermodynamics and often fail to explain factors that alter theoretical performance. 
Alternatively, exergy analyses based on the second law of thermodynamics can identify details 
about inefficiencies (Abusoglu, et al., 2012).  

Exergy is energy out of equilibrium with the environment. So to determine exergy, it is 
necessary to know not only the energy content of a flow, but the difference between the flow and 
ambient conditions. Mechanical exergy often depends on pressure differences, thermal exergy 
depends on the temperature difference only, and chemical exergy depends on the difference in 
composition compared to the atmosphere (Scott, 2003). Exergy analyses have increasingly been 
used to identify opportunities for better energy use in industrial processes, since these analyses 
can better identify process inefficiencies and insight on how to reduce them (Dewulf, et al., 
2007). In modern wastewater treatment plants, analyses based exclusively on energy efficiency 
may overlook exergy flows such as thermal energy in outgoing flows. While the energy content 
may be relatively low; the presence of exergy, or the ability for that energy to do work, leads to 
an opportunity for energy recovery. 

In recent years of thermodynamic research, it has been accepted that both energy and exergy 
need to be incorporated in an analysis to obtain the full perspective on a system (Khaliq, Kumar 
& Dincer, 2009). One of the original aims of this project was to incorporate both perspectives of 
energy and exergy in order to find “useable” energy flows, which could be high in energy, 
exergy, or both. However, due to available information, the energy perspective is the focus of the 
analysis. It is a good opportunity for future work in this area to focus on exergy. 
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2.4 Subprocesses 
The following section on subprocesses focuses on a subset of techniques used in this analysis. 
An emphasis is on European plants, and many commonly used technologies are left out; for 
instance, while aerated lagoons are still found in many places, they require a lot of space and are 
not suited to most centralized treatment plants (Persson, 2011). Additionally, technology that is 
designed for and used at small, isolated treatment plants is left out, in the interest of focusing on 
large-scale, centralized plants with more opportunities for energy recovery. 

Almost all WWTPs have mechanical pre-screening/treatment and active sludge / biological 
treatment processes. Anaerobic digestion is very common, as well, followed by dewatering. 
After these first few stages, sludge can be treated further, used as fertilizer, or disposed of. 
Therefore, the “core” of a WWTP is considered to be the active sludge, anaerobic digestion, and 
dewatering stages. These stages are shown together in Figure 2. 

 
Figure 2: Processes most often included in wastewater treatment plants. Highlighted are the components of the 
mechanical pre-screening/treatment stage in red, the active sludge stage in green (with sludge thickening in green because 
it is included in the active sludge stage during the analysis), the anaerobic digestion stage in orange, and the dewatering 
stage in purple. Diagram from MENA Water (2013), edited by the author. 

As mentioned in section 2.1, the most common single uses for dewatered sludge are landfilling, 
agriculture (fertilizer), and incineration. The agriculture use is not explored here, as it takes place 
outside of the WWTP. Similarly, landfilling is left out. Incineration is included as one of two 
options for sludge handling. The other option is drying and gasification, a newer but promising 
technology. Other unit processes described in this section are combined heat and power plants, 
heat pumps, and heat exchangers, as these are potential ways to recover energy within the 
WWTP. 

Mechanical pre-treatment 
Mechanical pre-treatment, also called primary treatment, is the first stage in wastewater 
treatment. The purpose of this stage is to catch any coarse solids, skim off oil, and allow the 
largest of the suspended matter to settle out. Some material may also be ground up. Grates, 
screens, and settling tanks make up the most important components. Wastewater can contain 
large objects such as rags, bottles, sticks, etc. These materials must be removed before the water 
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continues to the pumps and smaller pipes further along in the plant. Grates and screens catch 
them. Screens inclined toward the wastewater flow allow for easier cleaning. Grit chambers may 
be included, especially in combined WWTPs which deal with storm water. Grit, gravel, and sand 
are present more often in storm water and can seriously harm equipment such as aeration 
devices, pumps, and tanks. The final part of mechanical pre-treatment is one or more 
settling/sedimentation tanks. Here, suspended solids slowly sink to the bottom of the tank and 
mechanical equipment is used to remove the resulting sludge (U.S. EPA, 2004). Mechanical pre-
treatment is a necessary part of every WWTP, and is not very energy-intensive. Because of this, 
it is not included in detail during the energy analysis. 

Active sludge process 
Besides mechanical pre-treatment to separate or grind up large solid materials, activated sludge 
treatment is the first major treatment process in municipal wastewater treatment. Active sludge 
treatment is one type of secondary treatment, also known as biological treatment. Other types 
include attached growth processes such as rotating biological contactors, trickling filters, and 
biotowers. These typically take up more space and take longer to treat the wastewater. Active 
sludge, on the other hand, is a suspended growth process, which means microorganisms, 
wastewater, and air are vigorously mixed together in an aeration tank. The result is a faster 
cleaning process which also takes up less space. Potential downsides include higher operating 
costs and higher energy use (U.S. EPA, 2004). 

Wastewater is mixed with recycled sludge (from the secondary clarifier) that has a high 
concentration of microorganisms. The resulting mixture is called mixed liquor and must be 
constantly stirred to keep the solids in suspension and deliver oxygen. The process uses 
dissolved oxygen to promote the growth of biological floc, or particles of microorganisms, which 
remove suspended and soluble organic material. As the microorganisms grow, they clump 
together, forming the floc, which then sinks to the bottom of the tank and becomes sludge. Some 
of the settled sludge is returned and is called returned activated sludge, while some is wasted, 
and is called waste activated sludge. Activated sludge contains large amounts of bacteria, fungi, 
and protozoa which can reproduce and feed on incoming wastewater; therefore, it is recycled 
when possible (NSFC, 2003). A simple version of the process is shown in Figure 3.  

 
Figure 3: Basic schematic of the activated sludge process. Based on Bowden, 2012. 

However, many wastewater treatment plants include nitrogen removal, which is often combined 
with the activated sludge process by using multiple treatment tanks. A diagram of this process is 
shown in Figure 4. Nitrogen removal has two stages: de-nitrification and nitrification, the former 
taking place in an anoxic environment and the latter taking place in an aerobic environment. The 
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alternating conditions are necessary to encourage the growth of different types of bacteria. While 
both pre-denitrification (pre-anoxic) and post-denitrification (post-anoxic) configurations are 
possible, it is more common to use pre-denitrification and also does not require an external 
carbon source (Persson, 2011).  

 
Figure 4: Active sludge process with pre-denitrification. Based on Persson, 2011. 

Nitrogen removal depends on two major reactions, shown in Equations 1 and 2. 

NH4
+

   +  2O2  +  nitrifying bacteria    NO3
-  +  2H+  +  H2O            (1) 

organic material  +  2NO3
-  +  H2O  + denitrifying bacteria    2.5CO2  +  2OH-  +  N2 (2) 

In the nitrification step, for an aerobic environment, the dissolved oxygen content must be 1-3 
mg/L. In the denitrification step, for an anoxic environment, the dissolved oxygen content must 
be 0.5-1 mg/L (Bowden, 2012). These conditions must be carefully controlled for the reactions 
to proceed efficiently. The result of active sludge processes is an effluent that needs to be 
disinfected and possibly treated and filtered further before being released, usually into local 
waterways. The most commonly used disinfectants for this final stage are chlorine, ozone, and 
ultraviolet radiation (U.S. EPA, 2004). 

In summary, active sludge processes remove organic matter from wastewater. Necessary inputs 
are dissolved oxygen delivered by blowers, wastewater, electricity (to power mixer/blower), and 
possibly a carbon source (usually methanol) depending on the order of nitrification and 
denitrification. Outputs are treated effluent, mixed liquor (to anaerobic digestion), return 
activated sludge (recirculated), and surplus or waste activated sludge (removed or digested). 
Aeration is very energy-consuming (Hérnandez-Sancho, et al., 2011). The next stage in most 
wastewater treatment plants is meant to deal with the sludge produced during active sludge. 

Anaerobic digestion 
While sludge can be digested aerobically—to stabilize the material and allow volatiles to 
decompose—anaerobic digestion is preferred for its valuable byproduct, biogas. Anaerobic 
digestion is often used after aerobic treatment of wastewater for stabilization and reduction in 
volume of organic solids (Carballa, et al., 2006). The process digests high-COD waste with 
microorganisms in a mostly-oxygen-free environment (European Commission, 2006). Control of 
pH levels, organic acid content, and temperature is important (Fytili & Zabaniotou, 2008). 
Additionally, the resulting sludge is of higher-quality, easier to dewater, and freer of pathogens. 
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Pretreatment (e.g. chemical or thermal) may prepare the sludge for better digestion by the 
anaerobic bacteria and result in a higher degree of degradation and more methane produced 
(Carballa, et al., 2006). A diagram of an anaerobic digester is shown in Figure 5. 

The incoming flow includes carbon-rich organic material. Bacteria transform the carbon into 
methane and carbon dioxide. These gases are output as biogas. The composition of the biogas 
(ratio of CO2 to CH4) depends on the composition of the input flow and the process conditions of 
the reactor (e.g. temperature and pressure). The semi-solid output is called digestate (European 
Commission, 2006). 

 
Figure 5: Schematic of anaerobic digestion stage with mass inputs and outputs. 

Two varieties of anaerobic digestion exist: thermophilic and mesophilic, referring to the 
difference in temperature between them. The thermophilic variety runs at temperatures around 
55 °C, and usually between 50-65 °C (European Commission, 2006). The mesophilic variety 
runs at temperatures around 35 °C, and usually between 30-38 °C (Appels, et al., 2008).  The 
desired bacteria to cultivate within the digester are anaerobic methane-producing bacteria. They 
reduce the organics and produce a mixture of carbon dioxide and methane. Cultivating the right 
mixture of bacteria requires careful control of temperature, sludge loading rate, and sludge 
retention time (SRT). An SRT of more than 10 days is necessary for sludge stabilization and 
volume reduction, but the SRT is usually around 20 days (Rulkens, 2008). 

Within the digester, several stages to the reaction are taking place: (1) hydrolysis, (2) 
fermentation, (3) acetogenesis, and (4) methanogenesis. In the first, hydrolysis, enzymes 
hydrolyze large polymers. In the second, fermentation produces acetate as well as carbon 
dioxide, hydrogen and volatile fatty acids. The third stage, acetogenesis, involves metabolism of 
organic acids to produce hydrogen, carbon dioxide, and more organic acids. The products of 
these first two stages are then used in the fourth stage, methanogenesis, which produces methane 
from carbon dioxide, hydrogen, and acetic acid. In the process, acid-forming bacteria and 
methane-forming bacteria must be kept in the correct proportions. This control may be difficult 
(Appels, et al., 2008). 
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The biogas produced during anaerobic digestion can be used for electricity production, heat 
production, or upgrading to vehicle fuel (Antakyali & Rölle, 2010). There are many 
opportunities to both include digesters in more WWTPs, and to use the biogas produced more 
effectively, especially in the U.S. (Greene, 2012). In Germany, anaerobic digestion is commonly 
used among WWTPs larger than 30,000 PE (person equivalent). Of these, over half of the plants 
recover electricity from the digester gas (Antakyali & Rölle, 2010). In some countries (e.g. 
Sweden and Denmark), under specific circumstances, it is permitted to use digestate directly as a 
fertilizer (European Commission, 2006). Thermal and mechanical pre-treatments are possible 
and can increase the efficiency of the digestion process (Appels, et al., 2008). 

Dewatering 
Dewatering can be done with any type of sludge, including sludge from primary settling (in 
mechanical pre-screening), active sludge treatment, and anaerobic digestion. The purpose of 
dewatering is to increase the percentage of dry solids in sludge, concentrating it. This decreases 
the volume of sludge dramatically and makes it easier to transport or further process. In fact, it 
would not be economically viable to transport and dispose of sludge with 10% dry solids or less 
(Armenante, 1999). When digested sludge is dewatered, the resulting concentrated sludge is 
often called biosolids. 

Dewatering equipment includes filter presses and centrifuges. Dissolved air flotation may also be 
used for dewatering, as well as rotary drum thickening (Evoqua, 2014). Belt filter presses and 
centrifuges are the most common (Novak, 2006). Centrifuges are chosen as the focus for this 
analysis. 

Centrifuges are made up of a spinning bowl containing the initial sludge. Solids are separated 
from liquids through a settling process the same as in sedimentation tanks. However, in a 
centrifuge, the spinning creates a force stronger than gravity and the sedimentation process is 
sped up. Centrifuges are common in wastewater and sludge applications, and may take several 
specific forms. For instance, solid bowls, perforated and imperforated baskets, and disk bowls 
(Armenante, 1999). Schematics of these designs are shown in Figure 6. 
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Figure 6: Various designs of centrifuges for sludge dewatering. Only the solid bowl decanter is used with anaerobically 
digested sludge, while the other designs can be used with more-watery waste activated sludge. All images from Armenante 
(1999) and compiled by the author. 

Despite the variety of centrifuges, only solid bowls are used with digested sludge, and therefore 
are the only type described here in detail. The others can be used with more-watery waste 
activated sludge. Solid bowls are elongated cylinders with a tapered conical end. The watery 
sludge is pumped into the conical end, travels parallel to the axis, and is collected at the other 
end. Meanwhile, the concentrated sludge is collected on the conical end, so that the flows are 
countercurrent. Within the bowl is a helical scroll which rotates at a different speed and scrapes 
the sludge cake/biosolids toward the collection end (Armenante, 1999). The sludge leaving the 
centrifuge contain about 30% dry solids (Larsen, et al., 2010). A visualization of the mass flows 
is shown in Figure 7. 

 
Figure 7: Schematic of dewatering stage including mass inputs and outputs. 
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To assist with the flocculation and settling of suspended particles inside the centrifuge, 
conditioning chemicals are added to the sludge during the process. These chemicals are usually 
either polymers or metal ions. Iron salts are common (Novak, 2006). Polymers, usually 
polyelectrolytes, are more effective, however (Porteous, 2003). 

To summarize the dewatering stage, it has few mass flows, the primary one being sludge with a 
low solids content entering the dewatering stage, and dewatered sludge leaving, with clarified 
liquid leftover as a byproduct. Conditioning chemicals are often added at the beginning. 
Dewatering does not require any heat, and the only energy input is electricity to run the motor in 
the centrifuge. Dewatering has followed the flow of sludge from anaerobic digestion, and the 
dewatered sludge or biosolids flow continues with either incineration or drying and gasification, 
described in future sections. But first, what might happen with the other byproduct of anaerobic 
digestion, biogas? Biogas upgrading is one scenario, described in the next section. 

Biogas upgrading 
The biogas produced by anaerobic digestion contains carbon dioxide, hydrogen sulphide, water, 
and other contaminants. Hydrogen sulphide in particular can seriously damage machinery by 
corrosion. The purpose of biogas upgrading is to concentrate the methane and remove the other 
ingredients by absorption or scrubbing. Methods include water washing, pressure swing 
adsorption, selexol absorption, and amine gas treating. Water washing is most common, resulting 
in 98% methane and only 2% methane loss. It takes only 3-6% of the energy output in gas to run 
the system (Persson, 2003). Upgraded gas can be used as a vehicle fuel. 

Water washing takes advantage of the solubility of carbon dioxide, hydrogen sulphide, and 
ammonium. Under controlled pressure, these contaminants are absorbed into the water. 
Upgraded gas is saturated with water and must be dried. Flash tanks are used on the process 
water, because some methane may be dissolved in it. Once the gas is removed under lower 
pressure, it is mixed with the crude biogas. Water can be regenerated or not. Pressure swing 
adsorption, another option, uses the molecular sizes of contaminants to adsorb them under 
varying pressure with zeolites or activated carbon (Persson, 2003). 

In general, biogas upgrading can produce a higher-quality fuel at a low energy cost. The 
resulting fuel can be sold and used to power vehicles, which makes it attractive, economically, 
for wastewater treatment plants. Biogas upgrading is not included in detail in the analysis 
because it produces money instead of energy for the plant. 

Incineration 
The other byproduct of sludge digestion is digested sludge, also known as biosolids. Bacteria and 
pathogens have been largely destroyed during digestion, and the remaining material can be used 
as a fertilizer, gasified, or incinerated. Some other options such as pyrolysis exist but are in the 
early stages of development and are therefore not considered (Stillwell, Hoppock & Webber, 
2010). Incineration is a proven technology, in use across the European Union and around the 
world. The purpose of incineration is to burn the sludge dry solids. This eliminates the organic 
content and produces a low-volume, inorganic ash (U.S. EPA, 2004). Already, incineration of 
biosolids is a popular pathway. Percentages of sludge being incinerated are 24% in Denmark, 
20% in France, 15% in Belgium, 14% in Germany, 25% in the USA, and 55% in Japan (Fytili & 
Zabaniotou, 2008). 
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Incineration often has built-in energy recovery with preheating of the incoming sludge. The 
waste product, ash, is stable. Incinerators do require significant investment upfront, but can make 
up for this by generating up to 40% of the WWTP's electricity. Exhaust gas cleaning is required 
to deal with odors, particulates, acid gases, nitrogen oxides, hydrocarbons, and heavy metals. 
Whichever type of incinerator is used, it is possible to generate electricity from the resulting heat 
using a steam cycle power plant (Stillwell, Hoppock & Webber, 2010). A simple diagram with 
mass flows is shown in Figure 8. 

 
Figure 8: Schematic of incineration process including mass flows. 

Some common types of incinerators include fluidized beds and older hearth-types. Fluidized 
beds can deal with wetter sludge. An acceptable range of dry solids content is 41-65% (Fytili & 
Zabaniotou, 2008). They must, however, be operated continuously. Multiple hearth furnaces 
consist of several stages with hot air recycled between them. This improves heat generation. 
They can be operated batch-wise or continuously (Stillwell, Hoppock & Webber, 2010). A 
fluidized bed incinerator will be used in this analysis. 

Drying techniques 
There are two primary types of thermal processes for drying sludge: heat conditioning and heat 
drying. Heat conditioning can stabilize sludge without the use of chemicals and can prepare 
sludge for dewatering, as well as deal with a variety of sludge compositions and reduce 
subsequent requirements for energy and size of equipment (vacuum filters, incinerators). 
Pathogens are destroyed and dewatering performance is increased. Heat drying, on the other 
hand, involves the thermal evaporation of water from sludge. (Wang, et al., 2007). Therefore, 
drying can be a pre-treatment for dewatering, but the focus here is its use prior to gasification, to 
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increase the dry solids content of the sludge dramatically, and so heat drying is the process of 
interest. 

Some examples of dryers for this purpose include belt dryers, drum dryers, and fluidized bed 
dryers. Belt dryers are better for smaller amounts of dried sludge, while drum dryers and 
fluidized bed dryers can handle larger capacities. Belt dryers are also well-suited for lower 
temperatures and can therefore use waste heat from other processes. That said, due to the need 
for sludge with very high dry solids content, and the goal of applying the technologies discussed 
to a large, centralized treating plant, a drum or fluidized bed dryer would be more appropriate. 
Fluidized bed dryers are newer, fast due to good heat and material transfer, adaptable to different 
sludge qualities, and can use a closed gas loop, reducing the amount of gas cleaning necessary. 
Drum dryers are very robust. They involve mixing incoming sludge for a dry solids content of 
60% before it enters the main drum. Hot gas flows through the drum, and water evaporates as the 
sludge is carried through to the other end. Drum dryers have relatively low energy consumption, 
can also run with a closed air loop, and have a long life due to their reliable design (Andritz, 
2011). A drum dryer will be used in the analysis. A visualization of the mass flows is shown in 
Figure 9. 

 
Figure 9: Schematic of drying process including mass flows. 

Drying is able to concentrate dewatered sludge to around 90% dry solids (Andritz, 2011). Fuel 
oil is required to keep the temperature high within the dryer, and exhaust gas is produced. The 
remaining flows are the incoming dewatered sludge and outgoing dried sludge cake. This stage 
may be able to use waste heat to preheat the incoming sludge and therefore reduce fuel 
consumption. Once the sludge is dried, it is ready for gasification, described in the next section. 

Gasification 
Disposal of sewage sludge is becoming more expensive and one of the main uses, as a landfill 
cover, is not sustainable since landfills are being phased out in Europe (European Environment 
Agency, 2009). Therefore, an alternative way to deal with sewage sludge is needed. Gasification 
is one such alternative. The process is relatively new but has been proven in multiple pilot plants 
(Brown & Caldwell, 2012). This puts it on the edge of becoming full-scale and more widely 
available. It is considered here as one of two sludge-/biosolids-handling pathways. 

Both incineration and gasification are methods to deal with sludge that make use of the 
embodied energy and avoid landfills. Gasification may be attractive because it takes place in a 
net reducing atmosphere rather than oxidizing; therefore, it does not require additional fuel and 
avoids the emissions of sulphur and nitrogen oxides and heavy metals. Additionally, the product 
is a high-quality gas which can be burned for heat or power generation (Marrero, et al., 2004).  
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Dried sewage sludge can be gasified and some pilot plants already exist proving the effectiveness 
of the technology (Judex, et al., 2012). The process, simply put, converts carbonaceous materials 
into carbon monoxide, hydrogen, and carbon dioxide. It is a reaction of a material, in this case 
dried sewage sludge, at high temperature without combustion and with a controlled amount of 
oxygen/steam to obtain syngas/producer gas.  

Equipment used for gasification includes the counter-current fixed bed (updraft gasifier), co-
current fixed bed (downdraft) gasifier, entrained flow gasifier, and fluidized bed reactor (Alix, 
2010). Due to available information on a pilot fluidized bed gasifier, this type is used in the 
analysis. 

A visualization of the mass flows and general setup of a gasification plant is shown in Figure 10. 
Dried sludge enters a storage tank before being preheated in the gas cooler. At a higher 
temperature, it continues into the fluidized bed, where the reactions occur to create syngas. The 
resulting gas releases ash in a cyclone, goes through a heat exchanger to preheat incoming air to 
the fluidized bed, and is quenched in the gas cooler while releasing tar, which is adsorbed on the 
incoming dried sludge. Finally, the gas byproduct is treated to remove impurities: water, H2S and 
NH3. Compounds including ammonia, sulphides, and HCN may still be present, but gas cleaning 
is an area of active improvement (Judex, et al., 2012). 

 
Figure 10: Schematic of gasification process including mass flows. Based on Balingen gasification plant in Germany 
(Judex, et al., 2012). HX stands for heat exchanger. Some detail is left out—for instance, in gas processing—in order to 
emphasize the most significant flows. 

There are three sub-stages to the process inside the fluidized bed: pyrolysis/volatilization, 
combustion/oxidation, and gasification/reduction. In the first stage, pyrolysis or volatilization, 
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volatile compounds are released at temperatures of 400 to 700 degrees C. The resulting material 
is carbon solids. In the second stage, combustion or oxidation, these solids are combusted to 
provide heat for the process. This stage is not needed if an external heat source is used instead. 
The final stage, gasification or reduction, takes place at high temperatures of 850 to 1 200 
degrees C, and the result is syngas (Alix, 2010). When sewage sludge undergoes gasification, 
only 20% of the carbonaceous solids convert to gas. The rest are output as carbonaceous char, a 
byproduct of the process. Char is, however, useful when used to dry and condition the incoming 
sludge, leading to further gasification (Marrero, et al., 2004). 

In summary, gasification is still being proven as a full-scale process, but pilot plants have been 
successful and there is at least one example of a full-scale demonstration plant, Mannheim in 
Germany (Judex, et al., 2012). Electricity is required but much heat is retained within the process 
due to preheating of air for the fluidized bed. Some useable waste heat is available. Syngas does 
require extra treatment but is a high-quality gas that can be burned for electricity, heat, or both. 

Heat exchanger 
Heat exchangers are a simple technology with a big opportunity to improve energy efficiency. 
The basic idea is to expose two flows (gas/gas, liquid/liquid, or gas/liquid) to each other in such 
a way that they do not mix together, but are able to exchange heat. Designs focus on optimizing 
heat transfer at the contact surface and choosing the right design for the application (e.g. not 
forcing a thicker fluid through narrow plates that could clog). Heat exchangers are already 
incorporated into many industrial plants, such as in flue gas heat recovery systems (U.S. DOE, 
2005). Various characteristics of heat exchangers are shown in Figure 11. 

 
Figure 11: Characteristics of common heat exchangers. Images in parts A and B from Leonardo da Vinci Project, 2007. 
In part C, plate heat exchanger image is from Offshore Energy Today, 2012; shell and tube heat exchanger image is from 
Southwest Thermal Technology, 2014; and spiral heat exchanger image is from Commonwealth of Australia, 2012. 
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Heat exchangers can be categorized based on flow and overall design characteristics. As shown 
in Figure 11, the flow may be laminar or turbulent, with turbulent flows achieving better heat 
transfer. Laminar flows are smooth, as a result of being slower and encountering smooth or flat 
walls. The flow directions may be co-current or countercurrent, with countercurrent flows 
achieving better heat transfer. Co-current flows involve both fluids going the same direction, 
leading to a maximum heat transfer of 50%, whereas countercurrent flows involve the fluids 
going opposite directions and achieving much higher heat transfer (Leonardo da Vinci Project, 
2007). Several common designs of heat exchangers include plate, spiral, and shell and tube. The 
plate design is more economical, but a spiral design can deal with solids or fibers mixed in with 
liquid more effectively (Lines, 1998). A summary of preferred characteristics for wastewater 
treatment applications is presented in Table 1. 
Table 1: Possible characteristics of heat exchangers, with preferred characteristics highlighted in left column. Based on 
Lines, 1998, and Leonardo da Vinci Project, 2007. 

Heat Exchangers Preferred Other Other 

Flow characteristic Turbulent Laminar  

Direction of flows Countercurrent Co-current  

Types of designs Spiral Shell and tube Plate 

It was impossible to find a commonly-accepted heat exchanger efficiency for industrial 
applications, as the results will depend on the specific setup. That said, in laundry applications 
(water-to-water), an upper bound of heat recovery is reported as 50% (Leonardo da Vinci 
Project, 2007). For countercurrent spiral arrangements, a heat recovery of 60% is feasible, 
specifically in preheating of raw sludge for anaerobic digestion (Lines, 1998). The result is that 
anywhere from 5 to 30% of energy input can be offset by a heat exchanger (U.S. DOE, 2005). 
Alfa Laval advertises a potential efficiency of above 80% even at a “low” cost for compact heat 
exchangers which appear to be plate-style (Alfa Laval, 2014).  

Combined heat and power plant 
Combined heat and power plants (CHPs) are a convenient way to take advantage of the energy 
potential of biogas and/or syngas, while producing useable energy for the WWTP. Modern CHPs 
can produce electrical energy at over 40% efficiency, and surplus heat from the CHP’s 
machinery and exhaust gas can be used in a variety of ways (PURE, 2012). The most common 
pathway for biogas produced at a WWTP in Germany is utilization in a CHP (Pöschl, et al., 
2010). 

The flows inside a CHP are not analyzed in detail, but the input is fuel, either biogas, syngas, or 
a mixture of the two, and the result is electricity and heat. A simple diagram is shown in Figure 
12. It should be noted that higher electrical efficiencies result in lower heat production, so the 
two must be balanced to suit the particular WWTP. In the winter, additional heat may be needed. 
Including biogas storage tanks allow the CHP to run at optimal efficiency, instead of being 
dependent on the flow of gas (PURE, 2012). 
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Figure 12: Schematic of combined heat and power process including mass flows. 

As a result of one study on the energy efficiency of various biogas production and utilization 
pathways, the CHP was found to be the most efficient, assuming the heat is utilized and the 
biogas does not travel far. The second most efficient pathway was biogas upgrading with a small 
CHP to provide energy needed for upgrading process (Pöschl, et al., 2010). In general, CHPs are 
an excellent choice to obtain energy from a byproduct of anaerobic digestion and/or gasification 
and produce electricity and heat for the WWTP. 

Heat pump 
Heat pumps make use of temperature differences between a substance and the ambient 
temperature. Municipal sewage water is an example of a heat source which may be used with 
heat pumps, especially in climates such as Sweden’s, where the sewage water is cooler than the 
air in the summer but warmer in the winter. Heat pumps function because of either the vapor 
compression cycle or the absorption cycle (STOWA, 2006). They typically come in three 
varieties: water-to-water, air-to-air, and water-to-air (LeVasseur & McPartland, 2010). In the 
literature, the most common is a water-to-air heat pump. A diagram of a heat pump using the 
vapor compression system is shown in Figure 13. 

 
Figure 13: Schematic of heat pump process including mass flows. 
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In a vapor compression system, there are four components: two heat exchangers which are 
known as the evaporator and condenser, the compressor, and the expansion valve. Working fluid 
flows through them in a closed circuit. The evaporator uses a heat source (in this case sewage 
water) to evaporate the working fluid and, in turn, lower the temperature of the sewage water. 
The vaporized working fluid then enters the compressor, where it is pressurized and the 
temperature is raised further. This now-hot vapor continues to the condenser. The fluid to be 
heated; in this case, air; flows through the condenser while the working fluid re-condenses, 
giving useful heat to the air. The working fluid travels into the expansion valve, where it is 
brought to the evaporator temperature and pressure. This closes the cycle and the working fluid 
is circulated back to the evaporator (STOWA, 2006). 

Heat pumps can be compared based on their coefficients of performance (COP). The COP refers 
to the relationship between heat produced (or removed) and electrical input required. Heat pumps 
often have COPs above one, meaning that they require a smaller amount of electrical energy than 
the amount of heat they displace. Most heat pumps have a COP between 2 and 5, and most 
common are COPs of 3 to 4 (McCarty, et al., 2011).  The Carnot efficiency refers to the ratio 
between the actual COP of a heat pump and the ideal efficiency. There is significant opportunity 
to utilize heat pumps in industrial applications for heating and cooling process streams. The type 
of heat pump most commonly used in this environment is an electric closed cycle heat pump 
(Heat Pump Centre, 2013). In general, a heat pump can be beneficial if it can replace purchased 
energy, save money by decreasing energy use, or can pay for itself in an acceptable time period, 
typically two to five years (U.S. DOE, 2003). 

In the context of a WWTP, a heat pump can be used anywhere there is a low-grade heat source 
that could be utilized if the temperature were higher. As this describes the effluent from active 
sludge, a heat pump will be explored later in the analysis at this point in the WWTP.  

2.5 Conclusion 
Up to this point, the literature review has focused on a background of wastewater treatment in 
general, the contents of wastewater which must be removed, an overview of energy and exergy 
analyses, and detailed descriptions of selected common and/or promising subprocesses within 
WWTPs. The analysis will attempt to model a generalized WWTP with detailed mass and 
energy flows, and recommend ways to increase the energy efficiency by including unit processes 
such as heat exchangers. How does this type of analysis fit in to the existing literature? A number 
of research groups have focused on the topic of energy use in wastewater treatment, but none 
have attempted the same analysis, including all components that are reviewed here. Following 
are examples of related studies published in the last few years. 

Caldwell (2009) outlines recommendations for energy-efficiency improvements in current 
WWTPs; i.e. ones that are being designed and constructed now. Main points include efficient 
blowers, digester heating using a CHP, and more efficient motors and pumps. 

The Global Water Research Coalition (2010) reviews energy efficiency measures in water 
treatment practices around the world, and suggests that energy efficiency gains of 5-25% are 
possible. The two most significant stages for improving energy efficiency are active sludge and 
pumping (which is not included in this analysis). 

Stillwell, Hoppock, and Webber (2010) conducted an assessment of potential energy savings in 
WWTPs in the U.S. state of Texas. Their focus is on the energy savings possibilities of 
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incorporating anaerobic digestion and biosolids incineration into Texas WWTPs. The potential 
savings are significant. 

Hérnandez-Sancho, et al. (2011) review energy efficiencies in WWTPs located in the Valencia 
Region of Spain. They note that energy consumption per cubic meter wastewater treated does not 
vary across countries even if the technology used is different. They find that biological treatment 
is the biggest energy consumer. “Small” and “medium” sized plants used 98% and 46% 
(respectively) more energy than “large” plants, as measured by total energy consumption per 
cubic meter of wastewater processed. Small was defined as less than 100,000 m3 per year, and 
medium was defined as between 100,000 and 250,000 m3 per year wastewater processed. 
Anything above the medium range was considered large. Therefore, the larger the plant, the 
better opportunities for energy efficiency. Specific to the active sludge stage, diffusers instead of 
turbines can save energy. A main takeaway is that very few WWTPs included in the study could 
be considered “efficient” in their current state. This result points to a huge opportunity for 
improvements. 

Cantwell (2011) presents an interesting contrary result found in an opportunity assessment for 
Wisconsin wastewater treatment facilities to improve energy efficiency. In that case, the smaller 
plants had more opportunities for energy efficiency. The analysis shows available efficiency 
improvements of up to 44% for low-flow (0-1 MGD) plants, 34% for medium-flow (1-5 MGD) 
plants, and 23% for high-flow (>5 MGD) plants using the best available technology. 

Singh, et al. (2012) create a framework for analyzing all types of energy consumption—
including mechanical, chemical, and electrical—in small-scale WWTPs. They highlight the lack 
of sufficient data available for comparison and the problem in reconciling data from different 
sources, which vary greatly in scale, scope, and types of treatment technologies.  

Manea, Robescu, and Presura (2012) discuss sustainable energy in WWTPs but come to the 
conclusion that there is no “one size fits all” solution, and that for each WWTP, an evaluation 
must be completed on the energy needs and available sustainable energy sources. They highlight 
the complexity of these systems, with a perspective including financial and other stakeholder 
considerations. A major takeaway is the heat consumption of anaerobic digestion being high. 

Daw, et al. (2012) for the U.S. National Renewable Energy Laboratory (NREL) detail a case 
study of a process energy audit done for a WWTP in Colorado called Crested Butte and the 
resulting energy and cost savings that could be achieved. The most energy-consuming aspects of 
the plant were the aerators in the aeration/oxidation ditch and the pumps. 

One of the most detailed analyses comes from Abusoglu, et al., (2012), a Turkish research team 
who carried out a thermoeconomic assessment of the largest WWTP in Turkey, GASKI 
(Gaziantep Water and Sewage Administration). Due to close collaboration with the operators of 
the plant, they were able to show detailed flow information, including energy and exergy. 

Many published studies focus only on energy efficiency in a specific subprocess or subprocesses. 
For example, Groβ, et al. (2008) focus on fluidized bed gasification; Cao and Pawlowski (2012) 
focus on anaerobic digestion and pyrolysis; and Pöschl, et al. (2010) focus on biogas production 
and utilization. While all of the research mentioned in this section has been helpful in this 
project, none of it covers the same scope. It is with this in mind that the analysis is undertaken. 
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3. Analysis 
Considering each WWTP has a slightly different configuration, a central question of this thesis is 
how to generalize to a ‘standard’ plant model, in order to map as many flows as possible and find 
significant energy-saving opportunities that can be applied to WWTPs around the world. The 
beginning of this process is to define the “core” plant model; in other words, the processes that 
are necessary at all modern, relatively large WWTPs. An important branching point is after the 
dewatering stage. Most plants have active sludge/biological treatment processes, anaerobic 
digesters, and dewatering equipment. However, once the dewatered sludge, also known as 
biosolids, is obtained, a variety of measures may be taken with it. Therefore, the “core” plant 
model, shown in Figure 14, includes active sludge, anaerobic digestion, and dewatering only. 

Significant mass and energy flows are visible in the core plant model. Wastewater enters active 
sludge and effluent water leaves it. Both of these water flows constitute significant mass flows in 
the plant. Active sludge is heated; therefore, the effluent water retains heat and active sludge is 
an energy-intensive process. The sludge byproduct continues to the anaerobic digesters, where it 
is further heated and biogas is produced. Finally, the digested sludge is dewatered, condensate is 
released, and the dewatered sludge is ready for any of a variety of sludge-handling procedures. 

 
Figure 14: Representation of the core plant model, including active sludge, anaerobic digestion, and dewatering. Mass and 
energy flows are shown. Compilation by the author. 

GASKI, the Turkish WWTP, sends its biosolids to be used as fertilizer; indeed, this is a popular 
use (Abusoglu, et al., 2012; Houdkova, et al., 2008). But alternatives involving further 
processing of biosolids, such as incineration and drying and gasification, can produce useful 
byproducts or energy for the plant.  
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Following the core plant model, two sludge-handling options are considered. The first is 
incineration, a proven technology already being used in many places in Europe (Fytili & 
Zabaniotou, 2008). The second option is gasification, including a drying stage before 
gasification. Although barely out of pilot testing, gasification has been well-proven and produces 
a high-quality byproduct, syngas (Judex, et al., 2012). A visualization of the both configurations 
is shown in Figure 15. 

Both configurations include the core plant model of active sludge, anaerobic digestion, and 
dewatering. Option 1, the incineration configuration, adds an incineration plant after dewatering. 
The incineration plant requires extra fuel and creates waste heat, but the byproduct is an inert 
ash, much smaller volume than the sludge input and safer to dispose of. Option 2, the 
gasification configuration, adds two extra processes: drying and gasification. Drying is necessary 
before gasification, and requires heat. The gasification plant requires extra fuel, but the 
byproduct is a high-energy syngas, along with various solid wastes. These sludge-handling 
scenarios will be detailed further in the coming sections. 

      
 

Figure 15: The two sludge-handling configurations. Mass and energy flows are shown. Length of arrow does not relate to 
numeric value. Compiled by the author. 

Data used for the models are based primarily on WWTPs in Sweden and Turkey. Also utilized 
are data from gasification plants in Germany and the rest of the European Union, and an 
incineration plants in the Czech Republic and the rest of the European Union. The system 
boundary is set to include all mass and energy entering and exiting a model WWTP over the 
course of one year. 
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A variety of data sources were used to develop the model. In summary, electricity use is 
primarily based on Swedish WWTPs; the core plant model energy and mass flows are based on 
the Turkish plant, GASKI; drying and gasification are based on German pilot plant Balingen; 
incineration is based on German plant Winterthur and Czech plant CWWTP; the heat pump is 
based on Stockholm plant Hammarbyverket; and the combined heat and power plants are based 
on Balingen (syngas) and CWWTP (biogas). More details on these WWTPs are presented below. 

In the Stockholm area, there are two wastewater treatment plants that, together, treated 135 500 
000 m^3 of wastewater in 2011. These are Henriksdal and Bromma, and they handle 250 000 
and 123 000 m^3 per day, respectively. Both are relatively large plants. Henriksdal has a PE 
(person equivalent) of 680 000 and Bromma has a PE of 190 000 (Stockholm Vatten, 2011). 
These plants were taken into account during electricity flow calculations, which are presented in 
detail in Appendix 1. 

German gasification plant Balingen was used as a model for the electricity and heat balances for 
drying and gasification and dewatering (Larsen, et al., 2010). The capacity is 170 kg DS/hour 
and 1 950 tonnes DS per year. Balingen has a PE of 250 000 (Judex, et al., 2012). 

Abusoglu, et al. (2012) did a detailed thermoeconomic analysis and reported temperatures, 
enthalpy values, and mass flows at many points throughout a WWTP in Turkey. The name of the 
plant is GASKI and it is the largest in terms of WW flow per year in all of Turkey (Gokcay, et 
al., 2007). GASKI treats 222 000 m^3 WW per day, with a mass flow rate of sewage input of 
2566.23 kg/s (Abusoglu, et al., 2012).  Therefore, the amount of WW treated per year is 81 030 
000 m^3. 

To determine the electricity requirement for the “core” WWTP configuration in this analysis (not 
including drying, gasification, and incineration), the electricity requirement per m^3 WW treated 
at Henriksdal & Bromma was used as a reference to estimate the electricity requirement for 
GASKI. This results in 27 029 934 kWh/a required. 

An assumption made to convert data from kg/s (which was reported by Abusoglu, et al., 2012) 
into tonnes DS/yr is that the WWTP is running all the time. There are likely some periods of 
maintenance which make this assumption false, but it will serve for this analysis. 

The analysis was done using a ‘theoretical GASKI plant’ over the course of one year. It is called 
the ‘theoretical GASKI plant’ because GASKI does not include any of the post-dewatering 
stages, but the data for those stages (drying, gasification, and incineration) have been scaled 
appropriately so that the flows are realistic for a holistic plant. 

3.1 Level one: inputs & outputs to system boundary 
Two system configurations are considered, in order to compare the two possible sludge handling 
options of incineration and gasification. These are referred to as option 1 or the incineration 
configuration, and option 2 or the gasification configuration. The first includes the following 
subprocesses: active sludge, anaerobic digestion, dewatering, incineration, and combined heat 
and power (running on biogas). Heat pump and heat exchangers will be considered after 
identifying the most energy-rich flows. The second configuration includes the following 
subprocesses: active sludge, anaerobic digestion, dewatering, drying, gasification, and combined 
heat and power (running on syngas). Similarly, a heat pump and heat exchangers will be taken 
into account after mapping these subprocesses. 
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Tables 2 and 3 show the inputs and outputs to the system boundary for the two configurations. 
This data will be expanded upon in later sections, and primarily comes from the more detailed 
analysis, as it was not possible to do an “outside-in” type of analysis. The reason is that multiple 
plants are considered, with data being combined from different sources, and the outputs and 
inputs to the subprocesses are needed to connect them together. 
Table 2: WWTP configuration 1 inputs and outputs to system boundary. 

Inputs/Outputs to Option 1 Number Unit Source 
MASS       
Wastewater IN 71760391 tonnes/a Table 4 
Treated water OUT 63113800 tonnes/a Table 4 
Dewatering off-gas OUT 302315 tonnes/a Table 6 
Ash OUT 3950 tonnes/a Table 7 
ELECTRICITY       
Total electricity needed 89 GWh/a   
HEAT       
Active sludge heat IN 41 GWh/a Table 4 
Anaerobic digestion heat IN 38 GWh/a Table 5 
Active sludge heat OUT 1850 GWh/a Table 4 
Incineration heat OUT 43 GWh/a Table 7 
CHP heat OUT 13 GWh/a Table 11 
Total heat needed -1827 GWh/a   
FUEL       
Natural gas IN 18 GWh/a Table 7 
Biogas OUT 241 GWh/a Table 5 
Total fuel needed 18 GWh/a   

The main mass flow entering the system boundary is wastewater, 71 760 391 tonnes per year. 
Treated water exits from active sludge and makes up 63 113 800 tonnes per year. From 
dewatering, 302 315 tonnes per year of effluent are released. These are true for both system 
configurations. 

Specific to the incineration configuration in Table 2, 3 950 tonnes of ash are left over to be 
disposed of. As for electricity, most subprocesses require electricity and the CHP based on 
biogas only creates 8 GWh per year, leading to an electricity requirement of 89 GWh per year 
overall. The heat flows tell the opposite story, however, with the large quantity of waste heat 
from active sludge balancing out the heat requirements for all of the other stages and more. In 
fact, 1 827 GWh of heat per year are available from the plant overall. Finally, fuel is required for 
incineration, 18 GWh of natural gas per year. Meanwhile, 241 GWh of biogas is produced per 
year. As these are different types of fuel, they were not added together, and so the fuel energy 
needed is considered to be 18 GWh per year. 
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Table 3: WWTP configuration 2 inputs and outputs to system boundary. 

Inputs/Outputs to Option 2 Number Unit Source 
MASS       
Wastewater IN 71760391 tonnes/a Table 4 
Treated water OUT 63113800 tonnes/a Table 4 
Dewatering off-gas OUT 302315 tonnes/a Table 6 
Condensate OUT 7889720 L/a Table 10 
Syngas OUT 36062720 m^3 Table 10 
Solid residue OUT 22.5 tonnes/a Table 10 
Mineral granulate OUT 11270 tonnes/a Table 10 
ELECTRICITY       
Active sludge electricity IN 13 GWh/a Table 4 
Anaerobic digestion 
electricity IN 3 GWh/a Table 5 
Dewatering electricity IN 3 GWh/a Table 6 
Drying electricity IN 0 GWh/a Table 8 
Gasification electricity IN 22 GWh/a Table 10 
CHP electricity OUT 90 GWh/a Table 11 
Total electricity needed -49 GWh/a   
HEAT       
Active sludge heat IN 41 GWh/a Table 4 
Anaerobic digestion heat IN 36 GWh/a Table 5 
Drying heat IN 235 GWh/a 

 Active sludge heat OUT 1850 GWh/a Table 4 
Gasification heat OUT 22.5 GWh/a Table 10 
CHP heat OUT 203 GWh/a Table 11 
Total heat needed -1761.5 GWh/a   
FUEL       
Biogas OUT 241 GWh/a Table 5 
Fuel oil IN 10.32 GWh/a Table 8 
Syngas OUT 361 GWh/a Table 10 
Total fuel produced 602 GWh/a   

Specific to the gasification configuration in Table 3, additional mass flows are produced. 
Gasification outputs 36 062 720 m3 of condensate, 22.5 tonnes of solid residue, and 11 270 
tonnes of mineral granulate per year. Electricity use is also different compared to the incineration 
configuration. Gasification requires less electricity, and the CHP run on syngas produces more 
electricity. This actually shifts the electricity balance such that 49 GWh of electricity are 
produced per year. 

Regarding heat flows, drying introduces the need for more heat, 235 GWh per year. 
Gasification’s waste heat production offsets this by 22.5 GWh per year, and the CHP run on 
syngas can produce another 203 GWh per year, almost balancing out the dryer’s heat 
requirement. Overall, since the active sludge effluent contains so much heat per year, there is still 
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a net heat production for the plant, 1 762 GWh per year, slightly less in this configuration than 
for incineration. 

Finally, the biogas production is the same, but drying requires fuel oil and gasification produces 
high-quality syngas. The dryer’s light fuel oil needs are 10 GWh per year, while the syngas 
produced per year from gasification has 361 GWh of fuel energy. Again considering that each 
fuel is different in character and possible uses, the production of fuel is 602 GWh of fuel energy 
per year. This is the sum of biogas and syngas produced, while leaving out the fuel oil 
requirement. 

3.2 Level two, subprocesses: inputs and outputs in terms of mass and energy 
The first level of detail showed the core of the WWTP model and summarized the inputs and 
outputs to the system boundary. The two sludge-handling options are introduced, and some 
differences are described in terms of system-level inputs and outputs. For the second level, each 
subprocess is analyzed in terms of the mass flows, electricity flows, heat flows, and fuel flows in 
and out. Additionally, each subprocess is considered to be a “black box” and flows within the 
subprocess are not analyzed in depth. Electricity flows were calculated based on various sources. 
See Appendix 1 for more detailed information.  

Active sludge process 
For the active sludge process model, most of the data used comes from the GASKI plant. Mass 
and heat flows were based on a simplified version of the WWTP setup of GASKI in Turkey 
(Abusoglu, et al., 2012). Primary sludge goes through several storage, flotation, and mixing 
tanks before anaerobic digestion but the final temperature before anaerobic digestion is used (it 
varies within 1 degree C between the output of biological treatment and the input to anaerobic 
digestion). The energy and mass flows are presented in Table 4 and Figure 16. 
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Table 4: The energy and mass flows for the active sludge stage.  

Active Sludge Number Unit Source 
ELECTRICITY       
Electricity IN 13 GWh/a   
MASS       
Wastewater IN 71760391 tonnes/a Appendix 3 

Dry solids of WW IN 0.10 % dry solids 
Libhaber & Orozco-
Jaramillo, 2012 

Dry solids IN 71760 tonnes dry solids Appendix 3 
Air IN 362904 tonnes/a Appendix 3 
Sludge OUT (after settling & 
flotation) 380576 tonnes/a Appendix 3 
Dry solids after flotation/thickening 
(OUT) 5 % dry solids Abusoglu, et al., 2012 
Treated water OUT 63113800 tonnes/a Appendix 3 
HEAT (enthalpy)       
Wastewater IN 2137 GWh/a Appendix 3 
Air IN 41 GWh/a Appendix 3 
Sludge OUT 11 GWh/a Appendix 3 
Treated water OUT 1850 GWh/a Appendix 3 
Energy IN 2191 GWh/a   
Energy OUT 1861 GWh/a   
Energy lost 330 GWh/a   

Electricity use is based on several different studies of energy use in WWTPs. These were 
combined to achieve a standard or common distribution of electricity throughout the ‘core’ plant 
model: active sludge, digestion, and dewatering. Active sludge treatment (also referred to as 
biological treatment) generally requires almost half of the electricity use for these core 
subprocesses. The percentage used here is 48% of the electricity into the core model, which 
comes to about 13 GWh per year. 

To determine the amount of incoming wastewater, it was necessary to look into the GASKI data 
carefully. This analysis excludes the pre-treatment mechanical separation step, and draws the 
system boundary just before active sludge treatment. Excluded are the screens, grit and grease 
removal, and settling tanks which are all part of the pre-treatment at the GASKI plant. Instead, 
the flow of wastewater entering the aeration tank was used. Dry solids content at this stage is 
1/10th of a percent (Libhaber & Orozco-Jaramillo, 2012). The active sludge stage requires a 
constant airflow to keep the tank oxygenated. The blowers are responsible for a large portion of 
electricity use, not only in the active sludge stage, but compared to other equipment throughout 
the entire plant. 

The outgoing sludge flow was taken after the settling, storage, and mixing tanks, and just before 
entering the anaerobic digesters. This is again based on GASKI data, but scaled up to one year 
with the assumption that the plant is always running. Dry solids in outgoing sludge are 5% 
(Abusoglu, et al., 2012). While the sludge still requires several more treatment steps, the effluent 
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water from the activated sludge process goes through only one more settling tank before being 
released to local waterways. This outgoing water flow is 63 113 800 tonnes per year. 

The heat flows are based on enthalpy values from GASKI data and scaled up to one year with the 
assumption that the plant is always running. Incoming air and outgoing sludge have relatively 
low heat values for this stage, at 41 and 11 GWh per year, respectively. Most of the heat is 
contained in the water flows. Incoming wastewater contains 2 137 GWh heat, and the effluent 
water retains much of this, with 1 850 GWh heat. 

 
Figure 16: The energy and mass flows for the active sludge stage. 

There is a very good opportunity to recover heat from the outgoing treated water flow, which 
could be achieved using a heat pump. This heat pump could serve to preheat the outgoing sludge 
prior to anaerobic digestion. This opportunity will be explored in section 3.4 on illustration of 
alternatives. 

Anaerobic Digestion 
Anaerobic digestion is the first sludge treatment stage, is heated, and produces biogas. The data 
from one of two anaerobic digesters at GASKI was used for the heat flows. Abusoglu, et al. 
(2012) report enthalpy values for the inputs and outputs of the anaerobic digesters. As for some 
background information on the specific digesters used for this model, the optimum heating 
temperature in the reactors is 35 degrees C. Sludge loading rate to reactors is 800-1200 tonnes 
per day. Total reactor volume is 32,000 m3. At the end of digestion, 10,000-18,000 m3 biogas is 
generated. This means 60% of organic fraction is converted to gaseous end product (CH4) after a 
30-day period (Abusoglu, et al., 2012). The energy and mass flows are presented in Table 5 and 
Figure 17. 
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Table 5: The energy and mass flows for the anaerobic digestion stage.  

Anaerobic Digestion Number Unit Source 
ELECTRICITY       
Electricity IN - AD 2.57 GWh/a Appendix 4 
MASS       
Sludge IN 380576 tonnes/a Appendix 4 
DS IN 5 % Abusoglu, et al., 2012 
Sludge OUT 380576 tonnes/a Appendix 4 
DS OUT 10 % Fytili & Zabaniotou, 2008 
Biogas OUT (to power 
generation after compressor) 4071 tonnes/a Appendix 4 
HEAT       
Sludge IN 11 GWh/a Appendix 4 
Biogas IN -13 GWh/a Appendix 4 
Sludge (recirculated) IN 49 GWh/a Appendix 4 
Sludge OUT 14 GWh/a Appendix 4 
Biogas OUT (to power 
generation after compressor) -5 GWh/a Appendix 4 

FUEL       
Biogas fuel energy OUT 241 GWh/a Appendix 4 
        
Energy IN 50 GWh/a   
Energy OUT (not including fuel) 9 GWh/a   
Energy OUT (including fuel) 249     
Energy lost (not including fuel) 41 GWh/a   

Energy gained (including fuel) 200 GWh/a   

Since anaerobic digestion is still within the ‘core’ plant model, the electricity breakdown in 
Appendix 1 is used to determine the electricity consumption. This comes to 9.5% of the core 
plant model’s electricity, or 2.6 GWh per year. Because intermediate stages between active 
sludge and anaerobic digestion were included in the ‘black box’ of the active sludge stage, the 
incoming sludge flow to the digesters is the same as the outgoing flow from active sludge, that 
is, 380 576 tonnes per year. This sludge has a dry solids content of 5% (Abusoglu, et al., 2012). 
The mass flow rate for both the incoming and outgoing sludge flows at GASKI is reported to be 
the same, so it is assumed no significant losses occur during digestion and the outgoing sludge 
flow is also 380 576 tonnes per year. The sludge leaving digestion is more concentrated with dry 
solids making up 10% (Fytili & Zabaniotou, 2008). Biogas is a byproduct of digestion, and the 
production is 4 071 tonnes per year. 

Speaking of biogas, this is the first fuel flow, which required a separate category. Biogas has an 
energy potential of about 6.5 kWh/m3 (Antakyali & Rolle, 2010). Therefore, the fuel energy 
leaving the digesters in the form of biogas is 241 GWh per year.  
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Figure 17: The energy and mass flows for the anaerobic digestion stage. 

The incoming heat requirement for anaerobic digestion represents an opportunity for waste heat 
utilization after one of the other subprocesses. Additionally, the biogas can either be upgraded to 
vehicle fuel or used in a CHP. Overall, without the fuel energy, the anaerobic digestion stage 
appears to be a net energy losing stage, but when the fuel energy is taken into account, it comes 
to a net positive, with about 200 GWh per year gained primarily from the production of biogas. 
The biogas is only one product of anaerobic digestion, however; the other product, sludge, still 
needs further treatment before being disposed of. This is where the dewatering stage comes in. 

Dewatering 
Abusoglu, et al. (2012) report mass flow data and enthalpy values for the dewatering stage. 
Liquid volume is reduced approximately 80%. The resulting sludge cake is 22% solid material 
and is used as fertilizer in Turkey. At Henriksdal and Bromma, the dewatered sludge leaving the 
plants each year is 73,000 tonnes with a weighted average percentage dry matter of 29.8 
(Stockholm Vatten, 2011). The DS value used is 30% (Stockholm Vatten, 2011; Larsen, et al., 
2010). The energy and mass flows are presented in Table 6 and Figure 18. 
Table 6: Mass and energy flows for the dewatering stage.  

Dewatering Number Unit Source 
ELECTRICITY       
Electricity IN 3 GWh/a Appendix 5 
MASS       
Sludge IN 380576 tonnes/a Appendix 5 
DS of sludge IN 10 % Fytili & Zabaniotou, 2008 
Water OUT 302315 tonnes/a Appendix 5 
Sludge OUT 78261 tonnes/a Appendix 5 
DS of sludge OUT 30 % Larsen, et al., 2010 
HEAT (enthalpy)       
Sludge IN 14 GWh/a Appendix 5 
Water OUT 9.5 GWh/a Appendix 5 
Sludge OUT 2.4 GWh/a Appendix 5 
Energy IN 17 GWh/a   
Energy OUT 12 GWh/a   
Energy lost 5.2 GWh/a   
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The electricity use for is from the calculations in Appendix 1, with dewatering using 7% of the 
core plant’s electricity consumption. This comes to 3 GWh per year. Mass flows are calculated 
based on a combination of the GASKI data (which is reported in kg/s) and dry solids 
percentages, which are set at 10% for the sludge stream entering the dewatering stage, and 30% 
for the sludge cake leaving the dewatering stage. These percentages are common in literature. 
The mass flows taken into account are incoming sludge at 380 576 tonnes per year, outgoing 
sludge cake at 78 261 tonnes per year, and outgoing water at 302 315 tonnes per year. For the 
heat flows, GASKI data includes enthalpy values for both sludge flows. The enthalpy values are 
in units of kJ/kg, and were converted to GWh per year with the assumption that the WWTP is 
always running. The heat value for the effluent water is assumed to be the difference between the 
incoming and outgoing heat values for the sludge streams, although there are likely minor heat 
losses to the environment, as well. Therefore, the heat value for the outgoing water may be 
artificially high. 

 
Figure 18: Mass and energy flows for dewatering stage. 

Dewatering is not very energy-intensive, since it does not require additional heat and only 
minimal electricity. However, there may be an opportunity to make use of the outgoing heat flow 
in the effluent. Overall, there may be minor efficiency improvements available such as removal 
of more water with more efficient equipment, but the dewatering stage does not need a large 
percentage of energy currently, and will likely not be a focus in holistic efforts to change WWTP 
design. Next, the focus moves out of the ‘core’ plant model and into one possible option for 
sludge handling after dewatering, incineration. 

Incineration 
Incineration, being a robust and proven process, is currently used in industries from solid waste 
to hazardous waste disposal. Energy-from-waste presents an attractive opportunity to lower 
energy needs and avoid landfilling (Yassin, et al., 2009). Sludge from wastewater treatment is 
just one of many materials that can be easily incinerated to produce inert ash and waste heat as 
byproducts. Two plants are relied on for the data for the incineration stage: Stadtwerk Winterthur 
in Germany, through the life cycle inventory presented by Larsen, et al. (2010); and an analysis 
of sludge-handling options by Houdkova, et al. (2008), based on tests completed at the Central 
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Waste Water Treatment Plant (CWWTP), a large WWTP in Prague, Czech Republic. The 
resulting incineration model is presented in Table 7 and Figure 19. 
Table 7: Mass and energy flows for incineration stage.  

Incineration Number Unit Source 
ELECTRICITY       

External electricity IN 52 GWh/a Appendix 6 
Digester gas electricity IN 26 GWh/a Appendix 6 
Total electricity IN 77 GWh/a   
MASS       
Sludge IN 78261 tonnes/a Appendix 5 
DS IN 30 % DS Appendix 5 
DS IN 23478 tonnes DS/a   
Natural gas IN 1770749 m^3/a Appendix 6 
Air IN 57470353 m^3/a Appendix 6 
Ash OUT 3950 tonnes/a Appendix 6 
FUEL       
Energy content of natural gas 37 MJ/m^3 McGraw Hill, 1982 
Natural gas energy IN 18 GWh/a   

HEAT       
Sludge IN 2.4 GWh/a Table 6 
Air IN n/a     
Heat OUT 42.5 GWh/a   
Energy IN 98 GWh/a   
Energy OUT 42 GWh/a   
Energy lost 56 GWh/a   

Incineration requires a fairly large amount of electricity, 77 GWh per year total. This is divided 
into electricity from digester gas and electricity from external sources. At Winterthur, digester 
gas is converted to 110 kWh of electricity per tonne dry solids. That is 26 GWh per year 
electricity in the model. This can, of course, be adjusted based on the availability of digester gas. 
The remaining electricity used at Winterthur, 220 kWh per tonne dry solids, comes from external 
sources, and the corresponding amount in the model plant is 52 GWh per year (Larsen, et al., 
2010). 

One of the three sludge-handling options presented by Houdkova, et al. (2008) is anaerobic 
digestion followed by dewatering and incineration. Although their data is based on CWWTP, it 
is scaled to the model plant using the throughput of sludge dry solids per day. The output flow 
from the ‘core’ WWTP model is sludge from dewatering, at 78 261 tonnes per year. This 
becomes the input to incineration, assuming no significant losses. Dry solids content is 30%, 
consistent with CWWTP. Additional natural gas is needed to keep the internal temperature of the 
incinerator at 850 degrees C (Houdkova, et al., 2008). Based on CWWTP, but scaled to the 
model plant, the amount of natural gas needed is 1 770 749 m3 per year. Similarly, air input for 
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the model plant is 57 470 353 m3 per year and 3 950 tonnes per year of ash are produced as a 
byproduct. 

Natural gas introduces a fuel flow. At 37 MJ fuel energy per m3 of natural gas (McGraw Hill, 
1982), the natural gas fuel energy into incineration is 18 GWh per year. The two heat flows are 
found in the incoming sludge and waste heat. Incoming sludge contains about 2.5 GWh per year 
of heat, taken from the output of dewatering. Resulting waste heat from incineration contributes 
43 GWh per year, based on an average thermal energy production of 181 kWh per tonne dry 
solids (Larsen, et al., 2010). 

 
Figure 19: Mass and energy flows for incineration stage. 

In summary, incineration requires additional fuel, but produces heat and avoids the extra step of 
drying. The waste heat can be used for other subprocesses and the byproduct, ash, can be further 
processed for phosphorus extraction, used in concrete, or disposed of. Incineration is the final 
step in the incineration sludge-handling configuration. An alternate sludge-handling scenario 
takes the output sludge from dewatering and processes it further using drying and gasification to 
produce the valuable byproduct, syngas. This option will be explored in the next two sections, 
drying and gasification. 

Drying 
Drying takes the dewatered sludge or biosolids from the dewatering stage and heats them to 
release additional water and produce a very concentrated product, with up to 90% dry solids. 
Drying is a necessary pre-treatment step for gasification (Brown & Caldwell, 2012). The input to 
drying was taken from the output of dewatering based on GASKI. However, the Balingen 
gasification plant, used as the basis for gasification, has a decreased throughput. Because a 
theoretical GASKI plant was used for the rest of the analysis, the input to gasification was 
assumed to be the same as the output of drying. The data is presented in table 8 and figure 20. 
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Table 8: Mass and energy flows for drying stage.  

Drying Number Unit Source 
ELECTRICITY       
Electricity IN 0 GWh/a Larsen, et al., 2010 
MASS       
Sludge IN 78261 tonnes/a Appendix 5 
DS IN 30 % Larsen, et al., 2010 
Sludge DS IN 23478 tonnes DS/a   
Fuel oil 37 kg/tonne DS Larsen, et al., 2010 
Fuel oil IN 864 tonnes/a   
DS OUT 80 % DS Based on Larsen, et al., 2010 
Sludge OUT 28174 tonnes/a   
Water OUT (in form of 
exhaust gas) 50087 tonnes/a   
HEAT       
Sludge IN 2.4 GWh/a Table 6 
Heat IN 235 GWh/a   
Sludge OUT 52 GWh/a   

FUEL       
Natural gas IN 10 GWh/a Appendix 7 
Energy IN 341 GWh/a   
Energy OUT 52 GWh/a   
Energy lost 289 GWh/a   

Electricity use is assumed zero because drying only requires heat energy. The primary mass flow 
into the dryer is sludge, with 78 261 tonnes per year entering the dryer and a dry solids content of 
30% by weight. The byproduct of this stage is an exhaust gas which contains the steam lost 
during drying. Mass flows are calculated based on the assumption that losses are insignificant. 
To determine the sludge flow out, it is assumed that the difference in dry solids percentages 
between incoming and outgoing sludge can be accounted for solely by water loss. Therefore, the 
water loss added to the incoming dry solids makes up the entire mass of the incoming sludge 
flow. After drying, the sludge is significantly more concentrated with dry solids making up 80% 
of the weight. The mass of sludge exiting the dryer is 28 174 tonnes per year. 

As for heat flows, the heat contained in the incoming sludge is the same as that of the outgoing 
sludge from dewatering, at 2.45 GWh per year. Additional heat requirements are met in part by 
heat produced in other areas of the plant, namely the combined heat and power plant. Overall, 
internal sources of heat contribute 235 GWh per year. In addition, more heat is provided by the 
burning of fuel oil, which contributes 103 GWh per year. Outgoing sludge retains about 52 GWh 
per year of heat, with the rest being lost or contained in exhaust gas. It is unclear whether or not 
waste heat in the drying exhaust is used to preheat incoming biosolids, but it is assumed that is 
the case, since not enough information could be obtained about the dryer in question. Any 
remaining heat in the exhaust gas is not included, as it was too difficult to determine. One fuel 
flow is involved here—the incoming fuel oil, which in this case is natural gas. The amount of 
natural gas needed per year contains 10 GWh of fuel energy. 
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Figure 20: Mass and energy flows for drying stage. 

In general, the drying stage is heat intensive, making use of all heat produced by the combined 
heat and power plant, and some additional heat. Efforts to cut back on heat needed for drying 
would lessen the burden on sludge treatment facilities, and this stage can be a recipient for waste 
heat produced elsewhere within the plant. The benefit of this subprocess, however, is the high 
degree of dry solids attained afterwards. In combination with gasification, discussed next, it is an 
attractive way to attain a high-energy byproduct of sludge. 

Gasification 
Drivers for gasification include the increasing cost of disposal of sewage sludge and the energy 
that can be recovered and used internally (Judex, et al., 2012). The black box for the gasification 
stage, based on Kopf Balingen plant in Germany, includes: a fluidized bed gasifier, ash 
collection, sludge recirculation, granulate collection,  gas cooler (quencher), heat exchanger prior 
to cooler to preheat air into gasifier, and gas treatment. Optional elements include afterburner 
with heat exchanger and/or co-generation system producing electricity and heat (Alix, 2010).  

The company Kopf SynGas GmbH & Co. KG developed this gasification system and 
implemented it in two plants: a demonstration plant, Balingen, and a pilot plant, Mannheim. See 
Table 9 for a side-by-side comparison of the two. 
Table 9: Comparison of the two gasification plants developed by Kopf in Germany (based on Judex, et al., 2012). 

Kopf Plant Information Balingen Mannheim 

Type Demonstration Pilot 

Capacity 5.4 tonnes/day 13.7 tonnes/day 

Throughput 1 955 tonnes/year 5 000 tonnes/year 

Sludge dry solids content 
(prior to drying) 

57% by weight 39.5% by weight 

Drying technology Belt dryer Rotary dryer 

The main difference between them is that Mannheim had to be about four times as large and uses 
a different dryer, a rotary dryer compared to the belt dryer at Balingen. The throughput is 1 955 
tonnes per year dry solids for Balingen and 5 000 tonnes per year dry solids for Mannheim. The 
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sludges coming into each plant are 57% dry solids by weight to Balingen and 39.5% dry solids 
by weight for Mannheim (Judex, et al., 2012). Keep in mind this is before drying. Capacities are 
given as 5.4 tonnes per day for Balingen and 13.7 tonnes per day for Mannheim (Brown & 
Caldwell, 2012). This was assumed to be tonnes dry matter because it compares to data from 
Judex, et al. (2012). Typical dried sludge coming into the gasification stage contains 80-90% dry 
solids (Judex, et al., 2012). Here, 80% dry solids is used. 

The primary byproduct is ash, which can be used for road filling or phosphorus recovery, among 
others. Ash byproducts have 1-2% and up to 7% "glow loss" at Balingen and Mannheim, 
respectively (Judex, et al, 2012). The mass flows are based on a report from Larsen, et al. (2010). 
Mass and energy flows are presented in Table 10 and Figure 21. 
Table 10: Mass and energy flows for gasification stage.  

Gasification Number Unit Source 
ELECTRICITY       
Electricity IN 22.5 GWh/a Appendix 8 
MASS       
Sludge IN 28174 tonnes/a Appendix 8 
DS IN 80 % Based on Larsen, et al., 2010 
Air IN 20285280 m^3/a Appendix 8 
Water IN 6762 tonnes/a Appendix 8 
Syngas OUT 36062720 m^3/a Appendix 8 
Mineral granulate OUT 11270 tonnes/a Appendix 8 
Solid residue OUT 23 tonnes/a Appendix 8 
Condensate OUT 7888720 L/a Appendix 8 

Off-gas OUT 39781688 Nm^3 Appendix 8 

HEAT       
Air IN n/a     
Sludge IN 52 GWh/a Appendix 7 
Water IN n/a     
Useable heat OUT 22.5 GWh/a Appendix 8 
FUEL       
Syngas OUT 361 GWh/a Appendix 8 
Energy IN 75 GWh/a   
Energy OUT (not including 
fuel) 23 GWh/a   
Energy lost 52 GWh/a   
Energy OUT (including fuel) 383 GWh/a   
Energy gained (including fuel) 309 GWh/a   

As part of a project called NEPTUNE, detailed information on mass and energy flows were 
collected and used for life cycle assessments on a variety of sludge handling practices in the 
European Union. Kopf plants Balingen and Mannheim are the source for life cycle inventory for 
gasification. This information was invaluable for determining the mass flows and energy flows 
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for gasification. They did need to be scaled up to match the flows from the ‘core’ WWTP. As an 
input, the sludge mass flow is the same as that exiting the dryer, 28 174 tonnes per year. The dry 
solids content of this sludge is approximately 80%. Both air and water are required for the 
gasification process. The air input is 20 285 280 m3 per year, and water input is 6 761 tonnes per 
year. These amounts are based on requirements per kilogram of dry solids, given in the 
NEPTUNE project (Larsen, et al., 2010). 

The product of gasification is syngas, 36 062 720 m3 per year based on the amount of dry solids 
in the incoming sludge (Brown & Caldwell, 2012). Byproducts include various solid materials, 
11 269 tonnes per year of mineral granulate and 22.5 tonnes per year of solid residue, as well as 
7 888 720 liters per year of liquid condensate. Finally, 39 781 688 Nm3 off-gas are produced 
(Larsen, et al., 2010). 

Energy requirements are limited to electricity. The gasifier has an operating temperature of 850 
to 880 degrees C but it was unclear how much heat, if any, is necessary to input. The air going 
into the fluidized bed is preheated by the new syngas through a heat exchanger. Additionally, the 
syngas then travels through a gas cooler where it preheats the sludge prior to the sludge entering 
the fluidized bed. This keeps even more heat within the process itself. Still, waste heat is created 
as a result of gasification, approximately 22.5 GWh per year. This is based on a report of 
‘useable’ heat per kg dry solids obtained from a pilot gasification plant (Brown & Caldwell, 
2012). The sludge contains only 52 GWh heat per year when entering gasification, so overall, 
this stage appears to consume more energy than it produces. 

 
Figure 21: Mass and energy flows for gasification stage. 

However, syngas turns out to be a very valuable product. The fuel energy per m3 of syngas is 0.1 
kWh. Considering 1.6 m3 syngas can be produced for every kilogram of dry solids in incoming 
sludge, the resulting energy contained in syngas production for this model plant is 361 GWh per 
year (Brown & Caldwell, 2012). While gasification has only begun to develop outside of pilot 
plant projects, it is a promising technology for treating biosolids. Requiring a high solid content 
of incoming biosolids, the output is some leftover heat and high-energy syngas, which can be 
burned for electricity, heat, or both. 

Combined heat and power plant 
Combined heat and power plants (CHPs) may take a variety of forms. All run on fuel of some 
kind and produce heat and electricity. The form may look different depending on the input and 
adapting to each individual plant. The ‘syngas input’ CHP is the one used in the gasification 
model, whereas the ‘biogas input’ CHP is the one used in the incineration model. For each CHP, 
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the input fuel quantity is adjusted for the model plant based on the biogas, syngas, or both, 
available. The mass and energy flows are presented in Table 11 and Figure 22. 
Table 11: Mass and energy flows for combined heat and power stage. Both alternative configurations are represented.  

Combined Heat & Power Number Unit Source 
        
Syngas Input       
ELECTRICITY       
Electricity IN 0 GWh/a Section 3.2-Gasification & Appendix 9 
Electricity OUT 90 GWh/a Appendix 9 
MASS       
Syngas IN 36062720 m^3/a Table 10 
FUEL       
Syngas IN 361 GWh/a Table 10 
HEAT       
Heat OUT 203 GWh/a Appendix 9 
Energy IN 361 GWh/a   
Energy OUT 293 GWh/a   
Energy lost 68 GWh/a   
        
Biogas Input       
ELECTRICITY       
Electricity IN 0 GWh/a   
Electricity OUT 8 GWh/a   
FUEL       
Biogas IN 241 GWh/a Table 5 
MASS       
Biogas IN 3700764 Nm^3/a Appendix 9 
HEAT       
Heat OUT 13 GWh/a Appendix 9 
Energy IN 241 GWh/a   
Energy OUT 21 GWh/a   
Energy lost 219 GWh/a   

The syngas-based CHP—used in the drying and gasification option—is modeled off of Kopf 
Balingen, maintaining consistency with the drying and gasification stages (which were based on 
the same plant). The primary source is a presentation by the engineering firm Brown & Caldwell 
(2012) at PNCWA. Brown & Caldwell report the energy balance of the combined heat and 
power plant using syngas. 

Most mass and energy flows reported by Brown & Caldwell have a basis of “per tonne dry 
solids.” Therefore, the starting point for the model is tonnes dry solids entering the gasification 
stage, 22 539 tonnes per year in the model gasification plant. Electricity use is effectively 0 over 
the course of the year, although there is a small amount reported, 0.1 kWh per kilogram dry 
solids. Syngas input is 36 062 720 m3 per year, the exact amount produced by the gasification 
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stage, and contains 361 GWh fuel energy. With this syngas, the CHP produces 0.4 kWh and 0.9 
kWh electricity and heat, respectively, per kilogram dry solids (Brown & Caldwell, 2012). 
Therefore, the production by the model CHP is 90 GWh electricity per year and 203 GWh heat 
per year. 

 
Figure 22: Mass and energy flows for combined heat and power stage. Both alternative configurations are represented. 

The biogas-based CHP is based primarily on the analysis by Houdkova, et al. (2008), which was 
previously used as a basis for the incineration stage and maintains consistency in the model. 
Slightly different from the previous CHP, data is not reported “per tonne dry solids” but rather 
per day at the CWWTP in Prague. Therefore, to determine the heat and electricity production in 
this model, the relationship between biogas input and heat/electricity output at CWWTP was 
used to appropriately scale all energy flows. 

The biogas input is the same as the production from anaerobic digestion, 3 700 764 Nm3 biogas 
per year. It contains 241 GWh fuel energy. Houdkova, et al. (2008) show 40 057 m3 biogas 
producing 88 MWh electricity and 142 MWh heat. Therefore, for the biogas-based CHP in this 
model, energy production is 8 GWh electricity and 13 GWh heat. 

In summary, both CHPs are valuable additions to the WWTP’s sludge handling procedure. The 
gasification-based, syngas-utilitizing CHP produces much more heat and electricity, possibly 
because syngas has more fuel energy to begin with. Both, however, make use of a fuel that is 
locally available inside the plant, and turn it into electricity and heat that can be used 
immediately inside the plant. Therefore, the process lowers the amount of external electricity and 
fuel needed for daily operation. 

3.3 The big picture and opportunity identification for efficiency improvements 
Now that the core plant model is defined, two different sludge-handling configurations are 
described, and data is presented for each process stage included in either configuration, the 
holistic WWTP model can be shown with detailed mass and energy flows. The two different 
sludge-handling configurations are presented separately. There may still be opportunities to 
connect energy flows, but these are good representations of modern technology as it is currently 
used in the wastewater treatment industry. Option 1 with incineration is represented in Figure 23. 
Option 2 with drying and gasification is represented in Figure 25. 
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Figure 23: Flow chart showing mass and energy flows for plant configuration 1 based on incineration as a sludge 
treatment option. Compiled by the author. 

In option 1, a few things stand out. First, the heat content of the effluent flow from active sludge 
is very high. This presents a good opportunity for a heat pump to recover heat and deliver it to 
other process stages or to a district heating system. Second, waste heat is created by the 
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incineration plant, while both active sludge and anaerobic digestion need to be heated. A heat 
exchanger could recover and transfer most of the waste heat from incineration to the other 
processes where it is needed. Third, biogas is being created by the anaerobic digesters, but a 
clear use for it has not been defined. It could be burned as fuel in a combined heat and power 
plant, or upgraded and used for vehicle fuel. A combined heat and power plant could also offset 
some of the electricity use for the incineration stage, which is the primary consumer of electricity 
in this configuration. To further explore the energy availability of each part of this configuration, 
the subprocesses are compared in terms of different types of energy use/production: electricity, 
heat, and fuel. Results for option 1 with incineration are presented in Table 12 and Figure 24. 
Table 12: Energy availability by subprocess in plant configuration 1. 

Option 1 Electricity (GWh/a) Heat (GWh/a) Fuel (GWh/a) 
Active sludge -13 1809 0 
Anaerobic digestion -3 -38 241 
Dewatering -3 0 0 
Incineration -78 43 -18 

  

 
Figure 24: Energy availability by subprocess in plant configuration 1 including incineration. 
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In Figure 24, some subprocesses stand out for their use or production of energy. Note the amount 
of biogas produced in anaerobic digestion, the second biggest energy producing stage in this 
configuration. The most significant energy flow available is the heat contained in active sludge 
process effluent. This could be recovered with a heat pump, and would be more than enough to 
heat all of the other processes. Remaining heat could be used in a district heating system. 
Incineration requires the most electricity of all the processes. Next, the gasification configuration 
is shown in Figure 25. 

In option 2, including drying and gasification, the main differences are in fuel flows. The dryer 
requires a large amount of natural gas, while gasification produces a large amount of syngas.  
Additionally, the dryer requires a large amount of heat. Although the CHP was included in 
Figure 15 as an add-on process, it is semi-incorporated in Figure 25 because Balingen 
gasification plant, on which the gasification stage was based, already includes a CHP. One other 
flow that stands out is the electricity produced by the CHP, which is more than enough to support 
the electricity needs of the whole plant. Additional comparisons of the energy availability in the 
substages are presented in Table 13 and Figure 26. 

In this configuration, the active sludge, anaerobic digestion, and dewatering stages are the same 
as in option 1. Since drying has a high heat requirement, connecting the CHP and drying stages 
makes sense. Although the CHP only runs on syngas in this configuration, there is biogas 
available from the anaerobic digestion stage which is not being used. It could be upgraded and 
sold, burned in the CHP along with the syngas, or burned for heat or electricity elsewhere in the 
plant. 
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Figure 25: Flow chart showing the mass and energy flows in plant configuration 2, which includes drying and gasification 
for sludge treatment. The combined heat and power plant is partially included. Compiled by the author. 

 



Holistic Energy Analysis of Municipal Wastewater Treatment & Sludge Handling  S. Taylor, 2014 

44 
 

Table 13: Energy availability by subprocess in plant configuration 2. 

 Option 2 Electricity (GWh/a) Heat (GWh/a) Fuel (GWh/a) 
Active sludge -13 1809 0 
Anaerobic digestion -3 -38 241 
Dewatering -3 0 0 
Drying 0 -235 -10 
Gasification -22 22.5 361 

 

 
Figure 26: Energy availability by subprocess in plant configuration 2. In this case, the syngas produced in gasification is 
all used by the CHP, which produces a substantial amount of heat. 

From this section, it is clear that some parts of the WWTP require more energy, while others 
produce more energy. The configurations shown so far are preliminary models, with a lack of 
energy recovery in general. Technologies such as heat pumps, heat exchangers, and CHPs can be 
incorporated to make use of waste energy and cut back on external energy requirements. 
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Heat exchanger 
Heat exchangers must be adapted to the specific needs of a plant. That said, a relatively 
conservative assumption of 60% heat transfer was assumed for each heat exchanger (Lines, 
1998). 

Heat pump 
The heat pump should be placed in order to recover waste heat from the treated effluent. 
Therefore a water-to-air heat pump is needed. The coefficient of performance (COP) should be 
in the range of 3 to 4 (McCarty, et al., 2011). Common COPs for heat pumps in similar uses are 
3 (LeVasseur & McPartland, 2010) to 5 (Meggers & Leibundgut, 2011). The COP chosen is 
therefore 3.5. 

A research group in Maine, USA, has looked into using effluent as a heat source. They note that 
this particular setup has not been used at many other WWTPs and the biggest challenges involve 
sizing, materials used in construction, and filtration method for the water-to-air heat exchanger. 
The plant they study has an incoming wastewater flow of about 31 million liters per day, and 
produces 8 963 tonnes of sludge per year (LeVasseur & McPartland, 2010). In comparison, 
GASKI takes in about 221 million liters per day (Appendix 2) and produces 78 261 tonnes of 
sludge per year (Appendix 5). 

Although this is not anywhere close to the size needed for the model, LeVasseur & McPartland 
offer some takeaway lessons for future heat pumps applied to effluent water in WWTPs. The 
heat pump used two oversized heat exchangers to allow for some bio-film build-up without a 
decrease in effectiveness. A hydro-cyclone, chemical dosing valves and ports, and space for a 
potential coarse filter were installed prior to the exchanger to filter the water and remove as 
much debris as possible. Additionally, cupro-nickel plates were used for both corrosion 
resistance and heat transfer (LeVasseur & McPartland, 2010). 

According to Fortum in Sweden, the largest plant operation using effluent for heating is 
Hammarbyverket in southern Stockholm (Fortum, 2013). Using 7 heat pumps, 2 bio-oil-fired 
boilers, and 2 electric boilers, the set-up produces 1 215 GWh of heat per year which is used in 
Stockholm’s district heating system (Bubholz & Kvist, 2012). Hammarbyverket is used as an 
inspiration for the heat pump stage, although less detailed data was available. Table 14 gives an 
overview of the individual heat pumps at the plant. 
Table 14: A summary of the Hammarbyverket heat pumps (translated/adapted from Bubholz & Kvist, 2012). 

Heat 
Pump 
Number 

Commissioned
/ Rebuilt 

Input Power 
[MW] 

Output 
Power [MW] COP 

Refrige
rant 

Capacity* [kg] 
(approx.) 

HP1 1986/1992 9.2 25 2.72 R134a 21130 
HP2 1986/1992 9.2 32 3.48 R22 20903 
HP3 1997 12.2 45 3.69 R134a 33340 
HP4 1997 12.2 45 3.69 R134a 33870 
HP5 1991 9.2 32 3.48 R134a 20587 
HP6 1986 9.2 33 3.59 R22 23000 
HP7 1986 9.2 33 3.59 R22 23000 
Averages   10.1 35 3.46 R134a 25119 
*Translation was "Installed amount/volume" 
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The average COP of the Hammarbyverket pumps is 3.46, in agreement with the literature 
previously discussed. The refrigerant most commonly used at Hammarbyverket is R134a, which 
is chlorine-free. The heat pumps still using R22 will be converted within the next few years. 
WWTP effluent water enters the heat pumps at a temperature of between 7 and 22 degrees C. 
District heating water is heated to 70-80 degrees C (Bubholz & Kvist, 2012). Data used for the 
model is presented in Table 15 and Figure 27. 
Table 15: Mass and energy flows for the heat pump.  

Heat Pump Number Unit Source 
ELECTRICITY       
Electricity IN 312 GWh/a Appendix 10 
MASS       
Treated water IN 63113800 tonnes/a Appendix 3 
Treated water OUT 63113800 tonnes/a Assuming no losses 
HEAT       
Treated water IN 1850 GWh/a Appendix 3 
Treated water OUT 757 GWh/a Appendix 10 
Recovered heat 
OUT 1093 GWh/a Appendix 10 

The basis for the water flow is the effluent from GASKI, at a flow rate of 2000 kg/s, which sums 
to 63 113 800 tonnes effluent per year. It is assumed no significant losses occur within the heat 
pump, and the flow of effluent water out is the same. To determine the heat and electricity flows, 
a 15 degree difference was assumed between the input and output water flows in the heat pump 
(Baresel, 2014). Useable heat recovered from the effluent flow is therefore 1 093 GWh per year. 
This heat can be used in other areas of the plant, exported to a district heating system, or put to 
use another way. The rest of the heat contained in the effluent water, 757 GWh per year, remains 
in the water flow, and leaves the heat pump to be released to waterways. Considering a COP of 
3.5, the electricity requirement for 1 093 GWh heat energy is 312 GWh.  

 
Figure 27: Mass and energy flows for the heat pump stage. 

The electricity and heat flows are high compared to other processes in the model plant, but there 
is also a high throughput of effluent water. Hammarbyverket needs seven different heat pumps to 
deal with an effluent flow that is smaller than the model plant’s. It is therefore probable that a 
larger plant would need to use larger heat pumps, or more of them. In summary, this may be a 
little-used technology for WWTP effluent water currently, but by recovering the heat available, 
local waterways benefit (by receiving more environmentally-appropriate temperatures of water) 
and so does the WWTP or the local community (by making use of the waste heat). 
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3.4 Illustration of alternatives and efficiency improvements 
The technologies mentioned in section 3.3 have still, for the most part, not been included in the 
model. So far, section 3.3 put together most of the subprocesses into a holistic WWTP model—
in fact, two configurations to include two sludge-handling options. Each of these configurations 
is now interconnected further with the addition of energy recovery technology. Option 1, the 
incineration configuration, is presented in Figure 28. 

Two major differences exist, one of which is the same in both configurations. First, a heat pump 
is installed to make use of the waste heat of the treated effluent. Both configurations include this 
change. Heat pumps are not commonly used in this way at WWTPs but have been demonstrated 
as feasible (LeVasseur & McPartland, 2010). They do require a large amount of electricity to 
operate, in this case 312 GWh per year, by far the largest electricity consumer in the plant. But 
the payoff is that the heat produced is 1 093 GWh per year, and goes to heat active sludge (to 
maintain optimal temperature for the microorganisms) and anaerobic digestion processes. 
Leftover heat can be sold to a district heating plant. 

Second, unique to the incineration configuration, a CHP is included to burn the biogas produced 
in anaerobic digestion and produce electricity and heat which is fed back into the plant. Although 
the heat pump produces enough heat for the whole plant, the CHP is still utilized for heat 
production, which is significant at 56 GWh per year. Two heat exchangers are added to transfer 
heat from the heat pump and CHP to other parts of the plant. The energy savings are detailed in 
Table 16. All of the biogas is utilized in the CHP, which produces heat and electricity, and most 
heat is recovered. 
Table 16: The energy recovery implemented for option 1, incineration. Compiled by the author. 

Energy Recovery Number Unit 
OPTION 1: INCINERATION     
Heat Pump     
Heat pump to active sludge 41 GWh/a 
Losses 27 GWh/a 
Heat pump to anaerobic digestion 2.4 GWh/a 
Losses 1.6 GWh/a 
Remaining heat to district heating 1021 GWh/a 
CHP & Incineration     
Heat produced 56 GWh/a 
Losses 22.4 GWh/a 
Delivered to digester 33.6 GWh/a 
CHP - Electricity     
Electricity delivered to plant 8 GWh/a 
Redistributed heat 1098 GWh/a 
Heat savings 100 % 
Heat losses recovered 58 % 
Electricity savings 8.3 % 
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Figure 28: Holistic view of incineration configuration including energy recovery technology. Compiled by the author. 
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In summary, the incineration configuration makes efficient use of available heat flows, biogas, 
and digested sludge. The outputs include additional heat, low-volume ash, and an effluent flow 
with reduced heat. Electricity needs increase with the addition of the heat pump, but all heat 
needs are accounted for. Overall, this is an improvement over the initial scenario, and contains 
many inspirational features for WWTPs. 

The second configuration also includes the heat pump, with no changes. The difference is with 
the CHP and resulting heat and electricity flows. Biogas is not used within the plant in this 
configuration, which allows it to be upgraded and sold. Syngas, produced by gasification, is 
burned in a CHP which produces large quantities of heat, 203 GWh per year, and electricity, 90 
GWh per year. Again, all heat needs are accounted for with heat to spare for a district heating 
system. Electricity is still needed, mostly for the heat pump. An adjustment in the heat pump size 
would eliminate the need for external electricity. The setup of option 2, gasification, with energy 
recovery is shown in Figure 29, and the energy savings are detailed in Table 17. 
Table 17: The energy recovery implemented for option 2, gasification. Compiled by the author.  

Energy Recovery Number Unit 
OPTION 2: GASIFICATION     
Heat Pump     
Heat pump to active sludge 41 GWh/a 
Losses 27 GWh/a 
Heat pump to anaerobic digestion 38 GWh/a 
Losses 15.2 GWh/a 
Heat pump to dryer 100 GWh/a 
Losses 40 GWh/a 
Remaining heat to district heating 831.8 GWh/a 
CHP & Gasification     
Heat produced 225.5 GWh/a 
Losses 90.2 GWh/a 
Heat delivered to dryer 135.3 GWh/a 
CHP - Electricity     
Electricity delivered to plant 90 GWh/a 
Heat savings 100 % 
Electricity savings 52.6 % 

The gasification configuration is also able to cover all heat requirements with a combination of 
the CHP and heat pump. Electricity savings are higher than in the incineration configuration, at 
53%. As a result of energy-recovery measures, the effluent water from the heat pump will be a 
more environmentally-appropriate temperature, additional heat is produced for use in a district 
heating system, the biogas from anaerobic digestion can be upgraded and sold, while the syngas 
from gasification is burned in a CHP and contributes to offsetting the dryer’s heat needs. 
Electricity needs are reduced, also because of the CHP. 

In general, the gasification configuration with energy recovery is the most energy-saving 
scenario, due in particular to the amount of electricity produced by the CHP with syngas. The 
WWTP will also have new economic opportunities from the production of heat with the heat 
pump and biogas upgrading. 
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Figure 29: Holistic view of gasification configuration including energy recovery technology. Compiled by the author. 
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4. Discussion 
This project has included a literature review and modeling of energy/mass flows throughout 
subprocesses in two different WWTP configurations, along with energy recovery technology in 
each configuration. While the results are interesting, many uncertainties exist and must be 
elaborated. Questions have emerged throughout the work that could be explored further, and of 
course, much future work exists in the field. This discussion therefore includes an uncertainty 
analysis, further reflection on the results, and guidance for future work. 

4.1 Uncertainty analysis 
This type of analysis leaves room for many uncertainties. The large time period used as part of 
the system boundary is meant to smooth out some of them, but it may magnify others. For 
example, a small difference in COP of the heat pump would dramatically change the ratio of 
electricity use to heat production. Another example is the energy efficiency of the heat 
exchanger. A conservative estimate of 60% heat transfer was assumed, but many heat pumps 
exceed this, and as a result, the heat recovery may be better in a real situation. Additionally, 
energy losses are not always taken into account and may be significant over the course of a year. 

Numerous assumptions went into the process of adapting raw data into a holistic model. For 
example, one of the most important references, a study on the GASKI WWTP in Turkey, 
presented mass flows in kilograms per second, and in order to translate these to the year time 
period needed for the model, it was assumed that the WWTP is always running. There are likely 
periods of maintenance, and some sources—especially regarding the sludge treatment 
technologies—suggested that not all equipment is running overnight. 

Some mass flows are left out, as well as heat requirements accomplished with fuel. Mass flows 
not included are, for instance: conditioning chemicals into dewatering, exhaust gas from drying, 
and any heat requirements for gasification or chemical requirements for the post-gasification 
processing for syngas (chemicals and water are needed). When calculating the heat savings, 
specifically for drying and gasification, heat contributions from fuel inputs were not considered. 
The black box includes the combustion of fuel, so it does not enter the black box as heat. 
Additionally, the heat contained within the sludge between drying and gasification is not 
considered a loss because it is heated further in the gasification stage. Similarly, the heat 
contained in the sludge flows are not considered heat requirements, because they do not require 
external energy to be added. 

Multiple stages produce an off-gas or liquid effluent that may need to be further treated before 
being released. It was, at times, unclear if the cited energy requirements included these extra 
treatment stages for byproducts. For example, drying produces an exhaust gas that must be 
treated, but the energy requirements may not include the treatment. 

The most significant uncertainty is the combination of data from different sources. This type of 
analysis is probably better suited to one WWTP at a time, rather than a generalized model. The 
biggest challenge was finding enough internally-consistent data to be able to build discrete parts 
of the model, and when reconciling the data, many problems came up, and even after a good 
effort to make the model consistent, there are surely still errors involved in scaling up the sludge-
handling techniques. 
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Gasification, in particular, has not been done at the scale of the model plant. It might turn out to 
be more efficient, or there may be as-yet-unknown factors limiting the process. It might turn out 
to be too expensive to overcome these problems. That said, gasification was chosen because of 
how promising it is; it was considered to be just developed enough in pilot plants to be 
considered secure. Another little-used technology (at least in this situation) is the heat pump. 
When applied to such a large flow as the effluent water from active sludge, there may be similar 
issues with cost, or process, or even space limitations. After all, Hammarbyverket needs 8 heat 
pumps and the throughput is much less. 

There are some inconsistencies with the drying and gasification processes, particularly in the 
energy recovery configuration. It is reported that the 235 GWh heat required by drying already 
comes from a CHP, but when the heat output of the CHP was calculated for the model, it only 
produced 135 GWh heat. It was anticipated that the natural gas need for the dryer could be 
reduced, but that is not the case. It was expected that gasification would be more energy 
efficient, but the difference in energy recovery potential between gasification and incineration 
was greater than expected. This may point to a mistake in reconciling the data between the core 
plant model, the incineration option, and the gasification option. 

These uncertainties certainly limit the utility of this study, but they should not negate it. As far as 
the author knows, this is the first detailed model of alternate sludge-handling configurations in 
the context of a full-scale, centralized WWTP. While many assumptions were needed to put it 
together, it can still produce interesting conclusions to inspire future research. 

4.2 Regarding specific alternatives 
From this research, opportunities for other types of plants have stood out, even if they are not 
quite as modernized. Some opportunities are “low-hanging fruit” and represent improvements 
that have already been adopted in the more advanced plants. These include biogas utilization. 
Some plants, although they produce biogas, do not even use it for energy recovery and instead 
flare all of it. This is a common practice in some areas of the U.S., e.g. Texas (Stillwell, 
Hoppock, & Webber, 2010). 

CHP technology for digester biogas is not yet widely adopted, so opportunities exist for energy 
efficiency and even net energy production (GWRC, 2010). Additionally, pumping was not 
analyzed in this project but presents opportunities for energy savings. This will be heavily plant-
dependent. 

In incinerators, the heat recovery is poor, according to Larsen, et al. (2010). Thermal energy, or 
heat, production is less than ¼ the energy content of high caloric fuels, such as fuel oil and 
biogas, used in the process. There is therefore an opportunity for higher heat recovery from 
incineration. 

The choice of subprocesses to include in the plant is interesting and the two sludge-handling 
options allow for a more detailed analysis, with varying levels of modernity. Incineration is not 
the most common sludge-handling option, but it is not uncommon, either. This makes it the more 
conservative choice. As the analysis shows, it has its benefits, but the possibility of energy 
savings is not as dramatic as with gasification.  

While gasification is the riskier option in terms of uncertainties when scaling up the process, the 
energy savings are dramatic enough to be worth the potential risk. Another benefit of the 
gasification configuration is its flexibility. The CHP could take in both biogas and syngas, just 
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syngas, or an additional CHP could be added to make use of the biogas within the WWTP. The 
dryer could potentially run off of biogas, as well. 

Also regarding the CHP, the two models were adapted specifically to these configurations; i.e., 
the CHP models take in the exact amount of biogas/syngas available. This was done for 
convenience, but naturally, a larger CHP could be used with additional fuel requirements, and 
perhaps the electricity and heat production would pay off for a WWTP. 

The heat pump is a promising option for WWTPs, particularly in cold climates. The heat pump 
included here is scaled to process all of the effluent from active sludge treatment, but the result is 
a very high heat production, related to a very high electricity requirement. If the heat production 
were anticipated such that it matched the needs of the plant, the electricity use would decrease 
and the heat pump would appear an even more valuable addition to WWTPs. 

4.3 Generalization of results 
It has been mentioned before, but each WWTP is unique. As a result, the specific recommended 
setup in this study is not necessarily applicable to all situations. The nature of incoming 
wastewater, resulting sludge, and topography of the area all contribute to differing equipment 
requirements. Even once equipment is obtained, trial and error must be used to determine the 
optimal process temperatures/holding times/etc. Despite the necessity for adaptation to the local 
environment, there are some takeaways here. 

The commonalities between the two configurations speak to the most valuable improvements an 
“average” WWTP could make. Namely: including anaerobic digestion if it hasn’t already, 
putting in heat exchangers for heat recovery or a heat pump in the case of lower-grade heat 
sources, considering a heat pump for the active sludge effluent in particular, and ensuring that 
the most modern and energy-efficient equipment is being used, within reason and budget. 

4.4 Future work 
During the course of this research, a variety of tangential topics came to attention, the most 
significant of which are listed here. 

A more detailed exergy analysis can be done, ideally with both winter and summer options. This 
would be high-priority work for any WWTP interested in maximizing its energy/exergy 
efficiency, but the analysis needs to be tailored to the conditions of the specific 
plant/location/etc. 

Anammox, short for anaerobic ammonium oxidation, has benefits such as a high loading rate and 
efficient biomass retention (van der Star, et al., 2007). Three full-scale plants using the anammox 
process exist in The Netherlands. For more information, see Larsen, et al. (2010) and Lim 
(2012). 

Alternatives to incineration and gasification include wet oxidation and pyrolysis. For more 
information on wet oxidation, see Houillon & Jolliet (2005). These researchers found that 
fluidized bed incineration, incineration in cement kilns, and wet oxidation are the most efficient 
ways of disposing sludge with regard to limiting greenhouse gas effects. Pyrolysis is one of the 
stages within gasification, but can be used on its own. It is an endothermic thermo-chemical 
process that can take a variety of carbonaceous feedstocks. All three byproducts, py-gas, bio-oil, 
and bio-char, have some value. The gas and oil can be used for energy generation, while bio-char 
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can be used for energy regeneration For more information, see Larsen, et al. (2010), Houillon & 
Jolliet (2005), Cao & Pawlowski (2012), and Fytili & Zabanitiou (2008). 

For information on waste heat recovery techniques in a variety of industries, see BCS Inc. 
(2008). Most (60%) heat available for recovery was found in “low-temperature” sources. This is 
within metal mining, cement making, and glass blowing, but could be applicable to the 
wastewater treatment industry. 

Phosphorus recovery is a potential addition to WWTPs. With chemical precipitation or advanced 
biological treatment with phosphorus recovery, up to 95% of phosphorus from wastewater can be 
found in sludge (Kalogo & Monteith, 2008). Also see PURE (2012) for more information. 

Tools that may be useful are ORWARE (Organic Waste Research) to model processes 
(Rissanen, et al., 2007) and life cycle inventory and life cycle analysis for environmental impacts 
(Larsen, et al., 2010). 
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5. Conclusion 
This project attempts to model a general, modern WWTP, in the interest of visualizing and 
analyzing the mass and energy flows. Subprocesses include core wastewater treatment and 
preliminary sludge handling stages (active sludge, anaerobic digestion, and dewatering).  Two 
advanced sludge-handling options are proposed: incineration and gasification. A model is created 
with detailed mass, energy, and fuel flow information between the subprocesses. The two sludg-
handling options are compared based on their energy use throughout each subprocess. As a 
result, energy recovery options are incorporated into each of the two WWTP models. With 
energy recovery (including a heat pump, heat exchangers, and a combined heat and power plant), 
each one is heat independent. The gasification option could be electricity-independent with a 
smaller heat pump stage. Overall, the gasification option saves more energy. 

A number of uncertainties exist, particularly with reconciling different information sources to 
complete the holistic model. Despite the uncertainties, this is still a unique attempt to go in-depth 
into sludge-handling scenarios in the context of a full-scale centralized WWTP. The results can 
be inspirational to any WWTP looking to improve its energy efficiency. Even some of the 
technologies presented here as “proven” and “widely used” are not always found in modern 
WWTPs. Considering the payoff in energy savings, more WWTPs should consider updates, or at 
least the addition of equipment such as heat exchangers. Future work in this area could focus on 
incorporating exergy, particularly within seasons and climates unique to certain WWTPs. 
Additional technologies with promise include anammox, pyrolysis, and phosphorus recovery. 

Overall, wastewater treatment is such an essential process that it must remain resilient in years to 
come. The more energy efficiency is incorporated and byproducts of wastewater treatment are 
utilized to their full potential, the more clean water we, as a global society and environment, will 
have available. 
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7. Appendices 
Appendix 1: Electricity 
In the following, “X” represents categories not considered in this project, “=” represents 
categories which apply equally to all subprocesses, and “?” represents uncertainty as to how to 
represent the value in this project. From a study done by Svenskt Vatten (Lingsten, et al., 2008), 
it is possible to find the distribution of electricity for different uses within treatment plants. 

Water purification - 31.2 GWh, 29.9 % 
X  Outgoing pumps - 62.9 GWh, 55.1 % 

Operation of heat pumps - 1.0 GWh, 0.6 % 
?  Heating - 7.7 GWh, 6.4 % 
=  Other - 10.2 GWh, 7.2% 

"Water purification" still includes multiple subprocess steps, so it is necessary to look further. At 
Kappalaverket (Dremé, 20011), the distribution is:  

Blowers (biological treatment) - 6.6 GWh/yr (23%) 
Bioprocess (biological treatment) - 3.6 GWh/yr (12%) 

X  "[pumping on the] Mainland" - 3.5 GWh/yr (12%) 
X  Inlet pumps - 3.5 GWh/yr (12%) 

"Ventilation" (other) - 2.8 GWh/yr (10%) 
=  Lighting (other) - 2.7 GWh/yr (9%) 

Anaerobic digester - 2.2 GWh/yr (8%) 
"Plumbing/HVAC (VVS) & RAV" (sludge handling) - 1.3 GWh/yr (5%) 
"Sludge treatment" (sludge handling) - 1.1 GWh/yr (4%) 

=  "Other drives" (other) - 0.6 GWh/yr (2%) 
"Filters hall" (other) - 0.5 GWh/yr (2%) 
"Kontainerhall" (other)  - 0.2 GWh/yr (1%) 

X  "Slurry pumps" - 0.1 GWh/yr (0%) 

Cantwell (2010) reports the breakdown of electricity consumption for typical activated sludge 
facilities, including anaerobic digestion but not advanced sludge treatment (e.g. incineration, 
gasification). The electricity requirements are: 

Aeration (biological treatment) - 60% 
X  Wastewater pumping - 12% 

Anaerobic digestion - 11% 
=  Lighting & buildings (other) - 6% 

Belt press (sludge handling) - 3% 
Clarifiers (other) - 3% 
Return sludge pumping (biological treatment) - 1% 
Gravity thickening (sludge handling) - 1% 
Chlorination (sludge handling) - 1% 
Screens (other) - 1% 
Grit (other) - 1% 

From these reports, the following percentages were established: 

BIOLOGICAL TREATMENT - 35-61% 
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ANAEROBIC DIGESTION - 8-11% 
DEWATERING/DRYING - 5-9% 
HEAT PUMP OPERATION - 0.5% 
PUMPING - 12-50% 
OTHER (Screens, lighting, buildings, ventilation, etc.) - 11-24% 

Median percentages are: 

BIOLOGICAL TREATMENT - 48% 
ANAEROBIC DIGESTION - 9.5% 
DEWATERING/DRYING - 7% 
HEAT PUMP OPERATION - 0.5% 
PUMPING - 31% 
OTHER (Screens, lighting, buildings, ventilation, etc.) - 17.5% 

Median percentages add to: 

48+9.5+7+0.5+31+17.5=113.5% 

Therefore, the percentages must be modified somewhat to reach 100%. The biological treatment 
percentage is in agreement with other researchers (Hernandez-Sancho, et al., 2011). Anaerobic 
digestion and dewatering had small ranges to begin with and are therefore assumed to be 
accurate. The modification is made in the "pumping" and "other" categories. Pumping had the 
largest range and therefore the most uncertainty, so its percentage is changed the most, to 22%. 
Finally, other uses of electricity are reduced to 13% of electricity consumption. 

The result is as follows: 

BIOLOGICAL TREATMENT - 48% 
ANAEROBIC DIGESTION - 9.5% 
DEWATERING/DRYING - 7% 
HEAT PUMP OPERATION - 0.5% 
PUMPING - 22% 
OTHER (Screens, lighting, buildings, ventilation, etc.) - 13% 
SUM - 100% 

For heat pumps used in Sweden (39 were included in the Svenskt Vatten survey), the coefficient 
is 2.9. Input electrical energy is 1.3 GWh, with an output power of 3.8 GWh (Lingsten, et al., 
2008). 

These categories need to be mapped to the subprocesses considered in this paper. Pumping was 
excluded, as the amount of electricity needed for pumping varies largely from plant to plant. 
Scaling Stockholm Vatten data to GASKI data follows. This is based on the assumption that total 
plant electricity demand is proportional to wastewater treated. 

Scaling Stockholm Vatten electricity to GASKI data 
  Number Unit Source 
Electricity use (total) 45200000 kWh/a Stockholm Vatten, 2011 
WW IN 135,500,000 m^3/a Stockholm Vatten, 2011 
Electricity use (total) 27,029,934 kWh/a 

 WW IN 81,030,000 m^3/a Abusoglu, et al., 2012 
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Appendix 2: Inputs to System Boundary (Black Box) 
Inputs to system boundary Number Unit Source 
Electricity IN (GASKI) 27029934 kWh/a Appendix Electricity 
Wastewater into GASKI 2566 kg/s Abusoglu, et al., 2012 
Density of wastewater 998 to 1001 kg/m^3 Ryrfors, 1995 
Wastewater into plant (after 
primary treatment, into active 
sludge) 71760390 m^3 WW/a Abusoglu, et al., 2012 

Dry solids 0.1 % DS Libhaber & Orozco-Jaramillo, 2012 
Raw WW DS IN 71760 tonnes DS   
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Appendix 3: Active Sludge (AS) 
Active Sludge Appendix Number Unit Source 
GENERAL       
1 GJ 3600 GWh   
seconds in one year 31556900 seconds   

MASS       
Sewage IN 2274 kg/s Abusoglu, et al., 2012 
Air IN 11.5 kg/s Abusoglu, et al., 2012 
Primary sludge OUT (after 
settling and flotation tanks) 12.06 kg/s Abusoglu, et al., 2012 

Treated water OUT 2000 kg/s Abusoglu, et al., 2012 
HEAT (enthalpy)       
Sewage IN 107.2 kJ/kg Abusoglu, et al., 2012 
Air IN 404.3 kJ/kg Abusoglu, et al., 2012 
Waste activated sludge OUT 104.9 kJ/kg Abusoglu, et al., 2012 
Treated water OUT 105.5 kJ/kg Abusoglu, et al., 2012 
HEAT (enthalpy) in GJ/a       
WW IN 7692714 GJ/a   
Air IN 146722 GJ/a   
Sludge OUT (after settling & 
flotation) 39922 GJ/a   
Treated water OUT 6658506 GJ/a   
Temperatures       
Sewage IN 25.7 degrees C Abusoglu, et al., 2012 
Air (after heat pump) IN 130 degrees C Abusoglu, et al., 2012 
Primary sludge OUT 25 degrees C Abusoglu, et al., 2012 
Treated water OUT 25.3 degrees C Abusoglu, et al., 2012 
Electricity       
Electricity IN per year 27029934 kWh/a Appendix 2 
Percentage used for active 
sludge 48 % Appendix 1 
Electricity IN - AS 12974368 kWh/a   
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Appendix 4: Anaerobic Digestion (AD) 
Anaerobic Digestion Appendix Number Unit Source 
Volume at normal temperature 
(273 deg. K) and pressure (1 
atm)   Nm^3 Noyola, et al., 2006 
GJ 3600 GWh   
seconds in one year 31556900 s   
MASS       
Sludge IN 12.06 kg/s Abusoglu, et al., 2012 
Biogas IN 0.318 kg/s Abusoglu, et al., 2012 
Sludge (recirculated) IN 36 kg/s Abusoglu, et al., 2012 
Sludge OUT 12.06 kg/s Abusoglu, et al., 2012 
Biogas OUT 0.318 kg/s Abusoglu, et al., 2012 
Biogas OUT (to power 
generation after compressor) 0.129 kg/s Abusoglu, et al., 2012 
HEAT (enthalpy)       
Sludge IN 104.9 kJ/kg Abusoglu, et al., 2012 
Biogas IN -4628 kJ/kg Abusoglu, et al., 2012 
Sludge (recirculated) IN 154.6 kJ/kg Abusoglu, et al., 2012 
Sludge OUT 133.5 kJ/kg Abusoglu, et al., 2012 

Biogas OUT -4628 kJ/kg Abusoglu, et al., 2012 
Biogas OUT (to power 
generation after compressor) -4612 kJ/kg Abusoglu, et al., 2012 
HEAT (GJ)       
Sludge IN 39922 GJ/a   
Biogas IN -46442 GJ/a   
Sludge (recirculated) IN 175633 GJ/a   
Sludge OUT 50807 GJ/a   
Biogas OUT -46442 GJ/a   
Biogas OUT (to power 
generation after compressor) -18775 GJ/a   
TEMPERATURE       
Sludge IN 25 degrees C Abusoglu, et al., 2012 
Biogas IN 57 degrees C Abusoglu, et al., 2012 
Sludge (recirculated) IN 37 degrees C Abusoglu, et al., 2012 
Sludge OUT 35 degrees C Abusoglu, et al., 2012 
Biogas OUT 35 degrees C Abusoglu, et al., 2012 
Biogas OUT (to power 
generation after compressor) 42 degrees C Abusoglu, et al., 2012 
ELECTRICITY       
Electricity IN - whole plant 27029934 kWh/a Appendix Electricity 
Percentage used for 
anaerobic digestion 9.5 % Appendix Electricity 



Holistic Energy Analysis of Municipal Wastewater Treatment & Sludge Handling  S. Taylor, 2014 

68 
 

Electricity IN - AD 2567844 kWh/a   
Electricity IN - AD 3 GWh/a   

FUEL       

Energy potential of biogas 6.5 kWh/m^3 
Antakyali & Rolle, 
2010 

Density of biogas 1.1 kg/Nm^3 
Svenskt Gastekniskt 
Center, 2006 

Biogas fuel energy OUT 241 GWh/a   
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Appendix 5: Dewatering (DW) 
Appendix Dewatering Number Unit Source 
GJ 3600 GWh   
seconds in one year 31556900 s   
ELECTRICITY       

Electricity IN - whole plant 42800000 kWh/a 
Stockholm Vatten, 
2011 

Percentage used for 
dewatering 7 % Appendix 1 
Electricity IN - DW 2996000 kWh/a   
Alternate electricity 
consumption 20 kWh/tonne DS Larsen, et al., 2010 
HEAT (enthalpy)       
Sludge IN 133.5 kJ/kg Abusoglu, et al., 2012 
Water OUT 112.6 kJ/kg Abusoglu, et al., 2012 
Sludge OUT 112.6 kJ/kg Abusoglu, et al., 2012 
HEAT       
Sludge IN 32 degrees C Abusoglu, et al., 2012 
Water OUT 27 degrees C Abusoglu, et al., 2012 
Sludge OUT 27 degrees C Abusoglu, et al., 2012 
HEAT (GJ)       
Sludge IN 50807 GJ/a   
Water OUT 34041 GJ/a   
Sludge OUT 8812 GJ/a   
MASS       
Sludge IN 12.06 kg/s Abusoglu, et al., 2012 
Water OUT 9.58 kg/s Abusoglu, et al., 2012 
Sludge OUT 2.48 kg/s Abusoglu, et al., 2012 

 



Holistic Energy Analysis of Municipal Wastewater Treatment & Sludge Handling  S. Taylor, 2014 

70 
 

Appendix 6: Incineration (I) 
Appendix Incineration Number Unit Source 
ELECTRICITY       
Electricity consumption - 
Incineration 330 kWh/tonne DM Larsen, et al., 2010 
…external electricity 220 kWh/tonne DM Larsen, et al., 2010 
…digester gas use 110 kWh/tonne DM Larsen, et al., 2010 
        
Use from DW - OUT 30 % DS Larsen, et al., 2010 
        
HEAT       
Basics of fluidized bed furnaces       

Combustion temperature 788 degrees C 
Based on Dangtran, et al., 
2000 

Gas exit temperature 843 degrees C 
Based on Dangtran, et al., 
2000 

        
Thermal energy production 193 kWh/tonne DM Larsen, et al., 2010 
Thermal energy production 170 kWh/tonne DM Larsen, et al., 2010 
Average thermal energy 
production 181.5 kWh/tonne DM Based on Larsen, et al., 2010 
        
Temperature inside incinerator 850 degrees C Houdkova, et al., 2008 
        
Per day at Prague plant CWWTP 
(with utilization of flue gas energy 
in incinerator)       
Sludge IN 214 tonnes DS Houdkova, et al., 2008 
Natural gas IN 16140 m^3 Houdkova, et al., 2008 
Natural gas energy IN 162 MWh Houdkova, et al., 2008 
Air IN 523830 m^3 Houdkova, et al., 2008 
Ash OUT 36 tonnes Houdkova, et al., 2008 
Electric power OUT 28.8 MWh Houdkova, et al., 2008 
Heat OUT 144.1 MWh Houdkova, et al., 2008 
        
Energy content of natural gas IN 
(comparison based on 37 
MJ/m^3) 0.17 GWh McGraw Hill, 1982 
        
MASS       
Sludge IN 1 tonne DS Larsen, et al., 2010 
Slag (bottom & fly ash) OUT 515 kg Larsen, et al., 2010 
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Liquid residue (returned to 
WWTP) OUT 12250 L Larsen, et al., 2010 
Exhaust gas OUT 9250 Nm^3 Larsen, et al., 2010 
        
FUEL       
Heating value of light fuel oil 
(natural gas) 43 MJ/kg Larsen, et al., 2010 
Heating value of biogas (used) 23 MJ/kg Larsen, et al., 2010 
Amount of biogas & fuel oil used 
(calculated as fuel oil) 122 kg/tonne DS Larsen, et al., 2010 
Ratio of biogas/fuel oil 17   Larsen, et al., 2010 
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Appendix 7: Drying (D) 
Drying Appendix Number Unit Source 
1 GWh 3600 GJ   
seconds in one year 31556900 s   
ELECTRICITY       
Electricity consumption 0 kWh/tonne DS Larsen, et al., 2010 
HEAT       
Temperature of dryer 140-240 degrees C Wang, et al., 2007 
Heat (from CHP) IN 1000 kWh/tonne DS Larsen, et al., 2010 
Additional heat (from burning oil) 
IN 440 kWh/tonne DS Larsen, et al., 2010 

Dried sewage sludge energy 8.3 MJ/kg DS 
Brown & Caldwell, 
2012 

Sludge OUT (GJ) 187075 GJ/a   

Heat (from fuel oil) IN 103 GWh/a   
MASS       
Amt. of oil needed 36.8 kg/tonne DS Larsen, et al., 2010 
DS OUT (after drying) 70-85 % DS Larsen, et al., 2010 
FUEL       
Heating value of light fuel oil 
(natural gas) 43 MJ/kg Larsen, et al., 2010 
Fuel oil energy content 37152 GJ/a   
Fuel oil energy content 10 GWh/a   
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Appendix 8: Gasification (G) 
Appendix Gasification Number Unit Source 
ELECTRICITY       
Electricity consumption 100 kWh/tonne DS Larsen, et al., 2010 
Electricity IN - G 2253920 kWh/a   
HEAT       
Gasifier internal 
temperature 850-880 degrees C Alix, 2010 
"Useable" heat OUT 0.1 kWh/kg DS Brown & Caldwell, 2012 
FUEL       
Syngas energy 1 kWh/m^3 Brown & Caldwell, 2012 
MASS       
Sludge IN 28174 tonnes/a Appendix 7 

DS IN 80 % 
Based on Larsen, et al., 
2010 

Air consumption per tonne 
DS 900 m^3 Larsen, et al., 2010 
Water consumption per 
tonne DS 300 L Larsen, et al., 2010 
Syngas volume 1.6 m^3/kg DS Brown & Caldwell, 2012 
MASS BALANCE       
Sludge IN 1 Tonne DS Larsen, et al., 2010 
Mineral granulate OUT 500 kg Larsen, et al., 2010 
Solid residue OUT 1 kg Larsen, et al., 2010 
Condensate OUT 350 L Larsen, et al., 2010 
Off-gas 1765 Nm^3 Larsen, et al., 2010 
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Appendix 9: Combined Heat and Power Generation (CHP) 
Combined Heat & Power Number Unit Source 
Syngas Input       
30% electricity, 60% heat (per kg DS refers to incoming dried sludge to gasification) 
Electricity OUT ("delivery") 0.4 kWh/kg DS Brown & Caldwell, 2012 
Electricity (used in gasification & 
CHP) 0.1 kWh/kg DS Brown & Caldwell, 2012 

Heat OUT 0.9 kWh/kg DS Brown & Caldwell, 2012 
Incoming DS to gasification 22539 tonnes/a Table 10 
Biogas Input       
At Prague-based plant, all #s per 
day       
Biogas IN 40057 m^3 Houdkova, et al., 2008 
After cogeneration, electric power 
OUT 88 

MWh electric 
power Houdkova, et al., 2008 

After cogeneration, heat OUT 142 MWh heat Houdkova, et al., 2008 
        
Biogas out of AD -5.2 GWh/a Table 5 
Biogas out of AD 4071 tonnes/a Table 5 

Density of biogas 1.1 kg/Nm^3 
Svenskt Gastekniskt 
Center, 2006 
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Appendix 10: Heat Pump (HP) 
Heat Pump Appendix Number Unit Source 
GENERAL       
1 GJ 3600 GWh   
seconds in one year 31556900 seconds   
Specific heat of water 4157 J/kg*K Wolfram Alpha, 2014 
        
HEAT       
Change in WW temp 15 deg. C   
Corresponding heat in effluent flow 3935224 GJ/a See description below 
Heat OUT 1093 GWh/a   
WW OUT 757 GWh/a   
        
ELECTRICITY       
Electricity IN 312 GWh/a   

 

 

Temperature difference that can be converted to energy = ~15K 

(difference between input (to HP) WW temp and output WW temp) 

 

Corresponding effluent heat: 

Mass flow (WWTP effluent) = 63113800 tonnes/a 

(kg) = 6.311*10^10 kg OR 63110000000 kg 

Specific heat of water = 4157 J/kg*K 

Temperature change = 15 K 

 

Q= (63110000000 kg/a)*(4157 J/kg*K)*(15 K) 

Q= 3.9352241*10^15 J/a 

Q= 3935224100000000 J/a 

Q= 3935224.1 GJ/a 
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Appendix 11: Energy Recovery 
Energy Recovery Appendix Number Unit 
OPTION 1: INCINERATION     
Heat losses (prior to recovery)     
Active sludge 1850 GWh/a 
Dewatering 9.5 GWh/a 
Incineration 42.5 GWh/a 
Total 1902 GWh/a 
Heat requirements     
Active sludge 41 GWh/a 
Anaerobic digestion 38 GWh/a 
Total 79 GWh/a 
Electricity requirements-original 96 GWh/a 
Electricity requirement-heat pump 312 GWh 
HP electricity going to plant 
heating 72 GWh 
Percentage to heating plant 23 % 
Electricity requirement-energy 
recovery 168   
      
OPTION 2: GASIFICATION     
Dryer heat requirement 235 GWh/a 
Heat supplied by CHP & 
gasification 135 GWh/a 
Remaining heat requirement 100 GWh/a 
Heat losses (prior to recovery)     
Active sludge 1850 GWh/a 
Dewatering 9.5 GWh/a 
Gasification 22.5 GWh/a 
Heat requirements     
Active sludge 41 GWh/a 
Anaerobic digestion 38 GWh/a 
Drying 235 GWh/a 
Electricity requirements     
Electricity requirements-original 96 GWh/a 
Electricity requirement-heat pump 312 GWh 
HP electricity going to plant 
heating 75 GWh 
Percentage to heating plant 24 % 
Electricity requirement-energy 
recovery 171 GWh 
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