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Abstract: Wastewater treatment plant (WWTP) utilization of combined heat and power (CHP) systems
allows for the efficient use of on-site biogas production, as well as increased annual savings in utility
costs. In this paper, a review of biogas energy recovery options, CHP prime mover technologies, and the
costs associated with biogas cleaning give a broad summary of the current state of CHP technology
in WWTPs. Even though there are six different prime mover technologies, the main ones currently
being implemented in WWTPs are micro turbines, fuel cells and reciprocating engines. Different
prime movers offer varying efficiencies, installation costs, and biogas impurity (H2S, siloxanes, HCl)
tolerances. To evaluate the long-term savings capabilities, a techno-economic assessment of a CHP
installation at a case study WWTP shows the payback, annual savings, and initial costs associated
with the installation of a CHP system. In this case, a study a payback of 5.7 years and a net present
value of USD 709,000 can be achieved when the WWTP generates over 2,000,000 m3 of biogas per
year and utilizes over 36,000 GJ of natural gas per year.

Keywords: combined heat and power (CHP); anaerobic digestion (AD); biogas; gas turbines; internal
combustion engine; fuel cells; wastewater treatment plant

1. Introduction

Water and energy are inseparably connected and vital resources, as electricity generation requires
large quantities of water while a significant amount of energy is required for both drinking water and
wastewater services. This has been termed the water–energy nexus [1]. Water operations typically
consume a disproportionately large amount of energy in a community, which means significant
environmental, economic and social benefits can result from more efficient operations in water
treatment plants (WTPs) and wastewater treatment plants (WWTPs) [2].

In the United States, municipal WTP and WWTPs collectively demand around 2–4% of the U.S.
energy consumption, which represents around USD 4.7 billion annually [3,4]. Electricity consumption
in WWTPs is approximately 30 billion kWh and that is expected to increase up to 20% in the
coming decades [2]. Of the total energy needed for WWTPs utilizing conventional activated sludge
process, about half is electrical energy for the aeration basins [5]. Despite the significant energy use,
theoretically municipal wastewater contains between five and 10 times more chemical and thermal
energy than needed for treatment that meets discharge standards [6]. While only a portion of that
energy can be recovered, it is possible and feasible for WWTPs to be net energy producers [7,8].
The re-conceptualization of WWTPs as resource recovery entities is occurring through efforts at
individual plants [9] and federal legislation [10].
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The U.S. Environmental Protection Agency has identified seven methods for improving the
efficiency of WTPs and WWTPs [11]. Among those methods, fixing water leaks, using efficient
pumping systems, Variable Frequency Drives (VFDs), lighting improvements and heating, ventilation,
and air conditioning (HVAC) improvements are common energy saving measures. Two of the
Environmental Protection Agency’s (EPA) recommended energy saving measures include improving
the efficiency of anaerobic digestion and onsite cogeneration, which can be more difficult to assess
and implement. Anaerobic digestion is a biological process during which microorganisms breakdown
and stabilize sewage sludge in the absence of oxygen, prior to final treatment processes and
disposal [12]. During anaerobic digestion, biogas is generated, which primarily consists of methane
(CH4), carbon dioxide (CO2), and nitrogen (N2). The CH4 in biogas can be utilized in energy recovery
from WWTPs via combustion in a boiler to generate heat. Alternatively, the CH4 can be utilized
in cogeneration which is the combined generation of electricity and heat, also known as Combined
heat and power (CHP). Despite the fact that 43% of U.S. WWTPs generate biogas with anaerobic
digesters, as of 2011, only 3.3% utilize the biogas for electricity production via cogeneration [13].
Most of the biogas generated in WWTPs is flared to reduce CH4 emissions as CH4 is a more potent
greenhouse gas than CO2. Major challenges in implementation of cogeneration in WWTPs include
project development and operation/maintenance challenges [13]. Apart from the use of biogas for
on-site heating or cogeneration, there are other potential uses as a transportation fuel or exporting as
renewable natural gas or electricity [10].

While the direct use of biogas is promising from an energy recovery perspective, challenges
remain, largely due to the presence of impurities in biogas. Aside from the major constituents of biogas
(CH4, CO2 and N2), the impurities and other trace species include water (H2O), hydrogen sulfide
(H2S), carbon monoxide (CO), ammonia (NH3), oxygen (O2), and siloxanes. Challenges occur due to
daily and seasonal variations in impurity concentrations and downstream effects on the technology,
the environment and human health. For example, H2S concentrations in biogas, which can vary by
three orders of magnitude (from 0.005–2% [14]), can cause corrosion in engines and compressors,
is toxic and can lead to other byproducts like sulfuric acid. In some of the early biogas recovery
projects, boilers and turbines were operated without cleaning the biogas to remove siloxane and other
impurities. That began to change in the early 2000s due to maintenance challenges, but the removal of
some impurities like siloxane had the potential of making many projects uneconomical [15].

This paper aims to assess the current state of the art in biogas-fueled cogeneration energy recovery
to enhance understanding and uncover opportunities for implementing projects. To enhance the project
development of biogas-fueled cogeneration in WWTPs, a deeper analysis of the biogas impurities,
biogas cleaning costs, cogeneration capital costs, and prime mover maintenance costs is needed.
A techno-economic assessment of CHP in WWTP is provided to overcome one of the main challenges
with implementation—project development—by providing a thorough assessment methodology for
biogas-fueled CHP in WWTPs.

2. Materials and Methods

The general method applied for this study was to (1) identify a set questions that the review and
assessment would seek to answer, (2) identify relevant studies to be included, and (3) analyze the
references within the framework of the guiding questions. The following discussion provides a brief
background to the guiding questions of this work. Biogas-fueled cogeneration or CHP systems are
already available commercially. Among the many options, internal combustion engines, micro-gas
turbines and fuel cells are the leading options being researched and installed [13]. To better understand
the factors affecting the installation of CHP projects in WWTPs, a review of cogeneration technologies
is undertaken. An essential aspect of this review is information regarding each system’s tolerance
to various levels of contaminants in the biogas, capital costs, expected maintenance costs, emissions,
and expected operating hours. The content of the biogas can vary significantly depending on a range
of factors including the type of organic feedstock, operating conditions and any pre-treatment [14,16].
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Sulfur (e.g., H2S) and silicon (e.g., siloxanes)-based impurities are particularly prone to causing corrosion
and solid particle deposits in heat exchangers and prime movers. Assessing current technologies for
their tolerance and lifetime expectations with these impurities is critical for the development of biogas
energy recovery projects. Finally, this work develops a techno-economic assessment method for CHP
systems in WWTP including the consideration of biogas composition, site-specific details regarding
thermal or electricity demand, capital costs, maintenance costs and other site-specific information.

The questions that this study sought to answer are listed below:

• What are the typical prime movers utilized for CHP in WWTPs?
• What are the performance characteristics of current prime mover technologies including electrical

efficiency, thermal efficiency, combined efficiency, power-to-heat ratio, part load efficiency and
emissions at different power outputs?

• What are the capital costs, expected maintenance costs and other economic considerations for
CHP in WWTPs?

• What is the tolerance of each prime mover technology to impurities in biogas?
• What are the methods and characteristics of biogas cleaning technologies?
• What techno-economic assessment methods should be utilized to assess CHP projects in WWTPs?

Relevant literature was identified using Scopus, Google Scholar and ScienceDirect databases.
Keywords used in the search included “Combined heat and power”, “Cogeneration”, “Tolerance to
biogas impurities”, “Wastewater”, and “Biogas composition”. The list of studies was checked manually
by reading the abstract, methods and results sections to identify answers to the guiding questions.
Studies that did not include related information were not considered. Studies that were identified while
reviewing the initial papers were included in the list of literature. The selected literature was limited
to peer-reviewed articles, book chapters and reports written in the English language. Only literature
from 1998–2020 was included, with a focus on the more recent literature.

3. Results

3.1. Energy Recovery with Biogas

Wastewater treatment is an increasingly complex process as many technologies exist and are
emerging in areas like particle aggregation, oxidation, disinfection, surface fouling mitigation,
adsorption and biological transformation [17]. The overall process, which typically comprises
preliminary treatment, primary treatment, and secondary treatment, aims to purify wastewater
and convert it into a liquid effluent, which, most of the time, find its way to a receiving water body.
A higher degree of treatment, called “advanced” or “tertiary” treatment, may sometimes be required
to protect public health or environmental quality [18].

Preliminary treatment normally includes screening and grit removal for removing coarse, heavy,
and inorganic solids. Primary treatment involves gravity sedimentation where slightly more than
half of the suspended solids are removed [18]. The concentrated suspension of solids resulting from
primary treatment is called primary sludge. Secondary treatment is usually accomplished biologically.
Microorganisms in suspension, as in the “activated sludge” process, attach to media as a “trickling
filter” or one of its variations, or are used in ponds or other processes to remove biodegradable
organic material [19]. During the process, the microorganisms oxidize a part of the organic material to
produce CO2 and other end products while the remainder works as food and energy support for the
microorganism community. The microorganisms biologically flocculate to form settleable particles and
this excess biomass is separated in secondary sedimentation tanks, right after the biological treatment,
as a concentrated suspension called “secondary sludge” [19]. The final effluent can either be discharged
to a receiving water body or further treated for reuse (i.e., tertiary treatment). Tertiary treatment may
also be necessary if receiving water conditions obligate higher quality effluent than that produced by
secondary wastewater treatment [18]. Disinfection for the control of pathogenic microorganisms and
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viruses, and nitrogen and phosphorus removal for the minimization of nutrient enrichment of surface
waters, are examples of tertiary treatment operations [18].

Sludge resulting from wastewater treatment processes needs to be treated as well to reduce its
volume, pathogen, bacterial and organic content. For this purpose, a wide variety of sludge treatment
processes are used prior to disposal or use of the treated product, called biosolids. Details of those can
be found in different resources [19–21]. In the context of this study, we focus on anaerobic digestion.

Anaerobic digestion (AD) is a process in which microorganisms break down biodegradable
material (wastewater sludge in this case) in the absence of O2 to form CH4-containing biogas.
The residual stabilized sludge leaving this process can be used as fertilizer or soil conditioner after a
subsequent drying [22]. There are two types of conventional anaerobic digestion processes named after
the temperature range they operate in: mesophilic and thermophilic [19]. Mesophilic digestion occurs
in the range of 30–38 ◦C and is the most common type. Thermophilic digester operates in the rage of
50–60 ◦C. For efficient operation, it is important to maintain digester temperatures within a narrow
range, which is typically from 35 ◦C to 37 ◦C for mesophilic digesters [23]. Therefore, digester heating
is a critical (and energy consuming) component of the whole process.

Biogas contains 55–65% CH4, 35–45% CO2 and other trace gases such as H2O, H2S, NH3, siloxanes,
N2 and O2 with a calorific value in the range of 19.7–23.3 MJ/m3 [24]. Biogas composition is highly
dependent on the composition of the feedstock and type of digestion. Organically bound sulfur present
in the proteins in the sludge results in H2S generation by sulphate-reducing bacteria [25]. Siloxane
is preferentially absorbed in the sludge flocs during wastewater treatment. A large portion of the
siloxane volatilizes from the sludge after reaching a temperature of 60 ◦C and ends up as biogas in the
digester [26]. Some of the siloxane compounds are more soluble in water and have a higher vapor
pressure (e.g., L2 and D3 siloxane). As a result, they are less likely to appear in biogas than other
siloxanes (e.g., D4 and D5 siloxane) [26,27]. Siloxane can also end up in the biogas from silicones,
which are added to the digester as anti-foaming agents. Siloxane concentration can reach up to 41 ppm
in biogas obtained from WWTP, but the maximum in most cases is expected to be closer to 2–3 ppm [25].
Many other trace compounds exist in WWTP biogas, including halocarbons (1.9 ppm), aromatics like
benzene (0.85 ppm) and toluene (2.3 ppm), alcohols and hydrocarbons [25].

With an efficient use, CH4 present in the biogas can help to significantly offset the energy
consumption of WWTPs. Despite the fact that 43% of U.S. municipal WWTPs generate biogas with
anaerobic digesters, as of 2011, only 3.3% utilize the biogas for electricity production [13]. Much of the
biogas generated is flared into the atmosphere, losing the chemical energy that had potential use in the
facility while contributing to global warming. Burton states that about 350 kWh of electricity can be
produced from biogas for each million gallons of wastewater treated at a WWTP [28].

The challenges behind electricity generation from biogas include both project development
and operation/maintenance [13]. The direct use of biogas in boilers for heating or for cogeneration
is particularly challenging as the major constituents of biogas (CH4, CO2 and N2) and other trace
species/impurities (H2O, H2S, CO, NH3, O2, siloxanes) can vary widely and the impurities have varying
effects on the technology, the environment and human health. For example, H2S concentrations in
biogas can vary by three orders of magnitude (from 0.005–2% [14]) and can cause corrosion in engines
and compressors, are toxic and can lead to other byproducts like sulfuric acid. Therefore, impurities
must be removed before the biogas is used as a fuel for electricity generation to prevent damage to the
generation equipment [29].

3.2. Combined Heat and Power Technologies

Conversion of the original biodegradable wastewater organics into useful forms of energy remains
a challenge, even after AD. Combustion of the CH4 can result in thermal energy for various processes
including maintaining the digester temperature and heating buildings, but the actual need for that
heat depends on the specific WWTP. The combustion of the CH4 followed by electricity generation in
CHP can be beneficial as WWTPs require significant electricity for their operations [5]. CHP can result
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in ~28–40% of the original energy potential of biodegradable wastewater organics being converted to
electricity, while another ~50–65% is available as heat [8]. Not all WWTPs have sufficient influent flow
rate to be considered as feasible locations for CHP. However, in 2007, the U.S. EPA found that of the sites
deemed appropriate for CHP, about half of the WWTPs utilized anaerobic digestion and only about 11%
utilized biogas to generate either electricity or thermal energy [30]. Several other biogas-generating
processes are available, and have been modeled and analyzed for use in fuel cells [31,32], but not for
CHP systems in WWTPs.

Biogas-fueled CHP systems are available commercially for installation in WWTPs. Among the
many options, internal combustion engines, micro-gas turbines, combustion turbines and fuel cells
are the leading options being researched and installed in the U.S. [13]. A review of the current CHP
technology for WWTPs is described in this section. An essential aspect of this review is information
regarding each system’s tolerance to various levels of contaminants in the biogas, capital costs, expected
maintenance costs, and emissions. The content of the biogas can vary significantly depending on a range
of factors, including the type of organic feedstock, operating conditions and any pre-treatment [14,16].
Sulfur (e.g., H2S) and silicon (e.g., siloxanes)-based impurities are particularly prone to causing
corrosion and solid particle deposits in heat exchangers and prime movers. Table 1 provides a general
overview of current CHP prime mover technologies including typical size, common fuel preparation
requirements, efficiency, installation costs and operation and maintenance (O&M) costs. The term
‘size’ denotes the electrical power generated by the prime mover at the specified ‘electrical efficiency’.
The term ‘overall CHP efficiency’ denotes the efficiency of electricity generation plus the efficiency of
heat recovery if the thermal energy generated in the prime mover can be recovered for use in the WWTP.
The efficiency is calculated based on the higher heating value (HHV) of the fuel. The ‘turn-down
ratio’ represents the ability of the prime mover to operate at partial capacity. In other words, if a gas
turbine CHP system is rated for 500 kWe, but the plant only requires 300 kWe at some moment of
operation, the turn-down ratio represents the gas turbine’s ability to generate only 300 kWe (partial
capacity). Many CHP systems can operate down to 50% of their rated capacity with a limited reduction
in efficiency.

Table 1. Comparison of common performance characteristics of combined heat and power
(CHP) systems *.

Characteristic
Prime Mover

Gas Turbine Micro-Turbine Reciprocating IC
Engine Fuel Cell Stirling

Engine

Size 500 kWe to
300 MWe

30 kWe to
500 kWe

10 kWe to
10 MWe

5 kWe to
3 MWe

<200 kWe

Fuel
Preparation PM filter PM filter PM filter Sulfur, CO,

CH4 removal None

Sensitivity to
fuel moisture Yes Yes Yes Yes No

Electric
efficiency

(HHV)
22–36% 22–30% 22–45% 30–63% 5–45%

Overall CHP
Efficiency

(HHV)
65–71% 64–72% 70–87% 62–75% NA

Turn-down
ratio

Good, responds
in minutes

Good, responds
quickly

Wide range,
responds in

seconds

Wide range,
slow to respond

Wide range,
responds in

minutes
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Table 1. Cont.

Characteristic
Prime Mover

Gas Turbine Micro-Turbine Reciprocating IC
Engine Fuel Cell Stirling

Engine

Operating
issues

High reliability,
high grade heat

available,
no cooling

required, requires
gas compressor,

maintenance
infrastructure

available

Fast start-up,
requires fuel

gas compressor

Fast start-up,
good load
following,

cooling required
if no thermal

load,
maintenance
infrastructure

readily available,
noisy

Durability, low
noise Low noise

Field
experience Extensive Extensive Extensive Some Limited

Commercialization
status

Numerous
models available

Limited models
available

Numerous
models available

Limited models
available

Commercial
intro.,
demo.

Installed cost
(as CHP
system)

700–2000
USD/kWe

1100–3200
USD/kWe

800–2900
USD/kWe

3000–10,000
USD/kWe

1000–10,000
USD/kWe

Operations and
maintenance
(O&M) cost

0.006–0.013
USD/kWh

0.008–0.02
USD/kWh

0.008–0.025
USD/kWh

0.01–0.045
USD/kWh

0.01
USD/kWh

* Data obtained from [33,34].

In Figure 1, the number of installations of CHP systems in U.S. WWTPs between 1980 and 2018
is shown. The data were obtained from [35]. As shown, a significant increase in the number of
installations occurred between 2000 and 2015. As WWTPs utilize biogas in CHP systems, reliance on
utility-supplied natural gas and electricity decrease. One of the key economic considerations when
installing a CHP system in a WWTP is the cost of natural gas. By plotting the U.S. industrial natural
gas cost in Figure 1 (the data of which are available after 1998 [36]) a relationship between the gas cost
and installations is shown. As the natural gas costs rise, utilization of on-site produced biogas becomes
more financially viable, leading to CHP installations, albeit a few years later.

Environments 2020, 7, x FOR PEER REVIEW 6 of 34 

 

required, 
requires gas 
compressor, 
maintenance 
infrastructure 

available 

fuel gas 
compressor 

required if no 
thermal load, 
maintenance 
infrastructure 

readily 
available, noisy 

Field experience Extensive Extensive Extensive Some Limited 

Commercializatio
n status 

Numerous 
models available 

Limited 
models 

available 

Numerous 
models 

available 

Limited 
models 

available 

Commercial 
intro., demo. 

Installed cost (as 
CHP system) 

700–2000 
USD/kWe 

1100–3200 
USD/kWe 

800–2900 
USD/kWe 

3000–10,000 
USD/kWe 

1000–10,000 
USD/kWe 

Operations and 
maintenance 
(O&M) cost 

0.006–0.013 
USD/kWh 

0.008–0.02 
USD/kWh 

0.008–0.025 
USD/kWh 

0.01–0.045 
USD/kWh 

0.01 
USD/kWh 

* Data obtained from [33,34]. 

In Figure 1, the number of installations of CHP systems in U.S. WWTPs between 1980 and 2018 
is shown. The data were obtained from [35]. As shown, a significant increase in the number of 
installations occurred between 2000 and 2015. As WWTPs utilize biogas in CHP systems, reliance on 
utility-supplied natural gas and electricity decrease. One of the key economic considerations when 
installing a CHP system in a WWTP is the cost of natural gas. By plotting the U.S. industrial natural 
gas cost in Figure 1 (the data of which are available after 1998 [36]) a relationship between the gas 
cost and installations is shown. As the natural gas costs rise, utilization of on-site produced biogas 
becomes more financially viable, leading to CHP installations, albeit a few years later. 

 
Figure 1. Annual CHP installations in wastewater treatment plants (WWTPs) in the U.S. compared to 
the natural gas cost. 

3.2.1. Prime Movers 

Many CHP systems exist with different prime movers for electricity generation from biogas. The 
choice depends mostly on the system size required, biogas composition, and heating value. Figure 2 

Figure 1. Annual CHP installations in wastewater treatment plants (WWTPs) in the U.S. compared to
the natural gas cost.



Environments 2020, 7, 74 7 of 32

3.2.1. Prime Movers

Many CHP systems exist with different prime movers for electricity generation from biogas.
The choice depends mostly on the system size required, biogas composition, and heating value. Figure 2
shows the breakdown of prime movers installed in current WWTPs in the U.S. It does not show the
WWTPs that currently do not utilize CHP systems. Reciprocating engines are the primary prime
mover used in WWTP CHP, which could be attributed both to the widespread commercial availability
of these systems, their low cost, as well as the high electrical efficiency. Microturbines, while not the
majority share of CHP systems in WWTP, also are widespread. In the following section, a detailed
description of each prime mover is given along with a discussion of case studies for CHP systems
installed in WWTPs.
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3.2.2. Reciprocating Engine/Internal Combustion Engine

A four-stroke engine is one common type of internal combustion engine. The power cycle is
completed with four strokes of a linear-moving piston inside a cylindrical combustion chamber.
The following processes occur: (1) a working gas (air or air–fuel depending on the specific type
of engine) enters the combustion chamber. (2) The gas is compressed by the linear motion of the
piston. (3) A small explosion forces the piston across the chamber, expanding the gas once again.
(4) The combustion products and gas are expelled from the system. The piston is connected to a
rotating shaft which converts the linear mechanical energy of the piston to rotating mechanical energy
of a shaft, which is then utilized in electricity generation via a generator [37].

Several key challenges exist for the direct use of biogas in each prime mover. For internal
combustion engines, the removal of water, particulates, sulfur-containing compounds, gas pressure
control and the removal of NH3 are all considerations. The condensation of acid gas and subsequent
corrosion are concerns during startup and shutdown [38]. As a result, the gas and metal between the
digester and engine should be maintained at a temperature above the dew point. Sulfur-containing
compounds can lead to corrosion and engine oil contamination [38]. NH3 can lead to NOx emissions.
For reciprocating engines, a H2S concentration exceeding 1000 ppm requires removal [38].

As of 2013, 45% of the CHP capacity at WWTPs in the U.S. was obtained via reciprocating
engines [39], with 68.9% of installations in 2018 being reciprocating engines based on data shown in
Figure 2. This may be due to their relatively high electrical efficiency, low cost and extensive amount of
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manufacturers building these systems [39]. One internal combustion engine CHP system in Austria
maintains a 25% electrical efficiency and a 56% thermal efficiency for a total 81% system efficiency with
biomass as the primary fuel source [40]. In an EPA model of a typical U.S. WWTP with an internal
combustion engine, the overall CHP efficiency was found to be 71% with a power-to-heat ratio of 0.86,
significantly higher than that of a microturbine [29]. One gas engine prime mover installed in a Finnish
WWTP generates 736 kWe of electric power and 905 kWth of heat power which is enough to cover
around 40% of the WWTP electricity requirements [27]. Reciprocating engines have also been deployed
on farms to generate electricity for the grid from the biogas generated with livestock effluents [41].

3.2.3. Diesel Engine

Diesel engines are most often a four-stroke internal combustion engine, though diesel engines
can also be built as a two-stroke engine. Unlike in a standard spark plug-igniting combustion engine,
diesel engines utilize a fuel injector. As the air compression inside the combustion chamber reaches
its peak, a small amount of fuel is injected into the chamber. By this point, the compressed air’s
temperature has risen above the fuel’s auto-ignition temperature and the fuel spontaneously combusts,
pushing the piston back across the chamber [37].

Diesel engines have been utilized in CHP systems, and have been found to have a thermal
efficiency of roughly 45% and an electric efficiency of roughly 40% when using liquid biofuel [42].
This similarity in efficiencies can allow diesel engines to be relevant for both thermal and electric
demand, where other prime movers may have far higher efficiencies in one form or the other (see the
Stirling engine). When utilizing liquid biofuel, diesel engines also show a reduction or no change
in carcinogen emissions. The EPA found reductions in emissions for several known carcinogens
(acetaldehyde, formaldehyde, and naphthalene for example), and found no correlation between
biodiesel fuel and standard diesel fuel for other carcinogens (benzene, 1,3-butadiene and toluene) [43].
This has been attributed to the higher O2 content in biodiesel fuels and the chemical difference in soot
particles in biodiesel and standard diesel fuel [44].

Limited data on previously installed diesel engines for CHP in WWTPs limit the ability to present
accurate industrial data. However, a recent model of a WWTP in Southern Italy showed that installation
of a CHP system with this prime mover could reduce their sludge export by up to 68%, by utilizing
waste vegetable oil purchased from outside the plant for the diesel engine CHP system. This system
would also reduce total CO2 emissions from the plant, and lower the energy cost of the plant by 35%
through using their waste instead of relying as heavily on the electric grid [45].

3.2.4. Stirling Engine

The Stirling engine, first patented in 1816 by Robert Stirling, is another type of heat engine that
can have a reversible cycle. Working in tandem with an external heat source and an external heat
sink, a Stirling engine relies solely on gas pressure differential to move internal pistons [46]. The ideal
thermodynamic cycle for this engine, the Stirling cycle, as shown in Figure 3, has two isothermal
processes and two isochoric processes [46]. For the theoretical Stirling cycle, the internal gas begins by
offloading heat to the external heat sink in an isochoric process. This internal gas is then heated and
compressed in an isothermal process, increasing the overall pressure while maintaining temperature.
The gas then absorbs heat from the external heat sink in an isochoric process. Isothermal heat addition
and expansion reduce the pressure of the system. This is similar to a Carnot thermodynamic cycle,
and the two are often compared as both operate in external combustion engines and can theoretically
garner close to the same maximum system efficiency [47].

Stirling engines generate minimal noise, which could allow their use in residential areas [48].
The combination of Stirling engines’ efficiency, minimal noise production, and a lack of explosive
combustion reactions needed to move the engine have allowed their usage in many different industries.
The Stirling engine has been utilized in refrigerators [49], solar energy generation via concentrated
solar radiation [50], and in micro-CHP systems [51].
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The Stirling engine better suits a smaller CHP system, as most tend to fall in the below-200
kilowatt category [33,34]. Stirling engines are also noted for their low electric-power-to-thermal-power
ratio. For example, one recent Australian case study for a micro-CHP system utilizing a Stirling engine
found an electric efficiency of 15%, but a thermal efficiency of 80% [52].

Stirling engines have been utilized in industrial micro-CHP systems with a wide array of fuel
types. Due to their low fuel usage, Stirling engines are a prime technology in a CHP system fueled
by biomass [53]. This is particularly useful for WWTPs for the direct use of biogas. The biogas
could also potentially be directly utilized as the working fluid for a Stirling engine [53]. As Stirling
engine micro-CHP technology improves, investment in this prime mover for a biogas-integrated
system will begin to be more feasible. Stirling engines can also provide a “slight advantage” over a
standard internal combustion engine for risk analysis for a biogas-integrated system [53]. However,
their small size and low electrical efficiency are two reasons why few Stirling engines have been
installed in WWTPs.

3.2.5. Gas Turbine

The gas turbine is a type of internal combustion engine that relies on the Brayton thermodynamic
cycle to produce mechanical or electrical power. Gas turbines can be either open or closed cycle,
though the ideal Brayton cycle is typically open cycle. For CHP systems an open-cycle gas turbine is
most normally used [54]. The ideal Brayton cycle starts with an isentropic compression process in a
gas compressor, which heats up the working gas. The working gas then moves through a combustion
chamber and is heated in an isobaric process prior to entering the turbine. After driving the isentropic
turbine to generate mechanical power or electrical power if a generator is present, the working gas
is expelled [54]. An actual gas turbine using the Brayton cycle does not follow this pattern exactly,
as Figure 4 demonstrates. By generating electric power via the turbine, and expelling the hot working
gas, the gas turbine can be a CHP system.
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As of 2015, gas turbines were the primary prime movers in CHP systems across the U.S., accounting
for 63% of the total CHP capacity of the country [54]. Most of these systems are found in large-scale
power plants. Steam turbines are the most common users of the exhausted thermal energy from the
gas turbine cycle. Due to the gas turbine’s high exhaust temperatures, the steam turbine is able to
efficiently generate electricity and low-pressure steam which can then be further utilized to mitigate a
facility’s thermal demand [54]. Gas turbines rely heavily on natural gas as the primary fuel. Natural
gas usage in the power sector is projected to remain at roughly 20% of the total power fuel share
through 2040 [56].

Gas turbine CHP systems have been used across a wide array of industries, from credit
unions [57] and food-processing facilities [58] to casinos [59] and WWTPs [60]. As evidenced by
a 2001 economic analysis, gas turbines can provide large annual savings when utilized in a CHP system
(USD 50–110/We) [61], which allows them to be competitive against other prime movers. For WWTPs,
biogas can also be substituted as the fuel, rather than natural gas, which allows the gas turbine CHP
systems to be more cost effective in WWTPs. Despite this opportunity, in WWTPs in the U.S., in 2015,
only three utilized gas turbines. Micro gas turbines (gas turbines smaller than 500 kWe [24]) are
far more prevalent, especially in smaller WWTPs [3], due to their better size match and more rapid
startup capabilities.

3.2.6. Micro Gas Turbine

Micro gas turbines operate in a similar fashion to standard gas turbines, albeit usually smaller in
both physical and CHP size. Scaling down the size of a gas turbine has some effects on the system,
both positive and negative. Heat loss from the system increases due to the higher surface-to-volume
ratio, which can potentially reduce the efficiency of the combustor. Fuel used within the system must
also be either pre-mixed or have a shorter combustion time as the smaller size reduces the total time for
combustion reactions [62]. However, micro gas turbines also offer several advantages over other prime
movers: their size allows less facility space to be wasted, they typically run at a high power-to-weight
ratio, and their start up time is relatively quick [63].

Micro gas turbines are frequently investigated for use in WWTPs. Helel et al. found that a micro
gas turbine system provided the highest power-to-heat ratio of several CHP prime mover technologies
and was the most economic over time for a WWTP in Toukh, Egypt [64]. Bin Basrawi et al. correlated
the size of micro gas turbine CHP systems to the scale of the sewage plants studied [65]. Movahed et al.
created a techno-economic optimization for a biogas-fueled micro gas turbine dependent on various
proposed energy cost incentives and programs in Iran [66]. The utilization of micro gas turbines in
WWTPs in the U.S. is mostly limited to smaller WWTPs. In 2015, Shen et al. found that, across the
active WWTPs with an average flow rate of 100–1000 million gallons of wastewater per day (MGD),
none were utilizing microturbines for CHP. However, for the WWTPs with a 1–10 MGD flowrate,
18% of those that generated power used microturbines [3].

Micro gas turbines are feasible for installation in WWTPs as long as they are properly sized.
Proper sizing is key, as running at part-load typically depreciates both thermal and electric efficiency
quickly for micro gas turbines [67]. In smaller WWTPs, micro gas turbines can be recommended to
utilize a large portion of the site’s electric or thermal demand, while in a larger WWTP this may not be
the case. A standard gas turbine should be utilized instead.

3.2.7. High and Low Temperature Fuel Cells

A fuel cell converts chemical energy into electrical energy through a chemical reaction and a
series of electrodes. The hydrogen-rich fuel is moved across an electrode (anode) and adsorbed on
the electrode materials [68]. An electrolyte membrane adjacent to the anode allows for the flow of
the positive ions from the anode to another electrode (cathode) in the case of a polymer electrolyte
membrane (PEM) fuel cell [69,70]. In the case of solid oxide fuel cells (SOFCs), O2 ions are transported
through the electrolyte from the cathode to the anode side [71]. The electrons move from the anode
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to the cathode via an external circuit. An oxidant (typically O2 from air) moves through the porous
cathode, reacting with the hydrogen ions to create water in PEM fuel cells. In SOFCs, the water is
generated on the anode side from the O2 ions reacting with hydrogen, CO or hydrocarbons [72,73].
The water (and CO2 in the case of SOFCs using CO or hydrocarbons) exits the fuel cell [74].

Fuel cells have advantages over other prime movers for small system sizes (<100 kWe) as the total
combined efficiency can remain high (>53%), even for small units, emissions are lower and operating
costs are reduced [41]. Fuel cells have a higher capital cost than other prime movers which increases
the investment payback period. However, for scenarios where electricity is the primary need, fuel cells
can be competitive with engines over a longer investment horizon [41]. H2S is a concern for fuel cells,
as anode poisoning is common and requires cleaning equipment for the biogas to ensure the longevity
of the fuel cells [75]. PEM fuel cells have limited fuel flexibility and rapid startup capabilities [68],
while SOFCs a have high fuel flexibility, but a slow startup due to stringent sealant constraints [76].

In the early 2000s, significant growth in the installation of fuel cells for CHP in WWTPs occurred [4].
Although fuel cell systems are costly to install, the growth was partially a result of the increased
regulation of emissions. For example, phosphoric acid fuel cells were installed in WWTPs in Japan in
2002 [77]. Solid oxide fuel cells have also become a priority in the Japanese residential sector, with the
Fuel Cell Development Information Center setting a goal of 5.3 million micro-CHP systems (50 kWe) in
residential settings by 2030 [78]. The development of fuel cell technology for use in CHP continues,
especially at the residential scale [68,79], though with some large barriers. Current fuel cell technology
can require frequent change-outs of the fuel cell stacks, and development costs can become large
quickly due to the short life cycle of fuel cells in CHP settings [75]. Microbial fuel cells are another
potential technology for use in WWTPs, but limited installations are occurring in WWTPs as high costs
and low conversion efficiency remain a challenge [8].

One case study that analyzed a WWTP looking to implement several CHP technologies found that
while fuel cells required the largest cash flow with time, the electric output of fuel cells was far greater
than the cash flow required when compared to other technologies [64]. At a WWTP in Collegno, Italy,
a techno-economic assessment showed that installation of a SOFC could decrease the levelized cost of
energy (LCOE) of the WWTP by 50% when compared to other CHP technologies [75]. In the U.S., 12 of
the 235 WWTPs utilize fuel cells for CHP as shown in Figure 2, but fuel cell installations are growing
in other sectors [35]. In 2015 only five WWTPs of the 305 with a flow rate of less than 100 MGD were
utilizing fuel cells for CHP [3].

3.2.8. Combined High Temperature Fuel Cell with Gas Turbine

By combining fuel cells and gas turbine technologies rather than solely utilizing a fuel cell, up to a
50% increase in electric output can occur with a total efficiency increase of 2–5% [80]. These systems
operate utilizing a high temperature fuel cell, usually a SOFC, and a micro gas turbine (MGT). The hot
gases expelled from the SOFC are combusted and expanded in the turbine. Pressurizing the gases in the
compressor prior to entering the SOFC raises the electrical efficiency of the SOFC [81]. This approach
can be a high electrical efficiency option, especially for small-scale CHP [82]. Use of these combined
systems is also being explored for auxiliary power units in the transportation sector [83].

Economically, adding a SOFC–MGT system is generally more manageable compared to a
conventional fuel cell CHP system, with an LCOE 50% lower than that of an SOFC CHP system in the
short term [75]. One study also found the payback period for an SOFC–MGT system to be 30% shorter
than that of an SOFC CHP system. However in the long term, the LCOE of the SOFC matches that of
the SOFC–MGT due to the high electrical efficiency of the SOFC [75]. One barrier SOFC–MGT systems
face to achieve widespread use, like SOFC systems, is the high capital cost of investment. Further
development of these technologies will be required to make this technology more economically viable
for WWTPs [84].
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3.2.9. Performance Metrics

Table 1 provided a general overview of the performance characteristics for CHP systems. Figure 5
provides an overview of the electrical, thermal, and combined efficiency of reciprocating engine
and microturbine-based CHP systems that are commercially available. This figure (in addition to
Table 1) can be used to estimate the efficiency of these systems when calculating the energy savings.
The electrical efficiency, thermal efficiency and combined efficiency data for micro-turbines and
reciprocating engines were obtained from the Combined Heat and Power eCatalog [35]. The SOFC
data were obtained from a 53-kWe system from the DEMOSOFC project [85].

1 
 

 

Figure 5. Electrical, thermal and combined efficiency of reciprocating engine and microturbine-based
CHP systems at different rated electric power outputs.

3.2.10. Tolerance to Impurities

Biogas-fueled CHP systems that have heat engines as prime movers (gas turbine, micro gas
turbine, reciprocating engine, Stirling engine) operate by oxidizing CH4 in a combustion chamber,
which generates thermal energy and ultimately drives a piston or turbine. The resulting shaft work is
converted to electricity in a generator. Fuel cells operate by electrochemically oxidizing the CH4 and
generate electricity directly. CH4 is the primary fuel in each prime mover. N2 and CO2, which are also
present in biogas, generally do not damage the prime mover, but they do dilute the fuel and reduce
the performance. Trace impurities such as H2S, CO, NH3, and siloxanes can have a more detrimental
effect on the prime mover. The oxidation of H2S can form sulfur dioxide (SO2) and sulfuric acid
(H2SO4) which lead to the corrosion and breakdown of the prime mover. The oxidation of siloxanes
can form silicon dioxide (SiO2, solid phase) in the combustion chamber, which can damage the turbine
and piston. Generally, the prime mover can handle a small amount of these impurities, but if the
concentration of impurities is left uncontrolled the CHP lifetime can be reduced to only a few years.

Impurity damage to the prime mover can take many forms. During long-term operation on biogas,
impurities in biogas can lead to solid deposition on the engine’s piston cylinder head. The deposits
tend to primarily consist of silicon, O2 and calcium [26,86]. Recent research has shown that the initial
layer deposited in reciprocating engines, which is in direct contact with the aluminum piston cylinder
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wall, primarily consists of silicon [87]. The previously deposited silicon compounds create conditions
that appear to promote the deposition of calcium and sulfur. The hardness of silica leads to the abrasion
of the gas engine and turbine components. In addition, silica is a thermal insulator (which increases
the temperature of engine components) and an electrical insulator (which affects monitoring and
spark plug functioning) [26]. Other negative impacts of the deposition include an increase in CO and
formaldehyde emissions [88].

Table 2 provides typical specifications for the tolerance of each prime mover to common biogas
impurities. Different manufacturers have their own specifications for the tolerance of each prime mover
to impurities, which accounts for some of the variation shown. In the case of fuel cells, the variation in
impurities is also a result of different fuel cell types, which have different operating temperatures and
materials. Fuel cell exposure to H2S results in sulfur poisoning of the anode and a significant increase
in anode degradation when the concentration is above 1 ppm. This has been well documented in the
literature and several example studies are given in Table 2. When fuel cells were in the early stages
of development, their tolerance to siloxane was listed as 100 ppb(v) by one manufacturer [15], but a
growing body of literature indicates that even this low concentration can result in rapid, irreversible
damage to the fuel cell anode [12,89–91]. Some research has found that the siloxane accumulates near
the nickel particles in the fuel cell anode and causes irreversible degradation [92]. Note that prime
mover tolerance to NH3 is less reported in the literature. The main restriction on NH3 concentration is
determined by limits on NOx emissions which increase with NH3 oxidation [93].

Table 2. CHP prime mover tolerance to biogas contaminants.

Impurity
Prime Mover

Gas Turbine Micro-turbine Reciprocating
IC Engine Fuel Cell Stirling

Engine

Hydrogen
sulfide, H2S

10,000 ppm [38]
10,000 ppm [27]

70,000 ppm [94]
70,000 ppm [27]

200 ppm [38]
20 ppm [95]

100 ppm [94]
545 ppm [27]

1 ppm [89]
1.2 ppm [96]
0.1 ppm [97]
2 ppm [25]
1 ppm [27]

1000 ppm [94]
280 ppm [27]

Silicon
compounds

87 ppbv [15]
87 ppb [27]

10 ppb [15]
5 ppb [15]

10 ppb [27]

5 ppmv [15]
1 ppmv [15]
9 ppm [27]

100 ppb [15]
None [12]

0.1 ppm [96]
Few ppb [25]
10 ppb [27]

0.42 ppm [94]
0.42 ppm [27]

Ammonia - - 400 ppm [95] 1 ppm [77] -
Halogenated

(e.g., HCl) 1500 ppm [27] 200 ppm [94]
200 ppm [27]

60 ppm [94]
60 ppm [27]

1 ppm [94]
5 ppm [27] 232 [94]

3.2.11. Cleaning Systems

Biogas is usually cleaned of several gas species and particulates to prevent corrosion and
mechanical wear in downstream processes. Cleaning processes generally fall under three categories,
namely physical, chemical and biological [25]. The removal of water, H2S and CO2 from biogas has
been a common practice for many years using various techniques, including adsorption and absorption
techniques, activated carbon, and membrane separation, among others [98]. More detailed reviews
on cleaning technologies, especially for H2S and siloxane removal should be referenced for further
information [25,88,99]. Key considerations for different cleaning technologies include the concentration
of impurities, impurity removal requirements, biogas production rate, and the consideration of other
impurities that may be added during clean up.

Biogas leaving the digester is saturated with water. As a result, water can easily condense if
the biogas is cooled. Water removal from the biogas is necessary because it can accumulate in gas
lines, react with other gases (NH3, CO2 and H2S) to form corrosive acidic solution and decrease
the heating value of the fuel [98]. Water is removed by decreasing the temperature or increasing
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the pressure, causing condensation, through methods such as cooling, compression, absorption or
adsorption. Burying the line with biogas and adding a condensate trap is an example of cooling the
water and cleaning. Water can also be removed through adsorption with silica, activated carbon,
or molecular sieves.

H2S is a colorless gas that is toxic and can cause corrosion in the prime mover. Specifically,
H2S oxidizes to form SO2, which can react with water to form sulfuric acid. SO2 emissions are also
regulated and must be kept below specified thresholds. While H2S has a characteristic smell at low
concentrations, it does not smell at higher concentrations, which are often more dangerous [98]. It can
be partially removed in the digester or cleaned up later. Biological aerobic oxidation of H2S based on
Equation (1) below can be used to reduce H2S levels to 20–100 ppm with 80–99% removal [98]. Another
common approach for H2S removal is dry desulfurization [77]. In dry desulfurization, the chemical
adsorption of H2S on iron oxides (Fe2O3) forms iron sulfide (based on Equation (2) below). Other metal
oxides such as ZnO, CuO, MnO, and TiO2 have all been explored for similar desulphurization processes
as iron oxides [25]. ZnO has been effective at reducing the concentration of H2S from 17 ppm to
1 ppm [100]. Another method is the addition of iron ions to the digester to precipitate iron sulfide
which is removed with the digestate (Equation (3)). This method has been effective at reducing H2S
concentrations down to 100 ppm [98]. H2S can also be adsorbed on activated carbon, absorbed with
liquids or oxidized by microorganisms using small amounts of air or pure O2:

2 H2S + O2→ 2 S + 2 H2O, (1)

Fe2O3 + 3 H2S→ Fe2S3 + 3 H2O, (2)

2 Fe3+ + 3 S2−
→ 2 FeS + S, (3)

The removal of other common gases like CO2, O2 and N2 can also occur. CO2 is a well-known
asphyxiant, toxic compound that is recognized as one of the main greenhouse gases in the atmosphere.
While CO2 is typically not removed for CHP applications, it must be removed if the biogas is going
to be upgraded to natural gas quality [98]. Removing CO2 does provide advantages for CHP use as
it increases the heating value. The removal of O2 and N2 requires processes such as adsorption on
activated carbon, molecular sieves, or membranes, but the process is difficult, requiring significant
expense. Removing N2 can improve the fuel’s heating value, while removing O2 reduces the undesirable
oxidation of the fuel, known as engine knock, in the combustion chamber.

NH3 is a lachrymatory gas [98]. When it is combusted in a flare or CHP system it forms oxides of
nitrogen (NOx), which are increasingly regulated. Separate cleaning of NH3 is usually not necessary as
it can be removed during upgrading or when the gas is dried.

Siloxanes have silicon–oxygen bonds and usually originate from products like deodorants
or shampoo. While siloxanes are not considered a significant health risk, some compounds may
have adverse effects. For example, L2 siloxane can cause skin irritation while D4 siloxane may be
carcinogenic [27]. Silica (SiO2), a white powder, is formed during siloxane oxidation and can deposit
on surfaces. Silica deposition on catalysts used for biogas cleanup have resulted in rapid deactivation
and damage within hours or days [15]. Siloxane is removed by cooling biogas, adsorption on
activated carbon, activated aluminum or silica gel or by absorption in liquid mixtures of hydrocarbons.
Adsorption on activated carbon is one of the older and more established techniques for siloxane
removal, but the results have been mixed. Several previous experiments found that the siloxane
adsorption capacity in activated carbon, the point where siloxane breakthrough can be detected, is in
the order of 0.4–1.5 weighted percent of siloxane [15]. However, rising levels of L2 siloxane at the outlet
of the activated carbon have been observed in several tests, raising concerns about the effectiveness of
the removal process [15]. Later research indicates that more volatile compounds, like L2, which are
initially adsorbed, are ultimately replaced by less volatile compounds which can render siloxane
removal ineffective [88]. Pre-drying of the biogas before utilizing activated carbon is also required
as the higher moisture content reduces the loading capacity [88]. Silica gel [101] and metal oxides
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like alumina [102,103] and CaO [104] have shown the potential for a higher siloxane capacity than
activated carbon. Gas and surface analyses have shown that reactive adsorption of the siloxane at the
metal oxide occurs according to Equation (4) below [104]. Absorption is also a common method for
siloxane removal [88]. A combination of compression to 2517 kPa (365 psig) and refrigeration of the
biogas to 4 ◦C resulted in the removal of 15–50% of siloxane gas due to an unknown mechanism that
primarily removes D4 siloxane [15]. Cooling to a lower temperature (−30 ◦C) may result in up to 95%
siloxane removal. Estimated costs for this removal can be seen in Table 3.

[(CH3)2SiO]3 + 6 OH−→ 6 CH4 + 3 SiO2 + 3 O2−, (4)

Table 3. Siloxane removal cost estimates for various technologies for data from [27].

Technology Specific Capital Cost (USD/m3) O&M Cost (USD/m3)

Activated carbon 0.0019 0.0038
Resin adsorption 0.0030 0.0046

Condensation and adsorption 0.0093 0.0187

Particulates or dust typically need to be removed from biogas. Depending on the requirements of
downstream systems, much of the dust is removed with water [98]. Particulates may also need to be
removed with mechanical filters. Fabric filters are well proven for particle removal of <10 microns [38].

The removal of each impurity, especially water, H2S and siloxane, is advised for CHP installations
and cost estimates for each removal technology (based on the total flowrate of biogas) are shown in
Figure 6. Capital costs for cleanup are significant and represent one of the obstacles in achieving the
economic use of biogas. This is especially true for prime movers with higher capital costs, like fuel
cells [25]. While the capital cost of cleanup remains a challenge for implementation, the cost of
additional maintenance must be considered. Silicon deposition can lead to a five- to tenfold increase in
maintenance [27], decreasing the time between full maintenance from 20,000–40,000 h to 2000–4000 h
and as little as 200 h [26]. Cleanup of the siloxane can be economical in comparison to the increased
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3.2.12. Upgrading Systems

Upgrading biogas refers to the removal of contaminants to increase the purity of the CH4, often to
greater than 95%. Different standards exist for the concentration of each of the species [98]. In some
countries, the upgrading of biogas to bio-CH4 has increased significantly. Sweden saw an increase
from 20% of biogas being upgraded in 2001 to 50% being upgraded in 2011 [105]. There were around
100 plants for upgrading biogas in 2009 [99]. Biogas can be upgraded for injection into the grid for
domestic use, power generation [106] or as a vehicle fuel. Requirements for several countries in Europe
have been documented [99].

The general process for upgrading biogas is to remove the water and H2S followed by the
separation and removal of CO2 through pressure swing absorption, membrane separation or physical
or chemical CO2 absorption [98]. After that, the gas is cooled, compressed, dust is removed, and the
gas is odorized for safety. The economics of biogas upgrading depend on the technology and location.
A brief description of processes for CO2 removal are described here with more detailed reviews
available elsewhere [105,107].

Pressure swing adsorption (PSA) occurs when gas is selectively adsorbed to solid surfaces,
which causes separation. It can be used for CO2 removal, but water and H2S will cause irreversible
damage if not removed during pre-treatment. CH4 losses of 2–5% are common, but some plants have
found losses of 10–12% [105,107]. While PSA was the dominant technology on the market, that has
changed in the last two decades to include many more technologies [105]. Pressurized water scrubbing
(PWS) is a simple and widely used method of absorbing CO2 through the counter-current motion
of water and biogas. A high pressure of 7–10 bar is typically required [41]. The advantages of this
process include a low loss of CH4 (possibly < 1%) and the removal of contaminants like H2S and NH3

as long as their concentration is low. Discrepancies exist for water scrubbing technologies, with some
suppliers claiming < 2% losses of CH4 while up to 18% has also been reported [105]. Other physical
absorption processes similar to water scrubbing exist and typically utilize organic solvents such as
methanol or dimethyl ethers. Cryogenic separation is also being developed which has the advantages
of high purity CH4 with low loss [108], but is energy intensive.

While generating biogas in an AD and using CHP is one means of energy recovery from WWTP,
many alternatives and additional process steps are being considered. Even after generating biogas
in an AD, significant amounts of solid sludge remain. The sludge can be dried and used as fertilizer.
Alternatively, many approaches can be used to generate additional biomass fuel. Some examples
include dewatering, pelletization [109], torrefaction [109–111], pyrolysis [109,112], gasification [112],
combustion [112], and hydrothermal carbonization [113]. In pyrolysis and gasification, the solid sludge
can be broken down to form H2, CO, and CH4 gases.

3.2.13. Emissions

As the impact of global climate change and environmental damage continues to grow, regulations
play an increasingly important role in technology development. For CHP systems using biogas,
regulations on oxides of nitrogen (NOx), CO, hydrocarbons (CxHy), and sulfur oxides (SOx) are
common. Regulations on emissions tend to vary based on the prime mover type, prime mover size
(e.g., 50 kWe compared to 1 MWe), engine efficiency and country. As an example, in the Netherlands,
the following formula (Equations (5) and (6)) for NOx emissions has been utilized for engines [98].
From these equations, engines with higher electrical efficiency are permitted to have higher emissions,
as are smaller sized engines:

For new engines less than 50 kWe: 800 g NOx/GJ × 1/30 of the Engine Efficiency =

Emission Limit (g NOx/GJ),
(5)

For new engines greater than 50 kWe and less than 50 MWe: 140 g NOx/GJ × 1/30 of the
Engine Efficiency = Emission Limit (g NOx/GJ),

(6)
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The challenges associated with meeting emissions requirements vary with the prime mover.
Reciprocating engines can have higher CO and hydrocarbon emissions operating with biogas than with
other fuels due to a lower heat release rate during combustion [114,115]. Preheating or blending the
biogas with other fuels can help reduce the NOx and hydrocarbon emissions, although the effect may
increase the CO emissions in some cases [116,117]. Figure 7 provides emissions data from reciprocating
engine and microturbine-based CHP systems that are commercially available. This figure can be used
to estimate the total emissions of NOx, CO and non-CH4 hydrocarbons (NMHC). The NOx, CO and
NMHC data for micro-turbines and reciprocating engines were obtained from the Combined Heat
and Power eCatalog [35]. The SOFC data from a 53-kWe system were obtained from the DEMOSOFC
project [85].
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4. Techno-Economic Assessment of Combined Heat and Power in Wastewater Treatment Plants

The previous section outlined the techno-economic considerations for installing a CHP system
in a WWTP. In the following section, a techno-economic assessment procedure is outlined for sizing,
assessing electric demand and usage savings, and the capital and O&M costs for CHP systems installed
in WWTPs. As many WWTPs currently in operation could benefit by adding CHP, the techno-economic
assessment is conducted based on the WWTP’s current operating conditions such as on-site thermal
demand, electric demand, and electric usage. There are many ways to conduct this analysis. The general
procedure in this work was to first size the WWTP’s total thermal demand and then to assess how
much of that thermal demand can be met by the CHP system. Any thermal demand not met by the
CHP system due to insufficient biogas is provided by the systems currently in place in the facility.
This demand not met by the CHP system will not be calculated. The procedure is generalized to
be applicable for any prime mover with the performance parameters and costs used in the analysis
determined by the specific prime mover.

Following the procedure, a case study analysis is given, and the results are compared for a
common WWTP. To complete this techno-economic assessment, several factors were generalized or
assumed. The characteristics of the WWTP chosen for the case study were selected to represent a
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common facility. For a specific WWTP, hourly variations in total biogas generation, thermal demand
and electric demand will require a dynamic analysis to gain a more accurate assessment of the costs of
implementing a CHP system in the WWTP. The analysis assumes that the current thermal demand for
the WWTP is met by natural gas via a standard boiler, and that natural gas will be the fuel utilized in
the CHP system if it requires more fuel than the annual on-site biogas production.

4.1. Annual Energy and Cost Savings

4.1.1. WWTP Thermal Load

Determining the current annual on-site thermal demand allows the assessment to be based on the
CHP system’s ability to meet a certain threshold of a WWTP’s annual thermal demand. The annual
thermal demand of a WWTP is the total energy needed for meeting heating requirements and can
include the anaerobic digester, process heating, sludge drying, and space conditioning. CHP systems
may be sized based on electric demand, but, in the case of this assessment, thermal demand was
utilized. This was accomplished using the current annual on-site natural gas usage and the efficiency
of the current boiler matching the plant’s thermal demand. The annual thermal demand of the WWTP
(DT) is as follows:

DT = GN × ηB, (7)

where GN is the current annual natural gas usage and ηB is the boiler efficiency.

4.1.2. CHP Annual Fuel Consumption

The CHP system itself will require fuel to operate, regardless of the prime mover. The CHP
system’s annual fuel consumption (FCHP) is as follows:

FCHP = DT × DM/ηT, (8)

where ηT is the thermal efficiency of the installed CHP system. This efficiency will vary per prime
mover installed and overall system size. Relevant values for each prime mover can be found in Section 3
above. The value DM is the percentage of thermal demand met by the CHP system with a value
varying between zero and one.

4.1.3. Annual Biogas Heating Value

The CHP system will be fueled by the currently produced biogas, which is produced on site.
As biogas production is generally measured in volume, the biogas heating value is needed for fuel
calculations. The higher heating value (HHV) is utilized here, in line with several CHP-related fact
sheets [34,37,118]. The annual biogas heating value (GBH) is found as follows:

GBH = GB × HHVB, (9)

where GB is the current annual production of biogas and HHVB is the higher heating value of the biogas.

4.1.4. Annual Natural Gas Savings

It is assumed that the CHP system will solely utilize biogas until the amount of fuel required is
greater than that of the produced biogas on site. Any additional biogas that is not being utilized by the
CHP system has not been considered for this annual natural gas savings calculation. For a case when
the available biogas is less than the amount needed to meet the total thermal demand of the WWTP,
the annual natural gas savings (SNG) are found as follows:

If FCHP ≤ GBH, SNG = (ηT × FCHP)/ηB,
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If GBH < FCHP, SNG = GN − ((1 − DM) × GN + ηT × (FCHP − GBH))/ηT) (10)

If the proposed annual fuel consumption of the CHP system used to meet the thermal demand is
less than the current amount of biogas available to meet the thermal demand, then the savings are
equal to the amount of natural gas saved due to the thermal demand met by the CHP system. If the
proposed annual fuel consumption of the CHP system used to meet the thermal demand is greater than
the amount of biogas available to meet the thermal demand, then the savings decrease. This occurs
because some natural gas will need to be purchased from the local utility to meet the rest of the site’s
thermal demand.

4.1.5. Annual Natural Gas Cost Savings

When less natural gas needs to be purchased from the local utility, cost savings will occur. The total
annual natural gas cost savings (SNGC) are as follows:

SNGC = SNG × CNG, (11)

where CNG is the bundled natural gas charge for the WWTP.

4.1.6. CHP Electric Output

The CHP system’s total electric output is directly related to the total fuel consumption by the CHP
system and the electrical efficiency of the CHP prime mover. The electric output of the CHP system
(ECHP) is found as follows:

ECHP = FCHP × ηE/H, (12)

where H is the annual proposed operating hours of the CHP system and ηE is the electrical efficiency
of the CHP system.

4.1.7. Annual Electric Usage Savings

The annual electric usage savings (SE) are found as follows:

SE = ECHP × H (13)

As biogas production and the electric and thermal demand throughout a 24-h period fluctuate
so vastly at each individual WWTP, electrical demand savings were not included in the assessment.
Further detailed calculations for electric demand savings are site specific.

4.1.8. Annual Electric Usage Cost Savings

The annual electric usage dollar savings (SEC) are then found as follows:

SEC = SE × CE, (14)

where CE is the bundled electric usage cost for the WWTP.

4.1.9. Annual O&M Savings—Boiler

With installation of a new CHP system, annual operations and maintenance (O&M) costs must be
accounted for. While the O&M costs of the boiler will be reduced as the CHP system takes the thermal
load off the boiler, the CHP system itself will incur O&M costs. The reduction in O&M costs due to the
boiler’s decreased usage (OB) are as follows:

OB = DT × DM × O&MB/ηB, (15)
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where O&MB is the annual operations and maintenance cost for the boiler. This value will differ per
WWTP and should be assessed based on previous costs for running the boiler at that WWTP.

4.1.10. Annual O&M Costs—CHP

Similarly, O&M costs for the CHP system (OCHP) must be accounted for and are as follows:

OCHP = ECHP × O&MCHP × H, (16)

where O&MCHP is the annual operation and maintenance costs for the CHP system.

4.1.11. Total Annual Cost Savings

With fuel, electricity, and O&M costs all accounted for, the total expected annual cost savings (S)
can be found as follows:

S = SNGC + SEC + OB − OCHP, (17)

4.2. Implementation Cost

For the implementation cost of a CHP system, two main aspects must be considered: (1) the initial
capital cost of the system itself and (2) the initial capital cost of the biogas cleaning system required to
keep the CHP system running efficiently. These costs when compared against the total annual cost
savings can be used to determine the simple payback period expected to fiscally break even for the
CHP system.

4.2.1. CHP System Capital Cost

The capital cost for the CHP system (CCE) is based on costs found in the U.S. Department of
Energy (DOE) Combined Heat and Power Technology Fact Sheet Series—Reciprocating Engines [119],
on a per kWe basis, as follows:

CCE = CC × ECHP, (18)

where CC is the average cost of implementation of a new CHP system per kWe. This linear relationship
was modeled after the pattern followed in the DOE Fact Sheet, though it should be noted that the capital
cost of a CHP system is best specified by industry professionals and manufacturers of CHP systems.

4.2.2. Biogas Flow Rate

To determine the biogas cleaning capital costs, as outlined in Figure 6, the biogas flow rate must
first be determined. This will vary based on the size of the CHP system installed—a larger CHP system
will require more biogas. The biogas flow rate needed for the CHP system (ĠB) is found as follows:

ĠB = FCHP/(H × HHVB), (19)

4.2.3. Biogas Cleaning Costs

Once the biogas flow rate has been determined, the capital cost for the removal of impurities
in biogas can be determined. For this assessment, three impurities were assessed: H2S, water,
and siloxane. The equations listed for the capital costs of impurity removal are given in Figure 6 and
also presented below.

4.2.4. H2S Removal Cost

The capital cost for installing a H2S removal system (CCH2S) was modeled as follows:

CCH2S = 193.3 × ĠB + 43,048, (20)
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4.2.5. Water Removal Cost

The capital cost for installing a water removal system (CCW) was modeled as follows:

CCW = 88.9 × ĠB + 242,464, (21)

4.2.6. Siloxane Removal Cost

The capital cost for installing a siloxane removal system (CCS) was modeled as follows:

CCS = 54.4 × ĠB + 79,203, (22)

4.2.7. Total Implementation Cost

The total implementation cost for the CHP system (CC) is found as follows:

CC = CCE + CCH2S + CCW + CCS, (23)

This is the final upfront capital cost required to purchase and install the CHP system and it can
then be used to calculate the simple payback of the CHP system.

4.2.8. Simple Payback Period

The simple payback period is a simple metric to determine the amount of time required before the
purchased item will save more than the cost of the initial investment. For a CHP system, payback can
range from a few years to more than a decade depending on system size, local utility energy costs,
and the other factors given in the techno-economic assessment. The simple payback period for the
CHP system (P) is found as follows:

P = CC/S, (24)

This simple calculation of total capital cost divided by the total annual cost savings gives the
number of years after which the WWTP can be expected to truly begin saving costs prior to the CHP
system’s installation. The equations presented in both the Implementation Cost and the Annual Energy
and Cost Savings sections were utilized in the case study below.

4.2.9. Net Present Value

The net present value (NPV) is a value that establishes the future cash flows for a project,
considering its initial costs, as well as yearly cash returns. The NPV for the installation of a CHP system
is found as follows:

NPV =
10∑

y=1

S/(1 + R)y, (25)

where R is the annual discount rate and y is the number of years the NPV is being calculated for.
The equations presented in both the Implementation Cost and the Annual Energy and Cost Savings
sections were utilized in the case study below.

4.3. Case Study

The data used in this study are based on an assessment of a relatively large WWTP (i.e., >10 MGD).
The electric and natural gas usage costs are typical for the Southwest United States. Table 4 lists some
of the preliminary data found during this assessment. The analysis was performed based on meeting
varying levels of the WWTP’s thermal demand. Any thermal demand that is not provided by the CHP
system is provided by a boiler. Using the equations above, calculations assessed different percentages
of the on-site thermal demand. For example, a CHP system could be sized to meet only 65% of the
thermal demand in the plant. The amount of thermal demand to be met by the CHP system at any
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particular WWTP is given at the discretion of those performing the CHP feasibility assessment and the
WWTP personnel.

Table 4. WWTP utility and operating characteristics used for the case study analysis.

Variable Value Unit

Electric usage cost 0.05 USD/kWh
Natural gas usage cost 4.739 USD/GJ
Current electric usage 40,000,000 kWh/year

Current natural gas usage 36,927 GJ/year
Digester gas produced 2,052,971 m3/year

Biogas higher heating value 25.71 MJ/m3

Facility operating hours 8322 h/year
CHP capital cost 2500 USD/kWe

CHP operating cost 0.01 USD/kWh
Boiler operating cost 0.9 USD/GJ

Boiler efficiency 0.8
CHP thermal efficiency 0.4
CHP electrical efficiency 0.35

NPV Discount Rate 0.05

The calculations were done on a continuous scale from 0% to 100% of the WWTP’s thermal
demand using the values listed in Table 4 and the equations above. Discrete results from the analysis
at every 5% of the WWTP’s thermal demand are found in Table 5. The simple payback vs. percentage
of thermal demand met are plotted in Figure 8.

Table 5. Case study results listed by percent of thermal demand met by CHP.

Thermal
Demand
Met (%)

CHP
kWe

Usage Cost
Savings
(USD/y)

Natural Gas
Cost Savings

(USD/y)
Operating

Costs (USD/y)
Total Cost
Savings
(USD/y)

Total Capital
Cost (USD)

Payback
Period
(years)

Net Present
Value (USD)
(Rate = 5%)

5 44 USD 18,308 USD 8750 USD −2000 USD 25,059 USD 481,397 19.21 USD −287,899
10 87 USD 36,201 USD 17,500 USD −3915 USD 49,785 USD 595,579 11.96 USD −211,151
15 130 USD 54,093 USD 26,250 USD −5831 USD 74,512 USD 709,761 9.53 USD −134,403
20 173 USD 71,985 USD 35,000 USD −7747 USD 99,238 USD 823,943 8.30 USD −57,654
25 216 USD 89,878 USD 43,750 USD −9663 USD 123,964 USD 938,125 7.57 USD 19,094
30 259 USD 107,770 USD 52,500 USD −11,579 USD 148,691 USD 1,052,308 7.08 USD 95,842
35 303 USD 126,078 USD 61,250 USD −13,578 USD 173,750 USD 1,168,990 6.73 USD 172,660
40 346 USD 143,971 USD 70,000 USD −15,494 USD 198,476 USD 1,283,172 6.47 USD 249,408
45 389 USD 161,863 USD 78,750 USD −17,410 USD 223,202 USD 1,397,354 6.26 USD 326,156
50 432 USD 179,755 USD 87,500 USD −19,326 USD 247,929 USD 1,511,536 6.10 USD 402,905
55 475 USD 197,648 USD 96,250 USD −21,242 USD 272,655 USD 1,625,718 5.96 USD 479,653
60 518 USD 215,540 USD 105,000 USD −23,158 USD 297,382 USD 1,739,900 5.85 USD 556,401
65 562 USD 233,848 USD 113,750 USD −25,157 USD 322,441 USD 1,856,583 5.76 USD 633,219
70 605 USD 251,741 USD 122,500 USD −27,073 USD 347,167 USD 1,970,765 5.68 USD 709,967
75 648 USD 269,633 USD 118,750 USD −28,989 USD 359,393 USD 2,084,947 5.80 USD 690,194
80 691 USD 287,525 USD 110,000 USD −30,905 USD 366,620 USD 2,199,129 6.00 USD 631,812
85 734 USD 305,417 USD 101,250 USD −32,821 USD 373,846 USD 2,313,311 6.19 USD 573,429
90 777 USD 323,310 USD 92,500 USD −34,737 USD 381,072 USD 2,427,493 6.37 USD 515,047
95 820 USD 341,202 USD 83,750 USD −36,653 USD 388,299 USD 2,541,675 6.55 USD 456,665
100 864 USD 359,510 USD 75,000 USD −38,652 USD 395,858 USD 2,658,358 6.72 USD 398,353

The NPV assumed a 5% discount rate and a 10-year study period. As shown in Figure 8, the NPV
for this installation peaks around 71% of the thermal demand met. This occurred because the CHP
system chosen utilized 100% of the biogas at this point. As such, we recommended this WWTP to meet
71% of their thermal demand, giving roughly USD 347,000 in annual cost savings, a 10-year NPV of
about USD 709,000, and a payback of 5.68 years. The relationships between each of the parameters
listed in the techno-economic assessment can be found in Figure 9. The equations presented all create
linear relationships as the CHP size increases to meet higher thermal demand at the WWTP, with one
exception. The natural gas savings increase at a consistent rate until a specific point, after which the
natural gas savings begin to decrease. This is the point at which the CHP system requires more fuel
than the on-site biogas production can provide. After this point, natural gas is required to be purchased
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to continue running the CHP system efficiently. For the case study in Figure 9, that occurs at around
71% of the WWTP’s thermal demand.
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(O&M) cost of CHP.

Figure 10 displays the effect of the installed CHP system cost on the simple payback. As the cost
per kWe increases, so does the payback. The installed cost of the CHP system relies mainly on the
prime mover utilized for the WWTP and the location of the WWTP for installation charges.

Figure 11 assumes 2500 USD/kW for the installed cost from the case study, but modifies the O&M
costs of maintaining the CHP system. As those costs increase, the payback increases sharply. As the
O&M costs increase, the difference between the natural gas and electric savings and the O&M costs
will decrease, increasing the payback at a steeper rate. As a larger CHP system is sized to meet larger
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thermal demand, the capital cost continues to rise, and if the difference in savings and costs is not large
enough to mitigate that, then the payback increases at a steep rate.
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Figure 12 adjusts the electrical efficiency of the system subject to a system constraint that the
combined efficiency is 75%, similar to the real systems shown in Figure 5. As the electrical efficiency
is increased, the payback period grows, which initially appears counterintuitive. This occurs from
roughly 23% of the thermal demand met onwards as, before then, the opposite is true. As the electrical
efficiency is increased, the thermal efficiency is decreased. This lowers the percentage of thermal
demand that the CHP system can meet with the on-site biogas, forcing the WWTP to purchase more
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natural gas. These added natural gas costs, in the case study, outweigh the added benefits of higher
electrical efficiency, causing a longer payback period.
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Figures 13 and 14 modify the local utility costs of electricity and natural gas. As the local utility’s
prices increase, so do the savings with the installation of the CHP system. As the savings increase,
the simple payback period decreases. This is true for both the electric and natural gas costs.

5. Conclusions

A techno-economic review of CHP technologies and their status in WWTPs was presented here.
This review covered biogas impurities and concentrations, typical prime movers found in WWTPs and
the performance characteristics of each, the capital, maintenance and other costs of installation for CHP
systems in WWTPs, and techno-economic assessment methods for the assessment of CHP projects in
WWTPs. Several conclusions can be drawn from this techno-economic assessment, as follows.

• Biogas is most commonly a mixture of CH4, CO2 and other trace gases like siloxanes. Some of
these gases, like siloxane, are impurities from the biomass used to generate biogas and can be
damaging to CHP systems if the proper cleaning of biogas is not installed and maintained. The cost
of cleaning systems for H2S, water and siloxanes were found to show positive linear relationships
based on the biogas flowrate associated with the installed CHP system. The large percentage of
CH4 in biogas makes it a stable fuel source for CHP systems. The utilization of biogas in CHP
systems increases plant efficiency and reduces the reliance on natural gas.

• At the current time, reciprocating engines and microturbines are the most utilized CHP technologies
in WWTPs across the United States, at roughly 69% and 17% of the national total, respectively.
This is due to the widespread commercial availability and low cost of installation of these systems.
However, with future development, fuel cells, gas turbines, and a combination of both could
also become widely utilized in WWTPs. Fuel cells tend to have the highest electrical efficiency
(30–63%), while reciprocating engines tend to have the highest total efficiency (70–87%). Most CHP
systems tend to have overall efficiencies of 60–80%. Depending on the prime mover, capital costs
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for CHP technologies typically range from USD 1000 to USD 5000/kW for initial installation and
0.5–4.5 ¢/kWh for maintenance. Gas turbines are generally the least expensive to install at roughly
USD 700–USD 2000/kW, and generally have the lowest operating cost at 0.6¢–1.3¢/kWh.

• For the techno-economic assessment, linear relationships were generally assumed for costs and
savings in utilities, cleaning, and installation. Natural gas savings, however, had a peaked linear
relationship, increasing until a certain point before decreasing again. This occurs because there
is insufficient biogas to meet facilities’ entire thermal demand. In the provided case study,
optimal payback was found to be 5.68 years with a net present value of roughly USD 709,000.
This depended heavily on the amount of biogas produced, natural gas purchased, CHP system
efficiencies and the amount of thermal demand to be met. This case study found that roughly 71%
of the thermal demand should be met at the studied WWTP for optimal savings. By modifying
several parameters in the CHP system case study, payback periods changed significantly.
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113. Wilk, M.; Magdziarz, A.; Jayaraman, K.; Szymańska-Chargot, M.; Gökalp, I. Hydrothermal carbonization
characteristics of sewage sludge and lignocellulosic biomass. A comparative study. Biomass Bioenergy 2019,
120, 166–175. [CrossRef]

114. Agarwal, A.K.; Singh, A.P.; Maurya, R.K. Evolution, challenges and path forward for low temperature
combustion engines. Prog. Energy Combust. Sci. 2017, 61, 1–56. [CrossRef]

115. Swami Nathan, S.; Mallikarjuna, J.M.; Ramesh, A. An experimental study of the biogas–diesel HCCI mode
of engine operation. Energy Convers. Manag. 2010, 51, 1347–1353. [CrossRef]

116. Haggith, D.E.; Sobiesiak, A.; Miller, L.W.; Przybyla, G. Experimental Indicated Performance of a HCCI Engine
Fuelled by Simulated Biomass Gas; SAE Technical Paper: Warrendale, PA, USA, 2010; pp. 1–1081.

117. Kozarac, D.; Taritas, I.; Vuilleumier, D.; Saxena, S.; Dibble, R.W. Experimental and numerical analysis of
the performance and exhaust gas emissions of a biogas/n-heptane fueled HCCI engine. Energy 2016, 115,
180–193. [CrossRef]

118. U.S. Department of Energy. Combined Heat and Power Technology Fact Sheet Series—Fuel Cells; U.S. Department
of Energy: Washington, DC, USA, 2016.

119. U.S. Department of Energy. Combined Heat and Power Technology Fact Sheet Series—Reciprocating Engines;
U.S. Department of Energy: Washington, DC, USA, 2016.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.fuel.2015.02.110
http://dx.doi.org/10.1016/S0304-3894(00)00318-6
http://dx.doi.org/10.1149/09101.1651ecst
http://dx.doi.org/10.1016/j.chemosphere.2008.05.032
http://www.ncbi.nlm.nih.gov/pubmed/18602661
http://dx.doi.org/10.1016/j.rser.2015.06.029
http://dx.doi.org/10.1016/j.enpol.2011.01.017
http://dx.doi.org/10.1016/j.energy.2008.03.007
http://dx.doi.org/10.15376/biores.10.4.8812-8858
http://dx.doi.org/10.1016/j.proche.2014.05.023
http://dx.doi.org/10.1016/j.enconman.2014.09.058
http://dx.doi.org/10.1016/j.biombioe.2018.11.016
http://dx.doi.org/10.1016/j.pecs.2017.02.001
http://dx.doi.org/10.1016/j.enconman.2009.09.008
http://dx.doi.org/10.1016/j.energy.2016.08.055
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Energy Recovery with Biogas 
	Combined Heat and Power Technologies 
	Prime Movers 
	Reciprocating Engine/Internal Combustion Engine 
	Diesel Engine 
	Stirling Engine 
	Gas Turbine 
	Micro Gas Turbine 
	High and Low Temperature Fuel Cells 
	Combined High Temperature Fuel Cell with Gas Turbine 
	Performance Metrics 
	Tolerance to Impurities 
	Cleaning Systems 
	Upgrading Systems 
	Emissions 


	Techno-Economic Assessment of Combined Heat and Power in Wastewater Treatment Plants 
	Annual Energy and Cost Savings 
	WWTP Thermal Load 
	CHP Annual Fuel Consumption 
	Annual Biogas Heating Value 
	Annual Natural Gas Savings 
	Annual Natural Gas Cost Savings 
	CHP Electric Output 
	Annual Electric Usage Savings 
	Annual Electric Usage Cost Savings 
	Annual O&M Savings—Boiler 
	Annual O&M Costs—CHP 
	Total Annual Cost Savings 

	Implementation Cost 
	CHP System Capital Cost 
	Biogas Flow Rate 
	Biogas Cleaning Costs 
	H2S Removal Cost 
	Water Removal Cost 
	Siloxane Removal Cost 
	Total Implementation Cost 
	Simple Payback Period 
	Net Present Value 

	Case Study 

	Conclusions 
	References

