Greenhouse Gas Emission Analysis of Biosolids Management Practices
in Alberta, Canada
by
Kentson Yan

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science
in
Environmental Engineering

Department of Civil and Environmental Engineering
University of Alberta

© Kentson Yan, 2014

Abstract
Recent interest in greenhouse gas (GHG) emissions has driven the need to better
quantify emissions from waste management systems. The objective of this study
was to evaluate the Biosolids Emissions Assessment Model (BEAM), a tool that
quantifies GHG emissions for various biosolids reuse processes. The evaluation
included conducting a GHG analysis for seven different processes for a biosolids
processing facility in Alberta, Canada. A modified ISO 14064-2 calculation
procedure was used. Overall, the BEAM provided a means to quantify GHG
emissions. However, the estimated GHG emissions for some practices may not
be representative due to the lack of site-specific information. Therefore, further
investigation of each option was recommended to better quantify these
emissions, such as inclusion of certain sources and sinks, a comprehensive data
management, and verification of estimated emissions.
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CHAPTER 1

Introduction

Global warming is a widely known effect upon the planet as it contributes to
climate change. Climate change (or weather variation) is the result of an overall
change in temperature (Le Treut et al. 2007), which affects all life on Earth both
directly and indirectly. Greenhouse gases (GHGs) are one of the main causes for
global warming as these gases build up in the atmosphere, destroying the ozone
layer and retaining heat (Forster et al. 2007). The global annual anthropogenic
GHG emission continues to increase (see Table 1.1) even though efforts are being
made to reduce such emissions (IPCC 2007), therefore, there is a global push to
reduce anthropogenic GHG emissions.
Table 1.1 – Annual Global Anthropogenic GHG Emissions (IPCC 2007)
Year

GHG Emissions (Gt CO2e/yr)

1970

28.7

1980

35.6

1990

39.4

2000

44.7

2004

49.0

Canada, one of the leading emitting countries in the world, emitted
approximately 690 megatonnes of anthropogenic carbon dioxide equivalents
(CO2e) in 2009, which is equivalent to about 20.5 tonnes per capita (Environment
Canada 2011). Alberta is the leading emitting province in Canada, contributing
about 33.8% of Canada’s GHG emissions in 2009 (Environment Canada 2011).
The Government of Alberta has taken the initiative to reduce Alberta’s emissions
and became the first province in Canada committed to reduce emissions by
passing the Climate Change and Emissions Management (CCEM) Act in 2002
(Government of Alberta 2008). The goal was to reduce GHG emissions such that
the relative emission to Gross Domestic Product is equal to or less than 50% of
the 1990 levels by December 31, 2020 (Government of Alberta 2009).
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To meet the target emission as defined in the CCEM Act, Alberta Environment
administers and implements policies, regulations, and systems in various sectors
of Alberta. Alberta Environment focuses on reducing GHG emissions from the
industrial sector as opposed to commercial or residential sectors because a
majority of the emissions in Alberta are industrial emissions (Government of
Alberta 2008). Furthermore, industrial emissions are expected to be less difficult
to regulate and monitor than residential emissions, as industrial emissions are
more concentrated and localized (Government of Alberta 2008).
Changes in waste management could contribute to GHG reductions. For
example, composting the organic component in municipal solid waste instead of
landfilling would produce less intensive GHG emissions. The main GHG
emissions being CO2 for composting and CH4 for landfills, where CH4 is 25x
more potent than CO2 (Forster et al. 2007). Other GHG benefits from waste
management activities (e.g. recycling, waste-to-energy technology) are: less
energy is used to produce a material than when it is produced from virgin
resources; displacement of fossil fuel use; increase carbon sequestration; and
replacement of commercial fertilizers (USEPA 2013). While the waste sector in
Canada emits a relatively low amount of the national total (22 megatonnes of
CO2e in 2009), it has increased by 13% over about two decades (Environment
Canada 2011), and reducing emissions from this sector (e.g. biosolids
management) could be significant. The waste sector includes solid waste
disposal, wastewater treatment, and incineration, but does not include upstream
emissions (e.g. emissions from energy and electricity production), thus from a
holistic perspective, implementing different waste management practices could
lower the overall GHG emissions. In addition, organic material such as biosolids
(or sludge) can be reprocessed and used as a carbon sink (sequestrates carbon
from the atmosphere) or used as a feedstock for energy production
(subsequently reducing upstream electricity production GHG emissions). For
example, Brown et al. (2010) estimated that 26 tonnes of CO2e per 100 dry tonne
(DT) of biosolids is sequestrated (i.e. not released into the atmosphere) for one
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Canadian biosolids management program. Thus, changes in practices within the
waste sector could reduce GHG emissions.
There is a need to better quantify the changes in GHG emissions resulting from
changes in waste management processes. But, the wastewater industry tends to
have limited environmental tools available (Beavis and Lundle 2003). The
Biosolids Emissions Assessment Model (BEAM), developed for the Canadian
Council of Ministers of the Environment, is a tool used to estimate GHG
emissions for various biosolids management practices (Sylvis 2009). However,
the BEAM has not been specifically recognized to quantify emissions under the
Specified Gas Emitters Regulation (e.g. quantification protocol) in Alberta.

1.1

Objectives

The objective of this study was to investigate current quantifying methods for
GHG emissions from changes in biosolids management practices by evaluating
and assessing the BEAM through three means:
¾ to compare BEAM against known biosolids GHG emission models;
¾ to conduct a GHG analysis for a case study facility; and
¾ to identify limitations and gaps in BEAM.
Clover Bar, a biosolids processing facility in Edmonton, Alberta, at the City of
Edmonton was selected and used as a case study.

1.2

Thesis Organization

Following this introduction, Chapter 2 provides background information on
common practices of biosolids management as well as basic principles and
applications in quantifying GHG emissions. Chapter 3 summarizes GHG
emission models for the organic fraction of municipal solid waste and discusses
studies related to GHG emissions from different biosolids management practices.
Chapter 4 introduces the case study, the calculation methodology, and
description of each scenario. Chapter 5 presents an assessment of the BEAM by
first conducting a GHG analysis for a case study facility then identifying and
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discussing limitations and gaps. Lastly, Chapter 6 concludes and summarizes
findings from this study and provides recommendations.
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CHAPTER 2

Background

This chapter provides general background information on biosolids management
practices and sources of GHG as well as common principles in quantifying GHG
emissions and its applications.

2.1

Biosolids Management Practices

In municipal and industrial wastewater treatment plants (WWTPs), the aim is to
reduce contaminants in wastewater to an acceptable level through physical,
chemical, and biological means. Contaminant removal includes settling and
filtering of the particulate matter (Metcalf and Eddy 2003). Typically, the settled
compounds, known as sewage sludge, are then treated (e.g. via anaerobic
digestion (Metcalf and Eddy 2003). The treated and typically more stabilized
sludge is known as biosolids (Metcalf and Eddy 2003). The overall amount of
generated biosolids is expected to increase over the years as WWTPs continue to
expand and upgrade their capacity to meet user and regulatory demands
(Spinosa 2011). For example, Stantec (2012) predicts that approximately 21,000
and 28,000 dry tonnes of biosolids (DT) will be generated in 2012 and 2042 in
Edmonton, respectively. It is significant that biosolids be treated or disposed of
as biosolids will be continuously generated in modern society.
Biosolids can be disposed of or processed into beneficial end-use products (e.g.
fertilizers to improve soil conditions or feedstocks for energy production). A
municipality typically owns and operates a biosolids processing facility, a place
where biosolids are disposed of and processed. Municipalities decide which
biosolids management practice(s) to implement when treating biosolids. Table
2.1 summarizes three general categories that biosolids processing facilities may
practice (i.e. implement) to treat their biosolids. Each biosolids management
option has its own distinct advantages. Land applying biosolids improves the
physical and chemical properties of the soil, such as cationic capacity exchange,
soil bulk density, and field capacity water content, to promote crop growth
(Sablayrolles et al. 2010). Additionally, thermal energy processes use biosolids as
a fuel source for producing energy (e.g. electricity and heat) as shown by Nadal
5

et al. (2009), where the energy produced can be used to offset upstream energy
demand resulting in fewer upstream GHG emissions. Storage-type practices in
biosolids management compared to other practices use less energy during
operations, and therefore create fewer upstream energy emissions (El-Fadel and
Massoud 2001). Therefore, it is important that municipalities and facilities select
the ‘right’ biosolids management practice as each practice has its own distinct
benefit and when coupled with biosolids being continuously generated, the
benefit (or impact) can be significant.
Table 2.1 – General Categories of Biosolids Management Practices
(Roy et al. 2011; Odegaard et al. 2002)
Category

Description

Examples

Biosolids are spread over land to condition
¾ Composting
Land-applied its soils (e.g. increase nutrients), promoting
¾ Land application
plant growth.
¾ Incineration
Biosolids are processed through various
Thermal
¾ Anaerobic digestion
energy (waste- stages (e.g. burned) to generate energy or
¾ Gasification
to-energy) electricity.
¾ Pyrolysis
Storage

2.2

Material is stored (e.g. ponds and
¾ Landfill
underground) indefinitely, such that material
¾ Lagoon
decomposes via microbial degradation.

Greenhouse Gas

Climate change has several impacts on the environment, and one cause is from
the release of greenhouse gases (GHGs) (Le Treut et al. 2007). GHGs are
atmospheric gases that have built up in the atmosphere as well as absorb and reemit thermal radiation (Forster et al. 2007). Countless human activities (from the
industrial era and onward) have significantly increased GHG concentrations
within the atmosphere resulting in a rise in the Earth’s temperature (Le Treut et
al. 2007). Thus, there is a need to quantify emissions such that mitigating actions
and plans can be monitored to determine their effectiveness.

6

2.2.1

GHGs in Biosolids Management Practices

Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are the three
common GHGs emitted in biosolids management practices as described in Table
2.2. In general, carbon dioxide, the most common GHG, is released during
aerobic respiration and during combustion processes. For example, CO2 is
emitted during energy production when fossil fuel and natural gas are burned
(Beecher et al. 2010). Methane, on the other hand, is formed when organic
materials decompose in anaerobic conditions (El-Fadel and Massoud 2011) or
when an incomplete combustion processes occurs (Beecher et al. 2010). Nitrous
oxide is produced during nitrification and denitrification reactions (Bhunia et al.
2010).
GHGs are emitted and sequestrated from various sources and sinks (SS). A
source is a unit operation (or process) that produces and releases GHGs into the
atmosphere, while a sink sequesters GHG (contains and does not release GHGs
into the atmosphere permanently) (ISO 2006b). These SS are found throughout
the entire biosolids processing, and can be categorized into three emissions
types: 1) operational, 2) upstream, and 3) downstream. Operational or on-site
emissions are those emissions that are within the biosolids processing facility
(Alberta Environment 2011). Both upstream and downstream emissions are
indirect emissions from the biosolids processing facility that occur depending on
the operating conditions of the biosolids processing facility. Upstream emissions
are emissions prior to the biosolids processing facility, such as emissions from
WWTPs, emissions from material and chemical production (e.g. polymer and
lime), and emissions from energy production (Alberta Environment 2011). For
example, a biosolids processing facility may use a centrifuge for dewatering
purposes, where the centrifuge requires electricity to operate. GHG emissions
would be released during the production of such energy (electricity) for the
centrifuge to operate (Meneses et al. 2010). Downstream emissions are emissions
from activities after the biosolids processing facility, such as residual disposal
(Alberta Environment 2011).
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Table 2.2 – Sources of Emission in Biosolids Management Practices
Greenhouse
Gas
Carbon dioxide
CO2

Methane
CH4
Nitrous oxide
N2O

2.2.2

Description
¾ Carbon dioxide, the most common GHG, is released during the
decomposition of organic material under aerobic (oxygen-rich)
conditions.
¾ Additional sources include fossil fuel extraction and combustion
as well as material and chemical production.
¾ Methane gas is present when a carbon-based material
decomposes under anaerobic (absence of oxygen) conditions.
¾ Additional sources include fossil fuel extraction and combustion.
¾ Nitrous oxide is formed during nitrification and denitrification
processes. It is also produced during the decomposition of high
nitrogen content biosolids.
¾ Additional sources include fossil fuel extraction and combustion.

Global Warming Potential

One of the difficulties in quantifying GHG emissions is that each GHG has a
different atmospheric lifetime and heat-trapping potential, which results in each
gas having a different impact on the environment (Forster et al. 2007). Emission
metrics were developed, such as global warming potential (GWP), where each
GHG is assigned a potential impact value with respect to a reference gas over a
specified lifetime (Scheutz et al. 2009). Typically, CO2 is used as the reference gas
because it is the most commonly emitted and simplest GHG. Table 2.3
summarizes the GWP values for CO2, CH4, and N2O over different life times. For
example, over a 100-year lifetime, the GWP value for CH4 and N2O is 25 and 298,
respectively, therefore a tonne of CH4 and a tonne of N2O have the same
atmospheric impact as 25 and 298 tonnes of CO2, respectively (Forster et al. 2007).
As shown in Table 2.3, GWP values vary depending on the reference lifetime.
Typically, a 100-year lifetime is selected as this lifetime is considered permanent
enough (Scheutz et al. 2009).
Several international organizations have made an effort to standardize the GWP
value. The Intergovernmental Panel of Climate Change (IPCC), an international
body currently composed of 195 countries that investigate and assess climate
change impacts and mitigation options on a global scale (IPCC 2012), published
8

GWP values as summarized in Table 2.3 for CO2, CH4, and N2O over a 100-year
lifetime. The IPCC continuously updates their GWP values for each Assessment
Report. Currently, IPCC has published four Assessment Reports: 1) Assessment
Report (AR) in 1990; 2) Second Assessment Report (SAR) in 1995; 3) Third
Assessment Report (TAR) in 2001; and 4) Fourth Assessment Report (AR4) in
2007.
IPCC uses a “simple and purely physical” approach when determining its GWP
values, where assumptions were made to simplify the determination and only
the atmospheric impacts were considered (Forster et al. 2007). Equation [1]
shows the equation used by IPCC to determine GWP values for different GHG
(Forster et al. 2007), where the numerator is for the gas being investigated and
the demonstrator is the reference gas (commonly CO2). Radiative forces are
changes in radiant energy (electromagnetic waves) received by and emitted back
from the Earth (Forster et al. 2007). These forces depend on the type of GHG and
its global concentration levels as indicated in Equation [1]. The global
concentration of each gas is the mean concentration value from various
atmospheric databases and networks, such as The National Oceanic and
Atmospheric Administration’s Global Monitoring Diversion, across the world
(Forster al. 2007). One limitation with IPCC’s GWP value is that it only considers
the environmental impacts (physical impacts) and excludes other impacts such as
financial impacts and does not consider local environmental impacts (e.g. local
concentration levels of GHGs).
்ு

ܹܲܩ =

 ܴܨ (ݐ݀)ݐ
்ு

 ܴܨ (ݐ݀)ݐ

்ு

=

 ܽ [ܿ (ݐ݀])ݐ
்ு

 ܽ [ܿ (ݐ݀])ݐ

where,
GWP = global warming potential
i = component (greenhouse gas being investigated)
r = reference gas, CO2
TH = time horizon, typically 100 years
RF(t) = global mean radiative forces with respect to time
t = time
a = radiative efficiency (radiative forces per unit mass)
c(t) = time-dependent abundance of i
9

[1]

The GWP values reported in the Second Assessment Report (SAR) by IPCC are
commonly used by industries and government agencies instead of the updated
or current values, such as those values from the IPCC Fourth Assessment Report,
for regulatory and comparison purposes. When protocols, such as The Kyoto
Protocol and The Montreal Protocol, and regulations, such as the Specified Gas
Emitters Regulation, were developed, the protocol and regulation dictates that
SAR GWP values would be used. The specific use of SAR values is to ensure that
the reporting of GHG emissions is consistent and that reductions are not
occurring due to a lower GWP value (Gentil et al. 2009). Hence, many
practitioners continue to use GWP values reported in the SAR at a 100-year
lifetime.
Table 2.3 – Global Warming Potential Values Reported by IPCC
(Forster et al. 2007)
AR4

Greenhouse Gas
20 yrs

100 yrs

500 yrs

Assessment Report Values
for 100-year period
AR SAR TAR AR4

Carbon dioxide, CO2

1

1

1

1

1

1

1

Methane, CH4

72

25

7.6

21

21

23

25

Nitrous oxide, N2O

289

298

153

290

310

296

298

2.3

Specified Gas Emitters Regulation and Emission Trading Markets

Several regulations were developed within the CCEM Act, such as the
Administrative Penalty Regulations, the Renewable Fuels Standard Regulation,
and the Specified Gas Reporting Regulation (Government of Alberta 2009). One
Alberta-based regulatory system that attempts to monitor and manage GHG
emissions is the Specified Gas Emitters Regulation (SGER), which requires
regulated facilities to reduce their emissions by 12% each year (Province of
Alberta 2007). A regulated facility is an industrial facility in Alberta that emits
over 100,000 tonnes CO2e/year (Province of Alberta 2007). Each facility uses
industry-specific methods (as approved by the government and verified by a
third party) to determine their emissions (Province of Alberta 2007). The SGER is
10

one of the key instruments implemented by Alberta Environment to decrease
GHG emissions.
If a regulated facility is unable to meet its 12% reduction, three compliance
mechanisms are available: 1) emission performance credits, 2) technology funds,
and 3) offset credits. All three compliance mechanisms as described in Table 2.4
are financial options, where a facility may purchase the remaining emissions to
meet its reduction (per tonne CO2e) (Alberta Environment 2008). Offset credits
(or carbon credits) could be the ‘best’ compliance mechanism as it 1) promotes
GHG reductions and 2) is sustainable financially. Firstly, once verified,
approved, and serialized, reductions in GHG emissions are offset credits and
may be sold to produce additional revenue for a facility, thereby promoting
industries to be environmentally friendly. Another benefit to carbon credits is the
governing body may not need to invest a large amount of funds into a carbon
credit system because when another facility purchases carbon credits, their cost
includes all administrative fees (e.g. fees from verification, approval, and
serialization) (Alberta Environment 2011). Therefore, offset credits could be an
excellent policy-based instrument to reduce anthropogenic GHG emissions.
For carbon credits to be traded, a market needs to exist. One such market does
exist in Alberta, known as the Alberta Offset System, which was established
under the SGER. Other carbon emission trading markets are The European
Exchange as well as Clean Development Mechanisms and Joint Implementation
Projects within the Kyoto protocols (Gentil et al. 2009). Industries that generate
offset credits could sell these credits like commodities, thereby potentially
generating revenue. An offset credit (carbon credit) is reduced GHG emissions
that would not occur under typical, standard, or conventional conditions (known
as business as usual) (Alberta Environment 2011), therefore, industries are able to
generate offset credits when a change in practice to a lower GHG emission
practice is implemented that is beyond ‘industry norms’. For example,
composting the organic fraction of municipal solid waste (such as food waste,
yard waste, and biosolids) instead of disposing of it through landfilling would
11

generate offset credits, as less GHGs are emitted into the atmosphere during
composting and municipal solid waste is typically disposed of in landfills (Gentil
et al. 2009). Thus, carbon credits and emission trading markets provide a good
means to reduce the overall GHG emissions.
Table 2.4 – Description of Compliance Mechanisms Available for Regulated
Facilities (Alberta Environment 2008)
Compliance
Mechanism

Description

Price
($/tonne CO2e)

Emission
performance
credits

Emission performance credits are excess
emission reductions from a regulated facility
beyond its required 12% reduction.

approx. $12

Technology funds

Technology funds are funds directed towards
research on emission reduction technologies,
processes, and systems.

$15

Offset credits

Offset credits are reduced GHG emissions
(verified and approved by a third party) from a
facility that would not occur under typical,
conventional, or standard conditions.

approx. $12

In summary, biosolids are ubiquitous and expected to increase, and chosen
biosolids management practices are becoming significant. Three general
categories of biosolids management practices are: 1) nutrient recovery, e.g. landapplied; 2) energy recovery, e.g. waste-to-energy; and 3) storage, e.g. landfill
disposal. While technical and financial feasibility are important criterion for
choosing a biosolids management practice, the overall environmental impact is
as significant. One environmental indicator is greenhouse gas (GHG) emission as
these atmospheric gases are one cause to climate change. However, quantifying
GHG emissions or reductions from different biosolids management practices
poses challenges. One challenge is the various sources and sinks (SS) that emit
and sequester GHGs, respectively, throughout the entire life cycle of biosolids.
Another challenge is that each gas has a different impact (e.g. different heattrapping potential and atmospheric lifetime). Hence, global warming potential
(GWP) was developed to allow comparison between different GHGs. Values
12

reported in the Second Assessment Report by IPCC (1995) with a lifetime of 100years are commonly used by industries and government agencies when
reporting GHG emissions. A third challenge is there should be an incentive for
industries to reduce their GHG emissions. In Alberta, the Specified Gas Emitters
Regulations attempts to monitor and manage GHG emissions. One incentive
within the SGER is the Alberta Offset System, an emission trading market, where
industries that generate offset credits (verified and serialized GHG reductions)
could sell these credits like commodities.
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CHAPTER 3

Literature Review

Chapter 3 discusses the current state of science with respect to quantifying GHG
emissions by first describing current emission models for the organic fraction in
municipal solid waste then summarizing various emission studies on different
biosolids management practices.

3.1

Life Cycle Assessment and Emission Models

To quantify GHG emissions, one method is life cycle assessment (LCA). LCA is a
comprehensive tool used to determine the overall environmental impact, such as
GHG emissions, of a product or process (Ross and Evans 2002). The tool
considers a holistic approach, typically through a ‘cradle-to-grave’ analysis,
where upstream and downstream impacts in a product’s life (such as raw
materials acquisition, manufacturing, use and reuse, and waste disposal) are
accounted for (SAIC 2006). For example, each impact is determined for a stage or
unit operation; these are known as sources and sinks (SS) for GHG emissions. A
source releases GHGs, while a sink removes or captures GHGs (ISO 2006a).
Determining each SS emission or reduction requires numerous data sets and the
overall accuracy relies heavily on the availability and accuracy of the data set,
therefore LCA is a time and resource intensive tool (SAIC 2006). LCA are not
limited to GHG emissions, and can be used in numerous environmental impacts,
such as eutrophication, acidification, toxicity, water use, land use, and noise
(Rebitzer et al. 2004).
The main benefits of a LCA are that it accounts for all impacts over the life of the
product or process and that it helps to identify any transfer of impacts (SAIC
2006). For example, Ross and Evans (2002) determined that recycling corrugated
cardboard to manufacture paper would produce less GHG emissions than if the
paper was manufactured from virgin fibres (e.g. trees). However, if upstream gas
and electricity production emissions rates were higher (e.g. higher emission
factor) then recycling would produce more GHGs than using virgin fibres due to
increased energy-intensive process from recycling. LCAs can also account for
location, time, and technology difference (Fava et al. 2009). Thus, organizations
14

and governments can use LCAs as a harmonizing approach when determining
environmental impacts (such as greenhouse emissions).
However, one of the biggest limitations with LCAs is the lack of consistency and
subjective nature. Each LCA is unique in itself, where each one has its own
objective with different sets of conditions and parameters. Some components
within the LCA are included or excluded depending on the conditions and
parameters. Including and excluding components, such as methodological choice
and data selection can shift the outcome to be more favourable (or less desirable),
where results can vary due to the lack of consistency, thereby making it difficult
to compare different LCAs (Soimakallio et al. 2011). Hence, the International
Organization for Standardization (ISO) developed the ISO 14040 series, which
provides industries with a framework to follow when conducting a LCA (ISO
2006a).
The ISO 14040 series consists of four phases: 1) goal and scope; 2) life cycle
inventory analysis; 3) life cycle impact assessment; and 4) interpretation, where
each phase is an iterative process informing each other of how to be completed
(ISO 2006a). The goal and scope phase defines and dictates the direction of the
intended study (ISO 2006a). The life cycle inventory phase involves obtaining
data creating a record of input and output variables, while the life cycle impact
assessment phase assesses the significance (e.g. overall environmental impact)
(ISO 2006a). The interpretation phase discusses the outcomes and decisions to be
made (ISO 2006a). Drawing upon the concepts developed from the ISO 14040
series, several organizations, such as the World Business Council on Sustainable
Development

and

the World

Resources

Institute,

Clean

Development

Mechanisms, and the Intergovernmental Panel on Climate Change, have
developed peer-reviewed frameworks or guidelines for industries when
quantifying GHG emissions. These guiding documents are relatively generic and
are not industry-specific, but do provide some ‘standardization’ and harmony
within the GHG community. One key framework that many organizations use to
quantify GHG emissions is the ISO 14064 series, which consists of three guidance
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documents on the quantifying and reporting of GHG emissions (ISO 2006b). ISO
14064-1 and ISO 14064-2 describe GHG quantification for organizations and for
projects, respectively, while ISO 14064-3 describes the process of validating and
verifying GHG emissions (ISO 2006b).
Multiple organizations have used LCA principles from ISO 14040 and ISO 14064
series to develop models to quantify GHG emissions for municipal solid waste.
Table 3.1 lists some of the known LCA models within municipal solid waste
management. These models follow LCA principles during its development,
which includes upstream emissions (e.g. from collection and transfer sites),
operational emissions (e.g. materials recovery facility, landfill disposal, and
waste-to-energy processing), and downstream emissions (e.g. residual disposal
and handling). The material composition varies considerably for each model,
ranging from recyclables (e.g. plastics, glass, and metals), compostable materials
(e.g. food waste, leaf and yard waste), and others (e.g. biosolids, batteries, and
electronic waste). However, not all of these models quantify GHG emissions for
biosolids management practices (i.e. biosolids or sludge reuse options).
Table 3.1 – List of GHG Emission Models in Solid Waste Management
Model

Acronym

Country

Biosolids Emissions Assessment Model

BEAM

Canada

Integrated Waste Management - 2

IWM -2

Used in Europe,
North and South
America, Australia

Environmental Assessment of Solid Waste
Systems and Technologies

EASEWASTE

Denmark

Integrated Waste Model - Canada

IWM - Canada

Canada

Municipal Solid Waste Decision Support Tool

MSW-DST

US

ORganic WAste Research

ORWARE

Sweden

Waste Reduction Model

WARM

US

Waste-Integrated Systems for Assessment of
Recovery and Disposal

WISARD

European

Waste and Resources Assessment Tool
for the Environment

WRATE

England
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3.2

Emission Studies in Biosolids Management Practices

Traditionally, solid waste (such as biosolids) is sent to landfill sites for disposal,
however practices that recycle (or reuse) solid waste have become significant.
Studies have shown that reusing (treating and processing) biosolids for different
end-use products could emit less GHGs compared to if biosolids were sent to
landfill sites for disposal without a methane capture system. One practice is
through nutrient recovery, where biosolids are land applied onto soil,
reintroducing organic matter and nutrients into the ground. The reintroduction
results in sequestrated carbon (not released into the atmosphere) and enhances
biomass production (Sablayrolles et al. 2010). Biomass production sequestrates
carbon through photosynthesis and avoids the need to use commercial fertilizers,
all of which reduces GHG emissions (Sablayrolles et al. 2010). Lundie et al. (2004)
determined, through a LCA model, that land applied biosolids are beneficial in
reducing GHG emissions because emissions avoided from not using commercial
fertilizers are higher than emissions from transporting biosolids.
Energy recovery is another biosolids reuse option to reduce GHG emissions.
Biosolids are processed via waste-to-energy technologies to generate energy (e.g.
heat and electricity); generating energy reduces the need for upstream energy
production and thereby reduces upstream GHG emissions. Cartmell et al. (2006)
determined that co-combusting biosolids could provide a net energy gain of 0.58
to 5.0 kWh/kg dry biosolids with different materials, such as coal, municipal
solid waste, wood, and for a cement kiln. Nadal et al. (2009) estimated a
reduction of 144,000 tonnes CO2 emission when adding sewage sludge
(biosolids) to the feedstock, approximately 20% of the total feedstock, for a
thermal energy technology. Similarly, methane capture systems could produce
energy, reducing upstream energy production GHG emissions. Methane capture
systems are typically implemented in landfill sites, where methane gas is
produced due to the anaerobic conditions. Brown and Leonard (2004) estimated
a GHG reduction of 94,430 megatonnes CO2e, if methane capture systems were
implemented at a landfill site in King County, Washington.
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While environmental benefits are known for reusing/recycling biosolids, it is
difficult

for

those

responsible

for

biosolids

disposal/treatment

(e.g.

municipalities) to know which biosolids management practice produces the least
amount of GHG emissions. Table 3.2 lists studies that compare GHG emissions
from different biosolids management practices, and displays the findings (order
of emissions for each practice investigated) as well as any notable information
(e.g. difference of emissions and GHG reductions as denoted by a negative
value). As shown in Table 3.2, there is a large variability as to which biosolids
reuse practice emits the least amount of GHGs. For example, various studies
(Suh and Rousseaux 2002; Lundin et al. 2004; Hospido et al. 2005; Gould et al.
2008; Pasqualino et al. 2009; Brown et al. 2010) have shown that nutrient recovery
practices (e.g. land application) emits less emissions than energy recovery
practices (e.g. incineration), while other studies (Bridle and Skyrpski-Mantele
2000; Brown and Leonard 2004b; Houillon and Jolliet 2005; Tarantini et al. 2007;
Peters and Rowley 2009; Beecher et al. 2010) have shown the opposite. The
variability to which biosolids reuse practice that emits the least amount of GHG
are attributed to three main differences from each study: 1) scope of study, 2)
methodology, and 3) location and time.
Table 3.2 – Studies on GHG Emissions for Various Biosolids Reuse/Disposal
Practices
Reference
Beecher
2008

Beecher et al.
2010

Findings

Notes/Assumptions

Emission order (most to least):
¾ landfill
¾ composting without dewatering
¾ composting with dewatering

¾

Emission order (most to least):
¾ composting
¾ anaerobic digestion (with heat and
power technology)

¾
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¾

Landfill emissions are 2.5x and
3.4x greater than composting
without and with dewatering,
respectively
Included emissions from saw
dust for composting
Composting was 6x greater than
anaerobic digestion

Table 3.2 continued – Studies on GHG Emissions for Various Biosolids
Reuse/Disposal Practices
Reference

Findings

Bridle and
SkyrpskiMantele

Emission order (most to least):
¾ thermal drying
¾ land applied (dry pellets)
¾ land application (with lime
stabilization)
¾ anaerobic digestion
¾ waste-to-energy
Emission order (most to least) in general
categories:
¾ waste-to-energy
¾ landfilling
¾ land application
Emission order (most to least):
¾ landfill
¾ land application (forest lands and
agricultural use)
Emission order (most to least):
¾ landfill (methane flared)
¾ land application (forest lands and
agricultural use)
¾ landfill with methane capture
Emission order (most to least):
¾ landfill (dry)
¾ land application (agricultural)
¾ landfill
¾ land application (agricultural) with
pre-pasteurization
¾ land application (cake)
¾ incineration
Emission order (most to least):
¾ composting
¾ land application (with digestion)
Emission order (most to least):
¾ landfill (with recovery)
¾ digested (for market)
¾ land application (with anaerobic
digestion)
¾ composting
Emission order (most to least):
¾ landfilling
¾ land application
¾ composting

2000

Brown et al.
2010

Brown and
Leonard
2004a
Brown and
Leonard
2004b

Davis et al.
2002

Dennison et
al. 1998
Gould et al.
2008

Hong et al.
2009

Notes/Assumptions
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¾

¾

Thermal drying was about 3x
greater than land applied (dry
pellets)
Negative value for sludge
conversion

¾

Investigated nine actual
Canadian biosolids management
programs

¾

None

¾

Landfill with methane capture
had a negative value

¾

None

¾

Investigated centralized vs.
decentralized systems

¾

Negative values for land
application and composting

¾

None

Table 3.2 continued – Studies on GHG Emissions for Various Biosolids
Reuse/Disposal Practices
Reference
Hospido et al.
2005

Houillon and
Jolliet
2005

Lundin et al.
2004

Meneses et
al. 2010

Murray et al.
2008

Nakakubo et
al. 2012

Findings

Notes/Assumptions

Emission order (most to least):
¾ pyrolysis (energy recovery only)
¾ pyrolysis (energy and char
recovery)
¾ incineration
¾ land application (with anaerobic
digestion)
Emission order (most to least):
¾ landfill
¾ land application (agricultural)
¾ pyrolysis of dried sludge
¾ wet oxidation of liquid sludge
¾ incineration (fluidized bed)
¾ cement kiln
Emission order (most to least):
¾ land (agricultural) application
¾ fractionation (including phosphor
recovery)
¾ co-incineration with other waste
¾ incineration (with phosphor
recovery)
Emission order (most to least):
¾ landfill
¾ compost
¾ incineration
¾ cement plant
¾ agriculture
Emission order (most to least):
¾ incineration
¾ composting
¾ land application (with lime
stabilization)
¾ landfill
¾ land application (with anaerobic
digestion)
Emission order (most to least):
¾ dry granulation
¾ cement feedstock
¾ pyrolysis
¾ gasification
¾ low temperature incineration
¾ composting
¾ high-temperature incineration
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¾

None

¾

Landfill emissions were
estimated to be about 3x greater
than land application
Negative value for cement kiln

¾

¾
¾

Negative values for all scenarios
Investigated two new
technologies

¾

Negative values for all scenarios
expect landfill

¾

Some data and parameters
based off WWTPs in California,
US

¾

Sludge mixed with food waste

Table 3.2 continued – Studies on GHG Emissions for Various Biosolids
Reuse/Disposal Practices
Reference
Pasqualino et
al.
2009

Peters and
Rowley 2009

Sablayrolles
et al.
2010
Sonesson
et al.
2000
Suh and
Rousseaux
2002

Tarantini
et al.
2007

Findings

Notes/Assumptions

Emission order (most to least):
¾ landfill
¾ incineration
¾ cement plant
¾ composting
¾ land application (agriculture)
Emission order (most to least):
¾ landfill
¾ dry agriculture
¾ digested dry agriculture
¾ lime agriculture
¾ digested composting
¾ digested agriculture
¾ digested dry cement kiln
¾ dry cement kiln
Emission order (most to least):
¾ land application (dry)
¾ composting

¾

None

¾

Landfill emissions were 1.3x
greater than dry agriculture
Negative value for dry cement
kiln

¾

Land application emissions were
2x greater than composting

Emission order (most to least):
¾ incineration
¾ composting
¾ anaerobic digestion
Emission order (most to least):
¾ landfill
¾ incineration
¾ land application
¾ composting
¾ land application (with anaerobic
digestion)
Emission order (most to least):
¾ incineration
¾ incineration (with anaerobic
digestion)
¾ composting

¾

Included municipal waste
(organic fraction)

¾

None

¾

None
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¾

3.2.1

Scope of Study Differences

The first difference related to the variety of order of emissions in Table 3.2 is
related to the differences in the scope of each study. The majority of these studies
used LCAs or some form of it (e.g. GHG models that were derived from LCA
principles) in estimating GHG emissions for different scenarios. LCA poses a
limitation as there is no universal methodology making each study unique in
itself (SAIC 2006), and therefore each study may have a different scope. The
scope is directly related to the boundary condition selected (the beginning and
end points within the investigated process). Depending on the boundary
condition selected, each study may include or exclude certain sources (emissions)
and/or sinks (sequestrations), which could change the GHG results (e.g. increase
or decrease the GHG emissions for a specific practice). The inclusion or exclusion
may result in some practices to have a negative value (e.g. the practice
sequestrates more GHGs than emits), while other studies estimate a positive
value as summarized in Table 3.3. These changes to the GHG results could sway
a biosolids management practice to be more favourable or not over another
practice.
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Table 3.3 – Summary of Scope-related Criteria for GHG Studies Investigated
Study

Scope of Study

Negative
Emissions

Fertilizer

Beecher 2008

GHG specific

Beecher et al. 2010

Offsets

Carbon
Seq.

Others

N

Y

Y

[1]

GHG specific

N

Y

Y

--

Bridle and Skyrpski-Mantele
2000

Envt’al impacts

Y

nr

nr

[2]

Brown et al. 2010

GHG specific

Y

Y

Y

--

Brown and Leonard 2004a

GHG specific

N

Y

N

--

Brown and Leonard 2004b

GHG specific

Y

Y

Y

--

Davis et al. 2002

Envt’al impacts

N

Y

Y

--

Dennison et al. 1998

GHG specific

N

nr

nr

--

Gould et al. 2008

GHG specific

N

Y

Y

[1]

Hong et al. 2009

Envt’al impacts &
economical

N

nr

nr

--

Hospido et al. 2005

Envt’al impacts

N

Y

N

--

Houillon and Jolliet 2005

GHG & toxicity

Y

Y

nr

[2]

Lundin et al. 2004

Envt’al impacts &
economical

Y

Y

Y

--

Meneses et al. 2010

Envt’al impacts

Y

Y

Y

--

Murray et al. 2008

Envt’al impacts &
economical

Y

Y

Y

--

Nakakubo et al. 2012

Envt’al impacts &
economical

N

Y

Y

--

Pasqualino et al. 2009

Envt’al impacts

Y

Y

Y

--

Peters and Rowley 2009

Envt’al impacts

Y

Y

Y

--

Sablayrolles et al. 2010

Envt’al impacts &
toxicity

N

Y

nr

--

Sonesson et al. 2000

Envt’al impacts

N

Y

Y

--

Suh and Rousseaux 2002

Envt’al impacts &
toxicity

N

N

Y

--

Tarantini et al. 2007

Envt’al impacts

N

N

N

--

Notes/Legend:
Envt’al = environmental
Y = yes (present or included)
N = no (no present or excluded)

nr = not reported
[1] = included sawdust as fuel
[2] = excluded N2O emissions
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The reliability and availability of data could also affect the boundary condition,
which subsequently affects the scope of the study. A majority of the studies
presented in Table 3.2 used data from literature (e.g. emission factors and
coefficients) and on-site measurements (e.g. operating conditions and input
variables). Some studies may expand or shrink the boundary condition to
include or exclude certain sources and sinks due to the uncertainty associated
with the data obtained. One example is the carbon sequestration factor, the
amount of carbon captured within the soil and not released into the atmosphere.
The carbon sequestration factor varies from site-to-site, and depends on multiple
factors such as soil condition (e.g. type), temperature, and rainfall activity
(Beecher 2009), therefore some studies may disregard this sink as shown in Table
3.3, resulting in higher emissions than those that included the carbon
sequestration. Table 3.3 summarizes the scope of each study with respect to
biosolids management practices. The scope may be GHG specific or include
other indicators in their study, such as economical and other environmental
impacts (e.g. water use, resource depletion, and acidification). It was speculated
that studies that are GHG specific would have more reliable and available data
than those studies that involved other indicators, because GHG specific studies
use data specific to GHG emissions instead of generic values from literature.
One example is the inclusion or exclusion of emission offsets from commercial
fertilizers. Land applying biosolids can be a substitute for commercially
manufactured fertilizers because land applying biosolids can improve a soil’s
physical and chemical properties, such as cationic capacity exchange, soil bulk
density, and field capacity water content in a manner similar to commercial
fertilizers (Sablayrolles et al. 2010). Some studies included the avoided emissions
of commercial fertilizers in their analysis, while other studies did not account for
the avoidance as summarized in Table 3.3. Including fertilizer offsets would
decrease the calculated overall GHG emissions for nutrient recovery practices,
such as land application and composting, and therefore favour nutrient recovery
practices.
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Another inclusion/exclusion component that could sway the GHG results is the
amount of N2O emissions. N2O emissions from biosolids management practices
are not well-understood as opposed to knowledge concerning CH4 emissions
(Bhunia et al. 2010), which results in a lot of uncertainty. Brown et al. (2010)
developed a GHG emissions model for biosolids management practices and
concluded that N2O emissions are their model’s greatest uncertainty. While it is
expected that N2O emissions are typically low in most biosolids processing
operations, its relatively high GWP value can greatly affect the overall GHG
emissions. For example, Houillon and Jolliet (2005) and Hong et al. (2009)
performed a similar GHG emission analysis for several biosolids management
practices,

but

their

incineration

emissions

differ

greatly

due to

the

inclusion/exclusion of N2O emissions; Houillon and Jolliet (2005) determined an
emission of 132 kg CO2e/tonne dry biosolids, while Hong et al. (2009)
determined 669 kg CO2e/tonne dry biosolids. This results in a difference of 537
kg CO2e/tonne dry biosolids, where Houillon and Jolliet (2005) excluded N2O
emissions and Hong et al. (2009) included N2O emissions. Table 3.3 illustrates the
GHG studies investigated includes or excludes N2O emissions in their analysis.
Therefore, including (or excluding) N2O emissions is another component that
may affect GHG emissions for some biosolids management practices.
The difference in scope of study is one factor that contributes to the difference in
GHG emissions for different biosolids management practices. The scope of study
is affected by the data gathered and used, the boundary condition, and the
inclusion and exclusion of specific sources and sinks (e.g. offsets from
commercial fertilizers and N2O emission from unit operations). These differences
could result in some biosolids management practices having higher or lower
GHG emissions, which results in a different order of emissions.

3.2.2

Methodology Differences

Another reason for the discrepancy between the GHG studies in Table 3.2 is
methodology differences. Methodology differences are the variations in how
each study determined its GHG emissions, which are related to the calculation
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approach and the assumptions involved. Some methodology differences are the
mass basis of the study (e.g. amount of biosolids being investigated) and the
characteristics of the biosolids (e.g. physical and chemical properties).
Firstly, each emission study has a different mass (or volume) basis (see Table 3.4).
The basis selected depends heavily on what was being studied. For example, the
majority of the studies in Table 3.2 had a basis based on actual outputs from a
WWTP or inputs for a biosolids processing facility. These plants and facilities can
be as small as 2 tonnes of sewage sludge (Tarantini et al. 2007) and as large as
29.2 million dry tonnes (Peters and Rowley 2009). A different mass basis could
change the order of emissions, as demonstrated by Soda et al. (2010). With
different loading rates (a volume basis) of 2.0 x103 m3/day and 1.2 x104 m3/day
of biosolids, Soda et al. (2010) estimated that the higher loading rate has less
GHG emissions in the incineration conditions than landfill disposal, but the
reverse occurred for the lower loading rate (i.e. the incineration conditions was
more than landfill disposal). Therefore, different mass basis can change the order
of emissions in biosolids management practices.
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Table 3.4 – Summary of Basis Used for GHG Studies Investigated
Study
Beecher 2008

Mass

Volume

% solids

(tonnes)

(megalitre/day, mld)

(%)

24

dry

--

19.4%

7,300

dry

--

nr

Davis et al. 2002

1

dry

--

nr

Dennison et al. 1998

940,000 wet

--

nr

Hospido et al. 2005

2,000,000 wet

--

3.5%

Bridle and Skyrpski-Mantele 2000

Lundin et al. 2004

16,000

dry

--

nr

Peters and Rowley 2009

29,200,000

dry

--

nr

Suh and Rousseaux 2002

1

dry

--

nr

Tarantini et al. 2007

2

dry

--

5%

Beecher et al. 2010

--

49

nr

Hong et al. 2009

--

100,000

1%

Houillon and Jolliet 2005

--

90

0.3%

Meneses et al. 2010

--

28

nr

Nakakubo et al. 2012

--

28

nr

Pasqualino et al. 2009

--

28

nr

Brown et al. 2010

varies

Brown and Leonard 2004a

not reported

Brown and Leonard 2004b

not reported

Gould et al. 2008

not reported

Murray et al. 2008

not reported

Sablayrolles et al. 2010

for 800,000 inhabitants

Sonesson et al. 2000

mixed with other feedstocks

Legend:
nr = not reported

Another methodology difference is the difference in biosolids characteristics. The
biosolids characteristics vary from study to study due to the difference in
processing operations. Some studies focus only on the biosolids processing
facility (and therefore exclude pre-treatment emissions from the WWTP) as it is a
27

separate entity from the WWTP, while others included the WWTP. Excluding
emissions from WWTPs is acceptable within a study as these emissions are
expected to occur for all reuse options being analyzed, however, it is not an
‘apples-to-apples comparison’ amongst other studies. The stabilizing process
used in WWTP (e.g. aerobic digestion and anaerobic digestion) can directly affect
GHG emissions for each biosolids reuse option (from a holistic perspective) and
subsequently change the order of emissions.
For example, Beavis and Lundie (2003) determined an overall emission of 129
and 282 kg CO2e/unit for land application when the biosolids were digested
anaerobically and aerobically, respectively. The lower emission from the
anaerobic digestion scenario was expected because methane gas can be collected
and converted into energy, which would reduce upstream electricity production
emissions (Cakir and Stenstrom 2005). However, Cakir and Stenstrom (2005)
determined that aerobic digestion could have fewer emissions than anaerobic
digestion when the sludge has < 300 mg BODu, and this value could be higher
depending on the oxidation efficiency and energy consumption of the system.
Hong et al. (2009) estimated GHG emissions (via LCA) and found that digested
sludge had higher GHG emissions than non-digested sludge for various reuse
and disposal methods. However, Hwang and Hanaki (2000) determined the
opposite for fluidized bed incinerations, where the CO2 emissions were 82.8 and
113.0 kg/dry tonne of sludge without and with anaerobic digestion, respectively.
Therefore, the dissimilar GHG emission study can be attributed to the different
biosolids characteristics resulting from pre-treatment processes.

3.2.3

Location and Time Differences

The last potential reason as to why the studies in Table 3.2 vary in results is
related to the differences in location and time. Many parameters are directly
related to the site being investigated (location) and when the study was
conducted (time). These parameters may result in a higher or lower GHG
emission value for some biosolids management practices, while not affecting the
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other practices. The increasing or decreasing for some practices can result in a
different order of emissions from each study.
Firstly, a location-specific (or site-specific) parameter that could affect the GHG
emissions is energy production. Table 3.5 summarizes the location of each GHG
study investigated in Table 3.2. Each biosolids management practice requires
energy to operate, such as electricity for dewatering (centrifuge) and fossil fuel
for transportation (trucks). The energy used results in GHG emissions from
upstream facilities that produce the needed energy. An energy GHG emission
coefficient is commonly calculated to estimate the expected GHG emission from
the use of energy on a per unit basis; the coefficient is determined based on the
region’s resources (e.g. technology) that are used to produce such energy. For
example, an electricity emission coefficient can range from high emissions from
coal-fired facilities to low emissions from hydroelectric facilities (Gould et al.
2008), while a fossil fuel production emission coefficient can range from high
emissions from diesel fuel to low emissions from biofuels (Hussian et al. 2001).
Both coefficients are based on a weighted-average, typically on a national scale
(Soimakallio et al. 2011). In Canada, each province also has a different electricity
coefficient, ranging from 10 g CO2e/kWh in Manitoba to 926 g CO2e/kWh in
Alberta (Brown et al. 2010). Thus, regions that have a high electricity coefficient
are more likely to favour energy recovery biosolids reuse options.
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Table 3.5 – Summary of Location and GWP value for GHG Studies
Investigated
Study

Location

GWP for
CO2, CH4, N2O

Beecher 2008

Town of Merrimack, USA

1, 23, 296

Beecher et al. 2010

New England, USA

1, 21, 310

Bridle and Skyrpski-Mantele 2000

Australia

nr

Brown et al. 2010

Various in Canada

1, 21, 310

Brown and Leonard 2004a

King County, Washington

1, 23, 296

Brown and Leonard 2004b

King County, Washington

1, 23, 296

Davis et al. 2002

UK

nr

Dennison et al. 1998

Various in UK

nr

Gould et al. 2008

US

1, 23, 296

Hong et al. 2009

Japan

nr

Hospido et al. 2005

Galicia, Spain

1, 23, 296

Houillon and Jolliet 2005

France and Switzerland

nr

Lundin et al. 2004

Göteborg, Sweden

nr

Meneses et al. 2010

Catalonia, Spain

nr

Murray et al. 2008

Chengdu, China

nr

Nakakubo et al. 2012

Japan

nr

Pasqualino et al. 2009

Catalonia, Spain

nr

Peters and Rowley 2009

Australia

nr

Sablayrolles et al. 2010

France

nr

Sonesson et al. 2000

Uppsala, Sweden

nr

Suh and Rousseaux 2002

France

nr

Tarantini et al. 2007

Bologna, Italy

nr

Legend:
nr = not reported

However, each type of fossil fuel has a different emission coefficient depending
on how it is manufactured and the transportation distance. Hussian et al. (2001)
determined through a life cycle assessment that producing conventional fuel
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(such as gasoline) generates an order of magnitude higher GHG emissions than
biofuels (such as corn-based ethanol). The type of fossil fuel used in operation
may be guided by local regulations. Thus, GHG emissions are expected to be
higher for those processes that are more fossil fuel-intensive (e.g. land
application from transportation). Beyond the type of fossil fuel used, the
transportation distance between the processing plant and the site (for landapplied practices) can affect the amount that is required (e.g. the further the
distance, the more fossil fuel used) and subsequently the overall GHG emission.
The distance depends on multiple factors, such as land use, availability of land,
and quality of sludge (Lundin et. al. 2004), which are location-based factors.
Peters and Rowley (2009) determined that emissions from transportation can
range from 25-75% of the total GHG. Therefore, location could play a factor in
the difference in GHG emission studies.
Lastly, the time at which the study was conducted can also affect GHG
emissions, which results in varying outcomes. The time can be attributed to
seasonal variations and the year of the study. Different seasons (or climatic
conditions) can affect GHG emissions for biosolids management practices as
determined by Hospida et al. (2004). Hospida et al. (2004) determined a 2%
difference in GHG emissions for land application between humid (October to
April) and dry (May to September) seasons. While the time (e.g. season or
climate condition) is not presented in Table 3.2, it can be assumed that some of
the studies have different climate conditions due to varying locations, and
therefore result in different GHG studies. Another time parameter is the year the
study was conducted. The year of the study can also affect the outcome relating
to the knowledge from the scientific community. For example, some of the
studies in Table 3.2 used different published GWP values from IPCC (e.g. 21 and
25 GWP for methane in 1995 and 2007, respectively; Gentil et al. 2009) because
the study may not have nor follow local regulatory protocols.
In summary, there are a variety of LCA studies that investigated GHG emissions
for different biosolids management practices as summarized in Table 3.2. There
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is a discrepancy as to which biosolids management practice results in the least
amount of GHG emissions and the ranking between different reuse options. The
discrepancy between studies as presented in Table 3.2 can be related to
differences in: 1) scope, 2) methodology, and 3) location and time. A difference in
scope may result in the inclusion or exclusion of certain sources or sinks, which
may increase or decrease the estimated GHG emissions for a reuse practice.
Differences in methodology do not provide an “apples-to-apples” comparison
between studies resulting in different outcomes (i.e. one practice may be more
favourable than other). Lastly, spatial and temporal differences can affect the
compositional (or characteristics of the biosolids) resulting in some practices to
be more favoured (fewer emissions) than others. Therefore, there is no universal
answer as to which biosolids management practice would produce the least
amount of GHG emissions because each site has different site-specific values and
conditions. Hence, each study (or site) is unique and the ‘science’ of quantifying
GHG emissions should be standardized.

3.3

Emission Models for Biosolids Management

While there are numerous studies that determined GHG emissions for various
biosolids management practices through LCAs, some organizations and
individuals have developed models to assist stakeholders and municipalities to
estimate GHG emissions for different biosolids management practices. Four
models were found to quantify GHG emissions in biosolids management: 1)
Biosolids Emissions Assessment Model (BEAM), 2) ORganic WAste REsearch
(ORWARE), 3) Gould et al., and 4) GESTABoues, and a fifth model, EASEWASTE,
is expected to be developed in the near future.

3.3.1

Description of Biosolids Management Emission Models

The BEAM, developed by SYLVIS, determines GHG emissions for biosolids
management practices only in Canada, has been adopted by The Canadian
Council of Ministers of the Environment (Brown et al. 2010). The BEAM included
all upstream and downstream emissions (i.e. pre-treatment and post-treatment),
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and was based on various research studies from literature on the subject and
based on nine Canadian municipal programs (Sylvis 2009).
The ORWARE model was jointly developed by The Royal Institute of
Technology, Swedish Environmental Research Institute, Swedish Institute of
Agricultural and Environmental Engineering, and Swedish University for
Agricultural Sciences (Eriksson et al. 2002). ORWARE focused on GHG
emissions and other environmental impacts (e.g. acidification, ozone depletion,
and eutrophication) from municipal solid waste systems in Sweden (Assefa et al.
2005). A ‘sub-model’ within the ORWARE model was developed to include
sewage sludge (biosolids) with urine separation (Dalemo 1996). The model was
based on previous research studies conducted internally and based on a sewage
plant in Uppsala, Sweden (Dalemo 1996).
Gould et al. (2008) developed their own model for GHG emissions in biosolids
management in the United States. The model was based off various established
literature studies, Clean Development Mechanisms, and other GHG quantifying
tools (Gould et al. 2008).
The GESTABoues model, developed by Pradel and Reverdy, is a French GHG tool
for biosolids management (Pradel and Reverdy 2012). The model was based on
the “Bilan Cabone®” method, “a general method used to quantify GHG
generated from all physical processes which are necessary for any activity or
human organization” (Pradel and Reverdy 2012).
Lastly, a fifth known model related to biosolids emissions is expected to be
created in the near future as an extension of a model in municipal solid waste,
EASEWASTE (Residual Resources Research 2013). Developed at the Technical
University of Denmark, the EASEWASTE model predicts GHG emissions and
other environmental impacts for municipal solid waste (Residual Resources
Research 2013).
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3.3.2

Comparison of GHG Models in Biosolids Management

A general comparison of the four GHG models relating to biosolids management
practices is summarized in Table 3.6. Overall, there were some slight differences
between each model (e.g. location and GWP values). A further comparison of the
emissions (sources and sinks) of each model was also compared and examined as
summarized in Table 3.7, where ‘Y’ (yes) and ‘N’ (no) represented the inclusion
and exclusion, respectively, for that specified criteria. For example, the BEAM
and GESTABoues model included the incineration (combustion) end-use option,
but the Gould et al. model excluded this option. Due to the limited availability of
information, ORWARE was not investigated in the further comparison (Table
3.7).
Table 3.6 – General Comparison of GHG Emission Models in Biosolids
Management
G

ESTABoues

Criteria

BEAM

ORWARE

Gould et al.

Country of Origin

Canada

Sweden

United States

France

Availability for
Review

Full model
(version 1.3)

Very limited

Limited

Limited

Greenhouse Gas

CO2, CH4, N2O

GWP Value
(CO2, CH4, N2O)

1, 21, 310

unknown

1, 23, 296

1, 25, 298

Biogenic Emissions

excluded

unknown

excluded

excluded

Functional Unit

dry tonnes of
biosolids

unknown

dry tonnes of
biosolids

per-capita
equivalent

CO2, CH4, N2O CO2, CH4, N2O

References
BEAM: Brown et al. 2010a; Brown et al. 2010b; Sylvis 2009
ORWARE: Dalemo 1996; Eriksson et al. 2002; Assefa et al. 2005
Gould et al.: Gould et al. 2008
G
ESTABoues: Pradel and Reverdy 2012; Reverdy and Pradel 2012
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CO2, CH4, N2O

Table 3.7 – In-depth Comparison of GHG Emissions Models in Biosolids
Management
Criteria

G

ESTABoues

BEAM

Gould et al.

Thickening (e.g. gravity)

Y

Y

Y

Digestion (e.g. aerobic, anaerobic)

Y

Y

Y

Dewatering (e.g. drying)

Y

Y

Y

Stabilization (e.g. lime)

Y

Y

Y

Composting

Y

Y

Y

Incineration

Y

N

Y

Lagoon storage

Y

N

Y

Land application

Y

Y

Y

Landfill disposal

Y

Y

Y

Carbon sequestration (land application)

Y

Y

Y

Carbon sequestration (landfill disposal)

Y

Y

Y

Commercial fertilizer

Y

Y

Y

Woodchips

N

Y

N

N

N

Y

Sludge Treatment

Reuse and Disposal Options

Offsets and Avoided Emissions

Other Emissions
Infrastructure

References
BEAM: Brown et al. 2010a; Brown et al. 2010b; Sylvis 2009
Gould et al.: Gould et al. 2008
G
ESTABoues: Pradel and Reverdy 2012; Reverdy and Pradel 2012
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CHAPTER 4

Materials and Methods

This chapter discusses the current biosolids reuse practices implemented in the
selected case study, potential reuse practices to be investigated, and the
calculation methodology used to determine GHG emissions.

4.1

Case Study – EWMC facility in Edmonton, Alberta

The case study selected was the Clover Bar facility, a biosolids processing facility,
in Edmonton, Alberta at the Edmonton Waste Management Centre (EWMC). The
EWMC accepted biosolids from two main sources, the Gold Bar Wastewater
Treatment Plant and the Alberta Capital Region Wastewater Commission
(ACRWC), where both WWTPs digest their sludge in anaerobic conditions
producing biosolids (Stantec 2011). Biosolids from the Gold Bar WWTP were
pumped via a pipeline to the EWMC facility, while biosolids from the ACRWC
were transported via trucks, which was approximately 25 km away (ACRWC
employee, personal communication, May 24, 2011). A third source, Enhanced
Primary Treatment from Epcor’s Sewage Overflow System, is expected to be
added in the near future, where it will be combined with the Gold Bar WWTP
(Stantec 2011).
At the EWMC facility, all biosolids entering the facility were sent to the Clover
Bar Biosolids Storage Lagoons (here within referred to as ‘the lagoon system’) for
thickening purposes. Some of the biosolids were further treated, processed, and
reused as beneficial end-use products (e.g. compost), while the others remain in
the lagoon system. The lagoon system consists of five lagoons, each lagoon varies
in depth (ranging from four to seven metres from the top of the berms) and
volume (ranging from 120 to 1,276 x 103 m3) (Stantec 2011). As of 2011, the
EWMC implemented two biosolids reuse programs, land application and
composting. Both of these programs were expected to continue to operate in the
future (CoE employee, personal communication, July 14, 2011).
The land application program (known as NutriGold™) was a program where
biosolids were directly applied to agricultural lands to improve soil conditions
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promoting plant growth (Stantec 2011). The process consisted of three key
operations: 1) thickening from shallow lagoons (lagoons with a depth < 2 m), 2)
transporting off site to the land applied location via a truck, and 3) land applying
biosolids onto lands. The composting program involved processing biosolids
into a stable, nutrient-rich product (compost) that were sold to the markets for
land distributing to improve soil conditions. The process in the composting
program involved dewatering biosolids (by a centrifuge) from deep lagoons
(lagoons with a depth > 2 m), then further stabilized under composting
(enhanced aerobic) conditions. Approximately one third of the biosolids were
composted with wood chips in covered aerated static piles (CASP), and the other
two thirds were co-processed with municipal solid waste in the Edmonton
Composting Facility (ECF), an in-vessel, aerated basin technology (CoE
employee, personal communication, July 14, 2011). Figure 4.1 illustrates a process
flow diagram of the EWMC.

Figure 4.1 – Process Flow Diagram of the EWMC
Based on historic data, the amount of biosolids processed and reused for both
programs varies yearly due to market demands (Stantec 2011). A design basis of
30,000 dry tonnes (DT) of biosolids per year was assumed to be sent to the
EWMC facility for processing. Stantec (2011) predicted that 6,000 DT and 15,000
DT of biosolids would be used in the land application and the composting
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programs, respectively. The remaining biosolids (9,000 DT) were expected to be
stored in the lagoon system, specifically in a deep lagoon. Figure 4.1 summarizes
the biosolids management process at the EWMC with quantities in the design
basis.

4.2

Biosolids Reuse and Disposal Options Considered

Seven biosolids treatment or disposal options were selected for comparison. A
summary of these options and its assumptions are presented in Table 4.1. Refer
to Appendix A for process flow diagrams of each option.
Table 4.1 – Description of and Assumptions about Biosolids Reuse Option

A LTE R NA T I V E 1: L A G O O N S T O RA GE (LS)
Process ¾ Biosolids are contained indefinitely in a deep lagoon (>2m depth),
Description:
where the biosolids will naturally degrade over time.
Assumptions: ¾ Transportation emissions to the lagoon are negligible (the lagoon is
assumed to be in close proximity to the WWTP).

A LTE R NA T I V E 2: A G RI C U LTU R A L L A N D A P P L I C A T I ON (ALA)
Process ¾ Thickened biosolids are hauled and transported from a lagoon and
Description:
then distributed on lands to improve soil conditions for crop
production.
Assumptions: ¾ None

A LTE R NA T I V E 3: C OM P O ST IN G (C)
Process ¾ Thickened biosolids are further stabilized through enhanced aerobic
Description:
conditions (via two composting facilities) then distributed on lands.
Assumptions: ¾ The first compost facility uses covered aerated static pile technology
(CASP). The second is the Edmonton Composting Facility (ECF) – an
in-vessel, aerated basin technology.
¾ Approximately one-third of the biosolids is assumed to be processed
in CASP and two-thirds in ECF.

A LTE R NA T I V E 4: B I O S O L I D S C A KE S T O RA GE (BCS)
Process ¾ Thickened biosolids are dewatered then stored for 60 days before
Description:
land applied.
Assumptions: ¾ Emissions are similar to land application emissions with minor
adjustments.
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Table 4.1 continued – Description of and Assumptions about Biosolids Reuse
Option

A LTE R NA T I V E 5: T H E R M A L E N E R GY (TE)
Process ¾ Dewatered and dried biosolids (at 90% solids) are combusted for
Description:
energy recovery (e.g. coal-fired plants for power generation).
Assumptions: ¾ No significant emission difference between cement kiln and coalfired plant (i.e. cement kiln is assumed to have the same emission as
coal-fired plant).
¾ Energy recovery is not for electricity-use.
¾ Emission reductions from cement substitution were excluded.

A LTE R NA T I V E 6: L A N D FI L L D IS P O SA L (LD)
Process ¾ Biosolids are buried in lands where degradation occurs (via
Description:
anaerobic conditions, lack of oxygen).
Assumptions: ¾ None

A LTE R NA T I V E 7: N ON -A G RI C U L TU RA L L A N D A P P LI C A T I ON (NALA)
Process ¾ Thickened and dewatered biosolids (at 25% solids) are distributed
Description:
on lands to improve soil conditions for non-agricultural purposes
(e.g. land reclamation).
Assumptions: ¾ None

4.3

Calculation Procedure (ISO 14064-2)

For this report, the project guidance document ISO 14064-2 was followed with
appropriate modifications to quantify GHG emissions, as the biosolids
management options considered were all changes to the current practice. Five
steps were used to determine GHG emissions as described in ISO 14064-2 (ISO
2006b) and a sixth step was added to determine the total emissions as
summarized in Table 4.2.
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Table 4.2 – Steps Used to Determine GHG Emissions
Step
1. Identify sources and sinks
2. Select quantification
methodology
3. Collect activity data
4. Select/develop emission
(or removal) factor
5. Calculate each source and
sink emission (or removal)
6. Determine total GHG
emissions

4.3.1

Description
¾ Determine which unit operations emit (or store)
GHG for the entire life of the project; the
determination involves a life cycle assessment (LCA)
¾ Method selection based on available guidelines,
models, and correlations
¾ Gathering of site-specific data, such as on-site
measurements (e.g. mass balances and operating
conditions for each unit operation)
¾ Conducting of a literature search to determine
suitable factors based on availability of data
¾ Determine emission from each source and sink from
the all information collected (Steps 2-4)
¾ Tabulate all sources and sinks emissions (or removal)
as determined in Step 5

Step 1: Identifying Sources and Sinks

The first step in the process of calculating GHG emissions was to determine all
sources and sinks (SS). A source is a unit operation (or process) that releases
GHGs into the atmosphere, while a sink removes GHGs from the atmosphere
(Alberta Environment 2011).
For this report, a life cycle assessment (LCA), applicable to all considered
biosolids management options, was conducted (refer to Appendix B for complete
and reduced version of the LCA). A reduced version depicts the significant SS
within the LCA. The boundary condition for the investigation of biosolids
management began with the biosolids processing facility (e.g. EWMC) and
ended with the beneficial end-use (reuse) or disposal option. The SS associated
with the generation and upstream treatment of biosolids (e.g. anaerobic digestion
in the context of the case study) was not included, as these SS were part of
WWTPs and would not affect the biosolids management option chosen. For the
purposes of this analysis, the sources and sinks were categorized in three general
phases of the biosolids management scheme: A) storage and processing; B)
transportation; and C) beneficial end-use/disposal, as shown in Figure 4.2.
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A. Storage and
Processing

WWTP

B. Transportation

C. Beneficial enduse / Disposal

Figure 4.2 – General Process in a Typical Biosolids Management Strategy

4.3.2

Step 2: Select Quantification Methodology

The next step in determining GHG emissions involved selecting an
approach/methodology. There were various models and tools available to
predict GHG emissions in the context of biosolids management (as discussed in
3.3). The Biosolids Emissions Assessment Model (BEAM) was selected, as it was
a tool that estimates GHG emissions for various biosolids management options
in a Canadian context (Brown et al. 2010). The BEAM version 1.3 was used as a
basis for quantifying GHG emissions, as it based on published data (e.g. from
scientific journals) and information from nine existing Canadian biosolids
processing facilities and programs (Sylvis 2009). Details of the quantification
methodology used in the BEAM are available in Sylvis (2009) and summarized in
Brown et al. (2010).

4.3.3

Steps 3 and 4: Collect Activity Data and Select/Develop Emission
Factor

After selecting an appropriate methodology, information on the process was
collected (e.g. inputs, outputs, and operating conditions). Based on the
availability of data, emission (or removal) factors were selected or developed. For
example, if GHG emissions were continuously measured from a unit operation
(e.g. a smoke stack) then an emission factor was not required. However, if
periodic emission measurements were taken then a factor would be a statistical
estimation. If the incoming mass (e.g. the amount of biosolids processed) was the
only measurement then an emission factor would encompass the entire
operation. The more specific the data (or measurement) was, the higher the
accuracy.
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For this project, data was collected from three sources: 1) technical reports
related to case study facility such as Stantec (2011); 2) analytical reports
providing biosolids properties; and 3) personal communications with CoE and
ACRWC personnel for site specific information (e.g. operating conditions). The
data collected provided site-specific emissions, which increased the overall
accuracy and assurance. Based on the information gathered, suitable emission
factors were chosen from literature. When site-specific data was unavailable,
provincial or national data were selected. For example, upstream emission
factors (such as energy production) were Alberta-specific (provincial). Since
some biosolids reuse alternatives were not currently implemented (e.g. thermal
energy), some default values from the BEAM were adopted. Refer to Appendix C
for the data obtained or default values used.

4.3.4

Step 5: Calculate Each Source and Sink Emission/Removal

Each SS emission or removal was calculated by applying the appropriate
equation from the BEAM, using the data collected, and modifying any necessary
equation and/or data. Refer to Appendix C for the development of emission
factors for each SS. Some emissions and removals were excluded from the
calculations for simplicity and/or the sake of adopting a conservative approach
as followed:
¾ Emissions from temporary lagoons (e.g. lagoons that were not for end-use
purposes, but for thickening) as the hydraulic retention time is low
¾ Removal from plant growth (via carbon sequestration)
¾ Offsets from substituting commercial fertilizer
¾ Offsets from replacing calcium carbonate (in land application and
composting)

4.3.5

Step 6: Determine Total GHG Emissions

Lastly, the total emissions were determined for each biosolids reuse option. The
total was calculated by summing each applicable SS emission (or removal) from
Step 5. For example, the thermal energy option involves dewatering biosolids
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(via centrifuge) then thermal drying before the biosolids are transported to a
facility for combustion.
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CHAPTER 5

GHG Emission Analysis and Discussion

This chapter presents a GHG emission analysis for a case study (the Clover Bar
site at the Edmonton Waste Management Centre, EWMC) by using the BEAM as
a basis and including any necessary modifications needed. The analysis
estimated the EWMC’s potential to produce offset credits under the Alberta
Offset System from changes in its biosolids management practices. Following
this analysis is an assessment of the BEAM where the limitations and gaps were
discussed.

5.1

GHG Analysis of EWMC

A GHG analysis was conducted for the case study, which involved: 1)
determining the GHG emissions for current practices; 2) estimating GHG
emissions for potential changes in biosolids management (as discussed in Section
4.2); and 3) determining the offset credit potential under the Alberta Offset
System.

5.1.1

GHG Emissions of Current Practices

A design basis was selected, where the EWMC facility was expected to annually
process 6,000 and 15,000 DT of biosolids in their land application and
composting programs, respectively, and store 9,000 DT in a lagoon system. For
each biosolids management practice, the sources and sinks were identified and
the GHG emissions were calculated as summarized in Table 5.1 (see Appendix C
for development of emission factor for each source and sink). The composting
source included emissions from applying compost on land. The annual emissions
for the land application program, composting program, and lagoon storage were
determined to be 780, 6,450, and 2,430 tonnes CO2e, respectively, which resulted
in an annual total emission of 9,660 tonnes CO2e. Emissions from lagoons in the
land application and composting processes were assumed to be negligible (i.e.
minimal and insignificant) because the hydraulic retention time was low.
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Table 5.1 – Summary of Estimated Emissions from Current Practice
Practice

Sources and Sinks

TransportationAGRI
Land
Land ApplicationAGRI
Application
SUB TOTAL

Biosolids Mass

Factor

GHG Emissions

(dry tonnes, DT)

(tonnes CO2e/DT)

(tonnes CO2e)

0.09

540

0.04

240

6,000

0.13

Centrifuge
Composting

TransportationCOMP

15,000

Composting

0.18

2,700

0.01

150

0.24

3,600

SUB TOTAL
Shallow Lagoon
Lagoon
Storage

Deep Lagoon

780

0.43

6,450

0

0.08

0

9,000

0.27

2,430

SUB TOTAL
TOTAL

30,000

0.28

2,430

0.32

9,660

Of the three current practices at the EWMC facility, composting was determined
to be the highest contributor of GHG emissions because large amounts of energy
were needed to dewater and further process biosolids (e.g. aeration). Land
application was found to have significantly lower total GHG emissions than the
two other practices because less material (at least 3,000 DT) were being processed
via this route than via composting and lagoon storage. On a per-mass basis,
emissions from land application were found to be lower than from either
composting or lagoon storage; 3.3x and 2.2x smaller, respectively.
The emissions from lagoon storage were estimated to be lower than the
emissions from the composting program. Based on the BEAM, the amount of
oxygen required for microorganisms to degrade the organic matter in five days
(known as BOD5) is required to determine emissions from lagoon storage.
However, for the lagoons in this facility, there was no known information on
BOD5 (i.e. the EWMC did not measure BOD5). The only available information
related to BOD5 is total organic carbon (TOC), where a conversion of 1.0
BOD5/TOC was selected for simplicity. The conversion between BOD5 and TOC
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can range from 0.5 to 2.0 (Metcalf and Eddy 2003); thus emissions from lagoon
storage could be as low as and as high as half to two times the estimated value,
respectively. If the conversion was 2.0 then emissions from lagoon storage (on a
per mass basis) would be greater than those from the composting program.
Therefore, to reduce the uncertainty additional methods are needed to obtain a
more specific BOD5 value.

5.1.2

GHG Emissions of Potential Options

Seven potential biosolids management options were investigated: 1) lagoon
storage; 2) land application; 3) composting; 4) biosolids cake storage; 5) thermal
energy; 6) landfill disposal; and 7) non-agricultural land application (as
described in Section 4.2). Table 5.2 summarizes the estimated total emissions and
emissions from each SS, while Figure 5.1 graphically illustrates the estimated
GHG emissions for each reuse option analyzed (ranked from lowest to highest
emissions). Emissions were calculated on a mass basis of 1,000 dry tonnes (DT) of
biosolids.
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Table 5.2 – Summary of GHG Emissions for Biosolids Management Options
(Basis: 1,000 DT of biosolids)
Option
Lagoon Storage
(LS)
Agricultural Land
Application
(ALA)

Composting
(C)

Sources and Sinks
Deep Lagoon

Factor

GHG Emissions

(tonnes CO2e/DT)

(tonnes CO2e)

0.27

270

TOTAL

0.27

TransportationAGRI

0.09

90

Land ApplicationAGRI

0.04

40

TOTAL

0.13
0.18

180

TransportationCOMP

0.01

10

Composting

0.24

240
0.43

0.18

180

TransportationDEWATERED

0.03

30

Land ApplicationBCS

0.10

100
0.31

0.18

180

TransportationDEWATERED

0.03

30

Thermal Drying

0.82

820

Combustion

0.35

350
1.38

1,380

Centrifuge

0.18

180

TransportationDEWATERED

0.03

30

Landfill Disposal

2.33

2,330

TOTAL
Non-Agricultural
Land Application
(NALA)

310

Centrifuge

TOTAL

Landfill Disposal
(LD)

430

Centrifuge

TOTAL

Thermal Energy
(TE)

130

Centrifuge

TOTAL
Biosolids Cake
Storage
(BCS)

270

2.54

2,540

Centrifuge

0.18

180

TransportationDEWATERED

0.03

30

Land ApplicationNON-AGRI

0.03

30

TOTAL
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0.24

240

GHG Emissions
(tonnes CO2e/ 1 000 DT biosolids)

3,000

Legend

2,500

ALA = agricultural land application
NALA = non-agricultural land application
LS = lagoon storage
BCS = biosolids cake storage
C = composting
TE = thermal energy
LD = landfill disposal

2,000

1,500

1,000

500

0

ALA

NALA

LS

BCS

C

TE

LD

Figure 5.1 – GHG Emissions for Biosolids Management Options Investigated;
ranked from lowest to highest (Basis: 1,000 DT of biosolids)

Based on the GHG results, nutrient recovery practices (e.g. land application)
were found to emit less GHG emissions than energy recovery practices (e.g.
thermal energy) and disposal (e.g. landfill). Relative emission rates, from least to
highest, were: agricultural land application < non-agricultural land application <
lagoon storage < biosolids cake storage < composting < thermal energy < landfill
disposal. The agricultural land application option was determined to produce the
least amount of GHG emissions (130 tonnes CO2e/1,000 DT) because dewatering,
an energy intensive process, was not required. On the other hand, the landfill
disposal option was determined to produce the largest amount of GHG
emissions (2,540 tonnes CO2e/1,000 DT) and was considerably higher than others
(by at least 1.7x). Landfill disposal was the highest due to the process
predominately producing methane gas (via anaerobic conditions) and not all of
the methane gas is expected to be captured and converted to electricity.
Therefore, changes towards nutrient recovery practices (e.g. land application) are
more favourable in this case study.
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5.1.3

Potential GHG Reductions and Applicability to the Alberta Offset
System

Based on practices of the case study facility (Section 5.1.1) and the estimated
GHG emissions for potential biosolids reuse alternatives (Section 5.1.2), the
potential to reduce GHG emissions for changes in biosolids practices for the case
study was determined to be low, and the potential to claim offset credits under
the Alberta Offset System was determined to be even lower. The low potentials
were related to: (1) the limited number of available options in reducing GHG
emissions; and (2) the GHG reductions may not be eligible as offset credits.
Firstly, the low potential in claiming offset credits was related to the limited
number of available practices for the EWMC that could reduce GHG emissions.
At the EWMC, three main programs occur: (i) land application, (ii) composting,
and (iii) lagoon storage. Therefore, for the EWMC to reduce its emissions, one of
the three practices needs to be changed to a practice that has lower GHG
emissions. However, within the three practices, the land application and
composting programs were less likely to be replaced as both programs were
well-established. Therefore, lagoon storage was the only practice that would
likely change. Figure 5.2 illustrates the amount of GHG reductions that may
occur when lagoon storage was replaced by any of the other six biosolids reuse
alternatives (as described in Section 4.2). A basis of 9,000 DT of biosolids was
used as this mass was expected to be stored in the lagoon system each year (as
per the design basis in Section 5.1.1). Negative GHG reductions denote no
reductions would result but rather additional GHG emissions would occur. As
shown in Figure 5.2, both land applications (agricultural and non-agricultural)
were determined to be the only biosolids reuse alternative to have GHG
reductions when the lagoon storage practice changed, where both GHG
reductions were relatively low (0.14 and 0.03 tonnes CO2e/DT for agricultural
and non-agricultural land application, respectively).
However, there is a relatively high degree of uncertainty associated with
emissions from lagoon storage. Emissions from lagoon storage could be as small
as half and as large as double the estimated due of the limited information on
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biochemical oxygen demand at 5-days (BOD5). BOD5 was not measured at the
EWMC, and the only measured parameter closely related to BOD5 was total
organic carbon (TOC). According to Metcalf and Eddy (2003), the conversion
between BOD5 and TOC can range from 0.5 to 2.0 (i.e. the ratio of BOD5 to TOC
ranged from 0.5 to 2.0). Table 5.3 summarizes the minimum and maximum
amount of offset credits that could be generated; when the baseline emissions
(emissions from lagoon storage) are at its highest and lowest estimated values. If
emissions from lagoon storage were higher (subsequently a higher baseline
emission), then more offset credits could be produced and additional long-term
alternatives (such as composting) may produce offset credits. Conversely, if
emissions from lagoon storage were lower (subsequently a lower baseline
emission), then less offset credits may be produced and some long-term
alternatives such as non-agricultural land application may not produce offset
credits. Therefore, further investigation in lagoon storage emissions is needed to
verify the baseline emission and subsequently to determine the amount of offset
credits that could be produced.
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Figure 5.2 – Potential Offset Credits Generated for Changes in Lagoon Storage
(Basis: 9,000 DT biosolids)

Table 5.3 – Estimated Minimum and Maximum Offset Credits Produced
(Basis: 9,000 DT biosolids)
Minimum Credits
(tonnes CO2e)

Long-term Strategy
Agricultural land application (ALA)

Maximum Credits
(tonnes CO2e)

50

3,690

-940

2,700

Biosolids cake storage (BCS)

-1,570

2,070

Composting (C)

-2,650

990

Thermal energy (TE)

-11,200

-7,560

Landfill disposal (LD)

-21,640

-18,000

Non-agricultural land application (NALA)

Note: negative values denote no credits (but an increased emission would result)
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Another reason for the low potential was that the GHG reductions may not
qualify under the Alberta Offset System criteria. One such criterion under the
Alberta Offset System is that GHG reductions must be ‘additional’. According to
Alberta Environment (2011), who facilitates the Alberta Offset System,
“Additional means greenhouse gas emissions reduction/removals must be
incremental to regulatory requirements and business as usual/sector common
practices”. In other words, offset credits are awarded to a facility that is taking
initiatives to reduce GHG emissions that are above and beyond regulations and
its industry peers. Alberta Environment (2011) has adopted a benchmark,
whereby any practice that is conducted by 40% or more of its industry sector is
considered common practice. For example, if 40% or more of the industry is
composting its organic fraction of municipal solid waste, then any GHG
reductions from composting cannot be claimed as offset credits because the
practice is not considered additional (e.g. beyond industry peers). Similarly, in
the context of biosolids management, land application practices are widely used
(and may be considered common practice within its industry), therefore,
implementing land application as a reuse option may not be eligible for offset
credits. Hence, the EWMC has a low potential in generating offset credits with its
current available technology and current situation.

5.2

Assessment of BEAM

Based on the previous analysis, the BEAM provided a means to quantify GHG
emissions for different biosolids reuse practices. The determined GHG emissions
allows decision makers, such as those from the EWMC, to understand changes in
GHG emissions when different biosolids reuse practices are (or will be)
implemented. The BEAM covered all the biosolids reuse options currently
available compared to other GHG models in biosolids management (as discussed
in Section 3.3). The BEAM was an effective tool in determining GHG emissions
for practices not currently implemented or when limited information is known.
However, the GHG emissions for each biosolids reuse practice may change
depending on multiple site-specific factors resulting in some reuse practices to be
more favoured (i.e. smaller GHG emissions) or less favoured (i.e. higher GHG
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emissions), such as the inclusion of certain sources and sinks. Therefore, further
examination of each biosolids reuse option was conducted to determine possible
limitations of the BEAM.

5.2.1

Land-applied Practices

Direct land-applied practices, such as land application (agricultural and nonagricultural) and biosolids cake storage, were found to generally have lower
GHG emissions compared to the other reuse options evaluated. Agricultural
land application, non-agricultural land application, and biosolids cake storage
were determined to be the lowest (130 tonnes CO2e/1000 DT), second lowest (240
tonnes CO2e/1000 DT), and fourth lowest (310 tonnes CO2e/1000 DT),
respectively, of the seven reuse practices investigated. However, some
components were not accounted for and therefore could change the estimated
GHG emission.
Firstly, the upstream emission factor for energy production could greatly change
the GHG emissions for land-applied practices and could make land-applied
practices less favoured. Figure 5.3 summarizes the estimated GHG emissions
from each SS for the three land-applied practices assessed. As shown in Figure
5.3, dewatering (centrifuge) had the largest impact on GHG emissions compared
to the other SS (transportation and land application). For example, emissions
from centrifuge contributed 75% and 58% of the estimated GHG emissions for
non-agricultural land application and biosolids cake storage, respectively.
Dewatered biosolids had a benefit where transportation emissions were lower
due to less volume being transported compared to non-dewatered biosolids.
However, emissions from dewatering were found to be significantly higher than
emissions from transportation. Therefore, energy intensive process (such as
dewatering) had a higher influence on GHG emissions.
Similarly, Pun et al. (2010) determined through a sensitivity analysis that solids
handling activities (such as dewatering activities) significantly contributed to
GHG emissions for 13 biosolids processing facilities in the United States. The
high contribution was related to the energy intensive process, where large
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amounts of energy were consumed (Pun et al. 2010). For example, a default
electricity usage by the BEAM for a centrifuge is 101.4 kWh/DT biosolids (Sylvis
2009). If the upstream energy production emission factor were significantly
higher (e.g. higher CO2e emission per kWh from more inefficient coal-based
facilities in Alberta) then land applied practices may result in more upstream
energy production emissions and subsequently larger GHG emissions for landapplied practices. A larger GHG emission from land-applied practices would be
a less favourable reuse practices for biosolids processing facilities. Furthermore,
Deslauriers et al. (2010) conducted a sensitivity analysis that compared emissions
for three different biosolids reuse alternatives and determined that the emission
factor had the largest influence on total emissions. Therefore, the upstream
emission factor for energy production along with energy intensive processes
could affect the amount of GHG emission, and even outweigh other GHG
reductions.

GHG Emissions
(tonnes CO2e/ 1 000 DT biosolids)

500
450

Legend

400

ALA = agricultural land application
NALA = non-agricultural land application
BCS = biosolids cake storage

350
300

Land Application
250

Transportation

200

Centrifuge

150
100
50
0

ALA

NALA

BCS

Figure 5.3 – Breakdown of SS Emissions for Land-applied Practices

In addition, there are growing concerns if land applied biosolids alternatives are
beneficial due to social concerns and environmental impacts. Such concerns and
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impacts include groundwater and soil contamination where pathogens,
contaminants (e.g. toxic compounds), and heavy metals may leech into the
groundwater and soil (Apedaile 2011; Sablayrolles et al. 2010). In Alberta, land
applied biosolids is an acceptable practice, while in some U.S. jurisdictions;
applying biosolids on lands is banned. Therefore, additional quality assurance
and quality control processes (e.g. further reduce pathogen processes) may be
implemented in future to ensure minimal concerns and impacts. These
additional processes may result in increased GHG emissions resulting in landapplied practices to be less favourable.
While direct land application practices were determined to have lower GHG
emissions than the other options investigated, solids handling processes (e.g.
dewatering processes) and changes in regulations could increase the emissions
resulting in a less favourable options (i.e. higher GHG emissions). Therefore,
further analysis and studies are needed to understand the extent of land
application practices of biosolids.

5.2.2

Composting

Composting was determined to be the third largest option with respect to GHG
emissions (430 tonnes CO2e / 1,000 DT). Composting of biosolids is a process
that requires a high level of microbial activity, where oxygen is added (or
induced). The microbial activity raises the temperature of the biosolids
deactivating pathogens within the biosolids. The biosolids are then land applied
to improve soil conditions. As expected, composting biosolids had a higher GHG
emission than land application because of the additional energy inputs (e.g.
turning of piles, curing, and screening). However, composting biosolids has
several benefits that were not accounted for in this analysis that could reduce its
overall GHG emissions. Some of these benefits were carbon sequestration,
displacement from commercial fertilizers, and biomass sequestration.
Firstly, the amount of carbon remaining in the soil (carbon sequestration) could
change the estimated GHG emissions from composting practices. A higher soil
sequestration factor (i.e. more carbon is sequestrated in the soil) yields lower
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GHG emissions resulting in composting to be more favoured. While the opposite
is true, a small soil sequestration factor yields higher GHG emissions resulting in
composting practices to be less favoured. For this analysis, the BEAM’s default
value for carbon sequestration (0.25 Mg CO2e/DT) was selected. Other studies
have used different values such as: 0.07 (Peters and Rowley 2009); 0.25 (Gould et
al. 2008); 0.30 (Beecher 2008); and 0.5 (Brown and Leonard 2004b) Mg CO2e/DT
biosolids. Different values of carbon sequestration exist because of multiple sitespecific factors, such as tilling practices, climate, soil type, agronomic crops, and
soil restoration (Beecher 2009; Brown and Leonard 2004b). Therefore, the carbon
sequestration within the soil varies and depends on site-specific conditions. The
higher the carbon sequestration value, the more favourable (less GHG emissions)
composting practices become from a GHG perspective.
Furthermore, the estimated GHG emissions for composting practices for this
analysis excluded reductions from the displacement of commercial fertilizers.
Composting biosolids produces a high quality grade of compost that improves
the physical properties of the soil and supplies additional nutrients such as
nitrogen, phosphorous, and potassium (Lu et al. 2012). This replaces the need for
commercially manufactured fertilizer. Manufacturing commercial fertilizers can
be an energy-intensive process, where the upstream energy production facility
may release large amounts of GHG emissions. These upstream emissions are
avoided when composted biosolids are used instead of using commercial
fertilizers. For example, if this analysis included GHG reductions from the
displacement of commercial fertilizers and assumed only a nitrogen-based
fertilizer was being offset, an additional GHG reduction of 150 tonnes CO2e per
1,000 DT was expected. This GHG reduction was determined by using default
values from BEAM, i.e. 4 and 2 kg CO2e/kg of N and P, respectively (Sylvis 2009)
and site-specific information. The inclusion of displacement of commercial
fertilizers resulted in the composting option emitting 280 tonnes CO2e per 1,000
DT, a decrease by 35%. This change resulted in the composting option to be
roughly the second lowest option from the third highest (fifth lowest). Therefore,
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the inclusion of displacement of commercial fertilizers would result in the
composting option to be highly favourable.
Moreover, applying composted biosolids increases the amount of carbon and
nutrients in the soil, which promotes and improves biomass production. Biomass
is a natural carbon sinks, where the increased biomass production (e.g. plants
growth) increases the amount of CO2 sequestrated resulting in an increased GHG
reduction (Brown 2004b). The amount of CO2 sequestrated from biomass could
be significant as biomass (e.g. trees) can live for a long time; this is known as
forest carbon sequestration (USEPA 2006). To determine these GHG reductions,
site-specific information (e.g. type of forest/biomass, practices associated, and
time) is required (USEPA 2006). Hence, further work and information is needed
to better quantify such reductions.
In closing, the composting reuse option was ranked as the third largest emitter
option in this analysis. But, some additional GHG reductions, such as carbon
sequestration,

displacement

from

commercial

fertilizers,

and

biomass

sequestration, were either uncertain or excluded, thereby lowering its estimated
GHG emission. Composting could potentially have a lower overall GHG
emission, but additional site-specific information and studies are needed to
verify such is indeed true.

5.2.3

Lagoon Storage

Lagoon storage was estimated to have the third lowest emissions of the seven
options investigated. Lagoon storage had an estimated emission of 270 tonnes
CO2e/1000 DT. While the estimated value was determined to be relatively low,
there were some uncertainties, discrepancies, and limitations associated with
how the estimated emission was determined that could increase or decrease the
value.
Firstly, the estimated emission from lagoon storage has some uncertainty, where
the estimated emission may be half to two times the estimated value. This
uncertainty was due to the limited site-specific information, specifically 5-day
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biochemical oxygen demand (BOD5). The BEAM requires the BOD5 value of
biosolids to estimate GHG emissions from lagoons. The EWMC has no direct
measurements of their biosolids’ BOD5 value (i.e. BOD5 is not measured or
monitored). Since total organic carbon (TOC) was measured, a conversion of 1.0
BOD5/TOC was used for simplicity. However, the conversion between BOD5
and TOC could be as low as 0.5 and as high as 2.0 (Metcalf and Eddy 2003).
Therefore, the estimated emissions from lagoon storage could range from 135 to
540 tonnes CO2e/1,000 DT, which results in the lagoon storage option to be
either the second lowest or third largest of the seven options. Thus, further
measurements of BOD5 would be needed to decrease the uncertainty of
emissions form lagoon storage.
In addition, the emission factor for a deep lagoon has some discrepancies
because each method has slightly different approaches and parameters due to
the spatial and temporal variability (El-Fadel and Massoud 2001). For example,
the BEAM used a framework developed by IPCC (2006), where emissions are
determined by multiplying the organic loading (e.g. BOD5) by an emission factor
(EF) as shown in Equation [2]. Further the emission factor is determined by
multiplying the maximum CH4 producing capacity (B0) and methane correction
factor (MCF). IPCC recommended default values of 0.6 and 0.8 for B0 and MCF,
respectively, for a deep lagoon; this resulted in an emission factor of 0.48. The
BEAM made adjustments to the IPCC’s framework (and default values) to be
more site-specific, i.e. more typical of Canadian facilities. One adjustment
involved changing the MCF to 0.67, while another was that the BOD5 removal
was 90% instead of the 100% that IPCC used (Sylvis 2009). The emission factor
for BEAM was 0.36. However, Environment Canada (2011) recommended a
value of 0.3 and 0.36 for MCF and B0, respectively, which were based on a study
by AECOM that surveyed the Canadian wastewater industry (Environment
Canada 2011). This resulted in a recommended emission factor of 0.108 from
Environment Canada. All three methods account for spatial and temporal
difference, resulting in different emission factors (Table 5.4). As shown in Table
5.4, the emission factor range from 0.108 to 0.48 resulting in a relatively high
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level of uncertainty. Therefore, emissions from lagoon storage have some
discrepancy because different models account for spatial and temporal
differences differently. Further measurements of lagoon storage emissions are
needed to provide a better quantify such emissions.
Table 5.4 – Summary of Emission Factor for Deep Lagoon
B0

MCF

EF

kg CH4/kg BOD5

unitless

kg CH4/kg BOD5

BEAM (Sylvis 2009)

0.6

=0.67*0.9

0.3618

IPCC (2006)

0.6

0.8

0.48

Environment Canada (2011)

0.36

0.3

0.108

ܦܱܤ = ܧହ ܦܱܤ = ܨܧ ݔହ ܤ( ݔ )ܨܥܯ ݔ

[2]

where,
E = emission (kg CH4 / DT of biosolids);
BOD5 = biochemical oxygen demand at 5-day (kg BOD5 / DT of biosolids);
EF = emission factor (kg CH4 / kg BOD5);
B0 = maximum CH4 producing capacity (kg CH4 / kg BOD5);
MCF = methane correction factor (unitless).

Lastly, there are inherent limitations associated with the BEAM’s approach for
lagoon storage. Several environmental factors, such as “temperature, pH,
retention

time,

degree

of

wastewater

treatment,

competition

between

methanogens and sulphate reducing bacteria, and toxicants” (El-Fadel and
Massoud 2001), could affect the amount of methane being produced in a lagoon;
one such parameter of interest is temperature. The BEAM assumed that methane
emissions are negligible when the temperature is below 15°C (i.e. a low
temperature inhibits the microbial activity). However, methane production
would be expected to occur under 15°C because microbial activity continues to
be active below this temperature (UNFCCC 2010). Therefore, adjustments to the
MCF should be made to account for temperature differences. For example, the
Clean Development Mechanisms (CDM) suggested that MCF include a
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multiplying factor that accounts for temperature (UNFCCC 2010). The suggested
factor (ft) was determined based on Arrhenius’ equation, as follows:
If T2 < 278,

݂௧ = 0

If 278 K < T2 < 302.5,

ܶ( כ ܧଶ െ ܶଵ )
݂௧ = exp ൬
൰
ܴ ܶ כଵ ܶ כଶ )

If T2 > 302.5,

݂௧ = 0.95

where,
ft = factor accounting for temperature on methane production (unitless)
E = activation energy constant (15,175 cal· mol-1)
T2 = average temperature (K)
T1 = 303.16 K
R = ideal gas constant (1.987 cal· K-1· mol-1)
Thus, it is recommended that BEAM consider including temperature similar to
CDM’s approach.
In short, lagoon storage was estimated to have the third lowest emissions of the
seven options, with an emission of 270 tonnes CO2e/1000 DT. Some
uncertainties, discrepancies, and limitations could change (e.g. increase or
decrease) the estimated value substantially. Such uncertainties, discrepancies,
and limitations include not having site-specific measurements (e.g. BOD5),
difference in accounting for spatial and temporal variability, and differences in
methodology. Further measurements and studies are recommended to account
of these uncertainties, discrepancies, and limitations.

5.2.4

Thermal Energy and Landfill Disposal

The thermal energy and landfill disposal options were determined to be the
second highest and highest contributor of GHG emissions, respectively, with
emissions of 1,380 tonnes CO2e and 2,540 tonnes CO2e per 1,000 DT, respectively.
Due to the limited amount of site-specific data (i.e. both thermal energy and
landfill disposal are not practiced at the case study), the calculated emissions
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were based on default (or typical) parameters from the BEAM. These default
parameters may not be fully representative for the case study.
For the thermal energy option, a generic combustion (waste-to-energy) process
was used because the EWMC currently does not have a thermal energy process
(i.e. no site-specific information). Therefore, this analysis assumed that all
combustion-related technologies would exhibit the same amount of GHG
emissions/reductions. However, there are a variety of thermal energy
technologies, such as pyrolysis, combustion/incineration, and cement kiln, that
have different GHG emissions from a life cycle perspective (Houillon and Jolliet
2005; Hospido et al. 2005; Lundin et al. 2004; Pasqualino et al. 2009; and
Nakakubo et al. 2012). For example, Cartmell et al. (2006) determined a net
energy gain of 0.58 to 5.0 kWh per kg dry solids for five different co-combustion
scenarios. The energy calculations included energy needed for transportation
and drying. Since transportation and drying energies were included, the
calculations were similar to that of a LCA and therefore the net energy could be
correlated to GHG emissions via a regional emissions intensity (i.e. multiplying
the net energy by a GHG emissions intensity factor such as 739 g CO2e/kWh for
the Province of Alberta; Environment Canada 2013). Therefore, the type of wasteto-energy technology may influence the overall GHG emission. Additional
studies or at least a sensitivity analysis is needed to verify that indeed the type of
technology has an impact on the GHG emissions.
Similarly, assumptions and default values from the BEAM were followed and
used for the landfill disposal due to the limited amount of data available (i.e.
limited site-specific information). Some site-specific factors, such as the waste
composition, moisture content, temperature, pH and buffer capacity, availability
of nutrients, and density and particle size (Environment Canada 2011), could
affect the potential on GHG emissions. One site-specific parameter that could
greatly affect the amount of GHG emitted is when the landfill gas recovery
system would be implemented. For example, the BEAM assumed that gas
recovery would occur after the third year. This resulted in emissions to be
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divided into two parts: i) the first three years of the landfill, where there is no gas
recovery; and ii) after three years, where a gas recovery system is implemented.
Further investigation for site-specific information is needed to verify that such
assumptions and default values are indeed valid and applicable to the case
study.
In summary, the estimated emissions for the thermal energy and landfill disposal
options were based on typical (or default) parameters supplied by the BEAM.
These default parameters and assumptions may not be fully representative, and
therefore site-specific data would be required to obtain a more accurate GHG
estimate for both options. Therefore, further verification as to whether these
default values provide a close approximation of the actual emissions for the
EWMC situation is needed.
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CHAPTER 6

Summary & Recommendations

The objective of this study was to evaluate the Biosolids Emissions Assessment
Model (BEAM), a GHG model developed for the Canadian Council of Ministers
of the Environment by: 1) comparing the BEAM against known GHG emission
models; 2) conducting a GHG analysis for a case study facility; and 3) identifying
limitations and gaps of the BEAM.
Firstly, when comparing the BEAM to other existing models, a literature review
was conducted that also included emission studies in biosolids management
practices. The following were found:
¾ A large variability between emission studies was found regarding which
biosolids reuse practice emits the least amount of GHG. The variability could
be attributed to three main differences: 1) scope of study, 2) methodology,
and 3) location and time.
¾ Four known emission models for biosolids management were found: 1)
Biosolids Emissions Assessment Model (BEAM), 2) Organic Waste Research
(ORWARE), 3) Gould et al., and 4) GESTABoues.
¾ Based on available and accessible information, there were some differences
between each model, such as location and GWP values, as well as differences
in the inclusion and exclusion of criteria (e.g. process).
A GHG analysis was conducted using site-specific parameters of the Edmonton
Waste Management Centre (Clover Bar) in Edmonton, Alberta, where GHG
emissions were estimated using modified guidelines from ISO 14064-2 and in
conjunction with the BEAM. The following were determined:
¾ Overall, the BEAM provided a means to quantify GHG emissions for various
biosolids

reuse

alternatives

(e.g.

lagoon

storage,

land

application,

composting, thermal energy, and landfill disposal).
¾ Seven different biosolids reuse alternatives were assessed. The order of
emissions (from least to highest) was found to be agricultural land
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application < non-agricultural land application < lagoon storage < biosolids
cake storage < composting < thermal energy < landfill disposal.
Some of the estimated GHG emissions may not be fully representative of the case
study facility due to uncertainties and/or limitations of the BEAM, such as:
¾ Some uncertainties were present when calculating the lagoon storage
emissions due to limited information such as BOD5 of the biosolids and not
correcting for temperature.
¾ The consideration of other emission and removal factors, such as soil
sequestration, may lead to decreased emissions for certain options, such as
composting.
¾ For most of the reuse practices, the estimated emissions used default values
from BEAM than site-specific data which could lead to under- or
overestimated emissions.
Lastly, this research study has led to the following recommendations:
¾ Further investigation and analysis are needed to better quantify emissions,
such as a more comprehensive data management system that measures,
monitors, and records site-specific parameters for practice currently
implemented.
¾ It is important to ensure that the parameters used in the model are applicable
to the scenario being examined for practices not currently implemented (e.g.
site-specific data and processes as well as appropriate model parameters such
as soil carbon sequestration).
¾ The estimated GHG emissions should be verified by through monitoring and
measuring actual GHG emissions.
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Appendix B Life Cycle Assessment (LCA) in
Biosolids Management Practices

Figure B.1 – LCA in a Typical Biosolids Management Process
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Figure B.2 – Reduced LCA in a Typical Biosolids Management Process
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Appendix C Development of Emission Factors
C.1

Common Variables and Symbols

SYMBOL

DESCRIPTION

VALUE

REFERENCE

M

Biosolids mass (in dry tonnes, DT)
GHG emissions from process ‘x’
(in tonnes CO2e)
Conversion of C to CH4
Upstream emission factor from electricity use
in Alberta
Fuel (diesel) emission factor
Global warming potential of CH4
Global warming potential of N2O
Conversion of N to N2O

--

--

--

--

1.333

BEAM

0.926 kg CO2e/kWh

BEAM

2.772 kg CO2e/L
21
310
1.571

BEAM
IPCC
IPCC
BEAM

Ex
Ccon
elecEF
fuelEF
GWPCH4
GWPN2O
Ncon
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C.2

Sludge Treatment

C.2.1

CENTRIFUGE

Ecentrifuge = Eelectricity + Epolymer = 0.18 x M

(tonnes CO2e)

1) Eelectricity = M x elecUF x elecEF = M x 0.09
2) Epolymer = M x polyUF x polyEF = M x 0.09

SYMBOL

DESCRIPTION

VALUE

REFERENCE

elecUF
polyUF

Amount of electricity used
Amount of polymer used
Upstream emissions from polymer
manufacturer

101.4 kWh/DT
10 kg poly/DT
9.0 Mg CO2e/Mg
polymer

BEAM
Stantec

polyEF

C.2.2

BEAM

THERMAL DRYING

Edrying = Efuel + Eelectricity = 0.82 x M

(tonnes CO2e)

1) Efuel = M x (1/%solidsin) x (%solidsout – %solidsin) x hwater x (1/hng) x ngEF = M x 0.62
2) Eelectricity = M x elecUF x elecEF = M x 0.20

SYMBOL

DESCRIPTION

%solidsin
%solidsout
hwater
hng

% of solids content entering
% of solids content exiting
Energy required to evaporate water
Heat content of natural gas
Upstream emission factor for the
ngEF
production of natural gas
elecUF
Amount of electricity used
*value calculated using default parameters from the BEAM
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VALUE

REFERENCE

24%
90%
4.5 GJ/Mg water
0.038 GJ/m3

Stantec
CoE
BEAM
BEAM*

1.901 kg CO2e/m3

BEAM

214 kWh/DT

BEAM

C.3

Biosolids Reuse and Disposal Practices

C.3.1

COMBUSTION

Ecombustion = Efuel + Eelectricity + Eincineration = 0.35 x M

(tonnes CO2e)

1) Efuel = Eevaporate water + Erecovered = M x (-0.33)
Eevaporate water = M x (1/%solids) x (1 – %solids) x hwater x (1/hng) x ngEF = M x 0.03
Erecovered = M x h x %R x ERU x ngEF x (-1) = M x (-0.36)
2) Eelectricity = M x elecUF x elecEF = M x 0.19
3) Eincineration = ECH4 + EN2O = M x 0.49
ECH4 = M x iEF x GWPCH4 = < M x 0.01 (negligible)
EN2O = M x %N x N° x Ncon x GWPN2O = M x 0.49

SYMBOL

DESCRIPTION

%solids
hwater
hng

% of solids content
Energy required to evaporate water
Heat content of natural gas
Upstream emission factor for the production
ngEF
of natural gas
Energy potential of a DT of biosolids in terms
h
of cubic meter (m3) of natural gas
%R
% of recovered energy as heat
ERU
Efficiency of recovery unit
elecUF
Amount of electricity used
iEF
Emission factor for incinerator
%N
% N in biosolids
N°
% N emitted as N2O
*value calculated using default parameters from the BEAM

77

VALUE

REFERENCE

90%
4.5 GJ/Mg water
0.038 GJ/m3

Stantec
BEAM
BEAM*

1.901 kg CO2e/m3

BEAM

313.65 m3/DT

BEAM*

75%
80%
200 kWh/DT
0.0485 kg CH4/DT
5%
2.0%

BEAM
BEAM
BEAM
BEAM
CoE
BEAM

C.3.2

COMPOSTING

Ecomposting= (1/3) x ECASP + (2/3) x EECF = 0.24 x M

(tonnes CO2e)

ECASP = Eelectricity + Efuel + Ematerial + Eland + ESseq = 0.31 x M
EECF = Eelectricity + Efuel + Ematerial + Eland + ESseq = 0.21 x M
1) Eelectricity = M x elecUF x elecEF
2) Efuel = fuelEF x total fuel used = fuelEF x [Vgrinding + Voperating + Vland]
Vgrinding = gUF x A
Voperating = oUF x MT
Vland 0[ VROLGV [ ȡ [ 9truck) x (1/tapply) x HrsUse
3) Ematerial= ECH4 + EN2O = [M x %C x C° x Ccon x GWPCH4] + [M x %N x N° x Ncon x GWPN2O]
4) Eland= EL-CH4 + EL-N2O = 0 + [M x %N x N°L x Ncon x GWPN2O]
5) ESseq = M x sSF

SYMBOL

DESCRIPTION

elecUF
V
gUF
oUF
A
MT

VALUE
CASP

ECF

Amount of electricity used
Volume of fossil fuel used
Amount of fuel used in grinding the
amendments
Amount of fuel used in operations
(set-up and break down piles)

180 kWh/DT
--

291 kWh/DT
--

Mass of amendment (bulking agent)
Total mass of feedstock
(biosolids + amendment)
% of solids content
Biosolids density
Volume of truck (per load)
Time require to apply biosolids
Amount of fuel used in an hour

REFERENCE
BEAM
--

3.3 L/tonne amendment

BEAM

2.5 L/total
mass

5.0 L/total
mass

BEAM

=M

=M
= 2xM

CoE
(1:1 by wt.)

CoE
(1:1 by wt.)

%solids
24%
Stantec
ȡ
1100 kg/m3
CoE
3
Vtruck
13 m /load
BEAM
tapply
3 load/hr
BEAM
HrsUse
25 L/hr
BEAM
%C &
% C & % N in biosolids (in dry wt.)
29.7% C & 3.9% N
CoE
%N
C° & N°
%C & %N emitted as CH4 & N2O
2.5% C & 1.5% N
BEAM
Ccon &
Conversion of C to CH4 and N to N2O
1.333 & 1.571
BEAM
Ncon
EL-CH4
Methane emission
negligible emission
assumed
N°L
%N emitted as N2O for coarse soil
0.5%
BEAM
sSF
Soil sequestration factor
–0.25 Mg CO2e/DT
BEAM
Conditions:
If covered or using biofilters, then ECH4 = 0
covered
none*
If C:N > 30, then EN2O = 0
C:N = 36
C:N = 36
%solids = 24%
%solids=24%
If %solids > 55%, then ECH4 = 0 and EN2O = 0
*CASP is covered, but the cover does not prevent methane emissions (e.g. the cover is not a biofilter)
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C.3.3

LAGOON STORAGE

DEEP LAGOON (depth > 2m)
Edeep = Eelectricity + Emethane = 0.27 x M

(tonnes CO2e)

1) Eelectricity = elecUse x elecEF = 0
2) Emethane = M x BOD5 x %R x MEF x %days x GWPCH4 = M x 0.27

SYMBOL

DESCRIPTION

VALUE

REFERENCE

elecUse
BOD5
%R
MEF

Amount of electricity used
0 kWh/yr
assumed
Conversion coefficient to BOD5 from mass
29.7%
calculated*
% of typical BOD5 removal
90%
BEAM
Methane emission factor
0.40 kg CH4/kg BOD5
BEAM
% of days in a year, where the
%days
12% in AB.
BEAM
temperature is above 15°C
*value determined by multiplying 29.7% TOC (from analytical report) and 1.0 BOD5/TOC
conversion (assumed; based on Metcalf and Eddy 2003)

SHALLOW LAGOON (depth < 2m)
Eshallow = Eelectricity + Emethane = 0.08 x M

(tonnes CO2e)

1) Eelectricity = elecEF x elecUse = 0
2) Emethane = M x BOD5 x %R x MEF x %days x GWPCH4 = M x 0.08

SYMBOL

DESCRIPTION

VALUE

elecUse
BOD5
%R
MEF

REFERENCE

Amount of electricity used
0 kWh/yr
assumed
Conversion coefficient to BOD5 from mass
29.7%
calculated*
% of typical BOD removal
90%
BEAM
Methane emission factor
0.12 kg CH4/kg BOD
BEAM
% of days in a year, where the temperature
%days
12% in AB.
BEAM
is above 15°C
*value determined by multiplying 29.7% TOC (from analytical report) and 1.0 BOD5/TOC
conversion (assumed; based on Metcalf and Eddy 2003)
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C.3.4

LAND APPLICATION

LAND APPLICATION – AGRICULTURAL (AGRI)
EAGRI = Estorage + Efuel + Eland + ESseq = 0.04 x M

(tonnes CO2e)

1) Estorage 0[ VROLGV [ ȡ [VWRUDJH()[Gay = M x 0
2) Efuel 0[ VROLGV [ ȡ [ 9truck) x (1/tapply) x HrsUse x fuelEF = M x 0.02
3) Eland= Efine soil + Ecoarse soil = [M x %N x %fine x Nf° x Ncon x GWPN2O]
+ [M x %N x (1 – %fine) x Nc° x Ncon x GWPN2O] = M x 0.27
4) ESseq = M x sSF = M x (-0.25)

SYMBOL

DESCRIPTION

%solids
% of solids content
ȡ
Biosolids density
storageEF
Storage emission factor
days
Number of days stored (in a silo)
Vtruck
Volume of truck
tapply
Time require to apply biosolids
HrsUse
Amount of fuel used in an hour
fuelEF
Fuel (diesel) emission factor
%N
% N in biosolids
%fine
% of fine texture soils in land
Nf°
% N converted to N2O in fine soil
Nc°
% N converted to N2O in coarse soil
sSF
Soil sequestration factor
Conditions:
if %solids > 55%, then Estorage = 0
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VALUE

REFERENCE

8%
950 kg/m3
0.324 kg CO2e/m3 per day
0 days
13 m3/load
3 load/hr
25 L/hr
2.772 kg CO2e/L
3.9%
50%
2.3%
0.5%
–0.25 Mg CO2e/DT

Stantec
CoE
BEAM
Stantec
BEAM
BEAM
BEAM
BEAM
CoE
BEAM
BEAM
BEAM
BEAM

LAND APPLICATION – BIOSOLIDS CAKE STORAGE (BCS)
EBCS = Estorage + Efuel + Eland + ESseq = 0.10 x M

(tonnes CO2e)

1) Estorage 0[ VROLGV [ ȡ [VWRUDJH()[Gay = M x 0.07
2) Efuel 0[ VROLGV [ ȡ [ 9truck) x (1/tapply) x HrsUse x fuelEF = M x 0.01
3) Eland= Efine soil + Ecoarse soil = [M x %N x %fine x Nf° x Ncon x GWPN2O]
+ [M x %N x (1 – %fine) x Nc° x Ncon x GWPN2O] = M x 0.27
4) ESseq = M x sSF = M x (-0.25)

SYMBOL

DESCRIPTION

%solids
% of solids content
ȡ
Biosolids density
storageEF
Storage emission factor
day
Number of days stored
Vtruck
Volume of truck (per load)
tapply
Time require to apply biosolids
HrsUse
Amount of fuel used in an hour
%N
% N in biosolids
%fine
% of fine texture soils in land
Nf°
% N converted to N2O in fine soil
Nc°
% N converted to N2O in coarse soil
sSF
Soil sequestration factor
Conditions:
if %solids > 55%, then Estorage = 0 storageEF

81

VALUE

REFERENCE

24%
1100 kg/m3
0.324 kg CO2e/m3 per day
60 days
13 m3/load
3 load/hr
25 L/hr
3.9%
50%
2.3%
0.5%
–0.25 Mg CO2e/DT

Stantec
BEAM
BEAM
Stantec
BEAM
BEAM
BEAM
CoE
BEAM
BEAM
BEAM
BEAM

LAND APPLICATION – NON-AGRICULTURAL (NON-AGRI)
ENON-AGRI = Estorage + Efuel + Eland + ESseq = 0.03 x M

(tonnes CO2e)

1) Estorage 0[ VROLGV [ ȡ [VWRUDJH()[Gay = M x 0
2) Efuel 0[ VROLGV [ ȡ [ 9truck) x (1/tapply) x HrsUse x fuelEF = M x 0.01
3) Eland= Efine soil + Ecoarse soil = [M x %N x %fine x Nf° x Ncon x GWPN2O]
+ [M x %N x (1 – %fine) x Nc° x Ncon x GWPN2O] = M x 0.27
4) ESseq = M x sSF = M x (-0.25)

SYMBOL

DESCRIPTION

%solids
% of solids content
ȡ
Biosolids density
storageEF
Storage emission factor
day
Number of days stored
Vtruck
Volume of truck (per load)
tapply
Time require to apply biosolids
HrsUse
Amount of fuel used in an hour
%N
% N in biosolids
%fine
% of fine texture soils in land
Nf°
% N converted to N2O in fine soil
Nc°
% N converted to N2O in coarse soil
sSF
Soil sequestration factor
Conditions:
if %solids > 55%, then Estorage = 0
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VALUE

REFERENCE

24%
1100 kg/m3
0.324 kg CO2e/m3 per day
0 days
13 m3/load
3 load/hr
25 L/hr
3.9%
50%
2.3%
0.5%
–0.25 Mg CO2e/DT

Stantec
BEAM
BEAM
Stantec
BEAM
BEAM
BEAM
CoE
BEAM
BEAM
BEAM
BEAM

C.3.5

LANDFILL DISPOSAL

Elandfill = Edegrade + Ecombustion + ECseq + Eoffset elec = 2.33 x M

(tonnes CO2e)

1) Edegrade = ECH4 (< 3 yrs) + ECH4 (3+ yrs) + EN2O = M x 2.65
ECH4 (< 3 yrs) = M x %TVS x %CTVS x UF x Ccon x %CH4 x DOCf x
%DE x MCF x GWPCH4 = M x 2.17
ECH4 (3+ yrs) = M x %TVS x %CTVS x UF x (1 – %DE) x (1 – %R) x
(1 – %OX) x Ccon x %CH4 x DOCf x MCF x GWPCH4 = M x 0.17
EN2O = M x %N x N° x Ncon x GWPN2O = M x 0.31
2) Ecombustion = M x %Corg x UF x Ccon x %CH4 x DOCf x %R x MCF x
(1 – %DE) x ECU x GWPCH4 = < M x 0.01 (negligible)
3) ECseq = M x %Corg x (1 – DOCf) x C’con x (-1) = M x (-0.23)
4) Eoffset elec = M x %Corg x UF x %R x Ccon x %CH4 x DOCf x MCF x
(1 – %DE) x %Relec x eCH4 x elecEF x (-1) = M x (-0.09)

SYMBOL

DESCRIPTION

%TVS
%CTVS
UF
%CH4
DOCf
%DE
MCF

% total volatile solids in biosolids
% organic C in TVS
Uncertainty factor
% of CH4 in landfill gas
Fraction of degradable organic carbon
% decomposition in the first 3 years
Methane correction factor
% gas captured for recovery, usage, and
%R
flaring
%OX
% CH4 oxidized
%N
% N in biosolids
N°
% of N emitted as N2O
%Corg
% organic C in biosolids
C’con
C to CO2 conversion
ECU
Efficiency of combustion unit
%Relec
% CH4 recovered for electricity usage
eCH4
Energy potent of methane
*value calculated using default parameters from the BEAM

83

VALUE

REFERENCE

55%
56%
0.9
50%
80%
70%
1

CoE
BEAM
BEAM
BEAM
BEAM
BEAM
BEAM

75%

BEAM

25%
4.3%
1.5%
31%
3.667
0.3%
75%
3.7 kWh/kg CH4

BEAM
CoE
BEAM
CoE
BEAM
BEAM
BEAM
BEAM*

C.4

Transportation

C.4.1

TRANSPORTATION – COMPOSTING (COMP)

ETransportation,COMP = Efuel = 0.01 x M

(tonnes CO2e)

1) Efuel 0[6)[ VROLGV [ ȡ [ 9load) x d x (1/TM) x fuelEF = M x 0.01

SYMBOL
SF
%solids
ȡ
Vload
d
TM

C.4.2

DESCRIPTION
Shrinkage factor (% by mass of material
remaining during composting)
% of solids content in biosolids
Density of transported biosolids
Capacity of a truck
Average distance travelled
Truck mileage (for heavy-duty diesel)

VALUE

REFERENCE

75%

assumed

60%
650 kg/m3
75 m3
200 km
2.1 km/L fuel

assumed
assumed
assumed
assumed
BEAM

TRANSPORTATION – DEWATERED

ETransportation,DE = Efuel = 0.03 x M

(tonnes CO2e)

1) Efuel = M x (1/%solids) x (1/Vload) x d x (1/TM) x fuelEF

SYMBOL

DESCRIPTION

VALUE

REFERENCE

%solids
Vload
d
TM

% of solids content in biosolids
Average load of biosolids in a truck
Average distance travelled
Truck mileage (for heavy-duty diesel)

24%
35 tonnes (wet)
200 km
2.1 km/L fuel

Stantec
BEAM
assumed
BEAM

C.4.3

TRANSPORTATION – LAND APPLICATION (AGRI)

ETransportation,AGRI = Efuel = 0.09 x M

(tonnes CO2e)

1) Efuel = M x (1/%solids) x (1/Vload) x d x (1/TM) x fuelEF

SYMBOL

DESCRIPTION

VALUE

REFERENCE

%solids
Vload
d
TM

% of solids content in biosolids
Average load of biosolids in a truck
Average distance travelled
Truck mileage (for heavy-duty diesel)

8%
35 tonnes (wet)
200 km
2.1 km/L fuel

Stantec
BEAM
assumed
BEAM
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