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ABSTRACT
Dehydrated poultry manure (DPM) is a pelleted form of poultry manure used as an
organic fertilizer in agriculture, horticulture, and for home gardeners. The treatment of
poultry manure can assist with effectively recycling it into a practical product that is easy
to transport, store, and amend to soils. However, the environmental impacts associated
with producing DPM have not been estimated. This research aims to estimate the
environmental impact contributions of manufacturing DPM in Eastern Canada through a
life cycle assessment (LCA). This analysis is a ‘cradle-to-facility gate’ LCA, including
the sourcing, dehydrating, pelletizing, and packaging of DPM. Overall, the average
global warming potential associated with manufacturing was estimated to be 299 kg CO»-
eq per tonne of packaged DPM. Other environmental impact categories were estimated
per tonne of DPM to be 1.3 kg SO»-eq for acidification potential, 0.7 kg N-eq for
eutrophication potential, and 0.2 kg PM2.5-eq for respiratory effect. These impacts were
primarily associated with the upstream impacts associated with poultry manure, manure
drying, and the energy used in DPM manufacturing. Two key assumptions including the
accounting for the upstream impacts of manure as a resource flow with a 50/50 Recycling
approach and accounting for the biogenic carbon of a residual wood biomass,
significantly contributed to global warming potential. Sensitivity analyses demonstrated
these assumptions highly impact the baseline results. Further LCA studies should be
conducted to better estimate the impacts of poultry manure as a resource in a value-added

product and understand its potential impacts within the circular economy.
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Chapter 1: Introduction

Dehydrated poultry manure (DPM) is a recycled nutrient source used for
commercial agriculture, as well as market and home gardeners. Its widespread use is
attributed to its slow-release delivery of essential nutrients, including nitrogen (N),
phosphorus (P), and potassium (K), which promote plant growth as well as provide soil-
enhancing benefits such as organic matter (OM) (Brunerova et al., 2020). Field trials
conducted in Eastern Canada have yielded promising results for organic crop producers
using DPM (Alam et al., 2018; Lynch et al., 2008; Sharifi et al., 2009). The increasing
demand for DPM within the Canadian organic sector can be attributed to the limited
availability of N fertilizers compliant with the Canadian Organic Standards (Andrew
Hammermeister, personal communication, 2021). Additionally, DPM is a cost-effective
method of distributing a valuable fertilizer product while supporting nutrient recycling in
manure management systems (Ronga et al., 2020). With increased demand for DPM and
increased awareness of the importance of evaluating the impacts of crop nutrients, it is
important to estimate the environmental impacts associated with the DPM manufacturing
process.

Life cycle assessment (LCA) literature relating to broiler and egg production
identifies hotspots across shared environmental impact categories such as global warming
potential (GWP), acidification potential (AP) and eutrophication potential (EP)
(Costantini et al., 2021). The emissions associated with these impact categories are
prominent in poultry LCAs due to the upstream emissions associated with fertilizer

production and use required in growing crops for grain feed production, the manure



management practices that cause ammonia (NH3) emissions from barns and land
application, and of manure application leading to nitrate (NO3) leaching (Turner et al.,
2022; Costantini et al., 2021; Pelletier et al., 2017; Leinonen & Kyriazakis, 2016;
Pelletier, 2008). Although broiler and hen operations differ, these LCAs showcase the
overall hotspots of the poultry industry.

The development and use of manure treatment technologies result from the
increase in, and concentration of, livestock production in localized regions (Ronga et al.,
2020; Peterson et al., 2013). Manure treatment methods include storage options until field
application, composting for nutrient utilization, and energy recovery treatments from
anaerobic digestion, gasification and pyrolysis. Estimating the environmental impacts of
poultry waste treatment methods and their manufacturing processes, such as anaerobic
digestion, gasification, and pyrolysis through LCA, has been completed (Kanani et al.,
2020). Estimating the benefits of dehydrating and pelleting as a method of valorizing
manure as a delocalized and sustainable organic fertilizer has been completed (Brunerova
et al., 2020; Ronga et al., 2020). Poultry manure was found to be a suitable feedstock for
yielding high-quality pellets. However, research estimating the environmental impacts
associated with manure dehydration and pelletizing as a commercial fertilizer still needs
to be understood. The following research proposes to address this gap by conducting a
life cycle assessment of DPM manufacturing.

1.1. Introduction to Life Cycle Assessment Methodology

Life cycle assessment is a regulated methodology under the International
Organization for Standardization (ISO) (ISO 14044, 2006) that evaluates environmental

impacts associated with a product, process, activity, or whole system (Pelletier et al.,
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2015). To perform a process-based LCA, the material and energy flows are identified and
quantified for each life cycle phase from extraction or access to raw materials ("cradle")
to disposal ("grave") (Rebitzer et al., 2004). Material and energy flows include inputs at
each stage (e.g., raw materials, intermediary products) and outputs (e.g., the primary
products, co-products, waste, and emissions). Results from LCAs provide
characterization and quantification of the environmental impacts of a product, process, or
system over its lifetime (Pelletier et al., 2015). The results assist in identifying high-
impact activities, also known as ‘hotspots,’ throughout the life cycle, allowing
practitioners to compare the environmental impact of products, processes, or systems, as
well as provide insights to improve efficiency, mitigate environmental risk when
designing products, reduce waste, and avoid shifting problems to other activities or life
cycle phases that could pose risks to people, society, and ecosystems (Sieverding et al.,
2020). An LCA study consists of the following stages: goal and scope, life cycle
inventory, life cycle impact assessments, and life cycle interpretation. The elements of
these four stages are as follows:

L Goal and Scope Definition: This phase outlines the proposed study's goal and
scope, also known as the study parameters. The goal comprises communicating the
study's precise question, intended audience, and application (Heijungs & Kleijn, 2001).
The scope of study defines the function of the system and an associated functional unit
(i.e., a quantitative unit of reference based on the function of the product or system) and
the system boundaries (i.e., stages of the life cycle to be included). Additionally, methods
for dealing with the environmental impacts of co-products are introduced in this phase as

well as the selection of impact categories (e.g., GWP, ozone depletion, smog formation,

3



or ecotoxicity), category indicators (e.g., 1 kg of nitrous oxide (N20) = 298 kg of COz-eq
towards GWP), and the environmental impact assessment method (e.g., CML, TRACI, or
ReCiPe).

IL. Life Cycle Inventory (LCI): This is the accounting phase which involves
collecting and organizing data regarding material, energy, and emissions associated with
each product's life (Pelletier et al., 2015) and, more specifically, each activity (or process)
associated with the product throughout its life cycle. Inputs and outputs associated with
each product's life cycle are identified and quantified based on the functional unit
(Rebitzer et al., 2004). Inputs include raw inputs from nature (e.g., water, minerals,
timber, etc.) and inputs from the "Technosphere' (e.g., electricity, packaging material,
fuel, etc.). Similarly, outputs include products, co-products, wastes, and emissions to air,
ground, or water. These inputs and outputs are referred to as flows in LCA terms.

I1I. Life Cycle Impact Assessment (LCIA): The LCIA is the subsequent step to the
LCI in which further assessment modelling occurs and assesses the inventory data
regarding contributions to environmental impact categories. At this phase, inventory
results are quantified in relation to the selected environmental impact categories,
calculation of impact categories (characterization), grouping/weighting of results, and
data quality analysis (Pennington et al., 2004), all of which are then interpreted.

IV.  Life Cycle Interpretation: At this step, the impact assessment results are provided,
hotspots are identified, and where applicable, a comparison of the product systems with
similar literature is provided. Further, a sensitivity analysis is conducted to determine the
robustness of the results that required assumptions or where data gaps occurred and a data

quality assessment is performed to identify data limitations (Matthews et al., 2014).
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Additional analysis can include scenario or improvement analysis depending on the
study's goal. Recommendations are made based on the defined goal and scope and on the

limitations of the study (Rebitzer et al., 2004).



Chapter 2: Literature Review

Livestock production systems are a major contributor to global environmental
impacts including the production of greenhouse gas emissions (GHG), the widespread
degradation of land, biodiversity loss, and pollution of air and water, predominantly due
to nutrient imbalances of N and P (Poore & Nemecek, 2018; Rojas-Downing et al., 2017;
Potter et al., 2010; Ilea, 2009; Gerber et al., 2006; Daniel et al., 1998). The emissions
from the global livestock industry are estimated to be 14.5% of total anthropogenetic
GHG emissions production, equivalent to 8.1 gigatons of carbon dioxide equivalent
(CO2-eq) per annum (Gerber, 2013). In 2018, the total impact of livestock was estimated
to contribute 3.5 billion tonnes of CO»-eq (FAO, 2018). The Global Livestock
Environmental Assessment Model (GLEAM), a Tier-2 LCA model that estimates the
emissions associated with livestock and environment interactions such as emissions,
converts the COz-eq using 100-year GWP based on the IPCC (2006) recommendations
(298 kg CO2-eq for N2O and 34 kg COz-eq for methane (CH4) and indicates that the
livestock supply chain related GHG emissions consists of 50% CHy, 24% N2O, and 26%
carbon dioxide (CO) (Cheng et al., 2022).

These impacts are increasing, considering the projected doubling of global
demand for livestock products by 2050 due to population growth, economic expansion,
shifts in dietary patterns, and urbanization (Thornton, 2010). According to the UN Food
and Agriculture Organization (FAO) Agricultural Outlook 2021, the consumption of
meat products is projected to grow by 14% by 2030, with poultry meat expected to

represent 41% of all protein from meat sources (FAO. 2021). The study warns that



shifting intensive livestock production in an environmentally sound manner is a critical
global challenge (FAO, 2021).

In Canada, the agriculture sector is a major source of GHG emissions, with 73
Megatons of COz-eq (Mt CO2-eq) produced in 2018, making up 10% of total domestic
Canadian GHG emissions (Fouli et al., 2021). Canadian agricultural GHG emissions are
emitted from various processes, with enteric fermentation, field crop and soil
management, and manure management being the greatest emitters (Government of
Canada, 2023). The emissions from energy use associated with production processes such
as transportation and emissions from the production of nitrogen fertilizer are typically
unaccounted for in agriculture (Qualman, 2022). By adding these GHG emissions to the
agriculture industry, the estimated total GHG emissions for agriculture would be around
12% (Vergé et al., 2007). The poultry sector specifically contributes about 0.8 Mt COz-eq
or about 1.0% of Canada's total annual GHG emissions (Qualman, 2022).

Manure, as a major by-product of the livestock industry, contributes considerably
to the total estimated GHG emissions associated with the livestock industry, accounting
for 25.9% due to the management practices (e.g., housing, handling, storage, treatment),
field application, and direct deposit from grazing (Gerber, 2013). Nevertheless, the extent
of these emission contributions varies due to the diversity in the livestock industry,
including different animals, production systems, management strategies, climate
conditions, and regulatory frameworks (Petersen et al., 2013). The environmental impacts
associated with manure management practices depend on the type of animal, livestock
concentration, management techniques, volume, nutrient composition, and environmental

conditions (Petersen et al., 2013; Chadwick et al., 2011).
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However, as livestock and poultry producers are typically concentrated in specific
agricultural regions, by-products such as nutrient-rich manure accumulate and require
intense management (Bryant et al., 2022). This accumulation of manure can be attributed
to the intensification of agriculture throughout the last century (Bryant et al., 2022; Potter
et al., 2010; Gerber et al., 2006). Vergé et al. (2009) state that "the industrial livestock
industry has grown at twice the rate or more traditional mixed farms and at six times the
rate of production based on grazing."

Historically, manure was recycled between crops and livestock within the
boundaries of the farmstead. As the Green Revolution evolved and agriculture decoupled
towards specialized commodity operations and livestock producers are now burdened
with the accumulation of manure in concentrated regions (Bryant et al., 2022;
Ramankutty et al., 2018; Schroder, 2005; Zhang & Schroder, 2014). This accumulation is
a nutrient paradox as some agricultural regions experience nutrient depletion of N and P,
while others are challenged with nutrient overload (Bryant et al., 2022; Lu & Tian, 2017;
Potter et al., 2010). Today, livestock and poultry producers have limited opportunities to

manage manure or sustainably recycle nutrients economically (Bryant et al., 2022).
2.1. Poultry Production and Manure Management

2.1.1. The Intensification of Poultry Production

Poultry and its secondary products are considered staple protein sources around
the globe (Vaarst et al., 2015). The poultry industry is a significant part of Canada's food
and agriculture sector, growing substantially from 101 million poultry birds (laying hens,
broilers, and turkeys) to 154 million between 1990 and 2019 (Government of Canada,

2021). In 2020, poultry was estimated to be Canada’s most consumed animal protein and

8



contributed an estimated $3.7 billion to the national economy (Government of Canada,
2021). In 2021, an estimated 1.34 million tonnes of broiler chickens and approximately
617.1 thousand tonnes of eggs were sold throughout Canada (Shahbandeh, 2022). Today,
these numbers equate to approximately 2800 broiler farmers, 1000 egg and hatching
farmers, and 551 turkey farmers who operate under the supply chain management system
(Chicken Farmers of Canada, 2019).

With this growth, there is a priority to reduce production expenses and enhance
output with more efficient operations. To meet these operational requirements, poultry
operations, including broilers (for meat production) and layers (for egg production),
typically encompass flocks numbering in the thousands to hundreds of thousands of
birds. Production efficiencies have been facilitated by the transition to more intensive and
specialized facilities, along with advancements in animal genetics, optimized nutrition,
automation, and new production techniques (Pelletier et al., 2018). For example, many of
today's producers utilize indoor open-floor systems or battery cages featuring automated
feeding and watering systems (Mottet & Tempio, 2017). Driving factors responsible for
the structural transformation in poultry farming mirror those impacting other livestock
sectors: improved animal welfare, market demand, innovation, and economies of scale

(Bryant et al., 2022).

2.1.2. Poultry Manure Production

Despite being relatively efficient feed converters and the operational
advancements to the poultry industry, increased production has led to substantial volumes
of waste (i.e., poultry excrement such as manure and urine) ((Bryant et al., 2022; Vaarst

et al., 2015; de Vries & de Boer, 2010). These wastes are commonly summarized as
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manure and litter. Litter is a substantial waste stream within the poultry broiler sector for
meat production (hereafter broilers). The use of bedding material contributes to the
characterization of the poultry waste. Broiler litter consists of bedding material (e.g.,
woodchips, shavings, sawdust, and/or straw), manure, urine, excess feed, and water, as
well as feathers and dead skin, resulting in a solid waste that is approximately 20-25%
moisture content (MC) (Moore et al., 1995). Waste from laying hens for egg production
(hereafter layers) typically consists of only excrement without any added bedding and is
typically 70% MC (Moore et al., 1995).

Manure production and volume can vary greatly depending on poultry genetics
and management strategies. For example, layers are estimated to produce approximately
64 to 94 g of manure per hen per day (Rahman et al., 2012). Based on the dry matter
digestibility of the diet (87.5%), it is estimated that 0.34 — 0.63 kg of solids is excreted by
a 35-49-day old bird per day or 43 kg/1000 kg live weight (Bolan et al., 2010).
Calculations vary due to variations in manure and litter production rates and reporting
(e.g., calculations based on wet basis vs dry basis or per bird vs per flock size or based on
feed intake). In 2019, the Canadian poultry industry generated an estimated 2.2 million
tonnes of poultry litter and manure (Statistics Canada, 2021). This estimate aligns with
Pelletier (2017), which reported that Canadian layers produce approximately 1.1 million
tonnes of manure annually. Nationally, between 1981 and 2001, manure production by
poultry increased by 22.4% (879,000 tonnes) (Hofmann & Beaulieu, 2001). Although the
poultry industry has undergone significant modifications to enhance efficiency and
reduce costs for producing ample quantities of safe and affordable protein, efficient

manure management practices are critical to advancing the Canadian poultry industry.
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2.1.3. Poultry Manure Management

Traditionally, the fate of poultry manure and litter has been recycled to fields as
an organic amendment. Utilizing recycled organic wastes is an agronomic practice that
addresses soil fertility and is an accepted waste management strategy (Sahin et al., 2014;
Flavel & Murphy, 2006). Poultry litter and manure display high concentrations of organic
N as well as P and K while possessing beneficial soil health-building characteristics and
documented contributions to increase soil fertility (Delgado et al., 2011; Rees et al.,
2011; Bolan et al., 2010; Moore et al., 1995).

As a traditional nutrient amendment, raw poultry manure has been recognized as a
manure product for its N and P content. Raw poultry manure is generally considered the
most valuable livestock manure for fertilizer purposes (Bryant et al., 2022; Bolan et al.,
2010; Moore et al., 1995). It is assumed there is variability in the nutrient content
depending on the type of manure and management practices (Bolan et al., 2010). The
major plant nutrients in raw poultry manure include N, P, K, Calcium (Ca), magnesium
(Mg), and sulphur (S) (Bolan et al., 2010). Layer manure typically has a similar N
content to broiler litter but with higher MC and concentrations of P, Ca, Mg, and Zinc
(Zn) (Moore et al., 1995).

Today, the common practice of applying manure to fields may occur directly or
after a subsequent storage period or treatment. Within Canada, farmers must adhere to
manure management regulations that reduce nutrient losses, odours, and potential
pathogens (Government of Nova Scotia, 2006). Farmers typically require temporary
storage because of these regulations and the seasonality of manure spreading. This is

especially true for confined livestock such as laying hens or broilers. A standard sequence
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of manure management includes collecting, storing, and possibly treating until producers
can field apply to mitigate environmental losses while optimizing nutrient use efficiency
(NUE) (Chadwick et al., 2011). Manure is typically applied through a spreader or
injection system, sometimes surface applied or incorporated into the soil.

Poultry species, bedding, housing systems, volume, management styles, and
economic costs determine manure storage and treatment methods. A common primary
characteristic of manure that determines management is its MC. Manure is categorized as
liquid (95% MC), semi-solid (“slurry’) (84-95% MC), or solid (<84% MC) (Government
of Nova Scotia, 2006). Various manure-handling practices and on-farm storage facilities
exist in poultry production facilities due to the different production systems (e.g., floor,
caged). Hen manure (liquid or slurry manure) is commonly stored in aboveground
storage, such as tanks, or inground storage, such as anaerobic pits or lagoons (Bryant et
al., 2022). In broiler production, which contains high amounts of bedding and is typically
considered solid manure, litter collects on the floor during the production cycle and is
then scrapped and hauled to a covered or uncovered stockpile (Bryant et al., 2022).

On-farm storage facilities are designed to prevent runoff and reduce odours
depending on the manure type. Solid manure methods, including stacking, composting, or
stockpiling, offer advantages such as lower initial infrastructure costs, potential for
composting, and reduced nutrient runoff but are constrained by space requirements,
odour, and handling challenges. A common storage system is roofed or open solid
manure storage with a runoff storage facility (Government of Nova Scotia, 2002).
Conversely, liquid poultry manure storage methods, such as lagoons, pits, or tanks,

effectively reduce odours and facilitate field application through irrigation systems.

12



However, they require increased infrastructure and equipment costs and may require
more management (Bryant et al., 2022).

In summary, the choices for solid and liquid poultry manure storage depend on
the poultry operation (broiler or layer), manure characteristics, quantity, regulations,
available land mass, resources, infrastructure, and equipment, with each approach having
its distinct set of advantages and disadvantages.

2.1.4 Characterizing Dehydrated Poultry Manure

An alternative approach to reducing volume, odour, and storage requirements is
drying and pelletizing poultry manure and litter. Dehydrated poultry manure offers
practical benefits, including reduced cost to transport due to low water content, enhanced
field precision during application, easier handling and storage, and pathogen elimination
through pasteurization (Brunerova et al., 2020; Ronga et al., 2020; Sharara et al., 2018;
Foged et al., 2011; Sultana et al., 2010). Typically, producing DPM involves drying with
an energy source and pelletizing equipment like a wood pelletizer. This mechanical
process employs chemical bonding, compression, extrusion, or tumbling to ensure the
uniform formation of pellets, often comprising a mixture of multiple ingredients (e.g.,
supplemental nutrients or multiple feedstocks) (Sharara et al., 2021; Brunerova et al.,
2020; Foged et al., 2011).

Reducing the MC is a critical process and purpose in pelleting manure. The
moisture content of finished pellets is important as it can influence product quality and
density (Brunerova et al., 2020). Literature indicates that drying and pelletizing reduces
poultry manure that typically has over 60% MC to an average of 10.1% MC and assists in

the physical properties of finished pellets (Brunerova et al., 2020; L6 Pez-Mosquera et
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al., 2008). Additionally, dewatering manure increases efficiency in transporting and
distributing organic fertilizers (Ronga et al., 2020). Before dewatering, manure can
contain high MC and high volume per tonne and requires large amounts of storage
(Ronga et al., 2020). Dehydration and pelletization of manure for the purpose of fertilizer
offer an economical way to transport valuable nutrients to producers.

The nutrient content of DPM is the primary reason for organic producers’ interest
in the fertilizer product. The drying and pelletizing impacts on the broiler litter create a
more consistent product, especially regarding N form contents, P content and pH. (L6
Pez-Mosquera et al., 2008). Dehydrated poultry manure products in Eastern Canada
typically range from 3-5% N, 1-3% P>0s, and 1-2% K>O. As mentioned, DPM is sold
and used in various production systems for home gardening, market gardening, and
organic field crops. Research with various rates of DPM as an N amendment in organic
production for wheat and potatoes in Eastern Canada has shown positive results on soil
N, biomass, yield, and quality (Alam et al., 2018; Lynch et al., 2008; Sharifi et al., 2009).
As DPM is an accepted fertilizer under Canadian organic standards, its agronomic
benefits are particularly attractive to organic producers who find themselves limited in

acceptable fertilizers.
2.2. Environmental Impacts of Poultry Production and Manure Management

2.2.1. Environmental Impacts of Poultry Production

Life cycle assessment (LCA) methodology has been widely used to characterize
and quantify the environmental impacts of agricultural systems and products. The
methodology provides a system approach to quantifying the environmental impacts of a

product or process during its life cycle, identifying hotspots (high-impact life cycle
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stages), and comparing products or processes to ultimately assist in mitigating emissions
(Pelletier et al., 2015). Extensive LCA research has been conducted in both the broiler
and egg production industry on national and regional scales (e.g., Turner et al., 2022;
Costantini et al., 2021; Pelletier et al., 2017; Putman et al., 2017; Leinonen & Kyriazakis,
2016; Boggia et al., 2010; Pelletier, 2008). On a global view, Costantini et al. (2021)
reviewed poultry production systems that consider different sections of the supply chain
(e.g., cradle-to-farm gate), different production methods, and management systems (e.g.,
organic, conventional, cage-free). Overall, it has been found with the intensification of
poultry production, the environmental impacts of production per functional unit have
decreased over the last 50 years (Turner et al., 2022; Pelletier et al., 2018; Putman et al.,
2017; Pelletier et al., 2014).

The majority of impacts, including GWP, AP, and EP, associated with poultry and
related products occur from the production of feed grain (i.e., crop production) due to the
manufacturing and use of inorganic fertilizer inputs as well as the manure management
stage (Turner et al., 2022; Costantini et al., 2021; Pelletier et al., 2017; Leinonen &
Kyriazakis, 2016; Pelletier, 2008). Impacts related to feed grain production are due to
fossil fuel and energy used to manufacture inorganic N fertilizer, as well as the leaching
that occurs from nutrient loss and gaseous emissions such as N2O from N fertilizer
application (Leinonen & Kyriazakis, 2016; Pelletier, 2017).

Various LCAs have been conducted to evaluate the environmental impacts of
poultry production systems, highlighting common factors influencing these impacts.
Pelletier (2008) and Boggia et al. (2010) both emphasized the significant contribution of

feed production to environmental impact categories, such as cumulative energy demand
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(CED), GWP, AP, and EP, in broiler meat production. Similarly, Pelletier et al. (2014),
Putman et al. (2017), and Pelletier et al. (2018) performed retrospective LCAs on the US
egg and poultry industry, respectively, and identified feed-related processes, feed
efficiency, and manure management as major contributors to environmental impacts.
Notably, Putman et al. (2017) observed a decrease in climate change, AP, and EP per
1000 kg of poultry meat, attributed to improved fowl performance and background
systems, despite an overall increase in environmental impacts per kilogram of poultry
meat due to increased production. Pelletier et al. (2018) found the same patterns in U.S.
and Canadian egg production over 50 years.

A comprehensive review by Costantini et al. (2021) covering 47 peer-reviewed
LCAs across global poultry systems further affirmed the prominence of feed production
and manure management in influencing environmental impacts. The studies commonly
utilized impact categories such as CEU, GWP, AP, and EP. Importantly, many LCAs
incorporated manure as an organic fertilizer, considering its role in avoiding inorganic
fertilizer use and contributing to environmental benefits. These findings underscore the
pivotal role of feed-related processes and manure management in shaping the
environmental impacts associated with poultry production systems.

Turner et al. (2022) performed an updated cradle-to-farm gate LCA of the
different housing systems (e.g., conventional, enriched, free run, and organic) in the
Canadian egg industry with 2019 data based on the original literature from Pelletier
(2017), which estimated the impacts of Canadian egg production housing systems for
2012 data. Results were reported based on one tonne of eggs in each housing system.

Turner et al. (2022) reported that GWP and AP were lower for each housing system than
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Pelletier's (2017) reported results. Feed per tonne of eggs (i.e., the amount of feed
required for hens) was lower than Pelletier's (2017) analysis, apart from free range and
organic housing systems. Although feed per tonne of eggs was higher for the free range
and organic egg production, emissions decreased partially due to lower GHG emissions
associated with upstream impacts or organic feed production than non-organic feed.
Overall, EP emissions reported by Turner et al. (2022) were higher for each housing
system due to the differences in manure management practices reported by Pelletier
(2017). Overall, feed inputs and manure management were found to contribute the most
to the selected impact categories. Turner et al. (2022) results align with a stand-alone
LCA performed by Pelletier (2014), who also reported manure management to be the
largest contributor to AP (45%) and EP (46%) and a significant contributor to the overall

emissions associated with Canadian egg production.

2.2.2. GHG Emissions Associated with Manure Storage

Greenhouse gas emissions associated with manure are biogenic and determined
by the manure composition; therefore, emissions can be somewhat controlled through
management practices during handling, treatment, storage, and environmental conditions
(Petersen et al., 2013). However, all stages of manure management contribute to GHG
emissions. As Petersen et al. (2013) summarized, CH4 emissions occur mainly from
liquid or compacted manure by the anaerobic breakdown of organic matter through
methanogenesis. The N2O emissions occur via nitrification and denitrification during
handling, storage, and after field application. Poultry manure is stored as solid waste, the

aerobic conditions lead to a small amount of CH4, whereas in poultry manure stored as
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liquid or slurry form the anaerobic fermentation can lead to higher amounts of CHy
(Vergé et al., 2009).

2.2.3. Environmental Impacts Associated with Manure Applications

Excessive manure application, which surpasses the nutrient requirements of crops,
has been linked to elevated nutrient levels of N and P, causing loss of nutrients through
leaching, runoff, and erosion, thereby posing a substantial threat to pollution concerns
(Kumar et al., 2013). Overapplication of nutrients, particularly NO3z and phosphate (PO3),
contributes to losses in surface and groundwater runoff, leading to potential
contamination of aquatic systems, jeopardizing drinking water, and increasing the risk of
eutrophication (Petersen et al., 2007; Daniel et al., 1998). The severity of nutrient losses
resulting from manure application is typically a response to climatic conditions, soil, and
management techniques. Long-term application of poultry litter has been associated with
the accumulation of NOs in the soil to a depth of 3 m (Kingery et al., 1993). In summary,
most environmental problems associated with improper land application practices of
manure by-products have centred on ground and/or surface water contamination with N
and P.

Furthermore, manure applications to land are associated with emissions including
CO2, N20O, CH4, and NHj3 (Grzini¢ et al., 2023; Seidavi et al., 2019; Wang et al., 2019;
Petersen et al., 2013). Although emissions vary depending on the air temperature, season,
type of manure applied, and management practices, the surface application is a major
contributor to NH3 and N>2O losses from hen manure, accounting for most of the N losses

in the manure management chain (Rosa et al., 2022). Overall, it is estimated that 92% of
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nutrients in manure are being returned to fields with little or no processing, typically due

to insufficient manure storage capacities (Foged et al., 2011).

2.2.4. Resource Recovery Methods for Managing Poultry Manure

This robust reporting of the environmental impacts of manure management is an
important factor contributing to the overall environmental performance of poultry
production. It signifies the need for technological options to recycle manure into a value-
added resource with a lower environmental impact. While many studies investigate the
improvement of the poultry supply chain by exploring feed management (Van Asselt et
al., 2015; Pelletier et al., 2018; Zhao et al., 2015), manure management (Rosa et al.,
2022), and increase in NUE along supply chain of egg production (see Ershadi et al.,
2023), the environmental performance of the conversion of poultry manure and litter into

a dehydrated fertilizer pellet has had very little attention.

2.3. Waste Valorization and its Connection to the Circular Economy

With increased awareness of the environmental and social harms of primary
resource extraction, government and industry are being pushed to move from a linear
economy to a circular economy (e.g., a closed-loop product life). The Ellen MacArthur
Foundation (2013) defines the circular economy (CE) as a system approach to treating
waste and by-products as a secondary resource. Canada has committed to the United
Nations Sustainable Development Goals (SDG), which has adopted the CE as an action
plan (UN SDG, Goal 12, 2018). In agriculture, wastes and by-products can be
transformed into economically valuable products such as energy, feed, and fertilizer
through valorization processes (Hollas et al., 2022). The conversion of agricultural by-

products is an example of the CE as it is critical to promote the utilization of waste and
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divert it from landfills, sustaining the bioeconomy, and shifting away from dependence
on non-renewable resources while contributing economically. (see Duque-Acevedo et al.,
2020). The literature surrounding the current obstacles of the CE with converting surplus
manure into biogas and fertilizer has revealed it is not a straightforward venture with its
technological, logistical, and social challenges (Akerman et al., 2020; Kapoor et al.,
2020). However, Hollas et al. (2022) reviewed the CE strategies of various waste
valorization strategies for livestock manure in terms of biogas, nutrient recovery, and
water reuse. They found that manure treatments, such as anaerobic digestion, can assist in
reducing greenhouse gas emissions within the agricultural sector as outputs can offset
extractive fossil fuel use.

The growth in livestock intensification and the concentration of farming systems
have been the driving forces behind the development and adoption of manure treatment
technologies (Sommer, 2013). Increased demand for industrial fertilizer, energy and
material has opened doors for industry to valorize livestock manure into a valuable
resource that may substitute for primary resources (Hidalgo & Corona, 2023). Kabongo
(2013) refers to waste valorization as industrial processing activities that involve the
reuse, recycling, or composting of by-products to useful products or energy sources. It
includes processing residues or by-products into valuable, usable products that may
otherwise be lost to landfills (Kabongo, 2013). There is awareness that the valorization of
poultry wastes (i.e., manure, spent hens, discarded eggs) is an increasingly important
field of research that has grown since 2007 and is an important field of research due to
the projected demand for poultry products and the options for poultry waste treatments

(Kanani et al., 2020). Estimating the environmental impacts of valorized manure products
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and their production systems assists in understanding their role in the CE as a recycled
product.

2.3.1. Valorization of Poultry Manure

There are several advanced methods of converting livestock waste into a
valorized product due to the sheer volume of by-products and challenges with waste
management. According to the FAO’s report on “Tackling Climate Change through
Livestock — A Global Assessment of Emissions of Mitigation Opportunities,” there is a
high possibility of reducing emissions by implementing manure management techniques
that ensure nutrient and energy recovery and recycling from manure (Gerber, 2013).
Currently, it is estimated that 13% of the waste management/waste valorization literature
in Science Direct is livestock-specific (Kanani et al., 2020). Of the reviewed livestock-
related literature (472 peer-reviewed publications), 63% focused on cattle and swine,
while 22% focused on poultry waste (Kanani et al., 2020).

For poultry waste (manure, litter, discarded eggs, spent hens), the five main waste
valorization technologies include co-digestion (anaerobic digestion), mono-anaerobic
digestion, pyrolysis, and gasification (Kanani et al., 2020). These technology processes
can yield fuel (biogas for heat and electricity) and biofertilizer while providing economic
opportunity to producers, waste management companies, or entrepreneurs. Anaerobic
digestion is a decomposition process without oxygen, allowing anaerobic bacteria to
degrade organic matter, producing biogas (fuel for electricity) and fertilizer (Dornelas et
al., 2016). Mono-anaerobic digestion uses one feedstock (Karki et al., 2021). Gasification
of biomass converts feedstocks into gaseous fuel using heat, steam, and oxygen without

combustion (Dept. of Energy, n.d.). Lastly, pyrolysis decomposes biomass at high
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temperatures, which can result in biofuel or biochar (Zhu et al., 2018). Various studies
have examined the possibility of utilizing poultry manure for biofuels instead of direct
field applications (Rubezius et al., 2020; Wang et al., 2019; Dornelas et al., 2016; Babaee

etal., 2013).

2.3.2. LCA in Poultry manure Valorization

To understand the environmental impacts associated with manure management in
poultry systems, LCAs have been widely used to estimate the environmental impacts of
the valorization of manure and its relative performance as an input to various products
and services. It is challenging to compare studies of manure valorization approaches as
they have different goals, treatment methods, system boundaries, allocation approaches,
and functional units. However, these studies estimated do provide the impacts of the
manufacturing process required to valorize poultry manure into a secondary product
system (biogas) using similar environmental impact categories such as CED, GWP, AP,
and EP (RubezZius et al., 2020; Wang et al., 2019; Babaee et al., 2013).

Williams et al. (2016) performed a consequential LCA in which turkey litter,
which has a similar guaranteed analysis as broiler litter, is a feedstock for a biogas system
in the UK rather than directly applied to the field (displacing inorganic fertilizer). Based
on a functional unit of 1000 kg of live-weight turkey, they determined that impacts
associated with utilizing turkey litter for a biogas system were lower than if using the
turkey litter as an amendment, significantly reducing AP (70%) and EP (55%) due to the
avoided ammonia emissions from conventional manure management practices such as

storage and land application.
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Mainali et al. (2017) assessed the environmental impacts of treating poultry litter
from rural layer operations in Bangladesh, comparing its use as biogas as a bio-fertilizer.
This study was based on a functional unit of 10,000 eggs and revealed that the GWP of
the layer operation could be reduced by 65% if poultry litter is used as a feedstock for
anaerobic digestion to produce biogas and could reduce GWP by 17 times if 100% of the
digested slurry was used as a bio-fertilizer.

Kanani et al. (2020) used a life cycle assessment to understand if poultry waste
valorization technologies may improve environmental burdens compared to current
manure management. Here, the researchers performed a comparative review of 105 LCA
studies of different poultry waste valorization and found that anaerobic digestion,
anaerobic mono-digestion, pyrolysis, and gasification were all suitable technologies to
assist with increasing the sustainability of manure management in the poultry supply
chain (Kanani et al., 2020).

In areview of 15 LCAs of biogas operations in the EU, Hijazi et al. (2016) found
that biogas production has lower GHG emissions than conventional waste management
practices. However, the overall environmental impacts of the biogas system were
dependent on the feedstock type. Although manure waste from layer barns had the
highest AP and EP compared to current manure management practices, AD reduces CHy4
and N2O emissions.

A study which appears most similar to our study in question is Kiss et al. (2021),
where researchers assessed the environmental impacts of producing composted pelletized
poultry litter (CPPL) compared to various inorganic fertilizer blends (IFB). The CPPL

product comprises broiler litter, layer manure, and by-products from slaughterhouse and
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pullet operations. It was found that the production of CPPL has a lower emission
intensity than the selected IFBs per kg of product. When the production of CPPL and IFB
was compared per 1 kg of active nutrients, CPPL had a higher environmental impact than
individual chemical fertilizers due to the lower nutrient content.

Overall, a wide variety of literature estimates the environmental impacts
associated with treating poultry manure. Most of the LCAs reviewed conclude that there
is a decrease in emissions when poultry manure or litter is anaerobically digested
compared to conventional manure management practices (direct to the field). LCAs of
poultry manure treatment allow industry and researchers to further understand these
wastes as value-added products with a potential contribution to the circular economy.
However, when Sarlaki et al. (2021) summarize studies looking at the agronomic benefit
of composted manure pellets, they do not note any literature detailing the environmental
impact of the production or use. There appears to be little to no literature surrounding the

estimation or characterization of environmental impacts associated with DPM.

2.3.3. Methodological Challenges in LCA of Manure Valorization

As life cycle assessment requires analysis and/or comparison based on the
primary function of the product system, special consideration is needed when dealing
with multifunctional systems where more than one product is produced (Michiels et al.,
2021). In agricultural LCAs, specifically livestock product evaluations, more than one
product is generally produced, resulting in multifunctional systems. For example, in
poultry production, the main function is to produce meat or eggs from broilers and layers,
respectively, as primary products, but there are then also potentially useful secondary or

by-products, such as spent hens or manure (Pelletier et al., 2018). Within LCA, these are
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referred to as co-products if they are in a final state for use or as resource flows if they
are further processed into secondary systems (e.g., manure applied to the field for
nutrients). This creates a methodological decision regarding how to appropriately divide
the inputs and environmental burdens amongst the primary product and co-products, and
it is commonly known as co-product treatment or allocation according to ISO standards
(ISO 14044, 2006).

To handle these methodological decisions, the ISO 14044 standards provide a
hierarchy of preferred strategies to treat co-products in multifunctional systems (Pelletier
et al., 2015). The first recommendation to fulfill the ISO standards is to avoid allocation
(ISO 14044, 2006). Allocation refers to the “partitioning of the input or output flows of a
process or a product system between the product system under study and one or more
other product systems” (ISO 14044, 2006). The preferred way to assign environmental
impacts to the co-products is to avoid allocation of impacts by:

I.  Dividing the aggregated process that produces the multiple products into unit
processes and collecting data separately for each process allows processes to
share environmental burdens amongst products by dividing the unit processes
into two or more sub-processes. However, this is not practical or possible in
many situations (Pelletier et al., 2015).

II.  Using system expansion (avoided burdens approach), the boundary of the
product system is expanded to include a product in which the co-product
substitutes and the impacts associated with that product are subtracted. System
expansion is only used for consequential LCA and not attributional LCA

(Pelletier et al., 2015).

25



If allocation cannot be avoided, then the inputs and outputs of the system are divided
among the different products based on a physical relationship (e.g., mass or nutrient
content) preferably. If not feasible, the allocation is based on an economic relationship
(ISO 14044, 2006). This allocation approach will complicate such decisions as the unit of
measurement will influence the conditions of the analysis.

The general guidance in the LCA ISO standards is that co-products and resource
flows should be dealt with according to the product system being studied, ensuring it best
represents the physical reality and the system's function in the economy. Often, LCAs are
conducted based on what has been previously published in the literature without
consideration of the specific product or the context of the study (Pelletier and Tyedmers,
2011). For manure valorization LCA studies, there have been recent methodological
contributions on how to deal with manure as a co-product or resource flow, which
consider various contexts, providing a more nuanced approach (Michiels et al., 2021;
Liep et al., 2019; Chen et al., 2017; Mackenzie et al., 2017; Pelletier et al., 2015). The
primary methodological challenges and contextual factors appear to include: 1) defining
manure to its fate (e.g., waste, co-product, residual), i1) determining the multifunctional
systems approach selected under the ISO standards (e.g., system expansion, allocation),
i11) if using allocation, then deciding which allocation approach to use (e.g., economic,
mass, biophysical). Within studies, livestock manure can be defined as a “residual” (i.e.,
provides an environmental credit as it displaces inorganic fertilizer), a “waste” (i.e.,
environmental burdens belong to the main system or at times hold no environmental

impact), or “co-product” (i.e., is viewed as a valued product that holds some
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environmental impact). Multifunctional products in livestock systems are commonly not
mentioned (Costantini et al., 2021).

How the manure is defined within the system will result in different
environmental trade-offs throughout the LCA analysis, such as manure increasing
contributions to environmental impact categories, decreasing the contributions as manure
can be considered a substitute for inorganic fertilizer, or not contributing any impacts
(Michiels et al., 2021; Leip et al., 2019; Hoffman et al., 2018; Leinonen & Kyriazakis,
2016). If manure is used as an organic nutrient amendment for crop production, it is
defined as a 'residual.' It is thus regarded as either not having an environmental impact on
the production system in the study or provides the system in question with a credit as the
manure is sometimes assumed to replace the use of inorganic fertilizer (Constantini et al.,
2021; Michiels et al., 2021; Hanserud et al., 2018; Meier et al., 2014; Boggia et al.,
2010). When manure is considered a "waste" from livestock systems (i.e., it is not used as
a nutrient amendment but is landfilled, used as a nutrient but is considered waste, or is
applied more than crop nutrient requirements (Leip et al., 2019)), then the activities and
impacts associated with handling the manure waste, including waste management, are
associated with the main product, such as meat or hens (Hoffman et al., 2018). These
approaches are especially problematic as they not only prescribe zero-burden associated
with manure but also assume a credit as it substitutes the production, transportation, and
application of inorganic fertilizer.

Defining manure as a co-product assists in addressing the environmental impacts
associated with production and the overall impacts of a livestock system. Appropriately

partitioning the environmental impacts of a livestock system is a critical step in
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recognizing the value of manure (Leip et al., 2019). However, allocation methods can
greatly alter the environmental outcomes of products or systems being examined
depending on whether the environmental impacts are partitioned through biophysical,
mass, or economic allocation (Chen et al., 2017; Pelletier et al., 2015). Vergé et al. (2015)
analyzed three separate allocation methods (no allocation, economic allocation, and mass
allocation) for assessing the environmental impacts of the Canadian pork industry. They
found a 6 and 46% difference between environmental impact results per kg of product.

Although economic allocation is the last recommended approach in the ISO
standards (ISO 14044, 2006), it is a common methodological choice in poultry systems
(Costantini et al., 2021). There is much contention with this approach as it does not
accurately capture the complete environmental impacts of a production system (Hoffman
et al., 2018). In economic allocation, the environmental impacts are quantified based on
the economic value of input or output (Michiels et al., 2021). However, there are many
concerns with this approach as it is challenging to select a price that reflects the value of
each co-product and is sensitive to market fluctuations (Bier et al., 2012). In a review,
Michiels et al. (2021) found that the impact of an output changes with its price while its
manufacturing stays the same. Due to economic allocation dependence on market prices,
the environmental outcomes are subject to change due to external market fluctuations,
which could result in obsolete LCA data and create difficulties in comparing the results
of LCA studies which used different market conditions (Michiels et al., 2021; Pelletier &
Tyedmers, 2011).

In recent literature, manure is recommended to be recognized as a co-product and

have environmental burdens allocated based on a biophysical relationship (Michiels et
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al., 2021; Leip et al., 2019; Hoffman et al., 2018; Chen et al., 2017). Leip et al. (2019)
suggest that as manure is a valuable co-product, the inputs and environmental impacts are
to be allocated using a biophysical approach based on the caloric energy to produce the
manure. Providing an environmental burden to manure based on a physical or economic
basis ensures accountability within the agricultural industry.

Turner et al. (2022), Pelletier (2017) and Putman et al. (2017) use a biophysical
approach to account for the impacts between co-products that had economic value. For
example, Turner et al. (2022) based the physical relationship of co-products on gross
chemical energy content for both eggs and spent hens. The excretion of N and P was
calculated based on a nutrient mass balance model using feed composition. The volume
was based on an average excretion rate of layers based on relative feed conversion
efficiencies to calculate the losses and assign impacts to the manure. Estimates of N and
P were then used to calculate emissions and leachate (e.g., NH3, N2O, NOs) under [IPCC
(2006) Tier-2 protocols. The biophysical approach was based on the multifunctional
principles discussed in Pelletier and Tyedmers (2011) and Pelletier et al. (2015).

Michiels et al. (2021) analysis compared the environmental impact results of
different methodological decisions considering manure as an organic fertilizer from a
beef cattle system through a residual approach (no burden or credit), system expansion,
and different economic and mass allocation factors. Although four of the mass allocation
factors resulted in some unrealistic results (e.g., manure owning over 100% of the
impacts because the weight of the manure outweighs the meat produced or the beef meat
accounting for less than 13% of all impacts), it was concluded that a mass allocation

approach (in their case; kg N in organic fertilizer/(kg live weight + kg N in manure)) was
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the preferred option for estimating the impacts associated with organic fertilizers because
it provides the closest approximation that represents real-world scenarios accounting for
an estimated in less than 16% of the impacts being allocated to organic fertilizers.

An additional approach is to consider manure as a “resource flow.” As a resource
flow, the manure is then recycled in a secondary system and added to other useful
products. In this case, manure would not be treated as a co-product, and therefore, LCA
recycling rules were applied to its use rather than allocation approaches. This 50/50
recycling approach has been used to determine impact partitioning in end-of-life
scenarios such as recycling, reuse, incineration, and disposal (Allacker et al., 2014).
Under the 50/50 recycling approach, 50% of the impacts associated with the original
resource or product are counted in the subsequent product system (Allacker et al., 2014).
The nutrient value of manure is considered to be a recycling of the nutrients from the
inorganic fertilizer used to produce grain feed. Therefore, as the manure is recycled into a
secondary system, the upstream impacts of manufacturing inorganic fertilizer are

accounted for.

2.3.4. Assessing Methodological Approaches to Account for Upstream Impacts of

Manure

Similar to livestock LCAs, there is a wide perception that the valorization of
residuals, wastes, or co-products that may otherwise go to landfill (or field application),
used in the additional system should be treated as burden-free (Michiels et al., 2021).
However, this is a common misconception as all inputs in a product or process have an
environmental “cost” (see Olofsson & Borjessin, 2018). Some studies analyzing the

impacts of manufacturing value-added manure products for fertilizer do not recognize the
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upstream impacts of manure (see Kiss et al., 2021; Sarlaki et al., 2021; Bora et al., 2020).
Another common approach is recognizing manure as an input when comparing the
environmental impacts of manufacturing fertilizer. However, this provides credit to the
system as it offsets the inputs associated with not using inorganic fertilizer (see Corbala-
Robles et al., 2018; Williams et al., 2016). Accounting for using manure in a value-added
system as a credit omits any upstream impacts associated with its use.

This appears to be a commonly discussed challenge in LCA, especially with the
increased interest in the circular economy and the desire to assess the environmental
impacts of valorized waste systems (Schrijvers et al., 2015). A recent review which
assessed different allocation methods of 113 organic waste valorization LCAs found that
with the attributional LCAs, the most common strategy was to avoid allocation by
assuming zero-burdens associated with the utilization of waste (Dominguez Aldama et
al., 2023). This literature showcases that many LCAs do not account for the upstream
impacts of value-added resources and may lead to misguided decisions on low-impact,

bio-based products (Olofsson & Borjessin, 2018).

2.4. Research Objectives and Core Ideas

It has become increasingly important to manage and distribute manure
responsibly. With this challenge comes the opportunity to valorize manure and increase
its circularity through treatments that produce value-added products such as an organic
fertilizer. The dehydration and pelletizing of poultry manure is an example of manure
valorization for use as an organic fertilizer in crop production. However, very few studies
provide a comprehensive understanding of the environmental impacts of DPM

manufacturing. To the best of our knowledge, the manufacturing process and the included
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inputs and impacts associated with the production of DPM have yet to be characterized or

quantified through LCA.

2.4.1. Research Objectives

This research aims to estimate the life cycle environmental impacts associated
with the manufacturing of DPM within Eastern Canada, from manure sourcing,
manufacturing, and packaging, encompassing the entire "cradle-to-facility gate" process.
This study incorporates product and manufacturing data collected in collaboration with
two pelletizing industries to estimate the average environmental impacts throughout the
DPM manufacturing life cycle.

The specific objectives of this project are to:

1. Estimate the environmental impacts associated with the manufacturing of DPM.

2. Identify processes or life cycle stages of DPM with high impacts (hotspots).
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Chapter 3: Life Cycle Assessment Methods

3.1. Life Cycle Assessment Methodology
To estimate the environmental impacts associated with dehydrated poultry
manure (DPM) in Eastern Canada, the ISO 14040-14044 (2006) four-phase
methodological framework was followed. Specific details and technologies are not
described to maintain the confidentiality of the manufacturing practices, production
volume, and markets of the partnering companies. Instead, generic life cycle stages are
identified, and the two companies' results are arithmetically averaged to estimate the

environmental impacts of DPM production in general.

3.2. Goal and Scope Definition of the LCA of DPM Manufacturing in Eastern
Canada
The study's overall goal is to evaluate the life cycle environmental impacts
associated with manufacturing DPM and to determine hotspots of impacts for

improvement analysis.

3.2.1. Product System Description

The manufacturing of DPM typically entails several stages involving the sourcing
of poultry manure or litter (hereafter, the term manure will be used to encompass both
manure and litter), followed by dehydration or drying, facilitated by an energy source.
Subsequently, the dried material undergoes pelletization using a wood pelletizer, and the
resulting pellets are stored in grain or fertilizer bins or packaged into totes or smaller
units. Depending on the intended application, the pellets can be customized in terms of
particle size. Finished pellets typically have two pathways. They can 1) be conveyed to

the packaging hopper or ii) transferred into the granulation tower, which results in a
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granule DPM product that then goes to the packaging hopper. Additionally, supplemental
nutrient additives can be added while producing DPM to yield various DPM products
with different GA and intended purposes. The final DPM products are distributed either
in bulk or packaged forms, either to farm retailers or directly to farms

3.2.2. Functional Unit

A functional unit is a quantifiable unit that describes the function of a product or
process (Weidema, 2006). The functional unit provides a reference basis for comparing
and analyzing goods or services (Rebitzer et al., 2004). In the case of DPM, the ultimate
function of the product is to provide nutrients for crop growth. However, since this LCA
stops at the facility gate, an intermediate functional unit is used based on the function of
the DPM facility, which is to produce DPM. Therefore, the functional unit is one metric
tonne (1 tonne) of packaged DPM with an average MC of 8% and a guaranteed analysis
of 4-2-1.

3.2.3. System Boundaries for Assessing the Manufacturing of DPM

The system boundary considers all activities associated with the manufacturing of
DPM from cradle-to-facility gate (Figure 1). This includes all raw material extraction and
processing (e.g., fossil fuel manufacturing, inorganic fertilizer manufacturing, electricity
production, and manufacturing of packaging materials), manure sourcing, manure drying,
DPM pelletizing, and DPM packaging. The impacts associated with poultry production
(e.g., egg or broiler meat production) and field application are outside the system
boundary (i.e., not included in this analysis) as this analysis focuses on the environmental

impacts associated with manufacturing DPM. The distribution of DPM sold to agriculture
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retail and directly to farms is excluded from the analysis as the customer base and

markets may fluctuate, altering the distance travelled and the volume of the DPM sold.
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Figure 1: System boundary of manufacturing DPM in Eastern Canada.
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3.2.4. Environmental Impact Categories

An impact category represents the environmental impacts of concern to which the
life cycle inventory analysis results are assigned (ISO 14044, 2006). The environmental
impact categories selected for evaluating the life cycle of DPM include:
Global warming potential (GWP) (kg CO»-eq)
Terrestrial acidification potential (AP) (kg SO»-eq)
Freshwater eutrophication potential (EP) (kg P- eq)
Respiratory effects (RE) (kg PM2.5-eq)

These four impact categories are selected due to their prevalence and relevance to
the fertilizer supply chain and poultry manure. McClelland et al. (2018) reviewed 173
livestock LCA studies and identified that 98% included GWP, 50% included EP, and
54% included AP. Having multiple impact categories allows the representation of a more
holistic view of DPM manufacturing impacts. Three midpoints and one endpoint category
(RE) were selected. Midpoint categories recognize an environmental effect before
damage occurs, such as GWP, AP, and EP, whereas endpoint categories recognize the
final environmental damage that can occur. GHG emissions, NOX, and particulates were
measured on-site at one facility, and emissions of CO2, which is associated with GWP,
particulate matter (PM), associated with RE, and carbon monoxide were identified. These
emissions were included as input data.

The impact potentials were calculated using the Tool for Reduction and

Assessment of Chemicals and Other Environmental Impacts (TRACI v2.1)
environmental impact method within the openLCA software (GreenDelta, Berlin,

Germany, 2022).
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3.3. Life Cycle Inventory (LCI)

The LCI phase involves accounting for all the inputs and outputs from each
process in the product system. The data types required are the quantity of inputs
(materials and energy used) and outputs (products, waste, and emissions) associated with
each activity. A description of data collection, calculations and associated assumptions

follows.

3.3.1. Life Cycle Inventory Data Sources

Life cycle inventory data were collected from two individual DPM manufacturing
companies. Site tours of each facility were conducted in 2022 to understand the specific
manufacturing details and technologies used by each company and to identify all the
steps in DPM manufacturing. A questionnaire was sent to each company to collect data
on their processes, annual estimates of inputs such as volume of manure, energy sources
(e.g., electricity consumption, fossil fuel usage, annual energy bills), materials used (e.g.,
packaging), and any other additional inputs (e.g., cleaning agents, additional feedstocks,
maintenance supplies), as well as relevant data on outputs such as total annual
production, wastes, or knowledge of emissions from previous environmental assessments.

Once data was collected, the data from each company was compiled in Microsoft
Excel. On-site processes were organized into four categories, including 1) manure
sourcing, ii) manure drying, iii) DPM manufacturing of pellets, and it) on-site DPM
packaging. Inputs and outputs associated with each process (e.g., energy, equipment oils
such as lubricants, packaging material, and product output) were identified. Data was
verified, and follow-up video calls and emails from company representatives filled data

gaps. Some data required further literature reviews, assumptions, and calculations, such
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as estimating the electricity usage of the manure drying systems and upstream impacts
associated with the use and production of poultry manure, described in detail in the
following section. The life cycle inventory data of the companies cannot be shown due to
confidentiality agreements. Background data were sourced from the ecoinvent v3.4 LCI
database. Electricity production was based on the ecoinvent v3.4 database and with the

reflected provincial market provider.

3.3.2. Modeling the Manufacturing of DPM

The LCI data is organized by defining and understanding the product system and
its processes, including the identification of the inputs and output flows related to each
process. As data for individual processes was not separable in some cases, the data was
aggregated into three processes: Manure sourcing, Manure drying, DPM manufacturing,
and DPM packaging (Figure 1). This analysis is based on the total amount of inputs
included in the annual production of each company’s products; analyses and results are
not separated across different product types with different nutrient analyses or packaging

and are solely based on the functional unit of 1 tonne of DPM, packaged.

3.3.3. Characterizing Each Process Involved in Producing DPM

Manure is derived from conventionally raised poultry systems from barns located
within Eastern Canada. The manure derived from the poultry systems primarily consists
of feces, urine, traces of feathers, feed, and, in the case of broilers, bedding material such
as straw or wood shavings.

Manure Sourcing: Manure is collected from the barn floors at the end of the
production cycle (broilers) or continuously collected (layers) to be dried on-site or

transported to another location to be dried. The manure is sourced from both broiler and
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layer barns. The sourcing of raw manure includes transportation from the barns to the
pelletizing facility. The manure has an average guaranteed analysis (GA) of 4-2-1 NPK.
Manure is a resource flow that recycles NPK into the DPM system, so this process
includes the upstream impacts associated with poultry manure (inorganic fertilizer
production).

The recycling approach was used to account for the impacts of manure
production. Specifically, in the 50/50 approach, 50% of the environmental burden of
producing the fertilizers represented as nutrients is assigned to the DPM. This applies
only to the fraction of fertilizer nutrients contained in the manure (i.e., the GA of DPM of
4-1-2); the remainder of the fertilizer impacts are associated with the laying hen
operations. It was unknown whether the GA was the same for the raw manure source as it
was for the final product, and ideally, a nutrient analysis of the raw manure would be
available. Nevertheless, it was assumed the GA was the same for the raw manure source
as it assumed only moisture was lost during the processing and no nutrient loss. The input
quantity for each nutrient was based on the functional unit of 1 tonne of DPM. For
example, as DPM is 4% total N, there is an estimated 40 kg of N in 1 tonne. By applying
the 50/50 recycling approach, 50% of the environmental impacts associated with
manufacturing 40 kg of N, for example, would be assigned to 1 tonne of DPM. This was
modelled by including 20 kg N fertilizer (i.e., 40 kg N * 50%) in the life cycle inventory
per 1 tonne of finished DPM product. The same approach was applied to P as P>Os and K

as KO fertilizer inputs.
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Manure Drying: The manure is dried from 30 - 85% MC to 5-10% using two
different drying technologies (confidential). Energy demand for drying is dependent on
the MC of the manure or litter.

DPM Manufacturing: The dried manure is augured into the pelletizer, where
supplementary nutrients to adjust the GA may be added. Then, it is pelletized with a
pelletizer similar to a wood pelletizer. Maintenance includes cleaning using company-
specific protocols.

DPM Packaging: The pellets are packaged using various packaging materials,
depending on the company and its markets. Once packaged individually, the pellets are
put onto pallets or wrapped using plastic film. Table 1 describes the generic
manufacturing processes and associated inputs involved in manufacturing DPM in
Eastern Canada. As mentioned, the transportation of finished products is excluded from
the analysis as customer base and market locations can change, and the study's goal was
to understand the environmental impacts of producing the manure.

The LCI database ecoinvent (v3.4) (ecoinvent, Ziirich, Switzerland, 2022)
provided the LCIs with background data such as fertilizer manufacturing, energy
production, and material production. The database Agribalyse v3.1 was used for specific

inputs (e.g., additives, confidential) that were unavailable in ecoinvent v3.4.
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Table 1:Modeling the life cycle inventory based on average inputs for each process
included in manufacturing DPM.

Process: Manure Sourcing

Input Unit Source

Inorganic N (total) K Company data, calculations,
(manure) & Allacker et al. (2014)
Inorganic P (P20s) K Company data, calculations,
(manure) & Allacker et al. (2014)

. Company data, calculations,
Inorganic K (K20) manure) | kg Allacker et al, (2014)
sourcing Of. manute tonne*km Company data, calculations
(transportation)

Output Unit Source
Raw manure tonne Calculated
Process: Manure Drying
Input Unit Source
Raw manure tonne Calculated
. Company data, assumptions,
Energy for drying MJ or kWh calculations
Output Unit Source
Semi-dried manure tonne Calculated
Process: DPM Manufacturing
Input Unit Source
Semi-dried manure tonne Calculated
Energy inputs kWh, L, or m® Company data calculated
Supplemental nutrients kg Company data, calculation
Equipment cleaning kg Company data
General maintenance
inputs kg Company data
Output Unit Source
DPM tonne Calculated
Process: DPM Packaging
Input Unit Source
DPM tonne Calculated
Various packaging K Company data, calculations
materials &
Output Unit Source
Packaged DPM tonne Calculated
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3.3.4. Assumptions and Data Quality
3.3.4.1. Estimating the Energy Required in Manure Drying
Manure drying is a critical component in the production of DPM, as manure is required to
be a certain MC to produce quality pellets. Additionally, as manure is the primary input
to the DPM system, it was essential to appropriately estimate the energy required to dry
manure for the two company-specific drying systems. In the case of both drying systems,
assumptions were needed to estimate the energy required to dry the manure due to data
gaps. Manure drying inputs were based on energy consumption per tonne of DPM.
3.3.4.2. Sensitivity Analyses

The sensitivity analysis aims to evaluate how changes to a model affect the
baseline results. This portion of the analysis allows us to evaluate the robustness of
selected inventory data, assumptions, and hotspots and examine how sensitive the results
are to parameter or methodological changes. Sensitivity analysis may be applied to inputs
such as inventory data, processes, or assumptions in the model, as well as methodological
choices, such as allocation procedures, the functional unit, or an environmental impact
method. When conducting a sensitivity analysis, only one variable is changed to
determine how sensitive the results are to this parameter and if it affects the interpretation
of the results. The following data and assumptions were involved in the activities with the
highest impacts and required sensitivity analysis.

e Choice of provider for high-voltage electricity in ecoinvent database (market mix
vs production mix for the province).
e Choice of provider for inorganic N fertilizer data in ecoinvent database (Canadian

market mix vs Global market mix).
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e Characterization factor for CO; emissions associated with estimating the upstream

GWP impacts of using residual wood biomass as a biofuel.

e Adjusting the estimated power rating of the fans on the manure dryer (25, 50, and

75% capacity)

e Adjusting the 50/50 recycling approach to account for the upstream emissions

associated with the use of poultry manure (NPK fertilizer) to 100% and 0%.

Table 2: Sensitivity analyses performed on the baseline results of manufacturing 1 tonne

of DPM in Eastern Canada.

Input parameter

Baseline selection

Sensitivity analysis

High-voltage provider

Provincial production
mix

Provincial market mix

Inorganic N fertilizer

Canadian market mix

Global market mix

factor for the CO:
emissions of the
combustion of RWB

provider
GWP GWP characterization | GWP characterization factor of 0.5
characterization factor of 1.0

Adjusting the power
rating of the fans on
the manure dryer that
run 24/7

Fans are assumed to
run at 100% capacity

Reducing the power rating by 25,
50, and 75% capacity

50/50 recycling rule
applied to the
upstream impacts
associated with
poultry manure

50% of upstream
impacts associated
with litter are sourced
from inorganic NPK
fertilizer

0% and 100% of upstream impacts
associated with litter are sourced
from inorganic NPK fertilizer
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Chapter 4: Results and Discussion

4.1. Introduction to Results

This chapter presents the LCA results of the environmental impacts associated
with the manufacturing of DPM. The primary goals were to quantify the overall
environmental impacts using a cradle-to-facility gate boundary and to identify hotspots.
Overall, this analysis will provide insights into potential areas for reducing the
environmental impacts of DPM pellet production. Due to confidentiality agreements,
company-specific input data and individual company environmental impact results
cannot be shared; therefore, results represent the arithmetic average of the two
technologies used to produce 1 tonne of DPM packaged pellets.

4.2. Environmental Impact of Manufacturing DPM Pellets

The average total environmental impacts per 1 tonne of packaged DPM are GWP:
299.2 kg CO»-eq; AP: 1.3 kg SO»-eq; EP: 0.7 kg N-eq; RE: 0.2 kg PM2.5-eq.
Manure sourcing was the largest hotspot (49% of the GWP), contributing 146.7 kg CO»-
eq to GWP, 0.8 kg SOz-eq to AP, 0.4 kg N-eq to EP, and 0.1 kg PM2.5-eq to RE based
on 1 tonne DPM pellets (Table 3). This was due to the environmental burdens associated
with the manure's NPK content (4-2-1). This NPK arises from the inorganic fertilizer
used to produce the feed for the poultry production, part of which ends up in the manure.
The environmental burdens represent the upstream impacts of fertilizer production. The
impacts associated with inorganic N fertilizer represent the greatest share of the burdens

of manure sourcing (95.0 kg CO;-eq for GWP, or 39% (Figure 2)).
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Table 3: Estimated environmental impacts of manure sourcing and associated inputs
presented as an average per 1 tonne of product for two manufacturers in Eastern Canada.

Manure Sourcing

Input GWP AP EP RE
(kg COz-eq) | (kg SO2.eq) (kg N-eq) (kg PM2.5-eq)

Inorganic N 95.0 0.5 0.3 0.1
INPK fertilizer] P2Os 25.7 0.1 0.1 0.0
(in manure) K>0O 7.9 0.0 0.0 0.0
Transportation of 182 0.1 0.0 0.0
manure

Total to Manure 146.7 0.7 0.4 0.1

Sourcing

Manure drying contributed greatly to GWP with 89.6 kg of COz-eq (30% of the
GWP) and modestly to AP, EP, and RE (Table 4), mostly due to the upstream impacts
associated with energy production and use, such as electricity and the combustion of
biofuel. DPM manufacturing contributed moderately across all impact categories (16% of
GWP), with 47.2 kg CO»-eq to GWP, 0.3 kg SO»-eq to AP, 0.3 kg N-eq to EP, and 0.1 kg
PM2.5-eq to RE (Table 5). Lastly, Pellet packaging consistently contributed the least
across all environmental impact categories (5% of GWP) (Table 6).

Table 4: Estimated environmental impacts of manure drying presented as an average per
1 tonne of product for two manufacturers in Eastern Canada.

Manure Drying
Input GWP AP EP RE

(kg CO2-eq) | (kg SO2-eq) (kg N-eq) |(kg PM2.5-eq)
Energy 89.6 0.1 0.0 0.0
Total to Manure 89.6 0.1 0.0 0.0
Drying
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Table 5: Estimated environmental impacts of DPM manufacturing and associated inputs
presented as an average per 1 tonne of product for two manufacturers in Canada.

DPM Manufacturing

Input GWP AP EP RE
P (kg CO2-eq) | (kg SO2-eq) (kg N-eq) |(kg PM2.5-eq)

Energy 39.9 0.2 0.2 0.1

Supplemental 4.6 0.1 0.0 0.0

nutrients

Equipment 0.1 0.0 0.0 0.0

maintenance

Equipment cleaning 2.7 0.0 0.0 0.0

Total to DPM 473 0.3 0.2 0.1

Manufacturing

Table 6: Estimated environmental impacts of DPM packaging presented as an average
per 1 tonne of product for two manufacturers in Eastern Canada.

DPM Packaging
Input GWP AP EP RE

P (kg CO2-eq) | (kg SO2-eq) (kg N-eq) |(kg PM2.5-eq)
Packaging material 15.6 0.1 0.1 0.0
Total to Packaging 15.6 0.1 0.1 0.0
Material

Figure 2 describes the average environmental contributions of the grouped inputs
of the two DPMs. Within the Manure sourcing process, the major contributing inputs are
the inorganic N, P, and K (poultry manure) derived from manufacturing inorganic
fertilizers for feed production, with the production of inorganic N consistently
contributing the most across all environmental impact categories assessed. The combined
GWP impact of the three nutrient sources in the manure accounted for an average of
128.6 kg CO»-eq per tonne of DPM. The contributions of nutrients in the manure toward

AP, EP, and RE are 0.6 kg SO»-eq, 0.4 kg N-eq, and 0.1 kg PM2.5-eq per 1 tonne of
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packaged DPM, respectively, with inorganic N fertilizer being the primary

contributor. The transportation involved in sourcing the raw poultry manure is estimated
to contribute 3-7% across all impact categories. Energy inputs used for manure drying
accounted for 30% of GWP impact and 10% of AP, but only modestly to EP and RE.
Within the DPM manufacturing process, the energy inputs required to operate the
facilities and manufacture DPM accounted for between 13 and 39% of impacts across
environmental categories. Additional inputs such as supplemental nutrients, maintenance,
and cleaning had relatively minor contributions to the impact categories. DPM packaging

contributed from 5% to 8% across impacts.
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Figure 2: Percent contribution of inputs to DPM manufacturing processes to selected
environmental impact categories (GWP — global warming potential; AP — acidification
potential; EP — eutrophication potential; RE — respiratory effects) based on 1 tonne of
packaged DPM in Eastern Canada.

4.3. Sensitivity Analyses

In LCA studies, sensitivity analyses are conducted on uncertain data,
assumptions, and methodological decisions, particularly when these issues are associated
with hotspots.

For the use of RWB as a biofuel, the baseline model used a GWP characterization
factor of 1.0 for C emissions from RWB combustion, meaning that the CO2 emitted from
the combustion of RWB will have GWP impacts like fossil fuel carbon (i.e., it assumes
that all the carbon in the forest biomass is not recaptured through forest regrowth). This
characterization factor is conservative as it represents the worst-case scenario for Eastern
Canada in a forest management system and the highest potential impacts associated with
the combustion of forested bioenergy. It was chosen because no information was
available on managing the forest. A sensitivity analysis was conducted with a
characterization factor of 0.5, associated with a biomass rotation period of about 48 years,
where the forest is re-established to its original state within this period. By decreasing the
characterization factor to 0.5, the GWP contribution of RWB combustion was reduced by
50%, reducing the total GWP of 1 tonne of packaged DPM by 24.1%.

To explore the sensitivity of the data required to estimate the electricity usage of
the manure driers, an analysis was conducted that decreased the power rating settings
from 100% capacity (2.2 kW) to 75% (1.6 kW), 50% (1.1 kW), and 25% (0.5 kW).
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Ultimately, the variation in power ratings only slightly affected the GWP of the Manure
Drying process, reducing it by 25% with each sensitivity analysis. The baseline results
showed that manure drying contributed to 30% of the total GWP; through the sensitivity
analyses, there was only a maximum 2% decrease from the baseline results.

Within both LCAs, sensitivity analyses were applied to various input parameters
to test the robustness of the data used and to see how the change in the input parameter
altered the baseline results. A sensitivity analysis was conducted on the 50/50 recycling
approach as it was applied to the LCA of both companies and is a major methodological
decision in estimating the upstream impacts associated with poultry manure. Both 0%
and 100% of the impacts associated with inorganic N, P, and K fertilizers were used in
the model. Accounting for O and 100% of the impacts associated with manufacturing
fertilizer increased and decreased the total GWP of each system by 30-50%. It was
concluded that the 50/50 recycling approach and the associated inputs are sensitive as the

environmental impacts changed by over 15% compared to the baseline results.

4.4. Discussion

Dehydrated poultry manure is a recycled, value-added product that provides an
organic fertilizer to producers. This study aimed to quantify the environmental impacts of
the manufacturing of DPM pellets using poultry manure, identify hotspots of impacts,
and determine ways to reduce the impacts. The results will be mainly discussed around
GWP as AP, EP, and RE impacts are considered minor (Hasler et al., 2017; Kiss et al.,

2021).
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4.4.1. Environmental Impacts of Manure Sourcing

The manure-sourcing process was the largest contributor to all four environmental
impact categories (GWP, AP, EP, and RE). Most of the impacts were associated with the
upstream environmental burdens associated with the nutrients within the manure. The
DPM product is primarily used as a soil amendment to supply N, P, and K. These
nutrients originate from poultry feed grown with manufactured fertilizers. Inorganic N
alone accounted for between 27% and 32% of the total impacts. In LCAs of crop and
livestock production systems, the production of N fertilizers is a key driver of GHG
emissions (Pelletier, 2017). This is because of the high energy demand associated with
manufacturing inorganic N (i.e., ammonia (NH3) synthesis) (Pelletier et al., 2008;
Hoeppner et al., 2007; Pimentel et al., 2005). Given that the energy source (CH4) for NH3
synthesis is also fossil fuel-based, the production of inorganic N fertilizer is carbon-
intensive (Walling et al., 2020; Basosi et al., 2014).

The impacts of other fertilizer inputs (inorganic P and K) contribute to the
environmental impact categories, although to a lesser extent. Common conventional P>Os
products used in crop production, which include di-ammonium phosphate (DAP) and
mono-ammonium phosphate (MAP), are manufactured using NH3 and phosphoric acid
(H3POg4) from the extraction of raw minerals such as rock phosphate (Zhang et al., 2017).
In contrast, conventional K products are derived from K salts, which yield chloride (KCl)
(e.g., muriate of potash (MOP)) and are manufactured through mining and extraction
(Ushakova et al., 2023).

In this study, manure is considered a resource flow instead of a co-product or a

waste product. If considered a co-product, the ISO LCA standards state that allocation
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should be avoided by dividing the product systems into unit processes and measuring the
inputs and outputs related to each product (eggs or chickens) and the co-product
(manure). This is usually not practical to do in most systems. But in this case, it can be
argued that tracing the nutrients in the manure to the inorganic fertilizers used to grow
crops to feed the poultry, in effect, is similar to dividing up the system into unit
processes. Treating the nutrients in the manure as a recycling of a resource from poultry
or egg production becomes a recycling problem and not a co-product problem. In classic
recycling problems, the 50/50 recycling approach is applied to LCAs that account for
upstream impacts of recycled materials, such as aluminum cans, in a secondary life cycle
(Allacker et al., 2014).

The resource to be recycled (e.g., aluminum can be used to make another can)
takes on 50% of the burden associated with extracting and processing virgin aluminum
because recycling cannot exist without the original virgin material. In the manure, 50% of
the impacts associated with the manufacture of inorganic fertilizer for the proportion of
nutrients found in the manure was assigned to the DPM manufacturing process, and the
other 50% would be assigned to the crop that would use the DPM. There are arguments
that 100% of the impact should go to the one or the other system in a recycling scenario.
However, the approach should reflect the physical and economic reality of the resource
flow. Schrijvers et al. (2015) argue that the approach to dealing with recycling resources
requires a case-by-case analysis.

It is important to note that there is a lot of disagreement and controversy in the
LCA literature regarding how to, or whether to, account for upstream impacts associated

with manure. This is partly due to a lack of understanding of the ISO guidelines and
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different manure management contexts. There are three common approaches to dealing

with manure:

II.

III.

Manure is treated as a waste; therefore, no environmental impact is
associated with it (Kiss et al., 2021; Bora et al., 2020; Sarlaki et al.,
2021). However, this is not an acceptable approach within LCA
guidelines. There is broad agreement that co-products (or resource
flows) cannot be burden-free (Dominguez Aldama et al., 2023; Leip et
al., 2019; Olofsson & Borjesson, 2018; Pelletier et al., 2015; Allacker
et al., 2014).

Provide credit to the crop system since it is assumed that using manure
instead of fertilizer offsets the impacts of fertilizer production
(Corbala-Robles et al., 2018; Williams et al., 2016; Beausang et al.,
2020). This approach is an ‘avoided burdens’ approach associated with
the co-product treatment approach known as ‘system expansion’ (ISO
14044, 2006) and should only be used in consequential LCAs, as there
is no guarantee that fertilizer production is reduced, particularly if the
use of manure is already a common practice.

Allocate the impacts between the main product (eggs or poultry) and
manure using biophysical or economic allocation. Biophysical
allocation is often used to assign impacts between multiple products in
livestock systems (e.g., Chen et al., 2017; Pelletier et al., 2015).
Assigning an environmental burden to manure on a physical or

economic basis ensures accountability within the agricultural industry
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and assists in accounting for the impacts of recycled resources used
within the CE.

Regardless of which approach is used to deal with environmental burdens
associated with manure production, a sensitivity analysis of the method is required,
especially when comparing systems to ensure that results are consistent (i.e., product A
always has a lower impact than product B, regardless of the method used. In other words,
the relative impacts are consistent even if the absolute values change). In a study of
poultry co-products, including fat, by-product meal, and hydrolyzed feather meal,
Campos et al. (2019) conducted sensitivity analyses on different allocation methods to
account for the co-products of poultry production (e.g., fat, by-product meal, and
hydrolyzed feather meal). They found that using mass allocation leads to a 9-25 times
higher impact on manure than using economic allocation. This is because manure has a
high volume and mass but a very low market value.

Ultimately, the selected multifunctional solutions used in LCA studies must be
clear, transparent, justifiable, and motivated in relation to the goals and scope of the
studied system (Pelletier et al., 2015). However, they should also be based on the
regulatory, physical, and economic contexts in which the products exist. More recently,
there have been attempts to deal with how to assign impacts to manure based on specific
contexts. For example, Leip et al. (2019) describe “a not so far-fetched hypothetical
scenario” that is, if a farmer was required to adhere to a regulated emissions cap, their
purchasing decisions for nutrient amendments may be based on not only the nutrient
content and price of fertilizer or manure but the embodied GHG emissions as well. Leip

et al. (2019) consider both a theoretical and a pragmatic approach based on nutrient cost
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and farmers’ nutrient requirements. These approaches set out to create awareness that
when using manure for its nutrient value for crop production in its continued life cycle,
some of the environmental burdens associated with its use (upstream impacts) should be
positioned in the crop production system. It is emphasized that regardless of how manure
is treated in a life cycle assessment (i.e., treated as a co-product), providing an
environmental burden to its use provides an economic and sustainability incentive for

progressive manure management (Leip et al., 2019).

4.4.2. Impacts from Energy Required for Manure Drying

Based on the LCA results, the average impacts of the two manure drying
processes contributed to 30% of the total GWP (89.6 kg CO: eq per tonne of DPM) and is
considered an environmental hotspot in the manufacturing of DPM. In this study, the
impacts associated with manure drying can be attributed to the upstream impacts of both
electricity and the estimated impacts associated with the sourcing of biofuel, as well as
the estimated emissions associated with the combustion of biofuel. However, other DPM
products may use other energy sources for drying, including fossil fuels.

As manure MC is variable and various heat sources are used in drying (e.g.,
electricity, natural gas, biofuel, biogas), estimating the energy consumption of manure
drying appears to be very scenario-dependent. In an LCA of pelletized compost, the
energy required for the drying process was estimated to contribute 72.74 kg COz-eq to
GWP per 1 ton (0.9 tonnes) of agro-biowaste compost (Sarlaki et al., 2021). In a
comparative LCA which assessed the environmental impacts of different inorganic
fertilizer products in comparison with composted pelletized poultry litter (CPPL)

production, it was determined that the production of 1 kg of CPPL contributed 0.273 kg
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(273 kg per tonne) of CO2-eq to GWP. The MC of the feedstock decreased during the
composting process to 22-28% MC and then further dried to 10-11% MC, but only stated
that the CPPL was dried and did not specifically assess the environmental impacts
associated with the drying technique.

In the case of manufacturing DPM in Eastern Canada, the two companies
analyzed used very different drying systems with different energy sources. In addition,
the raw manure characteristics, especially the MC, were very different for each system.
The energy required to dry the manure specific to each drying system was unavailable
from the companies. Both systems required a separate set of assumptions to estimate their
energy use. Ideally, obtaining the specific energy consumption of each drying system

would have allowed for increased confidence in this analysis.
4.4.3. Factors in Estimating the Environmental Impacts of Drying Manure

4.4.3.1. Factors Estimating the Environmental Impacts Associated with Drying Broiler
Manure

The two operations had distinct drying systems in this LCA, and each required
several assumptions to effectively account for the energy use, potential emissions, and
upstream impacts of energy sourcing associated with the specific system. In the broiler-
based poultry DPM production system, RWB was used as a biofuel which
underwent complete combustion in a suspension burner and produced heat for drying the
poultry manure. In addition to estimating the CO» produced from the combustion of the
RWRB, it was also important to consider the impact of transporting the RWB and the
upstream impacts associated with forestry activities that sourced the biomass for

chipboard manufacturing.
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In LCA research, the CO; emissions from biomass combustion, such as forest
products, are often considered C neutral (Cherubini et al., 2011). This approach is
motivated by the belief in C neutrality of bioenergy due to the assumption that the CO>
released from the harvesting and combustion of biofuel is equal to the amount of C that
will be sequestered from the successive growing biomass. However, the C neutrality of
bioenergy assumes fast regrowth of forested biomass. Cherubini et al. (2011) have
identified that bioenergy can increase GWP even if it is regarded as carbon neutral in the
long term. This is because the CO; emission from the initial burning of biomass is
immediately released into the atmosphere and has immediate global warming impacts.
However, the forest regrowth and re-sequestration of CO2 may take decades to centuries,
depending on whether the land is returned to forest, the forestry management practices,
forest regrowth rate, climate, tree species, etc. (Cherubini et al., 2011). Thus, global
warming impacts are even from bioenergy sources, such as using RWB in the manure
drying process.

To appropriately characterize the CO> emissions of the combustion of RWB, the
analysis would require specific information surrounding the forest management practices
of the sourced wood and the alternate uses of the RWB if it was not used in this system.
As details about the forest management are unavailable, this leads to uncertainty in
estimating the impact of RWB as an energy source. An additional characterization factor
was included in the environmental impact method to represent the environmental impacts
of the CO2 emissions on GWP associated with using RWB (TRACI v2.1.). An elemental
output flow was added to the model and labelled as "Forest_ CO>" to represent the CO>

emissions to GWP from the combustion of RWB. In the model, the emissions are
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characterized by 1.0 kg of CO:-eq/tonne of DPM, which represents 100% of the CO>
emissions associated with combustion, are being emitted to the atmosphere and
contributing to GWP. This characterization factor of 1.0 kg of COz-eq/tonne of DPM is a
conservative representation. According to (Cherubini et al., 2011), the GWP for
regenerated biomass systems for a 100-year time horizon ranges from 0.01 to 1.05 for 1
and 100 years biomass rotations, respectively. It characterizes the worst-case scenario of
forestry management practices (i.e., a forested system that is not sustainably managed
and, therefore, not sequestering biogenic C).

The practical benefits of using the suspension burner with RWB as a biofuel
should be considered. In the case of the suspension burner system, it appears that this is
an upgraded system and more environmentally sound heating method than the previously
owned system based on external consultation. The environmental trade-off of using RWB
as a biofuel is unknown as there was little information about the alternative end-of-life

scenario for RWB.

4.4.3.2 Factors Estimating the Environmental Impacts Associated with Drying Layer
Manure

The DPM derived from layer hens used manure that was pre-dried at each barn
from which manure was sourced. All layer barns have mechanical dryer system
consisting of fans, conveyors, and augers operating with electricity. However, only the
number of fans, the power rating, and run time were available. Additionally, the actual
electricity consumption of the dryer unit could not be separated from the electrical use of
the layer barn(s). As such, the power rating and number of fans were used to estimate the

annual kWh on the dryer of one farm was estimated and used to calculate the total
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electricity used per tonne of semi-dried manure for the total volume of manure handled
from all barns.

The input data for the driers was based solely on an estimate of electricity
consumption by fans operating continuously at full capacity. To see if this was a
reasonable estimate, this estimated electricity consumption for the drier was subtracted
from the total electricity consumption of the whole facility (i.e., barn + drier) to see what
the remaining barn consumption would be. The remaining barn electricity use was quite
low when considering the range of electricity consumption in layer barns from other
references (see Turner et al., 2022). Thus, the electricity use associated with the drier is
suspected to overestimate actual use.

In terms of the layer barns, the use of drying equipment attached to barns to
utilize heat that would otherwise be lost appears to be an efficient method to dry manure
(Li et al., 2020). Literature has reported that the optimal combination to efficiently dry
layer hen manure was the hot air temperature of 35°C, air velocity of 1.60 m/s, and
manure layer thickness of 85 mm (Li et al., 2020). However, the drying characteristics
associated with the manure driers were unavailable. Ideally, the actual power use of the
drying system would be metered separately from the barn. Alternatively, the power
ratings of all motors and their operational settings, including those for fans, conveyor
belts, augers, and any other additional fans, could be used to provide a calculated
estimate of power use. Regardless, as the electricity used in the manure drying systems is
sourced from hydropower, the impacts associated with drying are relatively low

compared to if the electricity was sourced from natural gas, coal or coke.
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4.4.4. Energy Required for Manufacturing of DPM not Including Drying

The GWP results for the DPM manufacturing processes in this study are in a
similar range as reported in the literature relating to pellet production that uses different
feedstocks and volumes of feedstocks (Padilla-Rivera et al., 2017; Kylili et al., 2016).
Kiss et al. (2021) accounted for electricity in the production of CPPL but did not
differentiate its contribution to the environmental impact categories.

The location of the facilities will determine the electricity grid's primary energy
sources and influence the environmental impact categories. This LCA encompassed two
companies in separate provinces. One company uses Quebec Hydro which produces
electricity from what is considered renewable sources. On the contrary, the other
company uses New Brunswick Power, which produces its electricity from a mixture of
renewable and non-renewable sources, such as the burning of coal, natural gas, and fossil
fuels. Taking an average of the environmental impacts of the two manufacturing
processes does not highlight the importance of this. The pelletizing and manufacturing
process can have significant contributions to the total environmental impacts if the
company is based in a province with a “dirty” power grid.

4.5. Limitations of Study and Recommendations

The purpose of this study was to quantify the environmental impacts associated
with manufacturing DPM in Eastern Canada. As per the study's limitations, it is
recommended that more rigorous data is collected on energy consumption, emissions
measurements and upstream impacts associated with the energy sources used in the
drying systems and the use of manure. There were major data gaps associated with key

drivers of impacts, including:
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II.

Two unique operations were used to estimate the impacts of manufacturing DPM:
Evaluating the impacts of two highly unique operations poses limitations because
the two systems are potentially not comparable, and it may be argued that
averaging two different systems may not fully represent the environmental
impacts associated with manufacturing DPM. In this analysis, two separate LCAs
were conducted on two very different DPM manufacturing companies that
utilized manure from different sources (i.e., broiler vs layer), two unique heat
sources for drying manure (i.e., heat from layer barn vs combustion of biofuel),
two unique drying systems, two different electricity grids, and based on the
companies GAs, the end DPM products are different as well. Ideally, two separate
LCAs could highlight the environmental impacts associated with manufacturing.
Regardless, the results are fascinating, as the total environmental impact
associated with each individual company is very similar.

Estimating the upstream impacts associated with RWB as a biofuel: As
mentioned, the details about the forest management are unavailable, leading to
uncertainty in estimating the upstream impacts associated with the biogenic C in
the use of RWB as a biofuel. The use of RWB contributes greatly to the impact
categories (GWP, AP, EP, and RE). In this analysis, we used a worst-case
scenario for Eastern Canada and a sensitivity analysis accounting for half of the
biogenic C in the RWB. An understanding of the forest management practices
such as regrowth and harvest timelines along with knowledge of alternative end-
of-life scenarios for the RWB from the OSB production that could potentially

produce more potent GHG emissions such as methane (i.e., landfilled, composted)
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I11.

IV.

may allow for more accurate characterization factor of the CO; emissions from
the combustion in the modelling and could assist in accurately estimating the
biomass rotation and reduce the overall GWP of DPM.

Estimating the electricity usage of the manure dryer(s): The electricity usage of
the manure dryer(s) posed a wide range of data gaps. Only the number of fans,
their power rating, the run time of the manure dryer, and the combined electricity
usage of both the on-site barn and manure dryer were available. Comparing the
electricity consumption of the layer barn from the manure dryer through literature
posed challenges as the most recent Canadian literature on conventional layer
production used a weighted average, which ranged from 6 to 1429 kWh per 1
tonne of eggs (Turner et al., 2022). Ideally, the electricity usage of all the
individual manure dryers from each of the partnering layer barns from which
manure is sourced would be available (i.e., meter each manure dryer).

Estimating the environmental impacts on a per packaged unit basis: The impacts
estimated in this cradle-to-facility gate life cycle were calculated on an output
basis per 1 tonne of packaged DPM. In reality, both companies produce more than
one product, which may contain a different volume and packaging material (e.g.,
1 tonne totes, 1 kg bag, 500-gram boxes), sometimes with different GAs. The
inputs and outputs associated with manufacturing 1 tonne of DPM could not be
separated on a per-packaged product basis due to data gaps and the inability to
retrieve input data specific to each packaged unit. For example, both companies
produced granules (i.e., crumbled pellets), but the electricity could not be isolated

for the crumbling machine as there were no meters or ability to track motors on
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the crumbler. It is recommended that future analysis estimate the impacts on a per
unit basis for each unique product as it would be valuable for the manufacturer to
understand the impacts associated with each product.

Estimating the upstream impacts associated with manure: Based on the 50/50
recycling approach, manure usage is the highest contributing input to the selected
environmental impact categories due to the upstream impacts associated with
inorganic fertilizer production. This approach accounts for the impacts associated
with manure usage but may not be the most representative method to account for
the impacts. As this is a contentious subject in LCA, and there are many
approaches, it is recommended that future analyses perform sensitivity analyses
on different allocation methods (e.g., mass, biophysical) when estimating the
impacts of manufacturing DPM and manure valorization. Completing this would
require modelling the layer and broiler production systems.

Transportation of raw manure: Transportation of raw manure to treatment
facilities can be a bottleneck because of the high moisture content as raw manure
is extremely heavy, and large volumes result in high costs that limit the feasibility
of recycling manure (Foged et al., 2012). However, both companies have
overcome common issues in sourcing manure (e.g., pre-drying manure or being in
a centralized location). In the case of the laying hen system, most of the drying
occurs onsite at each barn that partners with the company, reducing MC from 85
to 15-20%. Pre-drying the manure before transport makes it feasible to source
manure from significant distances. Although not considered in this study,

transporting fertilizer products across large distances could greatly increase the
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impacts. Regional production of DPM could have lower impacts than transporting
them over large distances and should be considered in future studies.

Although packaging contributed 5 to 8% of the impacts across the selected
categories, GWP, AP, EP, and RE, this is an input that the companies might be
able to choose to have lower impact (e.g., plastic or nylon material). Future
studies should consider various packaging options.

Following the impacts of DPM on the field: Measuring or estimating the
environmental impacts associated with the use of DPM in a field setting would
allow manufacturers and users of the product to have a clear sense of the whole
environmental performance of DPM. Additionally, having a complete picture of
the alternative end-of-life scenarios for raw poultry manure (e.g., land application
or landfill) in a particular region could provide a complete picture of the
environmental trade-off of DPM.

This study is a valuable tool for scoping, organizing, and prioritizing issues and

data collection and is the initial step to a more detailed assessment. Several data gaps and

uncertainty in the data affect the final use of the results and provide opportunities for

improved data collection for future analysis. Improved data collection could support more

rigorous LCA results that could be used to make environmental claims about the product.

Understanding these systems will assist in the company's decision-making regarding

sustainable production practices and marketing. Lastly, we will gain an understanding of

DPM's role in the CE.
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4.6. Conclusion

The study's goals were to quantify the life cycle impacts of manufacturing DPM
within Eastern Canada to help determine if there can be an opportunity to reduce
emissions associated with the product's manufacturing and to understand the hotspots
within the product system. This is the first study to quantify the life cycle impacts of
manufacturing DPM within Canada and allows manufacturers to have insight into the
hotspots associated with the production of DPM as a value-added nutrient product. The
environmental burdens associated with manure as a resource input (Manure sourcing)
contributed the most to the assessed environmental impact categories, mostly due to the
N fertilizer and P and K manufacturing. Manure drying was the second largest
contributor to the environmental impact categories assessed due to energy consumption,
followed by DPM manufacturing. Dehydrated poultry manure as a fertilizer product is an
example of a desirable organic fertilizer that may fit within the circular economy, as it
has the opportunity to recycle a waste by-product while creating economic activity and
providing a service to organic producers. This research identified challenges and
constraints related to estimating the impacts of DPM manufacturing, informed industry
partners about hotspots in their manufacturing process, and provided new information for
agricultural sector leaders and policymakers on how valorization of recycled agricultural

materials may be assessed.
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