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Abstract

While productivity increases in the production of aquaculture have contributed to reductions in
greenhouse gas emissions per unit of production, additional reductions in greenhouse gas emissions
can be attained by modifying the ingredients in the selected studied species, i.e., Nile tilapia, salmon
and shrimp diets. In this paper, a baseline diet, for a given studied species, was aggregated from at
least four commercial diets to have a better representation of the real world. Then using the same list
of feed ingredients, an alternative scenario was defined not only balancing the ration from energy,
protein and fat nutrient requirements, and constraining the cap at 150% for individual feed ingredient
from the baseline diet but also minimizing the greenhouse gas emission. For all three studied species,
8.4% less plant-based protein meals, 23.9% less grains, and 36.8% more animal protein meals were
used in the scenario diet. In consequence, total greenhouse gas emissions was reduced by 15.3% from
the baseline diet and total acres of land use was decreased by 20%.

Keywords: greenhouse gas emission; life cycle assessment; land use; Nile tilapia; salmon; shrimp;
rendered animal protein meals; feed utilization

1. Introduction

Aquaculture makes an important contribution to food composition, due to its high protein
profile and essential nutrients, such as essential fatty acids (omega-3s), vitamins (A, B, and D) and
minerals (calcium, phosphorus, zinc, iron, selenium, and iodine), compared to other food
commodities[1]. Global aquaculture production continues to expand maybe production chain since
the COVID-19 pandemic. Over the last two decades, total global aquaculture production increased
191%, with a 5.0% average annual growth rate[2], mainly from Asia. For the last decade, aquaculture
production growth in the United States was 13.9% from 420 thousand tons to 479 thousand tons (live
weight)[3], while U.S. per capita consumption of seafood products increased from 16.8 pound per
person in 2012 to 20.8 pound per person in 2022[4].

Feed is commonly used in aquaculture species. According to Naylor[5] et al., in 2017, 51.2 million
tons of feed were consumed by farmed fish. And in 2022, a survey reported that 1.27 billion tons of
aquaculture feed were produced worldwide[6]. In the early 2010s, a considerable controversy arose
from what has been termed a “fish-in fish-out” feed type (which heavily relied on fishmeal, fish oil
and wild caught fish) as aquaculture feed, unclear feed conversion ratio, and that the ratio itself
depends on total catch of wild fisheries[7]. Also, “fish-in fish-out” feed may not be sustainable as a
feed ingredient source. Therefore, a more holistic approach, from a feed perspective, was advocated
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by increasing use and recycling of circular ingredients to reduce the carbon footprint and benefit the
aquaculture sector from social, economic and environmental aspects[7-9].

Life cycle assessment (LCA) is a compilation and evaluation of the inputs, outputs and potential
environmental impacts of a product system throughout its life cycle. LCA describes the life cycle as
consecutive and interlinked stages of a product system extending from the acquisition of raw
materials through materials processing, technology manufacturing, construction, technology
use/maintenance/upgrade, and the technology retirement[10]. LCA also provides a framework for
understanding economic and social impacts. In an LCA, data are collected at the unit process level,
intended to represent a single industrial activity, which in this case is the food and agriculture
industry. Each single industrial activity (a) produces products and sometimes co-products; (b) uses
resources from the environment; (c) uses resources from other unit processes in the production chain;
and (d) generates emissions to the environment[10,11].

An LCA analysis combines unit process data for the life cycle, and the impact assessment
estimates the impact associated with activities and flows to and from the environment for the
inventory. A precise estimate of LCA is calculating and assigning greenhouse gas emissions (GHGE)
for different activities in different stages[10,12].

Therefore, it is important to recognize how much GHGE is currently in commercial aquaculture
diets, and what potential substitutes could be used in a diet that to lower GHGE and still meet the
nutritional requirements for aquaculture species. Few studies have discussed this topic. Hence, this
study is interested in how commonly used protein feed ingredients, such as plant-based meals,
rendered animal protein meals, and some grain products (i.e., wheat and wheat middlings) used in
aquaculture diets (Nile tilapia, salmon and shrimp), affect the following:

1. GHGE estimates for production of selected feed ingredients
2. Essential Amino Acids (EAAs) composition and the GHGE of the EAAs fractions
3. availability of EAAs needed for aquaculture rations

These data were comprehensively analyzed to provide estimates of the environmental footprint
associated with the production of specific amounts (per metric ton, MT) of these feed sources.

2. Data and Methods

Information on GHGE of feed ingredients is contained in the Global Feed LCA institute’s (GFLI)
database [13]. The GFLI database consists of the LCA of raw materials from various regions in the
world. The system boundary is cradle-to-farm gate for cultivated products, which includes all life
cycle stages up to the delivery of the feed to the farm, as well as feed mill operations and logistics;
and a system boundary from cradle-to-processing gate for processed products, including the
transport to processing plant and its processing. With three allocations at co-production, which are
economic, mass dry matter, and energy content and supporting 15 impact categories, the database
allows meaningful environmental assessment of animal nutrition products and stimulates
continuous improvement of the environmental performance in the animal nutrition and food
industry. The GFLI database was used to establish the GHGEs for the selected feed stuffs with factors
converted to values per metric ton (and/or bushel).

Datasets have been developed for the LCA Commons in response to a national need for data
representing U.S. operations. The LCA Commons database is an open access database developed by
the United States Department of Agriculture (USDA) National Agricultural Library (NAL)[14] for
use in LCAs to support policy assessment, technology implementation, decision-making, and
publicly disclosed comparative product or technology assertions. The Ecoinvent database[15] also
includes quality-assured comprehensive datasets from a variety of activities representing industrial
and agricultural processes.

A wide-ranging literature and database review was carried out to determine the GHGE
intensities associated with the production of selected animal and vegetable feed ingredients. GHGE
in the production of feed ingredients can be influenced by many factors, such as feed type (crops and
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their co-products versus animal species and their by-products), differences in genetics, cultivation,
harvest and post-harvest conditions, processing, overall technology, production systems and
location, to name a few. The main sources of data came from GFLI. To supplement data not available
in this source, information contained in several reports from USDA NAL, Ecoinvent and other
publications[16-21] were included.

From a feed consumption standpoint, related data sources used to estimate aquaculture feed
consumption were Feedtables[22] and Feedipedia[23]. USDA National Animal Nutrition Program
(NANP)[24] were used to obtain feed ingredients nutritional profiles. USDA NASS and USDA
Census databases were used to estimate the studied aquaculture species’ (Nile tilapia, salmon and
shrimp) production. Other relevant publications[18,25-29] were also included. This study took into
consideration several reasons for limiting the amount of a particular by-product feed in rations,
including palatability, moisture content of the total diet, energy content, protein balance,
carbohydrate balance, fiber levels and fat concentrations.

From the relevant databases, data summaries were created for total production of crops that are
important for the feeding and production of aquaculture in the U.S,, total land use footprint, and
GHGE footprint for each crop and fractions that are used for each studied species of aquaculture.

To have a better understanding of commercial aquaculture diets for the studied species, and
confidentiality agreements with these commercial diets” providers, a more representative baseline
diet, for a given species, was composed of at least four commercial diets (Nile tilapia: 4 commercial
diets; salmon: 5 commercial diets; shrimp: 10 commercial diets). Major protein ingredients were
defined as those ingredients that are protein resources to the studied species, and the inclusion rate
of the ingredient was greater than 1%, defined as major feed ingredients. For a given species, all the
selected feed ingredients were broken out from all the commercial diets, then the average of these
ingredients was calculated to create the baseline diet. Note that feed additives, such as minerals,
vitamins, antioxidants, cholesterol, BHT, etc., were aggregated and identified as “feed additives” and
were not estimated individually.

Once the baseline diet was created for a given species, a GHGE value was assigned to each
corresponding protein feed ingredient. Then the GHGE for the ingredients and the GHGE for EAAs
fractions from the selected feed ingredients by species were estimated. Apparent digestibility (AD)
of EAAs from animal proteins and vegetable proteins for studied species was also considered in this
study.

Using the same list of feed ingredients, an alternative scenario was defined as to how the EAA
needs for aquaculture diets could be met if there were greater use of animal-based EAAs and what
the effect of that change would be on the GHGE of aquaculture production using the best mix of
EAAs from the perspective of GHGE while still being subject to other considerations such as limits
on any particular feedstuff’s inclusion in a ration due to energy content, protein balance, fiber levels
and fat concentrations. By doing this, the ration was balanced on energy, protein and fat requirements
including amino acid fractions on a digestibility basis and minimized for GHGE by feed ingredients.
To make the scenario diets realistic, the ingredient constraints of feed ingredients were capped at
150% of the baseline diet for a given ingredient.

Of note, a feed ingredient was only used in a ration if it was found in the baseline ration for a
given species. For instance, “poultry meal” was only used in baseline salmon diets; therefore, under
the scenario diet, poultry meal would only be used in salmon diet and was not used in Nile tilapia or
shrimp diets. Additionally, the feed additives were not considered in the scenario diet because their
inclusion was beyond the scope of the study. The scenario diets were estimated by using Solver in
Excel. Then, following the same steps as from the baseline analysis, the GHGE for the selected
ingredients, and for the EAAs fractions from these ingredients by species would be established.

3. Results

GHGE intensities in the production of feed ingredients used for the aquaculture industry
included in this study are presented in Figure 1. GHGE intensities ranged from 19.0 metric tons of
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COz equivalent per metric ton of ingredient (MT CO2e/MT ingredient) for gelatin to 0.3 MT CO2e/MT
ingredient for wheat middlings. Source details for the selected ingredients are shown in Appendix

Table A4.
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Figure 1. Average GHGE Intensity of Selected Feed Ingredients in Aquaculture Diets.

Data on the amino acid fractional content of the feed ingredients was used to allocate the GHGE
intensity for each feed ingredient in the study to its amino acid fraction and taking the crude protein
content in each ingredient, with quantities stated in MT CO2e/MT ingredient. The allocations for
selected ingredients used in this study are shown in Figure 2.

Allocation of Average GHGE Intensity in Crude Protein Percent of Selected
Feed Ingredients by Percent of Selected EAA Content
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Figure 2. Allocation of Average GHGE Intensity in Crude Protein of Selected Feed Ingredients by Percent of
Selected EAA Content.

Figures 3-12 show the metric tons of GHGE per Kg of selected EAA in the major plant and
animal protein meal ingredients. Besides the GHGE, the percentage of crude protein in each
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ingredient and its corresponding percent content of each EAA was taken into consideration in these
estimates. Due to the range of GHGE per amino acids for the different feed ingredients, GHGE can
be reduced by changing the ingredients used in aquaculture.

MT CO2e/Kg of Arginine by Selected Feed Ingredient
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Figure 3. Aquaculture Ingredients: MT of CO2e/Kg of Arginine.
MT CO2e/Kg of Histidine by Selected Feed Ingredient
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Figure 4. Aquaculture Ingredients: MT of CO2e/Kg of Histidine.
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MT CO2e/Kg of Isoleucine by Selected Feed Ingredient
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Figure 5. Aquaculture Ingredients: MT of CO2e/Kg of Isoleucine.
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Figure 6. Aquaculture Ingredients: MT of CO2e/Kg of Leucine.
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MT CO2e/Kg of Lysine by Selected Feed Ingredient
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Figure 7. Aquaculture Ingredients: MT of CO2e/Kg of Lysine.
MT CO2e/Kg of Methionine by Selected Feed Ingredient
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Figure 8. Aquaculture Ingredients: MT of CO2e/Kg of Methionine.
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MT CO2e/Kg of Phenylalanine by Selected Feed Ingredient
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Figure 9. Aquaculture Ingredients: MT of CO2e/Kg of Phenylalanine.
MT CO2e/Kg of Threonine by Selected Feed Ingredient
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Figure 10. Aquaculture Ingredients: MT of CO2e/Kg of Threonine.
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MT CO2e/Kg of Tryptophan by Selected Feed Ingredient
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Figure 11. Aquaculture Ingredients: MT of CO2e/Kg of Tryptophan.
MT CO2e/Kg of Valine by Selected Feed Ingredient
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Figure 12. Aquaculture Ingredients: MT of CO2e/Kg of Valine.
For the three studied aquaculture species, analysis included a baseline and a scenario.

3.1. Nile Tilapia

Based on information from Nile tilapia feed suppliers, four commercial feeds were provided.
The average of these ingredients was calculated to create the baseline diet for Nile tilapia, shown in
Table 1. Animal protein meals were led by poultry byproduct meal (13.8%), followed by fish meal
(3.6%) and meat and bone meal (2.7%). Plant-based protein meals were led by soybean meal (32.4%),
followed by corn gluten meal (4.5%) and corn dried distillers grains (corn DDGs) (2.5%).
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Table 1. Estimated Nile Tilapia Baseline Diet.

. Nile Tilapia
Feed Ingredient Baseline Diet (%)
Soybean Meal 32.4
Poultry Byproduct Meal 13.8
Wheat 11.9
Wheat Middlings 9.3
Corn 6.3
Corn Gluten Meal 4.5
Fish Meal 3.6
Meat and Bone Meal 2.7
Corn DDGs 2.5
Shrimp Byproduct Meal 15
Soybean Oil 1.3
DL Methionine 0.5
Fish! 0.4
Fish Oil 0.3
Rice 0.3
Lecithin 0.3
Feed Additives 8.7
Total 100.0

1 “Fish” ingredient refers to general marine fish and applies to all references to “fish” in this Results section.

Figure 13 shows the total volume of selected feed ingredients used in Nile tilapia production in
the U.S. based on baseline estimates and the corresponding GHGE intensities of those ingredients in
the US. By far, soybean meal was the ingredient with the largest volume, with about 12,000 MT used
in Nile tilapia baseline diet. The GHGE intensity of soybean meal was estimated at 3.2 MT CO2e/MT
of soybean meal[13]. Poultry byproduct meal was in second place in terms of volume used in Nile
tilapia (4,977 MT) in 2022. Note that, bubble size in Figure 13, Figure 21, Figure 29, and Figure 37
represents the GHGE intensity by ingredient. Source data are listed in Table A4 in Appendix A4.

Nile Tilapia: 2022 Total Volume of Selected Feed Ingredients Used and
Corresponding GHGE Intensity

GHGE Intensity (MT CO2e/MT Ingredient)

4.0 ‘
0.0 @ o 00
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Figure 13. 2022 Total Volume of Selected Feed Ingredients Used and Corresponding GHGE Intensity in Nile

Tilapia Baseline Diet.

For Nile tilapia, the baseline scenario included 10.0 thousand MT of grains, 14.3 thousand MT of
plant-based proteins, 7.9 thousand MT of animal protein meals, 681.7 MT of fats and oils and 3.3
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thousand MT of other ingredients. In the scenario for Nile tilapia, grains comprised 6.5 thousand MT
of the Nile tilapia diet, plant-based proteins were 14.6 thousand MT, animal protein meals were 11.1
thousand MT, fats and oils were 681.7 MT, and 3.3 thousand MT of other ingredients, shown in Figure
14.

Ingredient Use by Category and Scenario

Nile Tilapia
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Figure 14. Ingredient Use by Category and Scenario in Nile Tilapia Diets.

Meeting Nile tilapia nutritional needs while minimizing GHGE results in a slight change in the
mix of major protein meal sources used in Nile tilapia diets (Figure 15). In the baseline case, 11.7
thousand MT of soybean meal were included in the Nile tilapia diets, 1.6 thousand MT of corn gluten
meal, 0.9 thousand MT of other plant-based protein meals, 9.6 thousand MT of Meat and Bone Meal,
5.0 thousand MT of poultry byproduct meal, 542.9 MT of shrimp byproduct meal, and 1.3 thousand
MT of fish meal.

In the Nile tilapia scenario that minimizes GHGE, 10.8 thousand MT of soybean meal, a decline
of 8.0%; 2.4 thousand MT of corn gluten meal, an increase of 50.0%; 1.4 thousand MT of other plant-
based protein meals, an increase of 50.0%; 1.4 thousand MT of Meat and Bone Meal, an increase of
50.0%; 7.5 thousand MT of poultry byproduct meal, an increase of 50.0%; there was no shrimp
byproduct meal included, a decline of 100%; and 2.0 thousand MT of fish meal, an increase of 50.0%.
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Major Protein Source by Ingredient and Scenario
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Figure 15. Major Protein Meal Sources by Scenario in Nile Tilapia Diets.

Compared with major protein sources, minimizing GHGE results in a significant change in the
mix of major grain sources used in Nile tilapia diets (Figure 16). In the baseline case, 4.3 thousand
MT of wheat were included in the Nile tilapia diets, 3.3 thousand MT of wheat middlings, 2.3
thousand MT of corn and 90.5 MT of rice. In the Nile tilapia scenario that minimizes GHGE, 1.4
thousand MT of wheat were included in the Nile tilapia scenario diets, a decline of 67.4%; 5.0
thousand MT of wheat middlings, an increase of 50.0%; there was no corn included, a decline of 100%;
and 90.5 MT of rice, with no change.

Nile tilapia is the only species that reduced GHGE from grains, while salmon and shrimp
reduced GHGE from protein sources.

Major Grain Source by Ingredient and Scenario
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Figure 16. Major Grain Sources by Scenario in Nile Tilapia Diets.

Feed ingredient usage for both baseline and scenario of Nile tilapia are shown in Appendix Table
A1. The GHGE for selected feed ingredients by scenario of Nile tilapia are shown in Appendix Table

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.2265.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 March 2026 do0i:10.20944/preprints202603.2265.v1

13 of 37

A2. GHGE by EAA by ingredient aggregation and by scenario of Nile tilapia are shown in Appendix
Table A3.

Total GHGE by EAA and scenario for Nile tilapia are shown in Figure 17. For Arginine, the
scenario GHGE decreased by 2.8% compared to the baseline. Percentage change in GHGE for the
other EAAs for the scenario are respectively: Histidine -2.1%, Isoleucine -2.5%, Leucine +3.0%, Lysine
-2.6%, Methionine -0.2%, Phenylalanine -5.6%, Threonine -1.0%, Tryptophan -18.1%, and Valine -
0.5%. Data is also shown in Table 1.
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Figure 17. Total GHGE by EAA and Scenario in Nile Tilapia Diets.

GHGE by EAA for the grains portion of the Nile tilapia rations are shown in Figure 18, for the
plant-based meals in Figure 19, and for the animal protein meals portion of the Nile tilapia rations in
Figure 20.
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Figure 18. GHGE from Grains by EAA and Scenario in Nile Tilapia Diets.
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Figure 19. GHGE from Plant-based Meals by EAA and Scenario in Nile Tilapia Diets.
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Figure 20. GHGE from Animal Protein Meals by EAA and Scenario in Nile Tilapia Diets.

3.2. Salmon

Five commercial salmon feeds were provided by feed suppliers. The average of these ingredients
was calculated to create the baseline diet for salmon, shown in Table 2. Animal protein meals were
led by poultry byproduct meal (11.8%), followed by fish meal (9.8%) and poultry meal (4.0%). Plant-
based protein meals were led by soy protein conc (8.8%), followed by corn gluten meal (7.5%) and
sunflower meal (4.6%).
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Table 2. Estimated Salmon Baseline Diet.

. Salmon
Feed Ingredient Baseline Diet (%)

Soybean Oil 11.9
Poultry Byproduct Meal 11.8
Fish Meal 9.8
Wheat Middlings 9.2
Soy Protein Conc 8.8
Corn Gluten Meal 7.5
Fish Oil 6.5
Sunflower Meal 4.6
Wheat Flour 4.2
Poultry Meal 4.0
Soybean Meal 4.0
Wheat 3.0
Lecithin 2.3
Blood Meal 1.8
Poultry Fat 1.7
Lysine 1.6
Feather Meal 1.6
DL Methionine 0.5
Wheat Gluten Meal 0.2
Histidine 0.2
Threonine 0.1
Feed Additives 4.9

Total 100.0

Figure 21 shows the total volume of selected feed ingredients used in salmon baseline diet. The
largest volume of ingredient used corresponded to poultry byproduct meal with 948.0 MT, followed
by fish meal (787.6 MT). The GHGE intensity of poultry byproduct meal was estimated at 0.7 MT
CO2e/MT of this feed ingredient.

Salmon: 2022 Total Volume of Selected Feed Ingredients Used and

Corresponding GHGE Intensity
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Figure 21. 2022 Total Volume of Selected Feed Ingredients Used and Corresponding GHGE Intensity in Salmon
Baseline Diet.

For salmon, the baseline scenario included 1.3 thousand MT of grains, 2.0 thousand MT of plant-
based proteins, 2.3 thousand MT of animal protein meals, 1.8 thousand MT of fats and oils and 0.5
thousand MT of other ingredients. In the scenario for salmon, grains comprised 1.7 thousand MT of
the salmon diet, plant-based proteins were 0.8 thousand MT, animal protein meals were 3.2 thousand
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MT, fats and oils were 1.8 thousand MT, and 0.5 thousand MT of other ingredients, shown in Figure
22.

Ingredient Use by Category and Scenario
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Figure 22. Ingredient Use by Category and Scenario in Salmon Diets.

Meeting salmon nutritional needs while minimizing GHGE results in a significant change in the
mix of major protein meal sources used in salmon diets (shown in Figure 23).

In the baseline case, 321.5 MT of soybean meal were included in the salmon diets, 602.6 MT of corn
gluten meal, 1.1 thousand MT of other plant-based protein meals, 0.9 thousand MT of poultry
byproduct meal, and 0.8 thousand MT of fish meal. In the salmon scenario that minimizes GHGE, there
was no soybean meal included, a decline of 100%; 0.4 thousand MT of corn gluten meal, a decline of
37.3%; 0.5 thousand MT of other plant-based protein meals, a decline of 57.8%; 1.4 thousand MT of
poultry byproduct meal, an increase of 50.0%; and 1.2 thousand MT of fish meal, an increase of 50.0%.

Major Protein Source by Ingredient and Scenario
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Figure 23. Major Protein Meal Sources by Scenario in Salmon Diets.
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Compared with major protein sources, minimizing GHGE results in a significant change in the
mix of major grain sources used in salmon diets (Figure 24). In the baseline case, 241.1 MT of wheat
were included in the salmon diets, 0.7 thousand MT of wheat middlings, 337.6 MT of wheat flour. In
the salmon scenario that minimizes GHGE, 231.9 MT of wheat were included in the salmon scenario
diets, a decline of 3.8%; 1.1 thousand MT of wheat middlings, an increase of 50.0% 320.0 MT of wheat
flour, a decline of 5.2%; there was no corn or rice included in either diet.

Major Grains Source by Ingredient and Scenario
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Figure 24. Major Grain Sources by Scenario in Salmon Diets.

Feed ingredient usage for both baseline and scenario of salmon are shown in Appendix Table
Al. The GHGE for selected feed ingredients by scenario of salmon are shown in Appendix Table A2.
GHGE by EAA by ingredient aggregation and by scenario of salmon are shown in Appendix Table
A3.

Total GHGE by EAA and scenario for salmon are shown in Figure 25. For Arginine, the scenario
GHGE decreased by 48.0% compared to the baseline. Percentage change in GHGE for the other EAAs
for the scenario were respectively: Histidine -42.1%, Isoleucine -39.6%, Leucine -42.5%, Lysine -41.5%,
Methionine -18.2%, Phenylalanine -46.6%, Threonine -39.8%, Tryptophan -72.8%, and Valine -31.9%.
Data is also shown in Table 1.

GHGE by EAA for the grains portion of the salmon rations are shown in Figure 26, for the plant-
based meals in Figure 27, and for the animal protein meals portion of the salmon rations in Figure 28.
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Figure 25. Total GHGE by EAA and Scenario in Salmon Diets.
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Figure 26. GHGE from Grains by EAA and Scenario in Salmon Diets.
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Figure 27. GHGE from Plant-based Meals by EAA and Scenario in Salmon Diets.
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Figure 28. GHGE from Animal Protein Meals by EAA and Scenario in Salmon Diets.
3.3. Shrimp

Based on information from shrimp feed suppliers, ten commercial feeds were provided. The
average of these ingredients was calculated to create the baseline diet for shrimp, shown in Table 3.
Animal protein meals were led by poultry byproduct meal (20.5%), followed by fish meal (12.9%)
and meat and bone meal (6.9%). Plant-based protein meals were led by soybean meal (23.0%),
followed by wheat gluten meal (5.0%) and corn gluten meal (3.1%).
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Table 3. Estimated Shrimp Baseline Diet.

. Shrimp
Feed Ingredient Baseline Diet (%)

Soybean Meal 23.0
Poultry Byproduct Meal 20.5
Fish Meal 12.9
Wheat 8.8
Corn 8.5
Meat and Bone Meal 6.9
Wheat Gluten Meal 5.0
Corn starch 4.2
Corn Gluten Meal 3.1
Fish Qil 1.6
Soybean Oil 1.0
Lecithin 0.9
Gelatin 0.7
Inedible Tallow 0.2
Feed Additives 2.8

Total 100.0

Figure 29 shows the total volume of selected feed ingredients used in shrimp baseline diet for
U.S. production. Soybean meal was the ingredient with the largest volume used in the diet, with the
estimated tonnage of 1,067.8 MT. Poultry byproduct meal, with 949.4 MT, was in second place in
terms of volume used in the shrimp diet in 2022.

Shrimp: 2022 Total Volume of Selected Feed Ingredients Used and
Corresponding GHGE Intensity
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Figure 29. 2022 Total Volume of Selected Feed Ingredients Used and Corresponding GHGE Intensity in Shrimp
Baseline Diet.

For shrimp, the baseline scenario included 1.0 thousand MT of grains, 1.4 thousand MT of plant-
based proteins, 1.9 thousand MT of animal protein meals, 174.9 MT of fats and oils and 129.0 MT of
other ingredients. In the scenario for shrimp, grains comprised 1.2 thousand MT of the salmon diet,
plant-based proteins were 0.8 thousand MT, animal protein meals were 2.3 thousand MT, fats and
oils were 174.9 MT, and 129.0 MT of other ingredients, shown in Figure 30.
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Figure 30. Ingredient Use by Category and Scenario in Shrimp Diets.

Meeting shrimp nutritional needs while minimizing GHGE results in a significant change in the
mix of major protein meal sources used in shrimp diets (shown in Figure 31).

In the baseline case, 1.1 thousand MT of soybean meal were included in shrimp diets, 144.4 MT
of corn gluten meal, 232.1 MT of other plant-based protein meals, 320.3 MT of meat and bone meal,
0.9 thousand MT of poultry byproduct meal, and 0.6 thousand MT of fish meal. In the shrimp scenario
that minimizes GHGE, there was 0.6 thousand MT soybean meal included, a decline of 41.2%; 180.5
MT of corn gluten meal, an increase of 25.0%; other plant-based protein meals were removed in
scenario diets, a decline of 100%; 400.4 MT of meat and bone meal, an increase of 25.0%; 1.2 thousand
MT of poultry byproduct meal, an increase of 25.0%; and 0.7 thousand MT of fish meal, an increase
of 25.0%.
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Figure 31. Major Protein Meal Sources by Scenario in Shrimp Diets.
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Compared with major protein sources, minimizing GHGE results in a significant change in the
mix of major grain sources used in shrimp diets (Figure 32). Only wheat and corn were included in
the baseline shrimp diets. In the baseline case, 407.9 MT of wheat were included in the shrimp diets,
and 392.3 MT of corn. In the shrimp scenario that minimizes GHGE, 509.9 MT of wheat and 490.4 MT
of corn were included in the shrimp scenario diets, with both ingredients increasing by 25.0%.
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Figure 32. Major Grain Sources by Scenario in Shrimp Diets.

Feed ingredient usage for both baseline and scenario of shrimp are shown in Appendix Table
Al. The GHGE for selected feed ingredients by scenario of shrimp are shown in Appendix Table A2.
GHGE by EAA by ingredient aggregation and by scenario of shrimp are shown in Appendix Table
A3.

Total GHGE by EAA and scenario for shrimp are shown in Figure 33. For Arginine, the scenario
GHGE decreased by 36.4% compared to the baseline. Percentage change in GHGE for the other EAAs
for the scenario are respectively: Histidine -32.5%, Isoleucine -31.7%, Leucine -28.7%, Lysine -29.8%,
Methionine -26.3%, Phenylalanine -35.5%, Threonine -29.2%, Tryptophan -51.8%, and Valine -6.7%.
Data is also shown in Table 1.

GHGE by EAA for the grains portion of the shrimp rations are shown in Figure 34, for the plant-
based meals in Figure 35, and for the animal protein meals portion of the shrimp rations in Figure 36.
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Figure 33. Total GHGE by EAA and Scenario in Shrimp Diets.
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Figure 34. GHGE from Grains by EAA and Scenario in Shrimp Diets.
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Figure 35. GHGE from Plant-based Meals by EAA and Scenario in Shrimp Diets.
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Figure 36. GHGE from Animal Protein Meals by EAA and Scenario in Shrimp Diets.

3.4. Studied Aquaculture Total

Total volume of selected feed ingredients used in the studied species, based on baselient
estimates and the corresponding GHGE intensities of those ingredients, is shown in Figure 37. The
tonnage used of soybean meal was the largest (13,107.8 MT) compared with all the other ingredients
due to the large consumption in Nile tilapia feed. In addition, the ingredient with the second largest
usage volume across all species was poultry byproduct meal with 6,874.4 MT. Gelatin, the feed
ingredient with the hightest GHGE value (19.0 MT CO2e/MT ingredient) among all the ingredients
used in this study for aquaculture, had the lowest volume used with 31.0 MT. Gelatin was only used
in shrimp production.
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Studied Aquaculture Total: 2022 Total Volume of Selected Feed Ingredients Used and
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Figure 37. Total Volume of Selected Feed Ingredients Used and Corresponding GHGE Intensity in 2022 from
Baseline Diets.

Based on the volume of each feed ingredient used in 2022 (according to the baseline analysis) for
Nile tilapia, salmon and shrimp, the total land used (number of acres) to produce the corresponding
volume of ingredient was estimated (in MT). The sources of land use data for aquaculture ingredients
came from the GFLI database. Figure 38 shows the land used for the volumes of ingredients
consumed in 2022 according to baseline analysis. Since soybean meal is the top feed ingredient used
(in terms of volume) in aquaculture diets, it requires the largest land area. For the 13,107.8 MT of
soybean used in aquaculture diets, 11,807 acres of land were required. Although the volume of
poultry byproduct meal (6,874.4 MT) used in aquaculture was larger than that of wheat (4,957.6 MT),
land use estimation (acres) was much larger for wheat (4,114 acres) than that of poultry byproduct
meal (1,128 acres) due to the former having a higher land use factor (0.83 acres / MT ingredient) than
poultry byproduct meal (0.16 acres / MT ingredient).
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Figure 38. Land Use by Selected Ingredients used in Baseline Diets.
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Land use impacts of the scenario result in a 20% overall reduction in land use for aquaculture
rations compared with the baseline. Land use for Nile tilapia rations is 16% less than the baseline. For
salmon and shrimp, there is a 40% and 27% reduction in land use, respectively, shown in Figure 39.
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Figure 39. Total Land Use by Species and Scenario.

For the studied aquaculture total, the baseline scenario included 12.3 thousand MT of grains,
17.7 thousand MT of plant-based proteins, 12.2 thousand MT of animal protein meals, 2.7 thousand
MT of fats and oils and 4.0 thousand MT of other ingredients. In the scenario for the studied
aquaculture total, grains comprised 9.4 thousand MT, plant-based proteins were 16.2 thousand MT,
animal protein meals were 16.6 thousand MT, fats and oils were 2.6 thousand MT, and 4.0 thousand
MT of other ingredients, shown in Figure 40.
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Note: Other Ingredients include ingredients that are less than 1% of total volume.

Figure 40. Ingredient Use by Category and Scenario, 3 Studied Aquaculture Species Total.
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The major protein sources by ingredient and scenario for all 3 studied aquaculture species
combined are shown in Figure 41. In the baseline case, soybean meal comprised 13.1 thousand MT of
the total studied aquaculture diets, corn gluten meal was 2.4 thousand MT, other plant-based protein
meals was 2.2 thousand MT, meat and bone meal was 1.3 thousand MT, poultry byproduct meal was
6.9 thousand MT, shrimp byproduct meal was 542.9 MT, and 2.7 thousand MT of fish meal.

In the scenario analysis which minimizes GHGE, 11.4 thousand MT of soybean meal was used
in the studied aquaculture diets, with a decline of 12.9%; 3.0 thousand MT of corn gluten meal, with
an increase of 26.4%; 1.8 thousand MT of other plant-based protein meals, a decline of 18.4%; 1.8
thousand MT of meat and bone meal, an increase of 43.8%; 10.1 thousand MT of poultry byproduct
meal, an increase of 46.6%; shrimp byproduct meal was removed, a decline of 100%; and 3.9 thousand
MT of fish meal, an increase of 44.4%.

Major Protein Source by Ingredient and Scenario

Studied Aquaculture Species Total
14,000

12,000

10,000

8,000

6,000

4,000

2,000 I I I
_ i B =B -

in Metric Tons

Soybean Meal Corn Gluten  Other Plant Meat and Bone Poultry Shrimp Fish Meal
Meal Proteins Meal Byproduct Byproduct
Meal Meal

M Baseline Studied Aquaculture Total ~ ® Scenario Studied Aquaculture Total

Figure 41. Major Protein Meal Sources by Scenario, 3 Studied Aquaculture Species Total.

The major grain sources by ingredient and scenario for all 3 studied aquaculture species
combined are shown in Figure 42. In the baseline case, 5.0 thousand MT of wheat were utilized by
the total studied aquaculture species, 4.1 thousand MT of wheat middlings, 2.7 thousand MT of corn,
337.6 MT of wheat flour and 90.5 MT of rice. In the scenario analysis that minimizes GHGE, 2.1
thousand MT of wheat was used in the studied aquaculture diets, a decline of 56.7%; 6.1 thousand
MT of wheat middlings, an increase of 50.0%; 0.5 thousand MT of corn, a decline of 81.5%; 320.0 MT
of wheat flour, a decline of 5.2%; and 90.5 MT of rice, with no change.
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Figure 42. Major Grain Sources by Scenario, 3 Studied Aquaculture Species Total.

Feed ingredient usage for both baseline and scenario of studied aquaculture species are shown
in Appendix Table Al. The GHGE for selected feed ingredients by scenario and species are shown in
Appendix Table A2. GHGE by EAA by ingredient aggregation and by scenario of the total studied
aquaculture are shown in Appendix Table A3.

The GHGE for the studied species by scenario are shown in Figure 43. In the baseline case, Nile
tilapia feed accounted for 57.8 thousand MT of CO2 emissions, salmon feed accounted for 8.6
thousand MT of CO2 emissions, shrimp feed accounted for 6.9 thousand MT of CO2 emissions, and
the total for the 3 species is 73.3 thousand MT of emissions. In the scenario, Nile tilapia feed accounted
for 53.3 thousand MT of CO2 emissions, salmon feed accounted for 4.2 thousand tons of CO2
emissions, and shrimp feed accounted for 4.6 thousand MT of CO2 emissions. The total studied
aquaculture species in the scenario minimized GHGE to 62.1 thousand MT of CO2 emissions, a
decrease of 15% relative to the baseline.
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Figure 43. GHGE by Species by Scenario.
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Total GHGE by EAA and scenario for all three studied aquaculture species are shown in Figure
44, and the percentage change in GHGE by EAA and species from the baseline are shown in Table 4.

For Arginine, scenario GHGE are decreased by 11.1% compared to the baseline. Percentage
change in GHGE for the other EAAs for the scenario are respectively: Histidine -9.3%, Isoleucine -
8.8%, Leucine -5.7%, Lysine -9.0%, Methionine -4.5%, Phenylalanine -13.0%, Threonine -8.0%,
Tryptophan -29.3%, and Valine -6.7%.
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Figure 44. Total GHGE by EAA and Scenario, 3 Studied Aquaculture Species Total.
Table 4. Percentage Change in GHGE by EAA and Species from Baseline Diets.
ini la Th i
Species Arginin Histidine Isoleucine Leucine Lysine Methioninephi?r}:a a reeomn Tryptophan Valine
Nile Tilapia -2.8% -2.1% -2.5% 3.0% -2.6% -0.2% -5.6% -1.0% -18.1% -0.5%
Salmon -48.0%  -42.1% -39.6% -42.5% -41.5%  -18.2% -46.6%  -39.8% -72.8% -31.9%
Shrimp -36.4%  -32.5% -31.7% -28.7% -29.8%  -26.3% -35.5%  -29.2% -51.8% -30.0%
Studied A
ol R A11%  93%  88%  57%  90%  -45%  -130%  -80%  293%  67%

GHGE by EAA for the grains portion of all three studied aquaculture species are shown Figure
45, for the plant-based meals in Figure 46, and for the animal protein meals portion of all three studied
aquaculture species in Figure 47.
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Figure 45. GHGE from Grains by EAA and Scenario, 3 Studied Aquaculture Species Total.
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Figure 46. GHGE from Plant-based Meals by EAA and Scenario, 3 Studied Aquaculture Species Total.
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Figure 47. GHGE from Animal Protein Meals by EAA and Scenario, 3 Studied Aquaculture Species Total.

4. Discussion and Conclusions

In this study, baseline ingredients used by the studied aquaculture species were estimated for
U.S. production in 2022. For this baseline feed ingredient use, estimates were made for GHGE at the
ingredient level and for each of the essential amino acids in those ingredients. Then a scenario was
analyzed in which the nutrient requirements of each species were met, and in the meantime,
minimizing the greenhouse gas emissions from the ration for each species. Also, to make the scenario
diets realistic, the ingredient constraints of feed ingredients were capped at 150% of the baseline diet
for a given ingredient.

For all studied species (Nile tilapia, salmon and shrimp), the primary ration adjustments were
seen in a substitution of animal-based protein meals for grains and plant-based protein meals. Nile
tilapia is the only species that reduced GHGE from grains, while salmon and shrimp reduced GHGE
from protein sources. In the scenario, for all studied species, the GHGE minimizing scenario resulted
in a 13% reduction in soybean meal use, 26% more corn gluten meal, 18% less other plant-based
proteins, 44% increase in meat and bone meal use, 47% increase in poultry byproduct meal, 44%
increase in fish meal, and shrimp byproduct meal was removed in the scenario result.

Moreover, for all studied aquaculture species, total GHGE were reduced by 15.3%: 73.3 thousand
MT of GHGE in the baseline vs 62.1 thousand MT of GHGE in the scenario. Scenario total GHGE
were reduced by 7.8%, 50.8% and 33.4% for Nile tilapia, salmon and shrimp, respectively. Impacts on
the GHGE for each essential amino acid were substantially reduced in the scenario rations for all
EAAs. For all studied species, the reductions by EAA ranged from 29.3% reduction for Tryptophan
to 4.5% for Methionine.

Land use impacts of the scenario result in a 20% overall reduction in land use for aquaculture
rations compared with the baseline. Estimates for land used for Nile tilapia rations is 16% less than
the baseline. For salmon and shrimp, 40% and 27% reduction in land use, respectively, was estimated.

Therefore, from an environmentally friendly perspective, using rendered animal protein meals
has a lower CO: emission intensity and requires fewer acres of total land compared to using plant-
based meals in the studied aquaculture species diets.
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The following abbreviations are used in this manuscript:

AD Apparent Digestibility

CO2e Carbon Dioxide Equivalent

Corn DDGs Corn Dried Distillers Grains

EAA Essential Amino Acid

EU European Union

FAO Food and Agriculture Organization of the United Nations
GFLI Global Feed LCA Institute

GHG Green House Gas

GHGE Green House Gas Emission

LCA Life Cycle Assessment

LEAP Livestock Environmental Assessment and Performance
MT Metric Tons

NAL National Agricultural Library

NANP National Animal Nutrition Program

NARA North American Renderers Association

NASS National Agricultural Statistics Service

PEF Product Environmental Footprint

PEFCR Product Environmental Footprint Category Rule
RCO Ration Cost Optimization

us. United States

USDA United States Department of Agriculture
Appendix A

Appendix A.1 Ingredient Usage by Species and Scenario in Metric Tons

Table Al. Ingredient Usage by Species and Scenario (in Metric Tons).

Studied Studied

Ingredient Aquacul Aquacul
5 . . Nile Tilapia- Nile Tilapia- Salmon- Salmon- Shrimp- Shrimp- q 9
Aggregatio Ingredient . . . . . . ture ture
Baseline Scenario Baseline Scenario Baseline Scenario
n Total- Total-

Baseline Scenario

Meat and Bone

965.5 1,448.3 - - 320.3 4004 11,2859 1,848.7
Meal
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Poultry
Byproduct 4,977.0 74655 9480 1,4221 9494 11867 6,8744 10,0742
Meal
Shrimp
Byproduct 542.9 - - . - . 542.9 .
Animal yprocue
) Meal
Protein .
Mosle Fish Meal 1,312.1 19682  787.6 11814 5989 7486 2,698.6 3,898.2
a.
Fish* 144.8 2172 - - - - 1448 2172
Poultry Meal . : 3215  209.0 - . 3215  209.0
Feather Meal - - 1270 1905 - . 127.0  190.5
Blood Meal - - 1414 2049 - y 1414 2049
Gelatin - - - - 30.9 - 30.9 -
Soybean Meal ~ 11,718.5 10,783.8 3215 - 10678 6275 13,1078 11,4113
Cor&f:te“ 1,628.8 24432 6026 3781 1444 1805 23759 3,001.9
Wheat Gluten
- - 16.1 - 232.1 - 2482 -
Plant-based Meal 6 3 8
Proted .
roteins  Soy Protein ) ) 706.7 ) ) ) 706.7 )
Conc
Sunflower - - 368.1 4597 - - 368.1 4597
Meal
Corn DDGs 904.9 1,357.4 . . . . 9049 1,357.4
Wheat 4,305.5 14048 2411 2319 4079 5099 49546 2,146.6
Wheat 3,348.1 50222 7373 1,059 - - 40854 61281
Middlings
Grains Wheat Flour - - 337.6 320.0 - - 337.6 320.0
Corn 2,262.3 . . . 3923 4904 26545 490.4
Rice 90.5 90.5 - - - - 905 905
Corn Starch . - - . 1945 1945 1945 1945
Inedible
Tallow - - - . 8.8 8.8 8.8 8.8
. Poultry Fat - - 1366  136.6 - - 1366  136.6
Fats &Oils b Oil 120.7 120.7 5207 5227 748 748 7181 7181
Lecithin 90.5 90.5 1851 1851 438 438 3194 3194
Soybean Oil 470.6 470.6 9552 9081 475 475 14732 14261
DL Methionine  181.0 181.0 374 374 - - 2184 2184
Other Lysine - - 1282 1282 - - 1282 1282
Ineredient Threonine - - 10.9 10.9 - - 10.9 10.9
BrECIeNtS  Histidine - - 134 134 - - 134 134
Feed Additives  3,132.5 31325 3911 3911 1290 1290 3,652.5 3,652.5
Total 36,196.2 36,1962 80369 80369 46425 46425 488755 488755

* “Fish” ingredient was referred to general marine fish.
Appendix A.2 GHGE by Selected Ingredient by Scenario in Metric Tons

Table A2. GHGE by Selected Ingredient by Scenario (in Metric Tons).

Studied Studied

Ingredlerllt . Nile Tilapia- Nile Tilapia- Salmon- Salmon- Shrimp- Shrimp- Aquacul Aquacul
Aggregatio Ingredient . . . . . . ture ture
Baseline Scenario Baseline Scenario Baseline Scenario
n Total- Total-

Baseline Scenario

Meat and Bone

Animal ol 654.1 981.2 - . 2170 2713 8711 12524
I;r/loet:f: Feather Meal - - 758 1137 - - 758  113.7
Poultry Meal - - 2101 1366 - - 2101 1366
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Poultry
Byproduct 36133 54199 6883 1,032.4 6893 861.6 49908 7,313.9
Meal
Blood Meal . - 1269 1838 - . 1269 1838
Fish * 1,837.3 2,756.0 - . - - 18373 2,756.0
Fish Meal 1,180.1 1,7702 7084 1,062.6 5386 6733 24271 3,506.1
Shrimp
Byproduct 5,266.5 - - - - - 5,266.5 -
Meal
Gelatin . - - . 588.0 - 588.0 .
Soybean Meal 37,6150 346147 10319 - 34274 20143 42,0743 36,6289
Corn DDGs 861.0 1,291.5 - . - . 861.0 12915
Corrl\‘/lf:lﬁe“ 2,928.6 43929 10835 6798 2597 3246 42718 5397.4
Pl;?;:::d Surl\‘/f[l;:"er ; - 3022 3774 - ; 3022 3774
Wheat Gluten . . 56.9 . 821.2 . 878.1 .
Meal
Soy Protein - - 37719 - - -39 -
Conc
Corn 1,075.3 - - - 1865 2331 12617 2331
Wheat 1,811.6 591.1 1014 976 1716 2145 20846 9032
Grains Wheat 1,003.9 15059 2211 3316 ; - 12250 18375
Middlings
Wheat Flour - - 251 2134 - - 251 2134
Total 57,8467 533233 86034 42289 68993 4,592.6 733494 62,1448

* “Fish” ingredient was referred to general marine fish.

Appendix A.3 GHGE by EAA by Ingredient Aggregation and Scenario in Metric Tons

Table A3. GHGE by EAA by Ingredient Aggregation and Scenario (in Metric Tons).

Studied Studied

Ingredler.lt Nile Tilapia- Nile Tilapia- Salmon- Salmon- Shrimp- Shrimp- Aquacul Aquacul
Aggregatio EAA . . . . . . ture ture
Baseline Scenario Baseline Scenario Baseline Scenario
n Total- Total-
Baseline Scenario
Arginine 181.5 272.3 47.1 63.7 38.3 47.9 267.0 383.8
Histidine 51.6 77.4 18.3 25.3 111 139 81.1 116.6
Isoleucine 102.8 154.2 27.1 36.4 211 26.4 151.0 2171
Animal Leucine 188.3 282.4 59.7 81.6 39.2 49.0 2872 413.0
Pr“;fe‘; Lysine 122.8 184.2 372 505 261 327 1861 2674
Meals Methionine 38.2 57.2 9.9 13.3 8.0 10.0 56.0 80.5
Phenylalanine 105.1 157.6 33.6 45.9 219 274 160.6  230.9
Threonine 104.7 157.1 30.8 41.8 21.8 27.2 157.3 226.1
Tryptophan 19.2 28.8 6.4 8.6 4.0 5.0 29.6 42.4
Valine 144.3 2164 45.8 62.6 29.9 374 2200 3164
Arginine 1,516.3 1,437.1 70.3 24.2 137.1 842 1,723.7 1,545.4
Histidine 580.8 561.5 31.7 12.2 52.2 33.0 664.7  606.6
Isoleucine 999.2 971.2 58.4 234 90.0 575 1,147.5 1,052.1
Leucine 1,842.9 1,892.6 161.9 79.5 1645 1149 21693 2,086.9
Plant-based Lysine 1,270.1 1,193.9 50.3 12.6 114.9 69.7 1,4353 1,276.1
Proteins ~ Methionine 329.7 334.0 27.5 13.9 29.5 20.1 386.7  368.0
Phenylalanine 1,140.4 1,125.6 76.1 33.0 102.5 67.2 1,319.0 1,225.8
Threonine 826.8 804.3 48.4 19.6 74.3 47.5 9495 8714
Tryptophan 289.0 272.8 12.5 3.9 26.1 15.9 327.6 292.7
Valine 1,052.0 1,027 .4 63.9 26.7 94.5 60.8 1,2104 1,114.9
Grains Arginine 30.3 21.9 3.3 4.6 2.1 2.7 35.8 29.1
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Histidine 14.0 9.1 1.4 1.9 1.1 14 16.4 12.4
Isoleucine 19.9 12.1 19 25 1.6 2.0 234 16.6
Leucine 42.7 23.0 35 4.7 3.9 4.9 50.2 32.6
Lysine 17.8 13.3 2.0 2.8 12 1.6 21.1 17.6
Methionine 9.4 5.6 0.9 1.1 0.8 1.0 11.1 7.7
Phenylalanine 28.1 18.2 2.8 3.8 22 2.7 33.0 24.7
Threonine 17.9 11.4 1.7 24 1.4 1.8 21.0 15.6
Tryptophan 6.3 4.6 0.7 0.9 0.4 0.5 7.4 6.0
Valine 25.6 16.3 2.5 34 2.0 25 30.1 222
Arginine 1,985.8 1,931.1 270.3 140.5 258.1 1642 25141 2,235.8
Histidine 754.1 738.1 101.5 58.8 89.2 60.2 944.7  857.0
Isoleucine 1,316.9 1,283.6 155.8 94.1 1545 1055 1,627.2 1,483.2
Leucine 2,380.8 2,453.2 3856 2216 2848 203.0 3,051.3 2877.8
Total Lysine 1,716.3 1,672.6 2103 1230 1988 139.6 2,1254 1,935.2
Methionine 492.3 491.6 60.0 49.0 59.7 44.0 6119  584.6
Phenylalanine  1,515.5 1,431.1 2120 1131 1797 1159 1,907.2 1,660.1
Threonine 1,123.5 1,112.6 158.6 95.4 135.6 9.0 1,417.6 1,304.1
Tryptophan 416.4 341.0 79.5 21.6 54.5 26.3 550.4  389.0
Valine 1,436.2 1,429.2 192.8 131.4 177.9 1245 1,807.0 1,685.1
Appendix A.4 GHGE by Ingredient with Sources
Table A4. GHGE by Ingredient with Sources.
Ingredient M,T C02.e /MT Source
ingredient
Gelatin 19.0 Carbon Cloud[30]
Fish* 127 Quantifying greenhouse gas emissions from global
aquaculture[20]
. Evaluation of Different Aquaculture Feed Ingredients in
Shrimp Byproduct Meal 97 Indonesia Using Li(f]e Cycle Assessmer%t[w]
Soy Protein Conc 5.3 GFLI[13]
Wheat Gluten Meal 35 GFLI[13]
Soybean Meal 3.2 GFLI[13]
Corn Gluten Meal 1.8 Feed Tables[22]
Corn DDGs 1.0 GFLI[13]
Fish Meal 0.9 GFLI[13]
Blood Meal 0.9 GFLI[13]
Sunflower Meal 0.8 GFLI[13]
Life-cycle assessment of animal feed ingredients: Poultry by-
Poultry Byproduct Meal 07 yproduct meal and hydrolyzed fegather meal[17] Y
Meat and Bone Meal 0.7 GFLI[13]
Wheat Flour 0.7 GFLI[13]
Life-cycle assessment of animal feed ingredients: Poultry by-
Poultry Meal 07 yproduct meal and hydrolyzed feither meal[17] ™
Feather Meal 0.6 Life-cycle assessment of animal feed ingredients: Poultry by-
product meal and hydrolyzed feather meal[17]
Corn 0.5 GFLI[13]
Wheat 0.4 GFLI[13]
Wheat Middlings 0.3 GFLI[13]

* “Fish” ingredient refers to general marine fish.
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