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ABSTRACT 

 

Consumer demand for sustainably sourced seafood has given rise to eco-label initiatives such as 

the Marine Stewardship Council and consumer advocacy groups such as Monterey Bay 

Aquarium’s Seafood Watch. The sustainability metrics of these groups include bycatch 

avoidance (with a particular emphasis on protected species) and stock abundance but have yet to 

include the climate impact of seafood production activities. The literature related to the 

sustainability of seafood generally reflects the emphasis of these eco-label initiatives with an 

abundance of studies related to stock assessment and eco-system effects of bycatch but 

comparatively few studies dedicated to the life-cycle assessment of seafood production activities. 

The dearth of seafood life-cycle assessments that have been conducted are narrowly focused on 

greenhouse gas emissions during fishing activities. Although greenhouse gas emissions of 

fishing activities is important, these studies have overlooked the climate implications of several 

policies (current and proposed) that may influence the sustainability of seafood. First, policy 

aimed at improving air quality by reducing the sulfur levels in marine fuels may impact the 

sustainability of seafood because fishing vessels are heavily reliant on diesel fuel and are known 

to be high emitters of short-lived climate forcing pollutants (including black carbon, sulfur 

oxides, and organic carbon). Furthermore, as seafood is a globally traded commodity that is 

typically shipped as freight on large container vessels, the importance of fuel quality in seafood 

life-cycle assessments may not be limited to the fishing phase of the seafood supply chain. 

Second, the consumer-driven policy of major retailers to only source seafood caught with highly 

selective fishing gears—in order to avoid the collateral damage of bycatch—may influence the 

sustainability of seafood because these gear types may require more fuel per fish caught 

compared with less selective gear types. Third, it has been argued that a proposed policy to ban 
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fishing the high seas would allow the high seas to serve as an ecological bank. However, this 

proposal could impact the sustainability of seafood because fishermen may use less fuel by 

fishing in coastal areas. Furthermore, restricting fishing activities to coastal areas would mean 

that fishermen would be subject to more stringent fuel sulfur laws in regions where emission 

control laws have been enacted. Despite the potential benefits of these policies—improved air 

quality, reduced bycatch, and improved stock abundance—the climate impact of these 

sustainable fishing practices is largely unknown. This dissertation seeks to study the climate 

impact of these practices so as to broaden the discourse surrounding sustainable fishing practices. 

 

This work is divided in three research efforts. First, this research investigates the role of fishing 

vessels in the context of global shipping inventories. It develops a global inventory of fuel 

consumption and emissions of short-lived climate forcing pollutants of fishing vessels. A first-

order global and Arctic estimate for the emissions and climate forcing of combined long-lived 

climate forcing (i.e. well mixed-greenhouse gases) and short-lived climate forcing emissions 

from fisheries using recently published plume-sampling data from an ensemble of ships is 

developed. Second, this research evaluates the climate impact of current and proposed policies 

(fuel quality policy to improve air quality, consumer-driven retailer policy to source seafood 

from highly selective fishing gears, and the proposed ban of fishing the high seas) in the context 

of U.S. tuna fisheries. A first-order climate forcing assessment of fishing activities of selected 

U.S. tuna fleets was conducted and the results were compared to land-based protein sources. 

Third, this research investigates the role of short-lived climate forcing pollutants upstream of the 

fishing phase of the seafood supply chain. A life-cycle assessment model was developed that 

includes fishing, processing, and the transport of two Alaskan pollock seafood products. Short-
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lived climate forcing pollutants were added to an existing model of battered-and-breaded white-

fish fillets. Furthermore, a first-order assessment of a pollock surimi product, crab-flavored 

sticks (i.e. imitation crab), was compared to climate forcing associated with battered-and-breaded 

pollock fillets. 
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1. Emissions and climate forcing from global and Arctic fishing vessels  

 

 

1.1. Chapter Summary 

 

Fishing vessels were recently found to be the largest source of black carbon ship emissions in the 

Arctic, suggesting that the fishing sector should be a focus for future studies. Here a global and 

Arctic emissions inventory for fishing vessel emissions of short-lived and long-lived climate 

forcers based on vessel size, fuel sulfur content, engine type, and operational characteristics was 

developed. Previous work generally underestimated emissions of short-lived climate forcers due 

to a failure to account for small fishing vessels as well as variability in emission factors. In 

particular, black carbon emissions were underestimated by an order of magnitude. Furthermore, 

the order-of-magnitude estimate of the net climate effect from these fishing vessel emissions 

suggests that short-lived climate forcing may be particularly important in regions where fuel has 

a low sulfur content. These results have implications for proposed maritime policies and provide 

a foundation for future climate simulations to forecast climate change impacts in the Arctic.   

1.2. Introduction 

 

Atmospheric emissions from ships are a potentially critical source of regional climate forcing 

[Aliabadi et al., 2015; Corbett et al., 2010a]. While land-based emissions are generally larger 

than ship emissions, emissions from ships have a unique spatial distribution because they are 

injected into the atmosphere along vessel routes and at low vessel chimney heights. This spatial 

distribution of ship emissions is particularly important for short-lived climate forcers (SLCFs) 

that have climate forcing properties that are spatially explicit [Winther et al., 2014; Coello et al., 

2015]. 
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SLCFs such as black carbon (BC), organic carbon (OC), and sulfur dioxide (SO2), and nitrogen 

oxides (NOx = NO2 +NO) have short atmospheric lifetimes and can cause both climate warming 

and cooling [Myhre et al., 2013]. BC has an atmospheric lifetime ranging from days to 

approximately 2 weeks. The BC climate effect results in warming and is recognized as the 

second most important emission after CO2 in terms of anthropogenic climate forcing [Bond et 

al., 2013]. OC, NOx, and SO2 are often co-emitted with BC and generally have an overall 

cooling effect [Shindell and Faluvegi, 2009; Faloona, 2009; Eyring et al., 2010]. NOx 

emissions from ships produce ozone (O3) and hydroxyl radicals (OH), which reduce the lifetime 

of methane (CH4). The net climate effect of ship NOx depends on the balance of warming (due 

to O3) and cooling (due to CH4) [Holmes et al., 2014; Eyring et al., 2010; Myhre et al., 2011]. 

As a consequence of the short atmospheric lifetimes of SLCFs, their climate impacts occur on 

relatively short time scales (less than 30 years), and their spatial distribution is heterogeneous 

[Collins et al., 2013; Baker et al., 2015]. Therefore, the resulting climate forcing from SLCFs is 

also inhomogeneous. The heterogeneous distribution of emissions makes diagnosing the regional 

and global climate impacts complex for SLCFs [Baker et al., 2015; Shindell et al., 2009]. When 

SLCFs are considered together with CO2, management choices to mitigate climate change can be 

significantly different from considering CO2 alone [Unger et al., 2010; Peters et al., 2011].  

 

Fishing vessels were recently discovered to be the largest source of ship SLCF emissions in the 

Arctic, suggesting that fishing studies are an important focus area for improved estimation 

[Winther et al., 2014]. The Arctic region may be of particular interest for understanding fishing 

emissions because the vessel emissions occur in more northerly places in comparison to land-
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based emissions. Ships operating in the Arctic may emit up to 50% more BC than in other 

regions due to highly variable engine loads depending on ice conditions and ice breaking 

requirements [Lack and Corbett, 2012]. A net warming from SLFCs may also be enhanced in 

the Arctic. For instance, there may be less cooling from SO2 emissions in the Arctic because the 

indirect aerosol effect is reported to be weaker than the direct sulfate forcing due to less efficient 

cloud formation. Due to inactive photochemistry during the winter, the changes in OH 

concentrations due to NOx emissions from ships are small [Ødemark et al., 2012]. The effect of 

OH on CH4 lifetime is further limited by continuous low temperatures in the Arctic [Ødemark et 

al., 2012]. Furthermore, the Arctic climate is particularly sensitive to BC both in the atmosphere 

and from deposition on snow and ice [Quinn et al., 2008; Bond et al., 2013; Flanner, 2013]. 

However, emission estimates for Arctic fishing vessels have relied on rough assumptions 

regarding BC emission factors which is an important area for future work [Winther et al., 2014]. 

 

In addition to Arctic fishing emissions, there is also reason to suspect that global SLCF 

emissions from fishing vessels have been underestimated in previous inventories. Previous work 

has investigated the impact that fishing gears have on fuel consumption and emissions 

[Tyedmers, 2001; Ziegler and Hansson, 2003]. While many inventories of maritime emissions 

include only large vessels, estimates of emissions of small vessels suggest that fishing vessel 

CO2 emissions are 2 to 7 times larger than reported in previous inventories [Tyedmers et al., 

2005]. However, emissions estimates of small vessels have only focused on long-lived climate 

forcers (LLCFs), namely CO2, methane (CH4), and nitrous oxide (N2O), whereas SLCFs have 

been overlooked. 
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While the global contribution of SLCF emissions from all maritime vessels has been studied 

extensively [Corbett and Koehler, 2003; Endresen et al., 2007; Lack et al., 2008; Eyring et al., 

2010; Dalsøren et al., 2009; Fuglestvedt et al., 2010], our study seeks to address four critical 

knowledge gaps that are specific to fishing vessels. First, global maritime SLCF emission studies 

focus on vessels larger than 100 gross tonnage (GT) which excludes an estimated 1.3 million 

fishing vessels [Endresen et al., 2007]. Second, previous work has used constant BC emission 

factors based on a limited data set from a single study of only two ships [Sinha et al., 2003] 

overlooking an expanded literature of measurements than includes a wide range of engine 

speeds, engine types, fuel qualities associated with regional fuel sulfur control laws, and the 

ship-to-ship variability of a diverse fleet [Lack et al., 2008]. For example, most fishing vessels 

operate medium speed diesel (MSD) engines with distillate fuels within nonroad equipment fuel 

quality standards [Lack et al., 2009] and are reported to emit twice as much BC as slow speed 

diesel (SSD) engines (used to operate transport ships) [Lack et al., 2008; Wang and Minjares, 

2013]. Third, this study did not find any previous work that has estimated the climate forcing 

associated with fishery SLCF emissions. Thus, the net climate forcing from fisheries remains 

largely unknown.  

 

In addition to regional and global inventories, an improved understanding of fishing vessel 

emissions is also of importance for advancing food sustainability. Demand for sustainably 

certified seafood is growing rapidly, as major global retailers have promised to source fish and 

crustaceans from sustainable sources [Sampson et al., 2015]. Fishing vessel emissions have 

recently emerged as one important sustainability criterion for seafood [Parker et al., 2015; Smith 

et al., 2010; Thrane et al., 2009]. These emission concerns have led to eco-label initiatives such 
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as Seafood Watch that are working to inform consumers about greenhouse gas (GHG) impacts of 

the seafood industry [Parker et al., 2015; Pelletier and Tyedmers, 2008].   

 

Given the importance of fishing vessel emissions and the critical knowledge gaps related to 

fishing vessel size and emission factors, this study seeks to develop a revised global and Arctic 

emissions inventory. The hypothesis of this study is that previous global inventories of 

commercial shipping may be understated due to the lack of inclusion of smaller fishing vessels 

(<100 GT) and previously assumed emission factors that did not account for the more extensive 

measurements across a range of engine speeds, engine types, fuel quality and regional fuel sulfur 

control laws, and the ship-to-ship variability of a diverse fleet. This study provides a global and 

Arctic estimate for the emissions and climate forcing of combined LLCF and SLCF emissions 

from fisheries using recently published plume-sampling data from an ensemble of ships [Lack et 

al., 2008; Cappa et al., 2014; Buffaloe et al., 2014]. This analysis considers the impact of newly 

enacted regulations on emissions of fuel sulfur, engine type and operational characteristics of the 

fishing fleet. Further, a first estimate of the contribution of SLCFs to the climate forcing of 

seafood per unit protein was provided and this impact was compared to other non-seafood 

protein sources.  

 

1.3. Methods  

 

1.3.1. Fuel Consumption 

 

The global fisheries fuel consumption was calculated using a catch‐based approach. This 

approach is based on the global median fuel use intensity (FUI = 0.639 L of fuel used per 

kilogram of live weight fish landings) from the Fisheries Energy Use Database and global catch 
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statistics [Parker and Tyedmers, 2015]. The global average annual landed catch (2000–2010) is 

80 Tg [FAO, 2015a]. The average annual landed catch for countries that have emission control 

areas (ECAs) including North America and the European Union (2000–2010) is 14 Tg [FAO, 

2015b]. The majority of global fish landings, approximately 88%, occur within exclusive 

economic zones (EEZs) [Sumaila et al., 2015]. Thus, it was estimated approximately 68 Tg of 

landings occur outside of ECAs and 12 Tg of landings occur inside the EEZs of ECAs. The 

weighted average of the fuel density is 0.86 kg l−1. The global fisheries fuel consumption was 

calculated using the following formula: 

𝐹𝐶 = 𝐹𝑈𝐼 ∙ 𝜌 ∙ 𝐺𝐶                                                            (1) 

where FC is the fuel consumption (Tg fuel), FUI is the fuel use intensity (l fuel/kg live‐weight 

fish landings), ρ is the fuel density (kg fuel/l fuel), and GC is the global average annual landed 

catch (Tg live‐weight fish landings). 

For the Arctic, the catch‐based approach was not used because the fuel use intensity and catch 

data were not readily available. Instead, a recently published estimate of 2.0 Tg fuel yr−1  was 

used based on ship track data [Winther et al., 2014]. 

 

1.3.2. Global Commercial Fishing Vessel Characterization 

 

The emission estimates were based on the following vessel characteristics. The average engine 

power of commercial fishing vessels is 701 kW for the main engine and 55 kW for the auxiliary 

engine [ICF International, 2009]. The average size of decked fishing vessels is 20 GT (around 

10-15 meters). Only a small fraction of vessels, 1% of the global fishing fleet, are larger than 100 

GT (or longer than 24 m) (Food and Agriculture Organization of the United Nations, 2005, 
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Fisheries and Aquaculture topics, Fishing vessels: http://www.fao.org/fishery/topic/1616/en). 

Globally, 88% of the installed main engines of commercial fishing vessels operate MSD, and 

12% operate high speed diesel (HSD) engines [Trozzi, 2010].  Marine distillate oil (MDO, also 

called marine gas oil or MGO) is the most commonly used fuel for fishing boats and other MSD 

engines [ICF Consulting, 1999]. However, a small fraction of fishing boats use heavy fuel oil 

(HFO) [Trozzi, 2010].  

 

1.3.3. Fuel Specifications 

 

The fuel specifications for this model are based on current policies related to emission controls. 

MARPOL 73/78 (short for marine pollution) is the principal international instrument covering 

prevention of pollution of the marine environment by ships. According to MARPOL Annex VI, 

Regulation 14, ships 400 GT or greater operating in designated emissions control areas (ECAs) 

are required to use on board fuel oil with a sulfur content of no more than 0.1% (all sulfur 

contents are by weight) effective January, 2015. The ECAs include the Baltic Sea area, North 

Sea area, North American area (covering designated coastal areas off of the United States and 

Canada), and United States Caribbean Sea area (including Puerto Rico and the United States 

Virgin Islands). Outside the ECAs the maximum fuel sulfur content is 3.5% but reduction to 

0.5% in 2020 are under consideration. For ships less than 400 GT, state flag regulations apply. 

The average fishing vessel is likely to be in a weight class less than 400 GT and thus exempt 

from international sulfur and particulate matter (PM) control laws. Globally the maximum 

allowable fuel sulfur for state flag regulations is as low as 0.001% and as high as 1%. Based on 

the regulations described above, the following approach was used. Inside ECAs a fuel sulfur 

content of 0.051% (±0.050%) was used. Outside ECAs a weighted average of fuel sulfur 
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contents for MGO, MDO, and HFO was used. The global commercial fishing fleet operates over 

96% of installed engines with MGO or MDO, and the remaining 4% operate on HFO [Trozzi, 

2010]. The average fuel sulfur contents of MGO, MDO and HFO are 0.38% (±0.21%), 0.65% 

(±0.37%), and 2.7% (±0.7%), respectively [Notteboom et al., 2010; Lack et al., 2011]. The 

resulting fuel sulfur content outside ECAs was 0.59% (±0.31%). MGO and HFO are reported to 

have fuel densities of 0.86 and 0.98 kg l-1, respectively [Energy and Environmental Analysis, 

Inc, 2000]. A lower heating value of 42.8 and 39.5 MJ kg-1 for marine distillates (MGO and 

MDO) and HFO was used, respectively [Wang, 2011]. 

 

1.3.4. Emission Factors 

 

The BC emission factor was calculated using three approaches. First, an average of all available 

emission factor data for MSD and HSD engine types was used [Lack et al., 2008; Petzold et al., 

2010; Petzold et al., 2011; Buffaloe et al., 2014; Cappa et al., 2014]. Second, the emission factor 

was estimated based on a weighted average of engine and fuel types. Third, the emission factor 

was estimated by binning the data and a weighted average of the bins based on the frequency of 

fuel types, vessel types, and engine loads used in the fishing sector. Published emission factors 

from plume intercept and test-rig sampling studies were used (Table 1.1) [Lack et al., 2008; 

Petzold et al., 2010; Petzold et al., 2011; Buffaloe et al., 2014]. The emissions of BC are 

influenced by the fuel sulfur content, engine type, maintenance, and other operational 

characteristics such as engine load or engine speed [ICF International, 2009; Lack et al., 2011; 

Cappa et al., 2014]. 
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The BC emission factor for each fuel sulfur content weighted by engine speed and fuel type 

(second approach), EFAlt_BC (g BC / kg fuel) was calculated with the following equation: 

𝐸𝐹𝑙
𝐴𝑙𝑡_𝐵𝐶 = ∑ ∑ 𝑓𝑗,𝑘,𝑙

𝑐ℎ𝑎𝑟 ∙ 𝐸𝐹𝑗,𝑘,𝑙
𝐵𝐶2

𝑗=1
2
𝑘=1                                            (2) 

 
where fChar is the fraction of fishing vessels with engine type j (1= MSD, 2= HSD), fuel type k 

(k=1=MDO, k=2=HFO), and fuel sulfur content, Fs (% wt.), l (1=≤0.1 and 2=>0.1), EFBC is the 

mean BC emission factor reported for each engine type, fuel type, and Fs(% wt.). The inputs for 

fChar are given in Table A.4. The inputs for EFBC are given in Table A.1.  

 

The BC emission factor using binned data and a weighted average of the bins based on the 

frequency of fuel types, vessel types, and engine loads used in the fishing sector (third approach) 

was calculated using equations 3-5. 

 

The available data was binned and weighted as a function of fuel sulfur content as follows: 

𝐸𝐹𝑙
𝐵𝐶 = ∑ 𝑓𝑚

𝐶 ∙ 𝐸𝐹𝑙,𝑚
𝐵𝐶2

𝑚=1                                                             (3) 

where 𝐸𝐹𝑙,𝑚
𝐵𝐶 (g BC/kg fuel) is the average emission factor for fuel sulfur content l, fC is the 

global fraction of catch using gear m (trawl or gillnet) The BC emission data was sorted into bins 

(marine diesel engine type, fuel type, fuel sulfur content, and engine load percentage) and when 

possible used statistical software to generate probability distributions for each bin using 

Kolmogorov-Smirnov, Anderson-Darling, and Chi-squared statistics [Mathwave Data Analysis 

and Simulation, 2015]. The distribution from each bin was sampled 10,000 times with a Monte 

Carlo simulation to calculate the average and standard deviations of BC emissions for each bin. 

Fuel sulfur (Fs, units wt %) wass binned into two categories for low (0.05% ± 0.05%) and high 
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(0.59% ± 0.31%) content. The inputs for 𝑓𝑚
𝐶 are given in Table A.2. The inputs for 𝐸𝐹𝑙,𝑚

𝐵𝐶 are 

given in Table A.3. 

 

The BC emission factor as a function of fuel sulfur and fishing gear, 𝐸𝐹𝑙,𝑚
𝐵𝐶 (g BC/kg fuel), was 

calculated as follows: 

 

𝐸𝐹𝑙,𝑚
𝐵𝐶 = ∑ ∑ 𝑓𝑗,𝑘,𝑙

𝐶ℎ𝑎𝑟 ∙ 𝐸𝐹𝑗,𝑘,𝑙,𝑚
𝐵𝐶2

𝑘=1
2
𝑗=1                                         (4) 

 

where fChar is the fraction of the global fishing fleet with the vessel characteristics engine type j 

(MSD or HSD) and fuel type k (MDO or HFO). To estimate the BC emissions as a function of 

engine load, the load profiles used for trawl and gillnet gear were assumed to be valid for the 

global fishing fleet [Ziegler and Hansson, 2003]. The engine load for a trawler is 90% for 20% 

of the time, 80% for 50% of the time and 30% for the remaining 30% of the time. The load on 

the engine of a gillnet vessel is 95% for 10% of the time, 80% for 30% of the time, and 20% for 

the remaining 60% of the time. The estimated fraction of the total catch that is caught using 

gillnet and trawling fishing gear is 38% and 62%, respectively. The inputs for 𝑓𝑗,𝑘,𝑙
𝐶ℎ𝑎𝑟 are given in 

Table A.4. The inputs for 𝐸𝐹𝑗,𝑘,𝑙,𝑚
𝐵𝐶  are given in Table A.5. 

 

The BC emission factor as a function of engine type, fuel type, fuel sulfur level, and fishing gear, 

𝐸𝐹𝑗,𝑘,𝑙,𝑚
𝐵𝐶  (g BC/kg fuel), was calculated using the following formula: 

 

𝐸𝐹𝑗,𝑘,𝑙,𝑚
𝐵𝐶 = ∑ 𝑓𝑖,𝑚

𝑡5
𝑖=1 ∙ 𝐸𝐹𝑖,𝑗,𝑘,𝑙

𝐵𝐶                                                 (5) 
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where ft is the fraction of time the ship is run at load i, and 𝐸𝐹𝑖,𝑗,𝑘,𝑙
𝐵𝐶  is the BC emission factor as a 

function of load i, engine type j, fuel type k, and fuel sulfur level l. The engine loads included 

five bins (0–20%, 20–40%, 40–60%, 60–80%, and 80–100%). The inputs for 𝑓𝑖,𝑚
𝑡  are given in 

Table A.6. The inputs for 𝐸𝐹𝑖,𝑗,𝑘,𝑙
𝐵𝐶  are given in Table A.7. 

 

The emission factor for OC (EFOC, g OC / kg fuel) was calculated as a function of BC and the 

ratio of particulate organic matter (POM) and BC: 

 
1.2

OC BC

POM
EF EF

BC
 


  (6) 

where the POM is 120% of the OC and the ratio of POM to BC is 1.4 [Petzold et al., 2011; 

Fuglestvedt et al., 2010]. 

 

SO2 emissions are directly related to fuel sulfur [Lack and Corbett, 2012; Faloona, 2009]. The 

SO2 emission factors (EFSO2, g SO2 / kg fuel) were calculated as a function of the fuel sulfur 

content: 

 
2 2

2SO S SOEF f f     (7) 

where fS is the fuel sulfur fraction (g S / kg fuel), 2 is the ratio of molecular weights of SO2 to S, 

and fSO2 is the fraction of fuel sulfur emitted as SO2 (97.8%) [ICF International, 2009]. The 

emission factors of LLCFs were taken from a technical report on mobile source port–related 

emission inventories [ICF International, 2009]. 
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Table 1.1: Black carbon emission factors from the literature as a function of engine type a, fuel 

typeb, estimated engine speed, and fuel sulfur content. 

 

Engine 

Typeb 

Fuel Typec Engine 

Speed 

(% of max) 

Nd Fuel Sulfur   

(% wt) 

Black Carbon 

(g kg-1 fuel) 

Reference 

MSD MGO/MDO Idle 6 ≤0.1 1.28 (± 0.66) [Buffaloe et al., 2014] 

MSD MGO/MDO Idle 1 0.4±0.6 1.06 [Lack et al., 2008] 

HSD MGO/MDO Idle 3 ≤0.1 1.42 (± 1.50) [Buffaloe et al., 2014] 

MSD MGO/MDO 1-20% 10 ≤0.1 1.06 (± 1.11) [Buffaloe et al., 2014] 

MSD MGO/MDO 1-20% 2 0.4±0.6 1.5 [Lack et al., 2008] 

HSD MGO/MDO 1-20% 3 ≤0.1 0.30 (± 0.19) [Buffaloe et al., 2014] 

HSD MGO/MDO 1-20% 1 0.4±0.6 0.28 [Lack et al., 2008] 

MSD MGO/MDO 21-40% 3 ≤0.1 2.05 (± 2.53) [Buffaloe et al., 2014; Cappa et al., 2014] 

MSD MGO/MDO 21-40% 6 0.4±0.6 0.90 (± 0.67) [Lack et al., 2008] 

HSD MGO/MDO 21-40% 3 ≤0.1 0.55 (± 0.34) [Buffaloe et al., 2014] 

HSD MGO/MDO 21-40% 1 0.4±0.6 0.19 [Lack et al., 2008] 

MSD MGO/MDO 41-60% 9 ≤0.1 0.53 (± 0.60) [Buffaloe et al., 2014; Cappa et al., 2014; Petzold et al., 

2011] 

MSD MGO/MDO 41-60% 31 0.4±0.6 0.92 (± 0.65) [Lack et al., 2008] 

HSD MGO/MDO 41-60% 8 ≤0.1 0.39 (± 0.18) [Lack et al., 2008] 

HSD MGO/MDO 41-60% 2 0.4±0.6 0.53 [Buffaloe et al., 2014] 

MSD HFO 41-60% 2 2.2 0.33 [Petzold et al., 2010; Petzold et al., 2011] 

MSD MGO/MDO 61-80% 5 ≤0.1 0.87 (± 0.65) [Buffaloe et al., 2014; Petzold et al., 2011] 

MSD MGO/MDO 61-80% 9 0.4±0.6 1.20 (± 0.75) [Lack et al., 2008] 

HSD MGO/MDO 61-80% 5 ≤0.1 0.53 (± 0.42) [Buffaloe et al., 2014] 

HSD MGO/MDO 61-80% 2 0.4±0.6 0.58 [Lack et al., 2008] 

MSD HFO 61-80% 3 2.2 0.20 (± 0.13) [Petzold et al., 2010; Petzold et al., 2011] 

MSD MGO/MDO 81-100% 13 ≤0.1 0.68 (± 0.54) [Buffaloe et al., 2014; Cappa et al., 2014; Petzold et al., 

2011] 

MSD MGO/MDO 81-100% 1 0.4±0.6 0.06 [Lack et al., 2008] 

HSD MGO/MDO 81-100% 9 ≤0.1 0.33 (± 0.21) [Buffaloe et al., 2014] 

HSD MGO/MDO 81-100% 2 0.4±0.6 0.22 [Lack et al., 2008] 

MSD HFO 81-100% 5 2.2 0.05 (± 0.02) [Petzold et al., 2010; Petzold et al., 2011] 

MSD MGO/MDO >100% 2 ≤0.1 1.64 [Buffaloe et al., 2014] 

MSD MGO/MDO >100% 1 0.4±0.6 0.50 [Lack et al., 2008] 

HSD MGO/MDO >100% 1 0.4±0.6 0.56 [Lack et al., 2008] 

MSD HFO >100% 1 2.2 0.07 [Petzold et al., 2010] 

        
aThe uncertainty represents the standard deviations. Number weighted volume equivalent diameter particle size distribution for 

refractory black carbon (campaign average) 92 nm. Particle size distribution information not provided. Total aerosol particle size 

distribution 15, 40–60, and 25 nm for modal parameters 1, 2, and 3, respectively. Particle number size distribution 5 and 6, 27 

and 25, and 120 and 55 nm for modal parameters 1, 2, and 3, respectively, measured at engine loads 10 and 100%, respectively. 

Number weighted volume equivalent diameter particle size distribution for refractory black carbon <60 and 100 nm for modal 

parameters 1 and 2, respectively. 
bMSD: medium speed diesel, HSD: high speed diesel. 
cMGO: marine gas oil, MDO: marine distillates oil, HFO: heavy fuel oil. 
dNumber of observations. 
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1.3.5. Global Warming Potential 

 

While climate models are often used to quantify the climate forcing for an industrial sector, here 

a range of global warming potentials (GWPs) were used to provide a first approximation of 

climate forcing from the fishing industry. The GWPs for SLCFs have a large spread in model 

estimates and significant differences between observations and model results. The level of 

scientific confidence is low for GWPs that include aerosol-cloud interactions and land surface 

albedo effects for BC [Myhre et al., 2013]. Due to the large uncertainty, the climate forcing was 

separately reported for total effects (direct and indirect) and only direct effects [Bond et al., 

2013; Shindell et al., 2009; Bond et al., 2011]. SLCFs with equivalent 100-year GWPs have 

different impacts on climate, temperature, rainfall, and the timing of these impacts. Because 

questions have been raised about the appropriateness of using the 100-year GWP metric to 

compare SLCFs and LLCFs, the 20-year GWPs were included to evaluate the short-term climate 

impacts [Fuglestvedt et al., 2010; Boucher and Reddy, 2008] (Table 1.2). As a special case, the 

GWPs of SLCFs for the Arctic were also considered [Ødemark et al., 2012]. Owing to the fact 

that the density of shipping traffic and the climate impacts of NOx emissions peak in the 

summer, we use a seasonal (summer) shipping sector GWP for the Northern Hemisphere for the 

Arctic calculations [Aamaas et al., 2015; Ødemark et al., 2012]. 
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Table 1.2: Direct and indirect global warming potential (GWP) a. 

GWP CO2
b CH4

b N2Ob NOxc,d SO2
e OCf BCg 

Global 20-Year Time Horizon: 

Direct 1 85 265 -14 (-21, -8) -78 (± 70) -160 (-320, -60) 2,100 (420, 3,700) 

Indirect 1 85 265  -190 (± 171)  1,100 (-150, 2,500) 

Total (including indirect) 1 85 265 -14 (-21, -8) -268 (± 241) -160 (-320, -60) 3,200 (270, 6,200) 

 
Global 100-Year Time Horizon: 

Direct 1 30 264 -6 (-10, -4) -19 (± 20) -46 (-92, -18) 590 (140, 1,100) 

Indirect 1 30 264  -57 (± 49)  310 (-40, 600) 

Total (including indirect) 1 30 264 -6 (-10, -4) -76 (± 69) -46 (-92, -18) 900 (100, 1,700) 

 
Arctic 20-Year Time Horizon: 

Direct 1 85 264 24 -71 -151 2,037 

Indirect 1 85 264  -205  764 

Total (including indirect) 1 85 264 24 -276 -151 2,801 

 
Arctic 100-Year Time Horizon: 

Direct 1 30 265 -0.7 -19 (± 20) -43 579 

Indirect 1 30 265  -57 (± 49)  217 

Total (including indirect) 1 30 265 -0.7 -76 (± 69) -43 796 
a Uncertainties ranges or standard deviations are given where available.  Units are g CO2-e / g pollutant. 
b [Myhre et al., 2013] 
c Nitrogen oxides (NOx) calculated as NO2 
d Global values [Fuglestvedt et al., 2010]; Arctic values [Aamaas et al., 2015] 
e Global values [Shindell et al., 2009]; Arctic values [Ødemark et al., 2012] 
f Global values [Bond et al., 2011]; Arctic values [Ødemark et al., 2012] 
g Global values [Bond et al., 2013]; Arctic values [Ødemark et al., 2012] 
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1.4. Results 

 

1.4.1. Fuel Use 

 

The catch‐based estimate of global fishing fuel use of this study is 44 Tg yr−1 which is similar in 

magnitude to previous catch‐based estimates [Tyedmers et al., 2005] Alternative approaches to 

estimating global fishing fuel use are considerably smaller. Bottom‐up estimates (based on ship 

activity and engine power capacity data) and top‐down estimates based on fuel consumption are 

approximately 16 and 6 Tg yr−1, respectively [Smith et al., 2014]. Bottom‐up estimates are 

thought to underestimate fishing fuel use because the engine data do not include ships smaller 

than 100 GT which excludes an estimated 1.3 million fishing vessels [Endresen et al., 2007]. 

The top‐down consumption approach may be accurate for estimating global marine fuel use, but 

the top‐down approach suffers from large uncertainties with respect to allocating fuel use to 

fishing ships as opposed to other types of ships [Smith et al., 2014]. The catch‐based approach of 

this study suggests that fishing is responsible for 15% of global marine fuel use. The larger 

fraction for fishing vessels in this study as opposed to other studies is important for 

understanding fishing vessels emissions but may also impact the estimates of global climate 

forcing for all ships to the extent that emission factors and the spatial and temporal distribution 

of emissions are unique for fishing as opposed to other shipping sectors. 

 

1.4.2. Emission Factors 

 

The literature review of BC emission factors and the calculated fuel combustion emission factors 

for fishing vessels are presented in Tables 1 and 3, respectively. The first BC emission factor, 

averaging all data for MSD and HSD engines, is 0.79 ± 0.06 g/kg (mean ± standard error; n = 146 
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measurements). The second set of BC emission factors, weighted by engine and fuel types, is 

0.92 and 0.86, for low (Fs = 0.051%) and high (Fs = 0.59%) fuel sulfur levels, respectively. The 

third set of BC emission factors, the binned approach, is somewhat larger than the first BC 

emission factor results (0.88 and 0.84 for ECAs and non‐ECAs, respectively) because the 

emission factors were weighted by engine types and fishing engine loads. The BC emission 

factor estimates of this study are two or more times larger than previously assumed emission 

factors of 0.18 and 0.35 g/kg for global and Arctic inventories, respectively (Table 3). The 

previously assumed global estimate originates from a small data set (n = 11) that included two 

transport ships (SSDs) but not ships that are representative of the fishing sector [Sinha et al., 

2003]. The previously assumed Arctic estimate originates from a larger data set but includes a 

large number of transport ships (SSD engines) that are not representative of the fishing industry 

[Corbett et al., 2010b]. However, fishing ships which are primarily MSD vessels operating with 

high fuel sulfur content have twice the emissions factors as SSD engines which are used in 

transport ships [Lack et al., 2008; Lack et al., 2009]. Thus, our BC estimates are higher because 

we account for a broader range of data and an ensemble of engine types and engine loads that are 

specific to fishing. 

 

The uncertainty in the BC emissions reflects the different emissions observed between the study 

types (test rig versus plume sampling), between different plume sampling studies, and between 

different ships in the same plume‐sampling study. In general, the BC emissions from the test‐rig 

study were smaller than the emissions from plume‐sampling studies. The difference between test 

rigs and plume sampling could be a result of different vessel and engine ages. The test rig was 

reported to be substantially newer at the time of the study than some of the vessels in the plume‐

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JD023747#jgrd52758-tbl-0003
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sampling studies [Cappa et al., 2014]. When comparing the BC emissions of MSD engines, the 

emissions were lower in the ≤0.1% fuel sulfur category (ECAs) except at engine loads between 

0–20% and 80–100%. When the BC emissions data was compiled using weightings for the 

typical engine loads used in fishing operations, similar emission factors for both low and high 

fuel sulfur contents were found. These results are consistent with a recent test‐rig study that used 

high sulfur HFO, and low sulfur distillate fuels on the same engine and found BC emissions were 

unaffected by fuel type [Mueller et al., 2015]. 

The emission factors and uncertainty for SO2 were directly related to the fuel sulfur content. The 

sulfur in fuels used by fishing vessels is regionally dependent due to sulfur control laws in ECAs 

and non‐ECAs. In ECAs the SO2 emissions are lower than in non‐ECAs by an order of 

magnitude. 
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Table 1.3: Emissions Factors for Combustion of Marine Fuels Used in Commercial Fishing 

Vessels for This and Other Studiesa 

FS(wt %) EFCO2 EFCH4 EFN2O EFNOx
b EFSO2 EFOC EFBC Reference 

Global, Emission Control Area (ECA) 

0.05 

(±0.05) 

3,183 0.02 0.15 52 (±13) 1 (±1) 1.5 (±1.1) 0.88 (±0.66) This study 

Global, Non‐ECA 

0.6 (±0.3) 3,183 0.02 0.15 52 (±13) 12 (±6) 2.1 (±0.7) 0.84 (±0.42) This study 

2.3 2,927 
  

52 40 
  

[Eyring et al., 2005]  
3,160 

      
[Tyedmers et al., 2005] 

0.5 3,170 
   

10 
  

[Endresen et al., 2007] 

0.5 3,179 0.05 0.08 65 10 0.61 0.18 [Dalsøren et al., 2009] 

0.2 3,114 0.06 0.16 51 2.6 
  

[Smith et al., 2014] c 

0.5 3,114 0.06 0.16 51 9.8 
  

[Smith et al., 2014]d 

Arctic, Non‐ECA 

0.6 (±0.3) 3,183 0.02 0.15 52 (±13) 12 (±6) 2.1 (±0.7) 0.88 (±0.66) This study 

2.6 3,167 
  

76 52.7 
 

0.36 [The Arctic Council, 

2009] 

0.5 3,114 
   

10 1.1 0.35 [Corbett et al., 2010a] 
       

0.35 [Browse et al., 2013] 

0.5 3,183 0.02 0.2 58 9.9 0.39 0.35 [Winther et al., 2014] 
       

0.35 [Mjelde et al., 2014] 

a All emission factor (EF) units are grams of pollutant per kilogram of fuel. Average and standard deviations are reported for this 

study. 
b Nitrogen oxides (NOx) calculated as NO2. 
c Emission factors used for marine gas oil (MGO) or marine distillates oil (MDO). 
d Emission factors used for heavy fuel oil (HFO). 
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1.4.3. Global and Arctic Emissions 

 

The hypothesis of this study was that previous global inventories of commercial ships may be 

understated due to the lack of inclusion of smaller fishing vessels (<100 GT) and the use of a 

single emission factor that does not account for engine speed, engine type, fuel quality, and the 

ship-to-ship variability of a diverse fleet. The global and Arctic fuel consumption and emissions 

are summarized in Table 1.4 for the results of this and previous studies [Tyedmers et al., 2005; 

Endresen et al., 2007; Dalsøren et al., 2009; Smith et al., 2014; Greer, 2014; Eyring et al., 

2005]. It was found that the global fishing fleet emits 139 Tg CO2 yr-1. The global fuel 

consumption and CO2 emissions estimates of this study are more than twice all previously 

reported estimates except for one study which also accounted for smaller fishing vessels 

[Tyedmers et al., 2005]. That study has similar results to this work because there have been only 

modest changes in the FUI and global catch statistics over the last decade. The estimates of 

SLCFs of this study are generally several times previous estimates for SO2 and an order of 

magnitude greater than previous estimates for BC and OC because of the larger fuel use and 

emission factor estimates of this study.  

 

A recent emission inventory for the Arctic found that fishing vessels were the dominant source 

of maritime BC emissions in this region [Winther et al., 2014]. The fuel consumption data from 

the inventory of Winther et al. (2014) and the updated emission factors of this study were used to 

estimate that the Arctic fishing fleet emits 105 (±26), 23 (±12), 2.9 (±1.4), and 1.7 (±0.9) Gg yr−1 

of NOx, SO2, OC, and BC, respectively. The Arctic BC emissions estimate is 2 to 5 times the 

central estimates of previous work due to the larger emission factor used in this study.  
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Table 1.4: Annual fuel consumption and emissions from fishing vessels. 

Year 

Fuel 

Use 

(Tg) 

CO2  

(Gg) 

CH4  

(Gg) 

N2O  

(Gg) 

NOxa   

(Gg) 

SO2  

(Gg) 

OC  

(Gg) 

BC  

(Gg) Source 

Global:                 
2001 23.6  69,000    1,219 950   [Eyring et al., 2005]b 

2001 42.0  134,000        [Tyedmers et al., 2005]c 

2000 20.0  63,400     200   [Endresen et al., 2007]b 

2004 13.2  42,010  0.6 1.0 859 132 7.9 2.4 [Dalsøren et al., 2009]b 

2011 6.0  19,000  2.9 0.9 520 55   [Smith et al., 2014]d 

2012 16.0  11,000 0.7 2.4 834 261   [Smith et al., 2014]b 

2012 43.8 139,420 0.9 6.6 

2,278 

(±570) 

402 (± 

214) 63 (± 34) 37 (± 20) This studyc 

Arctic:          
2004 1.0 3,230   78 54  0.36         [The Arctic Council, 2009]b 

2004  3,200   58 10 1.1 0.35 [Corbett et al., 2010a]b 

2004        0.3- 0.9 [Browse et al., 2013]b 

2012 2.0 6,383 0.2 0.4 117 20 0.8 0.71 [Winther et al., 2014]b 

2012        0.40 [Mjelde et al., 2014]b 

2012 2.0 6,430 0.04 0.3 105 (± 26) 23 (± 12) 2.9 (± 1.4) 1.7 (± 0.9) This studyb 
a Nitrogen oxides (NOx) calculated as NO2. 
b Fuel and emissions estimate using a bottom‐up engine activity approach. 
c Fuel estimate from the sum of the products of catches (by species) and the corresponding species‐specific fuel use intensity 

estimates. 
d Fuel and emissions estimate using a top‐down approach from international sales of bunker fuel summed up by country. 
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1.4.4. Global Fuel-Specific Climate Forcing  

 

The global fuel‐specific climate impacts of the SLCF and LLCF emissions from fisheries for a 

20 year and 100 year time horizon including the direct (aerosol‐radiation interaction) and total 

(aerosol‐cloud interactions and land surface albedo for BC) effects were estimated using the 

emission estimates and a range of published GWP values of this study (Figure 1.1). The LLCF 

forcing was not sensitive to the time horizon, fuel sulfur content, consideration of direct or 

indirect effects, or GWP uncertainty. The LLCF emissions resulted in a warming of 

2800 g CO2e/L fuel and were dominated by CO2. 

 

For the global SLCF forcing, this analysis begins by considering the baseline forcing using mean 

emission factors and GWPs. For the ECAs, Fs (wt %) 0.051, the mean climate forcing of SLCFs 

was dominated by the BC warming effect for all time horizons and for both direct and total 

climate effects. For the 20 year time horizon ECAs, the net warming was 25% and 49% greater 

than considering LLCFs alone for the direct and total effects, respectively. For the 100 year time 

horizon ECAs, the net warming resulted in relatively small differences from considering LLCFs 

alone. For non‐ECAs, Fs (wt %) 0.590, the BC warming effect was outweighed by the SO2, 

NOx, and OC cooling effects, resulting in reductions of 3–42% compared with LLCFs alone. 

The difference between ECA and non‐ECA results is due to the fact that the emission factors 

increased with fuel sulfur content for SO2 but not for BC, OC, or NOx. 

Due to uncertainties in emission factors and GWPs, the net climate forcing (combined LLCF and 

SLCF forcing) ranged from a net cooling effect of 5719 g CO2e/L fuel (Figure 1.1, Fs (wt %) 0.9) 

to a net warming effect of 10,408 g CO2e/L fuel (Figure 1.1b, Fs (wt % 0.001) across all fuel 

sulfur contents, all time horizons (20 and 100 year) and all climate impacts (direct and total). The 
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cooling end of this range is associated with a high fuel sulfur content (0.9%), a short time 

horizon (20 year), the largest emission factors and GWP values for cooling SLCFs (NOx, SO2, 

and OC), and the smallest emission factor and GWP value for BC. The warming end of this 

range is associated with a low fuel sulfur content (0.001%) and emission factors and GWP values 

that weight the BC emissions over the SO2emissions. 
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Figure 1.1: Global fishing vessel climate forcing emission factor for fuel  including direct effects 

(left), total effects (right), 20-yr time horizon (top), and 100-yr time horizon (bottom). The direct 

effect includes only aerosol-radiation for SLCFs whereas the total effects include aerosol-cloud 

interaction for OC and SO2, and land surface albedo for BC The error bars represent standard 

deviations due to uncertainty in emissions factors and global warming potential. 
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1.4.5. Arctic Fuel-Specific Climate Forcing  

 

The fuel‐specific climate impacts of the fishery emissions in the Arctic region are summarized in 

Figure 1.2. Although the Arctic is currently a non‐ECA (high fuel sulfur content), here the results 

for the case of a designated ECA for this region was also included. This analysis begins by 

considering the baseline forcing using mean emission factors and GWPs. For the 20 year time 

horizons, the SO2 and OC cooling effects were outweighed by the BC and NOx warming effects 

for both ECA and non‐ECAs. For ECAs, the net warming was 85% and 100% greater than 

considering LLCFs alone for the direct and total effects, respectively. For the non‐ECAs, the net 

warming was 60% and 6% greater than considering LLCFs alone for the direct and total effects, 

respectively. For 100 year time horizons, the trends observed for the Arctic region are similar to 

global fuel‐specific climate forcing. For the ECAs (total and direct effects) and the direct effects 

non‐ECA, the warming of BC outweighs the cooling effects of SO2, NOx, and OC. For the non‐

ECA total effects, the warming BC is outweighed by the cooling effects of the SLCFs. The mean 

ECA scenarios result in increases in warming of 12 and 16% greater than considering LLCFs 

alone for the direct and total climate effects, respectively. For the mean non‐ECAs, the cooling 

of SO2, NOx, and OC outweigh the warming effect of BC for the total effects. The mean non‐

ECA scenarios result in a net warming increase of 60% and a net cooling decrease of 10% 

compared with LLCFs alone for the direct and total climate effects, respectively. 

 

The error bars in Figure 1.2 represent the low and high SLCF values associated with the range of 

emission factor and GWP values. The net climate forcing (combined LLCFs and SLCFs forcing) 

results in a net warming for all climate effects (direct and total) and time horizons (20 year and 
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100 year) of 331 g CO2e/L (Figure 1.2b, Fs (wt % 0.9)) to 7488 g CO2e/L(Figure 2b, Fs (wt % 

001)). 

1.4.6. Total Climate Forcing 

 

The mean climate forcing (total effects) of 101 and 116 Tg CO2e global emissions for the 

combustion of marine fuels used in fisheries was estimated for 20 year and 100 year time 

horizons, respectively. Of these totals, the SLCF forcing resulted in a warming from BC that was 

largely offset by cooling from SO2, NOx, and OC. While the net SLCF contribution resulted in 

negligible effects at a global scale, the climate forcing in ECAs resulted in significant warming 

effects on a 20 year time horizon. In ECAs, approximately 33 and 23 Tg CO2e yr−1 was estimated 

for the total effect 20 year and 100 year time horizons, respectively. Of this total, 11 and 

0.9 Tg CO2e yr−1can be attributed to SLCFs for the 20 year and 100 year time horizons, 

respectively. 

In the Arctic, the regional emissions for the combustion of fuels used by fisheries results in 

approximately 6.9 and 5.9 Tg CO2e yr−1 with approximately 0.41 and −0.65 Tg CO2e yr−1 forcing 

from SLCFs for the 20 year and 100 year time horizons, respectively. This study used a reported 

fuel consumption of fisheries (2020 Mg) [Winther et al., 2014] and a fuel density of 0.86 kg/L in 

its calculations. Policy discussions suggest that the Arctic may be designated an ECA in the 

future, lowering the sulfur fuel content of the region. In this case the regional forcing would be 

13 and 7.6 Tg CO2e yr−1 for the 20 year and 100 year horizons, respectively. 
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Figure 1.2: Arctic fishing vessel climate forcing emission factor including direct effects (left), 

total effects (right), 20-yr time horizon (top), and 100-yr time horizon (bottom). The direct effect 

includes only aerosol-radiation for SLCFs whereas the total effects include aerosol-cloud 

interaction for OC and SO2, and land surface albedo for BC. The error bars represent standard 

deviations due to uncertainty in emissions factors and global warming potential. 
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1.4.7. Food-Specific Climate Forcing 

 

While SLCF emissions are needed for understanding global and regional climate change, they 

can also be useful for understanding climate impacts of food decisions when they are reported on 

a basis of food mass. Here a first estimate of the food‐specific climate forcing (kg CO2e/kg 

protein) is provided that includes both LLCFs and SLCFs. The emissions of fisheries are 

compared to other foods prior to processing and transport. The median published values of fuel 

use of 0.32, 0.95, and 2.58 L fuel/kg catch were used for fisheries targeting small pelagics, large 

pelagics, and crustaceans, respectively [Parker and Tyedmers, 2015]. The comparison to land‐

based protein includes only the median published values for life cycle emissions from land‐based 

LLCFs (feed production, enteric fermentation, manure management, on‐farm fuel use, etc.) 

[Parker and Tyedmers, 2015]. Land‐based foods do not include SLCF emissions because their 

SLCF forcing is small in comparison to LLCF forcing [Unger et al., 2010]. The live weights 

reported in Parker and Tyedmers (2015) were normalized by the relative yield factors in the meat 

chain (carcass weight of live weight and retail meat weight of carcass weight) and protein 

fractions [Nijdam et al., 2012]. The median land‐based protein LLCFs were allocated to farm 

activities based on technical reports and literature values [Steinfeld et al., 2006; Blonk et al., 

2008; Nijdam et al., 2012; Pelletier et al., 2009; Pelletier and Tyedmers, 2007; d’Orbcastel et 

al., 2009; Vergé et al., 2013; Cao et al., 2011; Pelletier and Tyedmers, 2010]. The results 

summarized in Figure 1.3 show climate forcing (total effects, 20 year and 100 year time horizon 

scenarios) that varies widely among all protein sources. Beef protein has the largest climate 

forcing while vegetable protein has the smallest. There are also differences related to the choice 

of time horizon. Comparing the impacts from the 20 year (Figures 1.3a and 1.3b) to the 100 year 

time horizons (Figure 1.3c and 1.3d), it is evident that there is a negligible change in climate 
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forcing for vegetable protein and aquaculture but substantial differences for beef, pork, chicken, 

and wild‐caught seafood. In the case of land‐based protein this increase in climate forcing for the 

20 year time horizon can be attributed to the increase in the GWP of CH4. 

 

The mean climate impacts from wild‐caught seafood (total effects, 20 year and 100 year time 

horizon scenarios) also vary widely within this category. One explanation for this variability is 

the different types of seafood considered here. Crustaceans have the greatest climate forcing, 

while small pelagics have the least. A second explanation for the variability in climate impacts 

for wild‐caught seafood is the choice of time horizon. When considering the impacts for a 

20 year time horizon, the climate forcing is 143% and 74% of the climate forcing for a 100 year 

time horizon for seafood caught in ECAs and non‐ECAs, respectively. Lastly, the regional sulfur 

control laws have a role in the variability in climate forcing of wild‐caught seafood. For seafood 

caught in ECAs (Figures 1.3b and 1.3d) there is significant warming from SLCFs for a 20 year 

time horizon (149% of total climate forcing over LLCFs alone), whereas for a 100 year time 

horizon the warming from BC is largely offset by the cooling from NOx. For seafood caught in 

non‐ECAs (Figures 1.3a and 1.3c), there is significant cooling from SLCFs (58% and 78% of 

total climate forcing over LLCFs alone for 20 year and 100 year time horizons, respectively). 

Comparison of wild‐caught seafood to other animal‐based protein sources can help to put climate 

impacts in perspective. For a 20 year time horizon, the median fisheries climate impact 

(26 kg CO2e/kg protein) is lower than chicken, farmed salmon, and farmed trout (32, 30, and 

29 kg CO2e/kg protein, respectively) when only LLCFs are considered. When the net cooling 

from SLCFs is included for catches caught in non‐ECAs, the median fisheries climate impact is 

smaller, 15 kg CO2e/kg protein (Figure 1.3a), than all forms of animal protein considered here. 
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However, when the net warming from SLCFs is included for catches caught in ECAs, the 

median fisheries impact is significantly larger, 39 kg CO2e/kg protein (Figure 1.3b), and elevated 

to a similar climate impact as farmed whitefish (41 kg CO2e/kg protein). The climate impact of 

large pelagics, 39 kg CO2e/kg protein, is similar to farmed whitefish when only LLCFs are 

considered. When the net cooling from SLCFs is included for catches in non‐ECAs, 

31 kg CO2e/kg protein (Figure 1.3a), the large pelagics climate impact is smaller than farmed 

whitefish and similar to chicken. For catches in ECAs, on the other hand, the net warming from 

SLCF significantly increases the climate impact of large pelagics, 56 kg CO2e/kg protein (Figure 

1.3b), to having a similar impact as pork, 63 CO2e/kg protein. In the scenarios with the largest 

SLCF net warming, crustacean fisheries are elevated to having similar climate forcing as beef. 
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Figure 1.3: Climate forcing of fisheries and other food sources including long-lived climate 

forcers (LLCFs) shown in blue and short-lived climate forcers (SLCFs) shown in orange.  

Fishery protein is based on total climate effects (direct and indirect). Top panel (a,b): 20-yr time 

horizon. Bottom panel (c,d): 100-yr time horizon. Left panel (a,c):Scenarios for emission control 

areas (ECAs). Right panel (b,d):non-ECAs.  Error bars represent standard deviations for SLCF 

emissions factors and GWPs. 
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1.4.8. Parameter Sensitivity 

 

A sensitivity analysis was undertaken to identify which components of the climate forcing 

assessment made the largest contributions to uncertainty. The results of our sensitivity analysis 

are presented as tornado plots in Figure 1.4. The sensitivity simulations were based on a baseline 

fuel sulfur of 0.051% with low and high values of 0.001% and 0.1%, respectively. The baseline 

FUI was the global median value of 0.639 L fuel/kg catch with low and high values of 0.32 and 

1.47 L fuel/kg catch, respectively. The baseline emissions of SLCFs were the average values for 

ECAs with low and high values given by the standard deviations (Table 1.3). We also consider a 

flat emission factor for BC, 0.35 g BC/kg fuel, as an alternative to the binned approach we used 

to estimate the BC emission factors given in Table 1.3. The baseline GWPs for SO2, NOx, OC, 

and BC were the average values for each climate effect (direct and total) and time horizon 

(20 year and 100 year horizons) with high and low values given by the standard deviations 

(Table 1.2). For all scenarios, the FUI was the dominant source of uncertainty. Secondary 

sources of uncertainty were from the BC emission factors and the BC GWP. 
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Figure 1.4: Tornado plots of uncertainty in climate forcing estimates  for direct effects (left), 

total effects (right), 20-yr horizons (top), and 100-yr horizons (bottom).  Sensitivity is simulated 

for model inputs including global warming potential (GWP), emission factors (EF), fuel use 

intensity (FUI), and fuel sulfur content (FS). The centerline represents the baseline case.  
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1.5. Discussion 

  

Understanding fishing vessel emissions is timely as the International Maritime Organization is 

considering whether to uphold its decision to reduce international fuel sulfur limits from 3.5% to 

0.5% in 2020. This discussion of Arctic emissions is also relevant considering the Arctic Council 

has proposed to develop a standardized way to measure BC and investigate potential control 

options. Although fuel sulfur laws were designed to reduce air pollution, they may have an 

unintended consequence of increasing net climate forcing for fishing and other maritime 

industries [Fuglestvedt et al., 2009]. With respect to the climate impacts of BC, the results of this 

analysis suggest that sulfur control regulation may not be the best mitigation approach. 

It was also hypothesized that previously published climate impact assessments of food had not 

included SLCFs and may have understated climate forcing. For some emission factors and GWP 

estimates, the added net warming from SLCFs caused crustacean fisheries to have a similar 

climate forcing as beef, while pelagic fishery impacts were elevated to have a similar forcing as 

pork. It would appear that seafood harvested in regions with fuel sulfur control laws has a larger 

climate forcing than in regions that are not regulated. This work is important because consumers 

reward fisheries that use sustainable harvesting processes with the help of consumer advisory 

groups. 

 

1.5.1. Model Uncertainties 

 

It has been pointed out that using catch statistics (as we have in our global estimate) for 

emissions inventories could be understated by a factor of two or three, due to poor reporting 
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[Greer, 2014]. In addition to uncertainties related to global catch statistics, the climate forcing is 

particularly sensitive to FUI. As shown in Figure 4, at the low end of the FUI sensitivity range 

(0.32 L fuel/kg fish) the global median fishery climate forcing is 51% of the mean climate 

forcing, whereas at the high end of the FUI sensitivity range (1.5 L fuel/kg fish) the climate 

forcing is 230% of the mean climate forcing. The fuel consumption per kilogram of caught fish 

is reported to vary considerably as a function of fishing gear and vessel size, even when 

considering the same target species [Thrane et al., 2009; Tyedmers, 2001; Parker and Tyedmers, 

2015]. The global vessel characterization and the global FUI that we used in this study may not 

be representative of fishing communities at the regional scale. Vessel sizes can range from 2 m 

boats used in subsistence fisheries to industrial fishing ships that exceed 130 m in length (FAO, 

Fisheries and Aquaculture topics. Fishing vessels: http://www.fao.org/fishery/topic/1616/en). 

The energy consumption increases as a function of vessel size because engine power increases 

with the size of the ship and larger fisheries substitute human power with mechanized fishing 

gears that require greater engine power [Thrane et al., 2009]. Larger vessels are also reported to 

exploit more distant fish resources than small vessels, which would then require a longer sailing 

distance to and from the catch area and thus greater fuel consumption [Thrane et al., 2009]. 

The climate forcing of fisheries is also sensitive to the GWP of SLCFs, particularly BC. The 

substantial uncertainties in our estimate are, in part, due to the heterogeneous distributions and 

radiative forcing patterns that are dependent on the aerosol emission location [Collins et al., 

2013]. The regional variability for BC is reported to be 30% to 40% for the direct effect, with the 

largest forcing typically found at low latitudes [Bond et al., 2013]. For the snow albedo effect 

the regional variation is much larger with higher values for high‐latitude regions where the 

emitted BC is more likely to be deposited on snow surfaces. The snow albedo effect of BC 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JD023747#jgrd52758-fig-0004
http://www.fao.org/fishery/topic/1616/en
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ranges from practically zero for emissions in the tropics to values that reach 30% to 60% of the 

direct effect in the higher‐latitude regions [Bond et al., 2013]. For all aerosols, model estimates 

of indirect effects have a much larger relative spread for indirect effects compared with direct 

effects. For example, the uncertainty estimate for the cloud albedo effect is double that of the 

aerosol direct effect [Bond et al., 2013]. While we used GWP estimates for a first approximation 

of the climate forcing from fisheries, future work using spatially explicit emissions inventories 

and climate models may be useful in reducing the uncertainty of these estimates. 

Another substantial source of uncertainty in this model is the BC emission factor. Previous 

fishing emission estimates have used a flat BC emission factor of 0.35 g BC/kg fuel for Arctic 

inventories and 0.18 g/kg for global inventories that both originate from a small subset of the 

published ship emission data and are not specific to the engine types of fishing vessels. The 

binned BC emission factors used in this analysis (Table 3) are two or more times the previously 

applied BC emission factors. The climate forcing for global median fisheries using the flat 

0.35 g/kg emission factor is 69% of the mean value of our binned approach (Figure 1.4). Due to 

bias in sampling of data points and methods used to sort the data into bins, an alternative to the 

binned approach that does not depend on load or fishing gears (described in equation 2) was 

considered, resulting in 0.92 and 0.86 g BC/kg fuel for low and high sulfur fuel, respectively. 

The hypothesis that the alternate BC emission factors for engines using MDO were less than or 

equal to the flat emission factor and that the flat BC emission factor was greater than or equal to 

the emission factor for the MSD engine using HFO was also tested. These hypotheses are 

rejected with high confidence (p values: 1 × 10−11, n = 51; 5 × 10−6, n = 45; 1 × 10−4, n = 12; 0.06, 

n = 30) except the case of emissions for HSD using high sulfur MDO, 0.36 g BC/kg fuel, 

(p = 0.45, n = 8). Due to the similarity in values of the binned (described in equations 3-5 and 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JD023747#jgrd52758-tbl-0003
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presented in Table 1.3) to the alternative BC emission factors, it is likely that fishing vessels are 

better represented by the higher emission estimates of this study than the lower emission factors 

used in previous studies [Sinha et al., 2003; Corbett et al., 2010a]. 

There are possible limitations to using plume sampling and test‐rig data. Because only a small 

number of engines have been tested, there is a limited amount of in‐use emissions data for MSD 

engines and an even smaller set of data specific to fishing boats [Cappa et al., 2014; Buffaloe et 

al., 2014; Lack et al., 2008]. In one plume‐sampling study, the emissions for fishing vessels 

were reported although the data for this category consist of only one ship sampled multiple 

times, and the ship was a research fishing vessel [Buffaloe et al., 2014]. It should also be pointed 

out that although there is a large amount of ship‐to‐ship variability from the plume sampling 

ensemble studies, this data may not reflect the contribution of poorly functioning vessels with 

very high emissions. The fraction of such vessels and their emission factors are not well known 

which may result in an underestimation of inventories. Vessels in this category are likely to be 

more widespread in developing countries, but there is little data on the fraction of vessels with 

such high emissions [Bond et al., 2013]. 

 

1.6. Conclusions 

 

The emission estimates presented here advance the understanding of the fishing vessel 

contribution to global and regional emissions inventories. Emission uncertainties are on the order 

of 50% and could be reduced through plume intercept studies of fishing vessels that include 

measurement of emission factors under actual operating conditions (including the influence of 

engine load, ship size, engine type, and fuel quality) and atmospheric dilution conditions. 
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Furthermore, mapping the spatial distribution and temporal variability of these emissions and 

simulating their impacts with climate models could reduce the uncertainties in the regional 

climate response. Despite these uncertainties, the inventories of this study show significantly 

larger SLCF emissions than previous inventories. In particular, global BC had been 

underestimated by an order of magnitude. Emerging policies concerning global fuel sulfur 

reductions may result in net warming from fishing vessel emissions globally and in the Arctic. 

Considering the large contribution of emissions from fishing vessels compared to other ships in 

the Arctic, the climate sensitivity to BC in the Arctic, and the small number of studies dedicated 

to fishing vessels, fishing emissions studies may be an important focus area for further work.  
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2. Synergies and trade-offs between sustainable seafood practices and climate change 

 

2.1. Chapter Summary 

 

Food systems are a dominant sector for greenhouse gas (GHG) emissions, accounting for 10% to 

32% of the global anthropogenic sources [Heller and Keoleian, 2015; Eshel et al., 2014]. 

Although seafood is a significant animal protein source for global human consumption, it is often 

overlooked in GHG emissions inventories. Here it is shown that the climate impact of some 

sustainable fishing practices—namely, selective fishing gears, improved fuel quality, and a 

proposed ban on high seas fishing—present trade-offs and synergies with conservation goals. The 

climate forcing was quantified from multiple long-lived (e.g. CO2) and short-lived (e.g. black 

carbon) species due to emerging fishery practices for tuna caught by U.S. fleets, one of the most 

important capture fisheries by both volume and value. The approach integrates ship registry data, 

historical sulfur levels in fuels, gear-specific fishery fuel use data, historical gear-specific landings 

data, and a range of global warming potentials (GWPs). Skipjack tuna caught with purse-seine 

gear that has bycatch impacts also has a lower climate impact than many other protein sources 

with the exception of plants. Conversely, skipjack tuna caught with troll gear that mitigates bycatch 

has a higher climate impact than most other protein sources with the exception of beef. However, 

other gears that result in less bycatch could reduce climate forcing. Because environmental 

conservation is a central goal of climate change mitigation, climate policies must be designed to 

avoid these unintended consequences to fishery sustainability and enhance existing synergies. 

 

2.2. Introduction 
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Explosive growth in certified sustainable seafood is driven by consumer demand and policy. While 

the benefits of sustainable fishing practices on conservation are well studied [Myers and Worm, 

2003; Worm et al., 2009; Beddington et al., 2007; Smith et al., 2010; Sampson et al., 2015; 

Costello et al., 2016], the implications of sustainable fishing practices for climate change are not. 

 

Previous work generally focuses on the fishing industry's impact on conservation, rather than 

climate change. Key conservation issues are the status of the fish stock, the impact of the fishery 

on the ecosystem, and the performance of the fishery management system [Myers and Worm, 

2003; Worm et al., 2009; Beddington et al., 2007; Smith et al., 2010; Sampson et al., 2015; 

Costello et al., 2016]. Fisheries have fully exploited more than half of the world's fish stocks, 

and before the advent of modern fisheries management for sustainability, commercial fishing 

resulted in the collapse of numerous fish populations [Worm et al., 2009; Myers and Worm, 

2003]. Ecosystems are affected not only by the extraction of target species but also by the 

collateral damage that results from the extraction of non-target species or bycatch [Gilman, 

2011].  

 

These conservation challenges have led to a fundamental shift in fisheries governance to more 

sustainable management practices. First, more selective fishing gears such as pole-and-line and 

trolling gears limit bycatch impacts to a greater degree than less selective gears such as longlines 

and purse-seines, which have an observed history of bycatch and impacts on protected marine 

mammals and endangered sea turtles [Gilman, 2011]. Second, the proposed closing of the high 

seas to fishing could enhance global fishery management [Beddington et al., 2007].  Third, 

increasingly stringent regulations on the sulfur content in marine fuels, though not often the 
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focus of sustainable seafood advocates, is another important factor that is shaping the 

sustainability of seafood production [Cullinane and Bergqvist, 2014]. 

 

The hypothesis that each of these three sustainable fishing practices could impact the climate 

forcing of seafood was tested. First, a trade-off between climate and conservation goals may exist 

with fleets that employ highly selective fishing gears that may require a higher rate of fuel 

consumption per quantity of fish caught than less selective gears [Tyedmers and Parker, 2012]. 

Second, a synergy between climate and conservation goals may exist by closing the high seas to 

fishing which may reduce the average traveling distance by fishing vessels. Third, a trade-off 

between goals may result from fuel sulfur content regulations, thereby diminishing the emissions 

of cooling species [Westervelt et al., 2015] which may in turn increase the climate impact of 

seafood. Because marine fuels have particularly high sulfur dioxide emissions [Unger et al., 2010; 

von Schneidemesser et al., 2015], seafood may be an important sector for the assessment of a 

broader suite of climate forcing species than only CO2 [McKuin and Campbell, 2016]. 

Furthermore, sulfur regulations on marine fuels require additional refinery processes, driving up 

emissions at the refinery [Ma et al., 2012; Abella and Bergerson, 2012]. Ignoring the integrated 

climate impacts of these three practices may lead to inaccurate estimates of the climate effect of 

seafood relative to other food choices. 

 

To assess the climate impact of these three sustainable practices, the climate forcing associated 

with selected U.S. tuna fleets was modeled. The U.S. has undergone a resurgence in the last five 

years to have one of the largest tuna landings of any country in the world (~300,000 metric tons 

yr-1). Furthermore, tuna landings from U.S. tuna fleets are an important supply of certified 



 
 

41 
 

sustainable tuna, making up 24% of the fisheries with either a “certified” or “in assessment” status 

with the Marine Stewardship Council [Marine Stewardship Council, 2016].  

 

Fuel use consumption and fuel-specific GWPs of the selected fleets were combined to provide a 

first-order estimate of the climate forcing of tuna protein caught by U.S. fleets using two 

different time horizons for climate forcing (20-y and 100-y). To estimate the fuel consumption 

and emissions of the fleets, a bottom-up activity-based approach was used that has been 

previously employed in shipping inventories [Moreno-Gutierrez et al., 2015]. This activity-

based approach combined main engine power, vessel performance data, and detailed catch and 

effort data that has been applied to fisheries research [Tyedmers, 2001]. An emissions analysis 

was conducted that accounts for long-lived climate forcing species (LLCF) including CO2, 

methane (CH4), nitrous oxide (N2O), as well as short-lived climate forcing species (SLCF) 

including nitrogen oxides (NOx), black carbon (BC), organic carbon (OC), and sulfur dioxide 

(SO2). Recently published plume-sampling data from an ensemble of ships, shipping and fishery 

databases, and a range of GWP estimates were used for this analysis [Lack et al., 2008; Petzold 

et al., 2011; Cappa et al., 2014; Buffaloe et al., 2014]. To evaluate the climate impact of high 

seas fishing, the climate impact of tuna protein for fleets that operate both within the U.S. EEZ 

and on the high seas were separately calculated. Furthermore, the climate forcing of tuna per unit 

protein was compared to other protein sources. 
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2.2.1. Fisheries descriptions and key assumptions 

 

Seven different fleets were selected that represent a cross-section of the U.S. commercial tuna 

fleets employing different types of fishing gears, targeting different tuna species, and operating 

within different regions of the Pacific Ocean. Six fleets that operate within the Western Central 

Pacific Fisheries Commission Convention Area (WCPFC-CA) (conf. Fig. 1 in [Williams and 

Terawasi, 2016]) and one fleet that operates in the North Pacific along the coast of North 

America (conf. Fig. 1 in [Childers and Pease, 2012]). For comparisons of activities that take 

place exclusively on the high seas, international (all flagged vessels) pole-and-line and purse-

seine fleets were also considered. 

 

Here, information about each fishing fleet and key assumptions related to the hypotheses are 

provided including: 1) information about the selectivity of the fishing gear and concerns related 

to bycatch and protected species; 2) whether or not the fleets engage in fishing activities outside 

the U.S. EEZ; and 3) assumptions regarding fuel quality in the various fishing territories. 

 

2.2.1.1. Purse seine fleets 

 

Skipjack is the principal species targeted by purse-seine fleets but these fleets also catch large 

quantities of other species of tuna and fish as bycatch. Purse-seining is less selective than other 

fishing methods that catch fish one-at-a-time because this gear type captures everything that it 

surrounds, including protected species [NMFS, 2017p]. Of particular concern is the catch of 

species that are overfished and experiencing overfishing including silky sharks, oceanic whitetip 

sharks, juvenile bigeye tuna, and juvenile yellowfin tuna [Restrepo et al., 2017]. There are also 
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concerns related to the catch of mammals including dolphins which led to the passage of the 

Marine Mammal Protection Act. 

 

These fleets operate within the exclusive economic zones (EEZ) of countries in the Western 

Pacific Ocean and on the high sea [Williams and Terawasi, 2016]. Fishing trips can last up to 

several months. During a trip, the vessels are active during the day and at night [Walker et al., 

2010; Langley, 2011]. Furthermore, as defined by the vessel day scheme that sets limits on the 

effort of purse-seine vessels in the eight Pacific islands that are Parties to the Nauru Agreement 

(the Federated States of Micronesia, Kiribati, the Marshall Islands, Nauru, Palau, Papua New 

Guinea, the Solomon Islands and Tuvalu), a fishing day is defined as 24 hours [Havice, 2013].  

 

Purse-seine fleets fishing in the Western Pacific Ocean may use marine fuels with relatively high 

levels of sulfur for a number of reasons. First, these fleets fish the high seas and in the EEZs of 

countries that are not included in emission control areas [IMO, 2015]. Some of the larger vessels 

in these fleets have bunkering capacity and are thus capable of using the residuals of the 

distillates, called residual oil or heavy fuel oil. Given the fact that heavy fuel oil is significantly 

less expensive than higher quality fuel, these fleets may refuel with the less expensive heavy fuel 

oil when fishing in regions outside emission control areas [Wang and Corbett, 2007]. Second, 

the sulfur levels of distillate fuels in Pacific Island nations are not subject to the same fuel sulfur 

regulations as the continental U.S. and Hawaii [e-CFR, 2015]. Thus, even the vessels that do not 

have bunkering capacity are likely to use high sulfur distillates.  
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2.2.1.1.1. International purse-seine fleet.  

 

Approximately 21 countries and 308 vessels participate in purse-seine fishing in the WCPFC-CA 

[Williams and Terawasi, 2016]. In the five year period between 2011 and 2015, the mean catch 

by international fleets is approximately 1.6 x106 metric tons (conf. Table A3 in [Williams and 

Terawasi, 2016]) of which approximately 15% is taken on the high sea.  

 

2.2.1.1.2. U.S. purse-seine fleet.  

 

Most of the tuna caught by U.S. purse-seine vessels is caught in the WCPFC-CA. Approximately 

39 vessels participated in this fishery in 2015 [NMFS, 2016a]. In the five year period between 

2011 and 2015, the mean catch of this fleet is roughly 2.5 x105 tons of tuna of which 

approximately 92% is taken outside the U.S. EEZ. 

  

2.2.1.2. Pole-and-line fleet. 

 

Skipjack is the principal species targeted by the pole-and-line fleet but this fleet also catches 

other species of fish as bycatch. This fleets carries live bait in tanks of circulating seawater. In 

some cases, the water in the bait tank is refrigerated in order to maintain a temperature similar to 

that of the water where the bait was captured thereby increasing the survival of the baitfish 

[Joseph, 2003]. Pole-and-line gear is considered highly selective because fish are caught one-at-

a-time, there is little bycatch, and it is reported that there is a high survival rate of bycatch that is 

released alive [Miller et al., 2017]. 
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2.2.1.2.1. International pole-and-line fleet.  

 

Approximately 7 countries and 122 vessels participate in pole-and-line fishing in the WCPFC-

CA [Williams and Terawasi, 2016], where the majority of the fleet is the Japanese pole-and-line 

fleet. In the five year period between 2011 and 2015, the mean catch by international fleets is 

approximately 2.8 x105 metric tons (conf. Fig. 31 in [Williams and Terawasi, 2016]) of which 

approximately 19% is taken on the high sea.  

 

This fleet operates within the exclusive economic zones (EEZ) of countries in the WCPFC-CA 

region and on the high sea. Vessels equipped with freezers and sufficient hold capacity may stay 

at sea for three or four months [Joseph, 2003]. During a trip, the vessels are active during the 

day and at night. However, most of the activity taking place at night is related to catching live 

bait fish. According to one study, the fishing for the target species begins in the early morning 

and ends in the early evening [Miller et al., 2017]. It was assumed that the vessels in this fleet 

operate 12 hours per day. 

 

The international pole-and-line fleets fishing in the WCPCF-CA are likely to use marine fuels 

with relatively high levels of sulfur. The sulfur levels of distillate fuels available in Pacific Island 

nations are not subject to the same fuel sulfur regulations as the continental U.S. and Hawaii [e-

CFR, 2015]. 

 

2.2.1.2.2. Hawaii pole-and-line fleet.  

 

Approximately 2 vessels participated in this fishery in 2015 [NMFS, 2016a]. This fleet operates 

from major ports in Hawaii out to approximately 40 miles from the shore. However, fishing can 



 
 

46 
 

occur in both state and federal waters. According to an older description, this fishery begins with 

bait seining at dawn followed by fishing until dusk [Boggs and Ito, 1993]. Thus, a 12 hour 

operating day was assumed for this study. 

North Pacific surface methods fleet.  

 

Albacore is the principal species targeted by the North Pacific surface-methods fleet and it is 

reported that there is little bycatch associated with this fleet (conf. Table 5 in [PFMC, 2017a]). 

The surface methods include pole-and-line, and troll gears. Due to the United States – Canada 

Albacore Treaty, this fleet has access to fish 12 miles offshore Canadian waters [NMFS, 

2017ab]. Likewise, Canadian fisherman have access to fish 12 miles offshore U.S. waters. 

Including Canadian vessels, approximately 565 vessels participated in this fishery in 2015 (conf. 

Table 5 in [PFMC, 2017a]). 

 

This fleet operates across the North Pacific and along the coast of North America as far north as 

Canada and as far south as Mexico, both inside the EEZ of North America and on the high sea. 

In the five year period between 2011 and 2015, the mean catch by this fleet is approximately 

12.4 x103 metric tons (conf. Table 1 in [PFMC, 2016]) of which approximately 0.8% is taken on 

the high sea. Although an older technical description of this fleet reported operating hours of 14-

15 hours per day [Dotson, 1980], it was assumed the operating characteristics of the albacore 

troll fishery in New Zealand are similar to those of the North Pacific troll fishery. In that fleet, 

the mean operating time is 12 hours [Kendrick and Bentley, 2010]. 
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Currently, this fleet operates almost exclusively within the emission control areas of Canada and 

the U.S. Thus, it was assumed that this fleet only uses ultra-low sulfur distillates as required by 

the Clean Air Act. 

 

2.2.1.3. Hawaii troll fleet. 

 

Commercial troll fisheries target wahoo, mahi-mahi, and large yellowfin tuna. Although troll 

gears are highly selective, there are concerns related to bycatch of striped marlin. Approximately 

2,117 vessels participated in this fishery in 2015 [NMFS, 2017h].  

 

It is reported that pelagic trollers generally fish at an average distance of 5 to 8 miles from shore, 

with maximum distance of about 30 miles from shore [NMFS, 2017h].  According to an older 

report, most commercial pelagic trollers conduct operations as single-day trips lasting more than 

eight hours and some larger vessels engage in multi-day trips [NMFS, 2000]. However, due to a 

lack of recent data, it was assumed this fleet has the same effort hours as the American Samoa 

fleet—approximately 5 hours. 

 

This fleet operates almost exclusively within the coastal region of Hawaii which is included in 

the North American emission control area. Thus, it was assumed this fleet only uses ultra-low 

sulfur distillates as required by the Clean Air Act. 

 

2.2.1.4. American Samoa troll fleet.  
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Commercial troll fisheries target various species, including tuna, mahi-mahi, ono, and billfishes 

[NMFS, 2017f]. Although troll gears are highly selective, there are concerns related to bycatch of 

striped marlin. Approximately 13 vessels participated in this fishery in 2015 [NMFS, 2017f]. 

 

In this fleet, fishing occurs in local nearshore or federal waters year-round, with trips lasting less 

than a day. It is reported that these vessels made approximately 132 trolling trips totaling 673 

trolling hours, and thus the average trip duration is about 5 hours [NMFS, 2017f]..  

 

It is likely this fleet uses high sulfur distillate fuels. Although the American Samoa is a U.S. 

territory, it is exempt from the stringent sulfur control laws that apply to the continental U.S. and 

Hawaii [e-CFR, 2015]. 

 

2.2.1.5. Hawaii deep-set longline fleet.  

 

Bigeye tuna is the principal species targeted by the Hawaii deep-set longline fleet. Longlines are 

considered less selective because a substantial amount of bycatch including endangered and 

threatened species (mammals, sea turtles, sharks, striped marlin, and seabirds) that are protected 

under federal law are caught along with the target species. Approximately 139 vessels 

participated in this fishery in 2015 [NMFS, 2017i]. 

 

This fleet operates inside and outside the US EEZ, primarily around Hawaii. Although this fleet 

operates outside the U.S. EEZ, the data was not available to estimate the activity of this fleet on 

the high sea. We estimated the vessel operation time by using the “soak time”, approximately 21 

hours per day [Bayless et al., 2017]. 
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This fleet operates both inside and outside the emission control area. For fleet activity inside the 

EEZ of Hawaii, it was assumed that the vessels uses ultra-low sulfur distillates. However, vessels 

that engage in multi-day trips that take place outside the EEZ of Hawaii may refuel using high 

sulfur fuel because distillate fuels that are available in other Pacific Island nations are not subject 

to the same fuel sulfur regulations in effect for the continental U.S. and Hawaii [e-CFR, 2015]. 

 

2.2.1.6. American Samoa longline fleet.  

 

Albacore tuna is the principal species targeted by the American Samoa longline fleet. Longlines 

are considered less selective because a substantial amount of bycatch including endangered and 

threatened species (mammals, sea turtles, sharks, striped marlin, and seabirds) protected by 

federal law is caught along with the target species. Approximately 20 vessels participated in this 

fishery in 2015 [NMFS, 2017k]. 

 

This fleet operates inside and outside the US EEZ, primarily around American Samoa. Although 

this fleet operates outside the U.S. EEZ, the data was not available to estimate the activity of this 

fleet on the high sea. Effort hours were provided by logbooks for this fleet. 

 

It is likely this fleet uses high sulfur distillate fuels. Although the American Samoa is a U.S. 

territory, it is exempt from the stringent sulfur control laws that apply to the continental U.S. and 

Hawaii [e-CFR, 2015]. 
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2.3. Methods 

 

2.3.1. Fuel use intensity (FUI).  

 

The FUI was estimated for two scenarios: 1) all seven U.S. fleets operating within their 

respective domains; 2) separate estimates of fleet fishing activity within the U.S. EEZ (five 

fleets) and fleet fishing activity outside the U.S. EEZ (three U.S. fleets and two international 

fleets) using the following equation: 

𝐹𝑈𝐼𝑖,𝑗,𝑘,𝑙,𝑚 =
𝐹𝐶𝑖,𝑗,𝑘,𝑙

𝑀𝑖,𝑗,𝑘,𝑙
𝑐𝑎𝑡𝑐ℎ ∙

𝑀𝑖,𝑗,𝑘,𝑙,𝑚
𝑐𝑎𝑡𝑐ℎ

∑ 𝑀𝑖,𝑗,𝑗,𝑘,𝑙,𝑚
𝑐𝑎𝑡𝑐ℎ

𝑚
                                                      (1) 

 

where FC is the annual fuel consumption of each tuna fleet (liters of fuel per year), Mcatch is the 

mass of tuna or pelagic species catch (in metric tons per year), i is the fishing region (Western 

Central Pacific Ocean convention area, American Samoa, Hawaii, and the North Pacific region 

of North America), j is the fishing gear (pole-and-line, troll, purse seine, surface methods, or 

longline), k is the fishing territory (inside or outside the U.S. exclusive economic zone), l is the 

year (1996-2015), and m is a specific species of tuna (albacore, bigeye, skipjack, and yellowfin). 

The subscript k applies to the scenario where the effort and catch was disaggregated between the 

high sea and the exclusive economic zone. In the case in which the effort and catch was not 

disaggregated between the EEZ and high sea, the k is omitted. 

 

The following equation was used to estimate a bottom-up activity based methodology to 

calculate the mean fuel consumption of the fleets [Tyedmers, 2001; Coello et al., 2015; Eyring et 

al., 2005; Smith et al., 2014]: 
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𝐹𝐶𝑖,𝑗,𝑘,𝑙 = 𝑃𝑖,𝑗,𝑘
𝑀,𝑎𝑣𝑔

∙ 𝐿𝐹𝑖,𝑗,𝑘
𝑎𝑣𝑔

∙ 𝑡𝑖,𝑗,𝑘,𝑙
𝑒𝑓𝑓

∙ ∑ 𝑓𝑙,𝑛
𝐹𝑄 ∙

𝑆𝐹𝑂𝐶𝑛

𝜌𝑛
𝑛                                     (2) 

 

where PM,avg is the fleet average main engine power (in kW), LFavg is the average fleet load 

factor, teff is the fishing effort time (in days), fFQ is the fraction of the fleet using a particular fuel 

type, SFOC is the specific fuel oil consumption (in grams per kilowatt hour), ρ is the density of 

the fuel type (in liters per gram), i is the fishing region (Western Central Pacific Ocean 

convention area, American Samoa, Hawaii, and the North Pacific region of North America), j is 

the fishing gear (pole-and-line, troll, purse seine, surface methods, or longline), k is the fishing 

territory (inside or outside the U.S. exclusive economic zone), and l is the year (1996-2015), and 

n is the fuel type (heavy fuel oil, marine diesel oil, marine gas oil, or ultra-low sulfur diesel). 

 

The activity based methodology includes vessel registry data and fleet logbook data for fishing 

effort. The vessel registry data includes engine speed and fuel quality (Table A.8), and main 

engine power (Table A.9).  

 

The following equation was used to calculate the engine load factor for each fleet :  

𝐿𝐹𝑖,𝑗,𝑘
𝑎𝑣𝑔

= 𝐿𝑚𝑎𝑥 ∙ (
𝑣𝑎𝑣𝑔𝑖,𝑗,𝑘

𝑣𝑑𝑖,𝑗,𝑘

)

3

                                                                           (3) 

where vacg is the vessel’s average speed, vd is the vessel’s design speed, Lmax is the fraction of 

maximum engine power used at a vessel's design speed, i is the fishing region (Western Central 

Pacific Ocean convention area, American Samoa, Hawaii, and the North Pacific region of North 

America), j is the fishing gear (pole-and-line, troll, purse seine, surface methods, or longline), 

and k is the fishing territory (inside or outside the U.S. exclusive economic zone). 
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The fraction of maximum engine power used at a vessel design speed, 90%, was taken from 

[Goldsworthy and Goldsworthy, 2015]. The vessel average speed and vessel design speed was 

obtained from the Marine Traffic database [Marine Traffic, 2017] (Table A.10).  

 

Fishing effort was obtained from the logbooks for each fleet operating within their respective 

domains (Table A.11), fleets operating in the U.S. EEZ (Table A.12), and fleets operating on the 

high sea (Table A.13). Catch statistics were also obtained for each fleet operating within their 

respective domains (Table A.14-A.20), for fleet fishing activity within the U.S. EEZ (Tables 

A.21 and A.22) and fleet fishing activity outside the U.S. EEZ (Tables A.23 and A.24). The 

specific fuel oil consumption (SFOC) data was obtained from [ICF International, 2009]. The 

SFOC is 213 and 203 g kWh-1 for HFO and distillates, respectively. Weighted averages of the 

fuel product densities of distillates and HFO were taken from the Petroleum Refinery Life Cycle 

Inventory Model (PRELIM) simulations (Table A.25) used in this study. 

2.3.2. Fuel cycle phases.  

 

2.3.2.1. Crude oil refinery climate forcing.  

 

The following formula was used to estimate the relative contributions to each climate forcing 

constituent for the refinery process (CFref, in g CO2e per liter of fuel) using the following 

formula: 

                             𝐶𝐹𝑛,𝑜,𝑝,𝑞
𝑟𝑒𝑓

= 𝐸𝐹𝐺𝐻𝐺,𝑟𝑒𝑓 ∙ 𝑓𝑜
𝑎𝑙𝑙𝑜𝑐,𝑟𝑒𝑓

∙ 𝐿𝐻𝑉𝑛,𝑝 ∙ 𝜌𝑛,𝑝 ∙ 𝐺𝑊𝑃𝑜,𝑞                                   (4) 

where EFGHG,ref is the GHG emission factor for fuel refining (in g CO2e per MJ fuel product), 

falloc,ref is the fraction of each climate forcing constituent that can be allocated to the refining 
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GHG emission factor (in g pollutant per g CO2e), n is the fuel type (ULSD, MGO, MDO, and 

HFO), o is the constituent (CO2, CH4, N2O, NOx, SO2, OC, and BC), p is the fuel sulfur level, 

and q is the time horizon (20-y or 100-y).  

 

PRELIM was used to simulate the fuel product densities (Table A.26), lower heating values 

(Table A.27), and GHGs (Tables A.28-A.32) for this analysis [Abella and Bergerson, 2012]. In 

the simulations, 62 different oil field assays, two different refinery types (hydro-cracking and 

coking), and a variety of refinery configurations for each product slate were selected (Table 

A.33). To reflect differences of the conversion configuration, a mix of refinery processes and 

fuel blends were used to achieve the desired fuel quality (sulfur levels) for each marine fuel by 

weighting the refinery simulation outputs (refinery GHG emissions, lower heating values and the 

fuel densities) by the frequency of occurrences of a particular oil field assay in the refinery 

emissions analysis (Table A.34). The mean values and 95% confidence intervals for the crude oil 

refinery GHG emission factors, fuel product lower heating values, fuel product densities (Table 

A.35), and GWPs (Table A.36) were used as inputs to Eq. 4. 

 

2.3.2.2. Crude oil extraction climate forcing.  

 

The following formula was used to estimate the relative contributions to each climate forcing 

constituent for crude oil extraction, CFext (in g CO2e per liter of fuel) using the following 

formula: 

                        𝐶𝐹𝑛,𝑜,𝑝,𝑞
𝑒𝑥𝑡 = 𝐸𝐹𝐺𝐻𝐺,𝑒𝑥𝑡 ∙ 𝑓𝑜

𝑎𝑙𝑙𝑜𝑐,𝑒𝑥𝑡 ∙ 𝑟𝑛
𝑓𝑒𝑒𝑑

∙ 𝐿𝐻𝑉𝑛,𝑝 ∙ 𝜌𝑛,𝑝 ∙ 𝐺𝑊𝑃𝑜,𝑞                           (5) 
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where EFGHG,ext is the GHG emission factor for crude extraction (in g CO2e per MJ crude oil), 

falloc,ext is the fraction of each climate forcing constituent that can be allocated to the GHG 

emission factor (in g pollutant per g CO2e), rfeed is the ratio of crude feed input to the fuel product 

output (in MJ crude per MJ fuel product), LHV is the lower heating value (in MJ per kg), ρ is the 

fuel density (in kilograms per liter), GWP is the global warming potential (in g CO2e per g 

pollutant), n is the fuel type (ULSD, MGO, MDO, and HFO), o is the constituent (CO2, CH4, 

N2O, NOx, SO2, OC, and BC), p is the fuel sulfur level, and q is the time horizon (20-y or 100-

y).  

 

The crude extraction emissions were matched to the corresponding oil field assays used in the 

refinery emissions analysis. The inputs to Eq. 5 include the crude oil extraction emissions data 

from the literature and technical reports (Table A.37), calculated mean values and 95% 

confidence intervals for the crude oil extraction GHG emission factors (Table A.38) and GWP 

values (Table A.36), the ratio of crude feed input to the fuel product output obtained in PRELIM 

(Table A.35), and the crude oil GHG emissions allocated to each climate forcing constituent 

using the pump-to-well crude oil emission factor provided in the Greenhouse Gases, Regulated 

Emissions, and Energy Use in Transportation (GREET) model [Wang, 2011].  

 

2.3.2.3. Vessel exhaust climate forcing.  

 

The exhaust emissions, CFexh (in grams CO2e per liter), were calculated using the following 

formula:                                                                              

                                                     𝐶𝐹𝑛,𝑜,𝑝,𝑞,𝑟
𝑒𝑥ℎ = 𝐸𝐹𝑛,𝑜,𝑟

𝑒𝑥ℎ ∙ 𝜌𝑛 ∙ 𝐺𝑊𝑃𝑜,𝑞                                                          (6) 
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where EFexh is the exhaust emission factor (in g CO2e per kg fuel), ρ is the fuel density (in kg per 

liter), GWP is the global warming potential (in g CO2e per g pollutant), n is the fuel type (ULSD, 

MGO, MDO, and HFO), o is the constituent (CO2, CH4, N2O, NOx, SO2, OC, and BC), p is the 

fuel sulfur level, q is the time horizon (20-y or 100-y), and r is the engine type including 

medium-speed diesel (MSD) or high-speed diesel (HSD) engines.  

 

To estimate the LLCF and NOx vessel-exhaust emissions of the U.S. tuna fleet the emission 

factors (Table A.39) and GWPs (Table A.40) were obtained in technical reports and the 

literature. The mean and 95% confidence intervals of recently published plume sampling studies 

were calculated for the estimates of BC: 0.85 (± 0.14) and 0.48 (± 0.16) g BC kg fuel-1 for MSD 

diesel and HSD engines, respectively [Lack et al., 2008; Petzold et al., 2011; Cappa et al., 

2014]. The remaining SLCF emissions, OC and SO2, were estimated with Eqs. 7 and 8. 

 

The sulfur dioxide (SO2) exhaust emissions, EFexh,SO2 (in gram SO2 per kilogram fuel), are 

directly related to fuel sulfur [Faloona, 2009; Lack and Corbett, 2012] and were calculated 

using the following equation:  

                                                          𝐸𝐹 𝑛,𝑝
𝑒𝑥ℎ,𝑆𝑂2 = 𝑓𝑛

𝑆 ∙ 2 ∙ 𝑓𝑆𝑂2                                                                  (7) 

where fS is the fuel sulfur fraction (g S/kg fuel), 2 is the ratio of molecular weights of SO2 to S, 

fSO2 is the fraction of fuel sulfur emitted as SO2 (97.8%) [ICF International, 2009], n is the fuel 

type (ULSD, MGO, MDO, and HFO), and p is the fuel sulfur level.  
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The emission factor for OC, EFOC (in grams OC per kilogram fuel), was calculated using the 

following equation:  

                                                           𝐸𝐹𝑟
𝑒𝑥ℎ,𝑂𝐶 = 𝐸𝐹𝑟

𝑒𝑥ℎ,𝐵𝐶 ∙
𝑃𝑂𝑀

1.2∙𝐵𝐶
                                                       (8) 

where POM is 120% of the OC, the ratio of POM to BC is 1.4 [Petzold et al., 2011; Fuglestvedt 

et al., 2010] and r is the engine type (MSD or HSD). 

 

2.3.3. Total fuel-cycle climate forcing over time.  

 

The total-fuel cycle climate forcing over time (1996-2015) by marine fuel type (distillates and 

HFO), fishing territory (U.S. EEZ and high sea) and engine type (MSD and HSD) on a 20-y and 

100-y time horizon was calculated using the following formula: 

                                                 𝐶𝐹𝑘,𝑙,𝑞,𝑟,𝑠
𝑡𝑜𝑡,𝑡𝑠 = ∑ ∑ 𝑓𝑘,𝑙,𝑛,𝑝

𝐹𝑄 ∙ 𝐶𝐹𝑛,𝑝,𝑞,𝑟
𝑡𝑜𝑡,𝑛𝑒𝑡

𝑝𝑛                                                        (9) 

where fFQ is the fraction used to model the fuel quality (fuel sulfur level), CFtot,net (in g CO2e per 

liter of fuel) is the net (sum of all climate forcing constituents) total fuel-cycle climate forcing, k 

is the fishing territory (inside or outside the U.S. exclusive economic zone), l is the year (1996-

2015), n is the fuel type (ULSD, MGO, MDO, and HFO), o is the constituent (CO2, CH4, N2O, 

NOx, SO2, OC, and BC), p is the fuel sulfur level, q is the time horizon (20-y or 100-y), r is the 

engine type including medium-speed diesel (MSD) or high-speed diesel (HSD) engines, and s is 

the weighted mean of the fuel quality of marine fuels (distillates or HFO). 

 

 To construct historical (1996-2015) fuel sulfur levels for each fishing territory, data found in 

technical reports, the literature, and statistics from the U.S. Energy Information Administration 
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(Tables A.41 and A.42) was used. Weighting factors were used to estimate the mean net (sum of 

all constitutents) total fuel-cycle climate forcing associated with ships burning HFO and 

distillates in the U.S. EEZ and the high seas (Table A.43-A.46).  

 

2.3.4. Climate forcing of tuna protein over time.  

 

The protein-and-species-specific climate forcing of tuna over time (1996-2015) on 20-y and 100-

y time horizons was calculated using Eqs. 10 and 11. Eq. 10 considers the scenario that is inclusive 

of all fishing territories:  

  𝐶𝐹𝑖,𝑗,𝑙,𝑚,𝑞
𝑡,𝑝𝑟𝑜𝑡

=
[∑ 𝑀𝑖,𝑗,𝑘,𝑙

𝑐𝑎𝑡𝑐ℎ(∑ ∑ 𝑓𝑘,𝑙,𝑟,𝑠
𝑐ℎ𝑎𝑟∙𝐶𝐹𝑘,𝑙,𝑞,𝑟,𝑠

𝑡𝑜𝑡,𝑡𝑠2
𝑠

2
𝑟 )2

𝑘 ]∙𝐹𝑈𝐼𝑖,𝑗,𝑙,𝑚

𝑓𝑦𝑖𝑒𝑙𝑑∙𝑓𝑝𝑟𝑜𝑡 ∙
1 𝑡 𝑓𝑖𝑠ℎ

103 𝑘𝑔 𝑓𝑖𝑠ℎ
∙

1 𝑘𝑔 𝐶𝑂2𝑒

103 𝑘𝑔 𝐶𝑂2𝑒
                  (10) 

 

Eq. 11 considers the scenarios that are specific to fishing territories inside and outside the U.S. 

EEZ: 

 

𝐶𝐹𝑖,𝑗,𝑘,𝑙,𝑚,𝑞
𝑡,𝑝𝑟𝑜𝑡,𝑡𝑒𝑟𝑟

=
(∑ ∑ 𝑓𝑘,𝑙,𝑟,𝑠

𝑐ℎ𝑎𝑟∙𝐶𝐹𝑘,𝑙,𝑞,𝑟,𝑠
𝑡𝑜𝑡,𝑡𝑠2

𝑠
2
𝑟 )∙𝐹𝑈𝐼𝑖,𝑗,𝑘,𝑙,𝑚

𝑓𝑦𝑖𝑒𝑙𝑑∙𝑓𝑝𝑟𝑜𝑡 ∙
1 𝑡 𝑓𝑖𝑠ℎ

103 𝑘𝑔 𝑓𝑖𝑠ℎ
∙

1 𝑘𝑔 𝐶𝑂2𝑒

103 𝑘𝑔 𝐶𝑂2𝑒
                  (11) 

 

where Mcatch is the mass of tuna or pelagic species catch (in metric tons per year), fchar is the fuel 

and engine type characteristics of each fleet, ), fyield is the retail yield of landed tuna, fprot is the 

fraction of the retail yield that is protein, i is the fishing region (Western Central Pacific Ocean 

convention area, American Samoa, Hawaii, and the North Pacific region of North America), j is 

the fishing gear (pole-and-line, troll, purse seine, surface methods, or longline), k is the fishing 

territory (inside or outside the U.S. exclusive economic zone), l is the year (1996-2015), q is the 

time horizon (20-y or 100-y), r is the engine type including medium-speed diesel (MSD) or high-
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speed diesel (HSD) engines, and s is the weighted mean of the is the weighted mean fuel quality 

of the marine fuels (distillates or HFO). 

 

The inputs to Eqs. 10 and 11 include the results of the catch analysis, the results of the combined 

fuel quality and engine speed analysis (Table A.8), the results of the total fuel-cycle analysis, and 

the FUI analysis.  

 

2.3.5. Comparison to other protein sources.  

 

The climate forcing per unit tuna protein was compared to other protein sources using the 

following equation: 

                        𝐶𝐹𝑡
𝑓,𝑝𝑟𝑜𝑡

= ∑ ∑ 𝐺𝐻𝐺𝑡
𝑝𝑟𝑜𝑡,100−𝑦

𝑣𝑢 ∙ 𝑓𝑡,𝑢
𝑎𝑙𝑙𝑜𝑐 ∙ 𝑓𝑢,𝑣

𝐺𝐻𝐺,𝑎𝑙𝑙𝑜𝑐 ∙
𝐺𝑊𝑃𝑣

20−𝑦

𝐺𝑊𝑃𝑣
100−𝑦                        (12)  

where GHGprot,100-y is the greenhouse gas emissions for a given protein source on a 100-y time 

horizon, falloc is the fraction of GHGs allocated to a particular farm activity, fGHG,alloc is the 

allocation of a farm activity to a GHG emission, GWP20-y is the global warming potential of a gas 

constituent on a 20-y time horizon, and GWP100-y is the global warming potential of a gas 

constituent on a 100-y time horizon, t is the farmed protein source (beef, pork, chicken, farmed 

salmon, farmed prawns, tofu, and legumes), u is the farm activity (for beef, pork, and chicken 

n=5; for aquaculture n=9; for legumes and tofu n=2),  and v is the GHG constituent (CO2, CH4, 

and N2O).  
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The inputs to Eq. 12--GHG emissions of farmed protein sources, the fraction of GHG emissions 

allocated to farming activities, and those allocated to each GHG constituent--are the results of 

literature review, statistical analyses, and calculations to normalize the emissions per unit protein 

(Tables A.47-A.52). To estimate the climate forcing on a 20-y time horizon, the global scale GWPs 

were used (Table A.36). 

 

2.3.6. Construction of confidence intervals.  

 

95% confidence intervals of the FUI, total fuel-cycle climate forcing, climate forcing of tuna 

protein, and farm-raised animal protein were constructed by calculating the standard error of the 

mean. The error was propagated for selected variables using the derivative method [Bevington and 

Robinson, 2003]. This method was applied to the fuel consumption, total-fuel cycle climate 

forcing, and the climate forcing of tuna protein. In the calculation of the fuel consumption (Eq. 2), 

the error was propagated for the main engine power, engine load factor, and fuel density variables. 

In the calculation of the total fuel-cycle climate forcing (Eqs. 4-6), the error was propagated for 

crude oil extraction emission factors, crude oil refining emission factors, the lower heating values, 

fuel densities, the emissions of BC, and the GWP of SLCF variables. In the calculation of the 

climate forcing of tuna protein (Eqs. 10 and 11), the error was propagated for the FUI and the total 

fuel-cycle climate forcing variables. 

 

2.3.7. Hypothesis testing.  

 

An independent-sample, single-tailed, unequal variance student t-test was used to test a one-sided 

hypothesis according to the following formula [Ross, 2004]:  
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𝐻0: 𝜇𝑥 ≤ 𝜇𝑦  𝑣𝑒𝑟𝑠𝑢𝑠 𝐻1: 𝜇𝑥 > 𝜇𝑦; reject H0 if T ≥ tα,n+m-2                        (13) 

where H0 is the null hypothesis, H1 is the alternative hypothesis, T is the student-t test value, 

tα,n+m-2 is the critical t-value, α is the significance level, n is the number of observations in the 

first sample, m is the number of samples in the second sample, μx is the population of the first 

sample, and μy is the population mean of the second sample. 

 

 The probability of a higher value of the t-statistic was calculated under the assumption that the 

samples are from populations with the same mean using the “T.TEST” function available in 

Microsoft Excel. Here, the probability is given that the t-test is greater than the critical t-value, and 

thus the null hypothesis (climate impact of tuna protein: caught with less selective gears is less 

than or equal to that caught with highly selective gears; that caught by vessels using high sulfur 

fuel is less than or equal to that caught by vessels using low sulfur fuel; and that caught in EEZs 

is less than or equal to that caught on the high sea) is rejected. In order to test that the sample inputs 

in the student t-tests have normal distributions, Kolmogorov–Smirnov statistics were computed. 

 

2.4. Results 

 

2.4.1. Fuel use intensity (FUI).  

 

The results show wide variation in the fuel use intensity (FUI) with respect to gear types and 

species (Table 2.1, Figs. 2.5.1). Here, an emphasis was placed on skipjack and albacore because 

there are multiple fleets that target these species, allowing a comparison across practices. Among 

skipjack tuna in the Pacific, the FUIs of the Hawaii pole-and-line and American Samoa troll gears 

(519 ± 206 and 2354 ± 357 liters fuel / metric ton tuna, respectively; 5-y mean ± 95% confidence 
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interval) are roughly 2 and 9 times larger than the U.S. purse-seine fleet (266 ± 23 liters fuel / 

metric ton tuna). In contrast, the FUI of the American Samoa longline fleet (798 ± 163 liters fuel 

/ metric ton tuna) is 1.4 times higher than the FUI of North Pacific surface methods fleet (573 ± 

83 liters fuel / metric ton tuna). 

 

The FUIs of four fleets that operate on the high sea was also estimated and compared to three U.S. 

EEZ fleets that use the same gear types and target the same species (Fig. 2.5.2). Over time (1996-

2015), with the exception of the U.S. EEZ (Hawaii) pole-and-line fleet, the FUIs of the fleets that 

operate on the high sea have a higher FUI than their counterparts that operate in the U.S. EEZ. The 

international purse-seine and U.S. purse-seine fleets operating on the high seas have FUIs (235 

±20 and 273 ±24 liters fuel / metric ton tuna, respectively) that are 1.5 and 1.8 times higher than 

the U.S. EEZ purse-seine fleet (124 ±14 liters fuel / metric ton tuna) (Fig. 2.5.2D). 
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Table 2.1: Literature values of fuel use intensity (FUI) of tuna and pelagics and comparisons to 

this study by region or Ocean, primary tuna target and gear type. 

Region/Ocean Primary Target 

FUI                      

(l fuel t tuna-1) Source 

Purse-seine 

Pacific Skipjack 349 [Tyedmers and Parker, 2012] 

Pacific Yellowfin 362 [Tyedmers and Parker, 2012] 

Pacific Skipjack/Yellowfin 527 [Hospido et al., 2006] 

Pacific Tuna 412 [Wilson et al., 2009] 

Pacific Skipjack 797 [Avadi et al., 2015] 

Pacific Skipjack 868 [Avadi et al., 2015] 

 Small pelagics 71 [Parker and Tyedmers, 2015] 

Pacific Bigeye/Skipjack/Yellowfin 325 (± 28)a This study, U.S. fleet 

Pacific Skipjack 266 (± 23)b This study, U.S. fleet 

Troll 

 Large pelagics 1612 [Parker and Tyedmers, 2015] 

Atlantic Albacore/Skipjack 1107 [Tyedmers and Parker, 2012] 

Atlantic Bluefin/Albacore 1136 [Basurko et al., 2013] 

Pacific Skipjack/Yellowfin 3896 (± 590)a,c This study, American Samoa fleet 

Pacific Skipjack 2354 (± 357)b This study, American Samoa fleet 

Pacific Albacore/Bigeye/Yellowfin/Skipjack 1805 (± 713)a,d This study, Hawaii fleet 

Pacific Yellowfin 1214 (± 480)b This study, Hawaii fleet 

Pacific Albacore 573 (± 83) This study, North Pacific fleet 

Pole-and-line 

Atlantic Albacore 1485 [Tyedmers and Parker, 2012] 

Atlantic Bluefin/Albacore 1080 [Basurko et al., 2013] 

Asia Large pelagics 1925 [Parker and Tyedmers, 2015] 

Europe Large pelagics 1745 [Parker and Tyedmers, 2015] 

Oceana Large pelagics 1676 [Parker and Tyedmers, 2015] 

North America Large pelagics 1495 [Parker and Tyedmers, 2015] 

Indian Skipjack 356 

[Horne-Sparboth, T., Adam, M. S., 

Ziyad, 2015] 

Pacific Skipjack/Yellowfin 579 (± 230)a This study, Hawaii fleet 

Pacific Skipjack 519 (± 206)b This study, Hawaii fleet 

Longline 

Pacific Albacore 1135 [Tyedmers and Parker, 2012] 

Pacific Albacore 1915 [Krampe, 2006] 

Pacific Bluefin/Bigeye 3660 [Krampe, 2006] 

Pacific Tuna 1765 [Wilson et al., 2009] 

Pacific Albacore/Bigeye/Yellowfin/Skipjack 1057 (± 216)a,e This study, American Samoa fleet 

Pacific Albacore 798 (± 163)b This study, American Samoa fleet 

Pacific Albacore/Bigeye/Yellowfin/Skipjack 1938 (± 181)a This study, Hawaii fleet 

Pacific Bigeye 1629 (± 152)b This study, Hawaii fleet 
aFUI estimate of all tuna species. 
bFUI estimate of specific tuna species by mass allocation. 
cFUI estimate of tuna by mass allocation of tuna relative to all pelagics; 5-y mean FUI and 95% confidence interval 

of all pelagics 4747 (± 719) l fuel / t tuna. 
dFUI estimate of tuna by mass allocation of tuna relative to all pelagics; 5-y mean FUI and 95% confidence interval 

of all pelagics 3514 (± 1388) l fuel / t tuna. 
eFUI estimate of tuna by mass allocation of tuna relative to all pelagics; 5-y mean FUI and 95% confidence interval 

of all pelagics 1113 (± 228) l fuel / t tuna. 
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Figure 2.1: Fuel use intensity (FUI) of five different fishing gears used to catch four different 

species of tuna in selected regions of the Pacific Ocean. The fishing gears include highly 

selective gears—pole and line (PL), troll (TL), and surface methods (SF) that include both TL 

and hook-and-line—and less selective gears—purse seine (PS) and longline (LL). The tuna 

species include skipjack (SKJ), albacore (ALB), big eye (BET), and yellowfin (YFT). The selected 

fishing regions include the Western and Central Pacific Fisheries Commission convention area 

(WCPFC-CA), American Samoa (AS), Hawaii (HI), and the North Pacific (NP) coastline of 

North America. (A) SKJ caught by the AS TL, HI PL, and U.S. PS fleets; (B) BET caught by the 

HI LL and YFT caught by the HI TL fleets; and (C) ALB caught by the AS LL and NP SF fleets. 

The shaded regions represent the 95% confidence interval. 
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Figure 2.2: Fuel use intensity (FUI) by gear type of fleets operating inside and outside the U.S. 

exclusive economic zone (EEZ). The fishing gear types include purse seine (PS), pole and line 

(PL), and surface methods (SF) which include PL and troll gears. Left panels (A,C,E): FUI of 

U.S. fleets operating in the U.S. EEZ. Right panels (B,D,F): FUI of U.S. fleets operating outside 

the U.S. EEZ. The international (INT) PL (PL_INT) and PS (PS_INT) FUIs represent activity by 

all flagged fleets operating only on the high sea whereas the U.S. fleets operate on the high sea 

and the EEZs of other countries outside the U.S. Top panels (A,B):FUIs of the U.S. PS (PS_US), 

and INT PS (PS_INT) fleets. Middle panels (C,D): U.S. PL, INT PL, and the North Pacific SF 

fleets. Bottom panels (E,F): Mean values (2011-2015). The error bars and shaded regions 

represent the 95% confidence interval. 
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2.4.2. Fuel-specific climate forcing.  

 

The fuel-specific climate forcing (g CO2e / l fuel) of the individual contributions of the life-cycle 

phases of crude oil extraction, crude oil refining, and fuel combustion of four different marine 

fuels with varying fuel quality (levels of fuel sulfur) was quantified.  

 

2.4.2.1. Crude oil extraction climate forcing.  

 

The fuel-specific climate forcing of the crude oil extraction phase was dominated by CO2 and CH4 

emissions (Fig. 2.5.3). The extraction emissions for a wide range of fuel types (ultra-low-sulfur 

diesel, marine gas oil, marine diesel oil, and heavy fuel oil) and fuel sulfur levels (0.0015 - 3.5% 

wt.) were relatively similar.  
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Figure 2.3: Climate forcing for extraction of crude oil phase of the fuel cycle of ultra-low-sulfur 

diesel (ULSD), marine gas oil (MGO), marine diesel oil (MDO), and heavy fuel oil (HFO) with 

varying levels of fuel sulfur by chemical constituent. The chemical constituents include black 

carbon (BC), organic carbon (OC), sulfur dioxide (SO2), nitrogen oxides (NOx), nitrous oxide 

(N2O), methane (CH4), and carbon dioxide (CO2). Top panel: (A) 20-y time horizon. Bottom 

panel: (B) 100-y time horizon. The error bars represent the 95% confidence interval. 
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2.4.2.2. Crude oil refining climate forcing.  

 

The fuel-specific forcing of the crude oil refining phase was primarily associated with CO2 

emissions and was closely related to the fuel type and sulfur levels (Fig. 2.5.4). Climate forcing 

from refining activities were comparable in magnitude to oil extraction for more heavily 

processed fuels (ultra-low-sulfur diesel and low-sulfur marine gas oil) but an order of magnitude 

smaller for heavy fuel oil. For a given fuel type, decreasing sulfur content in the processed fuel 

required additional refinery processes that increased refinery climate forcing by up to 50%. 
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Figure 20.4: Climate forcing for refinery phase of the fuel-cycle of ultra-low-sulfur diesel 

(ULSD), marine gas oil (MGO), marine diesel oil (MDO), and heavy fuel oil (HFO) with varying 

levels of fuel sulfur by chemical constituent. The chemical constituents include black carbon 

(BC), organic carbon (OC), sulfur dioxide (SO2), nitrogen oxides (NOx), nitrous oxide (N2O), 

methane (CH4), and carbon dioxide (CO2). Top panel: (A) 20-y time horizon. Bottom panel: (B) 

100-y time horizon. The error bars represent the 95% confidence interval. 
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2.4.2.3. Vessel-exhaust climate forcing.  

 

While the crude oil extraction and crude oil refining phases consistently result in a positive climate 

forcing, the emissions from the fishing vessel-exhaust phase exhibit much greater variation (Fig. 

2.5.5). The vessel-exhaust emissions of low sulfur fuels have positive climate forcing that is 

generally an order of magnitude larger than extraction and refining. However, for some high sulfur 

variants of marine diesel oil and heavy fuel oil, the climate forcing is close to zero or even negative, 

largely due to the offsetting climate effect of SO2 emissions. For all fuel types, the dominant 

warming constituent is CO2 followed by BC. The fuel-exhaust climate forcing of fishing vessels 

operating with medium-speed diesel (MSD) engines is as much as 3.7 and 1.2 times higher than 

fishing vessels operating with high-speed diesel (HSD) engines on a 20-y and 100-y time horizon, 

respectively. This can be attributed to the fact that HSD diesel engines are known to produce lower 

emissions of BC and OC pollutants than MSD diesel engines [Lack et al., 2008; Petzold et al., 

2011; Buffaloe et al., 2014; Cappa et al., 2014]. 
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Figure 2.5: Climate forcing of the vessel exhaust phase of the fuel-cycle of marine fuels by 

chemical constituent, marine fuel types, engine characteristics, and time horizons. The marine 

fuels include distillates and heavy fuel oil (HFO). The distillates include ultra-low sulfur diesel 

(ULSD), marine gas oil (MGO), and marine diesel oil (MDO). The chemical constituents include 

black carbon (BC), organic carbon (OC), sulfur dioxide (SO2), nitrogen oxides (NOx), nitrous 

oxide (N2O), methane (CH4), and carbon dioxide (CO2). The engine characteristics include 

medium-speed diesel (MSD) and high-speed diesel (HSD) engines. Top panels (A,B): total fuel-

cycle climate forcing of medium speed diesel engines. Bottom panels (C,D): total fuel-cycle 

climate forcing of high speed diesel engines. Left panels (A,C): 20-y time horizon. Right panels 

(B,D): 100-y time horizon. The error bars represent the 95% confidence interval. 
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2.4.2.4. Overall fuel-specific climate forcing.  

 

The overall fuel-specific climate forcing from the combined impacts of crude oil extraction, crude 

oil refining, and fishing vessel fuel-exhaust emissions is closely related to fuel sulfur content (Fig. 

2.5.6). Low sulfur marine fuels (fuel sulfur ≤ 0.1% wt.) emit nearly 4000 g CO2e l fuel-1, while 

higher sulfur fuels have a negative climate forcing (in the case of a 20-y time horizon) due to 

cooling constituents including SO2 and OC (Fig. 2.5.6A-2.5.6D). In the case of a 100-y time 

horizon, the emissions of high sulfur marine fuels are roughly 50% lower than low sulfur marine 

fuels (Fig. 2.5.6E-2.5.6H). The total fuel-cycle climate forcing of fishing vessels operating with 

MSD engines is as much as 1.6 and 1.1 times higher than fishing vessels operating with HSD 

engines on a 20-y and 100-y time horizon, respectively (Figs. 2.5.6A, 2.5.6C, 2.5.6E, and 2.5.6G). 

The vessel fuel-exhaust phase is the largest component of the overall life-cycle climate forcing 

(Figs. 2.5.6B, 2.5.6D, 2.5.6F, and 2.5.6H). With the exception of higher sulfur fuels in the case of 

the 20-y time horizon (Figs. 2.5.6B and 2.5.6D), the other phases are responsible for at least 20% 

of the climate forcing.  
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Figure 2.6: Total fuel-cycle (crude oil extraction, crude refining, and vessel fuel-exhaust 

emission) climate forcing of marine fuels by chemical constituent , marine fuel type, and engine 

characteristics on 20-y and100-y time horizons. The marine fuels include distillates and heavy 

fuel oil (HFO). The distillates include ultra-low sulfur diesel (ULSD), marine gas oil (MGO), 

and marine diesel oil (MDO). The chemical constituents include black carbon (BC), organic 

carbon (OC), sulfur dioxide (SO2), nitrogen oxides (NOx), nitrous oxide (N2O), methane (CH4), 

and carbon dioxide (CO2). The engine characteristics include medium-speed diesel (MSD) and 

high-speed diesel (HSD) engines. Left panels (A,C): total fuel-cycle climate forcing by chemical 

constituent. Right panels (B,D): mean percent (%) contribution of each phase to the total fuel-

cycle climate forcing. First and third rows (A,B,E,F): total-fuel climate forcing of MSD engines. 

Second and fourth rows (C,D,G,H): total fuel-cycle climate forcing of HSD engines. First and 

second rows (A,B,C,D): 20-y time horizon. Third and fourth rows (E,F,G,H): 100-y time horizon. 

The error bars represent the 95% confidence interval. 
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2.4.3. Total fuel-cycle climate forcing over time.  

 

The mean total fuel-cycle climate forcing of fishing vessels over time (1996-2015) by engine 

type (medium-speed diesel and high-speed diesel), by marine fuel (distillates and heavy fuel oil), 

and by fishing territory (U.S. EEZ and high seas) was constructed on 20-y and 100-y time 

horizons (Figs. 2.5.7). Across the scenarios considered here, the trend is an increase in climate 

forcing over time due to the decrease in fuel sulfur. The progressive decreases in fuel sulfur are a 

result of the U.S. Environmental Protection Agency regulations under the authority of the Clean 

Air Act. In the case of fishing vessels operating with distillates, the increase in climate forcing 

over the 20-y time period is as much as 141% and 25% for the 20-y and 100-y time horizons, 

respectively (Figs. 2.5.7A, 2.5.7B, 2.5.7E and 2.5.7F). In the case of fishing vessels operating 

with heavy fuel oil, the climate forcing increased over the 20-y time series by as much as 250% 

and 28% for the 20-y and 100-y time horizons, respectively (Fig. 2.5.7C, 2.5.7D, 2.5.7G and 

2.5.7H). The uncertainty for the 95% confidence intervals decreased over the 20-y time series 

due to a reduction in SO2 emissions which has the highest uncertainty with respect to the GWP 

among the climate forcing constituents (Figs. 2.5.7C and 2.5.7D).  
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Figure 2.7: Mean climate forcing associated with the total fuel-cycle (crude oil extraction, crude 

refining, and vessel fuel-exhaust emission) of marine fuels over time (1996-2015)  on 20-y and 

100-y time horizons by engine characteristics and fishing territories. The mean and CI values 

represent the weighted average of the fuel quality of marine fuels including distillates and heavy 

fuel oil (HFO). The fishing territories include the U.S. exclusive economic zone (EEZ) and the 

high sea (HS). The engine characteristics include medium speed diesel (MSD) and high speed 

diesel (HSD) engines. Left panel (A,C): MSD engines. Right panel (B,D): HSD engines. First 

and third rows (A,B,E,F): Distillate fuels. Second and fourth rows (C,D,G,H):  (A,B): HFO fuels. 

First and second rows (A,B,C,D): 20-y time horizon. Third and fourth rows (E,F,G,H): 100-y 

time horizon. The shaded regions represent the 95% confidence interval. 
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2.4.4. Climate forcing of tuna protein.  

 

The FUIs and the total fuel-cycle climate forcing were combined to estimate the climate forcing 

of tuna protein over time on 20-y and 100-y time horizons. The climate forcing of the three 

proposed sustainability practices including selective gear, reduced fuel sulfur, and restricted high 

seas fishing were considered. 

 

In the first case, fleets targeting the same species were considered and the climate impact of those 

using highly selective gears were compared to those using less selective gears (Fig. 2.5.8). It was 

found that the climate forcing of skipjack tuna protein caught by the fleets using highly selective 

gears was, in some cases, significantly higher (p values of 4.8 x10-2 and 7.7 x10-8 on a 20-y time 

horizon; and p values of 1.4 x10-1 and 1.3 x10-9 on a 100-y time horizon for the Hawaii pole-and-

line and American Samoa troll fleets, respectively) than the U.S. purse-seine fleet (Table 2.2). In 

the case of albacore tuna protein, however, a consistent difference between the less selective and 

highly selective gears was not found. 

 

In the second case, we compared the climate impact of tuna protein caught by fleets that operate 

in territories that allow the use of high sulfur marine fuels to the climate impact of tuna protein 

that is caught within the U.S. EEZ where the sulfur levels in fuel are strictly regulated, on 20-y 

and 100-y time horizons (Fig. 2.5.9). While several of the fleets that were considered for this 

analysis travel outside the U.S. EEZ (U.S. purse-seine, American Samoa longline, Hawaii longline, 

and North Pacific surface methods), only two operate in regions that have differing fuel quality 

(U.S. purse-seine and Hawaii longline). In both of these fleets, the climate forcing of tuna protein 
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is higher in regions requiring low sulfur fuels than in regions that allow high sulfur fuels on a 20-

y time horizon (Fig. 2.5.9A, 2.5.9C, and 2.5.9E). Only the U.S. purse-seine fleet has a significantly 

higher value on a 20-y time horizon (p values 2.2 x10-3 and 1.3 x10-1 on a 20-y time horizon; and 

1.8 x10-1 and 3.9 x10-1 on a 100-y time horizon for the U.S. purse-seine and Hawaii longline, 

respectively) (Table 2.2). In this case, the higher level of significance can be explained by the 

higher levels of sulfur (and greater cooling effects) in the fuel mix used by the U.S. purse-seine 

fleet (approximately 15% HFO and 85% distillates), whereas the Hawaii longline fleet only uses 

distillates with lower levels of sulfur (Table A.8). For the 100-y time horizon, the low sulfur region 

had a similar climate forcing to the high sulfur region (Fig. 2.5.9B, 2.5.9D, and 2.5.9F). 

 

In the third case, the climate forcing of the four fleets that operate on the high sea (the U.S. purse-

seine, the international purse-seine which includes the U.S. PS fleet, the international pole-and-

line fleet, and the North Pacific surface methods fleet) was compared to the climate forcing of the 

three fleets operating in the U.S. EEZ (U.S. purse-seine, Hawaii pole-and-line, and the North 

Pacific surface methods fleets) (Figs. 2.5.10, and 2.5.11). With the exception of the pole-and-line 

fleets, the climate forcing from fleets that operate on the high sea have a significantly higher impact 

than the fleets that operate in the U.S. EEZ. 
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Table 2.2: Results of student t-tests by hypothesis and by fleets. Student t-tests are of the type 

independent-sample, single-tailed, and unequal variance. The sample data includes the 20-y 

(1996-2015) mean and standard deviations (Std. dev.) of the climate forcing of tuna protein (kg 

CO2e per kg tuna protein) categories by hypothesis and by fleet. Kolmogorov–Smirnov statistics 

(K-S stat.) confirm normal distributions. 

Hypothesis Fleet Mean 
Std. 

dev. 
K-S stat.a Fleet Mean 

Std. 

Dev. 

K-S 

stat.a 
p-valueb 

20-y time horizon      
Gear typec US PSd,e 6.1 2.1 0.21168 HI PLf,g 11 12 0.27864 4.8E-02 

Gear typec US PSd,e 6.1 2.1 0.21168 AS TLf,h 72 37 0.17771 7.7E-08 

Gear typec AS LLd,i 19 7.0 0.21269 NP SFf,j 16 6 0.11872 1.2E-01 

Sulfur levelk US PSd,e,l 8.1 2.5 0.17081 US PSd,e,m 6.0 2.1 0.24647 2.2E-03 

Sulfur levelk HI LLd,l,n 36 19 0.15030 HI LLd,m,n 43 22 0.14450 1.3E-01 

Fishing territoryo Int PLf,p,q 9.7 3.9 0.17436 HI PLf,g,r 16 18 0.27864 7.2E-02 

Fishing territoryo Int PSd,p,s 5.5 1.9 0.13107 U.S. PSd,e,r 4.3 1.9 0.15501 3.0E-02 

Fishing territoryo U.S. PSd,e,t 6.1 2.2 0.20554 U.S. PSd,e,r 4.3 1.9 0.15501 3.6E-03 

Fishing territoryo NP SFf,j,p 31 34 0.22550 NP SFf,j,r 18 5 0.07782 4.9E-02 

100-ytime horizon         
Gear typec US PSd,e 7.9 1.5 0.19336 HI PLf,g 10 10 0.27373 1.4E-01 

Gear typec US PSd,e 7.9 1.5 0.19336 AS TLf,h 88 34 0.11530 1.3E-09 

Gear typec AS LLd,i 26 8.0 0.14920 NP SFf,j 17 4 0.11209 5.4E-05 

Sulfur levelk US PSd,e,l 8.2 1.6 0.16510 US PSd,e,m 7.8 1.4 0.17812 1.8E-01 

Sulfur levelk HI LLd,l,n 46 14 0.18629 HI LLd,m,n 47 15 0.23007 3.9E-01 

Fishing territoryo Int PLf,p,q 10 2.0 0.13299 HI PLf,g,r 10 10 0.27373 5.0E-01 

Fishing territoryo Int PSd,p,s 7.2 1.1 0.07861 U.S. PSd,e,r 4.4 1.4 0.16022 3.0E-08 

Fishing territoryo U.S. PSd,e,t 8.1 1.7 0.19886 U.S. PSd,e,r 4.4 1.4 0.16022 4.1E-09 

Fishing territoryo NP SFf,j,p 30 28 0.20594 NP SFf,j,r 18 4 0.09101 4.5E-02 
aK-S stat. used to confirm normal distributions. If critical value (α=0.05) is greater than 0.29407, then the distribution is normal. 
bFor p-values less than the critical value of 0.05, the null hypothesis is rejected, and thus statistically significant. 
cGear type hypothesis: selective gears (catching one fish at a time including pole and line, troll, and surface methods—which 

includes both hook-and-line and troll gears) have a higher climate impact than non-selective gears (including purse seine and 

longline). 
dNon-Selective gear type. 
eU.S. purse seine (PS) fleet. 
fSelective gear type. 
gHawaii (HI) pole and line (PL). 
hAmerican Samoa (AS) troll (TL). 
iAmerican Samoa (AS) longline (LL). 
jNorth Pacific (NP) surface methods (SF). 
kSulfur level hypothesis: fleets operating in regions that regulate the sulfur levels in marine fuels (EEZ of the continental U.S. and 

HI) have a higher climate impact than fleets operating in regions that are exempt from sulfur regulations (outside Emission Control 

Areas). 
lHigh sulfur scenario; fleet activity in regions exempt from sulfur regulations. 
mLow sulfur scenario; fleet activity in regions with strict sulfur regulations. 
nHawaii (HI) longline (LL). 
oFishing territory hypothesis: fleets operating outside the U.S. EEZ may have a higher climate impact than fleets operating on the 

high sea. 
pFleet activity on the high sea. 
qInternational (Int) pole and line (PL). 
rFleet activity in the U.S. EEZ. 
sInternational (Int) purse seine (PS). 
tFleet activity outside the U.S. which includes the high sea and in the EEZ of other countries. 
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Figure 2.8: Climate forcing of tuna protein over time (1996-2015) by species and fishing gear 

types on 20-y and 100-y time horizons. The tuna species include skipjack and albacore. The 

fishing gear types include highly selective gears—pole and line (PL), troll (TL), and surface 

methods (SF) that include both TL and hook-and-line gears—and less selective gears—purse-

seine (PS) and longline (LL). Top panel (A,B): Skipjack caught by the American Samoa TL, 

Hawaii PL and the U.S. PS fleets. Bottom panel (C,D): Albacore caught by the American Samoa 

LL and the Northern acific SF fleets. Left panel (A,C): 20-y time horizon. Right panel (B,D): 

100-y time horizon. The shaded regions represent the 95% confidence interval.  
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Figure 2.9: Climate forcing of tuna protein comparison between fleet operations within regions 

that strictly regulate marine fuel quality (low sulfur) and fleet operations in regions that do not 

regulate marine fuel quality (high sulfur)  on 20-y and 100-y time horizons. The selected fleets 

include the U.S. purse seine (PS) and Hawaii (HI) longline line (LL) fleets. Left panels (A,C,E): 

20-y time horizon. Right panels (B,D,F): 100-y time horizon. Top row (A,B): U.S. PS fleet. 

Middle row (C,D): HI LL fleet. Bottom row (E,F): 5-y means (2011-2015). The shaded regions 

and the error bars represent the 95% confidence interval. 
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Figure 2.10: Mean climate forcing of tuna protein over time (1996-2015) by gear type, and 

fishing territory on a 20-y time horizon. The fishing gear types include purse seine (PS), pole and 

line (PL), and surface methods (SF) which includes PL and troll gears. Left panels (A,C): FUI of 

U.S. fleets operating in the U.S. exclusive economic zone (EEZ). Right panels (B,D): FUI of U.S. 

fleets operating outside the U.S. EEZ. The international (INT) PL (PL_INT) and PS (PS_INT) 

FUIs represent activity by all flagged fleets operating only on the high sea whereas the U.S. 

fleets operate on the high sea and the EEZs of other countries outside the U.S. Top panels (A,B): 

FUIs of U.S. PS (PS_US), and INT PS (PS_INT) fleets. Middle panels (C,D): (C,D): U.S. PL, 

INT PL, and the North Pacific SF fleets. Bottom panels (E,F): Mean values (2011-2015). The 

error bars and shaded regions represent the 95% confidence interval. 
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Figure 2.11: Mean climate forcing of tuna protein over time (2007-2015) by gear type, and 

fishing territory  on a 100-y time horizon. The fishing gear types include purse seine (PS), pole 

and line (PL), and surface methods (SF) which includes PL and troll gears. Left panels (A,C): 

FUI of U.S. fleets operating in the U.S. exclusive economic zone (EEZ). Right panels (B,D): FUI 

of U.S. fleets operating outside the U.S. EEZ. The international (INT) PL (PL_INT) and PS 

(PS_INT) FUIs represent activity by all flagged fleets operating only on the high sea whereas the 

U.S. fleets operate on the high sea and the EEZs of other countries outside the U.S. Top panels 

(A,B): FUIs of U.S. PS (PS_US), and INT PS (PS_INT) fleets. Middle panels (C,D): (C,D): U.S. 

PL, INT PL, and the North Pacific SF fleets. Bottom panels (E,F): Mean values (2011-2015). 

The error bars and shaded regions represent the 95% confidence interval. 
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2.4.5. Comparisons of climate forcing among protein sources.  

 

Here, the protein-specific climate forcing of tuna (the scenario of combined territory-specific—

U.S. EEZ and outside U.S. EEZ—FUIs and total fuel-cycle climate forcing weighted by the 

relative amounts of catch inside and outside the U.S. EEZ) of seven different fleets was compared 

on 20-y and 100-y time horizons. Furthermore, the results of this analysis was compared with other 

sources of protein (Fig. 2.5.12).  

 

Across both time horizons (20-y and 100-y), the mean (2011-2015) climate forcing of tuna protein 

and 95% confidence interval varies between 8.4 (±1.5) and 84 (±16) kg CO2e / kg tuna protein for 

skipjack caught by the U.S. purse-seine fleet and American Samoa troll fleets, respectively. Within 

the skipjack species, the climate forcing of the three fleets that target this species varies widely on 

both time horizons (8.4 ±1.5, 22 ±11, and 84 ±16 kg CO2e / kg tuna protein on a 20-y time horizon; 

8.4 ± 0.9, 18 ±9, and 77 ±13 kg CO2e / kg tuna protein on a100-y time horizon for the U.S purse-

seine, Hawaii pole-and-line, and American Samoa troll fleets, respectively). The climate forcing 

of skipjack caught with highly selective gears is as much as 2.6 and 10 times higher (pole-and-line 

and troll gear, respectively) than the skipjack caught with the less selective gear (purse-seine). This 

this trend was not observed within the albacore species, however. The mean climate forcing of 

albacore tuna protein and 95% confidence interval is very similar on both time horizons (23 ± 4 

and 26 ± 6 kg CO2e / kg tuna protein on a 20-y time horizon; 20 ± 3 and 25 ± 5 kg CO2e / kg tuna 

protein on a 100-y time horizon for the North Pacific surface methods and American Samoa 

longline fleets, respectively). As for the other tropical tunas, the climate forcing is 55 (±7) and 52 

(±5) liters fuel / kg tuna protein for bigeye caught by the Hawaii longline fleet and 48 (±20) and 
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41 (±17) for yellowfin caught by the Hawaii troll fleet, on 20-y and 100-y time horizons, 

respectively.  

 

To better understand the sustainability of tuna in the larger scope of food systems, the climate 

forcing of tuna protein for the selected fleets was compared and ranked (in order of low to high) 

with other sources of protein on 20-y and 100-y time horizons (Fig. 2.5.12). Compared to land-

based protein sources, skipjack tuna protein caught by the U.S. purse-seine fleet has a significantly 

lower climate impact than most other protein sources with the exception of vegetable protein. 

Albacore tuna protein (caught by both the American Samoa longline and North Pacific surface 

methods fleets) and pole-and-line skipjack have a medium impact similar to that of chicken. In 

terms of medium-high impact, yellowfin tuna protein caught with troll gear has a similar impact 

to that of farmed shrimp and pork. As for the remaining tropical fleets (bigeye caught by the 

Hawaiian longline fleet and skipjack caught by the American Samoa troll fleet) the mean climate 

impact is significantly higher than most other protein sources except beef.  
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Figure 2.12: Mean climate forcing of tuna and land-based tuna protein sources on 20-y and 

100-y time horizons including several species of wild-caught tuna and various farmed sources. 

Left panels (A,C): Mean (2011-2015) climate forcing of wild-caught tuna categorized by species 

and fishing gear including purse seine (PS), longline (LL), pole and line (PL), troll (TL), and 

surface (SF) methods which includes both hook-and-line and TL. Right panels (B,D): Mean 

climate forcing of land-based (LB) protein sources for comparison. Top panels (A,B): 20-y time 

horizon. Bottom panels (C,D): 100-y time horizon. The error bars represent the 95% confidence 

interval. 
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2.5. Discussion and conclusion.  

 

This research highlights potential synergies and trade-offs between sustainable seafood practices 

and climate change.  

 

With respect to polices aimed at improving air quality, a climate tradeoff was found. The climate 

forcing of tuna protein is significantly higher when it is caught by purse-seine fleets that operate 

in regions where sulfur levels in marine fuels are strictly regulated (such as the U.S. EEZ) than 

when it is caught by purse-seine fleets that refuel and operate in regions that are exempt from fuel 

quality standards. Although most skipjack tuna is currently caught in regions without strict fuel 

quality standards, these results have important implications for the future sustainability of seafood 

in the near term. The International Maritime Organization’s Marine Environment Protection 

Committee set requirements which will see sulfur emissions fall from the current maximum of 3.5 

percent of fuel content to 0.5 percent [Smith et al., 2014]. In addition to global fuel standards for 

heavy fuel oil, it is likely the sulfur levels in distillates will also be reduced as an increasing number 

of countries impose fuel quality standards that meet or exceed those of emission control areas 

[Cullinane and Bergqvist, 2014].  

 

With respect to the proposed ban of fishing on the high sea, a climate synergy was found. The 

climate forcing of tuna protein caught by purse-seine and the North Pacific surface methods fleets 

have a significantly higher climate forcing than the fleet operations in the U.S. EEZ, due to a higher 

effort to catch ratio. These results are in line with the suggestion made by other researchers—

that vessels fishing the high seas may incur a higher cost per unit weight of fish than vessels 
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fishing solely within EEZs [Sumaila et al., 2015]. However, it should be pointed out that only a 

small amount (roughly 15% and less than 2% over the last five years for the international purse-

seine and the North Pacific surface methods fleets, respectively) of tuna is caught on the high seas 

compared to that caught in EEZs. Possible explanations for why fishermen would choose to fish 

the high seas at a greater cost include effort limits imposed in EEZs (such as the vessel day scheme) 

[Havice, 2013], regional fidelity of tuna stocks situated on the high seas [Sumaila et al., 2010; 

Squires et al., 2017], and fuel subsidies [Sumaila et al., 2010; Sumaila et al., 2014].  

 

With respect to fishing gear types, synergies and tradeoffs were found when the climate impact of 

tuna protein was compared with other sustainability indicators including stock status (Table 2.3) 

and protected species status (Table 2.4). In the case of the pole-and-line and North Pacific surface 

method fleets, climate synergies were found with respect to stock status and protected species 

interactions, whereas, climate tradeoffs were found in the case of the purse-seine and American 

Samoa troll fleets. In the case of the purse-seine fleet, the climate impact is low and the stock status 

of skipjack is not overfished and overfishing is not occurring, but there are concerns related to the 

bycatch of sharks and juvenile tunas. Although the stock status of skipjack is healthy, the climate 

impact of the American Samoa troll fleet is higher than the other fisheries that were considered in 

this study and there are concerns related to the bycatch of striped marlin. As for the Hawaii longline 

fishery, synergies and tradeoffs were not found but instead the relatively high climate impact gives 

weight to the evidence of the ecological indicators. In this case, overfishing is occurring for the 

bigeye stock, and there are concerns related to protected species interactions (mammals, sea turtles, 

sharks, and sea birds).  
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Although the climate impact is an important indicator for understanding seafood sustainability, 

there are some important considerations. First, the bycatch and protected species interactions of 

the highly selective pole-and-line and troll fleets are relatively unknown compared to the 

longline and purse-seine fleets, due to a lack of observer coverage [Martin et al., 2015; Miller et 

al., 2017]. Second, some highly selective fishing methods require a substantial quantity of 

baitfish which may not be sustainable if the tuna caught using these methods were to replace a 

significant amount of the fish currently caught with highly efficient methods that do not require 

bait such as purse-seine gear [Gillett, 2011]. Lastly, the evidence of climate trade-offs does not 

provide an argument for environmental destruction because this would confuse the narrow goal 

of climate mitigation with the broader goal of conservation. After all, ecosystem protection is a 

central goal of climate initiatives. 

 

While these results do not support a case for harmful fishing practices, they do have implications 

for seafood and climate. First, continued development of sustainable seafood practices is 

warranted, particularly with respect to the energy efficiency of selective fishing gears. Second, 

the notion that natural resources can be conserved through greater consumption of sustainable 

seafood may not be justified. Seafood should clearly be harvested using sustainable practices but 

sustainable seafood may need to constitute a small portion of overall food consumption if the 

massive climate forcing of food systems is to be reduced. Third, climate policies must be 

designed to avoid the unintended consequences to fisheries and other natural resources that have 

energy intensive conservation practices. Mitigation and adaptation to global change should 

address broad goals in order to avoid environmental degradation that can result from narrower 

perspectives.  
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Table 2.3: Stock status indicators by fleet and target species. The stock status indicators include 

the ratio of recent fishing mortality to that which will support the maximum sustainable yield 

(Frecent/FMSY), the ratio of the average recent spawning biomass to the average spawning 

potential predicted to occur in the absence of fishing stock status (SBrecent/SBF=0), overfishing 

status, and overfished status.  

Fleet Species Frecent/FMSY
a SBrecent/SBF=0

b Overfishing?c Overfished?d 

U.S. purse-seine Skipjacke 0.45 0.58 Nof Nog 

International purse-seine Skipjacke 0.45 0.58 Nof Nog 

Hawaii pole-and-line Skipjacke 0.45 0.58 Nof Nog 

Hawaii longline Bigeyee 0.83h 0.32i Yesj Nok 

Hawaii troll Yellowfine 0.74l 0.38m Non Non 

American Samoa troll Skipjacke 0.45 0.58 Nof Nog 

American Samoa longline Albacoree 0.39o 0.40p Noq Noq 

North Pacific surface methods Albacore 0.61r 0.24s Not Not 
aMaximum sustainable yield (MSY) is defined as the largest long-term average catch that can be taken from a stock under prevailing environmental 

and fishery conditions [USDC and NMFS, 2017]. 
bThe average spawning biomass over the last 3 years for albacore and skipjack and 4 years for bigeye and yellowfin [Brouwer et al., 2017]. 
cOverfishing is defined as a stock that has a harvest rate higher than the rate that produces its MSY [USDC and NMFS, 2017]. 
dOverfished is a stock that has a population size that is too low and that jeopardizes the stock’s ability to produce its MSY  [USDC and NMFS, 

2017]. 
eConf. Table 3 [Brouwer et al., 2017]. 
fAcross the reference case and the structural uncertainty grid Frecent/FMSY varied between 0.38 (5% quantile) to 0.64 (95%quantile). This indicates 

that overfishing is not occurring for the WCPO skipjack tuna stock [Brouwer et al., 2017]. 
gConf. Fig. 7 [Brouwer et al., 2017]. 
h23% probability that recent fishing mortality was above FMSY [Brouwer et al., 2017]. 
i16% probability that the recent spawning biomass had breached the adopted limit reference point (LRP) [Brouwer et al., 2017]. 
jBigeye is on NOAA's overfishing list [Brouwer et al., 2017]. 
kConf. Pg. 60, "Both the sensitivity models (L2-184, 2014Reg) representing old growth/2017 regions and new growth/2014 regions, respectively, 

move into the overfishing region of the plot but do not reach an overfished state. The grid model (A0B1C0D0E1; old growth/2014 regions) 

progressively shifted into the overfishing region in the early 2000’s and then progressed into the overfished state for the last decade of the assessment 

period." [McKechnie et al., 2017]. 
l4% probability that the recent fishing mortality was above FMSY [Brouwer et al., 2017]. 
m8% probability (4 out of 48 models) that the recent spawning biomass had breached the adopted LRP [Brouwer et al., 2017]. 
nConf. Pg. 44; “all models at the start of the assessment period were close to an SB/SBF=0 of one and an F/FMSY approaching zero, but each 

progressively tracked towards the overfishing and overfished definitions over the remaining period, with the Size50 model much closer to both 

20%SBF=0 and an F/FMSY of 1 in final years than the Size10 model. The diagnostic case model never reaches 20%SBF=0 or an 

F/FMSY of 1” [Tremblay-Boyer et al., 2017]. 
oRecent levels of fishing mortality are lower than the level that will support the MSY, conf. Pg. 32 in [Harley et al., 2015]. 
pRecent levels of spawning potential are most likely above the level which will support the MSY and 20%SBF=0, conf. Pg. 32 in [Harley et al., 

2015]. 
qOverfishing is not occurring, but fishing mortality on adults is approaching the assumed level of natural mortality (conf. Figure 13). The SBMSY is 

lower than the limit reference point (0.14 SBF=0) due to the combination of the selectivity of the fisheries and maturity of the species [McKechnie 

et al., 2016]. 
rConf. Table 5.4 in [Holmes et al., 2017]. 
sConf. Fig. 5.15 (A) in [Holmes et al., 2017]. 
tNorth Pacific albacore stock is likely not overfished relative to the limit reference point adopted by the Western and 

Central Pacific Fisheries Commission (20%SSB current F=0) [Holmes et al., 2017]. 
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Table 2.4: Marine Mammal Protection Act (MMPA) classification and listing of other species of 

concern. Other species of concern includes endangered or threatened sea turtles, endangered 

and or threatened sharks and rays, fish that are overfished and subject to overfishing, and 

seabirds. 

Fleet MMPA classificationa Sea turtles Sharks and rays Fish Seabirds 

Purse-seineb Category IIc,d Greene,f,g,h Silky sharki,j,k Striped marlinl,m Unknownn,o 

  Hawksbille,g,h,p Oceanic whitetip sharkq,r,s,t Juvenile tunau  

   Whale sharksv,w,x   

   Raysy,z   

International pole-and-line Category IIaa   Juvenile tunau  
Hawaii pole-and-line Category IIIab   Juvenile tunau  

Hawaii longline Category Iac,ad Loggerheadae,af Silky sharki,ag Striped marlinl,ah Albatrossesai,aj 

  Leatherbackak,al Oceanic whitetip sharkq,r,am  Other seabirdsai,an 

  Olive Ridleyao,ap    

  Green turtlef,aq    
Hawaii troll Category IIIar   Striped marlinl,as  

American Samoa troll Category IIIat   Striped marlinl,as  
American Samoa longline Category IIau Green turtlef,av Silky sharki,ag Striped marlinl,ah Albatrossesai,aj 

  Leatherbackak,aw Oceanic whitetip sharkq,r,am  Other seabirdsai,an 

  Olive Ridleyao,ax    
North Pacific surface methods Category IIIay     
 aThree categories according to the level of incidental mortality or serious injury of marine mammals: category I is frequent incidental mortality or serious injury of 

marine mammals; category II is the occasional incidental mortality or serious injury of marine mammals; and category III is the remote likelihood of / no known 

incidental mortality or serious injury of marine mammals [NMFS, 2017l]  
bPurse seining is a non-selective fishing method that captures everything that it surrounds, including protected species [NMFS, 2017p].  
cPurse seines can easily encircle marine mammals along with target species as the net is set; historically, dolphin pods were even used as a natural cue visually leading 

purse seiners toward areas of abundant schooling fish (called "setting on dolphins"), a technique no longer employed in the U.S.; once the netting has been set, 

encircled marine mammals cannot escape and can become entangled, injured, or stressed. Even with quick retrieval, marine mammals' sensitive bodies and internal 

organs cannot usually withstand the weight of the catch or the impact of being placed on the vessel. In U.S. fisheries, species most commonly captured include 

bottlenose dolphins and humpback whales [NMFS, 2017p].  
dCategory II due to the lack of specific information on marine mammal abundance and interactions with the fishery on the high seas [NMFS, 2017j]. 
eSea turtles can be captured by a purse seine as it is set and then become entangled in the net mesh as it is hauled in. Entangled turtles may sustain injuries to their 

flippers and shells due to the force of the net as it is hauled; in a large catch, turtles risk being crushed under the sheer weight of the tow. Captured turtles can be released 

alive if they are quickly retrieved and removed from the net [NMFS, 2017p]. 
fGreen turtles are listed as threatened [NMFS, 2017o]. 
gOn average, roughly 25% of the U.S. fleet has been observed from 1998 through 2004 and only 10 interactions with sea turtles have been observed. These interactions 

involved at least two species (green and hawksbill), and may have involved others [NMFS, 2006]. 
hSea turtles are caught in very small numbers (from a few tens up to a couple of hundreds of individuals per year in every ocean) by purse seiners and most of them (> 

90%) are released alive relatively easily. The mortality of turtles due to being captured by the seine can be considered negligible [Restrepo et al., 2017]. 
iSilky shark is overfished and overfishing is occurring [Justel-Rubio and Restrepo, 2015] . 
j44012 silky sharks taken (5-y mean) by the Western Pacific Ocean purse-seine fleet [Restrepo et al., 2017]. 
kEstimated post-capture survival of about 20% in purse-seine fisheries [Justel-Rubio and Restrepo, 2015].  
lStriped marlin is overfished and overfishing is occurring [Justel-Rubio and Restrepo, 2015]. 
mTotal catch of billfish by tropical tuna purse seine fisheries worldwide is negligible in comparison to catches by longline fleets, which capture billfish both as target 

species and as bycatch [Restrepo et al., 2017]. 
nSeabirds are not usually caught by purse-seine fisheries, or any other non-shallow fisheries, although there are indications that coastal purse-seine vessels impact 

shearwater species [Justel-Rubio and Restrepo, 2015]. 
oVery few records of seabird bycatch in the Western Central Pacific Ocean purse-seine fishery [Peatman et al., 2017]. 
pHawksbill turtles are endangered [NMFS, 2017n].  
qOceanic whitetip shark is threatened [NMFS, 2017b].  
rOceanic whitetip shark is overfished and overfishing is occurring [Justel-Rubio and Restrepo, 2015]. 
s490 white-tip sharks taken (5-y mean) by the Western Pacific Ocean purse-seine fleet [Restrepo et al., 2017]. 
tEstimates of post-release survival are not available for purse-seine fisheries [Justel-Rubio and Restrepo, 2015].  
uConcerns that large numbers of small bigeye and yellowfin are caught in association with FAD sets, and how this contributes to overfishing of some bigeye and 

yellowfin stocks. Bigeye and yellowfin tuna are caught by many tuna fisheries and gear types. Large mature individuals are targeted by longline fisheries while smaller 

fish (typically juveniles) are caught by purse seine, pole-and-line and hand-line fisheries [Restrepo et al., 2017]. 
vAlthough interaction rates are low, any level of fishing mortality is of concern due to their life history and ecological significance [Restrepo et al., 2017].  
wThe WCPFC observer database recorded whale shark encounters in 155 of 88,084 observed sets (2008-2012 average) for a set encounter rate of 0.94% [Restrepo et 

al., 2017]. 
xRecent studies have suggested whale sharks released from purse seine gear using best practices have a high rate of survival, but further studies are needed [Restrepo et 

al., 2017]. 
yGiant manta rays are threatened [NMFS, 2017a].  
zRays are rarely captured in tuna purse seine gear, generally less than 0.1% by weight and therefore considerably less than shark catch [Restrepo et al., 2017]. 



 
 

90 
 

aaThe handline/pole and line components are classified as Category II due to the lack of specific information on marine mammal abundance and interactions with fisheries 

on the high seas [NMFS, 2017j]. 
abThere are no known incidental mortalities or serious injuries of marine mammals in this fishery, and there is a remote likelihood of marine mammal interactions 

because the gear is actively fished and the method is selective, targeting schools of tuna using barbless hooks [NMFS, 2017g].  
acMarine mammals are often entangled or hooked in longline gear; pilot whales and false killer whales are known to steal bait and or target catch from longlines and can 

thus be hooked in the mouth or entangled in the lines; Risso's dolphins, bottlenose dolphins, and several species of whales have also been documented as longline 

bycatch; Injuries from these interactions can include lacerations, puncture wounds, exhaustion, and drowning [NMFS, 2017m].  
adClassification due to mortality and serious injury of false killer whales (HI pelagic stock); this fishery exceeds 50% of the stock's Potential Biological Removal level 

[NMFS, 2017e]. 
f13 (5-y mean) Loggerhead turtles caught by the Hawaii longline fleet; not clear if released alive or dead [NMFS, 2016a]. 
ag180335 (2007-2009) catch of silky sharks for the Western Central Pacific Ocean [Justel-Rubio and Restrepo, 2015]. 
ah3296 metric tons (2010-2013)  of striped Marlin for the Western Central Pacific Ocean [Justel-Rubio and Restrepo, 2015]. 
aiSeabirds incidental mortality caused by longline fishing operations happens primarily during line setting, when foraging birds are attracted to the bait, become hooked 

or entangled, and are then dragged underwater and drown. They may also be hooked during line hauling [Justel-Rubio and Restrepo, 2015].  
aj360 (5-y mean) albatrosses caught by the Hawaii longline fleet; not clear if released alive or dead [NMFS, 2016a]. 
akLeatherback turtles are endangered[NMFS, 2016b]. 
al27 (5-y mean) leatherhead turtles caught by the Hawaii longline fleet; not clear if released alive or dead [NMFS, 2016a].  
am98340 (2009) catch of Oceanic whitetip sharks for the Western Central Pacific Ocean [Justel-Rubio and Restrepo, 2015]. 
an23 (5-y mean) "other seabirds" caught by the Hawaii longline fleet; not clear if released alive or dead [NMFS, 2016a].  
aoOlive Ridley turtles are threatened or endangered [NMFS, 2017c]. 
ap36 (5-y mean) Olive Ridley turtles caught by the Hawaii longline fleet; not clear if released alive or dead [NMFS, 2016a].   
aq6 (5-y mean) Green turtles caught by the Hawaii longline fleet; not clear if released alive or dead [NMFS, 2016a].   
arCategory listing in [NMFS, 2017h]. 
as14 metric tons (2010-2013)  of striped Marlin for the Western Central Pacific Ocean [Justel-Rubio and Restrepo, 2015]. 
atCategory listing in [NMFS, 2017f]. 
auCategory listing in [NMFS, 2017k]. 
avAmerican Samoa longline fishery interacted with an average of 24 green sea turtles (22 estimated mortalities) annually within the action area between (2006-2015) 

[NMFS, 2015].  
awAmerican Samoa longline fishery is estimated to have interacted with an average of 9 leatherback sea turtles (6 estimated mortalities) annually within the action area 

between 2011and June 30, 2015 [NMFS, 2015]. 
axAmerican Samoa longline fishery is estimated to have interacted with an average of 6 olive ridley sea turtles (2 estimated mortalities) annually within the action area 

between 2011 and June 30, 2015 [NMFS, 2015]. 
ayConf. Table 1: WA/OR/CA albacore surface pole-and-line/troll [NMFS, 2017d]. 

https://repository.library.noaa.gov/view/noaa/12237
http://www.nmfs.noaa.gov/pr/species/turtles/leatherback.html
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3. Climate forcing of battered-and-breaded fillets and crab-flavored sticks from Alaskan 

pollock 

 

3.1. Chapter summary  

 

The food sector is a significant contributor to global emissions and climate forcing. Compared 

with land-based food production systems, relatively little is known about the climate impact of 

seafood products. Previous studies have placed an emphasis on fishing activities, overlooking the 

contribution of the processing phase in the seafood supply-chain. Furthermore, other studies have 

ignored the contribution of short-lived climate forcing pollutants which can cause both warming 

and cooling. Here, the climate impact of two Alaskan pollock seafood products was evaluated by 

combining GWPs and emission inventories constructed from the literature. A holistic assessment 

was made including all stages in the supply-chain up to the retail display case, and a suite of 

pollutants in addition to greenhouse gases were considered. This study found that the processing 

stage contributed up to 1.6 times the climate impact of the fishing phase of the seafood supply-

chain. Thus, for highly fuel efficient fisheries, such as the pollock catcher/processor fleet, the 

contribution of the processing stage of the seafood supply-chain should not be ignored. 

Furthermore, the inclusion of short-lived climate forcing pollutants may be important to include 

in life-cycle assessments of seafood. In this study, the contribution from SLCF cooling species 

(sulfur and nitrogen oxides) offset a significant portion of the climate forcing from warming 

species. The estimates that include only greenhouse gases are as much as 1.7 times higher than 

the cases that include SLCFs, suggesting that the exclusion of SLCFs could result in 

overestimates of the climate forcing of seafood. A full accounting of the supply-chain and of the 

impact of the pollutants emitted by food production systems may be important for climate 

change mitigation strategies in the near term. 
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3.2. Introduction 

 

The last decade has seen increasing interest in the climate impacts of food [Vermeulen et al., 

2012; Godfray et al., 2010; Foley et al., 2011]. Greenhouse gas emissions from agriculture form 

one of the largest sectors contributing to climate change [Heller and Keoleian, 2015; Eshel et al., 

2014]. Life-cycle studies reveal that different food choices of consumers can have a very wide 

range of climate forcing [Heller and Keoleian, 2015; Hallström et al., 2015]. Understanding the 

emissions associated with food is therefore critical for mitigating climate change and informing 

consumer behavior [Bajželj et al., 2014; Girod et al., 2014]. 

 

While much has been learned about the emissions from land-based food sources, robust 

quantifications of seafood life-cycle emissions are relatively sparse [Nijdam et al., 2012; Clune 

et al., 2017]. The limited information on seafood life-cycle emissions in part reflects the need for 

improved input data. Previous studies have found that the life-cycle emissions are dominated by 

fuel combustion during fishing [Thrane, 2004; Guttormsdóttir, 2009; Svanes et al., 2011; 

Buchspies et al., 2011; Vázquez-Rowe et al., 2013], but the number of published studies is small 

relative to the diversity of fishing methods and species targeted [Jafarzadeh et al., 2016; Parker 

et al., 2015]. Given the limited number of studies and the assumption that fuel consumption is 

most important in the seafood-supply chain, researchers may be overlooking the importance of 

processes upstream of fishing activities 
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A further limitation of previous seafood emission studies is the focus on a narrow group of 

pollutants. Most efforts to quantify the climate impact of seafood have focused on CO2 emissions 

[Tyedmers and Parker, 2012]. While CO2 is the most important global greenhouse gas for most 

economic sectors, recent work revealed that the climate impact of the fishing activities can have 

large effects from species other than CO2 [McKuin and Campbell, 2016]. In particular, ignoring 

the cooling effects of sulfur dioxide can lead to overestimates in the climate forcing of fishing 

activities. [McKuin and Campbell, 2016]. However, that study did not investigate activities 

upstream of the fishing phase of the seafood-supply chain. Thus, the impact of short-lived 

climate forcing (SLCF) pollutants on processes upstream of fishing activities is largely unknown.  

 

Given these challenges and the increasing importance of understanding seafood emissions, a life-

cycle study of Alaskan walleye pollock (hereafter, pollock) fishery was studied. The Alaskan 

pollock fishery in the eastern Bering Sea is globally important both in terms of volume and 

economic value of landings [Fissel et al., 2016]. Historically, fillets have been the dominant 

product produced from pollock. However, due to market forces there has been a recent surge in 

surimi produced from pollock [Fissel et al., 2016]. Although, the life-cycle impact of white-fish 

(cod, haddock, and hake) fillet products has been studied [Guttormsdóttir, 2009; Svanes et al., 

2011; Winther et al., 2009; Blonk et al., 2008; Sonesson et al., 2010; Buchspies et al., 2011; 

Fulton, 2010; The Co-operative Group, 2010; Iribarren et al., 2010; Vázquez-Rowe et al., 2012; 
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Vázquez-Rowe et al., 2011; Sund, 2009; Vázquez-Rowe et al., 2013], a life-cycle assessment of 

surimi products has not been conducted. Thus, the climate impact of a shift in production away 

from fillets and an increase in production in surimi products is uncertain. 

 

To this end, a first-order estimate of the climate forcing of frozen battered-and-breaded fillets 

and crab-flavored sticks (e.g. imitation crab produced from pollock surimi) for the retail market 

was developed on 20-y and 100-y time horizons. A broad range of climate forcing species (CO2, 

sulfur dioxide, black carbon, nitrogen oxides) and life-cycle stages was evaluated for domestic 

and top importers of Alaskan pollock fillet and surimi products. The relative importance of these 

diverse life-cycle stages and the potential to systematically evaluate the climate impact of 

alternative food sources was evaluated. 

3.3. Methods 

 

To estimate the climate forcing of frozen battered-and-breaded fillets and crab-flavored sticks for 

domestic and export retail markets, a range of GWPs from the literature was applied to the 

emission inventories of the seafood supply-chain. The emission inventories were developed by 

constructing an inventory of material and energy inputs from technical reports and the literature 

and by applying emission factors found in life-cycle assessment software 

 

The material and energy used in the supply chain depends on the product form, location of the 

secondary processor and the location of the final retail market (Fig. 3.1).  
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Alaskan pollock (and a small amount of bycatch) is caught by the catcher/processor fleet using 

pelagic trawl gears. Whole pollock is processed on-board the catcher/processor into several fresh 

and frozen products including whole fish, headed and gutted fish, frozen fillet blocks, frozen 

surimi blocks, minced fish, fish meal, and fish oil, among others. In the case of the two products 

considered in this study, the processing on board the fishing vessel is an intermediary step that is 

followed by additional processing at a separate location. In the case of frozen pollock fillet 

blocks, the top markets include Germany, the U.S., and the Netherlands (Fig. 3.1A). In the case 

of frozen pollock surimi blocks, the top markets include Japan, South Korea, and the U.S (Fig. 

3.1B). 

 

The products are transported by various modes, depending on the market, to the processing plant. 

At the processing plant the products are transformed into frozen battered-and-breaded fillets or 

crab-flavored sticks. After processing, the products are transported to a wholesale storage 

facility. From the wholesale storage facility, the products are transported to the retailer.   

  



 
 

96 
 

Catcher/processor (pelagic 
trawler)

Pollock catch and bycatch

Primary processing on-board 
catcher/processor

Frozen fillet blocks

Heavy-duty truck transport 
to domestic secondary 

processor

Container-vessel transport of 
exports to Europe

Heavy-duty truck to 
secondary processors in 

Europe

Secondary processing of frozen 
fillet blocks

Container-vessel transport  
to domestic wholesale 

storage

Frozen battered and breaded 
fillets

Heavy-duty truck to 
wholesale storage in Europe

Wholesale storage

Heavy-duty truck to retailers 
in Europe

Heavy-duty truck to 
domestic retailers

Retail activities

Heavy-duty truck transport 
to domestic secondary 

processor

Container-vessel transport 
of exports to East Asia

Heavy-duty truck to 
secondary processors in East 

Asia

Secondary processing of frozen 
surimi blocks

Container-vessel transport  
to domestic wholesale 

storage

Frozen crab-flavored sticks

Heavy-duty truck to 
wholesale storage in East 

Asia

Wholesale storage

Heavy-duty truck to retailers 
in East Asia

Heavy-duty truck to 
domestic retailers

Retail activities

Frozen surimi blocks

A B

 

 

Figure 3.1: Overview of supply chain of two Alaskan pollock products for domestic and export 

retail markets. (A): Frozen battered-and-breaded fillets for domestic and European export retail 

markets. (B): Crab-flavored stick for domestic and South-east Asian export retail markets. 
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3.3.1. Fishing vessel characterization 

 

The Eastern Bering Sea catcher/processor fleet targeting pollock was characterized with respect 

to the number of active fishing vessels, the fuel quality, and fishing gear types using data 

available from the Alaska Department of Fish and Game (ADFG), NOAA, and Sea-web vessel 

databases. The characterization of the fishing vessels also included the engine power, engine 

speed, and whether the vessels have refrigerated holds (Table A.53). The fishing vessels operate 

within the U.S. exclusive economic zone (EEZ) and as such, are subject to fuel-sulfur control 

laws. Small harbor and ocean-going vessels (category 1 and 2 engines) must use ultra-low sulfur 

diesel (ULSD) with a fuel sulfur level of 0.0015 (% wt.) whereas larger ocean-going vessels are 

permitted to use marine gas oil (MGO) with a fuel sulfur level of 0.1 (% wt.). Main engine 

power was used to estimate vessel categories (Table A.54). 

3.3.2. Material and energy consumption 

3.3.2.1. Fishing activities 

 

The inventory of materials and energy used in the fishing phase of the seafood supply-chain was 

based on technical reports and the literature. Energy is consumed directly in the form of fuel 

used during fishing, landing, and hoteling activities of the fishing vessel at the port. Materials 

and indirect energies (embodied in the materials) are consumed in the manufacture and 

maintenance of the fishing vessels and fishing gears. The material inputs include lubricating oil, 

cooling agent for air conditioning, metals, paints (anti-fouling paints and top-side paints), and 

fishing gears. 
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The estimates of fuel consumption were based on vessel fuel survey conducted by NOAA (Table 

A.55) [Fissel et al., 2016].  

 

The annual lubricating oil consumption the fleet was estimated by applying the annual 

requirement of 14,000 kg of lubricating oil for a freezer trawler vessel [Ziegler et al., 2015] to 

the number of active vessels in the fleet. 

 

The annual coolant for air conditioning supplied to each fleet was estimated by applying the 

initial charge of air conditioning is 150 kg of R-404a per fishing vessel and an a leakage rate of 

30% per year [Smith et al., 2014] to the number of active vessels in the fleet. 

 

The mass of metals used in the manufacture and maintenance of the fishing vessels components 

(MVC, in metric tons) was estimated using the following equation: 

 

𝑀𝑗,𝑘,𝑙
𝑉𝐶 = 𝑓𝑗,𝑘

𝑚𝑎𝑡 ∙ ∑ 𝐿𝑆𝑊𝑙𝑙                                                        (1) 

where fmat is the fraction of material (steel, copper wire, or aluminum), LSW is the light ship 

weight (in metric tons), ), j is the component (hull or other structural elements), k is the 

material of the component (steel, copper wire, and aluminum), and l is the individual vessel.  

 

A linear relationship between the holding capacity and vessel width was used to estimate the 

LSW, using the following formula:  
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𝐿𝑆𝑊 =  −263.81 + 0.57 ∙ 𝐻𝐶 + 43.7 ∙ 𝐿𝑏𝑒𝑎𝑚                                        (2) 

where HC is the holding capacity in cubic meters and Lbeam is the vessel beam length (width) in 

meters. The holding capacity was estimated by converting the gross tons to cubic meters (2.83 

cubic meters per gross ton) (conversion factor information—100 ft3 per gross ton--obtained from 

http://www.themaritimesite.com/a-guide-to-understanding-ship-weight-and-tonnage-

measurements/).  

 

Following [Fréon et al., 2014], approximately 80 % of the light ship weight (LSW) was 

assumed to correspond to the mass of the steel hull (including the frame, steel sheets, deck, 

etc.). The remaining 20 % of the LSW value corresponds to the mass of other structural 

elements and, propulsion. The composition of the other structural elements and propulsion was 

assumed to be: 43 % as steel, 33 % as copper wire (mostly coil) and 24 % as aluminium. A 

maintenance factor was added based on [Tyedmers, 2000], which assumed 25% of the original 

material and energy inputs would be used over the lifetime of that vessel for maintenance. 

Although the lifetime of trawlers can vary between between 30-50 years [Ziegler et al., 2015], in 

this study a lifetime of 30 years was assumed which is consistent with other seafood life-cycle 

assessments [Fulton, 2010; Parker and Tyedmers, 2012; Ziegler et al., 2015]. 

 

The mass of the main engine of each vessel was assumed to be 125 metric tons [Parker and 

Tyedmers, 2012] and composed as follows: 65 % cast iron, 34 % chrome steel and 1 % white 

metal alloys (aluminium alloy 2024, AlCuMg2) [Fréon et al., 2014]. The main engine lifetime 

has been estimated to be 15 years [Fréon et al., 2014]. 
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The paint consumption (anti-fouling for the hull, and top-side paints) was also estimated. The 

volume of anti-fouling substances, Vaf (in liters), was estimating using the following formula: 

 

𝑉𝑎𝑓 = ∑ 𝐴𝑗
ℎ𝑢𝑙𝑙

𝑗 ∙ 𝑉𝑠,𝑎𝑓                                                (3) 

where Ahull is the area of the hull, Vs,af is the specific volume of the anti-fouling substance (liters 

per square meter), and j is the individual vessel in the fleet. We estimated the area of the hull, 

Ahull (in square meters), using the following formula (estimate from Jamestown Distributors of 

Interlux anti-fouling paint available at: 

https://www.jamestowndistributors.com/userportal/document.do?docId=331): 

 

𝐴ℎ𝑢𝑙𝑙 = 0.85 ∙ 𝐿𝑂𝐴 ∙ 𝐿𝑏𝑒𝑎𝑚                                                          (4) 

where LOA is the length overall (in meters).  

 

It was assumed steel vessels would require three types of paint for the top-side: primer, two-part 

polyurethane, and enamel paint. The volume, V (in liters), of top-side paint required using a 

linear relationship based on the length of the vessel using the following equations (Interlux 

product distributor paint volume estimates available at: http://www.yachtpaint.com/usa/diy/ask-

the-experts/how-much-topside-paint-do-i-need.aspx): 

 

𝑉𝑖
𝑝𝑟𝑖𝑚𝑒𝑟

= 0.653 ∑ (𝐿𝑂𝐴𝑗 − 2.082)𝑗                                                       (5) 

 

𝑉𝑖
𝑝𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒

= 0.963 ∑ (𝐿𝑂𝐴𝑗 − 3.028)𝑗                                           (6) 
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𝑉𝑖
𝑒𝑛𝑎𝑚𝑒𝑙 = 1.15 ∑ (𝐿𝑂𝐴𝑗 − 3.312)𝑗                                                (7) 

For anti-fouling estimates, one liter of paint covers between 8.7 – 9.8 m2 of hull area 

(Jamestown Distributors of Interlux anti-fouling paint available at: 

https://www.jamestowndistributors.com/userportal/document.do?docId=331). It has been 

estimated that the vessels are painted every two years [Ziegler et al., 2015]. 

 

The mass and material composition of the pelagic trawl gear was obtained from the literature 

(Table A.56). 

 

The annual catch of pollock and bycatch at the individual vessel-level was obtained from Pollock 

Conservation Cooperative and High Sea Catcher’s Cooperative reports (Table A.57). 

 

3.3.2.2. Primary processing 

 

The primary processing phase of the seafood supply-chain includes on-board production of 

intermediary products and storage of the product at a wholesaler. The inventory of materials and 

energy used is based on the literature [Fulton, 2010; Schau et al., 2009; Winther et al., 2009]. 

Energy is consumed directly in the form of fuel used during processing of the fish on-board the 

fishing vessel and electricity for freezing the product. Material and indirect energy (embodied in 

the materials) is consumed in the manufacture of cooling agents for refrigerants, and the 

manufacture of packaging materials.  

 

The estimates of primary processing fuel consumption is based on the literature. It has been 

reported that factory trawlers use approximately 5-7% of the on-board fuel use for processing 
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[Eyjólfsdóttir et al., 2003; Sund, 2009; Schau et al., 2009]. For this analysis, a mean value of 6% 

of the on-board fuel for processing was used. 

 

The annual coolant charge for the on-board freezer holds was estimated as a product of the mass 

of 210 kg of R-134a per vessel and a leakage rate of 30% per year [Smith et al., 2014].  

 

The estimate of material consumption for packaging the frozen fillet and surimi blocks is based 

on survey results that were reported in the literature [Fulton, 2010]. According to the survey 

results in that study, 15.66 kg of cardboard carton, 10.3 kg of liner (83% cardboard and 17% 

wax), and 0.18 kg packaging film (LLDPE) are required for every metric ton of catch. 

 

The initial charge of coolants such as R-404a and R-134a for the freezer storage systems was 

based on values found in the literature [Bovea et al., 2007; Blowers and Lownsbury, 2010; 

Cascini et al., 2016]. For this study however, it was assumed ammonia has a similar initial 

charge requirement as other commonly used refrigerants. In the literature, the lifetime of freezer 

storage varies between 10-15 years [Bovea et al., 2007; Blowers and Lownsbury, 2010; Cascini 

et al., 2016]. For this study, a mean value of 11.7 years was used. The initial charge as a function 

of volume varies between 0.04 to 0.44 kg m-3 depending on the freezer type. For this study, a 

specific annual initial charge of 0.012 kg m-3 y-1 was used. The required storage volume for each 

product was estimated as a function of the mass of the frozen products and the mass per unit 

volume of the packaged products (available at: http://www.ppsf.com/ecom_img/original-7-16-

ss_pollock.pdf). The freezer storage time for frozen cod varies between 30 and 90 days [Winther 

et al., 2009]. For this study, a mean freezer storage time of 60 days was used. 

http://www.ppsf.com/ecom_img/original-7-16-ss_pollock.pdf
http://www.ppsf.com/ecom_img/original-7-16-ss_pollock.pdf
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The energy consumption of freezer storage is based on the literature [Winther et al., 2009]. In 

that study, a specific energy consumption of 2.6 kJ kg-1 d-1 was reported.  

 

The annual production (2012-2015) of pollock products that were processed on-board the 

catcher/processor vessels was obtained from a technical report (Table A.51) [Fissel et al., 2016].  

 

3.3.2.3. Transportation inputs 

 

The transportation inputs include two modes, either heavy-duty truck or container vessel, or a 

combination of the two. The key inputs associated with both modes of transportation include fuel 

to power the engines (and in the case of the container vessel, the auxiliary engine), fuel for the 

freezer duty-cycle of the temperature-controlled container, and the coolant charge for the 

temperature-controlled container. 

 

The container vessel fuel consumption and emission factors were obtained from GREET’s 

Marine Plug-in module. The characteristics of the container vessel include a 37.5 MW main 

engine, an 8.3 MW auxiliary engine, and a 40.4-kiloton payload. The engine load and fuel 

consumption factors vary based on the activity. In cruise and reduced speed zone modes, the 

engine load factor is 0.6, whereas in hotel mode, the engine load factor is 0.2. The distance 

traveled within emission control areas was also estimated to reflect the different fuel qualities 

used within each zone. Within emission control areas, the container vessels use marine gas oil 

(MGO) with a fuel sulfur level of 0.1 % (percent wt.). Outside emission control areas, the 

container vessels use heavy fuel oil (HFO) with an average fuel sulfur level of 2.4 % (percent 

wt.). For the cruise activity, an average speed of 18 knots with a fuel consumption of 3.98 x 10-3 
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kg t-1 km-1 was assumed. For the reduced speed zone activity, an average speed of 12 knots with 

a fuel consumption of 3.60 x 10-3 kg t-1 km-1 was assumed. Following GREET, approximately 

233 km of an international trip will be within a reduced speed zone. Furthermore, 44 hours is 

spent in hotel activity mode with a fuel consumption factor of 413.4 kg h-1. 

 

The amount of fuel consumed by the heavy-duty truck was estimated by using fuel consumption 

factors obtained from GREET’s Well-to-Wheel Vehicle Editor. For this analysis, a short-haul 

heavy-duty truck with a payload of approximately 24 tons that operates with ultra-low sulfur 

diesel (ULSD) was used. For this vehicle, the fuel consumption factor is 1.51 x 10-2 kg ULSD t-1 

km-1. It was assumed that trips undertaken by heavy-duty truck make a return trip with half the 

payload. 

 

In addition to fuel consumption for the main and auxiliary engines of the container vessel and the 

motive of the heavy-duty truck, fuel is consumed for the freezer duty-cycle of the temperature-

controlled container. The fuel consumed by the temperature-controlled container on-board the 

container vessel is approximately 19% of the fuel consumption of the main and auxiliary engines 

[Fitzgerald et al., 2011]. The fuel consumed by the temperature-controlled container on-board 

the heavy duty truck is approximately 3 liters fuel per hour [Tassou et al., 2009]. 

 

The coolant for the temperature-controlled container and air conditioning in the cabin was also 

estimated. The annual coolant charge of the air conditioning in the cabin of the container vessel 

is 150 kg R-404a with a loss rate of 30% [Smith et al., 2014]. The annual coolant charge of the 
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temperature-controlled container is 6 kg R-404a per container with a loss rate of 15%, [Smith et 

al., 2014].  

 

3.3.2.3.1. Mass of products to secondary processors.  

 

The gross shipping mass included the pallets and containers. In addition, the disposition of the 

quantities of the products to retail locations was estimated.  

 

The gross mass of the twenty-foot equivalent (TEU) containers was multiplied by the number of 

TEU containers to estimate the shipping mass. The maximum payload of a twenty-foot 

equivalent unit (TEU) container is 22 metric tons and the mass of each TEU is approximately 2 

metric tons (http://freightfilter.com/full-container-load-fcl-guide/) giving a gross mass of the 

TEU of 24 metric tons. The total number of TEUs was estimated by dividing the total mass of 

the product (including packaging and pallets) by the TEU payload. The gross mass of the pallets 

was estimated as the product of the number of pallets by the mass of each pallet. The mass of 

each pallet is approximately 18 kg (https://greenwaypsllc.com/pallet-weight/). The total number 

of pallets was estimated by dividing the mass of the product (with packaging) by the payload of 

the pallet. The maximum payload of a pallet is 1,180 kg 

(http://www.fao.org/docrep/003/r1076e/R1076E05.htm).  

 

The disposition of the product to each retail location was estimated from technical reports [Fissel 

et al., 2016] and the U.S. Foreign Trade Commerical Fisheries Statistics database available from 

NOAA NMFS (https://www.st.nmfs.noaa.gov/commercial-fisheries/foreign-trade/) (Tables A.58 

and A.59). 

 

http://freightfilter.com/full-container-load-fcl-guide/
https://greenwaypsllc.com/pallet-weight/
http://www.fao.org/docrep/003/r1076e/R1076E05.htm
https://www.st.nmfs.noaa.gov/commercial-fisheries/foreign-trade/
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3.3.2.3.2. Distance of products to secondary processors 

 

For the German market, packaged frozen fillet blocks are transported a distance of 11,997 km by 

container vessel from the Port of Dutch Harbor to the Port of Hamburg (https://sea-

distances.org/). Approximately 10,727 km of the trip occurs outside emission control areas. For 

11,764 and 233 kilometers of the trip the container vessel operates in cruise and reduced speed 

zone modes, respectively. Furthermore, the duration of the container vessel trip is 339, 10, and 

44 hours in cruise, reduced speed zone, and hotel modes, respectively. From the Port of 

Hamburg, the temperature-controlled containers are shipped by the heavy-duty truck a distance 

of 184.6 km (average distance between the port and two major seafood processors; the major 

processors are located in the cities of Bremerhaven and Riepe), one-way. The total duration of 

the trip, one-way, is 1.8 hours. 

 

For the Netherlands market, packaged frozen fillet blocks are transported a distance of 11,908 

km by container vessel from the Port of Dutch Harbor to the Port of Rotterdam 

(http://distances.com/distances/dutch%20harbor/rotterdam). Approximately 10,648 km of the 

trip occurs outside emission control areas. For 11,764 and 233 kilometers of the trip, the 

container vessel operates in cruise and reduced speed zone modes, respectively. Furthermore, the 

duration of the container vessel trip is 381, 10.5, and 44 hours in cruise, reduced speed zone, and 

hotel modes, respectively. From the Port of Rotterdam, the temperature-controlled containers are 

shipped by the heavy-duty truck a distance of 113.6 km (average distance between the port and 

two major seafood processors; the major processors are located in the cities of Ijmuiden and 

Urk), one-way. The total duration of the trip, one-way, is 1.2 hours. 
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For the Japanese market, packaged frozen surimi blocks are transported a mean distance of 4,864 

km (an average of the distances to Kushiro--3,936 km, Nagoya--5,093 km, and Imbari--5,556 

km) by container vessel. Approximately 4,494 km of the trip occurs outside emission control 

areas. For 4,261 and 233 kilometers of the trip, the container vessel operates in cruise and 

reduced speed zone modes, respectively. Furthermore, the duration of the container vessel trip is 

139, 10.5, and 44 hours in cruise, reduced speed zone, and hotel modes, respectively. From the 

Port, the temperature controlled containers are shipped by the heavy-duty truck a distance of 8 

km (average distance between the port and three major seafood processors; the major processor 

locations are in the cities of Mitoyo, Kushiro, and Nagoya), one-way. The total duration of the 

trip, one-way, is 0.23 hours. 

 

For the South Korean market, packaged frozen surimi blocks are transported a mean distance of 

5.515 km from the Port of Dutch Harbor to the Port of Busan by container vessel. Approximately 

5,145 km of the trip occurs outside emission control areas. For 5,282 and 233 kilometers of the 

trip the container vessel operates in cruise and reduced speed zone modes, respectively. 

Furthermore, the duration of the container vessel trip is 159, 10.5, and 44 hours in cruise, 

reduced speed zone, and hotel modes, respectively. From the Port of Busan, the temperature 

controlled containers are shipped by the heavy-duty truck a distance of 8 km, one-way. The total 

duration of the trip one-way is 0.23 hours. 

 

For the U.S. market, it is assumed that packaged frozen fillet blocks and packaged frozen surimi 

blocks are processed in the same location. Each product is transported a distance of 16.9 km by 

heavy-duty truck from the point of landing to an on-shore processor. The distance was estimated 
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using the U.S. Census Bureau Commodity Flow Public Use Microdata dataset for the year 2012 

(available at: https://www.census.gov/econ/cfs/pums.html). Several filters were applied: export 

data was excluded; refrigerated truck shipments originating from Alaska and destined for Alaska 

was selected; “meat, poultry, fish, seafood, and their preparations” commodities in the standard 

classifications of transported goods was selected; and the following North American industry 

classification systems: “grocery and related product merchant wholesalers” and “food 

manufacturing” were selected. Assuming an average traveling speed of 72.4 km h-1, the total 

duration of the trip is 0.23 hours.  

 

3.3.2.4. Secondary processing  

 

In the case of frozen battered-and-breaded fillets, the inventory of materials and energy was 

obtained from a study that considered an identical product, but different white-fish (Patagonian 

grenadier) as the raw material for the product [Vázquez-Rowe et al., 2013]. It was assumed that 

pollock would be interchangeable with Patagonian grenadier.  

 

In the case of frozen crab-flavored sticks, the inventory of ingredients was obtained from the 

literature [Hur et al., 2011]. The electricity demand for processing crab-flavored sticks was 

estimated by using the formulas in [Sanjuán et al., 2014], and the power labels and loading rates 

found in equipment sales brochures of surimi processing equipment (http://www.ube-

yanagiya.com/html/products/surimi%20products/surimi.html). 

 

3.3.2.5. Transportation to wholesale and retail markets 

 

https://www.census.gov/econ/cfs/pums.html
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In the case of packaged frozen battered-and-breaded fillets exported to European retail markets 

and in the case of packaged frozen crab-flavored sticks exported to Japan, it is was assumed that 

the product would be transported 1,500 km in a heavy-duty truck [Pretty et al., 2005]. Assuming 

an average traveling speed of 155.4 km h-1, the total duration of the one-way trip is 4.8 hours.  

 

In the case of packaged frozen crab-flavored sticks exported to South Korea, a shorter distance of 

121 km was assumed due to the smaller length of the national roadways compared to the other 

countries that import pollock products. Assuming an average traveling speed of 155.4 km h-1, the 

total duration of the one-way trip is 0.8 hours.  

 

In the case of products destined for the U.S. retail markets, the products are transported a 

distance of 3,160 km by container vessel from the Port of Dutch Harbor to the Port of Seattle 

(https://sea-distances.org/). It was assumed the trip occurs entirely within emission control areas. 

For 2,927 and 233 kilometers of the trip, the container vessel operates in cruise and reduced 

speed zone modes, respectively. Furthermore, the duration of the container vessel trip is 87.8, 

10.5, and 44 hours in cruise, reduced speed zone, and hotel modes, respectively. From the Port of 

Seattle, the heavy-duty truck carrying the temperature-controlled containers travel a distance of 

2,341 km, one-way. This distance was estimated using the U.S. Census Bureau Commodity Flow 

Public Use Microdata dataset for the year 2012 (available at: 

https://www.census.gov/econ/cfs/pums.html). Several filters were applied: export data was 

excluded; refrigerated truck shipments originating from Seattle and destined for various regions 

throughout the U.S. was selected; “meat, poultry, fish, seafood, and their preparations” 

commodities in the standard classifications of transported goods was selected; and the following 

https://www.census.gov/econ/cfs/pums.html
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North American industry classification systems: “grocery and related product merchant 

wholesalers” and “food manufacturing” were selected. Assuming an average traveling speed of 

155.4 km h-1, the total duration of the one-way trip is 15.1 hours.  

 

3.3.2.6. Retail activities 

 

Material and energy is consumed while the product is being stored at a wholesale distribution 

center, while the product is being stored at the retail store prior to display, and during the time it 

is on display at the retail store.  

 

The annual initial charge for the freezer (wholesale distribution storage, retail storage, and retail 

display freezer) of 0.012 kg m-3 y-1 was applied to the estimated volumes of each product. 

 

In the case of frozen battered-and-breaded fillets, energy consumption of freezer storage 

(wholesale, retail, and display case) was 2.6 kJ kg-1 d-1.  

 

In the case of crab-flavored sticks, it was assumed that after the product arrives at the retail 

location, it is allowed to thaw and stored in a refrigerated case which requires 10 kWh m-2d-1 

[Hoang et al., 2016]. 

 

For all products, it was assumed that ancillary operations (lights, air conditioning, etc.) would 

require 800 kWh m-2 y-1 [Tassou et al., 2011]. 
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It was assumed that the storage time and time spent in retail display cases would be the same for 

all products: storage time of 7 days at a wholesale distribution center, a storage time of 10 days 

at the retail store prior to retail display, and 10 days in the retail display freezer [Ziegler, 2002]. 

 

3.3.3. Emission factors 

 

3.3.3.1. Direct vehicle exhaust emission factors 

 

The direct emissions factors of vehicle exhaust were assembled for fishing vessel, container 

vessel, and heavy duty truck transportation.  

 

Well-mixed GHGs (CO2, CH4 and N2O) and NOx of the fishing fleet and the container vessel 

were obtained from a technical report, and from GREET’s marine plug-in module. The 

remaining SLCF emissions (including SO2, BC, and OC) of the fishing fleet and container vessel 

were calculated.  

 

The SO2 emissions, EFexh,SO2 (g SO2 / kg fuel), of the fishing fleet and the container vessel were 

calcuated using the following equation: 

𝐸𝐹 𝑗
𝑒𝑥ℎ,𝑆𝑂2 = 𝑓𝑗

𝑆 ∙ 2 ∙ 𝑓𝑆𝑂2                                                                 (8) 

where fS is the fuel sulfur fraction (g S per kg fuel), 2 is the ratio of molecular weights of SO2 to 

S,  fSO2 is the fraction of fuel sulfur emitted as SO2 (97.8%), and j is the fuel sulfur fraction [ICF 

International, 2009]. The SO2 emissions depend on the fuel quality used by the fleet. For the 

Alaskan pollock catcher/processor pelagic trawl fleet, approximately 23% of the fleet is 

classified as a Category 2 engine operating with ULSD (fuel sulfur 0.0015% wt.) and the 

remainder is classified as Category 3 engine operating with MGO (fuel sulfur 0.1% wt.). The 
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emissions from the container vessel depend on a number of factors including vessel activity 

mode (reduced-speed zone, cruise, or hoteling) and fuel quality. When the vessel is traveling in 

an emission control area, the vessel is required to use MGO with a fuel sulfur level of 0.1 (% 

wt.). Outside of emission control areas the vessel uses HFO with an average sulfur level of 2.4 

(% wt.).  

 

The emissions of black carbon (BC) and organic carbon (OC) depend on the fleet engine speed. 

For the Alaskan pollock catcher/processor pelagic trawl fleet, the Sea-web database was 

searched for International Maritime Organization numbers and vessel names to estimate the 

vessel engine speed. The search returned only result, with a vessel speed of 900 rpm. Because 

the engine speeds were not available for all of the vessels in the fleet, it was assumed the fleet is 

comprised of medium-speed diesel (MSD) engines, which is consistent with what other studies 

have found for fishing fleets [Lack et al., 2008]. In the case of the container vessel, a slow-speed 

diesel (SSD) engine was assumed [Lack et al., 2008]. The BC emission factors exhaust 

emissions were taken from plume sampling studies of in-use vessels [Lack et al., 2008; Petzold 

et al., 2011; Buffaloe et al., 2014; Cappa et al., 2014]. The mean and 95% confidence intervals 

0.41 (± 0.27), 0.85 (± 0.14), 0.48 (± 0.16) g BC kg fuel-1 for slow-speed diesel (SSD), medium-

speed diesel (MSD), and high-speed diesel (HSD) engines, respectively [Lack et al., 2008; 

Petzold et al., 2011; Buffaloe et al., 2014; Cappa et al., 2014]. 

 

The emission factor for organic carbon (OC), EFexh,OC (g OC / kg fuel), was calculated using the 

following equation:  

𝐸𝐹𝑘
𝑒𝑥ℎ,𝑂𝐶 = 𝐸𝐹𝑘

𝑒𝑥ℎ,𝐵𝐶 ∙
𝑃𝑂𝑀

1.2∙𝐵𝐶
                                                       (9) 
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where EFexh,BC is the emission factor of black carbon (BC), POM is particulate organic matter 

which is120% of the OC, the ratio of POM to BC is 1.4 [Petzold et al., 2011; Fuglestvedt et al., 

2010] and k is the engine type. The engine type is either slow speed diesel (SSD), medium speed 

diesel (MSD), or high speed diesel (HSD). For our calculations we use a density of 825 (±0.7) 

and 840 (±7.3) grams per liter for ULSD and MGO, respectively. 

 

In the computation of heavy-duty truck emissions, emissions factors were obtained from 

GREET’s Well-to-Wheel Vehicle Editor. 

 

3.3.3.2. Indirect emissions factors 

 

Indirect emission factors were assembled for the energy sources, and materials used throughout 

the seafood supply-chain. Multiple sources for the indirect emission factors were used including 

the literature, the Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation 

(GREET) Model (v.1.3.0.12842), and Simapro (v.7.2). Because BC emissions were unavailable 

in Simapro, BC emission factors were estimated from the PM 2.5 emissions using a technical 

report [Cai, 2014]. 

 

3.3.4. Global warming potentials  

 

The global warming potentials (GWPs) on a 20-y and a 100-y time horizon used in this analysis 

were obtained from the literature. A boot-strap analysis was conducted on the GWPs of SLCFs 

to estimate the uncertainty.  
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3.4. Results 

 

3.4.1. Material and energy flow 

 

The inventory of the material and energy flows of the two products for five retail destinations are 

presented in Tables 3.1-3.10.  

 

3.4.2. Emission factor results 

 

The results of the direct emission factor analysis (vessel exhaust of the fishing vessels, container 

vessels and heavy-duty trucks) are presented in Tables (3.11-3.14). The results of the indirect 

emissions factor analysis are categorized by non-ingredient results (Table 3.15) and ingredient 

results (Table 3.16). 

3.4.3. Global warming potential results 

 

The results of the GWP analysis are presented in Table 3.17. 
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Table 3.1: Inventory of material and energy flows of the fishing phase of the seafood supply 

chain for the pollock fleet. 

Inventory item Amount Units 

Direct inputs   

Fuel consumption in fishing operationsa 6.32 (± 0.20) x 107 liters 

Marine lubricating oil 2.07 (± 0.13) x 105 kilograms 

Refrigerant HFC-404a 6.64 (± 0.43) x 102 kilograms 

Steel for vessel construction and maintenance 4.56 (± 0.30) x 106 kilograms 

Copper wire for vessel construction and maintenance 3.40 (± 0.22) x 105 kilograms 

Aluminum for vessel construction and maintenance 2.47 (± 0.16) x 105 kilograms 

Cast iron for main engine construction 7.99 (± 0.52) x 104 kilograms 

Chrome steel for main engine construction 4.18 (± 0.27) x 104 kilograms 

Aluminum alloy for main engine construction 1.23 (± 0.08) x 103 kilograms 

Anti-fouling paint 8.79 (± 0.57) x 102 liters 

Primer paint 3.97 (± 0.26) x 102 liters 

Polyurethane paint 5.87 (± 0.38) x 102 liters 

Enamel paint 7.03 (± 0.46) x 102 liters 

Steel for fishing gear 5.79 (± 10) x 102 kilograms 

Nylon for fishing gear 7.73 (± 0.13) x 102 kilograms 

Lead for fishing gear 5.02 (± 0.09) x 103  kilograms 

Polyethylene for fishing gear 7.73 (± 0.13) x 102 kilograms 

Direct outputs   

Whole live-weight pollock 4.43 (± 0.14) x 105 tons 

By-catch 3.99 (± 1.23) x 104 tons 
aFuel consumption: 23% ultra-low sulfur diesel; 77% marine gas oil. 
b6% of total fuel consumption is allocated to processing; fuel consumption from fuel log data allocated to fishing activities by 

applying a factor of 0.94. 
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Table 3.2: Inventory of material and energy flows of the primary processing phase of the seafood 

supply chain for the pollock catcher/processor fleet. 

Inventory item Amount Units 

Direct inputs   
Fuel consumption in on-board processinga 4.06 (± 0.13) x 106 liters 

Refrigerant HFC-134a for on-board freezing 1.23 (± 0.60) x 103 kilograms 

Cardboard 4.39 (± 0.51) x 106 kilograms 

Packaging film (LLDPE) 5.05 (± 0.58) x 104 kilograms 

Liner (83% cardboard and 17% wax) 2.89 (± 0.33) x 106 kilograms 

Refrigerant NH3 for freezer storage 5.88 (± 0.63) x 102 kilograms 

Energy consumption for freezer storage 3.91 (± 0.42) x 1010 kilojoules 

Direct outputs   
Whole fish 3.86 (± 3.8) x 105 kilograms 

Headed & gutted 3.24 (± 0.58) x 107 kilograms 

Roe 1.06 (± 0.15) x 107 kilograms 

Fillet 9.20 (± 0.73) x 107 kilograms 

Surimi 8.27 (± 0.86) x 107 kilograms 

Mince 2.23 (± 0.21) x 107 kilograms 

Meal 2.26 (± 0.68) x 107 kilograms 

Other 1.38 (± 0.33) x 107 kilograms 
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Table 3.3: Transportation inputs of frozen Alaskan pollock fillet blocks for three different port 

destinations. 

Item Units Japan South Korea United States 

Inputs     

Frozen fillet blocks  kg 3.32 (± 0.50) x 107 2.66 (± 0.40) x 107 7.99 (± 0.12) x 106 

Packaging  kg 8.69 (± 1.30) x 105 6.95 (± 1.04) x 105 2.09 (± 0.31) x 105 

Pallets  kg 5.31 (± 0.79) x 105 4.25 (± 0.63) x 105 1.28 (± 0.19) x 105 

Container  kg 3.15 (± 0.47) x 106 2.52 (± 0.38) x 106 7.57(± 0.11) x 102 

Gross shipping mass  kg 3.78 (± 0.56) x 107 3.02 (± 0.45) x 107 8.33 (± 0.12) x 106 

Container vessel from Dutch Harbor to 

secondary processor     
HFO fuel consumption of main and 

auxilary engines kg 6.74 (± 1.01) x 105 6.18 (± 0.92) x 105 

HFO fuel consumption for freezer duty  kg 1.28 (± 0.19) x 105 1.17 (± 0.18. x 105 

MGO fuel consumption of main and 

auxilary engines  kg 9.04 (± 0.81) x 104 7.96 (± 0.65) x 104 

MGO fuel consumption for freezer duty kg 1.72 (± 0.15) x 104 1.51 (± 0.12) x 104 

Coolant for vessel air conditioning (R-

404a)  kg 6.77 (± 1.01) x 10-1 4.70 (± 0.70 x 10-1 

Coolant for container (R-134a)  kg 6.15 (± 0.92) x 101 5.41 (± 0.81) x 101 

Heavy duty truck transportation from 

port to secondary processor     
ULSD fuel consumption of truck main 

engine  kg 4.70 (± 0.70) x 103 1.89 (± 0.35) x 103 2.41 (± 0.36) x 103 

ULSD fuel consumption of freezer duty kg 1.40 (± 0.50) x 107 1.09 (± 0.16) x 103 3.28 (± 0.49) x 102 

Coolant for container (R-134a)  kg 5.79 (± 0.20) x 10-2 4.53 (± 0.68) x 10-2 1.36 (± 0.20) x 10-2 

Outputs     

Frozen fillet blocks  kg 3.32 (± 0.50) x 107 2.66 (± 0.40) x 107 7.99 (± 0.12) x 106 

Packaging kg 8.69 (± 1.30) x 105 6.95 (± 1.04) x 105 2.09 (± 0.31) x 105 

 

  



 
 

118 
 

Table 3.4: Transportation inputs of frozen Alaskan surimi fillet blocks for three different port 

destinations. 

Item Units Japan South Korea United States 

Inputs     

Frozen fillet blocks  kg 3.32 (± 0.50) x 107 2.66 (± 0.40) x 107 7.99 (± 0.12) x 106 

Packaging  kg 8.69 (± 1.30) x 105 6.95 (± 1.04) x 105 2.09 (± 0.31) x 105 

Pallets  kg 5.31 (± 0.79) x 105 4.25 (± 0.63) x 105 1.28 (± 0.19) x 105 

Container  kg 3.15 (± 0.47) x 106 2.52 (± 0.38) x 106 7.57(± 0.11) x 102 

Gross shipping mass  kg 3.78 (± 0.56) x 107 3.02 (± 0.45) x 107 8.33 (± 0.12) x 106 

Container vessel from Dutch Harbor to secondary processor   
HFO fuel consumption of main 

and auxilary engines kg 6.74 (± 1.01) x 105 6.18 (± 0.92) x 105  
HFO fuel consumption for 

freezer duty  kg 1.28 (± 0.19) x 105 1.17 (± 0.18. x 105  
MGO fuel consumption of main 

and auxilary engines  kg 9.04 (± 0.81) x 104 7.96 (± 0.65) x 104  
MGO fuel consumption for 

freezer duty kg 1.72 (± 0.15) x 104 1.51 (± 0.12) x 104  
Coolant for vessel air 

conditioning (R-404a)  kg 6.77 (± 1.01) x 10-1 4.70 (± 0.70 x 10-1  

Coolant for container (R-134a)  kg 6.15 (± 0.92) x 101 5.41 (± 0.81) x 101  
Heavy duty truck transportation from port to secondary 

processor   
ULSD fuel consumption of truck 

main engine  kg 4.70 (± 0.70) x 103 1.89 (± 0.35) x 103 2.41 (± 0.36) x 103 

ULSD fuel consumption of 

freezer duty kg 1.40 (± 0.50) x 107 1.09 (± 0.16) x 103 3.28 (± 0.49) x 102 

Coolant for container (R-134a)  kg 5.79 (± 0.20) x 10-2 4.53 (± 0.68) x 10-2 1.36 (± 0.20) x 10-2 

Outputs     

Frozen fillet blocks  kg 3.32 (± 0.50) x 107 2.66 (± 0.40) x 107 7.99 (± 0.12) x 106 

Packaging kg 8.69 (± 1.30) x 105 6.95 (± 1.04) x 105 2.09 (± 0.31) x 105 
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Table 3.5: Secondary processing material and energy flows of frozen Alaskan pollock battered-

and-breaded fillets Vázquez-Rowe et al. (2013) 

 Item Amount Units 

Inputs   
Frozen fillet blocks 9.20 (± 0.73) x 107 kg 

Packaging 7.33 (± 0.85) x 106 kg 

Reception   
Lubricating oil (pallet jack and forklift) 6.32 (± 0.28) x 102 kg 

Electricity (pallet jack and forklift) 1.84 (± 0.08) x 104 kWh 

Unwrapping   
Lubricating oil (forklift) 4.08 (± 0.18) x 102 kg 

Electricity (forklift) 1.72 (± 0.08) x 104 kWh 

Block cutting   
Lubricating oil (band-saw) 4.03 (± 0.18) x 102 kg 

Electricity (band-saw) 4.77 (± 0.21) x 106 kWh 

Battering of filets   
Wheat-mix batter 1.15 (± 0.10) x 107 kg 

Tap water for battering process 2.66 (± 0.21) x 107 kg 

Electricity for mixing batter 1.87 (± 0.15) x 103 kWh 

Breadcrumb application   
Breadcrumbs 4.20 (± 0.17) x 107 kg 

Electricity for coating machine 9.40 (± 0.75) x 102 kWh 

Industrial frying   
Sunflower oil 9.40 (± 0.75) x 102 kg 

Electricity for oil sprinkler 9.40 (± 0.75) x 102 kWh 

Freezing   
Electricity for freezing 9.40 (± 0.75) x 102 kWh 

Packaging   
Cardboard 4.70 (± 0.37) x 106 kg 

Polyethylene 3.33 (± 0.47) x 105 kg 

Retractable polyolefin 4.69 (± 0.67) x 105 kg 

Electricity for packaging 1.10 (± 0.09) x 107 kWh 

Ancillary operations at the processing plant   

Damaged fish blocks 8.28 (± 0.66) x 106 kg 
  

Fishsticks 1.65 (± 0.13) x 108 kg 
  

Fishstick packaging 1.65 (± 0.14) x 107 kg 
  

Excess breadcrumbs 2.52 (± 0.10) x 106 kg 
  

Excess batter 2.18 (± 0.17) x 103 L 
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Table 3.6: Secondary processing material and energy flows of frozen Alaskan pollock crab-

flavored sticks. 

Item Units Amount 

Inputs   
Frozen surimi blocks kg 8.27 (± 0.86) x 107 

Packaging kg 2.16 (± 0.23) x 106 

Reception   
Lubricating oil (pallet jack and forklift) kg 5.59 (± 0.62) x 102 

Electricity (pallet jack and forklift) kWh 1.74 (± 0.18) x 104 

Unwrapping   
Lubricating oil (forklift) kg 3.84 (± 0.40) x 102 

Electricity (forklift) kWh 1.62 (± 0.17) x 104 

Block cutting   
Lubricating oil (band-saw) kg 3.80 (± 0.40) x 102 

Electricity (band-saw) kWh 4.49 (± 0.47) x 106 

Crab-flavored stick production   
Electricity for kamaboko production kWh 1.25 (± 0.13) x 107 

Wheat starch kg 4.13 (± 0.43) x 106 

Potato starch kg 4.13 (± 0.43) x 106 

Sugar kg 2.19 (± 0.23) x 106 

Salt kg 2.02 (± 0.21) x 106 

Crab extract kg 1.83 (± 0.19) x 106 

Kelp extract kg 6.26 (± 0.65) x 105 

Albumen kg 6.24 (± 0.67) x 105 

Calcium carbonate kg 1.03 (± 0.11) x 106 

Crab flavor kg 4.54 (± 0.47) x 105 

Soybean oil kg 5.17 (± 0.54) x 104 

Phosphate kg 3.13 (± 0.33 x 105 

Seasoning mix kg 3.40 (± 0.35) x 106 

Red colorant kg 4.70 (± 0.49) x 104 

Distilled water kg 5.17 (± 0.54) x 107 

Freezing   
Electricity for freezing kWh 1.86 (± 0.19) x 107 

Packaging   
Cardboard kg 4.43 (± 0.46) x 106 

Polyethylene kg 3.13 (± 0.33) x 105 

Retractable polyolefin kg 4.42 (± 0.50) x 105 

Electricity for packaging kWh 1.04 (± 0.11) x 107 

Ancillary operations at the processing plant   
Ammonia (NH3) kg 6.02 (± 1.18)  

Detergents kg 2.20 (± 0.43) x 102 

Bleach kg 1.61 (± 0.32) x 102 

Caustic soda kg 2.26 (± 0.44) x 104 

Electricity kWh 5.14 (± 0.66) x 107 

Outputs   
Packaging for frozen surimi blocks kg 2.16 (± 0.23) x 106 

Crab-flavored  sticks kg 1.56 (± 0.16) x 108 

Crab-flavored stick packaging kg 4.74 (± 0.49) x 106 

Table 3.7: Transportation inputs for frozen Alaskan pollock battered-and-breaded fillets for 

three different retail markets. 

Description Units Germany Netherlands United States 

Transportation to retail distribution 

center     
Inputs     
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Frozen battered-and-breaded fillets kg 7.25 (± 0.58) x 107 3.03 (± 0.24) x 107 6.25 (± 0.50) x 107 

Packaging  kg 6.03 (± 0.48) x 106 2.52 (± 0.20) x 106 5.20 (± 0.41) x 106 

Pallets  kg 1.22 (± 0.01) x 106 5.11 (± 0.03) x 105 1.05 (± 0.01) x 106 

Container  kg 7.25 (± 0.59) x 106 3.03 (± 0.02) x 106 6.25 (± 0.50) x 106 

Gross shipping mass  kg 8.69 (± 0.63) x 107 3.64 (± 0.26) x 107 7.50 (± 0.54) x 107 

Heavy duty truck transportation      

ULSD consumption of main engine  kg 1.47 (± 0.11) x 106 6.15 (± 0.44) x 105  
ULSD consumption of refrigerated 

container freezer duty kg 6.49 (± 0.05) x 104 2.72 (± 0.01) x 104  
Coolant (R-404a) initial charge for 

refrigerated container  kg 2.70 (± 0.02) 1.13 (± 0.01)  
Container vessel transportation     

MGO fuel consumption of main and 

auxilary engines kg   9.55 (± 0.12) x 105 

MGO fuel consumption of 

refrigerated container freezer duty  kg   1.81 (± 0.02) x 105 

Coolant (R-404a) initial charge for 

vessel air conditioning kg   7.14 (± 0.07) x 10-1 

Coolant (R-404a) initial charge for 

refrigerated container  kg   4.46 (± 0.04) x 101 

Transportation to retail stores     

ULSD consumption of main engine kg 1.47 (± 0.11) x 106 6.15 (± 0.44) x 105 3.96 (± 0.29) x 106 

ULSD consumption of refrigerated 

container freezer duty kg 6.49 (± 0.05) x 104 2.72 (± 0.01) x 104 1.75 (± 0.34) x 105 

Coolant (R-404a) initial charge for 

refrigerated container  kg 2.70 (± 0.02) 1.13 (± 0.01) 4.84 (± 0.04) 
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Table 3.8: Transportation inputs for crab-flavored sticks for three different retail markets. 

Description Units Japan South Korea United States 

Transportation to retail 

distribution center     

Inputs     

Crab-flavored sticks  kg 7.63 (± 0.79) x 107 6.10 (± 0.63) x 107 1.83 (± 0.19) x 107 

Packaging  kg 8.48 (± 0.88) x 106 6.78 (± 0.71) x 106 2.04 (± 0.21) x 106 

Pallets  kg 1.32 (± 0.14) x 106 1.06 (± 0.11) x 106 3.18 (± 0.33) x 105 

Container kg 7.83 (± 0.81) x 106 6.26 (± 0.65) x 106 1.88 (± 0.20) x 106 

Gross shipping mass kg 9.39 (± 0.98) x 107 7.51 (± 0.78) x 107 2.26 (± 0.24) x 107 

Heavy duty truck 

transportation      
ULSD consumption of 

main engine kg 1.59 (± 0.17) x 106 2.05 (± 0.21) x 105  
ULSD consumption of 

refrigerated container 

freezer duty kg 7.01 (± 0.73) x 104 9.03 (± 0.94) x 103  
Coolant (R-404a) initial 

charge for refrigerated 

container  kg 2.91 (± 0.30) 3.75 (± 0.39) x 10-1  
Container vessel 

transportation     
MGO fuel consumption of 

main and auxilary engines  kg   3.00 (± 0.48) x 105 

MGO fuel consumption of 

refrigerated container 

freezer duty  kg   1.98 (± 0.77) x 105 

Coolant (R-404a) initial 

charge for vessel air 

conditioning  kg   7.14 (± 0.07) x 10-1 

Coolant (R-404a) initial 

charge for refrigerated 

container  kg   1.34 (± 0.14) x 101 

Transportation to retail 

stores     
ULSD consumption of 

main engine  kg 1.59 (± 0.17) x 106 2.05 (± 0.21) x 105 1.19 (± 0.12) x 106 

ULSD consumption of 

refrigerated container 

freezer duty  kg 7.01 (± 0.73) x 104 9.03 (± 0.94) x 103 1.69 (± 0.18) x 104 

Coolant (R-404a) initial 

charge for refrigerated 

container kg 2.91 (± 0.30) 3.75 (± 0.39) x 10-1 1.46 (± 0.15) 
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Table 3.9: Material and energy flows of Alaskan frozen battered-and-breaded pollock fillets 

during the retail phase of the seafood supply-chain for three different retail markets. 

Description  Germany Netherlands United States 

Frozen battered-and-breaded 

fillets kg 7.25 (± 0.73) x 107 3.03 (± 0.30) x 107 6.25 (± 0.62) x 107 

Packaging for frozen fish sticks kg 6.03 (± 0.60) x 106 2.52 (± 0.25) x 106 5.20 (± 0.52) x 106 

Storage at retail distribution 

center      
Electricity for freezer storage  (7 

days) MJ 1.47 (± 0.15) x 106 6.07 (± 0.61) x 105 1.25 (± 0.13) x 106 

Coolant (NH3) initial charge for 

retail distribution storage freezer kg 2.21 (± 0.22) x 101 9.26 (± 0.93) 1.91 (± 0.19) x 101 

Retail store      
Electricity for freezer storage (10 

days) MJ 2.07 (± 0.21) x 106 8.67 (± 0.87) x 105 1.79 (± 0.18) x 106 

Coolant (R-404a) initial charge 

for retail freezer storage kg 3.16 (± 0.32) x 101 1.32 (± 0.13) x 101 2.73 (± 0.27) x 101 

Electricity for retail freezer (10 

days) MJ 2.07 (± 0.21) x 106 8.67 (± 0.87) x 105 1.79 (± 0.18) x 106 

Coolant (R-404a) initial charge 

for retail display freezer kg 3.16 (± 0.32) x 101 1.32 (± 0.13) x 101 2.73 (± 0.28) x 101 

Electricity for retail ancillary 

operations MJ 8.07 (± 0.81) x 106 1.86 (± 0.19) x 106 6.61 (± 0.66) x 106 

Outputs      

Frozen fish sticks kg 7.25 (± 0.73) x 107 3.03 (± 0.30) x 107 6.25 (± 0.63) x 107 

Packaging for frozen fish sticks kg 6.03 (± 0.60) x 106 2.52 (± 0.23) x 106 5.20 (± 0.52) x 106 
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Table 3.10: Material and energy flows of Alaskan frozen crab-flavored stick during the retail 

phase of the seafood supply-chain for three different retail markets. 

 

Description Units Japan South Korea United States 

Inputs     
Frozen crab-flavored sticks kg 7.63 (± 0.79) x 107 6.10 (± 0.63) x 107 1.83 (± 0.19) x 107 

Packaging for crab-flavored fish sticks kg 8.48 (± 0.88) x 106 6.78 (± 0.71) x 106 2.04 (± 0.21) x 106 

Storage at retail distribution center     
Electricity for freezer storage  (7 days) MJ 1.57 (± 0.16) x 105 1.25 (± 0.13) x 106 3.77 (± 0.39) x 105 

Coolant (NH3) initial charge for retail 

distribution storage freezer kg 2.39 (± 0.25) x 101 1.91 (± 0.20) x 101 5.75 (± 0.60) 

Retail store     
Electricity for freezer storage (10 days) MJ 8.27 (± 0.86) x 105 6.61 (± 0.69) x 105 1.99 (± 0.21) x 105 

Coolant (R-404a) initial charge for retail freezer 

storage kg 3.42 (± 0.34) x 101 2.73 (± 0.28 x 101 8.22 (± 0.85) 

Electricity for retail freezer (10 days) MJ 8.27 (± 0.86) x 105 6.61 (± 0.69) x 105 1.99 (± 0.21) x 105 

Coolant (R-404a) initial charge for retail 

display freezer kg 3.42 (± 0.36) x 101 2.73 (± 0.28 x 101 8.22 (± 0.85) 

Electricity for retail ancillary operations MJ 3.19 (± 0.18) x 107 2.19 (± 0.23) x 107 5.26 (± 0.55) x 106 

Outputs     
Frozen crab-flavored sticks kg 7.63 (± 0.79) x 107 6.10 (± 0.63) x 107 1.83 (± 0.19) x 107 

Packaging for crab-flavored fish sticks kg 8.48 (± 0.88) x 106 6.78 (± 0.71) x 106 2.04 (± 0.21) x 106 
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Table 3.11: Fishing vessel emission factors for long-lived climate forcing pollutants (CO2, CH4, 

and N2O), nitrogen oxides (NOx), and sulfur dioxide (SO2) for ultra-low sulfur diesel (ULSD) 

and marine gas oil (MGO). 

Fuel type 
Fuel sulfur  Emission factor pollutants (g/kg fuel) 

(% wt.)  CO2  CH4  N2O NOx SO2 

ULSD 0.0015 3,183 0.03 0.16 52 0.03 

MGO 0.1 3,183 0.02 0.15 52 1.96 
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Table 3.12: Emission factors of black carbon (BC) and organic carbon (OC) pollutants as a 

function of engine speed : slow speed diesel (SSD), medium speed diesel (MSD), or high speed 

diesel (HSD). 

 Engine type 

Emission factor pollutants (g/kg fuel) 

BC OC 

SSD 0.41 (± 0.27) 0.48 (± 0.32) 

MSD 0.85 (± 0.14) 0.99 (± 0.16) 

HSD 0.48 (± 0.16) 0.56 (± 0.18) 
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Table 3.13: Container vessel emission factors by trip segment and fuel type [Wang, 2011]. 

 Trip 

segment CO2 CH4 N2O NOxa SOxb BC POC 

RSZc,d        
HFOe 1.14 x 10-2 9.04 x 10-8 5.65 x 10-7 2.91 x 10-4 1.94 x 10-4 1.48 x 10-6 1.73 x 10-6 

MGOf 1.26 x 10-2 1.21 x 10-7 6.30 x 10-7 3.26 x 10-4 2.15 x 10-4 1.63 x 10-6 1.91 x 10-6 

Cruised,g        
HFOe 1.14 x 10-2 9.04 x 10-8 5.65 x 10-7 2.91 x 10-4 1.94 x 10-4 1.48 x 10-6 1.73 x 10-6 

MGOf 1.26 x 10-2 1.21 x 10-7 6.30 x 10-7 3.26 x 10-4 2.15 x 10-4 1.63 x 10-6 1.91 x 10-6 

Hotelh        
MGOf 1.31 x 103 7.28 x 10-3 5.65 x 10-2 2.68 x 101 2.23 x 101 1.69 x 10-1 1.98 x 10-1 

a NOx as nitrogen dioxide (NO2). 
b SOx as sulfur dioxide (SO2). 
cReduced speed zone (RSZ); container vessel speed 12 knots. 
dEmission factor given in units kilograms of pollutant per ton-kilometer. 
eHeavy fuel oil (HFO) with a fuel sulfur level of 2.4 (% wt.). 
fMarine gas oil (MGO) with a fuel sulfur level of 0.1 (% wt.). 
gCruise zone; container vessel speed 18 knots. 
hEmission factor given in units kilograms of pollutant per hour. 
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Table 3.14: Heavy-truck emission factors. Emission factors given in kilograms of pollutant per 

ton-kilometer [Wang, 2011]. 

 Fuel 

type CO2 CH4 N2O NOxa SOxb BC OC 

ULSDc 4.62E-02 1.82E-06 7.45E-08 4.30E-05 4.42E-07 7.94E-08 1.40E-07 
aNOx as nitrogen dioxide (NO2). 
bSOx as sulfur dioxide (SO2). 
cUltra-low sulfur diesel (ULSD) with a fuel sulfur level of 0.0015 (% wt.). 
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Table 3.15: Indirect emission factors of non-ingredient material and energy sources. 

Inventory Item 
CO2 CH4 N2O NOx SOx BC POC CF4 C2F6 

(kg) (g) (mg)  (g) (g) (mg) (mg) (mg)  (mg) 

ULSDa(1kg) 0.69 6.49 9.88 1.78 0.92 16.2 33.3   
MGOb (1kg) 0.63 6.97 8.87 1.79 0.89 16.4 33.4   
HFOc (1kg) 0.29 5.6 3.4 1.2 0.66 23 12   

Lubricant oild,e (1kg) 3.13 3.59 62.2 6.64 20.3 41.5 45.9   
R-134af,g (1kg) 95.4 212 2405 33.3 32.8 143 259   
R-404ah(1kg) 148 329 3731 51.6 50.8 221 401   
Steeld,i (1kg) 3.66 6.26 42.1 4.31 13.8 24.6 52.9   
Copper wired(1kg) 3.08 5.43 57.1 7.82 150 100 80.2   
Aluminumd,j (1kg) 2.7 5.58 56.2 3.08 8.27 25.3 50.5 18.9 2.61 

Cast irond,k (1kg) 0.91 4.57 16.7 1.79 3.48 9 22.4   
Chromed,l (1kg) 4.5 7.15 66.1 6.72 12.4 41.1 80.4   
Anti-fouling paintf,m (1kg) 1.45 40.7 17.1 4.33 3.95 13.9 21.2   
Primer paintd,n (1kg) 5.82 20.1 180 8.97 11.9 65 120   
Polyurethane paintd,o (1kg) 2.97 19 91.7 5.75 17.8 57.2 67.1   
Enamel paintf,p (1kg) 2.57 8.36 34.3 6.08 7.07 33.5 59.6   
Nylonf,q (1kg) 8.7 13.8 105 23 18.5 75.4 122   
Leadd,r (1kg) 0.52 2.47 5.12 0.82 13.1 2.37 5.79   
Polyethylened,s (1kg) 2.94 15.9 74.4 5.36 13.2 53.8 65.4   
Poly-steeld,t (1kg) 2.47 20.5 83.8 4.42 16.9 35.5 58.3   
Polypropylened (1kg) 1.83 24.7 86.6 3.72 24.3 25.5 43.1   

Cartonf,u (1kg) 1.16 1.9 15 2.7 2.4 9.9 17   

Plastic bagf,v (1kg) 2.26 12.2 57.1 4.13 10.1 41.3 50.3   

Liner (1kg)f,w 0.8 1.15 16.3 2.3 2.19 7.93 12.3   

aUltra-low sulfur diesel with 0.0015 (% wt.) fuel sulfur. 
bMarine gas oil with 0.1 (% wt.) fuel sulfur. 
cHeavy fuel oil with 2.6 (% wt.) fuel sulfur. 
dThe Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) Model, Argonne National Lab v.1.3.0.12842. 
e'Engine oil'. 

fGHG emissions obtained from Simapro v.7.2 using IPCC 2007 GWP 100a v.1.02 method; energy carrier contributions identified using 

Cumulative Energy Demand v.1.07 method;  energy carriers allocated to individual pollutants using GREET. 
g'Trichloroethylene' and 'tetrachloroethylene' energy carrier information was substituted for 'unspecified organics' in Simapro due to lack of data. 
hData for R-404a was unavailable; GHG emissions were obtained from Cascini et al. (2016); energy carrier and pollutant allocations were made 

using the data for R-134a. 
i'Average steel'; 26% recycled and 73.6% virgin. 
jAverage cast aluminum'; 85% recycled and 15% virgin. 
k'Final iron product'; 85% cast iron and 15% forged iron. 
l'Chromium steel 18/8, at plant/RER U'. 
mWe base our ingredient list on an anti-fouling bottom paint for steel hulls with a formula of 45% copper oxide ('Copper oxide, at plant/RER U') 

and 55% intert materials; for the inert materials we assume 'Alkyd resin, long oil, 70% in white spirit, at plant/RER U'. 
n'Liquid epoxy resin'. 
o'Polyurethane flexible foam' 
p'Alkyd paint, white, 60% in solvent, at plant/RER U'. 
q'Nylon 6 E'. 
r'Mix: average lead'; 73% recycled and 27% virgin. 
s'Polyethylene terephthalate resin'. 
t'High-impact polystyrene resin'. 
u'Packaging, corrugated board, mixed fibre, single wall, at plant/CH U'. 
v'Packaging film, LDPE, at plant/RER U'. 
w'Kraft paper, unbleached, at plant/RER S; Paraffin, at plant/RER U'. 
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Table 3.16: Indirect emission factors of ingredient materials. 

Inventory Item CO2 CH4 N2O NOx SOx BC OC 

  (kg) (kg) (kg) (kg) (kg) (kg) (kg) 

Wheat-mix battera,b (1kg) 1.11E+00 2.40E-03 1.49E-05 2.01E-03 2.50E-03 1.40E-03 1.67E-05 

Tap watera (1kg) 3.00E-04 4.40E-07 4.30E-09 5.60E-07 8.60E-07 2.80E-09 5.20E-09 

Breadcrumbsa,b (1kg) 1.01E+00 2.53E-03 1.46E-05 1.81E-03 2.26E-03 4.24E-04 1.50E-05 

Sunflower oila,b (1kg) 2.59E+00 3.59E-03 2.93E-05 8.08E-03 6.34E-03 2.39E-05 3.53E-05 

Wheat starcha,b (1 kg)d 1.88E+00 3.67E-03 2.42E-05 4.45E-03 3.99E-03 1.69E-05 2.80E-05 

Potato starcha (1 kg) 4.44E-01 8.92E-04 8.31E-04 5.68E-04 7.68E-04 5.25E-05 4.99E-05 

Sugara (1 kg) 2.84E-01 5.77E-04 6.92E-04 1.33E-03 4.19E-04 8.11E-05 3.44E-05 

Salta (1 kg) 3.03E+00 4.63E-03 4.43E-05 5.02E-03 8.44E-03 2.78E-05 5.30E-05 

Crab extracta (1 kg) 4.92E+00 1.86E-02 4.81E-03 1.87E-02 1.27E-02 2.41E-03 2.17E-03 

Crab flavoringa(1 kg) 1.77E+00 6.69E-03 1.73E-03 6.72E-03 4.56E-03 8.66E-04 7.78E-04 

Carrageenana (1 kg) 5.89E-01 2.23E-03 5.75E-04 2.24E-03 1.52E-03 2.89E-04 2.59E-04 

Kelp extracta (1 kg) 6.18E-01 2.34E-03 6.04E-04 2.35E-03 1.60E-03 3.03E-04 2.72E-04 

Albumena (1 kg) 6.25E-01 1.85E-03 4.30E-03 3.36E-03 3.47E-04 9.13E-05 1.10E-04 

Calcium carbonatec (1 kg) 1.30E-02 2.70E-05 8.15E-08 3.44E-05 6.33E-06 2.60E-07 2.80E-07 

Soybean oila (1 kg) 3.58E-01 5.59E-04 1.82E-03 2.21E-03 1.21E-03 6.80E-05 4.63E-05 

Phosphatec (1 kg) 1.42E+00 3.35E-03 2.59E-05 4.78E-03 4.97E-02 4.56E-05 1.00E-04 

Seasoning mixa (1 kg) 5.11E-01 1.94E-03 4.99E-04 1.94E-03 1.32E-03 2.51E-04 2.25E-04 

Red coloranta (1 kg) 5.89E-01 2.23E-03 5.75E-04 2.24E-03 1.52E-03 2.89E-04 2.59E-04 

Distilled watera(1 kg) 7.45E-04 1.24E-06 2.28E-08 1.62E-06 2.40E-06 1.62E-08 4.43E-08 

Retractable polyethylenec,d 3.20E+00 2.64E-02 2.50E-04 5.25E-03 1.78E-02 4.05E-05 6.14E-05 

NH3 (1 kg)a 2.21E+00 8.95E-03 4.51E-05 2.29E-03 8.00E-04 1.58E-05 3.69E-05 

Detergents (1 kg)a,e 1.16E+00 1.93E-03 1.47E-05 2.73E-03 2.42E-03 9.90E-06 1.70E-05 

Bleach (1 kg)a,f 2.26E+00 1.22E-02 5.71E-05 4.13E-03 1.01E-02 4.13E-05 5.03E-05 

Caustic soda (1 kg)c,g 7.98E-01 1.15E-03 1.63E-05 2.30E-03 2.19E-03 7.93E-06 1.23E-05 
aGHG emissions obtained from Simapro v.7.2 using IPCC 2007 GWP 100a v.1.02 method 
b Vázquez-Rowe et al. (2013)  

cThe Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) Model, Argonne National Lab 

v.1.3.0.12842. 
d'Adhesives'. 
e'Soap, at plant/RER U'. 
f’Sodium hypochlorite, 15% in H2O, at plant/RER U'. 
g'Sodium hydroxide' 
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Table 3.17: Global warming potentials (GWPs). 

GWP CO2
a CH4

a N2Oa NOxb,c,d,e SO2
b,d,e OCb,d,g BCb,d,h CF4

i C2F6
i 

20-y 1 86 268 -20 [-28,-12] -95 [-135,-55] -187 [-213, -133] 1,936 [1,540, 2,391] 4,400 6,200 

100-y 1 34 298 -13 [-17, -6.2] 27 [-39, -16] -54 [-61, -38] 545 [435, 665] 6,500 9,200 
aValues include carbon-climate feedback taken from [Myhre et al., 2013] 
bMean values and 95% confidence intervals constructed using bootstrap analysis methods described in [Orloff and Bloom, 2014]. 
cGiven as NO2. 
dDirect effects (aerosol-radiation interaction) 
eMean global values (n=4) taken from [Fuglestvedt et al., 2010]. 
fMean global values (n=3) taken from [Fuglestvedt et al., 2010]. 
gMean global values (n=3) taken from [Fuglestvedt et al., 2010; Bond et al., 2011; Collins et al., 2013]. 
hMean global values (n=5) taken from [Fuglestvedt et al., 2010; Bond et al., 2011; Collins et al., 2013; Bond et al., 2013; Aamaas 

et al., 2015]. 
iValues taken from UNFCCC, available at: http://unfccc.int/ghg_data/items/3825.php 

  

http://unfccc.int/ghg_data/items/3825.php
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3.4.4. Climate impact along the supply-chain.  

 

The climate impact results of two different Alaskan pollock products (frozen battered-and 

breaded-fillets and crab-flavored sticks) for five different retail markets were disaggregated by 

supply-chain step (fishing, intermediary processing, transport to processor, secondary 

processing, transport to distribution centers, and retail activities) on 20-y and 100-y time 

horizons (Fig. 3.2). Particular emphasis was placed on a comparison of the processing 

contribution of the two seafood products (Fig. 3.3). 

 

Across all time horizons and seafood products, the mean climate forcing (and 95% confidence 

intervals in parentheses) varies between 0.90 (± 0.17) and 1.55 (± 0.16) kg CO2e per kg product, 

in the case of crab-flavored sticks in the South Korean retail market on a 20-y time horizon and 

battered-and-breaded fillets in the U.S. retail market on a 100-y time horizon, respectively (Fig. 

3.2). Owing to the larger GWP potentials of the cooling SLCFs, the mean results on a 100-y time 

horizon are as much as 1.3 times higher than the estimates on a 20-y time horizon. 

 

Examination of the results disaggregated by supply-chain step indicate that, for certain pollock 

products, the upstream processing (transformation of primary products—frozen fillet blocks into 

frozen battered-and-breaded fillets or frozen surimi blocks into frozen crab-flavored sticks) can 

contribute as much to the overall climate impact as the fishing phase (Fig. 3.2). In the case of 

crab-flavored sticks, the secondary processing phase of the seafood-supply chain (0.41 ±0.05 and 

0.53±0.06 kg CO2e per kg product) contribute 0.93 and 1.3 times the climate impact of the 
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fishing phase (0.40 ±0.13 and 0.44 ±0.13 kg CO2e kg per kg product) on 20-y and 100-y time 

horizons, respectively (Fig. 3.2A and 3.2C). In the case of battered-and-breaded fillets, the 

secondary processing phase of the seafood-supply chain (0.51 ±0.09 and 0.66 ±0.07 kg CO2e per 

kg product) contributes 1.1 and 1.6 times the climate impact of the fishing phase (0.44 ±0.13 and 

0.42 ±0.13 kg CO2e kg CO2e per kg product), on 20-y and 100-y time horizons, respectively 

(Fig. 3.2B and 3.2D).  

 

Given the importance of the processing stage in the pollock supply-chain and the objective to 

compare the climate impact of increasing the supply of processed surimi-type products over 

frozen fillet-type products, the results of this stage were examined in greater detail (Fig. 3.3). 

Product formation (the embodied energy in product ingredients and electricity for production 

processes) makes the largest contribution to the overall climate forcing associated with 

processing. For crab-flavored sticks, the mean climate forcing of product formation is 0.25 

(±0.05) and 0.29 (±0.03) kg CO2e per kg product on 20-y and 100-y time horizons, respectively. 

Approximately 70% of the climate impact of product formation is attributed to product 

ingredients, with the remainder attributed to electricity consumption. For battered-and-breaded 

fillets, the mean climate forcing of product formation is 0.33 (±0.07) and 0.42 (±0.04) kg CO2e 

per kg product on 20-y and 100-y time horizons, respectively. In this case, roughly 90% of the 

climate impact of product formation is attributed to product ingredients and the remainder is 

attributed to electricity consumption. The climate impact of the product formation of battered-

and-breaded fillets is more than 1.3 times higher than the climate impact of the product 

formation of crab-flavored sticks. Although the climate impact of electricity consumption is 

lower for battered-and-breaded fillets than crab-flavored sticks, the ingredient burden is greater. 
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This can be explained by the greater consumption of wheat ingredients for both batter and 

breading of the fillet product. As for the other processing activities, ancillary operations 

(electricity and embodied energy in the chemicals used by the processing facility such as bleach 

and detergents) and packaging, the climate impact is very similar between products. Ancillary 

operations contributes 0.11 (±0.05) and 0.15 (±0.02) kg CO2e per kg product (in both cases) on 

20-y and 100-y time horizons, respectively. Packaging contributes roughly 0.06 (±0.01) and 0.08 

(±0.01) kg CO2e per product (in both cases) on 20-y and 100-y time horizons, respectively.  
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Figure 3.2: Climate impact of two different Alaskan pollock products destined for five different 

markets categorized by stage in the seafood supply chain  (fishing activities, primary processing, 

transport to secondary processor, secondary processor, transport to retailer, and retail 

activities) on 20-y and 100-y time horizons. Left panel (A,C): Refrigerated crab-flavored sticks 

for three retail markets including Japan, South Korea, and the United States. Right panel (B,D): 

Frozen battered-and-breaded fillets for three retail markets including Germany, the Netherlands, 

and the United States. Top panel (A,B): 20-y time horizon. Bottom panel (C,D): 100-y time 

horizon. The error bars represent the 95% confidence interval. 
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Figure 3.3: Climate forcing associated with the secondary processing of two Alaskan pollock 

products by processing activity. Left panel (A): 20-y time horizon. Right panel (B): 100-y time 

horizon. The error bars represent the 95% confidence interval. 
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3.4.5. Impact of including short-lived climate forcing pollutants.  

 

The impact of the individual pollutants on the climate forcing of seafood products was evaluated 

by chemical constituent (baseline) and a scenario that considers only GHGs on 20-y and 100-y 

time horizons. Comparisons at the chemical constituent level were made between the two 

products (battered-and-breaded fillets and crab-flavored sticks), between exported and domestic 

products, and between scenarios (baseline including SLCFs to a scenario that includes only 

GHGs--CO2, CH4, and N2O) (Figs. 3.4 and 3.5).  

 

First, the dominant chemical constituents of the two scenarios were examined. CO2 is the 

dominant chemical constituent for all products (varies between 1.04 and 1.56 kg CO2e kg 

product, for crab-flavored sticks for the South Korean retail market and battered-and-breaded 

fillets for the domestic market, respectively) and scenarios (Figs. 3.4 and 3.5). However, other 

chemical constituents have strong warming effects on the climate impact of the two seafood 

products. On a 20-y time horizon, BC is the second largest warming chemical constituent in the 

case of crab-flavored sticks (contributes between 13-15% of total warming species--defined as 

the sum of CO2, CH4, N2O, BC, R-134a, R-404a, CF4, and C2F6; mean total warming species 

varies between 1.48 and 1.88  kg CO2e per kg product for the South Korean market and the 

domestic market, respectively) whereas in the case of battered-and-breaded fillets the 

contribution of BC to the total warming species is nearly equivalent to CH4 (contributing 11% 

and 12% of total warming for BC and CH4, respectively; mean total warming species totals 2.04 

kg CO2e per kg product for all retail locations). On a 100-y time horizon, the effect of BC is 

smaller (contributing between 4 and 6% of total warming species—1.76 and 1.23 for crab-
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flavored sticks for the South Korean market and battered-and-breaded fillets for the domestic 

market, respectively) and almost equal to the amount contributed by CH4 (between 5 and 6% of 

total warming species for crab-flavored sticks for the South Korean market and battered-and-

breaded fillets for the domestic market, respectively) (Figs. 3.5A and 3.5C). SO2 is the dominant 

species of the cooling chemical constituents (including SO2, NOx, and OC) on both time 

horizons (Figs. 3.4A, 3.4C, 3.5A, and 3.5C). On a 20-y time horizon, the contribution of SO2 

varies between 65 and 77% of the mean total cooling species (-0.57 and -0.96 kg CO2e per kg 

product, for crab-flavored stick for the domestic market and battered-and-breaded fillets for 

export markets, respectively). On a 100-y time horizon, the contribution of SO2 varies between 

55 and 69% (-0.18 and -0.29 kg CO2e per kg product, for crab-flavored stick for the domestic 

market and battered-and-breaded fillets for export markets, respectively). In the cases that 

consider only GHGs, CH4 is second in order of importance followed by N2O on both time 

horizons (Figs. 3.4B, 3.4D, 3.5B, and 3.5D). 

 

An analysis of the individual processes of the seafood supply-chain at the chemical constituent 

level may help to identify where SLCFs have the most significant impact in the seafood supply-

chain. Disaggregated by individual processes, the fishing phase is the dominant source BC 

emissions in the seafood supply-chain across products and time horizons (contributing between 

62 and 80% of the mean total climate forcing of BC, 0.25 and 0.20 kg CO2e per kg product, on a 

20-y time horizon for domestic crab-flavored sticks and domestic battered-and-breaded fillets, 

respectively; contributing between 59 and 74% of the mean total GWP of BC, 0.07 and 0.06 kg 

CO2e per kg product, on a 100-y time horizon for domestic crab-flavored sticks and domestic 

battered-and-breaded fillets, respectively). Secondary processing is second in order of 
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importance (22-25%) of BC emissions in the case of crab-flavored sticks on both time horizons. 

In the case of battered-and-breaded fillets, transport (~15 %) and processing activities (~10%) 

are important sources of BC for the export markets on both time horizons. For domestic battered-

and-breaded fillets, retail (~10%) and processing activities (~10%) are important contributions 

on both time horizons.  

 

Considering the primary cooling SLCF constituent by supply-chain activity, processing activities 

make an important contribution to the overall source (contributing between 43 and 74% of the 

mean total GWP of SO2, -0.73 and -0.42 kg CO2e per kg product, on a 20-y time horizon for 

battered-and-breaded fillets, for the export and domestic markets, respectively; contributing 

between 42 and 73% of the mean total climate forcing of SO2, -0.20 and -0.12 kg CO2e per kg 

product, on a 100-y time horizon for the export and domestic markets, respectively). 

Transportation makes up roughly 30 and 40% of the SO2 emissions in the case of exported crab-

flavored sticks and battered-and-breaded fillets on both time horizons, respectively. Fishing 

activities are also important sources of SO2, contributing between 13-15% for domestic markets 

and between 8-12% for export markets. 

 

Comparing the estimates of the exported products to the domestic products in the baseline 

scenario, reveals that the climate impact of the exported products is generally lower than the 

domestic products. The exported products undergo transoceanic shipping, which results in higher 

amounts of cooling species than the domestic products. Although domestic products are also 

shipped by container vessel, it is likely the short shipping route (from Port of Dutch Harbor to 
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Port of Seattle) would take place within emission control areas where the sulfur in marine fuels is 

regulated (0.1 % sulfur in fuel by % wt.) whereas the exported products are shipped in container 

vessels outside emission control areas where the sulfur in marine fuels is an order of magnitude 

higher (global average is ~2.4% sulfur by % wt.). 

 

For battered-and-breaded fillets in the scenario that only includes GHGs, the climate impact is 

very similar regardless of the retail distribution location or time horizon (Figs. 3.4B and 3.5B). 

The first explanation is that although the exported products travel a greater overall distance, the 

product shipped by container vessel is in an unfinished form with a smaller shipping mass. The 

domestic product is shipped a shorter distance but in a finished product form and thus with a 

greater shipping mass. Second, it is was assumed that the domestic products travel a greater 

distance to the retail markets than the exported products. Unlike battered-and-breaded fillets, the 

climate impact of the exported and domestic crab-flavored sticks have similar trends in both the 

baseline scenario and the scenario that only considers GHGs (Figs. 3.4C, 3.4D, 3.5C, and 3.5D). 

 

Lastly, the climate impact of the baseline case was compared to the climate impact of the 

scenario that considers only GHGs. For battered-and-breaded fillets on a 20-y time horizon, the 

climate impact of the scenario considering only GHGs (1.8 ±0.1 kg CO2e per kg product for all 

retail markets) is 1.7 and 1.3 times higher than the baseline scenarios (1.1 ±0.2 and 1.4 ±0.2 kg 

CO2e per kg product for the export and domestic markets, respectively). On a 100-y time 

horizon, the climate impact of battered-and-breaded fillets considering only GHGs (1.7 ±0.1 kg 

CO2e per kg product  for all markets) is roughly 1.2 and 1.1 higher than the baseline scenario 
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(1.4 ±0.2 and 1.6 ±0.2 kg CO2e per kg product for the export and domestic markets, 

respectively). For crab-flavored sticks on a 20-y time horizon, the climate impact of the scenario 

considering only GHGs (1.4 ±0.1, 1.3 ±0.1, and 1.6 ±0.2 kg CO2e per kg product) is 1.3, 1.4, and 

1.2 times higher than the baseline scenario for the Japanese, South Korean, and domestic 

markets, respectively (1.1 ±0.2, 0.9 ±0.2, and 1.3 ±0.2 kg CO2e per kg product). On a 100-y time 

horizon, the climate impact of crab-flavored sticks considering only GHGs (1.3 ±0.1, 1.2 ±0.1, 

and 1.5 ±0.2 kg CO2e per kg product for the Japanese, South Korean, and U.S. markets, 

respectively) is roughly 1.1 times higher than the baseline scenario for all markets (1.2 ±0.2, 1.1 

±0.2, and 1.4 ±0.2 kg CO2e per kg product for the Japanese, South Korean, and U.S. markets, 

respectively). 
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Figure 3.4: Climate forcing of two different Alaskan pollock products for five different retail 

markets by chemical constituent on a 20-y time horizon.  Top panels (A,B): Frozen battered-and-

breaded fillets. Bottom panels (C,D): Refrigerated crab-flavored sticks. Left panels (A,C): 

Analysis including a suite of greenhouse gases and short-lived climate forcing pollutants. Right 

panels (B,D): Analysis including only the three primary greenhouse gases (CO2, CH4, and N2O). 

The error bars represent the 95% confidence interval. 
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Figure 3.5: Climate forcing of two different Alaskan pollock products for five different retail 

markets by chemical constituent on a 100-y time horizon.  Top panels (A,B): Frozen battered-

and-breaded fillets. Bottom panels (C,D): Refrigerated crab-flavored sticks. Left panels (A,C): 

Analysis including a suite of greenhouse gases and short-lived climate forcing pollutants. Right 

panels (B,D): Analysis including only the three primary greenhouse gases (CO2, CH4, and N2O). 

The error bars represent the 95% confidence interval. 
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3.5. Discussion  

 

This research highlights the importance of processing inputs in seafood LCAs, compares the 

climate impact of two different Alaskan pollock products, and evaluates the importance of SLCF 

pollutants on the climate impact of the seafood supply-chain. Furthermore, the results of this 

study were compared to other studies. 

 

Although direct comparisons are difficult to make due to differences in fish species, fishing 

methods, product forms, LCA boundaries, and allocation methods—the results of this study fall 

within the wide range of values (0.70 – 14.2 kg CO2e per kg product) found in other studies of 

white-fish (Tables 3.18-3.20). However, the studies that are most similar to this research include 

those of pollock products [Blonk et al., 2008; Sund, 2009; Fulton, 2010] and those of breaded 

white-fish products [Sund, 2009; Vázquez-Rowe et al., 2013]. The climate forcing values of 

pollock products in this study are in reasonable agreement with other studies, which vary 

between 1.1 and 1.6 kg CO2e per kg of product (Table 3.20). In the case of breaded white-fish 

fillets, the values found in other studies vary between 1.2 and 3.4 kg CO2e per kg of product 

(Table 3.20). For frozen battered-and-breaded fillets on a 100-y time horizon, the climate forcing 

estimates of this study are between 1.1 and 1.4 times higher than the estimates of breaded 

pollock fillets reported by Sund (2009). On the other hand, the values of battered-and-breaded 

pollock fillets of this study are roughly half the estimate of the breaded cod fillets reported by 

Sund (2009). A lack of detail related to the processing material and energy flows in Sund (2009), 

however, make it difficult to explain the reason for the differences between studies. The GWP of 

battered-and-breaded Patagonian grenadier fillets reported by Vázquez-Rowe et al. (2013) is 
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between 1.3 and 1.5 times higher than the estimate of battered-and-breaded Alaskan pollock 

fillets in this study, on a 100-y time horizon.  

 

Because the material and energy flows of processing the frozen Alaskan pollock fillet blocks into 

frozen battered-and-breaded fillets of this study were adapted from Vázquez-Rowe et al. (2013), 

a more detailed comparison between the two studies may be warranted. Despite the smaller 

system boundary of Vázquez-Rowe et al. (2013) (which includes the seafood supply-chain steps 

up to the production facility gate), it is reported that the fishing phase makes up approximately 

70% of the total climate burden and that processing and ingredients makes up the remainder. In 

this study, however, processing and fishing activities are nearly equivalent in terms of the 

climate burden. The lower apportionment of the total climate burden to the fishing phase in this 

study can be explained by the higher fuel efficiency of the Alaskan pollock catcher/processor 

pelagic-trawl fleet, 152 (±36) liters of fuel per ton of fish, compared with the fuel efficiency of 

the Patagonian grenadier bottom-trawl fleet, reported to be 469 liters of fuel per ton of fish. 

Second, unlike Vázquez-Rowe et al. (2013), our study did not include the co-products of fish 

feed from broken fillet blocks. Furthermore, other important co-products for Alaskan pollock 

may include fish oil that could be used to offset the fuel for fishing and/or processing the whole 

fish into intermediary products [Yuvaraj et al., 2016]. 

 

The finding of a lower climate impact of crab-flavored sticks compared with battered-and-

breaded fillets suggests there may be a climate benefit associated with a shift in production from 

fillet products to surimi products. However, before drawing inferences it is important to point out 

study limitations. First, this study would benefit from a statistical analysis to better understand 

the significance of the results. Second, the analysis of processing the crab-flavored sticks in this 
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study relied on literature values for the ingredients, and power labels and loading rates found in 

equipment sales brochures. The inputs for the battered-and-breaded fillets, however, relied on a 

detailed inventory from the literature in which the values were obtained from an industrial plant. 

Thus, the analysis of crab-flavored sticks in this study could be improved by obtaining a more 

detailed inventory of data directly from industrial processors.  

 

The climate impact of the products in the scenario that includes only GHGs is significantly 

higher than the products that include SLCFs in the analysis. Particularly, in the exported products 

that are globally distributed by container vessels. This suggests that including SLCFs throughout 

the seafood supply-chain may be important for understanding the sustainability of seafood. 
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Table 3.18: Literature review of the GWPs of cod products. 

 
GHGs  

Product description  (kg CO2e kg product-1) Data source  

Frozen cod fillet, longline 1.58 [Guttormsdóttir, 2009]  

Frozen cod fillet, trawl fishing 5.14 [Guttormsdóttir, 2009]   

Frozen cod, wetpack 2.20 [Svanes et al., 2011]  

Chilled cod loins 4.40 [Svanes et al., 2011]  

Cod burger 1.80 [Svanes et al., 2011]  

Fresh gutted cod 3.62 [Winther et al., 2009]  

Fresh cod fillet to Oslo 2.36 [Winther et al., 2009] 

Fresh cod fillet to Paris 2.51 [Winther et al., 2009] 

Frozen cod fillet to Paris 2.51 [Winther et al., 2009] 

Frozen cod fillets to Paris via China 3.78 [Winther et al., 2009] 

Salted cod to Lisbon 2.20 [Winther et al., 2009] 

"Clipfish" cod to Lisbon 2.26 [Winther et al., 2009] 

Cod, product not specified 3.36 [Blonk et al., 2008]  

Cod, product not specified 4.30 [Sonesson et al., 2010]  

Cod, product not specified 4.80  [Sonesson et al., 2010]  

Cod fillet 5.30 [Buchspies et al., 2011] 

Frozen cod fillets 5.38 [Ziegler and Hansson, 2003]   

Frozen cod fillets 0.70 [Fulton, 2010]  

Fresh cod fillets, air transport 2.60  [Fulton, 2010]  
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Table 3.19: Literature review of the GWPs of various white-fish including saithe, haddock, and 

hake. 

Product description GHGs Data source 

  (kg CO2e kg product-1) 
 

Frozen saithe fillets to Berlin 2.56 [Winther et al., 2009] 

Frozen haddock fillets to London 3.72 [Winther et al., 2009] 

Fresh gutted haddock fillets to London 3.84 [Winther et al., 2009] 

Haddock fillets 2.80 [The Co-operative Group, 2010] 

Haddock fillets 3.10 [The Co-operative Group, 2010] 

Landed hake 6.88 [Iribarren et al., 2010] 

Landed hake  9.77 [Vázquez-Rowe et al., 2012] 

Landed hake  14.15 [Vázquez-Rowe et al., 2012] 

Hake hillet 7.25 [Vázquez-Rowe et al., 2011] 

Hake hillet 11.03 [Vázquez-Rowe et al., 2011] 

Landed hake, Senegal  11.61 [Vázquez-Rowe et al., 2012] 
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Table 3.20: Literature review of the GWP of pollock products, GWP of breaded white-fish, and 

comparisons to this study. The values in parenthesis represent the 95% confidence interval.

 Product description GWP Data source 

  (kg CO2e kg product-1)   

Pollock products   
Pollock, product not specified 1.60 [Blonk et al., 2008] 

Frozen Alaskan pollock fillets 1.10 [Fulton, 2010] 

Frozen battered-and-breaded white-fish fillets  
 

Frozen breaded cod fillet 3.40 [Sund, 2009] 

Frozen breaded and battered Patagonian grenadier 2.21 [Vázquez-Rowe et al., 2013] 

Frozen breaded Alaskan pollock fillet 1.20 [Sund, 2009] 

Frozen battered-and-breaded fillets, GHGs only  
 

Domestic production, 100-y time horizon 1.69 (± 0.14) This study 

Exports to Germany, 100-y time horizon 1.65 (± 0.14) This study 

Exports to the Netherlands, 100-y time horizon 1.65 (± 0.14) This study 

Domestic production,  20-y time horizon 1.80 (± 0.15) This study 

Exports to Germany, 20-y time horizon 1.80 (± 0.15) This study 

Exports to the Netherlands,  20-y time horizon 1.82 (± 0.15) This study 

Frozen battered-and-breaded fillets, baseline   
Domestic production,100-y time horizon 1.44 (± 0.21) This study 

Exports to Germany, 100-y time horizon 1.44 (± 0.21) This study 

Exports to the Netherlands,100-y time horizon 1.56 (± 0.21) This study 

Domestic production,  20-y time horizon 1.08 (± 0.23) This study 

Exports to Germany, 20-y time horizon 1.08 (± 0.21) This study 

Exports to the Netherlands,20-y time horizon 1.42 (± 0.20) This study 

Crab-flavored sticks, GHGs only   
Domestic production, 100-y time horizon 1.30 (± 0.15) This study 

Exports to Japan, 100-y time horizon 1.15 (± 0.17) This study 

Exports to South Korea, 100-y time horizon 1.50 (± 0.18) This study 

Domestic production,  20-y time horizon 1.40 (± 0.14) This study 

Exports to Japan, 20-y time horizon 1.25 (± 0.14) This study 

Exports to South Korea, 20-y time horizon 1.61 (± 0.17) This study 

Crab-flavored sticks, baseline   
Domestic production, 100-y time horizon 1.18 (± 0.21) This study 

Exports to Japan, 100-y time horizon 1.04 (± 0.21) This study 

Exports to South Korea, 100-y time horizon 1.41(± 0.22) This study 

Domestic production,20-y time horizon 1.02 (± 0.20) This study 

Exports to Japan, 20-y time horizon 0.87 (± 0.20) This study 

Exports to the South Korea,20-y time horizon 1.31 (± 0.21) This study 
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3.6. Conclusions 

 

An accurate accounting of the climate impact of food systems is a necessary first step in 

prioritizing emission mitigation strategies. For products derived from highly fuel efficient 

fisheries, the upstream processing of seafood products is important and should not be ignored in 

seafood LCAs.  

 

There is a growing consensus among policy-makers and scientists that efforts to address climate 

change should not be limited to reductions of CO2 but should be complemented by mitigation of 

SLCFs in the near term [Smith and Mizrahi, 2013; Rogelj et al., 2014]. Thus, climate accounting 

of food production systems should not ignore the contribution of SLCFs. This study found that 

for products shipped by container vessels, the cooling from sulfur oxides resulting from the 

combustion of marine fuels have a significant effect on the climate impact of seafood.  

 

Furthermore, there may be important policy implications for the future sustainability of seafood 

in the near term. The current maximum sulfur content of marine fuels, of 3.5 percent set by the 

International Maritime Organization’s Marine Environmental Protection Committee, will be 

capped at 0.5 percent by 2020 [Smith et al., 2014]. As a result of this policy, the cooling effect of 

sulfur oxides may be diminished and increase the climate impact of food that is shipped on trans-

oceanic voyages.  
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Table A.1: Mean and standard errors for BC emission factors of plume and test-rig studies , EF
BC

j,k,l
, (g BC / kg fuel).

 Fuel Type MSD HSD 

Fs (% wt.), l = 1= 0.051 ±0.050 

MDOa 0.97 (± 0.14) 0.51 (± 0.10) 

HFO Δ Δ 

Fs (% wt.), l = 2= 0.590 ±0.309 

MDOb 0.97 (± 0.09) 0.36 (± 0.083) 

HFOc 0.14 (± 0.05) Δ 

a  n=45 for MSD; n=30 for HSD [Petzold et al., 2011; Buffaloe et al., 2014; Cappa et al., 2014] 
b  n=51 for MSD; n=8 for HSD [Lack et al., 2008] 
c n=12 [Petzold et al., 2010; Petzold et al., 2011] 
Δ Fishing not conducted under these conditions. 
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Table A.2: Fraction of global catch for different gear , f C

m
 a. 

 Trawl Gillnet 

0.62 0.38 

a [Ziegler and Hansson, 2003] 
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Table A.3: BC emission factor as a function of gear and sulfur level , EF BC

l,m
 (g BC / kg fuel), for gear m 

and fuel sulfur level l.

 FS (% wt.) Gear 

 
Trawl Gillnet 

0.051 (±0.050) 0.94 0.78 

0.590 (±0.309) 0.78 0.93 
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Table A.4: Fraction of global fishing fleet vessel characteristics: engine type, fuel type, and 

sulfure level;  f Char

j,k,l
, engine type j, fuel type k, and fuel sulfur level la. 

 
Engine Type 

Fuel Type MSD HSD 

Fs, l = 0.051% ±0.050% 

MDO 0.88 0.12 

HFO Δ Δ 

Fs, l = 0.590% ± 0.309% 

MDO 0.84 0.12 

HFO 0.04 Δ 

a [Trozzi, 2010] 

Δ Fishing not conducted under these conditions. 
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Table A.5: BC emission factors as a function of engine type, fuel type, and sulfur level ; EF BC

j,k,l,m
 

(g BC / kg fuel) for engine type j, fuel type k, gear type m, and fuel sulfur level l.

 
Engine Type 

Fuel Type MSD HSD 

m=1 (trawl) and l =1(0.051%) 

MDO 1.02 (± 0.68) 0.38 (± 0.22) 

HFO Δ Δ 

m=2 (gillnet) and l =1(0.051%) 

MDO 0.85 (± 0.79) 0.28 (± 0.16) 

HFO Δ Δ 

m=1 (trawl) and l =2 (0.590%) 

MDO 0.88 (± 0.57) 0.29 (± 0.08) 

HFO 0.08 Δ 

m=2 (gillnet) and l =2 (0.590%) 

MDO 1.04 (± 0.35) 0.30 (± 0.05) 

HFO 0.31 Δ 

Δ Fishing not conducted under these conditions. 

 

 

  



 
 

183 
 

Table A.6: Fraction of fishing time as a function of engine load and gear ; (f t

i,m
) as a function of 

engine load (i ) and gear (m)a.

 Load Gear 

 
Trawl Gillnet 

0-20% 0 0.6 

20-40% 0.3 0 

40-60% 0 0 

60-80% 0.5 0.3 

80-100% 0.2 0.1 

a [Ziegler and Hansson, 2003] 
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Table A.7: BC emission factors as a function of engine load, engine type, fuel type, and fuel 

sulfur level ; EF BC

i,j,k,l
(g BC / kg fuel) as a function of engine load (i), engine type (j), fuel type (k) 

and fuel sulfur level (l) calculated from statistical analysis of published dataa.

 Engine Type 

Load MSD HSD 

Fuel type = MDO; Fuel sulfur = 0.051% ±0.050b 

0-20% 0.91 (± 1.00) 0.20 (± 0.10) 

20-40% 1.63 (± 1.15) 0.31 (± 0.16) 

40-60% 0.54 (± 0.75) 0.21 (± 0.12) 

60-80% 0.79 (± 0.45) 0.43 (± 0.25) 

80-100% 0.67 (± 0.54) 0.35 (± 0.22) 

Fuel type = MDO; Fuel sulfur = 0.590 ± 0.309c 

0-20% 1.13 (± 0.22) 0.28 

20-40% 0.90 (± 0.67) 0.19 

40-60% 0.92 (± 0.65) 0.53 

60-80% 1.20 (± 0.74) 0.40 (± 0.14) 

80-100% 0.06 0.16 (± 0.04) 

Fuel type = HFO; Fuel sulfur = 0.590 ± 0.309d 

0-20% 0.48 Δ 

20-40% 0.16 Δ 

40-60% 0.07 Δ 

60-80% 0.05 Δ 

80-100% 0.05 Δ 
a Mean ± s.d., n = 10,000 Monte Carlo simulations.  Literature data are reported in Table 1 of the manuscript. 
b Weighted fuel sulfur level reported here, from emissions at Fs (% wt.) ≤0.10 
c Weighted fuel sulfur level reported here, from emissions at Fs (% wt.) 0.4 ±0.6 
d Weighted fuel sulfur level reported here, from emissions at Fs (% wt.) 2.2 
Δ Fishing not conducted under these conditions 
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Table A.8: Fuel quality data and engine speed of selected commercial tuna fleets operating in 

the Pacific Ocean categorized by fishing region, fleet flag, target tuna species, and fraction (f) 

and number (n) of vessels using distillates, heavy fuel oil (HFO), medium-speed diesel (MSD) 

engines, and high-speed diesel (HSD) engines. The fuel quality and engine speed data was 

obtained from the IHS sea-web ship registry database. 

Fleet region Flag 

Fleet 

gear 

Target 

Tuna 

Species 

f 

Distillates 

n 

Distillate 

Vessels 

f 

HFO 

n HFO 

Vessels 

f 

MSD 

n MSD 

Vessels 

f 

HSD 

n HSD 

Vessels 

WCPFC-CAa All PSb,c Skipjack 0.85 242 0.15 45 1 207 0 8 

WCPFC-CAa U.S. PSb,c Skipjack 0.85 12 0.15 2 1 14 0 0 

WCPFC-CAa All PLd,e Skipjack 1 58 0 1 1 33 0 0 

HI U.S. PLd,e,f Skipjack 1g 0 0 0 1h 0 0 0 

ASi U.S. TLj Skipjack 1g 3 0 0 0.5 1 0.5 1 

ASi U.S. LLk Albacore 1g 1 0 0 0 0 1 1 

HIl U.S. TLj,m Yellowfin 1g 0 0 0 0.5 0 0.5 0 

HIl U.S. LLk Big Eye 1g 8 0 0 0 0 1 5 

NPn U.S. SFm,o Albacore 1g 6 0 0 0.5 0 0.5 0 
aWestern Central Pacific Fisheries Commission convention area (WCPFC-CA). 
bPurse seine (PS). 
cTo simplify our analysis, we used an average of the “All” (f Distillates: 0.84; f HFO: 0.16) and “U.S.” (f Distillates: 0.86; f 

HFO: 0.14) flagged vessels. 
dPole and line (PL). 
eTo simplify our analysis, we rounded the “All” (f Distillates: 0.98; f HFO: 0.02) fraction of distillates up to 1 
fWe rounded the “All” (f MSD: 0.96; f HSD: 0.4) up to 1. 
gDue to limited data, we assume all vessels in this fleet use distillates. 
hDue to limited data, we assume the U.S. fleet has the same engine speed characteristics as the “All” flagged vessels. 
iAmerican Samoa (AS). 
jTroll (TL). 
kLongline (LL). 
lHawaii (HI). 
mDue to limited data, we assume the engine speed is the same as the AS TL fleet. 
nNorth Pacific (NP). 
oSurface methods (SF) include troll and pole and line fishing gear. 
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Table A.9: Mean engine power of selected commercial tuna fleets operating in the Pacific Ocean 

organized by fishing region, fleet flag, and target tuna species. The value in parenthesis 

represents the uncertainty (95% confidence intervals). 

 Fleet region Flag Fleet gear 

Target 

Tuna 

Species 

Mean engine 

power         

(kW) n Vessels 

North Pacificb U.S. Surface methodsa Albacore 303 (± 33) 48 

WCPFC-CAc,d All Purse Seine Skipjack 1757 (± 97)e 595 

WCPFC-CAc,d U.S. Purse Seine Skipjack 2721 (± 159)f 35 

WCPFC-CAc,d All Purse Seine Skipjack 2591 (± 87)g 358 

WCPFC-CAc,d All Pole and Line Skipjack 790 (± 93)g 90 

Hawaiic U.S. Pole and Line Skipjack 232 (± 123)f 4 

WCPFC-CAc,d All Pole and Line Skipjack 1518 (± 134)g 20 

Hawaiic U.S. Troll Yellowfin 322 (± 95) 8 

Hawaiic U.S. Longline Big Eye 363 (± 20) 131 

American Samoac U.S. Troll Skipjack 376 (± 47) 31 

American Samoac U.S. Longline Albacore 332 (± 52) 10 
aSurface methods include troll and pole-and-line fishing gear. 
b[AAFA, 2017; Inter-American Tropical Tuna Commission, (IATTC), 2017] 
c[WCPFC, 2017b] 
dWestern Central Pacific Fisheries Commission convention area. 
eMain engine power used in the scenarios that include all fishing territories. 
fMain engine power used in the U.S. exclusive economic zone fishing territory. 
gMain engine power used on the high sea fishing territory; ocean going vessels with main engine power greater than 1000 kW. 
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Table A.10: Mean load factor of selected commercial tuna fleets operating in the Pacific Ocean 

organized by fishing region, fleet flag, and target tuna species. The value in parenthesis 

represents the uncertainty (95% confidence intervals). 

Fleet region Flag Fleet gear 

Target 

Tuna 

Species 

Mean Load 

Factor 

n 

Vessels 

North Pacific U.S. Surface methodsa Albacore 0.59 (± 0.06) 13 

WCPFC-CAb All Purse Seine Skipjack 0.68 (± 0.01) 318 

WCPFC-CAb U.S. Purse Seine Skipjack 0.64 (± 0.04) 35 

WCPFC-CAb All Pole and Line Skipjack 0.60 (± 0.03) 89 

Hawaii U.S. Pole and Line Skipjack 0.60 (± 0.12) 9 

Hawaii U.S. Troll Yellowfin 0.54 (± 0.14) 5 

Hawaii U.S. Longline Big Eye 0.60 (± 0.03) 95 

American Samoa U.S. Troll Skipjack 0.60 (± 0.05) 26 

American Samoa U.S. Longline Albacore 0.60 (± 0.08) 10 
aSurface methods include troll and pole-and-line fishing gear. 
bWestern Central Pacific Fisheries Commission convention area. 
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Table A.11: Annual fishing effort of selected commercial tuna fleets operating within respective 

domains. The annual fishing effort given in hours by fleet region and gear type including: the 

U.S. purse seine (PS), the Hawaii (HI) pole and line (PL), the HI troll (TL), the HI longline (LL), 

the American Samoa (AS) LL, the AS TL, and the North Pacific (NP) surface methods (SF)—

which includes both PL and TL gears. 

Year US PSa,b,c,d,e HI PLf,g,h HI TLi,j,k,l HI LLa,m,n AS LLa,o AS TLp NP SFa,q,r,s 

1996 168828 6360 156200 151537 6366 4442 165804 

1997 178759 6480 155040 171574 18334 3144 191136 

1998 155586 4092 147030 175028 16112 1405 142824 

1999 122483 5592 158975 178713 27420 1981 248304 

2000 119172 3480 138980 187464 36973 1149 167040 

2001 125793 3612 136355 227306 81291 1655 178980 

2002 139034 3216 129270 267609 127023 1362 142752 

2003 112552 3156 140140 279815 118408 1044 161280 

2004 102621 3180 152000 306760 94076 1204 149712 

2005 76138 3240 148570 321499 86331 862 134076 

2006 59586 2244 145405 308832 104334 884 132264 

2007 66207 2196 146255 318044 123288 723 132972 

2008 172138 1848 149685 306990 99178 808 111660 

2009 201931 1740 147825 282118 103897 424 155796 

2010 192000 696 146515 271293 95633 308 154140 

2011 188690 1032 145625 286954 81143 711 176124 

2012 208552 528 151415 300542 89011 389 180324 

2013 198621 660 133335 305838 72096 673 155076 

2014 205241 312 134420 299851 55847 1063 145656 

2015 175448 708 124870 318966 56048 1144 140808 
aFleet engages in multi-day trips [Joseph, 2003; Gillett, 1986; Gillett et al., 2002]. 
bAccording to vessel monitoring systems data; the fleet operates day and night [Walker et al., 2010; Langley, 2011]. 
cAccording to the vessel day scheme, a fishing day is defined as 24 hours [Havice, 2013]. 
dEffort (in days) was multiplied by 24 hours. 
eEffort (in days) obtained from Western Central Pacific Fisheries Commission report [Williams and Terawasi, 2016]. 
f"Fishing trips seldom last longer than a day, and most vessels return to port each night." [Boggs and Kikkawa, 1993; WCPFC, 2006]. 
gFleet engages in day trips; we multiplied effort days by 12 hours operating time per day. 
hEffort (in days) obtained from [NMFS, 2017r]. 
iFishing can occur in both state and federal waters year-round, with trips typically lasting less than a day, although larger vessels may make multi-

day trips [NMFS, 2017h]. 
jDue to a lack of data, we assume the trip hours of the Hawaii troll fleet are similar to the American Samoa troll fleet ~5 hours. 
kEffort (in days) was multiplied by 5 hours. 
lEffort (in days) obtained from [NMFS, 2017aa]. 
mWe assume the effort hours are the same as the "soak time", reported to average 21 hours [Bayless et al., 2017]. 
nEffort (in hours) was calculated by multiplying the number of trips [NMFS, 2017y] by the average number of trips per day (11.0 ±0.6) obtained 

from 65. 
oEffort (in hours) obtained from [NMFS, 2017w]. 
pEffort (in hours) obtained from [NMFS, 2017u]. 
qFleet engages in multi-day trips but “fishing takes place during the day; at night, the vessels cease such activity" [Basurko et al., 2013]. 
rEffort (in days) was multiplied by 12 hours operating time per day. 
sEffort (in days) obtained from [PFMC, 2017b]. 
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Table A.12: Disaggregated annual fishing effort of selected fleets operating in the U.S. exclusive 

economic zone (EEZ). The fishing effort is given in hours by fleet region and gear type. The 

selected fleets include the U.S. purse seine (PS), the Hawaii (HI) pole and line (PL), and the 

North Pacific (NP) surface methods (SF)—which includes both PL and troll gears. 

Year U.S. PSa,b HI PLc,d NP SFc,e 

1996 4835 6360 43056 

1997 24034 6480 61080 

1998 1001 4092 36816 

1999 0 5592 153996 

2000 0 3480 107400 

2001 2296 3612 112260 

2002 21524 3216 100128 

2003 0 3156 132540 

2004 0 3180 135504 

2005 4140 3240 123108 

2006 5250 2244 119748 

2007 2707 2196 130176 

2008 0 1848 99288 

2009 3562 1740 147168 

2010 0 696 130608 

2011 0 1032 164832 

2012 2824 528 175764 

2013 0 660 149652 

2014 9972 6360 144540 

2015 14043 6480 138876 
aFleet engages in multi-day trips; we multiplied effort days by 24 hours operating time per day. 
bWe obtained geo-referenced (5x5 grid cells) effort (in days) and aggregated by month; we used ArcMap (v. 10.5.1) to clip the 

gridded  effort data to a U.S. EEZ territory shapefile. 
cFleet engages in day trips; we multiplied effort days by 12 hours operating time per day. 
dEffort (in days) obtained from [NMFS, 2017r]. 
eEffort (in days) obtained from [PFMC, 2017b]. 
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Table A.13: Disaggregated annual fishing effort of selected fleets operating on the high sea. The 

fishing effort given in hours by fleet region and gear type. The fleets include the U.S. purse seine 

(PS), the International (Int) PS, the INT pole and line (PL), and the North Pacific (NP) surface 

methods (SF)—which includes both PL and troll gears. 

Year U.S. PSa,b Int PSb,c,d Int PLc,d,e NP SFe,f 

1996 163993 73957 71112 122748 

1997 154724 160273 91452 130056 

1998 154585 127305 69768 106008 

1999 122483 202903 82812 94308 

2000 119172 164086 86796 59640 

2001 123497 202507 96576 66720 

2002 117510 233394 98676 42624 

2003 112552 107777 111156 28740 

2004 102621 149276 83904 14208 

2005 71998 169157 103872 10968 

2006 54336 118675 83760 12516 

2007 63500 168646 80772 2796 

2008 172138 162074 74052 12372 

2009 198369 178513 58608 8628 

2010 192000 157496 83352 23532 

2011 188690 131468 70860 11292 

2012 205727 170347 81456 4560 

2013 198621 180660 62580 5424 

2014 195269 271924 51540 1116 

2015 161405 209409 51540 1932 
aThe effort is the difference between total effort by U.S. flagged vessels and the effort within the U.S. EEZ. 

bWe multiplied effort days by 24 hours operating time per day. 
cTo estimate the high seas effort, we took the difference between the total effort and the effort that falls within an EEZ; to 

estimate the effort within the boundary of an EEZ, we used ArcMap (v. 10.5.1) to clip the geo-referenced (5x5 grid cells) effort 

data to a World EEZ territory shape-file. 
dGridded effort data was obtained from [WCPFC, 2017a]. 
eWe multiplied effort days by 12 hours operating time per day. 
fEffort (in days) obtained from [PFMC, 2017b]. 

 

 
 

 

 

  



 
 

191 
 

Table A.14: Annual catch (in metric tons) of the U.S. purse seine fleet a. 

Year Bigeye Skipjack Yellowfin Totals 

1996 8360 109561 31483 149404 

1997 14595 80382 49105 144082 

1998 16135 97922 60571 174628 

1999 20615 102733 59137 182485 

2000 8333 73229 43653 125215 

2001 7710 74994 33154 115858 

2002 3777 93381 23457 120615 

2003 4653 56596 26207 87456 

2004 6404 39724 21291 67419 

2005 5807 58467 21898 86172 

2006 4548 54651 9246 68445 

2007 5354 69927 13455 88736 

2008 6692 155553 47079 209324 

2009 8928 239179 33482 281589 

2010 7930 197894 39700 245524 

2011 11533 157462 34244 203239 

2012 8553 209249 41958 259760 

2013 12779 207284 34285 254348 

2014 10140 262676 40188 313004 

2015 5460 208243 24461 238164 
aCatch data obtained from [WCPFC, 2017c]. 

  



 
 

192 
 

Table A.15: Annual catch (in metric tons) of the Hawaii pole and line fleet a. 

Year Skipjack Yellowfin 

Other 

tuna Mahimahi 

All 

species 

All 

tuna 

1996 836 0.9 0.0 0.0 836 836 

1997 881 0.0 0.0 2.3 883 881 

1998 382 1.4 0.0 0.0 383 383 

1999 586 9.5 0.0 0.0 595 595 

2000 320 0.8 0.5 0.4 321 321 

2001 448 2.0 0.3 0.3 451 451 

2002 420 2.5 0.9 0.4 424 424 

2003 586 33 4.5 1.2 625 623 

2004 279 17 0.5 1.0 298 297 

2005 353 68 1.2 0.4 423 422 

2006 294 2.9 3.2 0.1 300 300 

2007 272 23 1.2 0.2 296 296 

2008 292 22 3.6 0.6 319 319 

2009 213 16 0.6 0.8 230 230 

2010 44 7.0 0.0 0.4 52 51 

2011 159 9.4 0.1 1.3 169 168 

2012 43 5.9 0.1 0.5 50 49 

2013 104 1.5 0.2 0.2 106 106 

2014 25 0.1 0.0 0.1 26 26 

2015 12 1.9 0.1 0.3 14 14 
aData obtained from [NMFS, 2017q]. 
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Table A.16: Annual catch (in metric tons) pelagics by the Hawaii troll fleet. 

Year 

YFa,

d 

SKJa,

e BEa,f 

ALBa

,g 

OTa,

h BMb,i 

SMb

,j 

OBFb

,k SFb,l 

MMc,

m ONOc,n 

MPc

,o 

Total 

tuna 

Total 

pelagics 

1996 321 192 1.8 2.3 2.7 401 54 17 0.5 205 158 3.2 520 1358 

1997 323 171 2.7 3.2 2.7 369 38 16 0.5 235 205 2.3 502 1368 

1998 288 126 2.3 1.8 4.5 239 26 19 0.5 210 200 2.7 423 1121 

1999 312 157 3.2 39 3.2 288 28 32 0.5 247 253 2.7 515 1367 

2000 305 82 6.8 2.3 2.8 192 14 22 2.2 357 175 3.1 399 1163 

2001 246 98 11 6.0 2.2 276 42 34 1.6 289 234 2.8 362 1242 

2002 225 91 39 4.3 2.7 199 29 10 1.2 315 157 2.0 362 1076 

2003 332 108 37 4.6 12 177 29 17 0.4 281 226 1.5 493 1224 

2004 313 112 149 3.5 20 164 34 21 0.2 529 187 1.6 597 1533 

2005 322 87 85 6.4 6.9 180 20 16 0.5 270 189 1.8 508 1185 

2006 268 100 70 0.7 5.3 145 21 13 0.4 342 208 1.4 444 1175 

2007 469 87 63 3.3 5.1 120 13 10 0.8 309 206 1.2 628 1288 

2008 427 156 75 1.4 3.7 176 13 13 0.5 254 227 1.9 663 1349 

2009 437 138 59 3.3 5.9 164 10 8 0.4 315 199 1.6 643 1342 

2010 400 96 118 2.0 11 133 5.4 12 0.3 305 206 2.5 626 1291 

2011 443 127 112 3.8 3.5 189 16 16 0.4 301 141 2.7 689 1354 

2012 593 108 155 3.1 11 126 11 15 0.6 451 193 2.6 871 1670 

2013 489 149 148 1.7 3.8 128 8.1 15 0.7 290 180 1.5 791 1414 

2014 555 78 143 3.2 12 144 12 12 1.2 408 211 2.3 791 1582 

2015 492 96 59 2.0 15 179 11 17 0.9 329 189 2.1 663 1391 
aTuna catch; data obtained from [NMFS, 2017s]. 
bBillfish catch; data obtained from: billfish [NMFS, 2017t]. 
c“Other pelagics” catch obtained from [NMFS, 2017z]. 
dYellowfin (YF). 
eSkipjack (SKJ). 
fBigeye (BE). 
gAlbacore (ALB). 
hOther (OT) species. 
iBlue marlin (BM). 
jStriped marlin (SM). 
kOther billfish (OBF). 
lSwordfish (SF).  
mMahi mahi (MM) 
nWahoo or ono (ONO). 
oMiscellaneous pelagics (MP). 
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Table A.17: Annual catch (in metric tons) of tuna by the Hawaii longline fleet a. 

Year Bigeye Yellowfin Albacore Skipjack Bluefin Total 

1996 1787 630 1182 41 22 3662 

1997 2449 1141 1645 106 24 5364 

1998 3226 722 1111 76 16 5152 

1999 2719 473 1474 99 10 4776 

2000 2647 1205 898 100 3.2 4853 

2001 2355 1033 1271 206 0.9 4867 

2002 4392 561 519 128 0.5 5601 

2003 3593 823 526 198 0.0 5141 

2004 4336 711 360 137 0.5 5544 

2005 4980 737 300 89 0.5 6106 

2006 4427 962 262 72 0.0 5723 

2007 5780 830 251 91 0.0 6952 

2008 5855 900 367 119 0.0 7240 

2009 4727 508 208 135 0.5 5578 

2010 5435 574 418 150 0.0 6577 

2011 5545 955 710 209 0.0 7418 

2012 5833 887 674 246 0.5 7641 

2013 6486 753 317 226 0.5 7783 

2014 6970 672 202 187 0.5 8031 

2015 8580 1.9 0.5 0.5 0.0 8583 
aData obtained from [NMFS, 2017x]. 
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Table A.18: Annual catch (in metric tons) of tuna by the American Samoa troll fleet a. 

Year Mahimahi Wahoo Marlin Sailfish Skipjack Yellowfin All tuna 

All 

pelagics 

1996 2.3 2.0 3.6 0.7 24 17 41 49 

1997 1.6 0.9 2.4 0.0 14 9.8 24 29 

1998 0.4 0.2 0.7 0.1 6.7 3.1 9.8 11 

1999 1.0 0.3 0.3 0.1 16 5.2 21 23 

2000 0.0 0.1 0.3 0.0 7.4 2.2 9.5 9.9 

2001 0.4 0.3 0.0 0.0 6.8 2.8 9.6 10 

2002 0.3 0.2 0.0 0.0 5.2 5.6 11 11 

2003 0.7 0.3 0.6 0.0 8.8 3.2 12 14 

2004 0.2 0.2 0.0 0.0 9.4 2.7 12 13 

2005 0.1 0.4 0.1 0.1 4.9 3.4 8.3 9.0 

2006 0.5 0.3 0.0 0.0 5.9 4.1 10 11 

2007 0.3 0.4 0.1 0.0 5.6 4.1 9.7 10 

2008 0.4 0.1 0.0 0.1 7.4 9.1 17 17 

2009 0.1 0.0 0.0 0.0 1.3 1.3 2.5 2.6 

2010 0.0 0.0 0.0 0.0 0.9 0.9 1.9 1.9 

2011 0.3 0.0 0.0 0.0 9.0 5.6 15 15 

2012 0.1 0.3 0.0 0.0 4.4 3.8 8.2 8.6 

2013 0.1 0.5 0.0 0.0 3.8 3.2 7.1 7.7 

2014 0.9 0.5 0.9 0.1 5.9 3.0 8.9 11 

2015 0.4 0.2 0.8 0.6 3.1 1.8 4.9 7.0 
 aData obtained from https://www.pifsc.noaa.gov/wpacfin/as/Pages/as_data_6.php. 
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Table A.19: Annual catch (in metric tons) of tuna by the American Samoa longline fleet a. 

Year Yellowfin Skipjack Bigeye Albacore Wahoo Mahimahi 

Blue 

Marlin Sailfish Swordfish 

Total 

tuna 

Total 

pelagics 

1996 12 0.2 3.9 86 1.6 2.4 10 1.4 0.4 102 118 

1997 22 1.2 4.0 313 7.2 15 15 3.1 0.3 340 380 

1998 42 18 10 446 18 15 21 3.3 1.7 517 576 

1999 63 25 8.7 337 22 16 16 3.4 1.0 434 493 

2000 86 15 22 632 21 19 27 1.0 0.9 755 825 

2001 188 68 75 3230 52 39 17 2.5 5.9 3560 3677 

2002 481 244 198 5946 165 38 41 3.1 15 6870 7131 

2003 497 120 243 3943 196 37 12 2.8 15 4803 5065 

2004 889 235 228 2486 215 19 5.6 2.1 9.2 3838 4090 

2005 522 142 133 2916 221 24 23 2.2 7.5 3713 3991 

2006 497 213 201 4178 286 22 27 5.9 37 5090 5469 

2007 633 166 231 5190 198 14 39 1.0 13 6220 6485 

2008 340 163 12 3552 136 13 35 0.9 6.8 4068 4259 

2009 393 156 160 3926 139 17 42 1.9 13 4636 4847 

2010 443 114 176 3954 131 8.2 45 1.5 11 4686 4883 

2011 546 112 178 2334 128 10 39 3.7 13 3171 3365 

2012 376 289 174 3200 85 10 37 1.5 14 4039 4187 

2013 422 65 85 2127 90 19 31 1.8 11 2700 2852 

2014 423 110 78 1391 71 10 26 1.5 10 2003 2121 

2015 317 87 69 1577 63 5.0 23 1.6 7.8 2050 2149 
aData obtained from [NMFS, 2017v]. 
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Table A.20: Annual catch (in metric tons) of albacore tuna by the North Pacific surface methods 

(including pole and line and troll gears) fleet a. 

Year 

Catch in 

EEZb 

Catch on 

high seas 

Total 

Catch 

1996 2307 14655 16962 

1997 2865 11460 14325 

1998 2159 12330 14489 

1999 6689 3431 10120 

2000 6780 2934 9714 

2001 6503 4846 11349 

2002 7096 3661 10757 

2003 12263 1883 14147 

2004 12678 795 13473 

2005 7996 492 8487 

2006 10477 2070 12547 

2007 11848 60 11908 

2008 9938 1823 11761 

2009 11797 543 12340 

2010 8673 3027 11701 

2011 9666 477 10143 

2012 14036 113 14149 

2013 12051 259 12310 

2014 13329 40 13369 

2015 11535 23 11558 
aData obtained from [PFMC, 2017a]. 
bCatch inside the U.S. and Canada exclusive economic zone (EEZ). 
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Table A.21: Annual catch (in metric tons) of the U.S. purse seine fleet in the U.S. exclusive 

economic zones (EEZ)  a,b. 

Year Skipjack Yellowfin Bigeye Other 

Total 

tuna 

1996 5443 1702 170 0.0 7315 

1997 14185 9984 1583 3.0 25755 

1998 1213 862 73 0.0 2147 

1999 0.0 0.0 0.0 0.0 0.0 

2000 0.0 0.0 0.0 0.0 0.0 

2001 2221 934 500 0.0 3655 

2002 14504 14621 757 0.0 29882 

2003 0.0 0.0 0.0 0.0 0.0 

2004 0.0 0.0 0.0 0.0 0.0 

2005 2734 2036 566 0.1 5337 

2006 8020 948 637 0.7 9606 

2007 2603 1736 176 0.0 4515 

2008 0.0 0.0 0.0 0.0 0.0 

2009 8511 2975 173 1.4 11661 

2010 0.0 0.0 0.0 0.0 0.0 

2011 0.0 0.0 0.0 0.0 0.0 

2012 3378 552 156 0.6 4086 

2013 0.0 0.0 0.0 0.0 0.0 

2014 10123 9148 716 0.7 19987 

2015 29792 5022 961 3.4 35778 
aWe obtained geo-referenced (5x5 grid cells) effort (in days) and aggregated by month; we used ArcMap (v. 10.5.1) to clip the 

gridded  effort data to a U.S. EEZ territory shapefile. 
bGeo-referenced (5x5 grid cells) catch (in metric tons) obtained from [WCPFC, 2017a]. 
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Table A.22: Annual catch (in metric tons) of the U.S. purse seine fleet outside the U.S. exclusive 

economic zones (EEZ) a,. 

Year Bigeye Skipjack Yellowfin 

Total 

tuna 

1996 8190 104118 29781 142089 

1997 13012 66197 39121 118330 

1998 16062 96709 59709 172481 

1999 20615 102733 59137 182485 

2000 8333 73229 43653 125215 

2001 7210 72773 32220 112203 

2002 3020 78877 8836 90733 

2003 4653 56596 26207 87456 

2004 6404 39724 21291 67419 

2005 5241 55733 19862 80835 

2006 3911 46631 8298 58840 

2007 5178 67324 11719 84221 

2008 6692 155553 47079 209324 

2009 8755 230668 30507 269929 

2010 7930 197894 39700 245524 

2011 11533 157462 34244 203239 

2012 8397 205871 41406 255674 

2013 12779 207284 34285 254348 

2014 9424 252553 31040 293017 

2015 4499 178451 19439 202390 
aThe catch is the difference between the total catch by U.S. flagged vessels and the catch within the U.S. EEZ. 
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Table A.23: Annual catch (in metric tons) of the international purse seine fleet on the high sea 

a,b. 

Year Skipjack Yellowfin Bigeye 

Other 

tuna 

Total 

tuna 

1996 603199 172045 38714 2074 816032 

1997 520622 292984 71675 6578 891859 

1998 739368 378085 68289 1297 1187038 

1999 657035 292752 57011 18012 1024810 

2000 702292 303514 38556 15423 1059785 

2001 717765 293083 45406 2960 1059214 

2002 920366 252731 55986 5922 1235004 

2003 878356 303361 37637 922 1220275 

2004 921006 297001 60650 3739 1282397 

2005 972416 343191 51577 8672 1375857 

2006 1074566 286370 51362 5150 1417448 

2007 1199016 310360 39070 2395 1550841 

2008 1131861 397945 42085 8430 1580321 

2009 1318053 289478 46163 5646 1659340 

2010 1217818 322124 42988 2941 1585871 

2011 1066696 281931 55377 224209 1628213 

2012 1314907 357439 51265 167908 1891519 

2013 1378238 324430 55401 142917 1900986 

2014 1543815 340182 57295 123241 2064533 

2015 1308410 283305 43725 157423 1792862 
aTo estimate the high seas catch, we took the difference between the total catch and the catch that falls within an EEZ; to estimate 

the catch within the boundary of an EEZ, we used ArcMap (v. 10.5.1) to clip the geo-referenced (5x5 ridded catch data to a 

World EEZ territory shapefile. 
bGeo-referenced (5x5 grid cells) catch data was obtained from [WCPFC, 2017a]. 
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Table A.24: Annual catch (in metric tons) of the international pole and line fleet on the high sea 

a,b. 

Year Skipjack Yellowfin 

Other 

tuna 

Total 

tuna 

1996 33566 194 40 39945 

1997 48468 177 127 56618 

1998 45600 186 95 51874 

1999 50519 100 41 57691 

2000 41917 93 22 49426 

2001 34106 107 19 42440 

2002 29989 248 53 38679 

2003 52845 134 2.3 62397 

2004 37418 252 0.2 44868 

2005 63775 126 0.7 72730 

2006 43782 229 0.1 51166 

2007 38448 163 3.4 45518 

2008 37305 137 0.0 43770 

2009 20664 220 0.0 25951 

2010 38292 245 1.9 45622 

2011 31542 302 3.7 37890 

2012 29760 101 0.0 36795 

2013 29455 76 3.0 34895 

2014 18688 72 0.0 23206 

2015c 18688 72 0.0 23206 
aTo estimate the high seas catch, we took the difference between the total catch and the catch that falls within an EEZ; to estimate 

the catch within the boundary of an EEZ, we used ArcMap (v. 10.5.1) to clip the geo-referenced (5x5 gridded catch data to a 

World EEZ territory shapefile. 
bGeo-referenced (5x5 grid cells) catch data was obtained from [WCPFC, 2017a]. 
cDue to lack of data, data was copied from 2014. 
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Table A.25: Mean density of marine fuels including distillates and heavy fuel oil (HFO) over the 

last 20 years.  The mean values are the results of PRELIM simulations [Abella and Bergerson, 

2012]. The value in parenthesis represents the uncertainty (95% confidence intervals). 

Year 

Mean 

distillate 

density                  

(g l fuel -1) 

Mean HFO 

density                   

(g l fuel -1) 

1996 882 (± 15) 989 (± 18) 

1997 882 (± 15) 989 (± 18) 

1998 882 (± 15) 989 (± 18) 

1999 882 (± 15) 989 (± 18) 

2000 882 (± 15) 989 (± 18) 

2001 882 (± 15) 989 (± 18) 

2002 882 (± 15) 989 (± 18) 

2003 882 (± 15) 989 (± 18) 

2004 882 (± 15) 989 (± 18) 

2005 882 (± 15) 989 (± 18) 

2006 882 (± 15) 988 (± 18) 

2007 840 (± 12) 986 (± 19) 

2008 840 (± 12) 988 (± 18) 

2009 840 (± 12) 988 (± 18) 

2010 839 (± 12) 988 (± 18) 

2011 839 (± 12) 988 (± 18) 

2012 839 (± 12) 987 (± 19) 

2013 840 (± 13) 986 (± 19) 

2014 840 (± 14) 980 (± 19) 

2015 840 (± 13) 980 (± 19) 
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Table A.26: PRELIM fuel product density results for ultra-low-sulfur diesel (ULSD), fuel oil, 

and bunker fuel [Abella and Bergerson, 2012]. 

Region Oil Field 

ULSD Density 

(kg/m3) 

Fuel Oil Density 

(kg/m3) 

Bunker Fuel 

Density (kg/m3) 

U.S. Alaskan North Slope Exxon 825 825 959 

Canada Albian Heavy Synthetic 837 845 1,010 

Canada Albian Residual 827 829 1,010 

Angola Girassol_Exxon 822 818 941 

Angola Girassol_Statoil 824 822 969 

Angola Kuito_BP 827 828 1,039 

Azerbaijan Azeri Light_Chevron 825 872 908 

Azerbaijan Azeri Light_Exxon 825 879 870 

Azerbaijan Azeri Light_Statoil 825 879 923 

U.S. Belridge_Knovel 823 822 1,010 

Nigeria Bonny Light_Chevron 825 905 824 

Canada Bow River 828 831 1,010 

Brazil Frade_Chevron 824 824 1,010 

Brazil Lula 822 818 955 

Brazil Polvo 831 836 1,010 

U.K. Brent_BP 825 893 911 

U.K. Brent_Chevron 825 884 915 

U.K. Brent_Exxon 820 808 938 

Canada Hibernia_Chevron 822 818 1,000 

Canada Hibernia_Exxon 821 808 911 

Canada Hibernia_Statoil 825 889 940 

China Bozhong 826 826 1,010 

Canada Cold Lake (Dilbit) 829 833 1,010 

Norway Ekofisk_Chevron 825 882 929 

Norway Ekofisk_Statoil 825 882 937 

U.K. Forties_BP 824 823 954 

U.K. Forties_Chevron 820 812 996 

U.K. Forties_Statoil 824 824 996 

Venezuela Hamaca_Knovel 824 822 1,061 

Canada High Sour Edmonton 825 824 1,024 

Canada Husky Synthetic 825 895 929 

Indonesia Duri_Chevron 822 820 1,010 

Indonesia Tanggeh 825 897 904 

Iraq Basra 827 828 977 

Kuwait Eocene 823 823 1,010 

Kuwait Ratawi_Chevron 826 828 1,029 

Canada Lloyd Blend 828 830 1,010 

Canada Lloyd Kerrobert 830 834 1,010 

U.S. Mars_BP 826 828 964 

Canada Midale 827 829 1,055 

U.S. Midway Sunset 828 831 1,003 

Nigeria Agbami_Chevron 825 859 927 

Nigeria Agbami_Statoil 825 886 995 

Nigeria Bonga 826 830 941 

Nigeria Erha 825 899 911 

Nigeria Escravos 825 905 932 

Nigeria Pennington_Chevron 825 906 936 

Nigeria Qua Iboe 825 884 919 

Denmark North Sea Dansk_Statoil 825 908 930 

Norway North Sea Skarv 825 890 928 

Russia Sokol 825 897 904 

Canada Seal Heavy 828 831 1,010 

Canada Smiley-Coleville 829 832 1,010 

Canada Suncor Synthetic A 825 910 942 

Canada Syncrude Synthetic 827 831 997 

Kazakhstan Tengiz_Chevron 821 811 966 

U.S. Thunderhorse_BP 825 824 958 

U.S. Thunder Horse_Exxon 821 811 971 

UAE Murban 823 820 955 

Canada Wabasca 829 833 1,010 

Canada Western Canada Blend 827 828 1,010 

Canada Western Canada Select 828 831 1,010 
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Table A.27: PRELIM lower heating value (LHV) results for ultra-low-sulfur diesel (ULSD), fuel 

oil, and bunker fuel [Abella and Bergerson, 2012]. 

Region Oil Field ULSD LHV (MJ/kg) Fuel Oil LHV (MJ/kg) Bunker Fuel LHV (MJ/kg) 

U.S. Alaskan North Slope Exxon 41.29 41.29 39.39 

Canada Albian Heavy Synthetic 41.13 41.02 38.6 

Canada Albian Residual 41.27 41.24 38.6 

Angola Girassol_Exxon 41.33 41.39 39.67 

Angola Girassol_Statoil 41.31 41.33 39.24 

Angola Kuito_BP 41.27 41.25 38.13 

Azerbaijan Azeri Light_Chevron 41.29 40.66 40.15 

Azerbaijan Azeri Light_Exxon 41.29 40.56 40.68 

Azerbaijan Azeri Light_Statoil 41.29 40.56 39.94 

U.S. Belridge_Knovel 41.32 41.34 38.6 

Nigeria Bonny Light_Chevron 41.29 40.19 41.3 

Canada Bow River 41.25 41.22 38.6 

Brazil Frade_Chevron 41.3 41.3 38.6 

Brazil Lula 41.33 41.38 39.46 

Brazil Polvo 41.21 41.15 38.6 

U.K. Brent_BP 41.29 40.37 40.11 

U.K. Brent_Chevron 41.29 40.5 40.05 

U.K. Brent_Exxon 41.36 41.51 39.72 

Canada Hibernia_Chevron 41.33 41.39 38.76 

Canada Hibernia_Exxon 41.35 41.51 40.11 

Canada Hibernia_Statoil 41.29 40.43 39.67 

China Bozhong 41.28 41.27 38.6 

Canada Cold Lake (Dilbit) 41.23 41.19 38.6 

Norway Ekofisk_Chevron 41.29 40.52 39.84 

Norway Ekofisk_Statoil 41.29 40.52 39.73 

U.K. Forties_BP 41.3 41.32 39.47 

U.K. Forties_Chevron 41.36 41.46 38.82 

U.K. Forties_Statoil 41.3 41.31 38.83 

Venezuela Hamaca_Knovel 41.31 41.33 37.77 

Canada High Sour Edmonton 41.3 41.31 38.37 

Canada Husky Synthetic 41.29 40.33 39.85 

Indonesia Duri_Chevron 41.34 41.36 38.6 

Indonesia Tanggeh 41.29 40.31 40.2 

Iraq Basra 41.27 41.25 39.12 

Kuwait Eocene 41.31 41.32 38.6 

Kuwait Ratawi_Chevron 41.27 41.25 38.29 

Canada Lloyd Blend 41.25 41.22 38.6 

Canada Lloyd Kerrobert 41.22 41.17 38.6 

U.S. Mars_BP 41.28 41.26 39.32 

Canada Midale 41.27 41.23 37.86 

U.S. Midway Sunset 41.26 41.21 38.71 

Nigeria Agbami_Chevron 41.29 40.83 39.87 

Nigeria Agbami_Statoil 41.29 40.43 38.84 

Nigeria Bonga 41.29 41.23 39.66 

Nigeria Erha 41.29 40.28 40.11 

Nigeria Escravos 41.29 40.19 39.8 

Nigeria Pennington_Chevron 41.29 40.18 39.74 

Nigeria Qua Iboe 41.29 40.49 39.99 

Denmark North Sea Dansk_Statoil 41.29 40.15 39.83 

Norway North Sea Skarv 41.29 40.41 39.85 

Russia Sokol 41.29 40.31 40.2 

Canada Seal Heavy 41.25 41.22 38.6 
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Canada Smiley-Coleville 41.24 41.2 38.6 

Canada Suncor Synthetic A 41.29 40.12 39.66 

Canada Syncrude Synthetic 41.26 41.21 38.8 

Kazakhstan Tengiz_Chevron 41.35 41.48 39.28 

U.S. Thunderhorse_BP 41.3 41.3 39.41 

U.S. Thunder Horse_Exxon 41.35 41.47 39.21 

UAE Murban 41.31 41.36 39.46 

Canada Wabasca 41.23 41.19 38.6 

Canada Western Canada Blend 41.27 41.25 38.6 

Canada Western Canada Select 41.25 41.22 38.6 
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 Table A.28: PRELIM ultra-low-sulfur diesel (USLD) GHG emissions (100-y time horizon). The 

fuel sulfur level is 0.0011%. Crude oil refinery results for four different configurations [Abella 

and Bergerson, 2012].

Region Oil Field 

Hydro-

skimminga  Mediumb   Deep - Coke  

Deep - 

Hydrocracking 

    (g CO2e/MJ) (g CO2e/MJ) (g CO2e/MJ) (g CO2e/MJ) 

Alaska Alaskan North Slope Exxon 2.03 7.07 12.23 15.20 

Canada Albian Heavy Synthetic 3.61 17.02 17.89 22.13 

Canada Albian Residual 2.75 9.40 14.82 17.37 

Angola Girassol_Exxon 2.69 7.75 11.53 14.29 

Angola Girassol_Statoil 2.85 7.27 12.44 15.34 

Angola Kuito_BP 1.93 10.23 22.10 22.10 

Azerbaijan Azeri Light_Chevron 2.15 4.76 6.83 9.34 

Azerbaijan Azeri Light_Exxon 2.87 7.32 12.54 15.48 

Azerbaijan Azeri Light_Statoil 2.73 8.27 10.38 12.31 

U.S. Belridge_Knovel 4.66 13.71 20.36 28.45 

Nigeria Bonny Light_Chevron 3.57 9.03 10.38 11.76 

Canada Bow River 5.27 12.89 15.01 19.07 

Brazil Frade_Chevron 1.86 11.47 19.95 23.27 

Brazil Lula 2.14 11.64 11.54 13.32 

Brazil Polvo 7.61 16.25 18.71 22.66 

U.K. Brent_BP 2.49 7.68 10.52 11.67 

U.K. Brent_Chevron 2.10 9.61 8.47 11.26 

U.K. Brent_Exxon 2.54 7.51 12.98 16.09 

Canada Hibernia_Chevron 2.67 6.98 12.56 15.54 

Canada Hibernia_Exxon 2.03 6.82 12.96 16.13 

Canada Hibernia_Statoil 2.76 10.18 12.81 15.11 

China Bozhong 2.02 10.71 13.97 19.72 

Canada Cold Lake (Dilbit) 4.38 13.59 17.30 20.90 

Norway Ekofisk_Chevron 2.02 6.77 11.29 15.57 

Norway Ekofisk_Statoil 2.67 8.63 11.66 13.04 

U.K. Forties_BP 2.64 8.74 10.87 12.79 

U.K. Forties_Chevron 2.08 6.08 9.78 13.99 

U.K. Forties_Statoil 2.81 8.59 11.55 12.86 

Venezuela Hamaca_Knovel 2.08 4.29 5.04 10.00 

Canada High Sour Edmonton 2.54 6.72 9.81 12.77 

Canada Husky Synthetic 2.69 8.18 8.43 8.57 

Indonesia Duri_Chevron 1.93 11.96 19.81 24.97 

Indonesia Tanggeh 2.40 4.56 5.37 5.71 

Iraq Basra 3.50 8.97 12.87 15.67 

Kuwait Eocene 3.23 12.47 20.08 23.61 

Kuwait Ratawi_Chevron 1.53 9.85 15.94 21.99 

Canada Lloyd Blend 5.38 13.33 17.41 20.64 

Canada Lloyd Kerrobert 4.97 13.84 17.38 20.34 

U.S. Mars_BP 2.78 8.85 12.52 16.22 

Canada Midale 2.87 8.65 11.76 14.60 

U.S. Midway Sunset 3.86 11.91 18.72 24.00 

Nigeria Agbami_Chevron 2.18 4.40 6.30 8.66 

Nigeria Agbami_Statoil 2.50 5.44 5.82 6.53 

Nigeria Bonga 2.37 3.33 8.31 9.62 

Nigeria Erha 2.44 11.08 15.07 17.03 

Nigeria Escravos 2.79 7.15 11.34 13.37 

Nigeria Pennington_Chevron 2.50 5.40 6.61 9.82 

Nigeria Qua Iboe 2.47 2.77 6.84 8.49 

Denmark North Sea Dansk_Statoil 2.58 7.07 12.31 15.66 

Norway North Sea Skarv 2.68 6.80 8.61 9.88 

Russia Sokol 2.42 6.49 12.22 12.84 

Canada Seal Heavy 3.89 13.26 18.49 21.85 

Canada Smiley-Coleville 5.93 13.42 17.09 20.10 
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Canada Suncor Synthetic A  2.21 8.11 8.25 8.32 

Canada Syncrude Synthetic  2.18 9.16 10.23 9.76 

Kazakhstan Tengiz_Chevron 2.15 5.13 8.52 8.52 

U.S. Thunderhorse_BP 2.55 9.27 11.93 15.06 

U.S. Thunder Horse_Exxon 2.04 5.51 13.72 14.50 

UAE Murban 2.52 5.97 6.61 9.82 

Canada Wabasca 5.76 12.50 15.26 19.40 

Canada Western Canada Blend 3.59 11.53 14.61 18.83 

Canada Western Canada Select 4.96 12.77 15.40 19.87 
aResults are the same for hydro-cracking and coking refineries. 
bCoking refinery results. 
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Table A.29: PRELIM fuel oil GHG emissions (100-y time horizon); hydro-skimming 

configuration refinery results [Abella and Bergerson, 2012]. 

Region Oil Field Fs% 

GWP                      

(g CO2e/MJ) 

Nigeria Agbami_Chevron 0.06 0.81 

Canada Husky Synthetic Blend 0.09 0.82 

Nigeria Qua Iboe_Exxon 0.13 0.76 

Nigeria Agbami_Statoil 0.14 0.72 

Azerbaijan Azeri Light_Chevron 0.14 0.84 

Azerbaijan Azeri Light_Statoil 0.14 0.85 

Nigeria Pennington_Chevron 0.15 0.83 

Azerbaijan Azeri Light_Exxon 0.15 0.94 

Canada Syncrude Synthetic 0.16 0.80 

Indonesia Duri_Chevron 0.16 1.85 

China Bozhong_Chevron 0.18 1.29 

Nigeria Erha_Exxon 0.18 0.80 

Nigeria Escravos_Chevron 0.19 0.92 

Nigeria Bonny Light_Chevron 0.21 0.80 

Norway Ekofisk_Chevron 0.22 0.89 

U.S. Belridge_Knovel 0.22 1.27 

Canada Suncor Synth A 0.23 0.77 

Denmark North Sea Dansk Statoil 0.25 0.91 

Nigeria Bonga_Exxon 0.25 0.77 

Norway Ekofisk_Statoil 0.26 0.80 

Angola Girassol_Exxon 0.28 0.95 

Brazil Lula 0.30 0.87 

Angola Girassol_Statoil 0.30 0.89 

Indonesia Tanngeh_BP 0.38 0.69 

Russia Sokol_Exxon 0.38 0.80 

U.K. Brent_Chevron 0.39 0.80 

Canada Hibernia_Exxon 0.41 0.91 

Venezuela Hamaca_Knovel 0.42 0.85 

U.K. Brent_ Exxon 0.42 0.86 

Canada Hibernia_Chevron 0.42 0.96 

Norway North Sea_BP 0.43 0.79 

Canada Hibernia_Statoil 0.47 0.83 

U.K. Brent_BP 0.49 0.81 

U.K. Forties_Chevron 0.49 0.85 

Brazil Frade_Chevron 0.52 1.28 

Canada Albian Synthetic Blend 0.54 0.92 

Angola Kuito_BP 0.56 1.17 

U.S. Thunderhorse_Exxon 0.72 0.88 

U.S. Thunderhorse_BP 0.75 0.83 

U.S. Alaskan North Slope_Exxon 0.85 0.87 

U.S. Midway Sunset 0.90 1.03 

Brazil Polvo 0.96 1.01 

Kazakhstan Tengiz_Chevron 0.98 0.78 

U.K. Forties_BP 1.00 0.78 

U.K. Forties_Statoil 1.00 0.78 

Canada High Sour Edmonton 1.20 0.82 

UAE Murban_BP 1.22 0.79 

U.S. Mars_BP 1.62 0.89 

Canada Albian Heavy Synthetic 1.64 0.99 

Canada Western Canada Blend 1.69 0.99 

Canada Western Canada Select 1.99 1.00 
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Canada Bow River 2.00 0.97 

Canada Lloyd Kerrobert 2.09 1.00 

Canada Lloyd Blend 2.19 1.02 

Canada Midale 2.26 0.86 

Canada Smiley Coleville 2.28 0.99 

Canada Cold Lake 2.61 0.99 

Iraq Basra_BP 2.81 0.88 

Kuwait Eocene_Chevron 2.92 1.40 

Kuwait Ratawi_Chevron 3.02 1.10 

Canada Wabasca 3.15 0.96 

Canada Seal Heavy 3.54 0.97 
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 Table A.30: PRELIM fuel oil GHG emissions (100-y time horizon); medium conversion 

configuration refinery results [Abella and Bergerson, 2012]. 

Region Oil Field Fs% 

GWP                

(g CO2e/MJ) 

Nigeria Agbami_Chevron 0.00013 5.09 

Kazakhstan Tengiz_Chevron 0.00017 7.79 

Canada Husky Synthetic Blend 0.00022 12.78 

Nigeria Qua Iboe_Exxon 0.00022 7.02 

Nigeria Agbami_Statoil 0.00023 5.44 

Azerbaijan Azeri Light_Chevron 0.00025 7.57 

Nigeria Pennington_Chevron 0.00025 7.51 

Azerbaijan Azeri Light_Statoil 0.00025 12.04 

Canada Albian Heavy Synthetic 0.00026 18.58 

Indonesia Duri_Chevron 0.00027 13.70 

Azerbaijan Azeri Light_Exxon 0.00028 10.66 

China Bozhong_Chevron 0.00031 11.84 

Nigeria Escravos 0.00034 9.78 

Nigeria Bonny Light_Chevron 0.00035 10.29 

Canada Syncrude Synthetic 0.00036 12.39 

Nigeria Bonga 0.00038 9.26 

Nigeria Erha_Exxon 0.00039 20.89 

Norway Ekofisk_Chevron 0.00041 8.31 

Denmark North Sea Dansk_Statoil 0.00042 8.83 

Canada Suncor Synthetic A 0.00043 11.94 

Norway Ekofisk_Statoil 0.00045 12.07 

U.S. Belridge_Knovel 0.00048 15.36 

Brazil Lula 0.00049 13.11 

Angola Girassol_Exxon 0.00051 11.54 

Angola Girassol_Statoil 0.00053 12.73 

Indonesia Tanngeh_BP 0.00067 7.41 

Russia Sokol 0.00070 10.95 

Norway North Sea Skarv 0.00073 9.89 

U.K. Brent_Chevron 0.00073 7.60 

Canada Hibernia_Exxon 0.00075 10.78 

U.K. Brent_Exxon 0.00078 9.84 

U.K. Brent_BP 0.00082 10.25 

Canada Hibernia_Statoil 0.00083 12.20 

Canada Hibernia_Chevron 0.00086 8.52 

Brazil Frade_Chevron 0.00093 13.19 

Angola Kuito_BP 0.00100 12.23 

Venezuela Hamaca_Knovel 0.00110 4.10 

U.K. Forties_Chevron 0.00112 8.58 

U.S. Thunderhorse_BP 0.00122 10.66 

U.S. Thunder Horse_Exxon 0.00130 9.24 

Canada Albian Residual 0.00138 13.07 

Brazil Polvo 0.00139 18.22 

Alaska Alaskan North Slope Exxon 0.00149 9.31 

U.S. Midway Sunset 0.00152 13.70 

U.K. Forties_BP 0.00162 10.92 

U.K. Forties_Statoil 0.00172 12.17 

UAE Murban 0.00189 8.60 

Canada High Sour Edmonton 0.00213 8.65 

U.S. Mars_BP 0.00260 10.78 

Canada Western Canada Blend 0.00316 13.04 
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Canada Bow River 0.00334 14.06 

Canada Western Canada Select 0.00350 14.22 

Canada Lloyd Kerrobert 0.00357 15.79 

Canada Midale 0.00370 11.49 

Canada Smiley-Coleville 0.00374 14.76 

Canada Lloyd Blend 0.00390 14.51 

Canada Cold Lake (Dilbit) 0.00437 14.71 

Iraq Basra_BP 0.00458 11.47 

Canada Wabasca 0.00490 13.42 

Kuwait Ratawi_Chevron 0.00521 11.74 

Kuwait Eocene 0.00537 13.54 

Canada Seal Heavy 0.00572 14.18 
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Table A.31: PRELIM bunker fuel GHG emissions (100-y time horizon); hydro-skimming 

configuration refinery results [Abella and Bergerson, 2012]. 

Region Oil Field Fs% 

GWP                

(g CO2e/MJ) 

Nigeria Agbami_Chevron 0.21 0.56 

Canada Husky Synthetic Blend 0.22 0.62 

Indonesia Duri_Chevron 0.26 0.30 

Azerbaijan Azeri Light_Statoil 0.27 0.53 

Nigeria Pennington_Chevron 0.28 0.53 

U.S. Belridge_Knovel 0.29 0.36 

Azerbaijan Azeri Light_Chevron 0.30 0.55 

Nigeria Agbami_Statoil 0.33 0.65 

China Bozhong_Chevron 0.35 0.37 

Azerbaijan Azeri Light_Exxon 0.35 0.48 

Nigeria Qua Iboe_Exxon 0.36 0.60 

Canada Syncrude Synthetic 0.36 0.60 

Nigeria Escravos 0.38 0.47 

Nigeria Erha_Exxon 0.41 0.56 

Brazil Lula 0.43 0.51 

Canada Suncor Synthetic A 0.43 0.63 

Angola Girassol_Exxon 0.49 0.47 

Norway Ekofisk_Statoil 0.51 0.53 

Nigeria Bonny Light_Chevron 0.52 0.35 

Denmark North Sea Dansk_Statoil 0.52 0.46 

Nigeria Bonga_Exxon 0.54 0.62 

Norway Ekofisk_Chevron 0.57 0.46 

Angola Girassol_Statoil 0.58 0.49 

U.K. Brent_BP 0.64 0.54 

Norway North Sea Skarv 0.81 0.55 

U.K. Brent_Chevron 0.85 0.53 

Indonesia Tanngeh_BP 0.87 0.63 

Russia Sokol_Exxon 0.87 0.54 

Canada Hibernia_Chevron 0.91 0.44 

Canada Hibernia_Statoil 0.92 0.51 

Brazil Frade_Chevron 0.98 0.35 

Angola Kuito_BP 1.12 0.37 

U.K. Brent_Exxon 1.12 0.50 

Canada Hibernia_Exxon 1.13 0.48 

Brazil Polvo 1.23 0.42 

U.S. Thunderhorse_BP 1.24 0.51 

U.S. Thunderhorse_Exxon 1.37 0.49 

Alaska Alaskan North Slope Exxon 1.50 0.48 

U.K. Forties_BP 1.63 0.54 

Kazakhstan Tengiz_Chevron 1.65 0.53 

U.K. Forties_Chevron 1.76 0.50 

UAE Murban 1.79 0.56 

U.S. Midway Sunset 1.80 0.42 
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U.K. Forties_Statoil 1.86 0.54 

U.S. Mars_BP 2.46 0.47 

Canada High Sour Edmonston 2.69 0.52 

Canada Albian Heavy Synthetic 3.06 0.41 

Venezuela Hamaca 3.66 0.51 

Canada Midale 3.92 0.50 

Canada Bow River 3.96 0.45 

Canada Smiley-Coleville 4.25 0.44 

Iraq Basra_BP 4.36 0.48 

Canada Lloyd Kerrobert 4.77 0.43 

Canada Western Canadian Select 4.97 0.43 

Canada Western Canadian Blend 5.06 0.43 

Canada Lloyd Blend 5.40 0.43 

Canada Wabasca 5.52 0.44 

Canada Cold Lake 5.68 0.43 

Canada Albian Residual 6.01 0.46 

Kuwait Eocene 6.27 0.32 

Kuwait Ratawi 6.89 0.39 

Canada Seal Heavy 7.47 0.42 

 

 

 



 
 

214 
 

 Table A.32: PRELIM bunker fuel GHG emissions (100-y time horizon); medium conversion 

configuration refinery results [Abella and Bergerson, 2012]. 

Region Oil Field Fs% 

GWP                 

(g CO2e/MJ) 

Canada Suncor Synthetic A 0.03 9.21 

Canada Husky Synthetic Crude Blend 0.04 6.61 

U.S. Belridge_Knovel 0.09 0.80 

Canada Suncrude Synthetic 0.17 6.81 

Indonesia Duri_Chevron 0.27 0.74 

Nigeria Agbami_Chevron 0.27 1.89 

Azerbaijan Azeri Light_Statoil 0.29 1.86 

Nigeria Pennington_Chevron 0.33 2.18 

Brazil Lula 0.34 3.34 

Azerbaijan Azeri Light_Chevron 0.34 1.78 

Nigeria Qua Iboe_Exxon 0.36 0.88 

China Bozhong_Chevron 0.37 1.19 

Azerbaijan Azeri Light_Exxon 0.39 1.28 

Nigeria Erha_Exxon 0.40 2.03 

Nigeria Escravos 0.40 1.47 

Nigeria Agbami_Statoil 0.41 3.34 

Nigeria Bonny Light_Chevron 0.45 2.38 

Angola Girassol_Exxon 0.49 1.38 

U.K. Brent_BP 0.50 1.77 

Nigeria Bonga_Exxon 0.56 0.95 

Norway Ekofisk_Statoil 0.57 1.67 

Angola Girassol_Statoil 0.62 1.50 

Denmark North Sea Dansk_Statoil 0.62 1.25 

Norway Ekofisk_Chevron 0.67 1.34 

Norway North Sea Skarv 0.93 2.12 

U.K. Brent_Chevron 0.94 1.56 

Angola Kuito_BP 0.94 1.19 

Canada Hibernia_Chevron 0.95 1.18 

Russia Sokol_Exxon 0.97 1.33 

Canada Hibernia_Statoil 1.00 1.60 

Brazil Frade_Chevron 1.02 0.96 

Indonesia Tanngeh_BP 1.14 2.32 

Brazil Polvo 1.22 1.53 

U.S. Thunderhorse_BP 1.28 1.58 

U.K. Brent_Exxon 1.29 1.27 

Canada Hibernia_Exxon 1.30 1.15 

U.S. Thunderhorse_Exxon 1.41 1.18 

Alaska Alaskan North Slope Exxon 1.53 1.17 

Kazakhstan Tengiz_Chevron 1.65 1.91 

Forties_BP Forties_BP 1.71 1.76 

UAE Murban 1.81 2.02 

U.S. Midway Sunset 1.96 0.75 

U.K. Forties_Statoil 2.00 1.69 

U.K. Forties_Chevron 2.18 1.41 

U.S. Mars_BP 2.57 1.27 

Canada High Sour Edmonston 3.10 1.48 

Canada Albian Heavy Synthetic 3.44 2.09 

Canada Midale 4.26 1.58 

Canada Bow River 4.40 1.63 

Iraq Basra_BP 4.46 1.38 

Canada Smiley-Coleville 4.61 1.51 

Venezuela Hamaca 5.27 1.48 

Canada Lloyd Kerrobert 5.39 1.56 

Canada Western Canadian Select 5.70 1.44 
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Canada Western Canadian Blend 5.95 1.40 

Canada Wabasca 6.02 1.43 

Canada Lloyd Blend 6.17 1.41 

Canada Cold Lake 6.35 1.42 

Kuwait Eocene 6.63 0.84 

Canada Albian Residual 7.21 1.24 

Kuwait Ratawi 7.40 0.83 

Canada Seal Heavy 8.21 1.22 
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Table A.33: Selected fuel refinery configurations for each product slate : hydro-skimming, 

medium and deep conversion. The medium and deep conversion configurations include fluid 

catalytic cracking (FCC) and gas oil hydrocracking and fractionation (GO-HC) processes 

[Abella and Bergerson, 2012]. 

Fuel Product Hydro-Skimming Medium (FCC + GO-HC) Deep (FCC + GO-HC) 

Bunker fuela X X  

Fuel oilb X X  

Ultra-low-sulfur dieselc X X X 
aWe used the “bunker fuel” product slate to estimate the refinery emissions for residual oil or heavy fuel oil (HFO).  
bWe used the “fuel oil” product slate to estimate the refinery emissions for marine gas oil (MGO, and a blend of the “bunker fuel” 

and “fuel oil” product slates to estimate the refinery emissions for marine diesel oil (MDO).  
cUltra-low sulfur-diesel (ULSD) is a commonly used in certain engines operating within emission control areas. 
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Table A.34: Selected PRELIM simulation values for ultra-low sulfur diesel (ULSD), marine gas 

oil (MGO), marine diesel oil (MDO), and heavy fuel oil (HFO) for varying fuel sulfur levels a. 

Fuel 

Type Fs% Selected Values 

ULSDb 0.0011 Table S5: (n=248) 

MGOc 0.05 Table S7: (n=62); Table S6: Fs% < 0.30 (n=22) 

MGOc 0.1 Table S7: (n=62);Table S6: Fs% < 0.52 (n=35) 

MGOc 0.35 Table S7: (n=62);Table S6: Fs% < 0.52 (n=57) 

MGOc 1 Table S7: Fs% > 0.0014 (n=20); Table S6: Fs% > 0.54 (n=27) 

MDOd 0.2 Table S7: (n=62); Table S6: Fs% < 0.98 (n=43); Table S8: Fs% <0.56 (n=19; Table S9: Fs% < 0.52 (n=19) 

MDOd 0.55 Table S6: (n=62); Table S7: (n=62);Table S8: Fs% < 1.80 (n=40); Table S9: Fs% < 1.80 (n=40) 

MDOd 0.75 Table S6: (n=62); Table S7:(n=62); Table S8: Fs% < 4.60 (n=50); Table S9: Fs% <4.25 (n=50) 

MDOd 1.5 Table S6: Fs% > 0.30 (n=40); Table S7: Fs% > 0.00045 (n=39); Table S8 (n=62); Table S9(n=62) 

HFOe 0.5  Table S10: Fs% <1 (n=31); Table S11: Fs% < 1 (n=31) 

HFOe 2.6 Table S10: Fs% > 0.40 (n=47); Table S11: Fs% > 0.43 (n=47) 

HFOe 3.5 Table S10: Fs% > 1 (n=32); Table S11: Fs% > 1 (n=32) 

HFOe 4.5  Table S10: Fs% > 1.8 (n=22); Table S11: Fs% > 1.7 (n=22) 
aAn oil field assay may appear more than once in a data set for three reasons: 1) an oil field has more than one producer (BP, 

Chevron, Exxon, Statoil, etc.), 2) more than one refinery configuration was used for each product, and 3) in the case of MDO, a 

blend of different fuels and refinery configurations was used.  
bULSD is commonly used in certain engines operating within emission control areas. 
cWe used the “fuel oil” product slate to estimate the refinery emissions for MGO. 
dWe used a blend of the “bunker fuel” and “fuel oil” product slates to estimate the refinery emissions for MDO. 
eWe used the “bunker fuel” product slate to estimate the refinery emissions for residual oil or HFO.  
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Table A.35: Mean value and 95% confidence intervals for refinery greenhouse gas (GHG) 

emissions, lower heating values (LHV), and densities of four different fuels with varying fuel 

sulfur levels. 

Fs% 

GHGs                         

(g CO2e/MJ 

crude) 

Crude feed inputb 

(MJ crude/MJ 

fuel)  

LHVc                   

(MJ / kg) 

Densityc                          

(g / liter) 

Ultra-low-sulfur diesel 

(ULSD) 

   

0.0015 9.99 [9.24, 10.72] 0.99 41.0 (± 0.0)  825.0 (± 0.7)  

Marine gas oil (MGO)    

0.05 8.63 [7.50, 9.77] 1.02 41.3 (± 0.1)  839.6 (± 7.3)  

0.1 7.58 [6.47, 8.70] 1.02 41.0 (± 0.1)  839.7 (± 7.0)  

0.35 6.36 [5.33, 7.39] 1.02 41.1 (± 0.1)  839.7 (± 6.1)  

1 5.99 [4.28, 7.68] 1.02 41.1 (± 0.0)  834.5 (± 3.3)  

Marine diesel oil (MDO) 
 

  
 

0.55 4.23 [3.52, 4.92] 1.03 41.1 (± 0.1)  883.6 (± 8.4)  

0.75 3.94 [3.28, 4.58] 1.03 40.5 (± 0.1)  883.3 (± 8.9)  

1.5 3.11 [2.49, 3.70] 1.04 40.0 (± 0.2)  914.3 (± 10.5)  

Heavy fuel oil (HFO) 
 

  
 

0.5 1.36 [0.92, 1.72] 1.05 39.7 (± 0.2)  938.8 (± 11.1)  

2.6 0.99 [0.86, 1.11] 1.05 39.1 (± 0.1)  984.5 (± 9.5)  

3.5 0.95 [0.81, 1.08] 1.05 38.8 (± 0.1)  998.0 (± 8.4)  
aMean and 95% confidence intervals constructed using bootstrap analysis methods described in [Orloff and Bloom, 2014]. 
bCrude feed input values were obtained from PRELIM [Abella and Bergerson, 2012]. 
cConfidence interval calculated using the following formula: μ ± 1.96×σ/n0.5 where μ is the mean, σ is the standard deviation, and 

n is the number of observations. 
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Table A.36: Global warming potentials (GWP) used in the crude oil extraction, crude oil 

refinery, and farmed animal protein climate forcing analysis (g CO2e g pollutant-1). The values 

in brackets represent the 95% confidence interval. 

GWP CO2
a CH4

a N2Oa NOxb,c,d,e SO2
b,d,f OCb,d,g BCb,d,h 

20-y 1 86 268 -19 [-39, 0.5] -183 [-287,-35] -187 [-213, -133] 

1,936 [1,540, 

2,391] 

100-y 1 34 298 

-7.8 [-12, -

3.4] -50 [-81, -8.3] -54 [-61, -38] 545 [435, 665] 
aValues include carbon-climate feedback taken from [Myhre et al., 2013] 
bMean values and 95% confidence intervals constructed using bootstrap analysis methods described in [Orloff and Bloom, 2014]. 
cGiven as NO2. 
dDirect effects (aerosol-radiation interaction) 
eMean global values (n=4) taken from [Shindell et al., 2009], [Fuglestvedt et al., 2010], four regions [Collins et al., 2013], and 

[Aamaas et al., 2015]. 
fMean global values (n=3) taken from [Shindell et al., 2009; Fuglestvedt et al., 2010; Aamaas et al., 2015]. 
gMean global values (n=3) taken from [Bond et al., 2011], four regions [Collins et al., 2013], and [Fuglestvedt et al., 2010]. 
hMean global values (n=5) taken from [Fuglestvedt et al., 2010; Bond et al., 2011; Bond et al., 2013], four regions [Collins et al., 

2013], average summer and winter; aerosol-radiation interaction and semi-direct effects [Aamaas et al., 2015]. 
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Table A.37: Crude oil extraction GHG emissions literature review results (100-y time horizon). 

Region Oil Field 

GWP                       

(g CO2e/MJ) Source 

U.S. Alaskan North Slope  16.57 [Brandt et al., 2015] 

Canada Albian Heavy Synthetic 20.52 [Duffy, 2015] 

Canada Albian Residual 20.52 [Duffy, 2015] 

Angola Girassol 6.12 [Brandt et al., 2015] 

Azerbaijan Azeri Light  8.25 [Duffy, 2015] 

U.S. Belridge 14.46 [Brandt et al., 2015] 

Nigeria Bonny 31.28 [Brandt et al., 2015] 

Canada Bow River 9.27 [Duffy, 2015] 

Brazil Frade  3.12 [Brandt et al., 2015] 

Brazil Lula 5.01 [Brandt et al., 2015] 

Brazil Polvo 6.39 [Duffy, 2015] 

U.K. Brent 14.22 [Brandt et al., 2015] 

Canada Hibernia 5.29 [Gordon et al., 2015] 

China Bozhong 43.29 [Brandt et al., 2015] 

Canada Cold Lake (Dilbit) 19.64 [Duffy, 2015] 

Norway Ekofisk 3.03 [Brandt et al., 2015] 

U.K. Forties 8.74 [Brandt et al., 2015] 

Venezuela Hamaca 25.91 [Brandt et al., 2015] 

Canada High Sour Edmonton 8.27 [Duffy, 2015] 

Canada Husky Synthetic 36.62 [Duffy, 2015] 

Indonesia Duri 20.48 [Brandt et al., 2015] 

Indonesia Tanggeh 20.48 [Brandt et al., 2015] 

Iraq Basra 13.08 [Duffy, 2015] 

Kuwait Eocene 7.48 [Duffy, 2015] 

Kuwait Ratawi 4.72 [Brandt et al., 2015] 

Canada Lloyd Blend 9.27 [Duffy, 2015] 

Canada Lloyd Kerrobert 8.27 [Duffy, 2015] 

U.S. Mars 4.24 [Brandt et al., 2015] 

Canada Midale 8.98 [Brandt et al., 2015] 

U.S. Midway Sunset 27.32 [Brandt et al., 2015] 

Nigeria Agbami 8.20 [Brandt et al., 2015] 

Nigeria Bonga 6.44 [Duffy, 2015] 

Nigeria Erha 10.50 [Duffy, 2015] 

Nigeria Escravos 20.52 [Duffy, 2015] 

Nigeria Pennington Chevron 21.69 [Duffy, 2015] 

Nigeria Qua Iboe 15.25 [Duffy, 2015] 

Denmark North Sea Dansk 2.48 [COWI et al., 2014] 

Norway Norway North Sea Skarv 3.28 [Tormodsgard, 2015] 

Russia Sokol 10.51 [Duffy, 2015] 

Canada Seal Heavy 9.27 [Duffy, 2015] 

Canada Smiley-Coleville 9.27 [Duffy, 2015] 

Canada Suncor Synthetic A (SCO) 24.16 [Duffy, 2015] 

Canada Syncrude Synthetic (SCO) 21.44 [Duffy, 2015] 

Kazakhstan  Tengiz 4.44 [Brandt et al., 2015] 

U.S. Thunderhorse 4.92 [Brandt et al., 2015] 

UAE Murban 9.92 [Duffy, 2015] 

Canada Wabasca 6.79 [Duffy, 2015] 

Canada Western Canada Blend 4.01 [Duffy, 2015] 

Canada Western Canada Select 19.31 [Duffy, 2015] 
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Table A.38: Mean values and 95% confidence interval results for crude oil extraction 

greenhouse gas (GHG) emissions. 

Fs% 

GHGsa                         

(g CO2e/MJ crude) 

Ultra-low-sulfur diesel (ULSD) 

0.0015 12.0 [9.8, 14.1] 

Marine gas oil (MGO) 

0.05 12.8 [10.7, 14.7] 

0.1 12.5 [10.6, 14.2] 

0.35 12.2 [10.6, 13.7] 

1 10.3 [8.6, 11.9] 

Marine diesel oil (MDO) 

0.55 12.4 [9.1, 15.4] 

0.75 12.1 [11.0, 13.3] 

1.5 11.4 [10.3. 12.5] 

Heavy fuel oil (HFO) 

0.5 13.1 [10.5, 15.6] 

2.6 10.2 [8.8, 11.5] 

3.5 10.8 [9.2, 12.4] 
aMean values and 95% confidence intervals constructed using bootstrap analysis methods described in [Orloff and Bloom, 2014]. 
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Table A.39: Exhaust emission factors for long-lived climate forcers (LLCFs) and nitrogen oxides 

(NOx) by fuel type as given in [ICF International, 2009]. 

Fuel 

type 

Emission factor pollutants (g/kg fuel) 

 CO2  CH4  N2O NOx 

HFO 3,183 0.03 0.16 52 

MDO 3,183 0.02 0.15 52 

MGO 3,183 0.02 0.15 52 
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Table A.40: Global warming potentials (GWP) used in the vessel exhaust climate forcing 

analysis (g CO2e g pollutant-1). 

GWP CO2
a CH4

a N2Oa NOxb,c,d,e SO2
b,d,f OCb,d,g BCb,d,h 

20-y 1 86 268 -20 [-28,-12] -95 [-135,-55] -187 [-213, -133] 1,936 [1,540, 2,391] 

100-y  1 34 298 -13 [-17, -6.2] 27 [-39, -16] -54 [-61, -38] 545 [435, 665] 

        
aValues include carbon-climate feedback; values given in [Myhre et al., 2013]. 
bMean values and 95% confidence intervals constructed using bootstrap analysis methods described in [Orloff and Bloom, 2014]. 
cGiven as NO2. 
dDirect effects (aerosol-radiation interaction) 
eMean shipping values (n=4) taken from [Endresen et al., 2003] as given in [Fuglestvedt et al., 2010], [Eyring et al., 2007] as 

given in  [Fuglestvedt et al., 2010], [Fuglestvedt et al., 2008] as given in [Fuglestvedt et al., 2010], and four regions [Collins et 

al., 2013]. 
fMean shipping values (n=4) taken from [Endresen et al., 2003] as given in [Fuglestvedt et al., 2010], [Eyring et al., 2007] as 

given in  [Fuglestvedt et al., 2010], and [Lauer et al., 2007]  as given in [Fuglestvedt et al., 2010] , [Fuglestvedt et al., 2008] as 

given in [Fuglestvedt et al., 2010] 
gMean global values (n=3) taken from [Bond et al., 2011], four regions [Collins et al., 2013], and [Fuglestvedt et al., 2010]. 
hMean global values (n=5) taken from [Fuglestvedt et al., 2010; Bond et al., 2011; Bond et al., 2013], four regions [Collins et al., 

2013], average summer and winter; aerosol-radiation interaction and semi-direct effects [Aamaas et al., 2015]. 
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Table A.41: Historical fuel sulfur levels of marine fuels used by ocean going vessels operating in 

the high sea over time (1995-2015). 

Year HFO MDO MGO 

Weighted 

Average 

Distillates Source 

1995 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

1996 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

1997 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

1998 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

1999 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

2000 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

2001 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

2002 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

2003 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

2004 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

2005 2.90 1.5 1.00 1.3 [Smith et al., 2011] 

2006 2.86 1.5 1.00 1.3 [Mestl et al., 2013]a 

2007 2.72 1.1 0.35 0.35 [Mestl et al., 2013; EIA, 2017a; EIA, 2017b]a,b,c 

2008 2.84 1.1 0.35 0.34 [Mestl et al., 2013; EIA, 2017a; EIA, 2017b]a,b,c 

2009 2.82 1.2 0.35 0.37 [Mestl et al., 2013; EIA, 2017a; EIA, 2017b]a,b,c 

2010 2.83 1.2 0.35 0.38 [Mestl et al., 2013; EIA, 2017a; EIA, 2017b]a,b,c 

2011 2.84 1.3 0.17 0.43 [Mestl et al., 2013; EIA, 2017a; EIA, 2017b]a,b,c  

2012 2.77 1.2 0.11 0.43 [Mestl et al., 2013; EIA, 2017a; EIA, 2017b]a,b,c  

2013 2.70 1.3 0.07 0.17 [Mestl et al., 2013; EIA, 2017a; EIA, 2017b]a,b,c 

2014 2.40 1.3 0.07 0.14 [ABS, 2015; EIA, 2017b; EIA, 2017a]a,b,c 

2015 2.40 1.3 0.07 0.16 [Platts Bunkerworld, 2016; EIA, 2017b; EIA, 2017a]a 

aGlobal averages assumed for fuel sulfur levels of heavy fuel oil (HFO). 
bFuel sulfur regulations begin to affect non-road diesel in 2007. We assume fuel sulfur levels of distillates follow 

distillate sales trends in the U.S. For marine diesel oil (MDO), we used U.S. commercial sales data for U.S. 

distillate No. 4. Because MDO is a blend of marine gas oil and residual oil, we weighted this by low, medium, 

and high sulfur residual oil finished products statistics. 
cFor marine gas oil (MGO), we used U.S. commercial sales data for U.S. fuel oil No. 2. 
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Table A.42: Historical fuel sulfur levels of marine fuels used by vessels operating in the U.S. 

EEZ over time (1995-2015) [Geagla et al., 2015; ICCT and DieselNet, 2016]. 

Year HFOa,b MDOa,b MGOa,c 

1995 1.50 1.50 1.00 

1996 1.50 1.50 1.00 

1997 1.50 1.50 1.00 

1998 1.50 1.50 1.00 

1999 1.50 1.50 1.00 

2000 1.50 1.50 1.00 

2001 1.50 1.50 1.00 

2002 1.50 1.50 1.00 

2003 1.50 1.50 1.00 

2004 1.50 1.50 1.00 

2005 1.50 1.50 1.00 

2006 1.50 1.50 1.00 

2007 1.50 1.50 0.05 

2008 1.50 1.50 0.05 

2009 1.50 1.50 0.05 

2010 1.00 1.00 0.05 

2011 1.00 1.00 0.05 

2012 1.00 1.00 0.05 

2013 1.00 1.00 0.0015 

2014 1.00 1.00 0.0015 

2015 0.10 0.10 0.0015 
aThe maximum allowable fuel sulfur levels were used in our estimates. 
bHeavy fuel oil (HFO) and Marine diesel oil (MDO) values applied to vessels with category 3 engines. 
cMarine gas oil (MGO) values applied to vessels with category 1 and 2 engines. 
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Table A.43: Weighting factors used to construct the mean net total fuel-cycle calculations of 

ocean going vessels using heavy fuel oil in high seas fishing territories over time. 

Year 

fFQ, 

3.5% 

fFQ 

2.6% 

fFQ 

0.5% 

1995 0.33 0.67  

1996 0.33 0.67  

1997 0.33 0.67  

1998 0.33 0.67  

1999 0.33 0.67  

2000 0.33 0.67  
2001 0.33 0.67  
2002 0.33 0.67  
2003 0.33 0.67  
2004 0.33 0.67  
2005 0.33 0.67  
2006 0.29 0.71  
2007 0.13 0.87  
2008 0.27 0.73  
2009 0.24 0.76  
2010 0.25 0.75  
2011 0.27 0.73  
2012 0.19 0.81  
2013 0.11 0.89  
2014  0.905 0.085 

2015   0.905 0.085 
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Table A.44: Weighting factors used to construct the mean net total fuel-cycle climate forcing 

calculations of marine vessels using distillates in the high seas over time. 

Year 

fFQ 

1.5%a 

fFQ 

0.75%a 

fFQ 

0.55%a 

fFQ 

0.35%b 

fFQ 

0.1%c 

fFQ 

0.05%d 

fFQ 

0.0015%e 

1995 0.73 0.27           

1996 0.73 0.27      

1997 0.73 0.27      

1998 0.73 0.27      

1999 0.73 0.27      

2000 0.73 0.27      

2001 0.73 0.27      

2002 0.73 0.27      

2003 0.73 0.27      

2004 0.73 0.27      

2005 0.73 0.27      

2006 0.73 0.27      

2007 0.05 0.03 0.01 0.63 0.15 0.13  

2008 0.04 0.02 0.01 0.65 0.09 0.18  

2009 0.06 0.03 0.01 0.65 0.10 0.15  

2010 0.07 0.02 0.01 0.71 0.05 0.14  

2011 0.09 0.02 0.02 0.76 0.04 0.08  

2012 0.09 0.03 0.01 0.74 0.02 0.10  

2013 0.04 0.01 0.00 0.28 0.00 0.01 0.66 

2014 0.02 0.01 0.00 0.29 0.00 0.00 0.67 

2015 0.04 0.01 0.01 0.27 0.00 0.00 0.68 
aFuel sulfur regulations begin to affect non-road diesel in 2007. We assume fuel sulfur levels of distillates follow 

distillate sales trends in the U.S. For marine diesel oil (MDO), we used U.S. commercial sales data for U.S. distillate 

No. 4. Because MDO is a blend of marine gas oil and residual oil, we weighted this by low, medium, and high sulfur 

residual oil finished products statistics. 
bFor marine gas oil (MGO) with fuel sulfur level 0.35%, we used U.S. commercial sales data for U.S. fuel oil No. 2. 
cFor marine gas oil (MGO) with fuel sulfur level 0.1%, we used U.S. commercial sales data for U.S. high sulfur 

diesel. 
dFor marine gas oil (MGO) with fuel sulfur level 0.05%, we used U.S. commercial sales data for low sulfur diesel. 

eFor ultra-low sulfur diesel with fuel sulfur level 0.0015%, we used U.S. commercial sales data for ultra-low sulfur 

diesel. 
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Table A.45: Weighting factors used to construct the mean net total fuel-cycle of ocean going 

marine vessels using low sulfur heavy fuel oil in the U.S. exclusive economic zone over time. 

Year 

fFQ 

1.5% 

fFQ  

1% 

fFQ 

0.1% 

2000 1   

2001 1   

2002 1   

2003 1   

2004 1   

2005 1   

2006 1   

2007 1   

2008 1   

2009 1   

2010  1  
2011  1  
2012  1  
2013  1  
2014  1  
2015     1 
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Table A.46: Weighting factors used to construct the mean net total fuel-cycle climate forcing 

calculations of marine vessels using distillates in the U.S. exclusive economic zone over time. 

Year 

fFQ 

1% 

fFQ 

0.05% 

fFQ 

0.0015% 

2000 1   
2001 1   
2002 1   
2003 1   
2004 1   
2005 1   
2006 1   
2007  1  
2008  1  
2009  1  
2010  1  
2011  1  
2012  1  
2013   1 

2014   1 

2015     1 
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Table A.47: Mean and 95% confidence interval greenhouse gas (GHG) emissions of selected 

farmed protein sources (100-y time horizon). 

Protein Source GHGsa 

   (kg CO2e kg protein-1) 

Legumesb 3.1 [2.5, 3.7] 

Tofuc 3.6 [1.8, 5.5] 

Farmed salmond,i  19.2 [15.6, 22.6] 

Chickene,i 20.5 [18.8, 22.2] 

Porkf,i 29.1 [27.7, 30.6] 

Farmed shrimpg,i 42.3 [34.5, 50.1] 

Beefh,i 144 [134, 153] 
aMean and 95% confidence intervals constructed using bootstrap analysis methods as described in [Orloff and Bloom, 2014]. 
bMean values (n=57) from [Clune et al., 2017]. The mean values include a wide variety of legume types and farming practices 

(organic, conventional, irrigated, non-irrigated, etc.). We normalized to a unit protein using a mean value of 0.25, based on the 

protein contents of chickpeas (0.24), lentils (0.26), cowpeas (0.25) and green peas (0.25) on a dry basis as given in [Iqbal et al., 

2006]. 
cMean values (n=5) from: (n=2) [Smetana et al., 2015], (n=1) [Blonk et al., 2008], and (n=2) [Head et al., 2011]. The mean 

values include a variety of farming practices and life cycle boundaries (consequential and attributional). We used the mean 

protein content of tofu on a dry basis for four different varieties and two different locations, 0.52, as given in [Min et al., 2005]. 
dMean values (n=20) from: (n=19) [Clune et al., 2017], (n=1) [Ziegler et al., 2013]. The mean values include a variety of 

different aquaculture practices and feed compositions. To our knowledge, all studies included are attributional. For the studies 

that were not normalized to bone free meat [Ziegler et al., 2013; McGrath et al., 2015; Liu et al., 2016], we divided the live 

weight by the ratio of carcass weight to live weight, 0.4,  and the ratio of retail weight to carcass weight, 1, as given in [Nijdam et 

al., 2012].  
eMean values (n=97) from: (n=95) [Clune et al., 2017], (n=1) [McCarthy et al., 2015], and (n=1) [Katajajuuri et al., 2008]. The 

mean values include a variety of animal husbandry methods (intensive, free-range, etc.). For the studies that were not normalized 

to bone free meat [McCarthy et al., 2015; Katajajuuri et al., 2008], we divided the live weight by the ratio of carcass weight to 

live weight, 0.7, and the ratio of retail weight to carcass weight, 0.8, as given in [Nijdam et al., 2012].  
fMean values (n=129) from [Clune et al., 2017]. The mean values include a variety of different animal husbandry methods 

(conventional, organic, and different methods for manure handling) with different system boundaries (consequential and 

attributional).  
gMean values (n=13) from: (n=3) [Sun, 2009; Blonk et al., 2008] as given in [Clune et al., 2017], (n=1) [Teah et al., 2015], (n=2) 

[Cao et al., 2011], (n=1) [Mungkung, 2005] as given in [Cao et al., 2011], (n=4) [Santos et al., 2015], (n=1) [Farmery et al., 

2015], and (n=1) [Baruthio and et al., 2008] as given by [Farmery et al., 2015]. The mean values from [Jonell and Henriksson, 

2015] were excluded because the emissions from this study were between 3 times to more than an order of magnitude larger than 

the other studies considered in our analysis. The mean values include a variety of aquaculture practices and feed compositions. 

The mean values were normalized to the retail yield by dividing the live-weight by the retail yield, 0.63, as given in [Tidwell et 

al., 2011].  
hMean values (n=165) from [Clune et al., 2017]. The mean values include a wide variety of different animal husbandry methods 

(culled dairy cattle, rangeland beef, etc.) with different system boundaries (consequential and attributional).  
iWe normalized to a unit protein by dividing the GHG emissions per retail yield by the ratio of protein to retail yield, 0.20, as 

given in [Nijdam et al., 2012]. 
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Table A.48: Fractional allocation of greenhouse gas emissions by farm activity for chicken, 

pork, and beef from [Steinfeld et al., 2006]. 

Activity Chicken Pork Beef 

Crop agriculture 0.44 0.38 0.04 

Crop processing and 

transport 0.10 0.23 0.01 

Enteric fermentation  0.04 0.60 

Manure management 0.29 0.24 0.30 

On-farm fossil fuel 0.18 0.10 0.06 
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Table A.49: Fractional allocation of greenhouse gas emissions by farm activity for farmed 

salmon and farmed prawns. 

Activity Salmona Prawnsb 

Crop agriculture  0.29 0.18 

Crop processing and crop transportation 0.16 0.01 

Fishery production 0.11 0.27 

Fishery processing and transport 0.23 0.02 

Livestock production (poultry) 0.09  
Livestock processing and transport 0.01  

Feed milling 0.05 0.05 

Smolts/fingerlings/larvae production and transport 0.02 0.04 

On-farm fossil fuel 0.04 0.26 

“Other”  0.17 
aFarm activity fractions from [Pelletier and Tyedmers, 2007; Pelletier et al., 2009]. 
bFarm activity fractions from [Cao et al., 2011]. 
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Table A.50: Fractional allocation of greenhouse gas emissions by farm activity for legumes and 

tofu from [Blonk et al., 2008].

Activity Legumes Tofu 

Crop agriculture 0.60 0.37 

Crop processing and crop transportation 0.40 0.63 
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Table A.51: Fractional allocation of livestock and crop agriculture farm activities to individual 

greenhouse gases  (CO2, CH4, and N2O) from [Steinfeld et al., 2006].

Source CO2 CH4 N2O 

Crop agriculture 0.20 0 0.80 

Crop processing and crop transport 1 0 0 

Enteric fermentation 0 1 0 

Manure management 0 0.47 0.53 

"Other" 1 0 0 

On-farm fossil fuel 1 0 0 
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Table A.52: Fractional allocation of aquaculture farm activities to individual greenhouse gases 

(CO2, CH4, and N2O) from [Pelletier and Tyedmers, 2007; Pelletier et al., 2009]. 

Source CO2 CH4 N2O 

Crop agriculture  0.20 0 0.80 

Crop processing and crop transportation 1 0 0 

Poultry production 0.37 0.13 0.49 

Poultry processing and transport 1 0 0 

Fishery production 1 0 0 

Fishery processing and transport 1 0 0 

Feed milling 1 0 0 

Smolts/fingerlings/larvae production and 

transport 1 0 0 

On-farm fossil fuel 1 0 0 

"Other" 1 0 0 
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Table A.53: Vessel characteristics of the Eastern Bering Sea catcher/processor pelagic trawler 

fleet. 

`Vessel name 

Length 

(m) 

Beam 

length 

(m) 

Gross 

Tons Power (kW) 

Hull 

Type Refrigeration 

ALASKA OCEAN 115 18.3 4555 4661 Steel Y 

AMERICAN DYNASTY 83 16.5 5111 4847 Steel Y 

AMERICAN ENTERPRISE 64 14.3 1537 2237 Steel Y 

AMERICAN TRIUMPH 87 16.5 5015 6085 Steel   

ARCTIC FJORD 84 15.1 3326 4519 Steel Y 

ARCTIC STORM 102 14.8 4068 3729 Steel Y 

ENDURANCE 85 18.0 2117 3952 Steel Y 

HIGHLAND LIGHT 82 12.8 2417 4288 Steel Y 

ISLAND ENTERPRISE 93 13.7 2766 3579 Steel Y 

KATIE ANN 90 13.5 1593 3281 Steel Y 

KODIAK ENTERPRISE 80 13.4 1584 4474 Steel Y 

NORTHERN EAGLE 104 15.8 5190 4922 Steel Y 

NORTHERN GLACIER 61 13.4 1109 2237 Steel Y 

NORTHERN HAWK 104 15.8 5190 6562 Steel Y 

NORTHERN JAEGER 102 15.5 3732 5369 Steel Y 

OCEAN PEACE 61 15.2 1557 2051 Steel Y 

OCEAN ROVER 78 16.5 4345 4474 Steel Y 

PACIFIC GLACIER 84 15.2 3308 4922 Steel Y 

SEATTLE ENTERPRISE 82 13.2 1519 2908 Steel Y 

STARBOUND 91 14.6 2266 3729 Steel Y 

U.S. ENTERPRISE 68 12.8 1319 2908 Steel Y 
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Table A.54: Commercial marine compression ignition engine categories taken from [ICF 

International, 2009].

 Category Vessel type Power Rating (kW) n Vessels 

1 Small harbor craft <1,000  
2 Small ocean going propulsion 1,000 > 3,000 5 

3 Ocean going propulsion > 3,000 16 

Unknown     0 
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Table A.55: Mean (and 95% confidence interval) of fuel consumption of the Eastern Bering Sea 

catcher/processor pelagic trawl fleet [Fissel et al., 2016].

 Year 

n 

Vessels Fuel consumption (liters) 

2012 14 6.19 (± 0.26) x 107 

2013 15 6.65 (± 0.47) x 107 

2014 16 8.45 (± 0.60) x 107 

2015 14 8.00 (± 0.50) x 107 
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Table A.56: Mass and materials used in the manufacture of fishing gears obtained from the 

literature. 

Gear type Gear material 

Amount (kg / 

ton) Study 

Longline Steel 0.09 [Fulton, 2010] 

Nylon 1.87 

Pelagic trawl Steel  0.006 

Nylon 0.008 

Lead 0.052 

Polyethylene 0.008 

Purse seine Nylon  5.17 [Laso et al., 2018] 

Lead 5.14 

Ethylene vinyl acetate (EVA) 2.13 

Poly-steel 0.46 

Maintenance nylon  2.33 

Maintenance lead 2.31 

Maintenance ethylene vinyl acetate 

(EVA) 0.96 

Maintenance polysteel 0.21 

Auto-line Steel 0.97  [Svanes et al., 2011] 

Polyester 0.65 

Poly-steel 0.78 

Polypropylene 0.52 
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Table A.57: Annual catch of pollock and bycatch at the vessel level for the Eastern Bering Sea 

catcher/processor pelagic trawl fleet.  Annual catch (2012-2015) data obtained from the Pollock 

Conservation Cooperative and High Sea Catcher’s Cooperative Annual Reports 

(https://alaskafisheries.noaa.gov/sites/default/files/reports/pcchscc15.pdf).

 
Pollock 

2012 

Bycatch 

2012 

Pollock 

2013 

Bycatch 

2013 

Pollock 

2014 

Bycatch 

2014 

Pollock 

2015 

Bycatch 

2015 

Vessel Name (mt) (mt) (mt) (mt) (mt) (mt) (mt) (mt) 

Alaska Ocean 35,300 1,748 41,835 1,853 39,112 1,037 41,780 1,076 

American Dynasty 35,685 2,588 38,547 2,793 39,029 2,032 41,572 1,487 

American Triumph 36,783 3,056 38,275 3,238 38,815 2,958 39,336 905 

Arctic Fjord 25,746 870 34,034 753 27,690 655 28,448 449 

Arctic Storm 28,903 5,051 11,807 2,880 29,604 3,907 30,196 1,139 

Island Enterprise 23,490 941 23,666 795 25,323 465 27,600 328 

Katie Ann 573 5,625 1,242 15,898 1,346 9,525 751 3,720 

Kodiak Enterprise 20,451 1,568 27,239 740 19,695 1,369 24,626 480 

Northern Eagle 37,912 2,673 43,515 4,034 41,940 2,615 39,723 1,625 

Northern Glacier 698 10,561 489 6,834 700 8,420 667 6,352 

Northern Hawk 20,823 978 22,008 647 22,015 317 22,352 352 

Northern Jaeger 37,139 3,537 38,389 3,597 36,852 2,972 38,157 1,065 

Ocean Rover 38,148 3,014 34,126 3,276 38,325 2,621 40,667 1,789 

Pacific Glacier 30,931 993 29,623 752 29,849 477 32,761 428 

Seattle Enterprise 28,946 1,834 30,119 760 30,358 1,453 25,809 377 

Starbound 23,896 1,063 25,839 893 25,520 840 25,006 605 

         

TOTALS 425,424 46,101 440,753 49,741 446,173 41,665 459,451 22,177 
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Table A.58: Annual production of pollock products produced on-board the catcher/processor 

pelagic trawler vessels.  Annual production (2011-2015) data in 1000 metric tons [Fissel et al., 

2016].  

Year 

Whole 

fish 

Headed & 

Gutted Roe 

Deep-

skin 

fillets 

Other 

fillets Surimi 

Minced 

Fish Fishmeal 

Other 

products 

All 

products 

2011 0.11 38.83 11.66 32.25 58.32 70.8 23.49 39.11 20.18 294.75 

2012 0.24 25.54 9.3 36.84 47.55 77.93 25.06 21.08 10.57 254.11 

2013 0.16 37.28 8.37 36.83 59.63 80.85 23.47 20.98 12.21 279.78 

2014 0.31 34.77 11.71 32.68 63.68 87.81 19.98 23.25 13.57 287.76 

2015 1.11 25.38 12.01 34.56 57.44 95.94 19.71 26.45 12.6 285.2 
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Table A.59: Annual disposition of frozen Alaskan pollock fillet blocks to top three markets.  The 

annual (2011-2015) disposition is given in kilograms.  

  

 Year Germany United States Netherlands 

2011 28,511,682 28,676,160 17,202,871 

2012 21,505,865 38,715,772 12,419,555 

2013 37,765,189 31,905,158 14,349,376 

2014 44,699,342 24,098,998 13,612,406 

2015 40,818,165 23,536,170 13,986,859 
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Table A.60: Annual disposition of frozen Alaskan pollock surimi blocks to top three markets.   

The annual (2011-2015) disposition is given in kilograms. 

 Year Japan South Korea United States 

2011 25,806,775 19,864,183 7,511,293 

2012 33,527,091 22,293,154 8,040,964 

2013 28,152,864 30,731,582 4,687,660 

2014 36,844,575 29,135,274 11,417,914 

2015 41,817,290 30,869,382 8,292,269 

 




