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Supporting Information 

The Supporting Information contains a more detailed description of the HTL process and 

simulation model (SI.1), expanded analysis of HTL performance including sensitivity analysis and 

an analysis of scale (SI.2), as well as sample calculations used to estimate cleanup times with and 

without HTL conversion (SI.3). 

SI.1 Model Details  



 Table SI.1 lists each piece of equipment seen in Figure 1 needed for the conversion of 

plastic waste into fuel. The table also contains the power requirements, manufacturer and model 

number for each piece of equipment that was used in the model development.  

SI.1.1 Equipment/System Details 

Table SI.1 Process Equipment Energy Requirements 

Equipment Power 

Requirement 

(kW) 

Manufacturer Model 

Number 

Manufacturer Website 

Conveyor 

Belt 

0.37 Titan 

Conveyors 

Model 118 https://www.titanconveyors.com/ 

Shredder 7.5 Franklin 

Miller 

Taskmaster 

TM1600 

Shredder 

https://franklinmiller.com/ 

Centrifugal 

Sifter 

1.49 Kason Centri-Sifter https://www.kason.com/ 

RO System 18.6 Pure Aqua, 

Inc. 

SWI Series 

Model # 

SW-16K-

1480 

https://pureaqua.com/ 

Pump 0.75 Goulds Water 

Technology 

3642/3742 

model 

https://pureaqua.com/ 

UV/H2O2 

System 

4.14 Calculated 

(not from a 

manufacturer)  

N/A N/A 

 

Process Equipment Details 

Individual pieces of equipment were chosen among available commercial options to meet the 

desired process conditions (400-520 ˚C, 30 MPa, 3.6 m3 hr−1 (i.e. a 30-minute residence time), 



selected from the literature (1-3)). Two filters at the process inlet remove 99% of the water from 

the plastics, correspondingly removing ~99% of the salt from the plastic-water mixture. Combined 

with the reverse osmosis system the residual salts in the system are reduced to levels that negate 

the need for higher-cost nickel-based alloys (4). 

The feed was pre-heated by heat recovery from the product stream and additional heat to reach 

the reactor temperature. Heat capacity was approximated as the average value of water over the 

range of temperatures relevant for each plastic studied here and as explained in more detail in the 

SI. The final assumption made in this calculation was that heat could be released to the ocean, 

which was modeled as an infinite thermal reservoir of fixed temperature. For the UV/H2O2 system 

the exergy requirement was modeled off of the power requirements to remove the organics from 

water after formation of aromatics. Polystyrene was considered in the model as its products had 

the highest solubility in water and it was the most previously studied compound in the literature 

(5, 6). This assumption will likely result in overestimating the exergy requirements for the other 

plastics and the waste plastic mixture, suggesting that this part of the analysis is probably 

conservative.  

SI.1.2 Reaction Details 

Tables SI.2 and SI.3 show the plastics modeled and their reaction parameters including their 

reaction temperature, conversions, calculated average heat capacity and product yields. A sample 

calculation for the average heat capacity values can also be found after Table SI.3. 

Table SI.2 Reaction Conditions of Studied Plastics: Chosen to maximize conversion to oil and 

minimize conversion to gas and residue. 



Plastic Molecular 

Weight 

(Da) 

Reaction 

Temperature 

(˚C) 

Conversion 

to Oil 

Conversion 

to Gas 

Average Heat 

Capacity (J 

g−1 K−1) 

Source 

Polypropylene 250,000 420 60-100% 0% 5.73 (1) 

Polyethylene 117,000 520 60-80% 10-20% 5.80 (2) 

2:1 PE:PP 

Mixture 

Mixture 460 70-90% 10-30% 5.86 (3) 

 

Table SI.3 HTL Product Selectivity Values for Conditions shown in Table SI.2 

Product Phase  Selectivity 

Polypropylene (1)   

C6-C13, Alkene Oil 95% 

C6-C11, Alkane Oil 5% 

Polyethylene (2)   

C7-C11, Alkene Oil 15.1% 

C7-C11, Alkane Oil 4.1% 

C12-C18, Alkene Oil 22.3% 

C12-C18, Alkane Oil 6.1% 

C19-C24, Alkene Oil 8.3% 

C19-C24, Alkane Oil 2.3% 

>C24, Alkene Oil 3.0% 

>C24, Alkane Oil 0.82% 

Waste Gas 25% 

2:1 PE:PP Mixture    

C7, Alkenes Oil 1.98% 

C7, Alkanes Oil 1.82% 

C8, Alkenes Oil 0% 

C8, Alkanes Oil 2.43% 

C9, Alkenes Oil 10.33% 

C9, Alkanes Oil 0% 

C10, Alkenes Oil 1.54% 

C10, Alkanes Oil 3.75% 

C11, Alkenes Oil 0% 

C11, Alkanes Oil 2.94% 

C12, Alkenes Oil 3.25% 

C12, Alkanes Oil 3% 

C13, Alkenes Oil 1.69% 



C13, Alkanes Oil 2.91% 

C14, Alkenes Oil 1.73% 

C14, Alkanes Oil 2.86% 

C15, Alkenes Oil 4.29% 

C15, Alkanes Oil 2.98% 

C16, Alkenes Oil 1.46% 

C16, Alkanes Oil 2.97% 

C17, Alkenes Oil 4.8% 

C17, Alkanes Oil 2.81% 

C18, Alkenes Oil 0.56% 

C18, Alkanes Oil 2.67% 

C19, Alkenes Oil 1.67% 

C19, Alkanes Oil 4.13% 

C20, Alkenes Oil 0% 

C20, Alkanes Oil 10.84% 

C21, Alkenes Oil 0% 

C21, Alkanes Oil 2.36% 

C22, Alkenes Oil 1.22% 

C22, Alkanes Oil 0% 

C23, Alkenes Oil 1.07% 

C23, Alkanes Oil 0% 

C24, Alkenes Oil 2.23% 

C24, Alkanes Oil 2.71% 

C25, Alkenes Oil 0% 

C25, Alkanes Oil 2% 

C26, Alkenes Oil 0% 

C26, Alkanes Oil 2.97% 

C27, Alkenes Oil 0% 

C27, Alkanes Oil 1.21% 

 

Sample Calculation for Determining Average Heat Capacities 

 

To capture the change in the heat capacity of water with heating, the heat capacity curve 

of water at 30 MPa (7) was integrated to find an average value that incorporates the spike at the 

critical point as well as the rest of the temperature range. A 30 MPa value was chosen to reduce 

the discontinuity of the heat capacity curve as it approached the critical point. An average heat 

capacity was found for every model in order to accurately represent the varying operating 

temperatures between the different plastics. 

SI.1.4 Model Development  



A more detailed explanation of the ocean temperature range and different scenarios is also 

provided in this section.   

 

The effect of ocean temperature on thermodynamic performance was studied to evaluate 

the impact of operation in different waters (e.g., North Atlantic compared with South Pacific). 

Within the proposed analytical framework, additional simulation runs suggest that the difference 

between the Atlantic and Pacific Ocean temperature generates an almost negligible shift of only a 

few percentage points in the respective probability curves. It is however also interesting to note 

that the probability of net exergy production was found to be higher in the lower temperature 

Atlantic Ocean case due to the fact that the exergy benefit of lowering the dead state temperature 

outweighs the higher exergy consumption attributed to the lower initial temperature in the exergy 

of heating.  

SI.2. Expanded Results and Analysis 

Figure 2 shows the results of the comprehensive thermodynamic model developed in this work. 

From this figure it can be seen that the 90% probability metric is reached for plastic loading values 

between 30 and 32 vol% for the PP, and PE/PP mixture when the ship operates at full power, but 

does not reach it for PE; operating the ship at extra slow steaming conditions shifts the 90% point 

to <12 vol% for PP and PE/PP mixture and 25% for PE. These values should be achievable for 

plastics that have accumulated in booms, displaying a plastic concentration factor of almost 2600 

relative to the open ocean (8); however, they cannot be realistically achieved in the open ocean or 

even in natural gyres that lack booms.  

Of the plastics modeled, the process behaves similarly for PP and the PE/PP mixture, with 90% 

probability of net exergy production occurring at nearly identical values of the plastic loading 

under both conditions. Performance for pure polyethylene is the least favorable of the feeds 



considered here, consistent with HTL of this particular mixed stream yielding less oil than the two 

streams (9). These differences are readily explained by the thermodynamic stability of the different 

feeds, with the least stable plastics resulting in the most favorable performance. The sensitivity of 

the analysis to depolymerization thermodynamics – especially the temperature at which 

depolymerization to useful fuels occurs – is a clear gap that must be addressed in future work. 

Similarly, HTL of mixed plastics must be understood more thoroughly for this and similar 

applications. 

Figure SI.1 shows the individual exergy contributions of each step of the model for all three feeds 

that were studied at their P90 volume percent values. Under all cases, engine power and heating 

were the main exergy consuming processes and fuel combustion was the main exergy producing 

process.  

 

Figure SI.1 Individual exergy contribution normalized to be unitless by the engine power at full 
steam of a.)  polypropylene b.) polyethylene c.) 2:1 PE/PP mixture 



Figure SI.2 shows the comparison between HTL and pyrolysis for the 2:1 PE/PP mixed 

stream. Both methods have similar performance profiles in terms of exergy. Although HTL 

requires significantly more energy to heat the feed to reaction temperatures due to the presence of 

large amounts of water, the high conversion to oil and the oil produced in HTL almost entirely 

offsets this higher heating exergy requirement.  

 

Figure SI.2 Probability of producing net exergy for a feed of 2:1 PE to PP for pyrolysis and HTL 

as full engine power and extra slow steaming (1/3 engine power).  

Figure SI.3 shows the effect of changing the scale on the exergy analysis results. As it can 

be seen increasing the flowrate of plastic through the system, creates a more favorable exergy 

result. The total system and ship can be powered at a lower plastic concentration making the 

proposed option more appealing.  



 

Figure SI.3. Probability distributions for different feed rates of the PE/PP mixture, either 3.6 m3 

h−1 (low flowrate, used as the base case elsewhere) or 36 m3 h−1 (high flowrate) for full engine 

power. 

The following tables and sample calculations were used in the creation of Table 2. Table 

SI.4 provides all of the pertinent variables and their respective values used in the calculations 

Table SI.4 Parameters used in Table 2 and Figure 4 calculations and assumptions 

Variable Nomenclature  Value 

Collection Speed Sc 0.5 knots 

Boom Length L 600 m 

Cruising Speed between 

Booms 

ST 15 knots 

 

Distance Between Booms db 25 km 

Distance to GPGP dG 1930 km 

Total Plastic in GPG Pt 79,000 tonnes (10) 



Plastic Concentration in 

GPGP 

C 50-2500 g/km2 (8) 

Speed of GPGP Current Sp 14 cm s-1 

Plastic Density ρ 0.9 kg/L 

Fuel Density ρf 0.84 kg/L 

Conversion z 60% 

Days of Operation Per Year* t 240 

Hours of Operation Per Day h 16 

Size of GPGP ŧ A 1.6* 106 km2 

Capacity of Boom - Infinite 

Max Boat Speed Sm 25 knots 

Engine Power with                  

HTL (calculated) 

E1 2000 hp 

Booms per Trip w/o HTL B 10 

*To allow for maintenance and crew days off 
ŧ Geometry of GPG was assumed to be circular 

Equation SI.1 

𝑇𝑜𝑡𝑎𝑙 𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 𝑝𝑒𝑟 𝑏𝑜𝑜𝑚(𝑃) = (𝐿 ∗ 𝑆𝑝) ∗ 𝐶 

 

Equation SI.2 

 

𝐵𝑜𝑜𝑚𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 𝑤𝑖𝑡ℎ 𝐻𝑇𝐿 (𝑥1) = (
𝐿

𝑆𝑐
+

𝑑𝑏

𝑆𝑇
+

(𝑑𝐺 ∗ 2)

𝑆𝑇
)/(ℎ)/(𝑡) 

Equation SI.3 

𝑌𝑒𝑎𝑟𝑠 𝑡𝑜 𝐶𝑙𝑒𝑎𝑛(𝑇) = (
𝑃𝑡

(
𝑃

1000) ∗ 𝑥1

) 

Equation SI.4 (11) 

𝐵𝑜𝑎𝑡 𝐹𝑢𝑒𝑙 𝐶𝑜𝑚𝑠𝑝𝑡𝑖𝑜𝑛 (𝐹1) = 0.75 ∗ 𝐸1 ∗ (
185

𝜌𝑓
) ∗ 0.001 ∗

1

3.785
 

 

Equation SI.5 

𝑌𝑒𝑎𝑟𝑙𝑦 𝐹𝑢𝑒𝑙 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠 (𝑈) = (
𝐿

𝑆𝑐
+ (

𝑑𝑏

𝑆𝑇
+

(𝑑𝐺 ∗ 2)

𝑆𝑇
) ∗ 𝐹1) 

Equation SI.6 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐹𝑢𝑒𝑙 𝐹𝑟𝑜𝑚 𝑃𝑙𝑎𝑠𝑡𝑖𝑐 =  
𝑃 ∗ 𝜌 ∗ 𝑧 ∗

1
3.785

𝑈
∗ 100 

 

Table SI.5 Plastic removed and total project lifetime for removal of plastic from the GPGP using 

shipboard HTL  



Plastic Concentration in GPGP (g 

km-2)a  

Plastic Removed Per Year 

(kg)b 

Total Time 

(years)c 

2,500 1.2*107 7 

1,000 4.6*106 18 

500 2.3*106 35 

200 9.2*105 86 

50 2.3*105 340 

 

(a) Surface concentration of plastic in the GPGP (8) for a fixed value of 79,000 tons of plastic 

contained in the GPGP (10)  

(b) Plastic removed from 2,500 booms per year with a 70% collection efficiency 

(c) Total time required to clean up the GPGP using a single ship 

 

A second scenario was considered to see if towing a boom behind 2 ships could reduce not 

only the number of booms needed but also the total fuel consumption and total cleanup times. 

Towing the boom can increase the collection rate per boom by as much as 10-times that possible 

for a boom that relies on current alone. The speedup factor is estimated from the safe towing 

speed of the ship, 2-3 knots, compared with that of the ocean current, which is approximately 0.3 

knots (12). Travel at the maximum speed considered safe (3 knots) would require >500 booms to 

replicate the cleanup speed possible with 2,500 booms relying on current. While reducing the 

number of booms by a factor of 5 clearly has advantages, the towed boom approach would 

require at least one ship per boom, and probably two. Given the cost of each ship and its crew, 

booms that rely on current and that are serviced by a single ship may prove more economically 

feasible than a fleet of towed booms. 

Equation SI.7 

𝑩𝒐𝒐𝒎 𝑲𝒏𝒐𝒕 (𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒔𝒑𝒆𝒆𝒅) =  𝒙𝟏 ∗ 𝑺𝒙  

Where Sx can either be Sp (14 cm -1, ~0.3 knots) or ST  

SI.3 Economic Analysis 



The economic analysis used to determine the capital and operating costs of the system was 

based off of the PNNL TEA of wastewater sludge processing via HTL (13). This model was 

updated to meet the process conditions stated above including operational hours, flowrates, and 

required equipment. The model was also modified to represent the modular system described 

here (i.e. not a land based operation). This meant cost factors for buildings, site development, 

building utilities, home office and construction fees were set to zero. The model also had to be 

scaled down significantly as the original model operated at 100 TPD and the plastics system 

operates at a maximum of 10 TPD. This scaling incorporated uncertainty in the model. 

To address this uncertainty the economic analysis itself was performed through Monte Carlo 

simulation techniques. There were two key types of input variables introduced in this cost model, 

namely scaling and installation factors for equipment as well as equipment efficiencies. The 

required equipment, the corresponding scaling and instillation factor uniform probability 

distributions and the resulting cost distributions can be seen in Table SI.6. Each piece of 

equipment had a 20% variance applied to their scaling and installation factors in order to account 

for the uncertainty associated with scaling the process. The base capacity column indicates the 

capacity at which each piece of equipment’s cost was quoted by the manufacturer. In order to 

adjust it to the new scale Equation SI.8 was used. The installation factor is an empirical value 

that predicts the cost of installing a piece of equipment based on the bare model cost of the 

equipment.  

Equation SI.8  

𝐶𝑜𝑠𝑡 𝑎𝑡 𝑆𝑐𝑎𝑙𝑒 𝑋 = 𝐶𝑜𝑠𝑡 𝑎𝑡 𝑆𝑐𝑎𝑙𝑒 𝐴 (
𝑆𝑐𝑎𝑙𝑒 𝑋

𝑆𝑐𝑎𝑙𝑒 𝐴
)

𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟

 

 



Table SI.6 Uniform probability distributions of process equipment scaling and installation 

factors  

Equipment Base 

Capa

city 

Units Scaling 

Exponent 

Distribution 

Installation 

Factor 

Distribution 

Uniform 

Cost 

Distribution 

Source 

Twin Screw Feeder 

and Feed Pump 

575 gal/min 
[0.7,2 0.88] [1.98,2.42] [3940,4810] (13) 

Shell n Tube HX 107.63 ft2 [0.63,0.77] [1.98,2.42] [60.1,73.5] (13) 

Final Feed Heater 

(Trim) 

32.1 mmBtu/h

r 
[0.63,0.77] [1.98,2.42] [898,1090] 

(13) 

HTL Reactor (LHSV 

6) - ACCE 8.8 

33333 lb/h 
[0.9,1.1] [1.98,2.42] [694,850] 

(13) 

Reactor K/O Drum 304939 lb/h [0.63,0.77] [1.80,2.20] [5130,6270] (13) 

Dowtherm 23200 gal [0.9,1.1] [1.98,2.42] [705,861] (13) 

Reactor product air 

cooler 

5.12 mmBtu/h

r 
[0.63,0.77] 

[1.98,2.42] 
[69.5,63.2] 

(13) 

Solids filter 2420 gal/min [0.54,0.66] [1.98,2.42] [916,1120] (13) 

Oil/water separator 2420 gal/min [0.63,0.77] [1.98,2.42] [2390,2920] (13) 

Biocrude cooler 0.16966

8 

mmBtu/h

r 
[0.63,0.77] 

[1.98,2.42] 
[69.5,63.2] 

(13) 

Cooling Water Pump 16 gal/min [0.54,0.66] [9.09,11.11] [4.84,4.40] (13) 

Firewater Pump 2000 tonne/da

y 
[0.27,0.33] [3.33,4.07] [25.3,23.0] 

(13) 

Firewater Storage 

Tank 

2000 tonne/da

y 
[0.59,0.72] [1.30,1.61] [252,229] 

(13) 

Biocrude Storage - 3 

day (S316) 

31719 gal 
[0.59,0.72] [1.17,1.43] [252,309] 

(13) 

Plastics Conveyor 833.333

3 

lb/hr [0.59,0.72] 
[1.55,1.89] [10.4,12.6] (14) 

Solid Screen 7575.75

7273 

lb/hr [0.59,0.72] 
[1.52,1.86] [14.8,18.0] (14) 

Ocean Water RO Unit 2652.13

6246 

lb/hr [0.59,0.72] 
[1.46,1.78] [89.1,109] (15) 

H2O2/UV Tank 2368.4 lb/hr [0.59,0.72] [1.17,1.43] [2.28,2.79] (14) 

H2O2 Storage Vessel 499 ft^3 [0.59,0.72] [2.7,3.3] [6.48,7.92] (14) 

Shredder 833.333

3 

lb/hr [0.59,0.72] 
[1.17,1.43] [23.4,28.7] 

(14) 

Sifter 833.333

3 

lb/hr [0.59,0.72] 
[1.48,1.64] [1.8,2.20] 

(14) 

 



  The equipment efficiencies and higher heating value of the fuels, their distribution ranges 

and a justification of these ranges can be seen in Table SI.7. The same distribution range was 

used for the engine power as in the thermodynamic probabilistic exergy model.  

Table SI.7 Non-Equipment Uncertain Inputs for Monte Carlo Simulations in Economic Analysis 

Input Variable Distribution Range  Justification 

Pump Efficiency  [0.40,0.70] Typical range for pump efficiencies in industry 

Engine Efficiency [0.30,0.45] 
Typical range for engine efficiency in industry 

Higher Heating Value [36,41] MJ/Kg 
A HHV between that of food waste/wastewater 

sludge diesel and diesel from petroleum. 

 

 The results of the Monte Carlo simulations conducted within the economic analysis 

framework can be seen in Figure SI.4. In particular, the 50% probability value (P50) indicates 

that the corresponding total capital cost (CAPEX) is $3.15 million as shown in the derived 

CAPEX cumulative distribution profile. The P10 and P90 values, as well as the standard 

deviation are also identified on the same figure.  

 

 



 
Figure SI.4 Probability distribution of the total capital cost (CAPEX) for the modular plastic 

conversion system with the P10, P50 and P90 CPEX values indicated along with the standard 

deviation.  

 In order to estimate the annual operating costs (OPEX) the required staff to operate the 

HTL conversion process system was considered along with the requisite material costs in a 

Monte Carlo simulation. The model input variables, their uniform probability distributions and 

the justification of their ranges can be seen in Table SI.8. The operator salary and on-board 

provisions input variables are for a single engineer. The HTL system can be operated with two 

engineers, resulting in both of these input variables being doubled in the simulation.  The only 

material cost required was the hydrogen peroxide needed for the degradation of the residual 

organics in the aqueous phase. It was estimated that approximately 3,800 gallons would be 

needed per year with a cost of $63.30 per gallon (16). Therefore, the total estimated operating 



costs per year were found to be $890-990k, as seen in Figure SI.5. The P10, P50, P90 and 

standard deviations are all identified in Figure SI.5.  

Table SI.8 Uniform Probability Distributions for OPEX Monte Carlo Simulation 

Input Name  Distribution  Justification 

Operator Salary  [$123,300, $150,700]  A salary range equivalent to 

that of a sea plant operator. 

(17) 

On-Board Provisions  [$18,000, $22,000]  Value per operator to account 

for all required provisions 

Overhead [0.81,0.99]  Average factor of labor costs 

required for overhead (13) 

Maintenance [0.027,0.033]  Average factor of Total 

Installed Cost (TIC) required 

for maintenance (13) 

Insurance & Taxes [0.00063,0.00077] Average factor of Fixed 

Capital Investment (FCI) 

required for Insurance & 

Taxes  (13) 

 



 

Figure SI.5 Probability distribution of the annual operating costs (OPEX) for operating the 

modular plastic conversion system with the P10, P50 and P90 OPEX values indicated along with 

the standard deviation.  

 

SI.4. Extended Methods Section 

Thermodynamic Correlations based on Carbon Number:  

For alkenes where x is the Carbon Number: ∆𝐻𝑓 = −25940𝑥 + 85202                 Eq (9) 

           ∆𝐻𝑐 =  −653548𝑥 − 83571  Eq (10) 

            𝑆° = 30.224𝑥 + 119.99   Eq (11) 

For Alkane’s where x is the Carbon Number: ∆𝐻𝑓 = −25538𝑥 − 45603  Eq (12) 

           ∆𝐻𝑐 =  −654899𝑥 − 222305  Eq (13)  

            𝑆° = 33.031 + 95.283   Eq (14) 



 

UV/H2O2 Oxidation System 

The chemical exergy difference within the hydrogen peroxide reaction was found assuming there 

was double the amount of hydrogen peroxide (5) in the system compared to the amount of 

organics remaining in the water after the separation step for polystyrene. 
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