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Energy and CO, Calculations for REMADE Project Proposals
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Updated October 15, 2019 with further guidance covering chemical recycling and solvent-based recycling
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Energy and CO, Calculations for REMADE Project Proposals

* Definitions of Embodied Energy and CO, Emissions
* Purpose of Calculator
* Inputs and Outputs of Calculator

* Examples for Mechanical Recycling
o Increase recycled content (RC) in PET bottles from 10% to 50%
o Process Improvement Reduces Losses from 2% to 1%

o Improvements enable replacement of 600,000 metric tons of virgin plastics with recycled content (RC) plastics

* Guidance and Examples for Chemical and Solvent-based recycling processes

o Solvent-based process to recover HDPE
e Guidance on total relevant material mass
* Additional References
* What to include in your proposal

* Questions and Contact
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Definition of Embodied Energy and CO, Emissions

* Embodied Energy is the energy required by all processing associated
with converting a material into a manufactured product — from
mining to final product delivery. When a material is landfilled, the raw
material and the energy related to the material are lost.

* The unit "CO2e" (CO2 equivalent) represents an amount of a GHG
whose atmospheric impact has been standardized to that of one unit

mass of carbon dioxide (CO,), based on the global warming potential
(GWP) of the gas.
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Purpose of Calculator

* Simple scoping method to calculate potential energy and CO2e
savings arising from successfully developed and implemented
technologies studied in each project

* Consistent estimates across REMADE projects on the material-specific
embodied energy and CO2e emissions.

* Consistent units across REMADE projects to allow quick evaluation
(“scoping”) of their potential impact.
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Components of Calculator

“Calculator” tab includes inputs and outputs for “current” and “potential future” scenarios.

“EE and CO2e” tab

Suggested Embodied Energy (EE) and CO2 equivalent (CE) Data for Calculator

Emb. Energy [MXkg]

COZe (kolkg)

e Secondary e Secondary
Calculator (Beta Version) to estimate embodied emissions and CO2e emissions of materials and processes G [virgin) [“"f:;::'l‘:j;"" [virgin) [“"f:;::'l‘:j;""
i I Low Carbon steel 26.5 7.3 180 0.44
comm ert) Current Status Material 1 Material 2 Material 3 Material 4 Towal Units o e leranskshafts 325 BE 2.00 052
b | 5 £ £ ’ i
| Material Ty pe Material 1 Material 2 Material 3 Material 4 Stainless_Steel 045 ©0 495 073
. % Recycle content 0% 0% 0% _
% yield 100% 100% 100% Alurninum 210.0 2E.0 12.00 210
b
EE of primary material 0.0 MJikg Copper allows 53.0 135 370 083
e | =
EE of secondary material M.Jikg Mickel-Chramium alloy 1815 33.0 1150 200
CO2e of primary material kgCCh/kg _ :
Y coze of secondary rmaterial kgCO:x/kg Zinc [die cast) g0.0 o 410 0.E7
:En'bor:ied Energy per kg of product 0.0 0.0 0.0 0.0 MJikg Lead 270 75 200 0.45
. CO2e emissions per kg of product 0.00 0.00 0.00 0.00 kaCOefkg of product Magnesium alloyS 5.0 6.0 24 80 290
Mass of material in product 0 0 mefric tons Cold 595000 £04 5 650000 49,00
 Jotal EE impacted 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 K1) ° ) : ) :
Total CO2 emissions impacted 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 metric tons CO: Flatinum 271000.0 125610 14750.00 367.00
Fotential Firfiee Staf Silver 1475.0 155.0 100.00 9.30
jal Future Status ateria i ateria aterial
- : — ; & Mam‘f’dz — : /3 M , 4 Titanium alloy EE5.0 87.0 45,50 5.20
Material Ty pe Material 1 Material 2 M aterial 3 Material 4
: % Recycle content 0% 0% 0% Faper_Cardboard 515 135 115 0.76
Y vield 100% 100% 100% Eglass_Fiber E5.5 352
- EE of primary material _ MJikg Cottan 450 2EE
EE of secondary material MJikg
™ CO2e of primary material kaCOulkg FF 73.0 50.0 305 210
" co2e of secondary material kgCCeikg FE [HDFE., LDFE. LLDHA a0 h0.0 275 285
4 Embodied Energy per kg of product 0.0 0.0 0.0 MJikg = 5.0 60 2E0 215
d C0O2 emissions per kg of product 0.00 0.00 0.00 kg CO2'kg H
Mass of material in product | Ol metric tons ..PS 3.0 47.5 380 89
,Total EE of improved products 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 M.J PET 2.0 39.0 3.90 235
Total COZ2 emissions of improved pn 0.00E+D0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 metric tons CO: PR Foam 10a.0 4,50
Impact of Change Paluamide Mulon 1225 425 785 256
Reduction in Embodied Energy 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 M. Ethylene Vinyl Acetate (EVA) 73.0 46.0 21 2.80
" E
 Reduction in Embodied Eneray 0.00E+00 0.00E+00 0.00E+00 0.00E-+00 SN GH0EE00) P Mat_Rubber E75 210
Reduc'qon in Embodied Eneray 0.00E+00 0.00E+00 0.00E+D0 0.00E~+00 N 0N00E+00] TEw Butyl_Fubber_Sonthetic 8.0 5 60
Reduction in Errbodied Energy 0.00E+00 0.00E+00 0.00E+00 0.00E+00 __0.00E+00 Quad
Reduction in COZ2e emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 SESH00ER00 metric tons CO; ABS 345 465 3.80 2.80
Relative decrease in EE _ #DIvio! , Mmoo Palycarbonate 1085 425 £.00 2.55
Relative decrease in CO2 emissions #DIVI0! H#DIVIOL
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Inputs and Outputs of Calculator

Instructions or
Explanation (read
comment} Current Status Material 1 Material 2 Material 3 Material 4 Total Units
* Material Type Material 1 Material 2 Material 3 Material 4
Yo Recycle content 0% 0% 0%
" yield 100% 100% 100%
" EE of primary material 00 MJ/kg
ki EE of secondary material MJ/kg
Y co2e of primary material kgCOx'kg
Y coze of secondary material kgCOx'kg
b Embodied Energy per kg of product 0.0 0.0 0.0 0.0 MJ/kg
7 C0O2e emissions per kg of product 0.00 0.00 0.00 0.00 kgCO./kg of product
A Mass of material in product 0 0 metric tons
Total EE impacted 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 IJ
" Total CC2 emissions impacted 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 metric tons CO,
Potential Future Status Material 1 Material 2 Material 3 Material 4
" Material Type Material 1 Material 2 Material 3 Material 4
Yo Recycle content 0% 0% 0%
9% yield 100% 100% 100%
) EE of primary material MJ/kg
) EE of secondary material MJ/kg
T coze of primary material kgCOx'kg
T coze of secondary material kgCOu'kg
i Embodied Energy per kg of product 0.0 0.0 0.0 0.0 MJ/kg
CO2 emissions per kg of product 0.00 0.00 0.00 0.00 kg CO2/kg
" Mass of material in product 0 0 metric tons
Total EE of improved products 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 MJ
Y Total CC2 emissions of improved pn 0.00E+00D 0.00E+00 0.00E+00D 0.00E+00  0.00E+00 metric tons COz
Impact of Change
Reduction in Embodied Energy 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 MJ
k Reduction in Embodied Energy 0.00E+00 0.00E+00 0.00E+00 0.00E+00 PJ
i Reduction in Embodied Energy 0.00E+00 0.00E+00 0.00E+00 0.00E+00 TBtu
Reduction in Embodied Energy 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 Quad
Reduction in CO2e emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 metric tons CO,
Relative decrease in EE ZDIV/IO!
Relative decrease in CO2 emissionsr #DIV/0!

Inputs (for both “Current Status” and
“Potential Future Status”) are the cells

highlighted in bright blue.
* Material type(s)
* % Recycle content
* %yield

* Mass of material in product

Embodied Energy (EE)and CO, equivalent
emissions (CO2e) from the “EE CO2e”
tab in the spreadsheet or from other
referenced sources
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Example 1: Increase recycled content (RC) in PET bottles from 10% to 50%

i Current Process: RC in clear bottles is limited by Potential Future Process: Technical improvements
rPET availability (economic/policy reasons) (e.g. more efficient process) lead to greater RC
* 3,000,000 metric tons PET used in clear bottles * 3,000,000 metric tons PET used in clear bottles
e 10% RC* in clear bottles (i.e. 300,000 metric tons) * 50% RCin bottles (i.e. 1,500,000 metric tons)

o J . J

Tabulated values of Embodied Energy (EE) and CO2 Emissions (CE) for primary (virgin) PET and rPET (mechanical)

EEV,-,g,-n per=85.0 MJ/kg EE 7= 39.0 MJ/kg
COZeV,-,g,-,, per = 3.9 kg COz/kg PET CO2e,prr =2.4kg COz/kg PET
v
EE and CE forvPET containing 10% rPET EE and CE for PET containing 50% rPET
EEcurrent = 0-9EEvirgin per + 0.1EE ppr = 80.4 M] /kg EEcyrrent = O-SEEvirgin per + 0.5EE pgr = 62.0 M] /kg
COZecurrent = 0-9C026virgin PET + 0'1C02eTPET = 3.75 kgCOZ/kgPET COZecuTTent = O.SCOZBW-TgianT + O.SCOZBTPET = 3.15 kgCOz/kgPET
The total EE and CE for the 3,000,000 metric tons of PET in clear bottles The total EE and CE for the 3,000,000 metric tons of PET in clear bottles
M 9 Mj 11
EEiotq1 = 3 X 10%kg X 80.4@ = 2.41 x 1011 MmJ EEiotqr = 3 X 10°kg X 62.0E =186 X 10-"MJ]
kgCO, kgCO,
— 9 — 10 — 9 — 9
CO2¢etptq1 = 3 %X 10%°kg x 3.75 kgPET ~ 1.1 x 10°kgCoO, CO2¢eiptq1 = 3 X 10°kg % 3.75 kgPET — 9.45 x 10°kgCO,
= 1.125 x 10”metric tons CO, = 9.45 X 10°metric tons CO,

Benefits of Future Process /
AEEtoq= 2.4 X 10M] — 1.9 x 10**M] = 5.5 x 10*°M] = 55 PJ

* 10% rPET content for demonstration purposes only. ACE;otq= (11.25 — 9.45) x 10°metric tons CO, = 1.8 x 10°metric tons CO,
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Instructions or
Explanation (read
comment)

Example 1: Increase recycled content (RC) in PET bottles from 10% to 50%

crease recycled content (RCC) in PET bottles from 10% to 50%

© 2019 Sustainable Manufacturing Innovation Alliance. Funding provided by the U.S. Department of Energy’s Office of Energy Efficiency and Renewable Energy (EERE) under Advanced Manufacturing Office Award Number DE-EE0007897.

rrent Status Material 1 Material 2 Material 3 Material 4 Total Units

*Raterial Type PET Material 2 Material 3 Material 4

"% Recycle content 9 0% 0%

" % yield 100% 100% 100%

" EE of primary material : MJ/kg

YEE of secondary material 39.0 MJ/kg

Y co2e of primary material 3.9 kgCO,/kg

Y Cco2e of secondary material 2.4 kgCO,/kg

* Embodied Energy per kg of product 808 0.0 0.0 MJ/kg

Y CO2e emissions per kg of product 3.75 0.00 0.00 kgCO,/kg of product

" Mass of material in product | 3,000,000 | l | O| metric tons
Total EE impacted 2.41E+11 0.00E+00 0.00E+00 0.00E+00 2.ME+11jMJ

Y Total CO2 emissions impacted 1.13E+07 0.00E+00 0.00E+00 0.00E+00 etric tons CO,
Potential Future Status Material 1 Material 2 Material 3 Material 4

* Material Type PET Material 2 Material 3 Material 4

"% Recycle content I 50% 0% 0%

" % yield 100% 100% 100%

“EE of primary material 85.0 MJ/kg

YEE of secondary material 39.0 MJ/kg

Y coze of primary material 3.9 kgCO,/kg

Y Cco2e of secondary material 2.4 kgCO,/kg

~ Embodied Energy per kg of product 62.0 0.0 0.0 MJ/kg

" CO2 emissions per kg of product 3.15 0.00 0.00 kg CO2/kg

" Mass of material in product 3,000,000 0 metric tons
Total EE of improved products 1.86E+11 0.00E+00 0.00E+00 0.00E+00 1.86E+11jMJ

Y Total CO2 emissions of improved pri 9.45E+06 0.00E+00 0.00E+00 0.00E+00 etric tons CO,
Impact of Change
Reduction in Embodied Energy 5.52E+10 0.00E+00 0.00E+00 0.00E+00  5.52E+10 MJ

" Reduction in Embodied Energy 5.52E+01 0.00E+00 0.00E+00 0.00E+00 PJ

A Reduction in Embodied Energy 5.23E+01 0.00E+00 0.00E+00 0.00E+00 TBtu
Reduction in Embodied Energy 5.23E-02 0.00E+00 0.00E+00 0.00E+00 5.23E-02 Quad
Reduction in CO2e emissions 1.80E+06 0.00E+00 0.00E+00 0.00E+00 metric tons CO,

Relative decrease in EE
Relative decrease in CO2 emissions

23%
16%

Read Instructions (comments in column A”
for explanations)

10% rPET currently in clear bottles

Assume 100% yield since no yield change
expected

Embodied Energy (EE) and CO2e of virgin PET
and rPET found in the “EE CO2e” tab (future
versions to link automatically)

Only one material involved, so enter “0” as
mass for Materials 2-4
Calculated EE and CO2e for “Current Status”

Enter similar data for “Potential” Future
Status, with only change to 50% for “%
recycle content” in this example.

Calculated EE and CO2e for “Potential Future
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Example 2: Process Improvement Reduces Production of Scrap from 2% to 1%

N

Current Process: Current scrap rate (losses) of
injection molded of PP in a type of product is 2%
(98% yield)

e 100,000 metric tons of PP (all virgin) in affected
product

* Assume all scrap is discarded to landfill

(" . .
Potential Future Process: Technical improvements
to injection molding process reduce losses (scrap
rate) to 1% (99% vield)

* Same amount (100,000 metric tons of virgin PP)
in the affected product

* Scrap still goes to landfill

N J

Tabulated values of Embodied Energy (EE) and CO2 Emissions (CE) for primary (virgin)

PP and secondary PP (mechanical)

EE = 79.0 MJ/kg

virgin PP —

CE,irgin pp = 3.1 kg CO,/kg PET

© 2019 Sustainable Manufacturing Innovation Alliance. Funding provided by the U.S. Department of Energy’s Office of Energy Efficiency and Renewable Energy (EERE) under Advanced Manufacturing Office Award Number DE-EE0007897.
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Current Status Material 1 Material 2 Material 3 Material 4 Total Units
Material Ty pe PP Material 2 Material 3 Material 4
% Recycle content 0% 0% 0%
% yield | 98% 100% 100%
EE of primary material 79.0 MJ/kg
EE of secondary material 50.0 MJ/'kg
CO2Ze of primary material 31 kgCOs/kg
CO2e of secondary material \, 2l kgCO./kg
Embodied Energy per kg of product 806 0.0 0.0 0.0 MJ/kg
CO2e emissions per kg of product 3.16 0.00 0.00 0.00 kgCO,/kg of product
Mass of material in product | [ 100,000 | ] 0 0 metric tons
Total EE impacted 8.06E+09 0.00E+00 0.00E+00 0.00E+00 8.06E+09 M.J
Total CO2 emissions impacted 3.16E+05 0.00E+00 0.00E+00 0.00E+00 3.16E+05 metric tons CO;
Potential Future Status Material 1 Material 2 Material 3 Material 4
Material Ty pe PP Material 2 Material 3 Material 4
% Recycle content 0% 0%
% yield [ ﬁ 100% 100%
EE of primary material 79.0 MJ/kg
EE of secondary material 50.0 MJ/'kg
COZ2e of primary material 3.1 kgCO./kg
CO2e of secondary material \ 21 kgCO-/kg
Embodied Energy per kg of product 798 0.0 0.0 0.0 MJ/kg
CO2 emissions per kg of product 3.13 0.00 0.00 0.00 kg COZkg
Mass of material in product [ [ 100,000 § 0 0 metric tons
Total EE of improved products . 98E+09 0.00E+00 0.00E+00 0.00E+00 7.98E+09 MJ
Total CO2 emissions of improved pr 3. 13E+05 0.00E+00 0.00E+00 0.00E+00  3.13E+05 metric tons COs
Impact of Change
Reduction in Embodied Energy 8. 14E+07 0.00E+00 0.00E+00 0.00E+00 8. 14E+07 MJ
Reduction in Embodied Energy 8.14E-02 0.00E+00 0.00E+00 0.00E+00 12

b Reduction in Embodied Energy 7.71E-02 0.00E+00 0.00E+00 0.00E+00
Reduction in Embodied Energy 7.71E-05 0.00E+00 0.00E+00 0.00E+00 7.71E-05 Quad
Reduction in CO2e emissions 3.20E+03 0.00E+00 0.00E+00 0.00E+00 mefric tons CO,

© 2019 Sustainable Manufacturing Innovation Alliance. Funding provided by the U.S. Department of Energy’s Office of Energy Efficiency and Renewable Energy (EERE) under Advanced Manufacturing Office Award Number DE-EE0007897.

Example 2: Process Improvement Reduces Production of Scrap from 2% to 1%

Relative decrease in EE
Relative decrease in CO2 emissions

1%
1%

“Current” and “Potential Future”
yields entered

100,000 metric tons of product
(before and after)

CE CE

virgin recycled

(kgCO,/kg) | (kgCO,/kg)

3.1 2.1
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Example 3: Improvements enable replacement of 600,000 metric tons of virgin plastics with RC plastics

-
Current Process: A mix of PP (40%), HDPE (40%) and PVC

-
Potential Future Process: Technical improvements to
(20%) cannot be adequately separated

separation enable recovery of RC PP and HDPE pellets

* 300,000 metric tons each of RC PP and HDPE used in new
products instead of virgin PP and HDPE

* 1 million metric tons per year are landfilled (i.e. 400,000 metric
tons PP; 400,000 metric tons HDPE; 200 thousand metric tons
PVC)

* 400,000 metric tons of mixed byproduct landfilled
N J

’ g
e tons of landfill
1 million ‘ ® /
metric tons

of landfil E ~ ¢
f\ HDPE

LSJ

“; ‘.EQ. a
600,000 total metric 600,000 totaI metric
tons of RC PP and HDPE tons of RC PP and HDPE

Tabulated values of Embodied Energy (EE) and CO2 Emissions (CE) for pnmary (virgin) and mechamcally recycled plastics

m EEvirgin (MJ/kg) recycled (MJ/kg) wrgm (kgcozlkg) recycled (kgcozlkg)

* New PP and HDPE products are made using virgin PP and HDPE
pellets

PP 79.0 50.0
HDPE 80.0 40.0 3.3 2.3
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Example 3: Improvements enable replacement of 600,000 metric tons of virgin plastics with RC plastics

Current Status Material 1 Material 2 Marerial 3 Material 4 Total Units

Material Type PP HDPE Material 3 Material 4

% Recycle content 0% 0% 0%

% yield 100%

EE of primary material 79.0 80.0 MJ/kg

EE of secondary material 50.0 40.0 MJ/kg EE,irgin EE ecycted CEyigin CE ecycted
CO2e of primary material 31 33 kaCO,/kg (MJ/kg) (MJ/kg) (kgCO,/kg) | (kgCO,/kg)
C0O2e of secondary material 21 23 kgCO./kg

Embodied Energy per kg of product 79.0 8u.0 0.0 0.0 MJikg PP 79.0 50.0 3.1 2.1
C02e emissions per kg of product 310 3.30 0.00 0.00 kgCO,/kg of product

Mass of material in product W 0 0 mefric tons HDPE 80.0 40.0 3.3 2.3
Total EE impacted 2. 37E+10 2 40E+10 0.00E+00 0.00E+00 4.7TE+10 MJ

Total CO2 emissions impacted 9.30E+05 9.90E+05 0.00E+00 0.00E+00 1.92E+08 mefric tons CO.

Potential Future Status Material 1 Material 2 Material 3 Material 4 .

Material Type PP HDPE Material 3 Material 4 * 300,000 metric tons each of rPP

% Recycle content 100% 100% 0% .

= 100% and rHDPE used in new products

EE of primary material 79.0 §0.0 MJ/kg . . .

EE of secondary material 50.0 40.0 MJ/kg InStead Of VIrgln PP and HDPE

CO2e of primary material 31 i kgCOJ/kg

C0O2e of secondary material 2 23 kgCO./kg

Embodied Energy per kg of product 50.0 40.0 0.0 0.0 MJ kg

C0O2 emissions per kg of product 210 2 30 0.00 0.00 kg CO2'kg

Mass of material in product | I 300,000 300,000 | I 0 0 metric tons

Total EE of improved products 1.50E+10 1.20E+10 0.00E+00 0.00E+00 2.70E+10 MJ

Total CO2 emissions of improved pri 6.30E+05 6.90E+05 0.00E+00 0.00E+00 1.32E+06 mefric tons COz

Impact of Change

Reduction in Embodied Energy 8.70E+09 1.20E+10 0.00E+00 0.00E+00 2 07E+10 MJ

Reduction in Embodied Energy 8.70E+00 1.20E+01 0.00E+00 0.00E+00 PJ

Reduction in Embodied Energy 8.24E+00 1.14E+01 0.00E+00 0.00E+00 TBtu

Reduction in Embodied Energy 8.24E-03 1.14E-02 0.00E+00 0.00E+00 1.96E-02 Quad

Reduction in CO2e emissions 3.00E+05 3.00E+05 0.00E+00 0.00E+00 mefric tons CO»

Relative decrease in EE 37%

Relative decrease in CO2 emissions 32%
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Guidance for Chemical and Solvent-based Recycling Processes

* Embodied energy and CO2e data are not available for plastic recycling processes
involving solvent dissolution or for chemical depolymerization or degradation processes
(e.g. pyrolysis), so these values must be estimated based on calculations of an expected
process.

* These should be “back of the envelope” calculations in their level of detail, though they
should consider the major energetic steps in the processes and the significant material
streams.

* The basis for the calculations are converting an existing waste stream into polymer
pellets. This means that mechanical recycling steps and extrusion should be included in
the calculations (along with the special steps for the new process and any auxiliary
processes to recover solvents or reagents)

* The “Plastics recycling calculator” tab guides the user through these calculations

* Calculated values for embodied energy and CO2e for chemical or solvent-based recycling
processes can be entered into the “Calculator” tab for these secondary materials
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“Chemical Recycling” includes most Mechanical Recycling Steps

Chemical

Oil/NG
extraction

Cracking/ conversions (as Extrusion with

Polymerization e
reforming necessary) and E devolatilization
purification

Refining

A

Removal of Regeneration of
depolymerizing liguids and

Pyrolysis ficati
yroly Purification liquid catalysts

(addition of styrene
polymers) (for PS)

Depolymerization
(condensation polymers)

Plastic
waste
collection

Solvent
Solvent : :
. Dissolution removal
cleaning |

Sorting/ Purification/

C ol
shredding Cleaning SEESEIEIS

W

\
@
| — |
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Calculations for “Chemical Recycling”

Steps include:

Collection

Material preparation (size reduction, sorting, etc.) — This step could include many
processes typical of mechanical recycling

The Chemical Recycling process, which may include steps such as dissolution,
depolymerization, recovery and purification of process liquids and catalysts, drying of
recovered polymer or monomer, chemical conversions back to monomer, and
polymerization of the monomer(s) back to the polymer.

Extrusion back to pellets for use in conversion processes (including solid-stating for PET
to get to bottle grade PET)

The “Plastics recycling calculator” tab of “REMADE Energy and CO2e calculator V4.0” leads
the user through the above steps.
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Example 4: Solvent-based Recycling of HDPE

* Assume we can recover an additional 1 million metric tons of HDPE by using a

solvent-based process.

* We start our calculations using the “Plastics recycling calculator” tab as shown
below and continuing on the next slides.

DRAFT Plastic Recycling Calculator Worksheet

Instructions: Please feel free to use the worksheet below to estimate the energy requirements for various processes including both "mechanical recycling” and the broad category of "chemical recycling” (including
processes involving solvents, depolymerization to monomers, or pyrolysis). As you go through the form, please read each step carefully and enter data to the best of your knowledge in cells highlighted in bright blue. We
realize that some information about your proposed process may be missing at this early stage, but please use your best realistic estimates for each step. The results highlighted in bright green cells in Line 9-9 and 9-10
may be used as inputs for secondary polymers in Rows 10,12, 24 and 26 of the "Calculator” tab. Please use the "Notes" column (column G) after each entry to provide a BRIEF explanation to help us better understand
the logic and uncertainties of the calculation. We may ask for this completed sheet and the completed "Calculator” worksheet during the review process or after your project is selected for award. If you have any

questions about the calculations, please reach out to Brian Riise (briise@remadeinstitute.org) or Ed Daniels (edaniels@remadeinstitute.org).

Section Line Question for consideration or Result Entry HE Notes
of product)
How many kg of waste material must be collected to ultimately recover 1 kg of the product
polymer? If the product is one of several products recovered from the mixture (including by other
i Collaciion 1-1  |means), you can estimate an overall product yield of the mix and calculate this entry based on 18
: that yield (i.e. the inverse of the yield). The number must be greater than 1, and should most
likely between 1.2 and 1.5. After entering the number, proceed to Section 2.
1-2 Collection energy 0.75
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Example 4: Solvent-based Recycling of HDPE (continued)

2: Sorting and
Material
Preparation

Does the collected material need processing such as size reduction, sorting, removal of
contamination to prepare it for downstream processes? If "Yes”, enter "1” at right and

= proceed to Line 2-2. If "No”, enter "0" and proceed to the relevant section below for the next
processing step (e.g. Section 3 for solvent-based recycling).
How many mechanical conveying steps are involved to prepare the material for chemical
9.2 processing or extrusion (in the case of mechanical recycling)? The number should be at
least 2 greater than the sum of entries in Lines 24, 2-6, 2-8, 2-10 and 2-12. Enter the
number at right, which is the multiplier for number of conveyors. Proceed to Line 2-4.
2-3 Energy for material conveying 2.7
How many size reduction steps? The number is typically 2 if reducing from large objects to
2-4 |flakes, but can be 1 if feed to the chemical process is larger than about 20 mm. Proceed to
Line 2-6.
2-5 Energy for Size Reduction 1.65
2.6 How many total steps involve screening, magnets or eddy current separators to prepare the
material for chemical recycling? After entering the number, proceed to Line 2-8.
2-7 Energy for screening, magnets or eddy current separators 0.3
28 How many total steps involve air separations or dry cleaning? After entering the number,
proceed to Line 2-10.
2-9 Energy for air separations or dry cleaning 0.3
2.10 How many total steps involve wet density separations or cleaning followed by drying? After
entering the number, proceed to Line 2-12.
2-11 Energy for wet density separations or cleaning followed by drying 0.45
912 I:;}w many total steps involve optical sorting? After entering the number, proceed to Line 2-
2-13 Energy for optical sorting steps 0.6
Enter energy (MJ per kg of final secondary polymer) for any additional transportation,
2.14 mechanical recycling or sorting processes not captured thus far in Section 2. Proceed to
the relevant section below for the next processing step (e.g. Section 3 for solvent-based
recycling).
2-15 Energy of other processes 0
2-16 Total Energy for Sorting and Material Preparation 6
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Examp

e 4: Solvent-based Recycling of HDPE (continued)

3 Salvent-based
recycling

How much solvent is used [on 2 weight ratio to the hinal amount of polumer product | to

3-1 |dissolve the polymer? The ratio should typically be between 5 and 15 to ensure rapid 3
dizsolution and to keep energuuse reasonable. Proceed to Line 3-2.
Erter the specific heat capacity of the slurry sontaining polymer and salvent (in units iF
2 k-Jn'kgn'Fl(]. Yo can estimate the lslun:,l.specilflic heat capacity based on thf solvent heat 172 Using Xylene as the sohent
capacity. Several solvents are listed in the "EE COZ solvents+processes” tab, or wou can
look up elzewhers ar estimate. Procesdtoline 3-3.
Erter the latent heat of vaparization of the solvert (inunitz if kd'kg)l. Several zolvents are
3-3 |listedin the "EE COZ solvents+processes” tab, or wou can look up elsewkers or estimate. Z06 Walue for ®ulens
ProcesdtoLine 3-4.
34 [Whatis the expected diszolution temperature in degree: C7 Pracesd to Line 3-5. 120 Aszume the process iz st 120°C
‘wWhat fraction of the targeted polymer will be recovered after dissalution and . '
3-5 oo " 1 Here we assume full dissalution and recovery.
reprecipitation’” Proceed to Line 3-6.
IF the heating source For bailing off solvents is using natural gas, enter 1" atright. IF heating
36 = wr : 0.3
uzes electricity, enter "0.3". Proceed toLine 3-5.
3T Ernsage o o et ao st from S0 L ar diesation sr
Enter the energy to convey material, slurry and solution, including filtration of insolubles.
3-8 |Mumber should be approdimatsly 1MMkg, but enter sltermative if ausilable. Proceed to Line 1
3-10.
3-3 Lt s srsnge e conva mahanad ko andsodeibn, sk rasing of ikt 7
How much anti-solvent [in kg per kg of final product] is used ra precitatate the palymer? -
3-10 | Mumber should be much less than the value entered in Line 3-1, but should be non-zera. 1 Assume we add Tpant of ethylens ghyeolto precipitate the
. HOPE palymer
Procees toLine 3-11.
Erter the latent heat of vaporization of the anti-solvent [in units if kdtkgl. Several salwents
31 |arelistedinthe "EE COZ solvents+processes” tab, or wou can look up elzewkers o 3z Walue for Ethylene Glycol
estimate. Proceed to Line 3-12
317 ‘what is. the bailing point of the soluent. indegrees C7 See "EE C0Ze solvents+processes” 140 Walue for ¥ylere
or & suitable reference. Procesdtaline 3-13.
- - ~ = - = =
313 ‘wWhat iz the bailing p?lnt af th.e arti-solvent in degrees CF See EE COZe a7 Value for Ethylene Glyccl
solvents+processes” or a suitable reference. Proceedto Line 3-13.
3-14 Fir i thea donear ol e e Buading oo o the soheant and aav-radeane 7 M
3-15 Lrengr 5 Ao BT s L i #e dncar Sodug soi (oo d o podemar paodbicsd a5
3-18 Enangy to bod o aakend fvhen i foneae buodingl oer bz of oodemar snd orodkasy g
3-17 Liangie o bod'of anir-nafkend fvdean @ édmnnar ol oo dag of podemer sondorocieet LT
Lnangesa ramos Spid from pracipd atadoodimes This assamas Toart fipidosr pane sofisd
3-15 Froating tha solidligsidiiom S5 £ e tha boding point of the solant, and caoonning ihe Lrf-vg
ke
313 How much energy is required [per kg of zolvent] to clean up and purify the solwent afuer 1
separation from the polumer and the anti-solvent’? Proceed to Lime 5-20.
320 Haw much energy is required [per kg of ant-zolvent] to clean up and purify the anti-solvent 1
after separation from the polumer and the azolvent? Proceed to Line 3-22.
3-21 LSnange o traat sokend and ans-nakeane foar b ofootimar and onodtansl Lrfrg
‘w'hat ¥ of the solvent is lost in each batch run? Use 190 as a default unless there are better 5
3-22 : 1T
numbers. Procesd to Line 3-23.
‘wWhat is the embadied energy of the solvert? See "EE COZ2e solvents+processes” or Estimate far Kylene fromthe "EE COZe
3-23 A i 47 "
suitable reference. Proceedto Line 3-24. solventstprocesses” tab,
Haw much energy is required ta treat the solvent (per kg of salvent that iz last]? Proceed to
F2% |Line 3-26 !
325 ST Snengv SonsRoRan e f0 SR Lo Ly
‘what > of the anti-solwent iz lostin each batch run? Uze 14 as a default unless there are 5
3-26 - T
better numbers. Proceed to Line 3-27.
‘what is the embodied energy of the anti-salvent? See "EE COZe solvents+processes” or Estimate for EG from the "EE COZe solvents+processes”
3-27 , i EO
suitable reference. Proceedtaline 3-28. tab.
Haw much energy is required ta treat the anti-salvent [per kg of solvent thatis lost) 7
3-25 ! 1
Proceed to Line 3-30
323 Embodiad snsagr consmmonan G fo safent sens Zat
Erter energy [MJ per kg of final secondary palymer] for any additional processes related ta
3-30 ) ;
Section 3. Proceedta Section 5.
3-3 Enanguof oifar procssass 1 Fokenr-barad rasveing &
JeFF Fatal Fnerge for Sofvent-fased Besyoling Fracesses A
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Example 4: Solvent-based Recycling of HDPE (continued)

* Sections 4-7 are left blank as they apply to other processes

8-1 Conveying energy assuming feed and take-away. 0.4
8-2 |A 100% vyield is assumed for the extrusion step. Proceed to Line 8-4.
8-3 Extrusion energy per kg of polymer 6
8.4 Is the process with PET so that solid-stating is used to convert to bottle grade PET? Is "Yes"
enter "1" at right. Proceed to Line 8-6.
8: Extrusionand | 8-56 Energy for PET solid-stating 0
CReRRuntg Enter energy (MJ per kg of final secondary polymer) for any additional processes related to
8-6 |[Section 8. Examples could include additional compounding stages, post-drying, etc. beyond
the normal processes for extrusion compounding. Proceed to Section 9.
8-7 Additional Energy 0
8-8 Total Energy for Extrusion and Compounding to produce pellets 6.4
9-1 Collection energy (from Line 1-3) 0.75
9-2 Total Energy for Sorting and Material Preparation (from Line 2-17) 6
9-3 Total Energy for Solvent-based Recycling Processes (from Line 3-23) 24.7
9-4 Total Energy for Depolymerization and Repolymerization of PET (from Line 4-9) 0
9 R 9-5 Total Energy for Depolymerization and Repolymerization of PS (from Line 5-7) 0
: Results - — o
Summary 9-6 Energy of pyrolysis of polyolefins and repolymerization {frpm Line 6-6) 0
9.7 Calculated energy to convert waste polymer to new polymer (other chemical recycling 0
process) (from Line 7-1)
9-8 Total Energy for Extrusion and Compounding to produce pellets (from Line 8-8) 6.4
9-9 Total Process Energy to Produce Pellets from Waste Stream - Use this in the "Calculator” tab.
9-10 Calculated CO2e (divide Energy by 20 for an estimate) Use this in the "Calculator" tab.

* Embodied energy and CO2e highlighted in bright green are entered in the appropriate cells in the
“Calculator” tab (see next slide)
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Example 4: Solvent-based Recycling of HDPE (continued)

Current Status Material 1 Material 2 Material 3 Material 4 Total Units

 Material Type HDFPE Material 2 Material 3 Material 4

Yo Recycle content 0% 0%

o vield 100% 100% 100%

" EE of primary material 81.0 MJ/kg

" EE of secondary material 37.0 MJ/kg

Y Co2e of primary material 2.8 kgCOa/ky

* cO2e of secondary material 1.9 kgCO/kg

) Embodied Energy per kg of produc 81.0 0.0 0.0 0.0 MJ/kg

¥ CO2e emissions per kg of product 2.75 0.00 0.00 0.00 kgCO./kg of product

* Mass of material in product [ 1.00E+09) 0| 0| metric tons
Total EE impacted 8. 10E+13 0.00E+00 0.00E+00 0.00E+00 8.10E+13 MJ

Y Total CO2 emissions impacted 2.75E+09 0.00E+00 0.00E+00 0.00E+00 2.75E+09 metric tons CO;
Potential Future Status Material 1 Material 2 Material 3 Material 4

 Material Type HDFPE Material 2 Material 3 Material 4

9 Recycle content 100% 0%

o vield 100% 100% 100%

" EE of primary material 81.0 MJ/kg

" EE of secondary material 379 MJ/kg

* cO2e of primary material 28 kgCO./kg

¥ CO2e of secondary material 1.9 kgCO./kg

:Embodied Energy per kg of produc 379 0.0 0.0 0.0 MJ/kg
CO2 emissions per kg of product 1.90 0.00 0.00 0.00 kg CO2/kg

“ Mass of material in product [ 1.00E+09) 0| 0| metric tons
Total EE of improved products 3.79E+13 0.00E+00 0.00E+00 0.00E+00 3.79E+13 M.

Y Total CO2 emissions of improved [ 1.90E+09 0.00E+00 0.00E+00 0.00E+00 1.90E+09 metric tons CO;
Impact of Change

‘Reduction in Embodied Energy 4 31E+13 0.00E+D0D 0.00E+D0D 0.00E+D0D 4 31E+13 MJ
Reduction in Embodied Energy 4. 31E+04 0.00E+00 0.00E+00 0.00E+00 PJ

] Reduction in Embodied Energy 4 0BE+04 0.00E+00 0.00E+00 0.00E+00 TBtu
Reduction in Embodied Energy 4 08E+01 0.00E+00 0.00E+00 0.00E+00 4 08E+01 Quad
Reduction in CO2e emissions 8. 50E+08 0.00E+00 0.00E+00 0.00E+00 metric tons CO»
Relative decrease in EE 53%
Relative decrease in CO2 emissior 31%
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Guidance on Total Relevant Material Mass Affected

* The energy and CO2e impacts of your project will depend directly on the amount
of material assumed to be impacted by implementation of the technology

e The amount should be estimated based on

 How much of the material type(s) is available in the end-of-life stream of interest? The
proposer should provide references with the estimated amount while showing a grasp of the
waste stream’s current and expected future potential for recycling the material(s).

* What fraction of the material could potentially be affected by implementation of the
technology? This should provide an optimistic long-term estimate assuming the new
technology is successful, while also being realistic about the likelihood of competitive
technologies limiting market share and logistical or regulatory limitations that prevent full
adoption for the entire amount. We suggest using something like 50% or less for this

fraction.
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Additional References

Embodied Energy Data (incudes data on production processes such as casting, injection molding)

M. F. Ashby, Materials and the Environment (2" Edition): Chapter 6 - Eco-data: values, sources, precision, 2013, pages
119-174. Available at https://www.sciencedirect.com/science/article/pii/B9780123859716000063

M. F. Ashby, Materials and the Environment (2" Edition): Chapter 15 - Material Profiles, 2013, pages 459-595. Available
at https://www.sciencedirect.com/science/article/pii/B9780123859716000154

Benoit Cushman-Roisin and Bruna Tanaka Cremonini, Useful Numbers for Environmental Studies and Meaningful
Comparisons, looking for a publisher, 2019.

Energy and Emissions Data for Plastics (includes data for intermediate chemicals)

Cradle-to-Gate Life Cycle Inventory of Nine Plastic Resins and Four Polyurethane Precursors, prepared for the Plastics
Division the American Chemistry Council by Franklin Associates, August 2011. Available at
https://plastics.americanchemistry.com/LifeCycle-Inventory-of-9-Plastics-Resins-and-4-Polyurethane-Precursors-Rpt-
Only/ plus further details at https://plastics.americanchemistry.com/LifeCycle-Inventory-of-9-Plastics-Resins-and-4-
Polyurethane-Precursors-APPS-Only/

https://www.plasticseurope.org/en/resources/eco-profiles

Recycling and Recovery

Energy Impacts of Production and Recycling of Materials (EPA)
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https://www.sciencedirect.com/science/article/pii/B9780123859716000063
https://www.sciencedirect.com/science/article/pii/B9780123859716000154
https://plastics.americanchemistry.com/LifeCycle-Inventory-of-9-Plastics-Resins-and-4-Polyurethane-Precursors-Rpt-Only/
https://plastics.americanchemistry.com/LifeCycle-Inventory-of-9-Plastics-Resins-and-4-Polyurethane-Precursors-APPS-Only/
https://www.plasticseurope.org/en/resources/eco-profiles
https://archive.epa.gov/epawaste/conserve/tools/warm/pdfs/Energy_Impacts.pdf

What to include in your proposal

e Assumptions used in the calculation (e.g. increase in recycle content, yield
improvement, amount of additional secondary material use, energy savings
in process)

» Reference the source of data used for the calculation (e.g. data in REMADE
calculator tool)

* Method of Calculation (e.g. REMADE calculator tool)

e Results of Calculation

* Potential embodied energy savings (in PJ and TBtu)
 Potential savings in CO, equivalent (in metric tons)

 Comparison of expected improvements with TPMs stated in the RFP
e Save your calculations, as REMADE will want to review the calculations
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Questions

For questions about use of the tool or assumptions, or suggestions for
improvements, please contact:

REMADE_RFP@remadeinstitute.org
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