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Energy and CO2 Calculations for REMADE Project Proposals

• Definitions of Embodied Energy and CO2 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

• 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 CO2 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 (CO2), 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
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Inputs and Outputs of Calculator
• 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 CO2 equivalent 
emissions (CO2e) from  the “EE CO2e” 
tab in the spreadsheet or from other 
referenced sources

• Outputs are the cells highlighted in bright 
green.

• Reduction in Embodied Energy (EE 
reduction reported in TBtu)

• Reduction in CO2e (in metric tons)
• Relative decreases in Embodied 

Energy and CO2e
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EE and CE for PET containing 10% rPET

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.9𝐸𝐸𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑃𝑃𝑃𝑃𝑃𝑃 + 0.1𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 80.4 𝑀𝑀𝑀𝑀/𝑘𝑘𝑘𝑘

𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.9𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑃𝑃𝑃𝑃𝑃𝑃 + 0.1𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 3.75 𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2/𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

The total EE and CE for the 3,000,000 metric tons of PET in clear bottles

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 3 × 109𝑘𝑘𝑘𝑘× 80.4
𝑀𝑀𝑀𝑀
𝑘𝑘𝑘𝑘 = 2.41 × 1011𝑀𝑀𝑀𝑀

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 3 × 109𝑘𝑘𝑘𝑘 × 3.75
𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2
𝑘𝑘𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃 = 1.1 × 1010𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2

= 1.125 × 107𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶𝑂𝑂2

Current Process:  RC in clear bottles is limited by 
rPET availability (economic/policy reasons)
• 3,000,000 metric tons PET used in clear bottles
• 10% RC* in clear bottles (i.e. 300,000 metric tons)

Potential Future Process:  Technical improvements 
(e.g. more efficient process) lead to greater RC

• 3,000,000 metric tons PET used in clear bottles
• 50% RC in bottles (i.e. 1,500,000 metric tons)

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

EEvirgin PET = 85.0 MJ/kg EErPET = 39.0 MJ/kg 

CO2evirgin PET = 3.9 kg CO2/kg PET CO2erPET =2.4kg CO2/kg PET
EE and CE for PET containing 50% rPET

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.5𝐸𝐸𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑃𝑃𝑃𝑃𝑃𝑃 + 0.5𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 62.0 𝑀𝑀𝑀𝑀/𝑘𝑘𝑘𝑘

𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.5𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑃𝑃𝑃𝑃𝑃𝑃 + 0.5𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 3.15 𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2/𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

The total EE and CE for the 3,000,000 metric tons of PET in clear bottles

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 3 × 109𝑘𝑘𝑘𝑘× 62.0
𝑀𝑀𝑀𝑀
𝑘𝑘𝑘𝑘 = 1.86 × 1011𝑀𝑀𝑀𝑀

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 3 × 109𝑘𝑘𝑘𝑘 × 3.75
𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2
𝑘𝑘𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃 = 9.45 × 109𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2

= 9.45 × 106𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶𝑂𝑂2

Benefits of Future Process

∆𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡= 2.4 × 1011𝑀𝑀𝑀𝑀 − 1.9 × 1011𝑀𝑀𝑀𝑀 = 5.5 × 1010𝑀𝑀𝑀𝑀 = 55 𝑃𝑃𝑃𝑃

∆𝐶𝐶𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡= 11.25 − 9.45 × 106𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶𝑂𝑂2 = 1.8 × 106𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶𝑂𝑂2* 10% rPET content for demonstration purposes only.

Example 1: Increase recycled content (RC) in PET bottles from 10% to 50%
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Example 1:  Increase recycled content (RCC) in PET bottles from 10% to 50%
Instructions or 
Explanation (read 
comment) Current Status Material 1 Material 2 Material 3 Material 4 Total Units

Material Type PET Material 2 Material 3 Material 4
% Recycle content 10% 0% 0% 0%
% yield 100% 100% 100% 100%
EE of primary material 85.0 MJ/kg
EE of secondary material 39.0 MJ/kg
CO2e of primary material 3.9 kgCO2/kg
CO2e of secondary material 2.4 kgCO2/kg
Embodied Energy per kg of product 80.4 0.0 0.0 0.0 MJ/kg
CO2e emissions per kg of product 3.75 0.00 0.00 0.00 kgCO2/kg of product
Mass of material in product 3,000,000           0 0 metric tons
Total EE impacted 2.41E+11 0.00E+00 0.00E+00 0.00E+00 2.41E+11 MJ
Total CO2 emissions impacted 1.13E+07 0.00E+00 0.00E+00 0.00E+00 1.13E+07 metric tons CO2

Potential Future Status Material 1 Material 2 Material 3 Material 4
Material Type PET Material 2 Material 3 Material 4
% Recycle content 50% 0% 0% 0%
% yield 100% 100% 100% 100%
EE of primary material 85.0 MJ/kg
EE of secondary material 39.0 MJ/kg
CO2e of primary material 3.9 kgCO2/kg
CO2e of secondary material 2.4 kgCO2/kg
Embodied Energy per kg of product 62.0 0.0 0.0 0.0 MJ/kg
CO2 emissions per kg of product 3.15 0.00 0.00 0.00 kg CO2/kg
Mass of material in product 3,000,000           0 0 metric tons
Total EE of improved products 1.86E+11 0.00E+00 0.00E+00 0.00E+00 1.86E+11 MJ
Total CO2 emissions of improved pro 9.45E+06 0.00E+00 0.00E+00 0.00E+00 9.45E+06 metric tons CO2

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 5.52E+01 PJ
Reduction in Embodied Energy 5.23E+01 0.00E+00 0.00E+00 0.00E+00 5.23E+01 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 1.80E+06 metric tons CO2

Relative decrease in EE 23% 23%
Relative decrease in CO2 emissions 16% 16%

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

• Enter amount of clear bottle PET affected (in 
metric tons)

• 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 
Status”

• Calculated “Impact of Change” highlighted in 
bright green.
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Current Process:  Current scrap rate (losses) of 
injection molded of PP in a type of product is 2% 
(98% yield)
• 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% yield)

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

• Scrap still goes to landfill

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

EEvirgin PP = 79.0 MJ/kg EErPP = 50.0 MJ/kg 

CEvirgin PP = 3.1 kg CO2/kg PET CErPP =2.1kg CO2/kg PET

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

• “Current” and “Potential Future” 
yields entered

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

Material EEvirgin
(MJ/kg)

EErecycled
(MJ/kg)

CEvirgin
(kgCO2/kg)

CErecycled
(kgCO2/kg)

PP 79.0 50.0 3.1 2.1
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Current Process:  A mix of PP (40%), HDPE (40%) and PVC 
(20%) cannot be adequately separated
• 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)

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

Potential Future Process:  Technical improvements to 
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

• 400,000 metric tons of mixed byproduct landfilled

Tabulated values of Embodied Energy (EE) and CO2 Emissions (CE) for primary (virgin) and mechanically recycled plastics
Material EEvirgin (MJ/kg) EErecycled (MJ/kg) CEvirgin (kgCO2/kg) CErecycled (kgCO2/kg)

PP 79.0 50.0 3.1 2.1

HDPE 80.0 40.0 3.3 2.3

1 million 
metric tons 
of landfill

400,000 metric 
tons of landfill

600,000 total metric 
tons of RC PP and HDPE 

600,000 total metric 
tons of RC PP and HDPE 

Example 3:  Improvements enable replacement of 600,000 metric tons of virgin plastics with RC plastics
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Material EEvirgin
(MJ/kg)

EErecycled
(MJ/kg)

CEvirgin
(kgCO2/kg)

CErecycled
(kgCO2/kg)

PP 79.0 50.0 3.1 2.1

HDPE 80.0 40.0 3.3 2.3

• 300,000 metric tons each of rPP
and rHDPE used in new products 
instead of virgin PP and HDPE

Example 3:  Improvements enable replacement of 600,000 metric tons of virgin plastics with RC plastics
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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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Oil/NG 
extraction Refining Cracking/ 

reforming

Chemical 
conversions (as 
necessary) and 

purification

Polymerization Extrusion with 
devolatilization

Compounding
Plastic 
waste 

collection

Sorting/ 
shredding

Purification/ 
Cleaning

Pyrolysis 
(addition 
polymers)

Depolymerization 
(condensation polymers)

Removal of 
depolymerizing 

liquid 

Regeneration of 
liquids and 

catalysts

Dissolution
Solvent 
removalSolvent 

cleaning

Product Use

Purification 
of styrene 

(for PS)

“Chemical Recycling” includes most Mechanical Recycling Steps
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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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• 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.

Example 4:  Solvent-based Recycling of HDPE
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Example 4:  Solvent-based Recycling of HDPE (continued)
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Example 4:  Solvent-based Recycling of HDPE (continued)
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• Sections 4-7 are left blank as they apply to other processes

• Embodied energy and CO2e highlighted in bright green are entered in the appropriate cells in the 
“Calculator” tab (see next slide)

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

• 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 (2nd 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 (2nd 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)

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
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What to include in your proposal

• 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) 
• Results of Calculation

• Potential embodied energy savings (in PJ and TBtu)
• Potential savings in CO2 equivalent (in metric tons)

• Comparison of expected improvements with TPMs stated in the RFP
• 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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