S&P Global Process Economics Program (PEP)
CommOdlty mSightS October 2025

Sustainable
Polyurethane
Technology

PEP Report 10E

Rajesh Debnath, Associate Director, Process Economics Program

To learn more or to request a demo, visit www.spglobal.com/commodityinsights.


https://www.spglobal.com/commodity-insights/en

Table of contents

Abstract 12
1 Introduction 13
2 Summary 15
Scope and objective 15
Process overview 15
Castor oil alkoxylation route 16
NIPU from ESBO and CO2 16
Chemical recycling of PU wastes via glycolysis 16
Technical feasibility 16
Castor oil alkoxylation route 16
NIPU from ESBO and CO:2 17

PU waste recycling via glycolysis 17
Economic performance 17
Castor oil alkoxylation 17
Effect of plant size 17

NIPU from ESBO and CO2 18
Effect of plant size 18
Sensitivity analysis 19
Impact of raw material price fluctuations 19

PU waste recycling via glycolysis 21
Effect of plant size 21
Sensitivity analysis 22
Impact of PU waste price fluctuations 22
Environmental impact 24
Carbon footprint 24
Water footprint 25
Comparative assessment of sustainable PU synthesis technologies 27
3 Industry status 31
Sustainable PU market 31
Bio-based (castor oil) PU 32
Non-isocyanate polyurethane 32

PU from waste 32

4 Technology review 33
Overview 33
General description 34
General properties and uses of PUs 34

PU chemistry and technology 35

spglobal.com

PEP Report 10E Sustainable Polyurethane Technology | 2



Synthesis and structure
Chemical components
Bio-based polyols — PUs from vegetable oil
Introduction
Common vegetable oils used in the plastic and PU industry
Soybean oil
Castor oil
Linseed oll
Rapeseed oil
Sunflower oil
Palm oil
Vegetable oils — General data
Reactive sites and common derivatives from vegetable oils
Castor oil — A vital industrial raw material
PU from castor oil monomers
Role and advantages of DMC catalysts
General process description of PU production from castor oil
Polyol production via alkoxylation
PU synthesis
Properties of PU foam
Non-isocyanate polyurethanes
Toxicology and health impact issues of isocyanates
Synthetic routes of NIPUs
Polycondensation reactions (transurethanization pathway)
Ring-opening polymerization of cyclic carbamates
Rearrangement reactions
Polyaddition of cyclic carbonates and amines
Bio-based synthesis of NIPUs
Bio-based synthetic routes for cyclic carbonates
Application fields of NIPUs
NIPU synthesis process
PUs from waste recycling
Recycling methods for PU waste
Mechanical and physical recycling methods
Chemical recycling method
Glycolysis — The most mature and scalable PU recycling technology
Considerations and challenges in PU waste recycling
PU waste composition and its influence on technology selection
Sorting and collection of PU waste
Diversity and heterogeneity of PU waste

Lack of source segregation

spglobal.com

35
35
39
39
39
39
40
40
40
40
40
40
40
41
42
43
44
44
45
46

47
48
49
49
50
51
52
53
53
54
56
57
58
58
58
59
61
61
61
61
61

PEP Report 10E Sustainable Polyurethane Technology | 3



Inadequate collection infrastructure 61

Feedstock supply chain risks 62
Recycled polyol synthesis 62
Pretreatment and processing technologies of PU waste 62
Reactor system and process design 62
Blending strategies and polyol compatibility 63
Synthesis of flexible PU foam using blended polyol 63
Environmental considerations 64

5 Bio-based polyurethanes from vegetable oil 66
Process description 68
Section 100: Bio-based polyol production 68
Feed pretreatment and alkoxylation reaction 68
Purification section 69
Section 200: PU production 70
Raw material storage and handling 70
Metering and mixing 70
Off-sites 71
Storage tanks 71
Process discussion 75
Preheating of castor oil 75
Catalyst handling and dosing 76
Removal of residual alkylene oxides 76
Moisture management and vacuum drying 76
Filtration of the final polyol product 76
Material of construction (MOC) selection 76

PU foam production concerns 77
Environmental impact I
Water and CO: footprint and sustainability 78
Key challenges in the production of PU from castor oil alkoxylation 79
Cost estimates 80
Fixed capital costs 80
Production costs 80
Economic discussion 84
Sensitivity analysis 86

6 Non-isocyanate polyurethanes 87
Process description 90
Section 100: CSBO synthesis process 90
Raw material storage and handling 90
Carbonation reaction — CSBO formation 90
Mixing and solvent addition a0

spglobal.com PEP Report 10E Sustainable Polyurethane Technology | 4



Extraction — TBAB and impurity removal
Drying and solvent recovery
Final product storage
Section 200: NIPU synthesis process — Aminolysis of cyclic carbonates
Off-sites
Storage tanks
Process discussions
Carbonation of ESBO with CO2
Solvent-free aminolysis of CSBO
Equipment and material selection
Material losses and separation issues
Environmental considerations and end-of-life issues
Industrial interest and potential for commercialization
Environmental impact
Water and CO: footprint and sustainability
CO2 as a raw material
Net carbon balance and neutrality
Challenges and opportunities in scaling up NIPU production
Cost estimates
Fixed capital costs
Production costs
Economic discussion
Sensitivity analysis

7 Polyurethanes from recycled wastes
Process description
Section 100: Recycled polyol from PU wastes
PU scrap pretreatment process description
DEG and catalyst storage and metered feeding
Glycolysis reaction in reactor (R-101)
Vacuum drying and distillation in VDR-2
Phase separation and filtration
Settling tank-2 — Aqueous separation
Vacuum distillation
Final storage and quality check
Alkoxylation of VDR-2 bottom residue
Section 200: PU production
Off-sites
Storage tanks
Process discussion
PU scrap pretreatment
Glycolysis reactor system

spglobal.com

91
91
91
91
92
92
98
98
99
99
99
99
99
100
101
101
101
102
102
102
103
107
109

111
114
114
114
114
115
115
115
116
116
116
117
118
119
119
126
126
126

PEP Report 10E Sustainable Polyurethane Technology | 5



Settling and phase separation 126

Aqueous extraction and acid treatment 126
Vacuum distillation and final purification 126
Alkoxylation and polyol recovery 127
Overview of alkoxylated polyol 127
MOC selection 127
Environmental impact 128
Water and CO: footprint and sustainability 129
Key challenges in the glycolysis of waste PU and foam reproduction 129
Cost estimates 130
Fixed capital costs 130
Production costs 130
Economic discussion 134
Sensitivity analysis 136
Process scenarios 136
Scenario A: Without alkoxylated polyol production 136
Scenario B: With alkoxylated polyol production 137
Cost-revenue dynamics and breakeven analysis 137
Appendix A — Design and cost basis 139
Design conditions 140
Cost basis 140
Capital investment 140
Project construction timing 141
Available utilities 141
Production costs 142
Effect of operating level on production costs 142
Appendix B — Cited references and further reading 143
Appendix C — Process flow diagrams 146
Tables
Table 2.1 Cost summary — Castor oil alkoxylation-based PU production 18
Table 2.2 Cost summary — NIPU production 19
Table 2.3 Cost summary — PU waste recycling via glycolysis 21
Table 2.4 Spider chart analysis of sustainable PU technologies across critical parameters 30
Table 4.1 Other additives in PU chemical components 38
Table 5.1 PU from castor oil alkoxylation — Design bases and assumptions 67
Table 5.2 PU from castor oil alkoxylation — List of storage tanks 71
Table 5.3 Section 100: Bio-based polyol from castor oil — Major stream flows 71
Table 5.4 Vegetable oil-based PU production — Major equipment list 73
Table 5.5 Vegetable oil-based PU production — Utilities summary 75
Table 5.6 Vegetable oil-based PU production — Waste streams 77
Table 5.7 Vegetable oil-based PU production — Carbon footprint evaluation 78

spglobal.com PEP Report 10E Sustainable Polyurethane Technology | 6



Table 5.8 Vegetable oil-based PU production — Water footprint 78

Table 5.9 Vegetable oil-based PU Production — Total capital investment 81
Table 5.10 Vegetable oil-based PU Production — Capital investment by section 82
Table 5.11 Vegetable oil-based PU production — Variable costs 83
Table 5.12 Vegetable oil-based PU production — Production costs 84
Table 5.13 Cost comparison 86
Table 6.1 NIPU from cyclic carbonates and amines — Design bases and assumptions 89
Table 6.2 NIPU from aminolysis of cyclic carbonates — List of storage tanks 93
Table 6.3 Section 100: NIPU from aminolysis of cyclic carbonates derived from CO2 and ESBO

— Major stream flows 93
Table 6.4 NIPU from aminolysis of cyclic carbonates — Major equipment list 97
Table 6.5 NIPU from aminolysis of cyclic carbonates — Utilities summary 98
Table 6.6 NIPU from aminolysis of cyclic carbonates — Waste streams 100
Table 6.7 NIPU from aminolysis of cyclic carbonates — Carbon footprint evaluation 100
Table 6.8 NIPU from aminolysis of cyclic carbonates — Water footprint 101
Table 6.9 NIPU from aminolysis of cyclic carbonates — Total capital investment 104
Table 6.10 NIPU from aminolysis of cyclic carbonates — Capital investment by section 105
Table 6.11 NIPU from aminolysis of cyclic carbonates — Variable costs 106
Table 6.12 NIPU from aminolysis of cyclic carbonates — Production costs 107
Table 7.1 PU from glycolysis of PU wastes — Design bases and assumptions 112
Table 7.2 PU from glycolysis of PU wastes — List of storage tanks 119
Table 7.3 Section 100: PU from glycolysis of PU wastes — Major stream flows 120
Table 7.4 PU from glycolysis of PU wastes — Major equipment list 124
Table 7.5 PU from glycolysis of PU wastes — Ultilities summary 125
Table 7.6 PU from glycolysis of PU wastes — Waste streams 128
Table 7.7 PU from glycolysis of PU wastes — Carbon footprint evaluation 128
Table 7.8 PU from glycolysis of PU wastes — Water footprint 128
Table 7.9 PU from glycolysis of PU wastes — Total capital investment 131
Table 7.10 PU from glycolysis of PU wastes — Capital investment by section 132
Table 7.11 PU from glycolysis of PU wastes — Variable costs 133
Table 7.12 PU from glycolysis of PU wastes — Production costs 134
Figures

Figure 1.1 PU synthesis by urethane linkage formation 13
Figure 2.1 Impact of ESBO price fluctuations on NIPU production cost 20
Figure 2.2 Impact of ethylenediamine price fluctuations on NIPU production cost 20
Figure 2.3 Correlation between recycled polyol and PU foam price with PU scrap price 22
Figure 2.4 Impact on polyol price with respect to PU scrap price and byproduct credit 24
Figure 2.5 Estimated CO2 emissions (metric tons of CO2/metric tons of PU) — COx2 footprint 25
Figure 2.6 Estimated water requirement (liters of water/pounds of PU) — Water footprint 26
Figure 2.7 Economic summary — Production cost comparison 27
Figure 2.8 Economic summary — Capital cost comparison 28
Figure 2.9 Comparisons of PU synthesis routes 29
Figure 4.1 Classifications of raw materials for PU 36
Figure 4.2 Classifications of polyols 37
Figure 4.3 Classifications of isocyanate with the number of groups and structures 38
Figure 4.4 Chemical structure of castor oil 42
Figure 4.5 DMC-catalyzed alkoxylation of castor oil to form polyether polyol 44
Figure 4.6 Comparative synthetic reactions for conventional PU vs. NIPU formation 48
Figure 4.7 Schematic representation of the polycondensation route in NIPU synthesis 49
Figure 4.8 Schematic of NIPU synthesis from cyclic carbonates and diamine 50
Figure 4.9 NIPU synthesis through polymerization of cyclic urethane 51
Figure 4.10 Schematic representation of the rearrangement NIPU synthesis reaction 51
Figure 4.11 Schematic representation of polyaddition reaction 52
Figure 4.12 Routes toward the production of cyclic carbonates, excluding inorganics 53

spglobal.com PEP Report 10E Sustainable Polyurethane Technology | 7



Figure 4.13 Five-membered cyclic carbonate formation by carbonation of the oxirane ring
Figure 4.14 lllustration of the various applications of NIPUs

Figure 4.15 NIPU synthesis

Figure 4.16 BFD of flexible PU foam from waste PU foams

Figure 5.1 Block flow diagram — Castor oil to PU

Figure 5.2 PU from castor oil alkoxylation

Figure 5.3 Vegetable oil-based PU production cost contributors

Figure 5.4 Vegetable oil-based PU — Variable costs (%)

Figure 6.1 NIPU from cyclic carbonates and amines

Figure 6.2 Block flow diagram — ESBO to CSBO to NIPU

Figure 6.3 NIPU from aminolysis of cyclic carbonates — Incoming and outgoing streams
Figure 6.4 NIPU elastomer production cost contributors

Figure 6.5 NIPU elastomer raw material cost contributors

Figure 7.1 Block flow diagram — PU wastes to PU

Figure 7.2 PU from glycolysis of PU wastes — Incoming and outgoing streams

Figure 7.3 PU wastes to PU production cost contributors

Figure 7.4 PU wastes glycolysis-based PU — Variable costs (%)

Figure 7.5 PU waste glycolysis-based PU — Sensitivity-style breakeven curve

Appendix C Figures

Figure C1 PU from castor oil alkoxylation: Section 100 — Reaction section (1/3)
Figure C1 PU from castor oil alkoxylation: Section 100 — Polyol purification section (2/3)

Figure C1 PU from castor oil alkoxylation: Section 200 — PU foam production section (3/3)

Figure C2 NIPU from ESBO and COz2: Section 100 — CSBO synthesis (1/3)
Figure C2 NIPU from ESBO and COz2: Section 100 — CSBO purification and storage (2/3)
Figure C2 NIPU from ESBO and COz2: Section 200 — Aminolysis of CSBO (3/3)

Figure C3 PU from glycolysis of PU wastes: Section 100 — Waste PU scrap pretreatment section (1/6)
Figure C3 PU from glycolysis of PU wastes: Section 100 — Glycolysis reaction section (2/6)

Figure C3 PU from glycolysis of PU wastes: Section 100 — Polyol purification section (3/6)

Figure C3 PU from glycolysis of PU wastes: Section 100 — Polyol purification section (4/6)

Figure C3 PU from glycolysis of PU wastes: Section 100 — Alkoxylation reaction section (5/6)

Figure C3 PU from glycolysis of PU wastes: Section 200 — PU foam production section (6/6)

147
148
149
150
151
152
153
154
155
156
157
158

spglobal.com PEP Report 10E Sustainable Polyurethane Technology | 8



Glossary

AlkPO
barg
BFD
BFW
bhp
BL

BLI

°C
CAGR
capex
cC
¢/gal
CHW
¢/kWh
¢/lb
¢/Mgal
cP
CSBO
CSTR
¢/TR-h
CW
CWR
cws
DABCO
DEG
DI

$/h
$/kg
DM
DMC
$/Mib
$/Mscf
$it

EO
EOL
EPC
ESBO
ETP
°F
FOB

ft

ft dia
G&A
gal
GHG
gpm
HO
HVAC
kg
kgCO2eq
kg/h
kg/m?3
kg/min
kaly
kJ/h

spglobal.com

Alkoxylated polyol

Bar gauge

Block flow diagram

Boiler feedwater

Brake horsepower

Battery limit

Battery limits investment
Degrees Celsius

Compound annual growth rate
Capital expenditure

Cyclic carbonate

Cents per gallon

Chilled water

Cents per kilowatt-hour

Cents per pound

Cents per thousand gallons
Centipoise

Carbonated soybean oil
Continuous stirred tank reactor
Cents per refrigeration ton-hour
Cooling water

Cooling water return

Cooling water supply
1,4-diazabicyclo-[2,2,2]-octane (33%) in dipropylene glycol (67%)
Diethylene glycol

Deionized

Dollars per hour

Dollars per kilogram
Demineralized

Double metal cyanide

Dollars per thousand pounds
Dollars per thousand standard cubic feet
Dollars per metric ton

Ethylene oxide

End-of-life

Engineering procurement and construction
Epoxidized soybean oil
Effluent treatment plant
Degrees Fahrenheit
Freel/freight on board

Feet

Feet diameter

General and administrative
Gallons

Greenhouse gas

Gallons per minute

Hot oil

Heating, ventilation and air conditioning
Kilograms

Kilograms of CO2 equivalent
Kilograms per hour

Kilograms per cubic meter
Kilograms per minute
Kilograms per year

Kilojoules per hour

PEP Report 10E Sustainable Polyurethane Technology | 9



kW Kilowatts

kWh Kilowatt-hour

kWh/Ib Kilowatt-hour per pound

Ib Pounds

Ib/h Pounds per hour

Ib/Ib Pounds per pound

LP Low-pressure

LPC Low-pressure condensate
LPS Low-pressure steam

m?3 Cubic meters

mb Millibar

MDI Methylene diphenyl diisocyanate
mg KOH/g Milligrams of KOH per gram
min Minutes

Mib/h Thousand pounds per hour
mm Millimeters

MMBtu Million British thermal units
MMBtu/h  Million British thermal units per hour
MMBtu/Ib  Million British thermal units per pound

m/min Meters per minute

MMib/y Million pounds per year

MMt/y Million metric tons per year
MOC Material of construction

Mol. wt. Molecular weight

MPag Megapascals gauge

Mscfh Thousand standard cubic feet per hour
Niax Bis (2-dimethylaminoethyl) ether (70%) in dipropylene glycol (30%)
NIPU Non-isocyanate polyurethane
PEP Process Economics Program
PFD Process flow diagram

PHU Polyhydroxyurethane

PO Propylene oxide

ppm Parts per million

ppmw Parts per million by weight
psig Pounds per square inch gauge
PU Polyurethane

PVC Polyvinyl chloride

R&D Research and development
REACH Registration, Evaluation, Authorisation and Restriction of Chemicals
RePO Recycled polyol

ROI Return on investment

scf Standard cubic feet

sq ft Square feet

SS Stainless steel

TBAB Tetrabutylammonium bromide
TDI Toluene diisocyanate

TDS Total dissolved solids

TFC Total fixed capital

TFE Thin-film evaporator

TR Refrigeration ton

TR-h Refrigeration ton-hour

TRL Technology readiness level

tit Metric tons per metric ton

tly Metric tons per year

USGC US Gulf Coast

uv Ultraviolet

VDR Vacuum distillation reactor

spglobal.com PEP Report 10E Sustainable Polyurethane Technology | 10



wit% Weight percent
wiw Weight by weight
y Years

spglobal.com PEP Report 10E Sustainable Polyurethane Technology | 11



Abstract

Polyurethanes (PUs) are ranked among the sixth most manufactured polymers worldwide and are widely used in a variety
of applications because of the diverse properties they offer. Nevertheless, PUs are raising questions around their
environmental, legislative, health, and recycling concerns. Currently, the PU industries are heavily dependent on
petroleum; the two major feedstocks — polyols and isocyanates — are largely petroleum-derived. Because of the
depletion of fossil fuels, environmental concerns of greenhouse gas (GHG) emissions in the PU synthesis process, and
the dramatically increased costs of petroleum feedstocks, many researchers are focusing on finding renewable resources
to reduce the use of fossil fuels, with the anticipation of increased adaptation in the coming years. Moreover, sustainable
feedstocks stand out as a viable option to synthesize greener PU. Bio-based polyfunctional short alcohol and isocyanate
compounds have emerged to design fully bio-based PU materials with targeted chemical and mechanical properties.

In this report, we review the current industrial status of large-scale PU production via sustainable routes. A brief
technology overview of various processes to produce PUs from renewable resources is presented, covering aspects such
as process design, catalyst performance, process efficiency, and the overall technology readiness. A more in-depth
analysis, including technoeconomic evaluations, is presented for the following three processes:

— Bio-based polyols: This technology utilizes bio-based feedstocks such as castor oil to produce polyols, which are
essential for PU production. These bio-based polyols are then polymerized with isocyanates to form PU products,
resulting in a reduced carbon footprint and a more sustainable alternative to traditional fossil-derived polyols.

— Non-isocyanate polyurethane (NIPU) route: NIPU represents an innovative method of synthesizing PU without the
use of toxic isocyanates. This process involves the reaction of cyclic carbonates with amines. Cycloaddition of CO2 to
epoxidized soybean oil generates cyclic carbonates, which then react with diamines to form NIPUs. This approach not
only eliminates the reliance on fossil fuels but also utilizes CO: as a raw material, helping to mitigate GHG emissions.

— Recycling of PU waste: This method emphasizes the chemical recycling of PU waste materials. Through glycolysis,
discarded PU products are broken down into their original polyols, which can then react with isocyanates to produce
new PUs. This process diverts waste from landfills and reduces the demand for virgin materials, promoting a circular
economy in the PU industry.

The production economics assessment in this report is based on a US Gulf Coast location. An iPEP Navigator tool is also
attached to the electronic version of this report. The interactive iPEP Navigator module provides an economic snapshot
for each of the abovementioned processes, with options to choose from different units as well as regions of interest. Apart
from the technical and economic analyses, we have also included material balance tables, a sized equipment list, and
process flow diagrams for each of these technologies.

The technological and economic assessment of the process is the Process Economics Program’s independent
interpretation of a potential commercial process. Each of these is based on the information presented in the open
literature, such as patents or technical articles, and may not reflect in whole or in part the actual plant configuration. We
do believe that these sources are sufficient to represent the process and process economics within the range of accuracy
necessary for the economic evaluations of the conceptual process designs.
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