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Abstract: A screening Life Cycle Assessment (LCA) of tall oil-based bio-polyols suitable for rigid
polyurethane (PU) foams has been carried out. The goal was to identify the hot-spots and data
gaps. The system under investigation is three different tall oil fatty acids (TOFA)-based bio-polyol
synthesis with a cradle-to-gate approach, from the production of raw materials to the synthesis of
TOFA based bio-polyols at a pilot-scale reactor. The synthesis steps that give the most significant
environmental footprint hot-spots were identified. The results showed the bio-based feedstock was
the main environmental hot-spot in the bio-polyol production process. Future research directions
have been highlighted.
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1. Introduction

Most industrial polymers are presently produced from fossil resources that are non-renewable
because they cannot be replenished at a rate comparable to the exploitation rate [1]. Moreover, the use
of fossil resources has put the polymer industry under pressure due to environmental and sustainability
issues [2-4]. Environmental considerations have been one of the main driving forces to stimulate the
development of bio-based polymers [5,6].

Bio-based polymers represent a wide and highly diverse group of products, where the
environmental profile is highly dependent on the used feedstock and thus the environmental profile
is case-specific [3,6]. This stresses the necessity to carry out a case-specific Life Cycle Assessment
(LCA) to determine the environmental profile of bio-based polymer. LCA is the leading approach
to assess the environmental performance of bio-based products and materials [2,7]. According to
the International Organization for Standardization (ISO) 14040 series, the LCA is a standardized
technique for assessing the potential environmental aspects associated with product or service, by
compiling an inventory of relevant inputs and outputs, evaluating the potential environmental impacts
associated with those inputs and outputs, interpreting the results of the inventory and impact phases
in relation to the objectives of the study [8,9]. It has become one of the main methods to inform
developers, policymakers and the public about the potential environmental impacts of developed
products and technologies. Moreover, it is important to evaluate the possible environmental impact of
novel bio-based products and production technologies and approaches, while the developed process
is still at a low technology-readiness level (TRL). Most of the environmental issues of a product or
process are determined at their design and early technology development phase [10].

Different pathways are present to synthesize polymers from the bio-based feedstock, one of them
being polymerization of bio-based monomers [11]. Polyurethane (PU) polymers are produced using
this pathway. PU polymers present a broad spectrum of materials that are produced to meet the
needs for various applications, from the automotive industry, building and construction, appliances,
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furnishing, marine and medicine [12,13]. PU foam is one of the major applications and is used globally
in significant amounts. It is estimated that around 50% of all produced PU foam is rigid PU foam [14].
Rigid PU foams have one of the best insulation properties from conventional thermal insulation
materials. Thermal conductivity (A) for rigid PU foams is in range of 19 to 30 mW m~! K~!. Better
insulation performance is only for so-called superinsulation materials vacuum insulation panels and
aerogels [15].

In simplified terms, PU are prepared from the polyol component containing a reactive -OH
group and isocyanates containing reactive -N=C=0 group [16]. To date, it is realistic to make only
polyol component from bio-based feedstock to be viable at a commercial scale. First-generation
feedstock—various vegetable oils, such as palm-kernel, soybean, linseed, palm, and rapeseed—have
been used for bio-based polyol development [17-21]. Vegetable oils are excellent bio-based feedstock
for polyol production as there are several chemical routes, such as epoxidation, hydroformylation,
ozonolysis, esterification, and others, to introduce hydroxyl group into the chemical structure of oil as
most of them do not contain hydroxyl groups [22]. Epoxidation reaction yields epoxides which are
efficiently convertible intermediates that have a broad commercial use due to their varied chemical
activity, thus epoxidation is a commercially important reaction [23,24].

Epoxidized vegetable oils are commercially produced via the Prileshajev epoxidation process
(the conventional process) by the peroxy acids in the presence of strong mineral acids. However, the
drawbacks of the conventional process, such as by-product formation, lower selectivity, safety and
environmental aspects, have led to the use of ion-exchange resin as a catalyst [24,25]. The use of ion
exchange of resin as a catalyst can lead to several advantages, such as suppressed undesirable side
reactions and improved selectivity, easier separation of the catalyst from the epoxidation products.
It has been suggested that by utilizing heterogeneous catalysts especially ion exchange resin instead of
conventional homogeneous catalysts can be made cleaner and environmental friendly [26,27].

Moreover, there are already commercially available few bio-based polyols based on vegetable
oils [28-33]. However, the first-generation feedstock is in direct competition with food and feed. Due to
this, during the last decade policymakers and scientists have been interested in developing bio-based
polymers using second-generation feedstock [34].

Tall oil is a second-generation feedstock. Tall oil is a by-product of coniferous wood recovered in
the Kraft (or sulfate method) pulping process [35]. Although tall oil is not vegetable oil, its chemical
structure is similar to vegetable oil and it can be transformed into polyols. Crude tall oil distillation
products, including tall oil fatty acids (TOFA), are a high-quality raw material used for various
applications, from biofuels to chemical production [36]. Distilled TOFA are a mixture of unsaturated
free fatty acids which mainly consists of oleic, linoleic and pinolenic acids [35].

Latvian State Institute of Wood Chemistry has developed bio-based polyols from second-generation
feedstock: TOFA. However, it is not only important to assess the potential environmental consequences
of the proposed bio-polyols but also to demonstrate that developed bio-based alternatives can be used
in actual PU material development and deliver the same or even better technical performance. Latvian
State Institute of Wood Chemistry developed rigid PU foam formulations with the end application as
thermal insulation material using only bio-polyols in the polyol component with comparable thermal
insulation properties to the petrochemical alternatives. High functionality bio-polyols from tall oil were
synthesized by the combination of epoxy ring-opening and esterification of fatty acids with different
polyfunctional alcohols leading to higher polyol functionality which ensured high crosslink density
of PU matrix resulting in a rigid PU foam with increased mechanical properties, good dimensional
stability and good thermal insulation properties [37].

This paper is the third paper in a series of papers where the following aspects of rigid PU foam
development from TOFA have been analyzed:
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e TOFA epoxidation using ion exchange resin [38];

e chemical synthesis of TOFA based bio-polyols, their characterization and chemical structure
and development of rigid PU foam thermal insulation from the said bio-polyols and their
characterization (published by our group’s researcher, Kirpluks et al.) [37].

e  Screening LCA of bio-polyol synthesis method (present paper).

This study aims to perform screening LCA, the cradle-to-gate environmental impact of three
different TOFA based bio-polyols that have been demonstrated as suitable for the development of rigid
PU thermal insulation that is based solely on tall oil polyols. The main goal can be subdivided into
subgoals: (1) which synthesis steps give the most significant environmental footprint hot-spots, (2) to
identify major gaps in the available inventory data.

2. Materials and Methods

The study generally follows the provisions set out in ISO 14040 and ISO 14044 [8,9]. The
analysis was performed using SimaPro 9.0 software by Pré Consultants, Ecoinvent v3.5 was used for
background processes.

2.1. Description of the Production Processes

TOFA based bio-polyol synthesis is a two-step synthesis, where the first step is epoxidation of
double bonds (C=C) present in the tall oil using peracetic acid which is in-situ formed from acetic acid
(CH3COOH) and hydrogen peroxide (H,O,) in the presence of ion exchange resin catalyst, followed by
epoxy ring-opening reaction and subsequent esterification of epoxidized TOFA (ETOFA). Both reactions
are scaled up and are carried out in a pilot-scale reactor with a volume of 50 L. Detailed description
about bio-polyol synthesis and characterization and rigid PU foam thermal insulation developed solely
based on can be found in our previous papers by Abolins et al. [38] and Kirpluks et al. [37].

2.1.1. Step 1: TOFA Epoxidation

For the epoxidation reaction, the molar ratio between (C=C/CH3COOH/H,0,) was 1/0.5/1.5 and a
catalyst Amberlite IR-120 H as 20% of TOFA mass was used. The calculated amount of acetic acid and
ion exchange resin Amberlite IR-120 H, as the catalyst, was added to TOFA and heated to 40 °C. Then,
the calculated amount of HyO,) solution was added to the reactants dropwise over 30 min, maintaining
the temperature not higher than 60 + 2 °C. After the addition was completed, the reaction mixture was
stirred at 1000 rpm, and the stirring was continued at a temperature not higher than 60 + 2 °C. The end
of epoxidation was to be considered when the epoxy group content reached a plateau. The unpurified
epoxidized TOFA was washed with warm distilled water to remove acetic acid and H,O;) residue.
The ion exchange resin was removed from the reactor. Afterwards, purified and still moist epoxidized
TOFA was concentrated by evaporation at 60 °C up to 15 mbar vacuum to remove excess moisture.
As a result, ETOFA was obtained as a precursor for polyol synthesis.

2.1.2. Step 2: Bio-Polyol Synthesis

From previously synthesized ETOFA, three different polyfunctional alcohols, namely,
trimethylolpropane (TMP), triethanolamine (TEOA) and diethylene glycol (DEG), were used for
polyol synthesis. Following acronyms were used for each polyol: ETOFA/TMP; ETOFA/TEOA and
ETOFA/DEG. Polyol synthesis was performed using epoxy ring-opening reaction, which was carried
outin 120 °C for 2 h, and subsequent esterification reaction until the acid value of the mixture decreased
below 10 mg KOH/g. After oxirane ring-opening reaction, temperatures were raised to 180 °C, 200 °C,
and 200 °C in the case of ETOFA/TEOA, ETOFA/TMP and ETOFA/DEG, respectively. The molar ratios
between reagents in polyol synthesis were 1:1; catalyst (LiOCly) was added as 0.5% of ETOFA mass.
The given polyol synthesis process does not require additional purification and/or filtration steps.
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2.1.3. Characterization of the Developed TOFA Based Bio-Polyols

The main characteristics of synthesized TOFA based bio-polyols, such as hydroxyl value, viscosity,
acid value, moisture content, density, number average functionality and average molar mass are
summarized in Table 1.

Table 1. The characterization of tall oil-based bio-polyols [37].

Polvol OH Value, mg Viscosity Acid Value, wypo, Density (20 £ M TOFA Content

y KOH/g (25°C), mPa's  mg KOH/g % °Q), g/em3 n "™ inBio-Polyol, %
ETOFA/TMP 390 £ 15 77,000 + 1000 7+2 <0.1 1.056 9.3 1264 62.2
ETOFA/DEG 260 + 10 1060 + 40 5+2 <0.1 1.039 58 1854 67.9
ETOFA/TEOA 500 + 15 7400 + 100 3+2 <0.5 1.047 79 888 59.5

ETOFA/DEG bio-polyol showed the lowest viscosity (Table 1) due to low OH group functionality
which reduced amount of hydrogen bond formation between polyol moieties. The low hydroxyl value
of ETOFA/DEG polyol is still sufficient for it to be used in rigid PU foam formulation development.
The other two bio-polyols, ETOFA/TMP and ETOFA/TEOA have much higher OH values which
were 390 + 15 mg KOH/g and 500 + 15 mg KOH/g, respectively. The viscosity of ETOFA/TMP and
ETOFA/TEOA bio-polyols is relatively high which can be explained by the hydrogen bonding and
high functionality. The relatively high viscosity might be a challenge at the industrial scale; thus,
the developed bio-polyols would be more suitable as crosslinking reagents in rigid and soft PU
formulations. Moreover, ETOFA/TEOA bio-polyol also exhibits autocatalytic properties due to the
tertiary amine group in its chemical structure [37]. This would allow lowering or eliminating the use
of amine-based catalysts in PU formulations.

2.2. Goal and Scope Definition

The purpose of this work is to perform screening of the environmental performance of different
TOFA based bio-polyols. The performed LCA is based on a cradle-to-gate approach, from the
production of raw materials to the synthesis of TOFA based bio-polyols at a pilot-scale reactor. The
assessment is based on experimental data from the following synthesis methods developed at Latvian
State Institute of Wood Chemistry:

e TOFA epoxidation using ion exchange resin [38];
e  Three different TOFA based bio-based polyol production [37];

The system boundary of TOFA based bio-polyols production is depicted in Figure 1.

The use and the end of life phases are not included in the system boundaries, as they would remain
the same as in the case of PU based solely on petrochemical polyols. In this case, the introduction of
bio-based building block for PU development do not affect their end-of-life phase.

In this study, the functional unit (FU) selected was 1 kg of TOFA based bio-polyol, capable of
being used to make rigid PU thermal insulation foams with comparable properties to conventional PU
foams. The presented bio-polyol production is a two-step process where the first step is oil epoxidation
using ion exchange resin, followed by ring-opening with polyfunctional alcohol.
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Figure 1. System boundaries of TOFA based bio-polyol production.

2.3. Life Cycle Inventory, Limitations and Assumptions

The Life Cycle Inventory (LCI) data for the foreground system (i.e., raw materials, water, chemicals,
energy consumption) was based on primary data that were measured in the laboratory during the
two-step bio-polyol synthesis at a pilot-scale reactor as described in Section 2.1. In this case, the different
synthesis steps (Figure 1) carried out during polyol synthesis were only aimed at the production of
TOFA based bio-polyols and no co-products were obtained. Thus, no allocation procedure was required.

Background processes used in the LCA model are based on the Ecoinvent v3.5 database. The
background system considers the production of raw materials (TOFA and chemicals) and energy used
in the different production stages, as well as wastewater treatment (see Figure 1).

To determine energy consumption for synthesis a Hobo Onset data logger U12-006 218 with
CTV-A sensors was used. The detailed description of the installation and calculations is described in
our previous paper by Fridrihsone et al. [39]. For electricity use, Latvian electricity grid was chosen
from the Ecoinvent v3.5 database.
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The standard ISO 14040 (2006) requires that all of a study’s limitations be transparently defined
and discussed, clearly and adequately identified in accordance with the study’s aim and scope [8].

One of the main limitations, but not limited, of LCA are incomplete or lack of reliable and
process-specific data. The assumptions that were made to address the limitations are presented below:

e  The production of the catalyst LiOCl4 was not available in the Ecoinvent v3.5, NaOCly used as a
proxy for LiOCly.

e  The production of polyfunctional TMP is not available in the Ecoinvent v3.5. The production of
TMP is assumed to be similar to the production of other polyols [40]. Pentaerythritol was used as
a proxy.

e  The production of the ion exchange resin Amberlite IR-120 H was not available in the Ecoinvent
v3.5, cation exchange resin dataset was used as a proxy.

e  The potential environmental impacts of chemical’s packaging materials are not included and are
assumed to be negligible.

e  The transportation of raw materials to the production site is not considered. These operations are
deemed marginal, indicating that transport aspects of the chemical industry are minor to the LCA
analysis as a whole [41].

The LCI data for TOFA based bio-polyol production at a pilot-scale reactor is depicted in Table 2.

Table 2. LCI data for the production of 1 kg of TOFA based bio-polyol production.

Inputs Unit ETOFA/TMP ETOFA/TEOA ETOFA/DEG Comments/Data Source
ETOFA kg 0.69 0.66 0.76 TOFA dataset from
Ecoinvent v3.5
NaOCly used as a proxy
Catalyst kg 0.0035 0.0033 0.0038 for LIOC,
Polyfunctional alcohol
Pentaerythritol kg 0.41 - - Used as a proxy for TMP
Polyfunctional alcohol TEOA kg - 0.44 -
Polyfunctional alcohol DEG kg - - 0.36
Electricity kWh 1.62 0.81 1.90
Outputs
TOFA based bio-polyol kg 1 1 1
Wastewater kg 0.05 0.05 0.05 Negligible

2.4. Life Cycle Impact Assessment

Life Cycle Impact Assessment (LCIA) is a mandatory LCA step where potential environmental
impacts throughout the product or process life cycle quantify the effect of the collected LCI data as in-
and out-flows [6].

In this research, two single-issue LCIA methods were used to convert input and output data into
environmental impact categories. The cumulative energy demand (CED) was applied to investigate
the use of non-renewable energy use involved in the production of bio-polyols. LCIA was carried out
using Cumulative Energy Demand V1.11 (CED). The IPCC 2013 GWP 100a method, which is based on
data released by the Intergovernmental Panel on Climate Change (IPCC), was chosen. The method
expresses the emissions of greenhouse gases generated, in kilograms of CO, equivalent, over a time
horizon of 100 years.

Furthermore, as the method of environmental assessment, the ReCiPe 2016 Endpoint (H)
V1.03/World (2010) H/A method was used at the endpoint level to screen the most impacted
endpoint categories.

3. Results and Discussion

The interest in the bio-based materials is growing mainly due to the concerns of greenhouse gases
GHGs emissions and non-renewable energy use in the industrial sectors. GHG and non-renewable
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energy use are important parameters to characterize the performance of a bio-based product in
comparison to the petrochemical counterpart; however, the potential environmental impacts are
adverse [41-43].

3.1. CED as a Screening Impact Indicator

CED can be used as a good proxy indicator for environmental performance while having the
lowest data requirements [44]. CED of a product or process represents the direct and indirect energy
use in units of MJ throughout the life cycle [45]. CED takes into account primary energy use, both
renewable and nonrenewable, and energy flows intended for both energy and material purposes [46].

This is an important aspect as, in general, the LCI phase of LCA is very laborious and time
consuming [6,47]. Moreover, there might be challenges with data availability.

Figure 2 presents the CED results for the developed TOFA-based bio-polyols.

150

)

= 100-

CED (MJ/k

50 1

ETOFA/TEOA ETOFA/TMP ETOFA/DEG

- Non-renewable, biomass - Renewable, water
- Non-renewable, nuclear \:| Renewable, wind, solar, geothermal
\:’ Non renewable, fossil - Renewable, biomass

Figure 2. CED of TOFA-based bio-polyols.

The lowest CED was for the ETOFA/TEOA polyol with 141 M]/kg polyol, followed by ETOFA/TMP
polyol with 148 MJ/kg and lastly the ETOFA/DEG polyol with 158 MJ/kg. The resulting CED for all
three TOFA-based bio-polyols is similar as are the synthesis processes. The slight change in the CED
is due to the synthesis temperature of the second synthesis step, TOFA/TEOA bio-polyol is carried
out at the lowest temperature of 180 °C, while other two bio-polyols are synthesized at 200-205 °C in
conjunction with longer synthesis time. In addition, this difference is contributed to the amount of
ETOFA in each bio-polyol as this is the first synthesis step. In Table 1, the TOFA content in developed
bio-polyols is reported.

The use of fossil fuel energy resources for energy production is largely responsible for the
depletion of fossil resources and global warming [48,49]. The total CED is composed of non-renewable
CED (NRCED) (fossil, nuclear, non-renewable biomass) and renewable CED (biomass, wind, solar,
geothermal, water). The NRCED of total CED comprised 61% for ETOFA/TEOA bio-polyol, 59%
for ETOFA/TMP and ETOFA/DEG. The fossil energy contributed 91% of the total NRCED. The high
percentage of NRCED is due to TOFA. Crude tall oil distillation is an energy-intensive process and
non-renewable energy resources are used. The renewable CED is ~40% for the bio-polyols. Renewable
biomass category is the main contributor to the renewable CED category. As mentioned, TOFA is a
product of crude tall oil distillation. Crude tall oil is co-product in the kraft pulping process where the
pulp is produced from softwood renewable pine trees [36].
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Figure 3 depicts a deeper insight into how each bio-polyol production inputs refer to the total
CED of the bio-polyols.

- Total
180 - I ETOFA
- Polyfunctional alcohol
l:l Electricity
- Catalyst

160

140

— —
o N
o [ew)
1 1

CED (MJ/kg polyol)
B o o
T. 2.7

N
o=
1

ETOFA/TEOA ETOFA/TMP ETOFA/DEG
Figure 3. CED results for TOFA-based bio-polyols from the perspective of their production inputs.

Figure 3 reveals that the hot-spot and main contributor to the CED are the ETOFA, the source of
the bio-based component (TOFA) in the bio-polyol.
The main contributors to the total CED of TOFA-based bio-polyols are as follows:

e ETOFA/TEOA: 67.9% is contributed to ETOFA, 24.2% to TEOA, 7.6% to electricity and 0.2%

to catalyst;

e  ETOFA/TMP: 68.7% is contributed to ETOFA, 16.8% to TMP proxy, 14.5% to electricity and 0.03%
to catalyst;

e ETOFA/DEG: 69.7% is contributed to ETOFA, 15.9% to DEG, 23.6% to electricity and 0.2%
to catalyst.

ETOFA is an outcome of the first synthesis step: TOFA epoxidation with ion exchange resin. In
the present study in the LCI phase, Ecoinvent v3.5 dataset was used for TOFA modelling, where it
is a global dataset representing 100% of USA stand-alone tall oil distillation capacity in 2011, which
includes five sites and larger than 90% of the European capacity [50]. The specific polyfunctional
alcohols were chosen to obtain the desired properties of the synthesized products. For ETOFA/TMP
bio-polyol, the production of TMP was not available in the Ecoinvent v3.5. The production of TMP is
assumed to be similar to the production of other polyfunctional alcohols [40]. Depending on bio-polyol
and its synthesis pathway, the contribution of electricity is from 8% to 24%. The impact of catalyst for
bio-polyol synthesis has a negligible influence as the contribution is below 0.5%. However, it must be
noted that proxy not a full dataset from Ecoinvent was used to model catalyst; thus, the contribution
might be underestimated.

In the present study, the aim was to identify the hot-spots of the bio-polyol production process and
clearly, ETOFA production is the largest hot-spot and thus, in future studies, a separate LCA should be
carried out analyzing the hot-spots of TOFA epoxidation process. There are several ways to perform
epoxidation, from the conventional Prileshajev epoxidation process to use of more environmentally
sound approaches, such as ion exchange resin (as in the present study) and chemo-enzymatic
epoxidation. It would be valuable to perform comparative LCA of different TOFA epoxidation
pathways to assess their environmental performance. Moreover, it would be valuable to perform that
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in conjunction with a technical-economic feasibility study, as for new synthesis method to be applied
in industrial production, it has to offer several advantages in comparison to the conventional, such
as better performance, environmental benefits and cheaper or equivalent price compared with the
conventional method.

3.2. Life-Cycle Impact Assessment: IPCC 2013 GWP 100a

Figure 4 summarizes the distribution of GHG emissions associated with the production
of TOFA-based bio-polyols. The total amount of emissions for ETOFA/TEOA bio-polyol is
4.09 kg CO;, eq/kg bio-polyol, being the lowest, while for ETOFA/TMP and ETOFA/DEG bio-polyols
the total emissions are 4.48 and 4.77 kg CO, eq/kg bio-polyol, respectively. Wherein, the emissions
associated with ETOFA production are 55%-57%, the amount attributed to polyfunctional alcohols
varies notably. Polyfunctional alcohol used for ETOFA/DEG bio-polyol synthesis contributed 17% to
the total GHG emissions, while for ETOFA/TMP the number was slightly higher with 21% and TEOA
production for ETOFA/TEOA bio-polyol synthesis contributed 31% of the total GHG emissions of the
said bio-polyol. The electricity attribution varies depending on the bio-polyol synthesis pathway. For
ETOFA/TEOA the contribution is 13%, while for ETOFA/TMP and ETOFA/DEG bio-polyol the amount
attributed is higher, with 23% and 26%, respectively. The GHG emissions associated with catalyst are
below 0.005%.

- Total

[ ETOFA
5 - Polyfunctional alcohol
|:| Electricity
- Catalyst
p— 4 N
]
i
o
(oW
o0
=4 3
~
o
]
ON
O 24
o0
4
14
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ETOFA/TEOA ETOFA/TMP ETOFA/DEG

Figure 4. Balance of GHG emissions assigned to TOFA based bio-polyol production in total and per
individual production step.

The LCI inventory was based on bio-polyol production at 50 L pilot-reactor which resulted in
high-quality primary data for the bio-polyol synthesis inputs and outputs. It must be kept in mind that
for large scale production of bio-polyols, different results will be yielded due to the differences in the
production setup. In the present study, TOFA produced in Europe was used for polyol synthesis; thus,
in an “ideal” LCA of the developed TOFA-based products, the TOFA production would be modelled
from the data provided by the specific tall oil refinery. This would give a better representation. For
example, Cashman et al. reported that the nonrenewable energy demand for cradle-to-gate crude
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tall oil distillation products is higher in the United States than in Europe, and thus, also in GHG
emissions [36].

3.3. Life-Cycle Impact Assessment: ReCiPe 2016 Endpoint (H) V1.03/World (2010) H/A

The environmental impacts at the ReCiPe endpoint level are aggregated into three types of damage:
human health, ecosystem and resources. The aggregated environmental effect, written in normalized
and weighted mPt, is expressed as the ReCiPe score. ReCiPe results at endpoint level reveal that for all
three TOFA based bio-polyols, the largest environmental impact is to human health category with 86%,
followed by ecosystems with 12% impact. The contribution of category resources formed only 2% of
the total ReCiPe Score. The largest contributor to the Human health category is ETOFA synthesis with
~60.4% for ETOFA/DEG bio-polyol, 61.5% for ETOFA/TEOA bio-polyol and 58.7% for ETOFA/TMP
bio-polyol. Further research on the impacts of ETOFA synthesis should be carried out.

For the Ecosystem category, the largest contributor was ETOFA with a contribution of around
80% for all polyols. Depending on the bio-polyol type, the contribution of polyfunctional alcohol for
epoxide ring-opening in the second synthesis step was 12.5% for ETOFA/TEOA bio-polyol, 9.2% for
ETOFA/TMP and 6.9% for ETOFA/DEG bio-polyol. The electricity used for synthesis contributed 6.3%,
11.6% and 12.7%, respectively.

For Resources endpoint category, half of the total impact was from ETOFA for all TOFA-based
bio-polyols; however, the impact of used polyfunctional alcohol differed significantly. Thus, TEOA
contributed 41.7% of the Resource category impact, while for the ETOFA/TMP bio-polyol the
contribution of polyfunctional alcohol was 27.5%, the DEG as polyfunctional alcohol contributed
25.5% to the total score of Resource category. The contributor of electricity also differed from 10.7% for
ETOFA/TEOA bio-polyol to 23.5% for ETOFA/DEG bio-polyol.

The ReCiPe endpoint results show that tall oil epoxidation with ion exchange resin is the main
contributor for all Endpoint impact categories. A separate study should be carried out where ETOFA
process is analyzed from the LCA viewpoint.

4. Conclusions

A screening LCA of TOFA-based bio-polyols suitable for rigid PU foam development was
performed in this study. The study had some limitations as the data about bio-based feedstock
production were obtained from the Ecoinvent database. However, bearing in mind these limitations,
very clear conclusions can be drawn up:

e thebio-based feedstock was the main environmental hot-spot in the bio-polyol production process;

e the other large environmental hot-spots are the used polyfunctional alcohols for the ring-opening
and the use of electricity for the bio-polyol synthesis;

e the impact of catalyst is negligible;

e the efforts to improve the environmental performance of bio-polyols should be put on the
production phase of the ETOFA.

Several future studies directions have been identified to perform separate LCA study on the
epoxidation process of the TOFA to identify the environmental hot-spots in this bio-polyol synthesis
stage. It would be valuable to compare different epoxidation processes to see which yields the lowest
environmental impact. In future studies, it would be very useful to perform the LCA of the bio-polyols
with data from the specific distillery where TOFA was sourced.
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