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ABSTRACT: Waterborne polyurethane dispersions have gained significant importance in the coating industry due to their
diverse chemical and physical properties. However, a comprehensive analysis of their environmental impacts is lacking.
Therefore, this study provides a comparative life cycle assessment (LCA) of four different polyurethane dispersion produc-
tion processes from cradle-to-gate. The environmental performances of the NMP process, the acetone process, the melt
process, and a conceptualized continuous flow process were evaluated and compared following the CML 2001 methodology.
The LCA revealed that the conceptualized flow process exhibits the lowest environmental impact in all investigated impact
categories. Depending on the impact category, the melt process or the acetone process rank second. The NMP process was
observed to have the highest impact in all categories. Consequently, the flow process has the lowest carbon footprint (1,13
kg CO.,-eq), according to the global warming potential (100 years), followed by the melt (1,45 kg CO,-eq), the acetone (1,95

kg CO.-eq) and the NMP process (3,1 kg CO,-eq).

INTRODUCTION
Polyurethanes (PUs) are undoubtedly one of the most ver-
satile plastic materials, as they can be designed in order to
fulfil different material requirements."* Because of their di-
verse properties they find broad applications as flexible
and rigid foams, coatings, adhesives and sealants, elasto-
mers, paints or in medical devices. PUs are widely em-
ployed in various industries such as furniture, construc-
tion, electronics, automotive, footwear or packaging and
hold a market size of ca. 5% of the total world consumption
of plastics (PUs being the fifth largest polymer in overall
volume).3

In the past decades, a replacement for solvent-borne
PU systems was urgently required as a result of the imple-
mentation of more stringent environmental and occupa-
tional health regulations. Therefore, waterborne polyure-
thane dispersions (PUDs) have gained a great significance
in the field of PU technology, as they meet the regulatory
compliance toward low level emissions of volatile organic
compounds (VOCs).5 Importantly, the flexibility of the
production process allows the molecular weight of water-
borne PUDs - and as a result also the performance of the

polymers - to be adjusted. They showcase excellent abra-
sion and chemical resistance, adhesion to various sub-
strates and possess a unique combination of toughness and
flexibility.” Due to these properties they are of particular
interest for coating applications in the automotive, textile,
leather, metal and plastics industries or as wood and con-
crete architectural coatings.'

The manufacture of waterborne PUDs generally com-
prises three steps: a) synthesis of an isocyanate (NCO)-
terminated prepolymer from diisocyanates and long-
chained polyols, b) dispersion of the prepolymer in water,
and c) chain extension (Scheme 1). Commercially most pre-
dominant are anionic PUDs. Here, a stabilizer/modifier -
usually dimethylol propionic acid (DMPA) - is added to
the diisocyanate/polyol mix during the prepolymer gener-
ation. The prepolymer is then dispersed in water with a
suitable neutralizing agent such as triethylamine (Et;N),
which reacts with the carboxylic acid generating a water-
soluble salt. Finally, chain extension by reaction of the ter-
minal NCO moieties with a polyamine furnishes the final
molecular weight of the polymer. Within the finished
product, the average solid content of PUDs is between 30
and 50%.



The most-widespread methods for the production of
waterborne PUDs are the NMP, acetone or melt processes.'
Whereas an organic solvent is employed in the NMP and
acetone process in the prepolymer formation phase for vis-
cosity reasons, the melt process is organic solvent-free,
which makes it the most environment-friendly process.
Nevertheless, acetone - as low-boiling solvent — can be dis-
tilled and recycled. It is therefore removed from the final
product, but NMP (N-methyl-2-pyrrolidone) - as high-
boiling solvent - remains. Because of its hazardous proper-
ties,® the use of NMP has been restricted by the European
Commission in April 2018,” thus consequently enforcing
NMP-free manufacturing variants.®

A very promising alternative would be the application
of the melt process in a continuous flow production format

Scheme 1. Synthesis of Anionic Waterborne PUDs.

(“continuous manufacturing”), which has not yet been re-
ported for PUD production to the best of our knowledge.
Due to the process intensification potential of continuous
flow,°™ the prepolymer formation could be conducted at a
higher temperature, thereby enhancing the reaction rate.
Other advantages, such as precise residence time control,
reproducibility, better product quality, safety, easy scala-
bility and small inventory are compelling reasons for the
implementation of continuous flow reactors. Most im-
portantly, continuous manufacturing also contributes to-
ward greener and more sustainable processes. >

Despite the growing environmental concerns, no study
has assessed and compared the environmental impacts re-
lated to the production of PUDs so far. Previous research
at the junction of PU chemistry and sustainability aspects
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mainly focused on improving the adhesive’s physical and
chemical parameters,” and none of these studies con-
ducted a full life cycle assessment (LCA). Herein, we pre-
sent a comparative LCA of the following four PUD produc-
tion processes: (1) NMP process, (2) acetone process, (3)
melt process, and (4) a continuous flow process. In this
context it is important to outline that products with an
identical technical performance in the desired end-appli-
cation were chosen for this comparison. Therefore, the raw
materials needed to be adapted to the respective PUD pro-
cess.

Data on the first three established processes were pro-
vided by Allnex Austria GmbH, a PUD producer in Austria.
Data for the continuous flow process, on the other hand,
were in part modeled as this process is currently in the de-
sign stage. The major driver for this study was to evaluate
if a continuous flow process would result in a more sustain-
able PUD production.

METHODOLOGY

The comparative LCA followed the ISO 14040/44 LCA
framework.>* The relevant material and energy flows of
each of the four different processes were modeled using the
Umberto LCA+ software. One kilogram of finished product
acted as the functional unit to which all mass and energy
flows of the four PUD production processes were referred
to.

The study followed a cradle-to-gate approach and,
thus, accounts for impacts that occur from the acquisition
of raw materials to the end of the manufacturing process.
Additional impacts caused during the remainder of the fin-
ished PUD's lifetime were not considered. The material
and energy required for the construction and provision of
the technical equipment, such as the reactors utilized,
were also excluded. The following six CML 2001 baseline
indicators were used in the impact assessment: global
warming (kg CO,-eq), acidification (kg SO,-eq), eutrophi-
cation (kg NOy-eq), human toxicity (kg 1,4-DCB-eq), pho-
tochemical oxidation (kg C,H,-eq), and resource depletion
(kg Sb-eq). The geographical area, as well as the techno-
logical system were defined as follows: The production
took place in a PUD plant in Austria. Apart from emissions
discharged into and raw materials being extracted from the
environment, no further complex exchanges or interac-
tions were modeled.

The operation time for one complete cycle, and there-
fore also for 1 kg of end product, differed for each of the
processes. While the conceptualized flow process was laid
out to have a very short duration of less than 1 h, the ace-
tone process needs more than 18 h for completion. How-
ever, the total time needed to finish a production cycle
played a subordinate role in the case at hand. More im-
portant than the overall time needed to finish a cycle was
the observation of the duration and intensity of energy
consumption throughout the process. Primary data for the
ground system was collected from Allnex Austria GmbH.

Secondary data for the background system was obtained
from the ecoinvent database (version 3.5 and 3.6).32

RESULTS AND DISCUSSION

Life Cycle Inventory (LCI) Analysis. The LCI data for the
four PUD production processes were compiled from their
input chemicals and their energy dataset.

Process Inputs. Table 1 gives an overview of the input
chemicals used for the PUD syntheses, which was provided
from the PUD producer. Regarding the availability of LCI
data of the utilized chemicals, three groups were differen-
tiated: (1) Chemicals with adequately detailed LCI data
available in ecoinvent, (2) chemicals that were required to
be modeled from very similar compounds with existing rel-
evant information, and (3) chemicals with neither suffi-
cient LCI data nor suitable compounds acting as possible
substitutes, requiring the input of the corresponding
ecoinvent-known starting materials from their production
processes according to literature.>

As illustrated in Table 1, NMP, deionized water, acetone
and triethyl amine (Et;N) were modeled based on ecoin-
vent 3.5 and 3.6 datasets with aggregated impacts. Chemi-
cals lacking exact matches in the ecoinvent database were
modeled upon appropriate substitutes for which relevant
information was available in ecoinvent. Even though some
finalizing chemical transformations and energy flows may
differ between the substitutes and the original compound,
e.g. due to variations of the synthesis process conduct or
slightly different raw material concentrations, this method
represented the best approximation, as the comprehen-
siveness and degree of precision of the ecoinvent data
could not have been replicated. Thus, as shown in the sec-
ond group in Table 1, for 1,6-hexanediol, DMPA, TMXDI,
and triethylenetetramine the most appropriate substitutes
were used. Chemicals that belong to the third group were
modeled by using stoichiometric equations from published
literature. The corresponding substrates were then charac-
terized based on ecoinvent data. This method was utilized
for H,MDI, polycarbonate hexanediol, dimethylethanol
amine, 1-methoxypropan-2-ol, DPGDME and PPG-diamine
D 230. The chemicals used in the substitution reactions
were aniline (C¢HsNH,), formaldehyde (CH,O), phosgene
(COCl,), 1,6-hexanediol (C¢H,,0,), methanol (CH,OH),
ethylene oxide (C,H,0), dimethyl amine ((CH;),NH), pro-
pylene oxide (C;HeO), propylene glycol (C;Hs0.), and am-
monia (NH;). The stoichiometric reactions governing their
synthesis and their source are shown in Table 1.

For all three groups, the production of the chemicals
was modeled with a system terminated process, also called
result process. Every form of energy consumption, such as
the powering of the stirring units or the heating during the
manufacturing unit operations (UOs), was modeled with
the same system terminated process called Electricity, high
voltage, production mix [AT]. Condensed in it is infor-
mation of the recorded shares of electricity technologies of
the Austrian energy market of the year 2014.



Table 1: Overview of the Life Cycle Inventory Data used for Modeling the Production of the Input Chemicals in
the Background System.?

group chemical process dataset/source
NMP NMP N-methyl-2-pyrrolidone production [RER]
acetone acetone acetone production, liquid [RER]
(1) ecoinvent .. water production, deionized, from tap water, at
deionized water all four

triethyl amine

NMP, acetone

user [CH]

triethyl amine production [RER]

1,6-hexanediol

NMP, acetone

2,5-dimethyl-2,5-hexanediol

(2) substitutes DMPA all four propionic acid
from ecoinvent TMXDI all four toluene diisocyanate
triethylenetetramine NMP, acetone ethylenediamine
H,MDI all four CeHsNH, + CH,O + COCl,*°
polycarbonate hexanediol all four CsH,,0, + CH;0H + COCl,!

(3) modeled from dimethylethanol amine melt, flow C,H,O + (CH;),NH*>
literature 1-methoxypropan-2-ol melt C;HeO + CH;0H=8
DPGDME melt 2 GHeO + 2 CH;0H*»
PPG-diamine D 230 melt, flow C;HeO + C3HO, + NH3°

2 Additional information on the datasets used can be found in the Supporting Information.

Process Inventories. The data used in the inventory anal-
ysis were almost exclusively provided by Allnex Austria
GmbH. The industrial plant, where both the NMP and melt
processes are being carried out, compiled the technical
data. For these two processes, computer programs moni-
tored reaction temperatures and process durations and de-
livered exact information of the energy flows. Conse-
quently, average values of the last two years were taken
into account. The stoichiometry of the reactions as well as
log notes of the raw material consumption were processed
to provide the remaining information governing the raw
material usage that was still missing from the inventory.
The data sets assembled were presumed to be very precise
and accurate. The information for the acetone process was
retrieved from literature as well as from synthesis at a
smaller scale. The data of the acetone process are com-
plete, consistent, and based on precise measurements. The
extent to which the data of the flow process relies on actual
laboratory measurements is limited. Details about the un-
derlying assumptions of the data are given below.

In the following, the individual LCIs of the four com-
pared processes are explicated. Figure 1 provides the pro-
cess flow charts depicting the UOs performed in the corre-
sponding reactors. For the NMP, acetone and melt process,
respectively, the manufacturing unit consists of a main
batch reactor where the prepolymer formation takes place
and a dilution batch reactor for dispersion and chain ex-
tension. For the flow process on the other hand, only one
reactor unit where all the reaction steps occur sequentially
in a telescoped mode is employed.

It should be noted, that 1-methoxypropan-2-ol was uti-
lized as reagent only in the melt process, but was employed
as a cleaning agent for all four processes. It was therefore
not implemented in Table 1 as input chemical for all pro-
cesses, but grouped under the category “spent solvent” in
the LCI (see Tables S1-Ss in the Supporting Information).
Most of this solvent was modeled to be recycled; the re-
mainder was disposed of.

NMP Process. Figure 1a provides the NMP process’ flow
chart. The NMP process required a total of 202.43 kJ per kg
of finished PUD (Table 2). The total energy expenditure
stems from the heating processes (160.67 kJ/kg) and the
operation of the stirring unit (41.76 kJ/kg). For the calcula-
tion, the agitator’s power output and the specific heat ca-
pacities Cp, as well as the mass of the mixture and the tem-
perature difference by which the mixture was heated, was
used. The UO of product completion comprised the charg-
ing of the mixture of water and chemicals utilized during
dispersion and chain extension into the dilution reactor
and its heating. This approach facilitated life cycling mod-
elling in the Umberto LCA+ software, and importantly, did
not alter results. The same methodology was applied for
the melt process and was slightly varied for the acetone
process.

Acetone Process. Unlike during the melt and NMP pro-
cesses, distillation must be carried out before the product
completion UO takes place (Figure 1a). Table S3 in the Sup-
porting Information provides information regarding the
modeled material inputs of the acetone process. Notably,
the most decisive difference to the NMP process, apart
from small deviations in the quantities of the chemicals
employed, is the replacement of toxic NMP by acetone as
solvent. Furthermore, acetone contributes to almost 1/3 of
the input mass flow, which needs to be removed from the
dispersion again later via distillation. This gives rise to an
issue concerning the capacity utilization rate of the reac-
tors employed in this production method. Therefore, the
amount of the finished PUD output produced per cycle is
considerably diminished compared to the alternative pro-
duction procedures.

In total, 786.51 kJ/kg of energy is required during the
UOs, of which 725.81 kJ/kg are expended in the heating
process and 60.70 kJ/kg in the stirring process (Table 2). In
contrast to the NMP process, the energy expenditure of the
dilution reactor was assigned to the UO distillation and not
product
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completion (see Table 2 and Table S7 in the Supporting In-
formation), since both dispersion and chain extension take
place prior to distillation (see Figure 1a).

Melt Process. Apart from the fact that a higher reaction
temperature of 130 °C (vs 75 °C) prevails, the flow chart of
the melt process (Figure 1b) essentially resembles that of
the NMP process. The melt process’ inventory comprises
the following new chemicals: Dimethylethanol amine, 1-
methoxypropan-2-ol, DPGDME and PPG-diamine D 230,
which were modeled by the reactions displayed in Table 1.
In contrast to the two processes described above, no or-
ganic solvent was utilized. The total energy expenditure of
191.67 k] /kg is divided between the heating process (154.851
kJ/kg) and the stirring unit (36.82 kJ/kg).
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Flow Process. When examining the flow process’ flow
chart, the deviation from the other methods becomes ap-
parent: As can be seen from Figure 1c, it employs a single
reactor unit, in which the process cycle is divided into var-
ious “zones”. The separate dilution reactor is no longer
necessary, as dispersion and product completion (chain ex-
tension) both take place within the flow reactor sequence.
Instead, two feed vessels that continuously stir the raw ma-
terial mixtures and from which the raw materials are
pumped into the reactor were introduced. One feed con-
sists of the diol components and the other comprises the
diisocyanates. In terms of raw materials used, the flow pro-
cess requires the same main components as the melt pro-
cess (see Table Ss in the Supporting Information). In the
flow process, the UOs take place without changing the pre-
vailing conditions, hence, the energy expended was



Table 2. Overview of the Energy Expenditure (kJ/kg) by Unit Operation of the PUD Manufacturing Phase.

NMP Process Acetone Process Melt Process Flow Process
unit operation heating stirring total |heating stirring total |heating stirring total | heating stirring total
start up - 0.53 0.53 - 0.66  0.66 - 0.53 0.52
homogenization - 3.27 3.27 - 4.10 4.10 8.69 1.97 10.66
prepolymer formation - 2331 2331 - 29.22 20.22 - 6.61 6.61
distillation - - - 610.63 16.92 627.55 - - -
product completion? 68.76 730  76.06 - 0.59 0,59 | 53.68 2031 73.99
reactor cleaning 91.91 735 99.26 | 11518 9.21 124.39| 92.48 7.40 99.88
feed vessels _ 10.05 10.05
flow reactor 8.58 _ 8.58
reactor cleaning 8.65 0.69 934
total 169.67 41.76 202.43| 725.81 60.70 786.51| 154.85 36.82 191.67| 17.23 10.74 27.97

2Includes charging of water and prepolymer transfer to the dilution reactor as well as its heating for the NMP and melt processes.

Table 3. Durations and Temperatures used in Modeling the Manufacturing Phase of the Four PUD Processes.

NMP Process Acetone Process Melt Process Flow Process
unit operation min °C min °C min °C min °C
start-up 90 60 90 60 90 66
homogenization 100 60 100 60 60 90
prepolymer formation 890 75 890 75 250 130
prepolymer transfer 90 - 30 - 30 -
distillation - - 600 55 - -
product completion 150 40 30 40 300 35
reaction zone 30.0 150
dispersion zone 0.5 =80
completion zone 0.5 <40
total duration 1320 1740 730 31.0

differentiated as illustrated in Table 2. The overall energy
expenditure of the flow process amounts to only 27.97
kJ/kg, whereby 36% (10.05 kJ/kg) of the total energy con-
sumption are accounted for the stirring units inside the
two feed vessels (Table 2). Only the feed stream of the OH-
functionalized building blocks (DMPA, polycarbonate hex-
anediol) must be preheated to 9o °C.

All individual “zones” were subsumed under the name
“flow reactor”. During the prepolymer formation reaction,
the exothermic reaction leads to no further energy ex-
penditure, as per usual. In contrast to the other three pro-
cesses, where the reactors are cleaned after every produc-
tion cycle completion, the flow reactor implements this
step only after every tenth production cycle.

Comparison of Process Conduct. In Table 3 the dura-
tions and temperatures of the four PUD processes are
shown. It has to be noted that the preheating of the reactor

before the chemicals are pumped into the vessels and re-
actor cooling after they are emptied are included in the
UOs, which greatly increased the values of the duration of
the UOs compared to only considering the reaction time.
For instance, in the melt process the prepolymer formation
occurring in the main reactor needs 2 h, whereas the UO
“prepolymer formation” took 4.2 h in total. The same ap-
plies for the acetone process: The entire UO of distillation
requires 10 h, whereas the full process temperature is sus-
tained for only 6 h. Importantly, the reactor preheating and
post-cooling phases can be generally omitted in the flow
process. Due to the continuous succession of production
cycles, the temperatures can be permanently sustained at
the desired levels. The higher process temperature in the
flow process leads to a drastic decrease of the overall pro-
cessing time (see Table 3). Both the dispersion, which has



already been performed continuously in small scale labor-
atory experiments, and the product completion are ex-
pected to be carried out within less than 1 min. This ex-
tremely rapid UO performance becomes noticeable in the
reduced energy requirements relative to the functional
unit of 1 kg of finished PUD. From an economic point of
view, the possibility of an enhanced production rate repre-
sents an appealing advantage for the practical adoption of
the flow process on manufacturing scale.

In summary, the flow process requires the least time (31

min), followed by the melt (730 min), the NMP (1320 min)
and the acetone process (1740 min). The shorter processing
times of the flow and melt process can be mainly attributed
to the higher temperatures (up to 75 °C) employed in the
prepolymer formation reaction. The NMP and melt process
exhibit a comparable energy expenditure of around
200 KJ/kg of finished product. Owed to the additional dis-
tillation step, the acetone process’ energy demand far sur-
passes both with a value of 786 kJ/kg. On the other hand,
the energy required for the flow process was estimated to
be only about 28 k]/kg.
Life Cycle Impact Assessment (LCIA). Figure 2 provides
a comparison of the processes’ environmental impacts rel-
ative to each impact category. As can be seen, the flow pro-
cess exhibits the lowest impacts across all six CML 2001
baseline indicators. The melt process ranks second in four
of the six impact categories and third in the categories EU
and HT potential. The NMP process exhibits the highest
impacts in all categories.

The superior environmental performance of the flow
process can be attributed foremost to the less impactful
upstream chemical supply chain (see Figure 3). Second, the
energy expenditure throughout the manufacturing UOs
was reduced by 85-96% compared to the other processes
(see Table 2). For the categories of CC and HT, the catego-
ries with the most pronounced results, the synthesis of 2,5-
dimethyl-2,5-hexanediol and aniline (modeled substrate
for the H,MDI synthesis, see Table 1) have the largest im-
pact. It needs to be pointed out that the impact for the pro-
duction of 2,5-dimethyl-2,5-hexanediol equates mainly to
the production of polycarbonate hexanediol, where it
serves as substitute for 1,6-hexanediol that is used as mod-
eled reagent for polycarbonate hexanediol synthesis (see
Table 1), The same is true for the other PUD processes (vide
infra).

The second ranking melt process resembles the flow
process most closely, apart from longer reaction times and
a larger number of UOs throughout the manufacturing
phase. The largest contributions to the final result were re-
lated to the production processes of 2,5-dimethyl-2,5-hex-
anediol, aniline, and propylene oxide. The latter, together
with the synthesis of propylene glycol, were responsible for
a higher impact in the HT potential compared to the ace-
tone process. Propylene oxide and propylene glycol were
used for the modeling of 1-methoxypropan-2-ol, DPGDME,
and PPG-diamine D 230 (see Table 1).

The acetone process ranks third, because of higher im-
pacts than the melt process in four impact categories. The
comparably high energy consumption, which is related to
the additional distillation UQ, increases the negative im-
pact, particularly in the CC potential. The UO of distilla-
tion required roughly three times the energy as the entire
melt process in total (610.63 vs 191.67k]/kg, see Table 2).
However, the distillation only contributes an insignificant
part of the acetone process’ total impact, as the footprint
of the raw material production by far exceeds that of the
manufacturing process.

Process . NMP . Acetone Melt . Flow
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Figure 1. Relative environmental impact per PUD production
process and CML 2001 baseline indicator. PO = Photochemical
oxidation potential [kg C,H,-eq], AP = Acidification potential
[kg SO.-eq], RD = Abiotic resource depletion potential [kg Sb-
eq], CC = Climate change as global warming potential - 100
years [kg CO.-eq], HT = Human toxicity potential [kg 1,4-
DCB-eq], EU = Eutrophication potential [kg NOs-eq].

For the NMP process, it must be pointed out that the
employment of the toxic solvent proved to have a signifi-
cant effect on the overall environmental impact, most no-
tably in that of EU, HT and RD. For the EU, CC and HT
impact categories, even the production of NMP alone had
a larger impact than the overall impact of the other PUD
processes (see Figure 3). When averaging over all six im-
pact categories, the NMP synthesis process was approxi-
mately twice as impactful as that of 2,5-dimethyl-2,5-hex-
anediol production, the second-most impactful UO. A pos-
itive aspect to be noted about the NMP process is that it
produces fewer harmful emissions during the manufactur-
ing operations compared to the acetone process, however,
it was still outperformed by the melt and flow processes.

In summary, the manufacturing UOs carried out at the
PUD producer were shown to be considerably less impact-
ful than the impacts generated in the upstream supply
chain of the input chemicals. The manufacturing UOs only
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Figure 3. Relative process contributions >1% of the upstream UOs per PUD production process and CML 2001 baseline indicator.
The relative process contributions for all UOs is displayed in Figure S26.

accounted for 2.08-6.04% of the overall environmental im-
pacts (see Figure S25 in the Supporting Information). Of
these manufacturing UOs, the post-processing that ac-
counts for the cleaning of the reactors and the disposal of
the filters has the highest impact in the manufacturing
phase. Overall, the most impactful UOs were related to the
provision of NMP, acetone, 2,5-dimethyl-2,5-hexanediol,
aniline, propylene oxide and propylene glycol.

Limitations. A limitation of this study is that the energy
expenditure in connection with the cooling system could
not be determined exactly but instead was approximated.
Furthermore, the use of generic data for modeling the
background system, while common practice, serves as a
source of uncertainty, as the generic data may not reflect
the current state of technology fully. An additional source
of scenario uncertainty arises from the assumption of scal-

ing up the flow process from laboratory to industrial pro-
duction scale. The class of parameter uncertainty played a
role during the assessment of certain values, such as the
specific heat capacities of the mixtures inside the reactors.
However, since these issues are the same for all four pro-
duction methods, it can be rightfully assumed that the
overall comparison was not distorted by this influence.
Moreover, when employing the same impact categories
proposed by methodologies other than CML 2001, results
may differ slightly. These variations among different im-
pact assessment methods are a consequence of intrinsic
differences of the characterization models.> Finally, an-
other limitation refers to the lack of an uncertainty analysis
of the results, for instance via a Monte Carlo simulation.
However, it can be expected that the overall predominance
of the flow process would not change when considering
uncertainty ranges.



CONCLUSION

In this study, four different production processes of water-
borne polyurethane dispersions were compared regarding
their environmental impacts from cradle-to-gate. Using
the LCA methodology in line with the ISO 14040-44 stand-
ards, the NMP process, the acetone process, the melt pro-
cess, and a conceptualized flow process were compared.
The data on the PUD manufacturing processes, the fore-
ground system, was provided by the Austrian PUD pro-
ducer Allnex Austria GmbH. The continuous flow process
was in part modeled as it is currently in the design stage.
Data on the impacts associated with the production of the
input chemicals (background system), were derived from
the ecoinvent database and scientific literature. The envi-
ronmental impacts were assessed using six CML 2001 base-
line indicators.

The LCA revealed that the flow process exhibits a supe-
rior environmental performance in all six impact catego-
ries when compared to the three established process. The
melt process ranks second, as it exhibits lower impacts
than the third-ranking acetone process in four out of six
impact categories. Trailing far behind was the NMP pro-
cess. The production of its toxic solvent entailed severe ad-
verse environmental effects.

The largest portion of the overall environmental im-
pacts can be related to the production of 2,5-dimethly-2,5-
hexanediol, aniline, acetone, NMP, and propylene oxide.
Moreover, it was observed that the majority of the pro-
cesses’ environmental impacts are caused in the produc-
tion of the input chemicals. The PUD manufacturing, in-
cluding the prepolymer preformation reaction and the suc-
cessive UOs for product completion, accounted only for
2.08-6 % of'the total environmental impacts. This held true
for all process conducts.

Further research may focus on expanding the LCA’s
scope to also include the PUD’s use and end-of-life phases.
Furthermore, the more specific investigations focusing on
the environmental impacts associated with the synthesis of
the chemicals used during PUD production could be car-
ried out. Possible measures, such as identifying less im-
pactful synthesis routes or altering the raw material inputs
in favor of renewable materials could be contemplated.
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