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Abstract: Cryogenics is the science and technology of very low temperatures, typically below
120 K. The most common applications are liquified natural gas carriers, ground-based tanks, and
propellant tanks for space launchers. A crucial aspect of cryogenic technology is effective insulation
to minimise boil-off from storage tanks and prevent frost build-up. Rigid closed-cell foams are
prominent in various applications, including cryogenic insulation, due to their balance between
thermal and mechanical properties. Polyurethane (PU) foam is widely used for internal insulation
in cryogenic tanks, providing durability under thermal shocks and operational loads. External
insulation, used in liquified natural gas carriers and ground-based tanks, generally demands less
compressive strength and can utilise lower-density foams. The evolution of cryogenic insulation
materials has seen the incorporation of environmentally friendly blowing agents and bio-based
polyols to enhance sustainability. Fourth-generation physical blowing agents, such as HFO-1233zd(E)
and HFO-1336mzz(Z), offer low global warming potential and improved thermal conductivity.
Additionally, bio-based polyols from renewable resources like different natural oils and recycled
polyethylene terephthalate (PET) are being integrated into rigid PU foams, showing promising
properties for cryogenic applications. Research continues to optimise these materials for better
mechanical performance and environmental impact.
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stresses without compromising its insulating capabilities. For liquified gas carriers and
space launchers, cryogenic insulation also has to be lightweight, as any additional weight
- increases the fuel consumption of the vehicle.

The European Union wants to reach climate neutrality by 2050. To reach this goal, all
economic sectors need to decarbonise. Better insulation, including cryogenic insulation,
saves energy. Promising technologies like hydrogen-based aviation fuels are anticipated to
gradually contribute to the decarbonisation of air travel, starting with short-haul flights, as
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option for aircraft. This means cryogenic insulation will become even more important in
the coming decades.

Several materials are used for cryogenic insulation: aerogels, rigid polyurethane (PU)
foams, and multilayer insulation (MLI). Vacuum-based MLI possesses the lowest thermal
conductivity among them, within 0.01 to 1 mW /(m-K) range [3,4], but its application is
hampered by the need to maintain vacuum, which entails heavier tank walls and also the
risk of catastrophic failure in thermal insulation upon loss of vacuum [5,6]. This risk can
be mitigated by using composite insulation consisting of PU foams and MLI [7,8]. The
thermal resistivity of vacuum-based aerogels is also higher than that of PU foams, but they
exhibit roughly comparable thermal conductivity at ambient pressure [9,10]. Moreover,
rigid PU foams have one major benefit over other materials, which is their ability to be
sprayed onto complicated-shaped surfaces. While seams and joints, which result from
the specific installation techniques of other insulation materials, may result in thermal
leaks, such structural weak spots are largely absent in spray-on PU foam insulation (SOFI).
Moreover, the adhesive bond forming between SOFI and the cryogenic tank eliminates the
need to apply an adhesive. Comparison between main types of cryogenic insulation are
shown in Table 1.

Table 1. Comparison between different types of cryogenic insulation.

Vacuum MLI

Aerogels Rigid PU Foams

+ Low thermal conductivity

+ Easy to apply

+ Can cover any shape and form, including
connection points

+ Lightweight

+ Good mechanical properties

+ Moisture stable

+ In the case of damage, it is easily fixed

+ Lightweight
+ Quiet low thermal conductivity

- Heavier
- In the case of damage, it loses
insulation properties

- Sensitive to moisture - Some may have problems with cryo-pumping
- Often quite fragile - Higher thermal conductivity than MLI and aerogels

The demand for efficient cryogenic insulation is increasingly being driven by the
necessity of more sustainable development of air, sea, and land transportation. Growing
emphasis on renewable energy sources entails a drastic reduction in the consumption of
fossil fuels. A possible low-emission replacement for fossil fuels is hydrogen [11], the most
efficient utilisation of which for heavy-duty vehicles is in the form of liquid hydrogen (LH,),
necessitating cryogenic insulation of its storage tanks [12]. LH; has long been considered
an aircraft fuel, and interest in its application in civil aviation has renewed lately [13]. LH,
tanks are being developed for aviation [14-17], marine [18], and railway [19] transport.
Along with effective insulation, a sufficient extraction rate of H, gas during the operation
of the vehicle engine may need to be ensured. To ascertain an adjustable boil-off rate of LH;
with reduced active heating, inserting an intermediate layer into the PU foam insulation of
the aircraft cryotank has been proposed [17]. This layer can be filled with liquid nitrogen
while on the ground, facilitating active cooling, and flooded with ambient air during flight
for passive heat input [17].

Thus, efficient cryogenic insulation can enable greener transport and cryo-storage
industries. Another aspect of sustainability concerns reducing the environmental footprint
of the cryogenic insulation materials themselves. In the case of PU foams, this can be
attained by increasing the fraction of sustainably sourced and/or environmentally friendly
components used in their production. This review considers the application of PU SOFI
in cryogenics and the possibilities of their sustainable production and environmentally
friendly exploitation. This paper is organised as follows: Section 2 presents a review of the
cryogenic application of rigid polyurethane foams produced from commercially available
polyols, Section 3 considers the application of environmentally friendly blowing agents
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in production in PU SOF], and Section 4 discusses the utilisation of bio-based polyols
in cryogenic rigid PU SOFL In this review, it has been confirmed that novel polyols and
environmentally friendly physical blowing agents make it possible to obtain competitive
rigid PU foams for next-generation green, effective energy storage and transport.

2. Cryogenics and Cryogenic Rigid Polyurethane Foams from Commercially
Available Polyols

Cryogenics means the science and technology of very low temperatures. The 13th
IIR International Congress of Refrigeration (held in Washington DC in 1971) endorsed a
universal definition of “cryogenics” and “cryogenic” by accepting a threshold of 120 K
(or —153 °C) to distinguish these terms from conventional refrigeration [20-22]. This is a
logical dividing line since the normal boiling points of the so-called permanent gases (such
as methane, nitrogen, oxygen, normal air, argon, neon, hydrogen, and helium) lie below
120 K, while the freon refrigerants, hydrocarbons, and other common refrigerants have
boiling points above 120 K.

An obligatory element of cryogenic technology is cryogenic insulation. It is installed
both on vessels for the storage and transportation of liquefied gases and on pipelines for
pumping out and handling devices. It should reduce the amount of boil-off from the storage
tanks and prevent frost build-up on the outer surface of the tanks and pipelines [23-25].
Cryogenic insulations can be divided into two basic insulation types: vacuum and massive
(solid materials with low thermal conductivity, like MLI and rigid PU foams). Vacuum
insulation systems are generally used on piping and vessels containing liquid helium or
hydrogen. They consist of highly polished metal supporting walls with a vacuum space
between them. Frequently, multiple metal reflective foils or opacified powders are placed
between the walls to reduce the radiative heat transfer further [26].

The best possible insulation would be granted with a high vacuum with MLI [27-29].
The thermal conductivity of aerogel bead, perlite, and glass microspheres in a high vacuum
is higher. Basic heat transfer mechanisms and existing experimental data of evacuated mul-
tilayer insulation and different kinds of evacuated powder insulation, including metallised
hollow microspheres, were studied by Cunnington, Fesmire, and others [3,30-33]. The MLI
is the most efficient insulation, but it has some serious drawbacks; in the case of damage,
MLI loses all insulation properties, and it is hard to fix.

The design of the cryogenic liquid gas tanks requires a carefully balanced compromise
between mechanical and thermal requirements, gravimetric storage density, and cost-
effectiveness. In many cases, due to the consideration of all these factors, despite the much
lower thermal conductivity of the MLI, the second type of insulation, a rigid closed-cell
foam, is used to prevent cryo-pumping [14]. Depending on the tank’s design, cryogenic
insulation can be internal or external [15]. In any case, the insulation must withstand not
only thermal stresses but also other operational loads.

Internal cryogenic insulation was used in the design of the liquid hydrogen tank in the
first three stages of the Saturn V Launch Vehicle. It was capable of withstanding the thermal
shock associated with the loading of LH, and providing adequate insulative properties to
limit the flow of heat into the LH,. It also withstands tank-filling liquid hydrogen pressure.
For this, polyurethane foam, reinforced in all three planes with fibreglass threads, was
used [34-36].

The feasibility of the application of reinforced rigid PU foam in the design of common
bulkheads for cryogenic tanks is analysed in [37]. The common bulkhead of tanks for
two liquid gases effectively reduces the structural weight and improves the structural
performance. It is a sandwich structure filled with foam between two alloy panels of
aluminium-lithium for thermal insulation. Reinforcing the foam was necessary to achieve
the required strength and compressive stability. For the PU foams with a density of
43 kg/m?3, the compression strength was 0.33 MPa, the yielding strength was 0.32 MPa,
and the elasticity modulus was 32 MPa.
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The most widely reinforced rigid PU foam is used as the internal cryogenic insulation
of liquefied gas carriers’ membrane tanks of the GTT Mark III design concept (GTT Training
Ltd.). The insulation system is comprised of three layers glued together: a secondary
polyurethane foam panel reinforced with a fibreglass mat glued to a plywood board, a
composite material layer that acts as a secondary barrier, and the primary polyurethane
foam layer reinforced with a fibreglass mat attached to a plywood board. The insulation
panels are glued to the inner hull of the carrier with mastic ropes that also function to
support the insulation and the membranes. Additionally, the mastic ropes compensate for
any inner hull unevenness [38—41].

A feature of the internal insulation of liquified natural gas (LNG) carrier tanks is
that, in addition to thermal and static compression stress stability, it requires structural
stability under impact loads, such as sloshing [42]. The properties of various reinforced
polyurethane foams intended for the internal insulation of LNG tanks and their behaviour
at cryogenic temperatures are considered in many works [43-50]. Some of them also
studied the behaviour of these foams under impact loads [51,52]. In addition to traditional
glass fibres, aramid and carbon nanotubes have also been tried as reinforcement [53-55].
Analysis of stresses and cryogenic reliability of composite insulation panels for LNG ships
is considered in the following works [56-58].

Quite different requirements are imposed on external cryogenic insulation. Moreover,
depending on the operating conditions, they can be completely different. However, in
most cases, the requirements for compressive strength are not as high as those for internal
insulation. Therefore, a set of requirements for external insulation can be met by foam
plastics of much lower density (35-55 kg/m?) than the usual density of internal insulation
(100-140 kg /m3).

External polymer foam insulation is used in LNG carriers with independent tanks of
type B systems. They are spherical Moss tanks and self-supporting prismatic tanks by IHI
Corporation. A standard Moss insulation system consists of multiple layers of extruded
or expanded polystyrene with an aluminium foil vapour barrier on the outside. Typically,
glass fibre mesh cloth reinforcement is glued between layers in the insulation. Another
insulation system used for Moss LNG carriers uses rigid PU foam panels, polystyrene
panels, or a composite panel system fabricated from a layer of polyurethane foam, a
steel wire net (mesh) crack arrestor, and a layer of phenolic resin foam (PRF) attached by
aluminium studs to the cryogenic tank wall. All the insulation systems are designed to
control the boil-off rate, which is typically in the range of 0.10-0.15%/day.

Self-supporting prismatic tanks are insulated using prefabricated rigid polyurethane
foam panels and supported by tank supports and chocks made of specially reinforced wood
composites [59]. External rigid PU foam insulation of stationary ground-based cryogenic
tanks and LNG tanks exposed to weather conditions is protected with moisture-resistant
and UV-protective coatings.

Much more serious requirements are placed on the insulation of liquid hydrogen tanks.
Firstly, the insulation must be cryo-resistant at a lower temperature (the boiling point of
hydrogen is 20.4 K instead of the boiling point of methane of 111.6 K). If, at the same time,
these are LH; tanks of launch vehicles, aircraft or risible ships, then cryogenic insulation
in some parts of the tanks must withstand aerodynamic and, in some cases, even ablative
loads [60,61].

External insulation of early LH; tanks of the Saturn V S-1I Stage was made of applied
phenolic honeycomb panels filled with heat-resistant polyurethane foam of isocyanate.
The insulation had a network of passages through which helium gas flowed. In later
stages, SOFI was used instead of making up panels and affixing them to the tank. The
urethane-based foam was sprayed directly onto the tank walls, letting it cure, then cutting
it to the proper contour. This technique turned out to be much more economical and much
lighter than the insulation panels [62-65].

Ripor- and Izolan-sprayed rigid PU foams have been successfully used as cryogenic
insulation for liquid hydrogen and oxygen tanks of the insulation of the launcher Energia.
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The cryogenic thermal insulation based on rigid PU was used for tanks of expendable
and reusable launchers [66]. The thermal protection system design of Space Shuttle’s
External Tank has changed with changing requirements and improvements in materials
and processes. Most changes were directed toward producibility improvements, reduction
in recurring costs, and elimination of sole-source dependencies. Increased use of robotics
and net-moulding techniques will significantly reduce touch labour and material usage.
Different SOFI materials that could potentially reduce the amount of ablator used were
tested [67]. As a result, several SOFI were also used to insulate the latest Space Shuttle
modifications. PIR foam NCFI 24-124 as acreage foam was sprayed via the automated
method onto most of the tank’s surface. Around fittings and flanges, where automated
spraying was impossible, the rigid PU foam BX-265 was manually sprayed. For moulded
close-outs, rigid PU foam PDL-1034 was used. These materials withstand basic aerody-
namic shear and aerodynamic heating at the start and during flight. At the same time, parts
of the external tank with the highest aerodynamic heating were additionally protected by
ablative materials (materials that gradually erode or vaporise during atmospheric entry,
creating a layer of gas that protects spacecraft from extreme heat and pressure). Table 2
lists all used materials in Space Shuttle external tank insulation [68-71].

Table 2. Space Shuttle external tank insulation.

Material Number Foam Type Function Blowing Agent
NCFI 24-124 Polyisocyanurate Insulation HCFH 141b
NCFI 24-57 Polyisocyanurate Insulation HCFH 141b
BX-250 Polyurethane Insulation CFC-11

BX-265 Polyurethane Insulation HCFH 141b
MA-25 Elastomeric silicone Ablator N/A
SLA-561 Cork-filled elastomeric silicone Ablator N/A
PDL-1034 Urethane Repairs N/A

Even higher requirements are imposed on the thermal insulation of the cryogenic
tanks of the subsonic and hypersonic transport and reusable launch vehicles. Moreover,
the main difference is that the thermal insulation of tanks must withstand cryo-shock and
aerodynamic loads for a much larger number of cycles than a space rocket. So, to test
candidates for subsonic transport, thermal insulation specimens were bonded to a thin, flat
aluminium tank. The tests were conducted by filling the tank with liquid hydrogen and
exposing the outer surface of the insulation to a cyclic thermal environment representative
of repeated subsonic aircraft flights. The boil-off rate in each compartment indicated the
thermal performance of the insulation. Two unreinforced polyurethane foams survived
4400 thermal cycles (representative of approximately 15 years of airline service) with
evidence of very little structural deterioration [23,72,73].

Operating loads for hydrogen fuel tanks, thermal insulation of supersonic aircraft
tanks, and reusable launch vehicles are even higher. Experiments and model calculations
show that no single material meets all the requirements. Therefore, various schemes for
thermal insulation of cryogenic tanks, consisting of several layers, are offered. Each of
them performs its functions. As a rule, PU or polyisocyanurate (PIR) foam performs the
functions of cryogenic insulation. Other materials are used as ablative materials [17,74-76].

Moreover, we can conclude that cryogenic insulation materials also need to be cryo-
genic stable but are not only necessary for the coefficient of thermal conductivity. Character-
istics such as elongation coefficient of thermal expansion also need to be taken into account.
Depending on the construction solution and exploitation conditions, characteristics for
strength and other properties can vary. Internal insulation is where exploitation pressure is
greater and PU needs to have higher density and can possibly be reinforced with fibres. On
the other hand, the external insulation PU foams used could be more lightweight, but it
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is important to withstand aerodynamic and ablative stresses. It is important to develop
insulation for specific use in mind as properties for different insulation types vary.

3. Environmentally Friendly Blowing Agents in Cryogenic Rigid Polyurethane Foams

Sustainability is becoming more and more important in every field, including cryo-
genic insulation. There are two possibilities for how to make rigid PU foams more envi-
ronmentally friendly: blowing agents and polyols. Two types of blowing agents are used
in PU production: chemical and physical. Water is used as a chemical blowing agent, and
various chemicals with low boiling temperatures are used as a physical blowing agent.
Physical blowing agents can expand quickly due to phase changes, such as the vaporisation
of liquids. This can reduce overheating caused by isocyanate reaction with polyols” water
and -OH groups. However, most hydrofluorocarbons have high global warming potential
(GWP) and ozone depletion potential [77]. Chlorofluorocarbons (CFCs) are so-called first-
generation blowing agents. CFCs were banned by the Montreal Protocol in 1987 due to
their high ozone-depleting potential and high GWP [77]. The second-generation blowing
agents are hydrochlorofluorocarbons (HCFCs). HCFCs were banned by the Kyoto Protocol
in 1996 [78,79]. Third-generation blowing agents are hydrofluorocarbons (HFCs). The
European Union bans or restricts the usage of fluorinated greenhouse gases with regulation
No 517/2014 [80]. This regulation bans or restricts physical blowing agents whose ozone-
depleting potential is not 0 and whose global warming potential is higher than 1, which are
fourth-generation blowing agents. The evolution of blowing agents is shown in Figure 1.

1987 1996 2014
Montreal Kyoto EU regulation
protocol protocol 517/2014

CFCs *+ HCFCs *+ HFCs + HCFOs

Clorofluorocarbons
ODP1.0
GWP 8000

Hydroclorofluorocarbons Hydrofluorocarbons Hydroclorofluoroolefins
ODPO0.1 ODPO ODPO
GWP 2000 GWP 1000 GWP<1

Figure 1. Important milestones in the evolution of physical blowing agents.

There are several options for fourth-generation physical blowing agents: trans-1-chloro-
3,3,3-trifluoropropene (HFO-1233zd(E), HCFO-1233zd(E), Solstice® LBA), cis-1,1,14,44-
hexafluoro-2-butene (HFO-1336mzz(Z), OpteonTM 1100), dimethoxymethane (Methylal),
and methyl formate (R-611; Ecomate®) (see Figure 2). Some properties of these physical
blowing agents are listed in Table 3 [81-84]. The most often used physical blowing agents
are HFO-1233zd(E) and HFO-1336mzz(Z).

Cl /
FF
—\ F —O0 /—O
\_y,: FUF =0 -0
F
F
A B C D

Figure 2. Structural formulas of 4th-generation blowing agents: (A) trans-1-chloro-3,3,3-trifluoropropene;
(B) cis-1,1,1,4,4,4-hexafluoro-2-butene; (C) methyl formate; and (D) dimethoxymethane.
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Table 3. Properties of 4th-generation blowing agents.
Chemical Name trans-1-Chloro-3,3,3-trifluoropropene tis-1,1,1,4,4,4-Hexafluoro-2-butene Dimethoxy Methane Methyl Formate
CAS number 102687-65-0 692-49-9 109-87-5 107-31-3
Molecular weight, g/mol 130.5 164.1 76.0 60.1
Boiling point, °C 18.6 33.4 42.0 32.0
Freezing point, °C <-90.0 —90.5 —105.0 —100.0
Global warming potential 1 2 Negligible 0
Ozone depletion potential 0 0 0 0

Several studies have been conducted using fourth-generation physical blowing agents
in PU foams designed explicitly for cryogenic applications. Yakushin et al. conducted a series
of studies about obtaining rigid PU foams with fourth-generation blowing agents [85-87].
In the first of the studies, authors compared third-generation physical blowing agents (a
blend of 1,1,1,3,3-pentafluorobutane and 1,1,1,2,3,3,3-heptafluoropropane under the trade
name Solkane 365/277) with fourth-generation physical blowing agent (HFO-1233zd(E)).
The most noticeable difference is that the fourth-generation physical blowing agent has a
lower coefficient of thermal conductivity, and rigid PU foams are ageing at a similar speed
regardless of the physical blowing agent used in foams. This property ensures a lower
coefficient of thermal conductivity over an extended period of time for rigid PU foams
containing HFO-1233zd(E) [85].

The second article in this series [86] was dedicated to catalyst selection for rigid PU
foams containing HFO-1233zd(E) as a physical blowing agent. Several chemicals are
included in a typical catalyst package for rigid PU foam creation. These compounds are
meant to enhance either the blowing or gelling process or the balance of both during
foam synthesis. Most of these are categorised as “non-reactive” catalysts, which are
known to pose a health risk because of their tendency to evaporate and interact with
their surroundings. In order to counter this, a number of novel reactive amine catalysts
have been created, which, in contrast to their forerunners, react with isocyanate or polyol
molecules and integrate into the polymer matrix. The authors tested some new reactive
amine catalysts (Polycat 203, Polycat 218, and DABCO MB20) and compared them with
more traditional non-reactive catalysts (Polycat 5 and dibutyltin dilaurate). Although some
combinations of new catalysts failed in general, rigid PU foam properties (safety coefficient,
adhesion strength, and tensile strength) with reactive-type catalysts were higher than
traditional non-reactive catalysts [86]. This is important as typically reactive catalysts are
less volatile [88,89]. As a result, it could improve working conditions in rigid PU production
processes. Also, tin-base catalysts are toxic and raise environmental concerns [90], which is
why replacing them can be a slight improvement towards more environmentally friendly
rigid PU foams.

The third article in this series focuses on the long-term storage of polyol systems’
component A (polyols + catalysts + blowing agent + flame retardant + surfactant). They
compared traditional non-reactive catalysts (Polycat 5) with new reactive amine catalysts
(Polycat 203, Polycat 218) in rigid PU systems containing fourth-generation blowing agent
HFO-1233zd(E). Certain side reactions occur when polyol mixtures are stored for an ex-
tended period of time. These reactions involve the amine catalyst on one side and the
halogen-contained blowing agent and flame retardant on the other. These reactions cause
the catalyst’s activity and the polyol mixtures’ pH to gradually decrease. Authors observed
that rigid PU foams containing non-reactive catalyst foaming parameters (start time and
rise time) increase more slowly than reactive amine catalysts. The density of rigid PU
foam composition with non-reactive catalyst after long-term storage was higher than the
density of rigid PU foam composition with new, specifically made for the fourth-generation
blowing agent reactive catalysts, even though this composition with non-reactive catalyst
had the shortest foam rise time. After three months of storing the polyol mixture, the
non-reactive catalyst caused a noticeable increase in the density of rigid PU foam. Only
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after storing the polyol mixture with reactive catalysts for four months was the density
increase seen [87].

Park et al. compared HFO-1233zd(E) with pentafluoropropane (HFC-245fa) as blowing
agents in their rigid PU foams. The authors found that several properties (coefficient of
thermal conductivity, compression strength, and coefficient of linear thermal expansion)
important for cryogenic applications are slightly higher for rigid PU foams with fourth-
generation physical blowing agents [91].

4. Bio-Based Polyols in Cryogenic Rigid Polyurethane Foams

More research is conducted every year on rigid PU foams made from bio-based
feedstock. Among other biomass, bark and its extracts [92-95], cellulose [96], suberinic
acids [97,98], lignin [99-106], castor oil [107], rice straw [108], soybean oil [109,110], tall
oil [111-116], and food waste [117] have all been used to make polyols for rigid PU foams.
Although plenty of research has been conducted on rigid PU foams as thermal insulation
from bio-based polyols, only a few studies have been dedicated to cryogenic insulation.
Table 4 shows some available bio-based polyols in the market [118,119].

Table 4. Properties of bio-based polyols.

Name Origin OHvalue, Acid Value, Ave.:rage.
mgKOH/g mgKOH/g Functionality
TT Tall oil 295 <5 2.4
TD Tall oil 271 1.8 22
RD Rapeseed oil 394 4.8 3.5
GX-9006 Cashew nutshell 201 <0.2 44
GX-9101 Cashew nutshell 430 2.8 3.0
GX-9104 Cashew nutshell 235 0.11 3.0
NX-9001 Cashew nutshell 193 <0.2 43
NX-9004 Cashew nutshell 193 <0.2 3.8

Several studies from the Latvian State Institute of Wood Chemistry are dedicated to
bio-based cryogenic rigid PU foams [120,121]. In all cases, petrochemical raw materials
are partially replaced with bio-based and recycled raw materials. Two of those studies
are related, in which epoxidised rapeseed and tall oils were used, as well as recycled PET.
The first of those studies was dedicated to developing a rigid PU foam system [120]. The
second study used the best system and added different fillers [121].

Uram et al. [120] tried replacing diethylene glycol in a rigid PU system with a low-
functional rapeseed oil polyol (Table 5). The rigid PU system also contained high-functional
rapeseed polyol, epoxidised tall oil-triehylene amine polyol, and recycled polyethylene
terephthalate (PET) polyol. The amount of those polyols was kept constant. The authors
reached sustainable material content in PU foam at 21.3%, and mechanical properties at
room temperature remained similar. However, replacing diethylenel glycol in rigid PU
foams significantly worsened cryogenic properties, including thermal conductivity, mechan-
ical properties (tensile and compression), as well as adhesion to aluminium. For example,
tensile strength decreased two times with low-functional polyol content increasing from 0
to 20 pbw, and adhesion strength decreased by half with any addition of low-functional
polyol. Despite this, the comparison sample had quite good cryogenic properties: thermal
conductivity of 18.72 mW /(m-K); compression strength of ~0.5 MPa and ~0.4 MPa parallel
and perpendicular to foaming direction, respectively; tensile strength of ~0.95 MPa; and
adhesion strength ~0.5 MPa. The authors also used the safety coefficient as a characteristic
of cryogenic insulations’ capability to withstand cryogenic stress (Equation (1)); the higher
the safety coefficient, the better the material can withstand stress. For cryogenic insulation,
the safety coefficient has to be >3.
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Table 5. Some characteristics of bio-based rigid PU foams from rapeseed and tall oil polyols.
Components, pbw
Low-functional rapeseed polyol 0 5 10 15 20
Diethylene glycol 25 20 15 10 5
Sustainable material content in 16.1 173 18.7 199 213
PU foam, %
Thermal conductivity,
mW/(m-K) 18.7 18.9 20.1 214 27.5
Closed-cell content, % 97.5 92.0 91.0 88.0 78.0
Safety coefficient 2.5 1.7 1.1 1.1 1.0
3 €
K 7 77 (1)

5= A177—3OO N o, -AT-100
In Equation (1) above,

e77—tensile elongation at 77 K, %;

Al77_3p0—shrinkage of material cooling it from 300 to 77 K, %;
oy—coefficient of thermal expansion, 10-%/°C;
AT—temperature gradient, degrees.

Sture et al. [121] selected the best Uram et al. [120] rigid PU system and added several
silanised and non-silanised fillers: sawdust and micro- and nanocellulose (Table 6). As
a result, non-silanised fillers made agglomerates in the PU system; therefore, they were
not usable for further testing. Adding fillers increased rigid PU foam density but failed
to improve mechanical properties. The authors suggested that more research should
be conducted to determine how the cellulose-based filler affects the properties of PU
composites and what may be conducted to address poor outcomes, as other authors
significantly improved their polymer properties with the addition of fillers [122-124].

Table 6. Some characteristics of bio-based rigid PU foams from rapeseed and tall oil polyols
with fillers.

Components, pbw

Filler - Sawdust Microcelullose  Nanocellulose

Sustainable material content

in PU foam, % n.a. n.a. n.a. n.a.
Thermal conductivity,
mW/(m-K) 18.7 17.7 18.5 18.1
Closed-cell content, % n.a. n.a. n.a. n.a.
Safety coefficient 2.7 2.2 2.3

Vevere et al. [125] combined both bio-based and recycled polyols as well as fourth-
generation physical blowing agents in their rigid PU foams. They used recycled PET
polyol, four different epoxidised tall oil polyols (Figure 3), and two different blowing
agents: HFO-1233zd(E) and HFO-1336mzz(Z). This research study focused on tailoring
rigid PU foam systems to achieve a foam apparent density of 37-40 kg/m?3, striking a
balance between lightweight properties and mechanical strength. The rigid PU foams
obtained exhibited a closed cell structure with elongated cells aligned in the foam rise
direction. The morphological features of the cells were influenced by the foaming process
and kinetics, including the use of different polyols and blowing agents. The coefficient of
thermal conductivity of the rigid PU foams ranged from 17.1 to 21.1 mW/(m-K), comparable
to or lower than other bio-based rigid PU foams. Compression strength measurements
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highlighted the material’s ability to withstand static forces, with values ranging from
0.11 to 0.24 MPa. Tensile strength and adhesion strength properties were also evaluated,
showcasing the material’s toughness and bonding capabilities. The safety coefficient,
reflecting the material’s ability to endure thermal strains and mechanical stress, exhibited a
relation to the mechanical properties of the rigid PU foams. The choice of polyols influenced
rigid PU properties minimally as selected polyols had similar properties, which resulted
in rigid PU foams with similar cross-link density and properties. On the other hand, the
physical blowing agent significantly influenced some properties, such as the coefficient
of thermal conductivity and adhesion to aluminium. Rigid PU foams containing HFO-
1233zd(E) exhibit notably higher adhesion properties compared to HFO-1336mzz(Z). Rigid
PU foams containing HFO-1233zd(E) also had improved thermal conductivity compared
to HFO-1336mzz(Z) [125].

CHy

OH H,C
h(m /J HyC OH on
N N /)E/ HO
\\ /// \/\( H - 0 HO 0 oH 0
W—v—wcm

OH
N HO. O
o S \AOW—M—W% o

HO

Figure 3. Idealised scheme of the main components of polyols from epoxidised tall oil fatty acids
with different ring openers: (A) diethanol amine; (B) diethylene glycol; (C) triethanol amine; and
(D) trimethylolpropane.

5. Concluding Remarks

Cryogenic insulation is crucial for any cryogenic technology. Rigid polyurethane
foams have been successfully used as cryogenic insulation material for decades. However,
moving towards more sustainable cryogenic insulation is still a challenge. Research about
using environmentally friendly blowing agents and bio-based and recycled polyols is
available but still quite limited.

Currently, scientists have already developed and tested rigid PU foams that contain
about 20% of sustainable materials content. Obtained rigid PU foams have a coefficient of
thermal conductivity below 20 mW /(m-K) and a safety coefficient above 2, which makes
them competitive with rigid PU foams made from fossil-based polyols.

The importance of high-quality and correctly selected cryogenic insulation in future
technologies was demonstrated by the successful launch of the European launch vehicle
Ariane-6 on 9 July 2024. The main stage and upper stage of Ariane-6 are powered by liquid
hydrogen and oxygen, and the fuel tanks were, of course, insulated with effective materials,
the properties and development of which are described in this article.

There is still a lot of work to undertake in order to make cryogenic insulation
more sustainable.
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