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Abstract: While traction energy is the main energy used in passenger trains, the energy required to
condition the passenger area is significant and can account for up 40% of the total energy use. Due to
space constraints, passenger train envelopes are usually only insulated with a few centimetres of con-
ventional insulation materials, leading to relatively high U-values and high energy transmissions in
climates where heating or cooling is necessary. Here, the use of superinsulation materials in trains for
heating/cooling demand reduction was evaluated. Selected commercially available superinsulation
materials were screened and benchmarked in terms of thermal conductivity, fire safety, behaviour
under vibration and preferred use position within the train envelope. Both the specific vacuum
insulation panels and silica aerogel boards that were tested were found suitable for the application
in train envelopes in terms of their thermal, fire and mechanical properties. While vacuum panels
have the best insulation performance, aerogel boards offer higher flexibility during installation and
reduced risk of damage-related performance loss. Both materials can greatly enhance the energy
efficiency and thermal comfort of trains and can be implemented cost-neutrally. However, new policy
frameworks are likely to be necessary to promote energy efficiency and the broad implementation of

thermal superinsulation in trains.

Keywords: railway; thermal insulation; silica aerogel; vacuum insulation panels; thermal superinsu-
lation materials; energy efficiency; HVAC

1. Introduction

In transport vehicles such as trains, cars or trucks the inside temperature often needs
to be kept within a certain range in order to guarantee passenger comfort or to protect
temperature-sensitive goods such as food or medical supplies. Since in many countries,
external temperatures deviate at least seasonally from these requirements, it is necessary
to condition the inside of the vehicle and to insulate the vehicle envelope. The thermal
design of the envelope determines how well the desired temperature conditions can be
kept and how much energy is required to do so. In principle, this envelope design question
is analogous to the considerations for the envelope of a building. In both cases, generally,
the better the envelope is insulated, the easier comfort can be achieved, and the more
energy-efficient the operation is. On top of the heat conduction through the envelope,
energy transfer by convection through leakages—if the envelope is not air-tight enough—
and by radiation through windows need to be considered for both buildings and trains.
Major technical differences between the thermal design of buildings and vehicles are space
constraints, different indoor temperature requirements and different requirements for
mechanical strength of the structural part of the envelope. For vehicles, the latter usually
results in more thermal bridges and, hence, higher U-values.
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Through both lab and field studies, the present work aims to answer the question
of whether, and how, thermal superinsulation materials can be used in passenger train
envelopes in order to improve the train’s energy efficiency. To give context to this question,
the energy use in passenger trains and the corresponding saving potential will be reviewed,
followed by an overview on the thermal envelope of trains as well as insulation materials
in trains. Subsequently, a description of thermal superinsulation materials and their
applications in buildings as well as examples of superinsulation materials in transport will
be given.

Traction energy, i.e., the energy needed to move the train, is the main energy use in
passenger trains. Traction energy use and its optimisation have been studied thoroughly.
For example, Chang and co-workers [1] modelled the overall energy and greenhouse
gas impact of high-speed trains (including manufacturing and infrastructure) and found
values between 54 and 178 g of CO,-equivalent per passenger kilometre travelled, which is
significantly lower than for air or car travel. The actual traction energy can oftentimes be
optimised further. Huang et al. [2] found that timetable optimisation can lead to reduced
travel times in urban trains and a total energy use reduction of up to 27%, whereas Zhang
and co-authors [3] found an almost 8% improvement potential in timetable optimisation
for a high-speed train. Additionally, maximum urban train speeds can be optimised for
energy use as demonstrated by a study of Feng and colleagues [4].

While traction energy use is the largest part of the total energy needed to operate the
train, the energy necessary to condition the train’s interior, i.e., the energy need for heating,
ventilation and cooling (HVAC), can be significant, accounting for up to 30—40% of the total
energy use [5,6]. Hence, the optimisation of HVAC energy use is an evident next step after
considering traction energy in order to make railway transport even more sustainable. Hof-
stadter and co-workers [7] used a model predictive control-based framework to optimise
HVAC operation in trams, which was implemented in a tram in Vienna, calculating an
estimated annual energy saving of 32%. By modelling the conditioning of a Swiss train of
Rhitische Bahn with the software IDA ICE, Vetterli and co-workers [8] evaluated the saving
potential of different improvement measures in terms of HVAC operation, train envelope
and HVAC components that would keep passenger comfort unaffected. Measures with
high saving potential were in order of decreasing effect: CO;-controlled (i.e., occupancy-
based) ventilation, reduction of the U-value of the opaque train envelope, air-tightness
of the envelope, heat recovery for ventilation, reduction in U-value of the windows and
heating with a heat pump. Sidler and colleagues [6] modelled different energy-saving
measures for Swiss inter-city trains and found that an occupancy-based ventilation oper-
ation provided the highest savings potential with almost 42% of the total HVAC energy.
Additionally, a reduction in the internal temperature down to 10 °C during standby times
of the train and the heat recovery in the ventilation had strong saving effects of 22 and 27%,
respectively. Note that these reductions are all relative to the base scenario and, hence, not
cumulative. Good saving potential for an urban train in England was found by Powell
and colleagues [9] who identified that 11% of the vehicle’s total energy consumption was
due to on-board auxiliaries when the train was not in use (standby). Taking into account
that the HVAC energy use can be up to 40% of a train’s total energy consumption, this
finding fits well with the analysis of Sidler and co-authors. High energy-saving potentials
by implementation of an energy-saving standby mode were also reported by Oelhafen and
Tonin [10] for Swiss NINA, GEX and ICN trains, especially for the winter by monitoring
these trains extensively. For an Italian urban train, Barone and co-workers [5] identified
the optimisation of the HVAC operation as well as the use of state-of-the-art heating
and cooling systems as the largest potential energy-saving interventions, with savings
potentials of up to 50 and 35%, respectively. An improved thermal envelope only showed
small possible savings. The difference between these findings and the recommendations
of Vetterli et al. [8] is certainly linked to the different climates of Italy and Switzerland.
Furthermore, once the HVAC operation and technology has been optimised, the thermal
envelope becomes crucial for further savings.
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Additionally, other influences, such as the opening of doors, were studied. Oelhafen
and Tonin [10] report that the door openings in a non-insulated trolley bus only constitute
about 15% of thermal losses. The remaining losses are due to transmission through the
envelope and ventilation losses. Since bus doors open much more frequently than even
urban train doors, and their area constitutes a higher fraction of the total envelope, the
effect of door openings in trains is likely to be much smaller.

Current insulation materials in trains, for the most part, have thermal conductivities
above 30 mW /(m-K). These conventional insulators work by trapping air in more or less
small pores. For trains, commonly used materials are glass wool, melamine resin foam,
corrugated sheets of cellulose plastics, polyolefin foams (e.g., polyethylene), polyester
blankets, synthetic rubber foam and expanded cork granules. A database of insulation ma-
terials used in trains in Switzerland and their material properties was created recently [11].
Bjork and Enochson [12] studied the hygrothermal properties of some of these materials in
more detail, namely, glass wool, melamine resin foam and corrugated sheets of cellulose
plastics, for different moisture loads. The authors found that both glass wool and melamine
resin took up significant amounts of moisture, reducing insulation performance. This could
indicate room for improvement for the insulation of trains under moist conditions, i.e., by
using materials that do not take up moisture. In a field study, Oelhafen and Tonin [10]
also considered the effect of a humid insulation material—melamine resin foam—on the
energy use and found it to be around 10 and 1.3% of the annual heating energy use for the
FLIRT and NINA trains, respectively. Furthermore, a saving potential of roughly 20% was
estimated for a NINA train with an improved thermal insulation. The actual retrofit of
such a train, including the economic aspects, is described by Isenschmidt [13]. The author
notes the difficulty to recuperate the cost of such a retrofit solely via the value of the energy
savings and finds a payback time of 24 years, the main cost being the work to install the
insulation. The situation is somewhat different for the construction of a new train, as some
types of insulation must be installed anyway, thus there is no large difference whether a
higher insulation thickness or a better performing material is used.

Comparing the thermal envelope of trains to those of buildings, it is interesting to
note that trains operating in heating-dominated climates such as Central Europe typically
have U-values between 1.5 and 2.5 W/(m?-K) [13,14], whereas those for modern buildings
are usually in the range between 0.15 and 0.3 W/(m?2-K) [15]. This difference exists in
spite of comparable comfort requirements in buildings and passenger trains, especially for
long-distance trains. However, train envelopes are under much stricter space constraints
than building envelopes. This is because the outer dimensions of a train are usually limited
by the track width of the railway system, by tunnels or the dimensions of train stations.
Judging from discussions with train manufacturers and operators, the lower thermal
performance of train envelopes compared to buildings seems to be due to four main
reasons: (i) the space constraints mentioned above, (ii) structural connections in the train
envelope that create a significant amount of thermal bridges, (iii) the less stringent comfort
requirements in short-distance transportation (e.g., urban trains) and (iv) the considerably
less stringent legal or normative requirements on maximal allowed U-values for trains.
For buildings, the optimal U-value in terms of overall energy and CO; footprint over
the lifetime of the building is around 0.10 to 0.2 W/(m?-K), depending on the insulation
material and heating system [16]. For such a building, increasing the insulation thickness
can result in an increase in embodied energy, which is not offset by the energy savings
during operation in the building’s whole lifetime anymore—especially when low CO; heat
sources are used, as is more and more common nowadays, such as heat pumps driven by
low CO; electricity. Hence, the U-values of modern buildings in many heating-dominated
countries in Central Europe or Scandinavia are close to the energetic optimum. Train
envelopes, on the other hand, are far from these elevated performance standards. Thus,
an improvement of the train envelope insulation has strong potential for considerable
energy savings of HVAC during train operation with only relatively small increases in
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embodied energy, reducing the overall energy consumption and ecological footprint over
the train’s lifetime.

Thermal superinsulation materials are characterised by a thermal conductivity of
20 mW/(m-K) or less and have been established in the building sector for applications with
space constraints in the last 20 years. With thermal superinsulation, it is possible to achieve
two to four times the thermal resistance compared to conventional insulation materials
at the same insulation thickness. Alternatively, very thin building envelopes can be built
that still insulate just as well as conventional, thick envelopes. Superinsulation materials
are used for inner-city buildings where space is at a premium and for the retrofit of exist-
ing buildings, especially for historic ones [17]. Additionally, architectural details such as
window reveals, roller shutter housings or dormer window walls are common applica-
tions [18]. However, superinsulation materials are usually significantly more expensive
than conventional insulation materials for the same level of performance.

With the space constraints in trains, superinsulation materials are ideal to achieve a
superior thermal performance in the thermal envelope of trains. Despite this potential
advantage, there is very little documentation on their use in trains and in transport in
general, especially in the scientific literature. Asian manufacturers of aerogel advertise
the properties of their materials as ideal for use in train insulation but do not document
any applications in train envelopes [19,20]. Vacuum insulation panels (VIPs) have been
evaluated by simulation for the use in refrigerated vehicles by Gaedke and colleagues [21]
who found that the cooling energy used could be halved by using VIPs instead of rigid
polyurethane boards. Kraus and co-authors [22] studied the puncture resistance of VIPs
with different post-reinforcement methods in order to improve their durability in transport
applications under high dynamic load. They reported that the necessary penetration energy
can be doubled by pouring hotmelt on the panels. A German vacuum panel manufacturer
studied the effect of including VIPs in the envelope of an electric car, the BMW i3, on
thermal comfort and range of the vehicle. They found that significantly higher inside
temperatures were possible in the winter scenario and significantly lower ones in the
summer scenario. Furthermore, the range of the car at a very low temperature of —15 °C
was increased by ca. 40% [23]. Additionally, the application of VIPs in a commercial van
for refrigerated transport was advertised recently [24].

However, there are several open questions regarding the use of superinsulation ma-
terials in trains, which may have hindered their application in trains so far. For example,
all materials used in trains have to satisfy specific requirements regarding fire behaviour,
depending on the type of train and route. These are different from the material classifica-
tions of EN 13501-1 for buildings [25], according to which most superinsulation materials
have been characterised. Furthermore, the insulation materials in trains are subject to
vibrations, which could compromise their mechanical integrity. Hence, it is not clear if
the superinsulation materials that have been used successfully as building insulation are
ultimately also suitable to insulate trains.

In order to close this knowledge gap, the application of superinsulation materials as
train insulation was evaluated, considering thermal properties, fire properties, mechanical
properties as well as workability for installation in trains. The goal of this study is to
provide the necessary data and knowledge to train manufacturers and policymakers that is
needed in order to improve energy efficiency and thermal comfort in railway and transport
in general.

2. Screening of Insulation Materials

In order to find suitable insulation materials for the insulation of a train envelope, all
commercially available superinsulation materials were identified. This was done through
internet research as well as expert consultation. When there were several products of the
same material type, e.g., silica aerogel boards, the product with the most suitable properties
for the application in trains was selected. The superinsulation materials found in our
research were vacuum insulation panels (VIPs), silica aerogel boards, polyurethane (PU)
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aerogels, fumed silica boards as well as polyisocyanurate (PIR) foams. The properties of
the most suitable product in each of these material categories are listed in Table 1, and

some materials are shown in Figure 1.

Table 1. Materials for screening for the application as thermal insulation in trains with selected properties.

Thermal Water Vapour
. R Density Diffusion Fire Rating -,
Product Type Material Conductivity in (kg/m®) * Resistance Factor EN13501-1 * Remarks/Workability
mW/(m-K) * w*
Evacuated core Cannot be cut; has to be
Vacuum made from handled carefully in
insulation panel pyrogenic silica, 3 0 . . o order to avoid damage
(VIP), typical wrapped in a 78 180-210 Tight/impermeable E of membrane; longer
product metal coated delivery times for
membrane special sizes
Aerogel board h glre()XIElOQbic Can be handled similar
ros 4 Jydrop . 19 230 3 A2 to mineral wool; emits
typical product silica aerogel in . .
- . dust during handling
glass fibre matrix
Rigid intodution to market
PU aerogel board polyurethane 18 110-135 8 E .
expected in the next
aerogel board
years
PIR board, high Polyisocyanurate 18 ~30 ~Tight/impermeable E Easy to cut and handle
performance foam board
Fumed silica Fumed silica Has to be handled
compacted into 20 165 5 A2 carefully; low

board

rigid board

mechanical stability

* according to manufacturer, for VIP thermal conductivity including aging, edge effects and joints ** for VIPs without an additional fire
protection layer as commonly sold by producers; with an additional fire protection layer, better results can be achieved.

Vacuum insulation panels consist of an open pore core material, most commonly
fumed silica or glass wool, and a metallised, air- and vapour-tight envelope that is evacu-
ated during production. The thermal conductivity of VIPs right after production can be
as low as 24 mW/(m-K) at the centre of the panel. Taking into account their “aging”,
i.e., the decreasing of the vacuum quality over time, as well as thermal bridging via the
panel edge, official declaration values for VIPs with pyrogenic silica core in Europa are
typically 7 mW/(m-K). This value is a mean value over the panel’s assumed lifetime of
over 25 years and likely up to 50 years, which should not be exceeded within the first
12 years [26]. Vacuum panels are vapour tight and come in fixed sizes. They are the superin-
sulation materials with the highest insulation performance [27]. Silica aerogel insulators
are nano-porous materials, with open pores and thermal conductivities in the range of 14 to
20 mW/(m-K) [26,28]. Compared to VIPs, the handling of such fibre-reinforced aerogel
boards is more similar to mineral wool, i.e., relatively flexible. Silica aerogel is hydrophobic;
hence, its humidity uptake is minimal, making it a suitable insulation material in areas
that could be exposed to high humidity. There is also a diffusion-open, rigid polyurethane
aerogel board, which is not as brittle as silica aerogels [29]. In the last few years, polyisocya-
nurate foam insulation (PIR) boards have reached lower and lower thermal conductivities
by the use of special filler gases, so that some products are in the thermal superinsulation
range, with the best commercially available materials reaching thermal conductivities
down to 18 mW /(m:-K). PIR boards are diffusion-closed and can be cut and handled easily.
They are significantly cheaper than both aerogels and VIPs. Finally, fumed silica powder
can be pressed into board shape, reaching a thermal conductivity of 19 mW /(m-K) [30].
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(b)
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Figure 1. Thermal superinsulation materials considered for railway application: (a) vacuum insulation panel, (b) silica

aerogel board, (c) polyurethane aerogel, (d) PIR board. Images: Empa.

One reservation with silica aerogels and VIPs is their significantly higher density com-
pared to conventional insulators, cf. Table 1. This is a disadvantage, as train manufacturers
try to minimise the weight of the trains in order to reduce traction energy needs.

Conventional insulation materials such as EPS, mineral wool or melamine resin foam
were not considered here, as their thermal conductivities are not in the range of thermal
superinsulation, more specifically, above 30 mW /(m:K). In order to make trains more
comfortable and energy-efficient in the future, it is crucial to use space-saving insulators,
i.e., thermal superinsulation.

The most important properties of the materials apart from their thermal conductivity
are fire safety, mechanical stability and workability for an efficient installation.

Fire safety was an exclusion criterion in this case. The fire properties of the screened ma-
terials are classified in Table 1 according to the building material standard EN 13501-1 [25],
as they are mainly used for building insulation. Materials with a high contribution to fire
according to this standard—an E-classification—were not considered likely to pass the
train-specific fire tests. Hence, the two polyurethane-based materials were excluded due to
their fire rating. In addition to the fire contribution of the polyurethane-based materials,
the extremely toxic hydrogen cyanide is created during the combustion of PIR and PU
materials [31]. This would be particularly critical in the application in this work, due to the
tunnel passages of the Swiss railway with decreased ventilation. The VIPs, on the other
hand, were still considered but with a product that has a protective layer on the outside to
increase resistance to fire. From the fire load point of view, most VIPs have a core made
from a non-flammable material, and only the thin envelope is made from polymeric films
with a metallisation as barrier layers. Hence, with a protective layer, fire ratings much
better than E can be reached. Due to the combustion toxicity of PIR and PU aerogel boards,
a similar approach was not followed for these materials.
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Materials of low mechanical stability were not considered further, because their me-
chanical integrity might be compromised by the constant vibrations in a moving train. The
preparation and handling of the materials, e.g., cutting, drilling, etc., was also considered
in order to give use recommendations for the screened materials. Here, the fumed silica
board was excluded as, unlike the silica aerogel board, it has no fibre reinforcement and,
hence, a lower mechanical stability (the manufacturer of the fumed silica board does not
provide tensile strength data but notes that the corners and edges of the panel susceptible
to damage on impact and should be transported with care [30]). Because of that, cracks or
disintegration of the material under the constant vibration in a train would be likely.

Finally, vacuum insulation panels and silica aerogel boards remained as potentially
suitable materials. For these, one specific product currently available on the market was
examined in detail in terms of its thermal and fire properties as well as its behaviour
under vibration.

3. Methods
3.1. Materials

For the thermal conductivity measurements, the VIP product Vacupor NT-B2-S of
Porextherm was used (procured from manufacturer in 2018). For the measurement of
fire properties and the vibration testing, the VIP product va-Q-vip of va-Q-tec was used
(procured from manufacturer in 2018), since for this product, there was the option to add
a fire protective layer made of mica on the face of the VIPs. VIPs with this protective
layer were used in the fire tests. Both VIP types consist of a pressed core, mainly made of
pyrogenic silica, and a metallised plastic envelope. The thermal conductivity is declared as
<5 mW/(m-K) at delivery (for such non-building application), while for building applica-
tions, the declaration value is about 7 mW /(m-K), taking into account edge effects at the
joints of two panels. The declared density is 170 to 250 kg/m?.

For all three measurements, the silica aerogel material was a HECK Aero board
procured in 2016. This is a glass fibre/silica aerogel composite material, where the fibres
give mechanical stability to the board. The density was declared by the manufacturer as
<230 kg/m? and the thermal conductivity as 18 mW /(m-K). Since silica aerogel boards do
not show significant aging, the fact that the sample was procured two years prior to the
measurement is not expected to change the sample’s thermal performance.

3.2. Thermal Conductivity Measurements

The thermal conductivity of the selected VIP and silica aerogel products was measured
with two guarded hot plate devices in 2018.

Of the two thermal conductivity measuring devices, the larger one had a measuring
zone of 300 x 300 mm?, and a symmetrical setup, with a hot plate in the middle sandwiched
by two nominally identical specimens of the tested material below and above, with sample
sizes of typically 700 x 700 x 20 to 700 x 700 x 250 mm3. This setup in turn was
sandwiched by one cooling plate on top and one below. The smaller device was only able
to take one sample, of the preferred size of 65 x 65 x 10 to 65 x 65 x 15 mm?, with larger
sizes being possible.

The larger device adhered to EN 12667 with <£3% and had a reproducibility of the
measurement of better than +2% in general and <£5% with VIPs of >400 x 400 mm? [32].
The smaller device was made in the style of EN 12667 but with an absolute precision better
than £10%, when very different material types are compared [33,34].

The VIPs were measured before and after a test period in a train of the Swiss railway
operator Rhitische Bahn (RhB). For that, after the first measurement of thermal conductivity,
two panels were fixed with double-sided tape on the inside of the thermal envelope of one
of the technical cabinets of a control car of the train. The control car was then operative
for two months before the panels were carefully removed, and their thermal conductivity
was measured again. The panels were also checked for mechanical damage after this
test period.
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3.3. Measurement of Fire Properties

The selected VIP and silica aerogel materials were evaluated according to the relevant
technical standard EN 45545-2+A1:2016 for fire protection on railway vehicles [35]. For
this project, a use case with high fire requirements was considered, suitable for our partner
Rhatische Bahn. The fire requirements were evaluated for a standard vehicle and for
operation class 4. This operation class is for routes with tunnel sections such as the ones
that Rhitische Bahn operates, with long ones such as the Vereina tunnel, which is 19 km
in length.

Hence, the fire classification was conducted according to hazard level “HL3”, the
highest requirements. Depending on the application within the train, different requirements
are relevant. The materials were evaluated for the application in the walls, the roof and
the floor. These correspond to the requirement “R1” for walls and roof and “R10” for the
floor according to EN 45545-2, respectively. Because R10 is automatically satisfied, if R1 is,
only tests for the latter were performed. The tests were performed by the testing lab Lantal
Textiles AG, Switzerland.

The silica aerogel board screened in this project has a fire rating of A2-s1, d0 according
to EN 13501-1, a building-related standard. In this case, EN 45545-2+A1:2016 only requires
an additional test of emission of toxic gases in order to satisfy R1 for HL3. Hence, the
conventional index of toxicity was determined (CIT value). According to test T11.01 of EN
ISO 5659-2:2006 [36], three samples of the silica aerogel board of size 75 x 75 x 29 mm?
were exposed horizontally to thermal radiation of a strength of 50 kW /m? in a test chamber
without use of an ignition flame for the duration of ten minutes. The created combustion
gases were analysed using FTIR to determine the CIT value. For the CIT value, the
concentration of several toxic combustion gases is added up relative to reference values.

For the VIP, on the other hand, all tests according to EN 45545-2+A1:2016 were
conducted. For each test, the fire protective sheet was on the test side, i.e., the side exposed
in the test (either to heat or flame). The spread of flame test T02 was conducted with three
samples of size 790 x 150 x 17 mm?> according to EN ISO 5658-2:2006 [37]. In this test, the
sample is exposed to a flame on one end and the lateral spread of the flame on the sample is
measured over time. The reported value is the critical heat flux at extinguishment (CFE). As
the VIP material did not ignite in this test, a surface ignition test with a direct flame had to be
performed additionally with three samples of sizes 250 x 90 x 15 mm3 according to EN ISO
11925-2:2010 [38]. The next test conducted was the cone calorimeter test T03.01 according
to EN ISO 5660-1:2015 [39], where three samples of dimensions 100 x 100 x 17 mm?> were
exposed horizontally to an irradiation of 50 kW /m? with a spark plug to aid the ignition.
The heat release rate was determined from the flow rate and oxygen concentration in the
combustion product stream. The relevant value is the maximum mean heat release rate,
MARHE. With the tests T10.01, T10.02 and T11.01 of EN ISO 5659-2:2006, the optical density
of the smoke created in the combustion of the sample was determined and the combustion
gases were analysed. Three samples of dimensions 75 x 75 x 17 mm? were exposed
horizontally to thermal radiation of a strength of 50 kW/m? in a chamber without the use
of an ignition flame for the duration of ten minutes. The developed smoke was collected
and examined photometrically in a test chamber, by determination of the weakening of an
incident light beam. From that, the value Ds(4) was determined as the product of optical
density in the test chamber after four minutes and a factor depending on the geometries of
the test chamber and the sample. The VOF; is the cumulative value of the specific optical
densities after four minutes. The CIT value was determined by analysing the combustion
gases with FTIR.

As VIPs cannot be cut without losing functionality, all VIP samples were manufactured
specifically in the sizes required for the tests.

3.4. Vibration Testing

Both silica aerogel and VIPs are materials designed for industrial or building applica-
tions. Hence, there is little knowledge about their behaviour under continuous vibrations,



Appl. Sci. 2021, 11, 2939

90f19
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as they occur in trains. The main concern was that silica aerogel boards might be compacted
over time or release excessive amounts of dust and that the envelope of the VIPs would be
compromised under constant vibration.

A test on the basis of the standard IEC 61373 “Railway applications—Rolling stock
equipment—Shock and vibration tests” [40] was implemented. This standard distinguishes
different material classes and different application points within the train. Thermal insula-
tion is classified as Class A and Category 1 (body mounted). For long-life tests, the test
specimen is subjected to a random vibration with a defined acceleration spectral density.
The highest amplitude of the three directions (vertical, transverse and longitudinal) was
selected with 0.532 (m/s?)?/Hz for a mass of the material of less than 500 kg. The limiting
frequencies for this mass range were set at f; =5 Hz und f, = 150 Hz (cf. Figure 2). Accord-
ing to the standard, the test duration is 15 h. Since the goal was to determine the released
dust in case of the silica aerogel material, a much longer test duration of at least 55 h was
applied (58 h for the silica aerogel and 55 h for the VIP).
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Figure 2. (a) Shape of acceleration spectral density according to IEC 61373. (b) Acceleration spectral density as measured in
our setup with an RMS output voltage of the amplifier of 9.6 V.

The vibration tests were performed using an electromagnetic shaker. A random signal
with constant RMS (root mean square) between 5 and 150 Hz was produced by means of a
signal generator and used as input to the power amplifier. The magnitude of the amplifier
output was adjusted manually to obtain the desired overall vibration level of the shaker.
The resulting vibration was measured with an accelerometer, and the acceleration density
spectrum was determined with the MATLAB function pwelch. As shown in Figure 2, the
shaker produced a spectrum within the limits of the standard IEC 61373. Note that the
acceleration spectrum is modified by the dynamic characteristic of the shaker and decays
with higher frequencies.

The mounting of the samples on the shaker is shown in Figure 3. The samples were
glued onto an aluminium plate, which was connected to the shaker via a steel bracket. In
the case of the silica aerogel board, a polyurethane-based liquid glue was used. For the
VIPs, double-sided adhesive tape was employed. For the silica aerogel, the sample was
furthermore covered with a bag, which was weighed before, during and after testing in
order to determine the weight of the dust that was released due to the vibrations. Like
that, the vibration test period for the aerogel was split into three sub-periods of roughly
equal duration in order to study changes in the rate of dust release. After the testing,
both aerogel and VIP samples were checked for their integrity. The sample sizes were
500 x 500 x 20 mm? for the aerogel and 496 x 496 x 19.5 mm?3 for the VIP.
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Figure 3. Vibration test setup with silica aerogel board fixed to a shaker with a plastic bag for dust
collection. Image: Empa.

3.5. Application Aspects

For the selected VIPs and silica aerogel boards, an evaluation was made on how and
where in the train envelope they should be used. For this, the handling of the materials,
their thermal performance, as well as the cost of the materials was taken into account.
Furthermore, the ecological aspects of the superinsulation materials were evaluated with
the embodied energy and carbon dioxide.

4. Results
4.1. Thermal Conductivity Measurements

The results of the measurements of thermal conductivity are shown in Table 2. As
expected, the vacuum insulation panels have the best insulation performance, in the range
of 3-4 mW/(m-K) at the panel centre, followed by the silica aerogel board with a thermal
conductivity of about 19 mW /(m-K). No significant change in the thermal properties was
observed in the VIPs after the test period in the train. Neither was any damage visible on
the panels.

Table 2. Results of the thermal conductivity measurements conducted at Empa.

. Thermal Conductivity Sample Dimensions .
Material (mW/(m-K)) (mm?) Measurement Device
VIF, sample .1’ befgre test period 35+1.0 250 x 250 x 10 Small guarded hot plate, Empa
in train
VIP, sample 1, after test period 32+1.0 250 x 250 x 10 Small guarded hot plate, Empa
VIF, sample .2’ befgre test period 40+1.0 250 x 250 x 10 Small guarded hot plate, Empa
in train
VIP, sample 2, after test period 43+1.0 250 x 250 x 10 Small guarded hot plate, Empa
Silica aerogel board 188 4 0.1 700 x 700 x 21 Large guarded hot plate, Empa,

symmetrical with 2 samples
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4.2. Fire Properties

The results of the fire tests are summarised in Table 3.

Table 3. Results of the fire tests for the silica aerogel board and the VIP with a fire protection layer. Each measurement is

determined with three samples. Values given represent mean values.

MARHE CFE Flame Surface Ignition,
(kW/m?) (kW/m?) Ds@) VOF, Spread Flame Spread CITg
Requirement for
R1 HL3 <20 <150 <300 <150 mm <150 mm <0.75
Silica aerogel N.a. as A2 classified <0.1
board
VIP with fire 494 57.1 74.30 No ignition No ignition 0.05

protection sheet

For the silica aerogel boards, which already have an A2 fire rating according to
EN 13501-1, the test of the emission of toxic gases yielded a mean value of the CITg
value (conventional index of toxicity) of <0.1 for the three measured samples. Hence, the
requirements for R1 at HL3 were met for this specific product. It should be kept in mind
that there are also aerogel boards that do not reach A2 fire ratings and for which, hence,
the applicability in trains is not guaranteed.

For the VIPs, all fire tests were passed for R1 at HL3. More specifically, the cone
calorimeter test yielded a mean MARHE value of 31.9 kW/m? for three samples. The
spread of the flame test resulted in a mean CFE value of 49.4 kW/ m? for three samples,
but the samples did not ignite. The following results were found for three samples in the
smoke and toxicity test with FTIR: Ds(4) = 57.1, VOF, = 74.30 and CITg = 0.05. The surface
ignition test was passed with none of the samples igniting within 60 s.

4.3. Vibration Testing

After the vibration tests of 58 h, the silica aerogel blanket had released dust, which
was visible in the plastic bag around it. The mass of the total amount of dust released was
determined to be ca. 0.047% of the sample weight. There was no significant change in the
dust release over the measurement period. In the three sub-periods of the total duration of
58 h, the calculated hourly dust release was 1.1, 0.4 and 1.0-10%%/h, respectively. Apart
from the dust release, there was no visible deterioration of the sample or any delamination
from the aluminium board.

For the VIP sample, no damages of the envelope or other changes were after the 55 h
vibration period. Additionally, the fixing with double-sided adhesive tape turned out to
be stable.

4.4. Application Aspects

Silica aerogel boards can be handled similarly to mineral wool: they can be cut,
drilled and bent. These operations do release dust, however, so pre-cutting to the desired
dimensions for installation in the train is preferable. VIPs, on the other hand, cannot be
cut or drilled and have to be handled with care in order to prevent any damage to the
envelope. They can be bent to a certain extent but less so compared to silica aerogel boards.
Furthermore, for the installation location, it has to be made sure that there are no sharp
edges or protrusions that could damage the envelope during the installation or the use
of the train—especially given the continuous vibrations during operation. Hence, from
the handling point of view, VIPs are best suited for even surfaces that are protected from
mechanical stress as well as rectangular areas. While openings in VIPs for penetrations
(fixation elements, etc.) or more irregular shapes can be realised during production, this
increases cost, making it less attractive. Aerogel boards, on the other hand, can be handled
flexibly, also allowing for higher dimensional tolerances, as they can be cut to size on site.
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From the thermal performance point of view, VIPs are superior to aerogel boards, with
a thermal conductivity including aging of about half of that of aerogel boards, as shown
above. This is the case, though, only for panels of sizes larger than 300 x 400 mm? [41].
For panels of a smaller size, the thermal bridge constituted by the edge of the panel affects
the performance too much, so that the use of small panels is not recommended.

Both aerogel and VIPs are significantly more expensive than conventional insulation
materials, with a cost at around 5500 and 6500 EUR per m?, respectively, depending on
purchase volume and manufacturer. This compares to the cost of several hundred euro per
m?3 for conventional materials. Considering the cost per performance, to reach, for example,
a U-value of 0.2 W/(m?-K), the cost would be approximately 220, 500 and 40 EUR/m?,
for VIPs, silica aerogel and conventional materials, respectively. Thus, the application
of these superinsulation materials is economically only justified if the desired insulation
performance cannot be reached with conventional materials, i.e., due to space restrictions.
As VIPs have a lower thermal conductivity than aerogel boards, their cost per insulation
performance is roughly half of that of aerogel. Hence, if in a given application area, all
other parameters are equal, VIPs are preferable from an economic point of view. This cost
advantage is based on a sufficiently high number of items of VIPs, though, as VIPs can be
produced more cost-effectively if more units are produced. Hence, for a single area of a
given size that does not repeat at all, aerogel boards may still be more cost-effective.

The environmental product declarations (EPDs) of VIPs and silica aerogel boards are
summarized in Table 4 with their global warming potential and the non-renewable primary
energy. The values for melamine resin foam are listed for comparison. Per mass, they are
in the same order of magnitude but both superinsulation materials have a much higher
density, so that their performance-based footprint is significantly higher.

Table 4. Summary of environmental product declaration for Porextherm Vacupor VIP [42], Aspen Spaceloft A2 aero-

gel blanket [43] and melamine resin foam [44] and performance-based global warming potential and non-renewable

primary energy.

Global Warming Non-Renewable I)Globa'l Warmmg2 Non-Renewable Prlzmary
. . . 3 otential for 1 m Energy for 1 m
Potential Primary Energy Density (kg/m?) . 2 . 2
(ke CO,-eq./ke) (KWh/ke) with R =1 m*-K/W with R =1 m*-K/W
§ LU2meq ke & (kg COz-eq.) (KWh)
Vacupor 9.24 43.09 190 12.3 57.3
Spaceloft, A2 6.25 33.61 200 23.8 127.7
melamine resin foam 8.02 34.00 10 2.6 10.9

5. Discussion
5.1. Thermal Conductivity Measurements

The thermal conductivity measurements confirm the good declared thermal perfor-
mance of VIPs and silica aerogel boards. They are the two best commercially available
thermal superinsulation materials [26]. Due to the organisation of this project, the thermal
conductivity measurement was done on another product (Vacupor NT-B2-S) than the fire
and vibration tests (va-Q-vip). However, the thermal conductivity of the second product is
comparable to the first, with a thermal conductivity of 4.2 mW/(m-K) measured at Empa
previously (unpublished data). For the VIPs, one should keep in mind that the vacuum
degrades over time and with that their thermal conductivity increases. Hence, one should
use a value of 7 mW/(m-K) for calculations of thermal transmittance. The fact that our
results for the silica aerogel board product are slightly higher than the declaration value
might be due to different measurement conditions. Here, the sample was mechanically
supported at its corners, so that not the full weight of the measuring device would rest
on it. This is important, since compression can lead to lower thermal conductivities for
silica aerogels. We decided to measure without compression, since it corresponds better to
the planned application: as a board on a wall under no compression. The results for the
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VIPs furthermore show that the thermal conductivity values of the VIP samples before and
after the test installation in a train were unchanged, considering the error of the measure-
ment. This indicates that the installation and use in a train—at least short term—do not
compromise the envelope of the VIP due to vibration or other mechanical loads.

In order to better understand the implications of these results for the thermal proper-
ties of a train envelope, one can consider a simplified example of a train wall, consisting of
an outside and inside metal layer sandwiching the thermal insulation, without considering
any thermal bridges—which are frequent in train walls. Since the metal layers do not
significantly contribute to the thermal resistance of such a wall, one can neglect them.
The same holds for the external thermal surface resistance, due to the speed of a moving
train. Hence, the thermal resistance, R, of such a wall is approximately R = Rjng + Rgj, with
Rins = d/A being the resistance of the insulation layer equal to the insulation layer thickness
divided by its thermal conductivity and Rg; being the internal thermal surface resistance,
which is set here to 0.13 m?-K/W as for buildings. The U-value of the simplified wall
would be the inverse of the thermal resistance R, U =1/R =1/(Rg + d/A). The values of U
and R are shown in Table 5 for a typical insulation thickness in trains of 20 mm and three
different thermal insulation materials: VIP, silica aerogel board and conventional thermal
insulation material (e.g., melamine resin foam). This simple approximation shows the large
improvement that superinsulation materials can bring for a train envelope. Of course,
this is a strong simplification, as thermal bridges are very common in train envelopes
due to structural reasons, and U-values of real train envelopes are significantly higher.
Additionally, this U-value is not the overall U-value of the train, which, apart from thermal
bridges, also takes into account the train’s shape.

Table 5. Thermal resistance and U-value of a simplified train wall with different insulation for a
given thickness of 20 mm.

A (mW/(m-K)) R (m?-K/W) U (W/(m?*K))
VIP 7 2.99 0.33
Silica aerogel board 19 1.18 0.85
Conventional insulation material 32 0.76 1.32

5.2. Fire Properties

The results of the fire tests show that the specific VIP product with the protection layer
and the specific silica aerogel board selected here can both be used in train walls, roofs and
floors with respect to the requirements for fire behaviour. Since the tests were conducted for
the criteria of the highest hazard level “HL3”, these results cover all operation classes and
vehicle types defined within EN 45545-2+A1:2016, i.e., the broadest possible application
within this standard on fire protection on railway vehicles. That means that the tested
materials can be used, with respect to their fire behaviour, in walls, roofs and floors not
only of standard vehicles but also of sleeping cars or double deck trains as covered by EN
45545-2+A1:2016.

5.3. Vibration Testing

The results of the vibration testing show no evidence that the vacuum panels would
be compromised by the constant vibrations in trains, leading to a punctuation of the VIP en-
velope. This finding is supported by the results of the thermal conductivity measurements
after the test period in an actual train: had there been even a small hole in the envelope,
the measured thermal conductivity after the test would have been significantly higher.
While the criteria in vibration tests were stricter than required in the standard IEC 61373
for railway shock and vibration tests, it cannot be excluded that vibrations over decades
of a train’s lifetime would lead to a breach in the VIP envelope. The results presented
here, however, indicate that the risk of that happening is low and that the application
should be tried. In particular, it should be considered that a ventilated VIP, i.e., no vacuum
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left, with a fumed silica core still has a thermal conductivity of about 20 mW /(m-K) [45],
which is significantly better than any conventional insulation material currently used in
trains. One could use this thermal conductivity for the calculation of the adherence to the
thermal performance criteria of the train envelope in order to mitigate the risk until more
experience with VIPs in trains is gathered.

The dust release observed in the aerogel boards under continuous vibration is small
so that no degradation of the shape of the boards or their thermal performance is to be
expected even over long time periods. Since dust in general, and hence, also aerogel dust,
is harmful if inhaled, in a train application, great care needs to be taken that no dust is
released from the insulation layer into the passenger area. For this reason, silica aerogel
boards would not be suitable as internal insulation of a ventilation duct, for example.

5.4. Application Aspects

Taking into account the differences for the application of VIPs and silica aerogel boards
in terms of their handling, thermal conductivity and cost per insulation performance as
described in the Results section, the following recommendations can be given. If there are
no space constraints, conventional materials should be used due to their lower cost and
lower embodied energy and lower global warming potential. If space is constrained and a
higher performance is desired, for all large, repetitive and regular areas inside the envelope
of a train, VIPs are the preferred superinsulation materials due to their better performance
and their cost efficiency. Given the right dimensional tolerance for the application area, VIPs
can be manufactured to size and easily installed. Care should be taken during installation
that the VIPs are not damaged. Quality control of the installation can be performed by
subsequent thermal imaging to identify compromised VIPs in the train’s envelope. For the
insulation of areas that are smaller or not regular (e.g., not rectangular or of varying shape),
aerogel boards should be used. These can be drilled and cut according to the needs, either
by the manufacturer or on the installation site. Hence, aerogel boards can be used with
much higher flexibility. Aerogel boards can also be used to “frame” VIPs if dimensional
tolerance on the areas to insulate are high or if there are insulation areas of slightly varying
size. For that, a VIP is installed in the middle of the area, and pieces of aerogel board are
cut to size to go around it.

Since it is more costly to achieve the same thermal performance with a superinsulation
material compared to a conventional one, superinsulation materials should only be used
if there is an additional benefit due to the space savings achieved with them. Whether
these space savings are worth the additional cost needs to be decided individually for
specific applications. For example, if an additional row of seats or wider seats for more
travel comfort are possible due to the space savings, the economic benefits of carrying
more passengers or charging a higher ticket price can outweigh the cost premium of
superinsulation materials.

One can also get an idea of the financial and environmental impact of using superin-
sulation materials in trains by estimating the energy savings compared to conventional
insulation. As an example, a typical U-value reached with about 20 mm of conventional
melamine resin foam insulation would be 2.0 W/(m?K), taking into account thermal
bridges in the train envelope (as presented in Table 5, an “unperturbed” wall without
thermal bridges would have a U-value of 1.32 W/ (m?-K) for an insulation material with a
thermal conductivity of 32 mW /(m-K); so, the difference to the U-value of 2.0 W/(m?K) is
due to thermal bridges, which are more frequent in trains than buildings due to construc-
tive reasons.). A conservative assumption for using VIPs instead of conventional insulation
would be a U-value of 0.8 W/(m?K) and a U-value of 1.4 W/(m?K) for using silica aerogel
boards instead of conventional insulation. The difference of these U-values and the one for
conventional insulation multiplied by the heating degree days for the operating region of
the train is equal to the yearly energy savings. Heating degree days can be calculated by
summing the difference between the target inside and mean daily outside temperatures,
counting each day in a year on which the mean outside temperature falls below a defined
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base temperature. In Zurich, for example, the mean heating degree days for buildings
over the time period of 2011 to 2020 are 3125°d, with respect to the base temperature of
12 °C [46]. Since trains are not operative all day—and hence, do not need to be heated
all day—a conservative value for train heating degree days is to take half of the value for
buildings. Thus, one calculates an annual saving of about 45.0 kWh/m? of train envelope
for VIPs and of about 22.5 kWh/m? for silica aerogel boards—in both cases compared to
conventional melamine foam resin.

One can consider the economic payback of using superinsulation materials for the
example of an ICE 4 train. A new ICE 4 train costs about 39 million EUR [47]. At a length,
height and width of 375, 4.1 and 2.9 m, respectively, it takes just under 90 m? of insulation
material to insulate such a train with 20 mm of insulation (subtracting 25% of window
area on the side walls). Considering a thermal superinsulation cost of 4000 EUR/ m? and a
conventional insulation material cost of 500 EUR/m?3, the use of thermal superinsulation
would incur an additional cost about 70 EUR/m? of opaque train envelope and make the
whole train roughly 0.8% more expensive. Assuming an electricity price of 0.1 EUR/kWh
(e.g., 0.11 CHF/kWh for Swiss trains [48]) and not considering any transforming losses
when using this electricity for heating, the thermal superinsulation would only be paid back
in about 16 years for VIP and in about 31 years for silica aerogel boards. Since no energy
savings for cooling due to the better U-values were considered here, the actual payback
time would be somewhat shorter. The same holds if electricity prices would become
higher. On the other hand, discounting and opportunity costs for such an investment into
a more expensive insulation are not considered, which would increase the payback period.
This very rough estimation indicates that using thermal superinsulation in trains may be
financially interesting or not depending on the specific train and climate at hand. Thus, the
individual situation needs to be considered and evaluated in detail in order to answer the
question of financial feasibility of thermal superinsulation in that case.

The same approach can be used to estimate the ecological payback of superinsulation
materials in trains, at least in terms of embodied energy. Considering the density and
embodied energy of VIPs, silica aerogel boards and melamine resin foam according to
Table 4, one can calculate the difference in embodied energy per square metre of 20 mm
insulation between the superinsulation materials and the conventional melamine resin
foam. This difference would be 156.9 kWh/m? for the VIPs and 127.6 kWh/m? for the
silica aerogel boards. Dividing by the yearly energy savings of 45.0 and 22.5 kWh/m? for
VIPs and aerogel, respectively, the result is an embodied energy payback period of about
3.5 and 5.7 years for VIPs and silica aerogel boards, respectively. This is much shorter than
the operation duration of trains of about 30 years or more. Hence, this rough estimation
of embodied energy payback shows that the use of superinsulation materials to achieve
lower U-values in trains is clearly indicated from an ecological point of view. This holds in
spite of the fact that many train operators in Europe use already renewable energy, since
overall, Europe is still far from a completely renewable electricity production with 34%
renewable electricity for 2019 [49]. Therefore, any energy saved in the transport sector—be
it renewable or not—can be used in other sectors where the energy mix is not completely
green yet.

6. Conclusions and Outlook

The present study on thermal, fire and mechanical properties of superinsulation
materials as well as their application aspects shows the large potential of these materials
for the improvement of energy efficiency and thermal comfort in trains.

To our knowledge, this is the first publication that demonstrates the feasibility of using
VIPs and silica aerogels in trains so that the studied products can now be applied with
good confidence. A clear conclusion that can be draw here is that these materials should
in fact be applied in order to increase energy efficiency and thermal comfort. It should
be noted that these statements are valid for the specific discussed products, and not all
aerogel nor VIP products fulfil the requirements for trains.
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A rough analysis of the economics of train insulation for new trains indicates that
substituting VIPs or silica aerogel boards for conventional insulation materials at the same
thickness is cost-neutral or cost-saving over the life-time of the train due to the energy
savings these materials allow. Additionally, surface temperatures on the inside of the
train envelope will be higher, which improves thermal comfort and might allow for lower
air temperatures, while still achieving good thermal comfort, leading to further energy
savings. Since the increase in embodied energy due to the use of VIPs or silica aerogel
boards is compensated by energy savings during the train’s operation within a few years,
these superinsulation materials should be used instead of conventional materials whenever
possible. Of course it is possible to insulate “too much”, i.e., when the embodied energy
of adding more insulation is not compensated by additional energy savings any further.
However, this would happen at much lower U-values—in the building context at around
0.1 to 0.2 W/(m?-K) [16].

In order to mitigate the limitations in the handling of superinsulation materials,
especially of VIPs, their use should be considered already in the early phases of train
design, so that solutions can be found that are compatible with the use of these materials.
Other applications, such as refrigerators where VIPs are commonly used, show that it is
possible to accommodate for the specialty of this material by design considerations.

The clear recommendation of this study to use suitable superinsulation materials in
space constraint thermal envelopes can be extended to other types of public transport such
as buses and trams, at least in terms of thermal and mechanical properties as well as the
application aspects. The fire behaviour requirements for these other transports might be
different than for railway and need to be taken into account separately.

As next steps building on these results, one should evaluate superinsulation material
solutions in more detail through field studies over long time periods with the monitoring
of hygrothermal and mechanical properties. This will further reduce the unknowns and the
risks associated with the use of these new materials in railway applications. Additionally,
the thermal properties of a whole train should be studied, comparing both conventional and
superinsulation materials. This could be done initially with simulations and, subsequently,
with measurements on train prototypes. In such an analysis, a more detailed evaluation
should be performed of the economic feasibility of using thermal superinsulation as well
as of the optimal insulation thickness considering the maximally available space, energy
savings, additional cost of the material compared to conventional insulators, increase
in embodied energy of the insulation as well as any traction energy increases due to
higher weight.

These types of studies could greatly support the introduction of stricter energy ef-
ficiency labels or legal performance requirements for trains by demonstrating what is
possible with state-of-the-art insulation materials. We believe that changes towards more
energy-efficient trains with lower U-values and optimised HVAC systems will likely be
driven mostly by stricter requirements for the thermal envelopes of trains. This is because
neither train manufacturers nor railway operators have strong incentives to increase en-
ergy efficiency. There has been somewhat of a shift, for example, with the introduction
of full-cost energy billing for operators [50], so that energy efficiency slowly becomes a
relevant optimisation factor besides cost, comfort requirements and maximum passenger
space. The introduction of a maximum allowed U-value or of a cap of the total energy use
for a given train would likely accelerate this shift towards energy efficiency in railway—in
a similar way as legal requirements and labels have done in the building sector.
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