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1 ABSTRACT

Containers are widely used within the Bundeswebpeeially in military camps. These containers often
overheat, most notably in southern areas. High éeatpres can cause problems like accelerated agéing
stored material or failure of electronic equipmemning inside. Air conditioning systems can couate
this but consume high amounts of energy and regegelar maintenance.

Passive cooling technologies, i.e. technologiesdbal without requiring additional energy, areeimled to
alleviate this problem. The simplest passive capliachnology is shading e.g. by applying additional
roofing or camouflage nets. However, the disadygegaare the additional required material and the
assembly and disassembly whenever the containesved.

New technologies for passive cooling are basediftereint mechanisms: Coatings can reduce the belat-
up either by being highly reflective or through @vel mechanism called passive daytime radiativdingo
(PDRC). Another technique is the use of heat stogamels, which contain phase change material (RGM)
minimize the daytime heating of the containers.th@mnmore, spacer fabrics on the surface of containe
allow cooling based on the chimney effect.

To evaluate the passive cooling power of the diffiertechnologies, containers were equipped witaethr
different cooling coating systems, heat storageelsarspacer fabrics, roofing and camouflage neto Tw
regular containers were used as a baseline. Tetupenaas measured at each container at differests sp
inside and outside. Further, every container wasppgd with an air conditioning system and a pometer

to measure energy consumption.

All containers with passive cooling technologie®whd lower temperatures compared to the reference
containers. The power measurements confirmed arlem&rgy consumption of the air-conditioning system
PDRC coatings, PCMs und spacer fabrics show arbe#tesive cooling power than shadowing like e.g.
roofing. PDRC coatings were the most effective mebtbgy overall in this setup, but dependent on the
application scenarios, the other passive coolistesys can also be powerful.

2 INTRODUCTION

In times of global warming, solutions for coolingweh surfaces are widely asked. Within the Bundesweh
surfaces of containers - especially in southeritanjl operational areas - heat up fast, which edsalts in
high temperatures inside the containers. This ead to accelerated ageing of sensitive storagerialate
device failure due to overheating. Cooling by usiaig conditioning systems requires high energy
consumption and regular maintenance of the devieggecially in areas with weak infrastructure, ¢hergy
supply can only be guaranteed by diesel generatdrish is why energy consumption should be as lew a
possible.

Passive cooling technologies, i.e. technologies twl without requiring additional energy, seem to
counteract this problem. They can provide an enviventally friendly way to regulate temperature with
relying on active cooling systems. One of the seaplpassive cooling technologies is shading. Altual
containers are shaded with additional roofing anaaflage nets. Disadvantages here are the additiona
material required and the assembly and disassenii#yn moving and during storms.

A relatively new technology for passive coolingbiased on coatings. These have the advantage that no
additional material has to be transported or asksivdifter the paint has been applied. Coatingsagang

e.g. ceramic or BaSO4-particles, which are alreamgmercially available, enable slower heating awaer
surface temperatures due to high reflection in db&ar spectrum. Based on findings from Columbia
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University, a Canadian startup developed a poralaner layer that combines high reflection in tldas
spectrum and high emission of thermal radiatiorsgpe daytime radiative cooling - PDRC) [Mandal 2p1
Under ideal conditions, temperatures below amt@mperature should be achieved.

Beside coatings, latent heat storage plates congaphase change material (PCM) applied outside.@f
containers prevent surfaces from heating by stottregheat. As long as the heat storage capacitptis
exceeded the container surface, and also the vohfntiee container, does not heat up. PCM-boxes were
already tested in a real-size experiment and shangmbd behavior in reducing heat up [Sonnick 2020]
least, spacer fabrics also can help cooling dowfase due to an air flow induced by convectiondesihe
fabrics. [Pires 2011]

All technologies have advantages and disadvanggsdmg different points like cooling power at éifént
weather scenarios, application, stability and tbssybility of optical adaptation. Especially thesessment
and the comparison of the cooling power of theedéht technology based on literature data is ahgithg.
Therefore, all technologies are be applied on doeta standing next to each other. Measuring the
temperature inside and outside allows to evaluagecboling performance of the different technolegie
Further, the power of the air conditioning systensde the containers is measured to investigassiple
energy savings.

3 THEORETICAL BACKGROUND
3.1 Passive Cooling Technologies

3.1.1 Shading Systems

Passive cooling through shading is an effectivehogtto protect buildings or containers from exo@ssi
heat, especially in warm climates. By strategicadlgcing camouflage nets or roofing, direct surtligh
exposure is reduced. This leads to decreasingdfisatption, a decelerated heat up and energy savihg
advantage of this technology lies in its simplicifyne disadvantage is, that additional material godd
construction skills are required for applying safad efficient shading structures. [Bhamare 2019#la
2012]

3.1.2 Radiative Cooling

Radiative cooling can be achieved by applying oggtiwhich contain thermal radiation emitters emgti
heat in form of infrared radiation to lower the msmature of surfaces and reduces heating from solar
radiation inside buildings or containers. Passiagtiche radiative cooling is a specific applicatmfpassive
radiative cooling and operates during daylight BolBDRC coatings are based on materials whichctefle
sunlight and emit thermal radiation to cool downfates even when the sun is shining. By selectively
reflecting sunlight while efficiently emitting heahese materials achieve significant lower temipees than
traditional coatings. The surface temperature WMBRC coatings can even be lower than ambient
temperature. PDRC coatings are based on diffeeghinblogies like e.g. using BaSO4-pigments, differe
shaped ceramic particles or applying a porous petyayer. This technology is most recommended &y h
dry climates with high global irradiation but alsan be used in other climates. A disadvantage efeth
paintings lies in their limited colour range: withcreasing darkness of the colour lower cooling @ovwe
available. [Bhamare 2019, Chen 2021, ECT 2007,ddb2018, Mandal 2020]

3.1.3 Phase Change Material

Phase change material-based latent heat storaigs jpllasorb or release heat during their phaseittcems
Therefore, they are appropriate to store and reldzymal energy. PCM, often based on parrafinsatis,

are integrated into plates and absorp heat at ttagisition from solid to liquid and vice versa.itys PCM
plates enables compact and effective storage @& lamounts of thermal energy at relatively low so$he
disadvantage is the limited heat storage capadtitghe capacity is exceeded, the plates have to be
reconditioned by cooling down (e.g. at night) favigg off the stored heat. [Oropeza-Perez 2018,nBdn
2020]
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3.1.4 Spacer Fabrics

Using spacer fabrics on surfaces allows the coatih@uildings or containers without relying on aeti
cooling systems. In this technique, the spaceridatefficiently dissipate heat with an airflow cadsby
convection. [Pires 2011]

4 EXPERIMENTAL

For testing the passive cooling technologies iaa size scenario, ten 10 ft containers are eqdippth the
different technologies (Fig. 1). Two reference eimérs are coated with typical military coatingpayed

by TL 8010-0002 in RAL 6031-F9 bronce green and R&I39-F9 sand beige (C1 and C2). The containers
C3 and C4 are equipped with the PDRC Coating PoktFM by the canadian startup Chillskyn, where C3
is only coated on the roof. The coating SuperthkynspiCoatings is applied on C5 and C6 is coatdl wi
Pleyers800® by Porviva. Latent heat storage phattsa phase transition temperature of 25°C arenteml

on container C7 by MELT. The used spacer fabricsContainer C8 are from Mduller Textil. Additional
additive manufactured chimneys on the roof shalb he cool down the roof efficiently. On the lasta
containers, the shading was recreated using ro¢88) and camouflage nets (C10). All container ddace
south.

——
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Fig. 1: Test setup for passive cooling technologie40 ft containers (from left to right: camoufaget, roofing, spacer fabrics,

coating Pleyers800®, coating Supertherm, PDRC co&hitiSkyn, PDRC coating ChillSkyn roof only, referersand beige,
reference bronce green)

The temperature data is recorded with type K theouples and Pico TC-08 data loggers. Thermocouples
are applied outside on the roof and on the dooriaside on the roof, the door and in the middlethaf
containers. Further, Trotec BL 30 climate data &gare placed inside the containers. Thermal imafjdse
containers are made with DJI Mavic 2 Enterprisendrequipped with a Mavic 2 Enterprise Dual thermal
imaging camera und Mavic 2 Enterprise Dual visiamera.

The containers C2 to C10 contain air conditioniggtems K3RNB9A from Gree. The power of the air
conditioner is measured with the Sefram DAS 140@atde recorder and the appropriate current claamols
adapters.

By using a weather station, the global radiatiam,rwind and temperature are recorded.

Fig. 2: Thermal image of the test setup for passoaing technologies on 10 ft containers (fron tefright: camouflage net,
roofing, spacer fabrics, coating Pleyers80tbating Supertherm, PDRC coating ChillSkyn, PDRC ngafihillSkyn roof only,
reference sand beige, reference bronce green)

5 RESULTS

Thermal imaging is a good way to get a qualitativerall impression of the cooling behavior of tlegigus
technologies. Figure 2 shows a thermal image ofaitainers taken with a camera equipped dronele€oo
parts are shown in blue colour, hot parts appeesedrcolour (detailed assignment of colour to terapge is
not available). All containers equipped with a pasgooling technology are blue coloured and showelr
temperatures than the reference containers C1 analit@ the exception of container C9, which hasaf r
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for shading the container. Also noticable are thieta@iners C3 and C4 which have the coolest roafsved
by the deep blue colour. These containers are @odth the PDRC coating PolyfrostTM.

5.1 Temperature measurements

For getting quantitative informations about the lomppower of the different passive cooling tectomiés,
temperature is measured inside and outside ofdh&imers. Figure 3 shows exemplary for the day4th
august 2023 the maximum temperatures inside argideubf the container. The maximum environmental
temperature for that day was 33°C and there wasimoor clouds. Regarding the temperature outsiue,
container with the PDRC coating shows maximum sarfdemperatures lower or similar to the
environmental temperature. Compared to the referenatainers, there is a temperature differen@3ot

to the sand beige one, and even 32°C to the brgneen container. For the other passive cooling
technologies, the surface temperature is also lam@enpared to the reference containers. the maximum
surface temperature for all passive cooling teatufies can be found at 42°C for the container whid t
spacer fabrics.
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Figure 3: Exemplary maximum temperature for one (ddyAugust 2023) measured with PicoLog dataloggatside the container
on the roof (blue) and inside the container (orange
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Figure 4: Average maximum and minimum temperatuséle the containers measured with the Trotec alggals for week 32 and
33 as well as the difference of both temperatunelstibe temperature of the environment
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The temperature inside the containers at 14th a®2s8 is for all containers lower and lies betw@6AC

and 39°C. The maximum temperature inside is alsasored in the reference containers. The lowest
temperatures can be found at the container wittatieat heat storage plates followed by the cortaimvith

the PDRC coating. For getting a more general assedsof the cooling power, the average maximum and
minimum temperature inside the containers is datexdhfor a time interval of two weeks (see Fig. ®e
difference of the maximum and minimum temperatwwealiso showed as a parameter for temperature
fluctuation during a day. By far, the latent hetirage plates and the PDRC coating show the lowest
temperature inside the containers. The temperafargke other passive cooling technologies li¢ hedow

or around the environmental temperature with exoepif the container with the roofing. The reasonthe
heating of this containers can be the unshaded fdoor area) of the container.

Regarding the temperature difference it is notiteahbat the container with the latent heat stofglgtes has

an average temperature fluctuation during the dayly 6°C. Due to heat release during the nidigre is a
higher minimum temperature. This can influence ¢nergy saving behavior negatively compared to the
other technologies, but for storing material, whigkensitive to periodic temperature fluctuatithis can be
the technology of choice.

5.2 Energy saving due to passive cooling technologies

For evaluating the possible energy savings by udifigrent passive cooling technologies, air candinhg
systems ran and the power was measured. Figurevasstihe power for all containers needed in a time
period of 2 days. The highest energy consumptian m seen for the reference container (C2) and the
container with roofing (C9). The lowest energy agnption can be recognized at the container with the
overall PDRC coating (C4) and the container with sppacer fabrics (C8). There is no final explamayiet
why C8 performed that well at the power measuremdnit was unremarkable in the temperature
measurements. One idea is, that due to rain, wdgchrs in the named time period, there was aniaddit
cooling effects based on condensation, but thigdnag verified in further investigations. Noticéals, that

the container with the camouflage net (C10) ancctainer with the Supertherm coating (C5) alsmash

low energy consumption. The higher consumptiontheflatent heat storage plates can be explaingdeny
heat release at night and the temperature of 28Rh was applied on the air conditioners and ielow

the phase transition temperature of 25°C.

18

17 4 1 6,9 17,0
— 16 4
£
3z, s 15,0
§ 14,5
o 14,2
2 94 4 138 13,8

13.4 13,4
N I I I
12 -
M O & ¢ ¢ ¢ & ¢ ¢
& & ) 2 > 5 %
> o & & & & & 3 &
® o S & & & & S o
& ¥ & c§° < & & & S
d - QO
c\& & & %\& 58 o &
& <R & ¥ & &
& & & = o
N oo C?\ Q-é\@
o
oF
N
&

Figure 5: Power of the air conditioning systemsiing in the operating mode Auto for cooling dowr28 C measured from 22 to
24 August 2023
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6 CONCLUSION

The investigations show, that with different passtooling technologies a reduced heating of théatoers
can be achieved. An outstanding performance shbev® DRC coating with low surface temperature, low
temperature inside the container and low energwuwoption. Also the latent heat storage plates show
good cooling behavior inside the containers. Reggranilitary applications, the PCM plates have the
advantage of the adaptility of the surface, whe@®ing coatings are limited due to decreasing perémce
with increasing darkness of the colour. Nonetheltrss coatings Supertherm and Pleyer§8siiow also a
good cooling behaviour. The usage of spacer falridscamouflage nets can be used for minimizingjingga

of the containers but with the disadvantage of rabge and disassembly when moving the containers.
Overall, passive cooling technologies should besittared as good solutions for reducing heating. The
choice of the technology should be dependent amnegents of the application.

In further investigations, the influence of diffataveather scenarios on the different technologiesild be
taken more into account. Also aging and the perémee of the technologies with contamination shdngd
examined.
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