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Abstract: 

Geoengineering methods based on either direct carbon dioxide removal (CDR) from the atmosphere or 

solar radiation management (SRM) that curtails solar irradiation are campaigned for as technical 

solutions that would slow down the global temperature rise and climate change. Except for a few CDR 

methods, this does not receive much interest from policy-makers as a result of a lack of evidence on 

net advantages and decision-making challenges related to boundary-crossing effects, not to mention 

costs. An alternative, third geoengineering approach would be enhanced cooling by thermal radiation 

from the Earth’s surface into space. The so-called atmospheric window, the 8-14 µm bandwidth where 

the atmosphere is transparent for thermal radiation indeed offers a “window of opportunity” for 

technology that enables sending out thermal radiation at rates that significantly exceed the natural 

process. This paper describes work that addresses this, with focus on technical devices that combine 

materials with the properties required for enhanced long wavelength (LW) thermal radiation heat 

transfer from Earth to space, through the atmospheric window. One example is a skylight (roof 

window) developed and tested at our institute, using ZnS windows and HFC-type gas (performing 

better than CO2 or NH3). Suggestions for several other system layouts are given. 

 

Keywords: Thermal radiation, Passive cooling, Atmospheric window, Geoengineering  

 

1. Introduction 

Geoengineering (or climate engineering) that aims at limiting the currently ongoing global temperature 

rise to less than 2°C can be divided into two approaches. The first is direct carbon dioxide, CO2, 

removal (CDR) from the atmosphere followed by storage of the CO2 (which includes direct air 

capture, DAC); the second is solar radiation management (SRM) which implies reflecting incoming 

solar radiation away from Earth [1-5]. Both approaches are still in a technology development phase 

and, for SRM more than CDR, are controversial, despite being considered relevant in the IPCCs 5th 

Assessment Report for reaching global temperature control goals [1]. Bioenergy with carbon capture 

and storage (BECCS) and afforestation are two CDR methods addressed under the IPCCs climate 

change mitigation scenarios while no SRM method is [1].  

It is important to distinguish global warming from the wider range of effects of increased 

concentrations of CO2 and other greenhouse gases (GHGs) on the environment and climate change in 
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general. SRM would hardly interfere with ocean acidification, for example, not having an effect on 

(rising) atmospheric CO2 concentrations as CDR would, aiming at directly influencing the global heat 

balance instead. The various CDR and SRM methods are very different from viewpoints of costs, time 

lag between implementation and effect (and options to control or stop a method), cross-boundary 

effects and political decision-making needed. As Williamson states “… urgent attention must be given 

to clarification at the UN level of what is considered geoengineering and what is climate mitigation” 

[6]. In the meantime, geoengineering has drawn the attention of the popular press [7]. 

Interestingly, the UNFCCC Paris Agreement of December 2015 has limiting the global temperature 

increase to 1.5 – 2.0 °C as the major feature, while envisioning “a pathway towards low greenhouse 

gas emissions” and “removals by sinks” without adding quantitative targets for that [8]. As noted by 

Horton et al. [9], this apparently makes SRM a more suitable approach to fulfillment of the Paris 

Agreement goals than for agreements on GHG emissions targets like the UNFCCC Kyoto Protocol of 

December 1997 [10]. However, Beyene and Zevenhoven argued several years ago that global 

temperature is only one of several indicators for climate change that cannot present a decisive reading: 

the enthalpy of the atmosphere would probably be the only accurate measure [11].  

An alternative and less intrusive method of controlling the influence of solar irradiation on the global 

temperature is not to obstruct incoming radiation, but rather to enhance the thermal radiation that is 

emitted from Earth to space. Instead of stratospheric aerosol injection (SAI), cloud brightening or a 

large number of mirrors in the sky (“sunshade geoengineering”) to block out or reflect incoming 

(short-wave, SW) solar irradiation [4], long-wavelength (LW) thermal radiation can be selectively 

emitted and transferred through the atmosphere into space. Of great significance is the so-called 

atmospheric window: the wavelength band 8 – 14 µm where the atmosphere (when not cloud-covered 

or very humid) is transparent for thermal radiation, offering a direct and strong driving force for heat 

transfer from Earth to space. After all, an imbalance between incoming SW (< 4 µm) and outgoing 

LW (≥ 4 µm) thermal radiation gives a net heating or cooling effect, for the global climate system 

typically referred to as “radiative forcing”. 

This paper, building further on earlier work – much of which was presented at ECOS conference 

events since 2008 –  [12-16] will address wavelength-selective and enhanced methods for thermal 

radiation from Earth to the sky and space beyond that. One example is a skylight (roof-window) 

design that contains a participating (“greenhouse”) gas which results in significantly increased passive 

cooling [16,17]. This and a few other examples on how to “exploit” the atmospheric window to have 

access to a low temperature sink (i.e. the universe at 3 – 4 K), using participating gases/vapours are 

described below. 

 

2. Passive cooling and the atmospheric window 

2.1. The atmospheric window 

Thermal radiation to/from the Earth’s surface, through the atmosphere can be divided into SW 

incoming solar radiation (including visible light) and LW radiation that cools the surface. Here, SW 

and LW are taken to be < 4 µm and ≥ 4 µm (up to ~ 100 µm), respectively, roughly following the 
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typical division between the wavelength bands covered by so-called pyranometers and pyrgeometers 

for SW and LW thermal radiation measurement, respectively.   

Fig. 1.   

Enabling thermal radiation to pass the atmosphere gives direct (visual) contact for thermal radiation 

heat transfer to the universe. As shown in Fig. 1, several of the gases (besides fine particles and 

droplets) that make up the atmosphere absorb and re-emit thermal radiation in certain wavelength 

bands. Clearly visible is the band around 15 µm for CO2 which (while becoming wider with increasing 

CO2 concentration) plays an important role in what is known as the “enhanced greenhouse effect” 

driven by anthropogenic emissions.  

One early suggestion for turning this feature into a method for cooling Earth is to have pure CO2 in 

preferably a pressurised container, with at least one side (for visual contact with the sky) composed of 

a material that is transparent for LW radiation of roughly 10 – 20 µm. Pure CO2 at 300 K, 5 bar, 0.1 m 

thickness (optical path) would absorb/emit in the bandwidth 13.3 – 17.0 µm while the atmosphere 

containing ~ 0.04 %-vol CO2 (at pressures ≤ 1 atm) would absorb/emit in the more narrow bandwidth 

14 – 16 µm (roughly). Thus, thermal radiation in the bandwidth flanks 13.3 – 14.0 µm and 16.0 – 17.0 

µm would not be absorbed by atmospheric CO2, a transparency that results in an overall cooling effect 

[12,13].  

 

2.2. Heat transfer through the atmospheric window: passive cooling 

Earlier simulation (Comsol Multiphysics ®) and experimental work at our institute involved the 

testing of CO2, ammonia (NH3) and eventually HFC-125 (C2HF5, pentafluoro ethane) in comparison 

with air in a passive cooling skylight, positioned in the roof of an office or residential building. In our 

case it was tested on the roof of our institute next to a weather station equipped with a pyranometer 

that recorded SW (solar) irradiation while a pyrgeometer (CGR3, Kipp&Zonen) was used to measure 

downward atmospheric LW radiation (4.5 – 42 µm). Fig. 2 shows a schematic of the skylight to be 

used during summer for enhanced passive cooling and during winter for improved insulation [16,17]. 

(We recently reported on a skylight design optimisation for these apparently conflicting objectives 

[19].) 

The design of the skylight involved not only the selection of a suitable gas (high 

absorptivity/emissivity in the atmospheric window band while transparent for visible light) to fill the 

space between the windows but also the selection of window material that is transparent for LW 

thermal radiation in the atmospheric window band. After initial testing with a thin polyethylene sheet 

material with good LW transmittance but little mechanical strength, a ZnS glass was found (Cleartran 

®) that offers mechanical strength as well as good optical properties [16,17]: ZnS was experimentally 

found to have a transparency τ = 0.64 in the 8 – 14 μm interval when 4 mm thick [20]. 

Fig. 2  

Fig. 3  

This resulted in a 10×10×10 cm³ test skylight as depicted in Fig.  3, built of acrylic plastic (non-

transparent for LW radiation) except for two ZnS windows as the top and cover. A third centre 
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window (also made of acrylic plastic) with adjustable angle separates the skylight into sections that 

take up and give off heat, guiding the thermal radiation- driven (natural) convection while avoiding 

(excessive) turbulence. For the insulating (winter) mode the centre window is used to close off the two 

sections and stop the convection [16,17]. 

Experimental work, done during night-time as to exclude an effect of SW solar irradiation, showed 

that temperatures inside the skylight (especially the upper compartment) were 2-5 °C below the 

temperature of the environment, depending on the gas used in the window and the temperature of the 

sky. The latter was determined from LW measurement using the pyrgeometer. The tests also 

confirmed the (earlier) Comsol simulations that on a clear night a passive cooling effect of 100 W/m² 

is certainly achievable when using HFC-125 [16,17]. The method and set-up tested at our institute 

performs well (and primarily suffers from the costs for ZnS, not yet mass-produced) but depends 

strongly on clear, cloudless skies and low humidity. This defines, for each wavelength, the height in 

the atmosphere with which the thermal radiation heat exchange takes place with respect to the Earth’s 

surface. The effective wavelength-average of this defines the position of “the sky” as used in this 

paper. 

Others have in the 1980s identified the atmospheric window as a potential access to a (very) low 

temperature reservoir. Besides CO2, NH3 has received considerable attention by e.g. Lushiku and 

Granqvist [21] who used a 10 cm gas “slab” contained by polystyrene (covered with reflecting Al foil) 

and a window composed of three polyethylene films that gave a transmittance τ ≈ 0.75 for the 

atmospheric window wavelength range. A temperature drop of 10-13°C below that of the ambient 

surroundings was reported, while heat flows of the order of 100 W/m
2
 are mentioned to be obtainable 

using this passive cooling approach, as indeed we were able to realise.  

As for the HFC-125 used in our earlier work that gave the best results: it is a refrigerant with zero 

ozone depletion potential but a significant global warming potential (GWP) used widely in modern 

refrigerant mix R407a. The recent Kigali agreement on phase out of HFCs [22] may soon put an end 

to its use – see [23] for the EU region. As an alternative for HFC-125 (GWP = 3450, atmospheric 

lifetime 29 y) HFC-1447fz (C5H3F7, 3,3,4,4,5,5,5-heptafluoro-1-pentene, GWP = 0.19, atmospheric 

lifetime 8 days) can be considered [24], not listed in [23]. 

 

2.3. Transmittance of the atmosphere and atmospheric window 

As noted above, cooling through the atmospheric window relies strongly on clear, cloudless skies and 

low humidity as the latter reduces the height in the atmosphere with which the thermal radiation heat 

exchange takes place, effectively increasing the temperature of the sky as shown below. 

Dividing the (infrared) spectrum into four sections or wavelength bands, being SW < 4 µm and three 

LW bands 4 – 8 µm, 8 – 14 µm and > 14 µm, respectively, as suggested in [25] allows for singling out 

the atmospheric window. Each of these four bands has a transmittance τ = 1 – ε = 1 – α with 

emissivity ε and absorptivity α, using α = ε for each wavelength (Kirchoff’s law of thermal radiation) 

and neglecting reflectance.  
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Typical values are ε <4µm = 0.26 for SW radiation and ε 4-8µm = 1, ε 8-14µm = 0.55 ~ 0.65 and ε >14 µm = 1, 

respectively, for LW radiation [26]. For SW radiation, the value 0.26 is an averaged value that 

depends on weather, climate, location and time of day. For LW radiation already Kondratyev treated 

the atmosphere as opaque except for the 8-14 µm atmospheric window [27]. Alternatively, a value for                

ε8-14µm can be calculated using a correlation given by Cucumo et al. [28] along the same lines as 

Kondratyev: 
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for (ground level) air temperature Ta (K) and overall air emissivity εa. Using measured values for Ta 

and (obtained using a pyrgeometer) Tsky a value for εa can be found based on a LW radiation balance, 

with Stefan-Boltzmann constant σ = 5.67×10
-8
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Values for southern Finland are Tsky = 265.6 K (-7.5°C) and Ta = 273.9 K (0.7°C), or Tsky = 276.8 K 

(3.7°C) and Ta = 290.8 K (17.6°C) were measured in February and July 2008, respectively. This gives 

εa = 0.884 (τa = 0.116) and ε8-14 = 0.668 (τ8-14µm = 0.332) for February and εa = 0.821 (τa = 0.179) and      

ε8-14µm = 0.516 (τ8-14µm = 0.484) for July 2008, respectively [25]. 

Equations (1) and (2) allow for calculating the transmittance, τ, for the atmosphere overall and for the 

8-14 µm atmospheric window as function of temperatures Tambient and Tsky as given in Fig. 4 left and 

right respectively. As an alternative for (2) [28] gives expressions that relate εa to air humidity; in (2) 

this is implicitely accounted for if experimental data for Tsky is used. The overall transmittance 

decreases with increasing sky temperature for a given ambient temperature, more dramatically so for 

the atmospheric window transmittance. For an ambient temperature above 20°C, where (passive) 

cooling would be welcomed, the transmittance of the atmospheric window is τ8-14 > 0.8 if the 

temperature of the sky drops below -5°C, becoming τ8-14 = 1  if Tsky < -12°C. 

 Fig. 4.  

 

2.4. Cloudy skies, humidity, daytime vs. night-time 

As mentioned, clouds and humidity strongly impair the transmittance of the atmosphere by simply 

blocking the “visibility” that is necessary for radiation heat transfer and giving an increased sky 

temperature as (in our work) measured by a pyrgeometer. More important for day-round application is 

the distinction daytime vs. night-time: a passive cooling effect based on LW radiation will be easily 

overruled by solar irradiation during daytime. Therefore, the experimental work with our skylight 

shown in Figs. 2 and 3 was carried out during night-time [16,17]. For a country like Finland, with 

(very!) short nights during summer this limits the passive cooling potential but many locations on 

Earth, especially near the equator (for example Kenya) have high temperatures still after sunset until 

sunrise [29].  
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As noted by Al-Obaidi et al. [30], tropical locations are often characterised by high humidity while 

arid and high-altitude regions that give a low sky temperature are often scarcely populated. A location 

at some distance from a populated region does not exclude the construction of equipment that employs 

passive cooling through the atmospheric window: the same applies to locations where large solar 

energy systems are constructed. Integrating such passive cooling with housing and office buildings 

does obviously imply that the technology is brought into towns and cities.  

Daytime application of passive cooling usually implies increased reflection of thermal radiation, 

preventing heat from entering a building or other object rather than cooling it [30,31]. (Others aim at 

controlling the transmittance of windows for solar (SW) irradiation, see e.g. [32].) Methods and 

materials that involve photonic devices and micro/nanostructured materials have been developed that 

can accomplish significant passive LW radiation cooling during daytime but technical challenges and 

(presumably) costs will prohibit a wide market penetration [31]. Some significant scientific 

breakthrough will be required that simplifies technology that operates under significant solar 

irradiation to the level of complication of methods that employ only LW thermal radiation and the 

atmospheric window.  

After all: 50% of the surface of the Earth faces away from the sun at all times, and passive cooling 

through the passive window can give a significant effect, not overwhelmed by solar irradiation, 

between sunset and sunrise at many hot locations.  

 

3. Passive cooling applications “employing” the atmospheric window 

3.1. System requirements, using encapsulated passive gases 

The possibility of passive cooling of an object’s surface (or a volume of a participating gas inside an at 

least partially transparent container) “through” the atmospheric window depends on the temperature of 

the object and, depending on the object’s optical properties, what fraction of the emitted thermal 

radiation is within the 8-14 µm bandwidth. Using the so-called blackbody radiation functions the 

blackbody radiation Eb (W/m
2
) within the 8-14 µm band can be calculated: 

4

80140

4

148148 TffTfE mmmmb     )(,   (3) 

Here fa-b(T) is the fraction of blackbody (or graybody) radiation from a surface within wavelength 

band a to b µm, which can be taken from tables; for this paper a polynomial approximation (using the 

first five terms) given by Chang and Ree [33] is used. This can be translated into the curves given in 

Fig. 5, showing that in a -30 to +60 °C temperature interval 30 – 40 % of the thermal radiation from a 

blackbody (or graybody) is within the atmospheric window. Moreover, the intensity for radiation 

within that window increases from ~ 60 W/m
2
 for cold surfaces to > 200 W/m

2
 for surfaces hotter than 

40°C. 

Fig. 5  

Hossain and Gu [31] considers primarily solid surfaces for passive cooling application, pointing out 

that a participating gas would require an encapsulation which can be seen as a disadvantage. That 
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encapsulation material needs to be at least partially transparent to LW radiation, in our work that 

initially involved using a thin poly ethylene (PE) sheet, later replaced by ZnS glass.  

For the atmospheric window, the thermal radiation heat transfer flux Qrad,8-14 (W/m
2
) to the sky at 

temperature Tsky (K) through the atmospheric window is given by, using (3): 

)(,,

44

148148148148148148148 skymmbrad TTfEQ      (4) 

for an encapsulated gas at temperature T (K) with emissivity ε8-14 (-) with visual contact through an 

containing material window with transmittance τ8-14 (-). (It is assumed that the surface of the sky >> 

the surface of the window material.) This can be compared to the corresponding radiation from a solid 

(or liquid) surface with emissivity ε: 

)(,,

44

148148148148 skymmbrad TTfEQ       (5) 

which typically is a graybody with emissivity ε8-14 ≈ ε > 0.8. Obviously, if ε8-14·τ8-14 for the 

encapsulated gas case is < than 0.8 then the heat transfer according to (4) is smaller than that 

calculated using (5). The advantage from the first case, however, comes from a higher temperature for 

the encapsulated gas compared to a solid (or liquid) surface, which can be maintained if the gas is 

moving between regions where it repeatedly takes up and gives of heat. This is accomplished in the 

skylight tested at our institute [16,17]; following the terminology of Geetha and Velraj [34] this is 

“movable thermal mass” which gives “natural displacement ventilation”.  

While Al-Obaidi et al. [30] note that “mild winds can overwhelm the cooling effects of radiation” this 

won’t necessarily be the case with a gas-filled window system that allows the gas to move between 

spaces at different temperatures, such as the upper and lower sections of our skylight. 

3.2. Other examples for passive cooling through the atmospheric window using participating gases or 

vapours 

Several design or lay-out alternatives can be suggested for passive cooling using the atmospheric 

window, making use of suitable combinations of participating gases or vapours, and proper window 

materials. For all cases, the encapsulation should have at least one window, preferable positioned 

horizontally with visual contact to the sky above.  

Apart from the skylight tested and developed at our institute (Figs. 2 and 3), several alternatives are 

given in Table 1. The systems would be operated primarily at night-time. 

Table 1.   

One feature should be mentioned still for a gas-filled system: if this is operated with a constant 

volume, then according to Gay-Lussac, for an ideal gas at pressure p, temperature T, the ratio p/T = 

constant and a temperature rise will lead to a pressure rise. If the goal is to operate at a constant 

pressure then volume must be allowed to vary, or some of the gas can, for example, be absorbed in a 

liquid such as in the ammonia + water system mentioned in Table 1.  

HFC-type gases that are acceptable from health and environmental impact point of view have shown 

their potential for passive cooling applications and can be selected as to have high emissivity in the 

atmospheric window. For ammonia there are risks related to its use (similar to its use as refrigerant) by 
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many customers in sky-lights and other smaller scale devices. Thus, HFC-1447fz apparently allows 

for a wider use by a wider audience while ammonia-containing systems would be larger and for 

deployment by experts (again, similar to use of ammonia as refrigerant).   

A passive cooling window may also be used in the roof of a car or other vehicle, reducing air 

conditioning costs or limit the temperature rise when parked under direct sunlight. A double glass 

skylight with (for example) poly ethylene covered ZnS as top window and regular glass as lower 

window, with a passive gas filling a spacing of a few cm will give a cooling effect. Through the choice 

of window surface this effect can be small or more significant. This will be addressed in future work.  

3.3 .Large-scale deployment 

As for the necessary scale of deployment for a sizeable contribution: current radiative forcing as a 

result of well-mixed greenhouse gases is of the order of 3 W/m
2
 [35]. A technology with significant 

impact would counter-effect at least 10% of this, say 0.3 W/m
2
. With 100 W/m

2
 as a demonstrated 

passive cooling effect, a surface coverage of 0.3% would then be needed, or 1% of Earth’s land mass 

surface. If half of it would be installed in urban, built areas which cover roughly 3% of the Earth’s 

land mass, a 17% coverage would be needed there, with the remainder being installed in rural areas. A 

significant number that nonetheless leaves space for other solar thermal and solar PV equipment on 

rooftops and other urbanised surface area. 

 

4. Conclusions 

Passive cooling systems that make use of the 8-14 µm atmospheric window for thermal radiation have 

been suggested and tested since the 1980s, including work carried out at our institute. It was 

theoretically deduced and also experimentally verified that cooling heat transfer rates of the order of 

100 W/m
2
 can be achieved. This paper addresses several features of that, studying the thermal 

radiation that may possible occur “through” the atmospheric window, depending on the temperature of 

the sky and (objects at) the Earth’ ground level. Optical and mechanical properties of gases and 

(encapsulating) window materials are addressed, as well as the limiting effects of cloudiness and air 

humidity.  

It was noted that moving volumes of gases are beneficial, allowing for achieving passive cooling rates 

that were earlier suggested as theoretical possibilities as experimental results at our institute. Finally, 

for future work several system lay-out options were given for systems that primarily operate during 

night-time: more advanced systems that also during daytime give a considerable passive cooling effect 

will be much more complicated and hence expensive.  

Similar to (other) geoengineering methods the impact will not only depend on the heat transfer effects 

per m
2
 are but must be multiplied with the total surface area of the Earth that is affected. Many 

buildings, vehicles or other objects need to be adapted besides the construction of larger, dedicated 

passive cooling devices that employ the atmospheric window until a significant effect is obtained.     

Returning to the title of this paper: the technology and methods described here operate locally (apart 

from possible vehicle roof application), do not involve chemical conversion of CO2 or other 

chemicals, and will not cause cross-boundary effects besides the overall effect on global temperature it 
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aims at. It would hardly need legislation, if at all, and, probably most important: this geoengineering 

approach can be switched off if needed, to stop the passive cooling effect instantaneously. This 

separates it from most of the suggested SRM and CDR methods. 

To finalise with a word of caution: continued emissions of CO2 and CH4 into the atmosphere may 

eventually “close” the atmospheric window, so some urgency should be considered. 

 

Nomenclature / Glossary 

BECCS  Bioenergy with carbon dioxide capture and storage 

CCS Carbon dioxide capture and storage 

CDR Carbon dioxide removal (from the atmosphere) 

DAC Direct air capture (of carbon dioxide) 

GHG Greenhouse gas 

GWP Global warming potential 

HFC Hydrofluorocarbon 

IPCC Intergovernmental Panel on Climate Change 

LW Long wavelength (≥ 4 µm) 

PE Polyethylene 

SAI Stratospheric aerosol injection 

SRM Solar radiation management 

SW Short wavelength (< 4 µm) 

UNFCCC United Nations Framework Convention on Climate Change 

Eb blackbody radiation, W/m² 

f blackbody radiation function 

Q heat transfer, W/m
2
 

p pressure, Pa 

T temperature, K 

Greek symbols 

α absorptivity, - 

 ε emissivity, - 

 σ Stefan-Boltzmann constant, 5.67·10
-8

 W/(m²·K) 

 τ transmittance, - 

Subscripts and superscripts 
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 a overall for air (or the atmosphere) 

 rad radiation 

 sky sky 
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Figures: 

 

Fig. 1.  Radiation transmitted by the atmosphere [18] showing the atmospheric window in 

blue colour at 8 – 14 µm. 

 

 

 

 

Fig. 2 Schematic cross-sections (2-D) of (left) a single skylight unit for passive cooling 

operation showing top, bottom and (movable) centre windows [16] and (right) of a modular 

skylight design in cooling mode a) with arrows indicating convection of the gas, and in 

insulating mode b) [17].  

 

Figure



Fig. 3 The 10 x 10 x 10 cm
3
 test skylight [17].  

 

 

 

Fig. 4. Transmittance of the atmosphere overall (left) and for the 8-14µm atmospheric 

window (right) as function of the temperature of the sky and the ambient. 

 

 

 

Fig. 5 Maximum (blackbody) thermal radiation intensity within the 8-14 µm atmospheric 

window and % of the thermal radiation within the atmospheric window, vs. object (surface) 

temperature.  
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Tables: 

Table 1.  A few application alternatives for passive cooling through the atmospheric window 

using participating gases or vapours. (Some issues to be resolved in italic).  

 

              Gas/vapour → 

“Window” ↓ 

HFC-1447fz 

 

NH3  NH3  +                   

NH3/water solution 

ZnS box cover No chemical attack on 

HFC-125 was seen at 

our institute. 

Box with ZnS top 

window bottom of same 

material or a good 

thermal conductor 

Is ZnS stable with NH3? Is ZnS stable with humid 

NH3? 

 

ZnS covered with PE 

film used as cover 

 

Same as above 

 

Gives better stability 

against NH3 gas. 

 

Depending on 

temperature, NH3 can be 

released from or 

absorbed in water: this 

affects gas emissivity 

 

PE film used as cover 

 

No chemical attack? 

Same as above, allow 

for operation at constant 

pressure 

 

Was tested at our 

institute – no effect of 

NH3 on PE 

 

Absorption in water 

gives emissivity control 

 

PE film used as balloon 

(lower half opaque other 

material) 

 

No chemical attack? 

HFC-1447fz can be 

mixed with natural gas 

(also a participating gas) 

as to obtain buoyancy in 

air 

 

As for HFC-1447fz. 

Again, there should be 

no effect of NH3 on PE 

 

Same as above. 
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