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In this paper we investigate the impact of different parameters on the thermal behavior of 

common CubeSats. 

Thermal aspects are often treated as an afterthought in the design process of CubeSats. In 

the past, CubeSats were often deployed in ISS orbits or typical sun-synchronous earth 

observation orbits. A favorable CubeSat power dissipation to surface area ratio in 

combination with thermally benign orbits lead to comfortable thermal conditions for 

CubeSats. As a consequence, thermal engineering capabilities for CubeSats are not as 

developed in the CubeSat community as other engineering fields.  

We present the results of a parametric study of a generic 3U CubeSat. We varied orbit 

altitude and inclination, LTAN, internal dissipation, and external optical surface properties. 

Based on this, we quantify the contribution to the maximum predicted temperature range, 

gradient and stability. For comparison, a 6U CubeSat was modelled and simulated to see how 

the size of a CubeSat influences its temperature.  

The biggest influence on the overall temperature of the internal PCBs of the 3U CubeSat 

is the heat dissipation. An increase of 5 W results in an increase of the average internal 

temperature between 10 and 18 K. Differences in the outer surface α/ε ratio impacts the 

temperature by up 22 K. The orbit height only accounts to a temperature change of < 2 K, 

while the change of the LTAN can lead to a change of the average temperature of 15 to 31 K. 

Finally, a sensitivity analysis was conducted to showing the modelling uncertainty to be in 

the range of 9 to 11 K. 

This paper aims at raising the awareness for the need and significance of thermal design, 

analysis and test of CubeSats alongside an upcoming need for CubeSat sized and styled 

thermal control hardware. 

Nomenclature 

A = Area 

Apo. = Apogee 

ESA = European Space Agency 

FYS! = Fly-your-satellite  

GL =  Conductive coupling 

IOD = In-orbit demonstration  

ISS = International Space Station 

L = Length 

LTAN = Local Time of Ascending Node  

                                                           
1 Young Graduate Trainee, Thermal Control Section (ESA-TEC-MTT), Keplerlaan  1, 2200  AG,  Noordwijk,  The 

Netherlands, same as author P.B. Hager. 
2 Thermal  Engineer,  Thermal  Control  Section  (ESA-TEC-MTT),  Keplerlaan  1, 2200  AG,  Noordwijk,  The 

Netherlands, philipp.hager@esa.int. 

NGTM = Non Geometric Thermal Node 

PCB = Printed circuit board 

Per. = Perigee  

RAAN = Right ascension of the ascending node 

RSS = Root sum square  

∆Φp  = Temperature deviation 

∆Φs  = Systematic error 

λ = Thermal conductivity 
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I. Introduction 

CubeSats have seen a development 

from educational projects of typically 1U 

to commercial platforms in the multiples 

of 1U in the past two decades. Nowadays 

3U CubeSats are widely used in 

education. But also the CubeSat industry 

has established 3U as the most widely 

used form factor for CubeSats, as can be 

seen in Figure 1a1. 6U and 12U CubeSats 

have been utilized to a lower percentage 

so far. It is expected that 6U CubeSats 

slowly become the new standard in the 

CubeSat world. In parallel to the increase 

in size, there is also an increase in system 

complexity with more sophisticated 

payloads and also more demanding 

mission concepts. In its wake are more 

stringent pointing requirements and 

increasing power demands along with 

higher data downlink rates. There is also 

the trend to using electric propulsion on 

CubeSats. All these aspects eventually 

lead to more dissipated power in the 

CubeSats and this consequently raises 

the need for thermal engineering. The 

purpose of this paper is to provide 

CubeSat teams a first estimation and an 

overview of the thermal behavior of a 

CubeSat in early design phases. To help 

those teams with a first assessment of the 

temperature profile, a parameter study 

for a 3U CubeSat is conducted. The study is performed mainly on a generic 3U CubeSat but also investigates the 

differences to 6U CubeSats. The varied parameters are: orbit type, the orbit altitude, internal heat dissipation and 

optical surface properties of the CubeSat exterior. The objective of the parameter study is to determine the impact of 

each parameter on the printed circuit board (PCB) temperature range, gradients and stability. The investigated orbits 

are sun-synchronous orbits (SSO) 6:00, SSO 9:00, SSO 12:00, and the orbit of the International Space Station (ISS). 

The varied orbit altitudes are 500 km, 650 km, and 800 km. The investigated heat dissipations are 5 W, 10 W, 15 W, 

20 W, 25 W for the 3U CubeSat and 5 W, 10 W, 20 W, 30 W, 40 W, 50 W for the 6U CubeSat. The external optical 

properties are those of Kapton® foil, black anodized aluminum, and white paint. 

The rational for the selected orbits is that most CubeSats are launched in either the ISS orbit or a sun-synchronous 

orbit, as shown in Figure 1b1. It shows that 683 of the 1220 launched CubeSats, were deployed either into an ISS or a 

sun-synchronous orbit. 395 CubeSats were deployed into sun synchronous orbits and 288 CubeSats were deployed 

into ISS orbit, as of January 1st, 2020. Figure 1b1 also shows that most CubeSats launched into a SSO orbit have an 

altitude of 470-650 km. For a larger variety of altitudes, 800 km was analyzed in addition to the 500 km and 650 km 

orbit altitudes. For the internal heat dissipation, a very broad range of power was selected to have a coverage of the 

most common scenarios. With the 3U CubeSat form factor used in this document a theoretical power generation of 

37 W is possible, but for a preliminary assessment only 25 W was selected as the maximum in this analysis. For the 

external optical properties, realistic coating options were selected with a broad α/ε ratio. The black anodized aluminum 

surface treatment has the highest α/ε ratio with 0.79, the Kapton® foil has an α/ε ratio of 0.57 and the white paint with 

an α/ε ratio of 0.18 has the lowest value of the three investigated external optical surface treatments. 

With this combination of parameters, a total of 150 cases are analyzed and the results described in this document. 

 

 
Figure 1. Top: (a) Number of build CubeSats sizes, bottom: (b) 

Launched nanosatellites categorized by orbit1 

 

a 
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II. Motivation 

In recent years ESAs involvement in CubeSat missions has increased. On one hand these are educational CubeSat 

projects in the Fly-your-satellite (FYS!) program. Yet, the biggest part of the CubeSats are so called in-orbit 

demonstration (IOD) missions. These missions are technology demonstration missions run and/or supported by ESA’s 

Directorate of Technology, Engineering and Quality (ESA-TEC). Apart from FYS! and IOD CubeSats there are 

technology demonstration CubeSat missions from other ESA Directorates, supporting dedicated needs, e.g. for 

Telecommunication, Earth observation, Science or Operations. Some of the CubeSats have flown and many more are 

in development. Amongst the IOD missions already flown are for example GOMX-3 (2015), GOMX-4B (2018) and 

QARMAN (2020). Other CubeSats were OPS-SAT (2019) and the first FYS! campaign with 3 1U CubeSats in 2016. 

The thermal analysis in the present paper is based on data from 24 CubeSat missions. The orbits are 7xISS and SSOs 

ranging in local time of the ascending node (LTANs) from 6:00, 9:30, 10:30, 11:00, 13:30 to15:00. The worst case 

hot dissipation ranged from 0.65 W to 27.40 W. 

III. CubeSat Thermal Model Description 

In the following chapter the ESATAN model of the 3U CubeSat used for the analysis is described. First, the overall 

composition of the satellite is outlined, followed by the description of the optical and bulk properties, as well as the 

radiative and conductive couplings inside the spacecraft. Finally, the dissipation budget and the environmental cases 

used for the analysis are summarized. 

A. ESATAN thermal model  

1. Overall Composition 

The model of the 3U and 6U 

CubeSat is made out of shells, 

with the exception of the 

batteries. The shells are 

combined either via user-

defined conductors or via 

conductive interfaces with each 

other. An overview of the 

structure is shown in Figure 2. 

Figure 2 also shows the internal 

composition of the spacecraft.  

 

2. Optical Properties 

Depending on the case the external surfaces (except for the solar cells), the solar arrays, the side panels and the rails, 

have different optical properties. The surfaces for which the optical properties were varied can be seen in Figure 3 

where they are colored red (blkAl2021). They have either the properties of a Kapton® foil, of a black anodization, or 

of white paint. The solar cells have a constant absorptivity and emissivity over the orbit, meaning they are always in 

the “on” configuration, which is also the reason why the solar absorptivity is put to 0.663. Their solar absorptivity is 

already multiplied with the efficiency of the solar cells, which is set to 30%. A summary of all the optical properties 

and their values can be found in Table 1 

Table 1.  

  

Table 1. Optical properties. 

Coating 
IR Emissivity 

[-] 

Solar 

Absorptivity [-] 
α/ε Location Reference 

optAluOxideOnGaAS 0.85 0.663 0.78 Solar Cells [2] 

optSolderMask 0.9 1.0 - PCBs [2] 

optKaptonOverSubstrate 0.64 0.39 - Batteries [2] 

Opt 

(1) Kapton® foil 0.67 0.38 0.57 External 

surfaces (red in 

Figure 3) 

[3] 

(2) Black Anodized 0.82 0.65 0.79 [3] 

(3) White Paint 0.92 0.17 0.18 [3] 

 

 
Figure 2. ESATAN model of generic 3U CubeSat.  

3U model (left) and 6U model (right) 
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3. Bulk Properties 

An overview of the bulk properties of the shells and solids of 

the CubeSats can be seen in Figure 3. The solar cells do not have 

bulk properties in the model. They only have optical properties 

which is why they have a gray color in Figure 3. Except for the 

PCBs the thermal conductivity of all other materials is isotropic. A 

detailed summary of the bulk properties is provided in Table 2. 

 

 

 

Table 2. Summary of bulk properties. 

Material 
Density 

[kg/m³] 

Heat Capacity 

[J/kgK] 

Thermal Conductivity 

[W/mK] Source 

x y z 

blkAl2021 (isotropic) 2830 880 170 170 170 ESA CubeSat  

blkPcb (orthotropic) 2500 1000 20 20 5 Empirical value 

blkBattery (isotropic) 2700 920 75 75 75 ESA CubeSat  

 

4. Conductive and Radiative Couplings 

The CubeSat model uses various user-defined conductors to represent geometrically simplified conductive 

interfaces. In general, the standoffs between the PCBs, the hinges to the deployable arrays, and the horizontal struts 

connecting the rails of the structure are implemented using user defined conductors. 

In addition to the user-defined conductors, contact zones are used to conductively couple the solar cells to the main 

panels and the solar arrays. To connect the parts more conveniently with each other, groups are created. Additionally, 

the outer surfaces of the batteries are grouped together, as they are in contact with the adjacent PCBs.  

The values for the standoffs were taken from Ref. 4 and scaled 

according to the distance between the PCBs in the ESATAN 

model. The value of 0.053 W/K for a 12 mm stand-off, taken from 

Ref. 4 was used as a baseline and scaled according to the distance 

of the PCBs. The distance between the PCBs is either 12 mm, 20 

mm, 24 mm, 25 mm, 30 mm, 50 mm, or 70 mm. The connection 

between the top structure and the frame and the bottom structure 

and the frame is assumed to be realized through 7 mm long M3 

titanium screws. With a conductivity of 22.4 W/mK for titanium, 

the GL for each of the connection (4 from top/bottom structure to 

the frame) is: 

𝐺𝐿 =  
𝜆 ∙ 𝐴

𝐿
=

22.4 ∙ 7.07 ∙ 10−6

0.007
= 0.0226 [

𝑊

𝐾
] 

 

It is important to note that the contact conductance between the 

frame and the titanium bolts is not considered here. The values for 

the user-defined conductor representing the horizontal strut, which is connecting the vertical frame, the connections 

between the upper/lower PCB to the vertical frame, as well as the value for the hinges were taken from an ESA 

CubeSat as reference.  

 

 
Figure 4. Distance of PCBs. 

 

 

 
Figure 3. Overview of bulk material in model. 

 

 



 

International Conference on Environmental Systems 
 

 

5 

5. Power Dissipation 

The power is distributed equally over the 10 PCBs. On the PCB 

itself the heat load is applied on the whole surface. The summary of 

the dissipation budget is given in Table 3. It shows the node numbers 

of the PCBs with the dissipation, as well as the duty cycle and the 

power dissipation. An overview of the dissipation budget can also be 

seen in Figure 5. The batteries did not dissipate any heat, as the 

CubeSat was designed to be as generic as possible. This leads to an 

equal distribution of the heat dissipation among all the PCBs. 

 

 

 

Table 3. Thermal dissipation budget 

Dissipating unit 
Name in 

ESATAN 

Thermal 

model node 

number 

Operation Mode 

Duty cycle 

[%] 

Dissipation with margin [W] 

5 10 15 20 25 

PCB 1 Heat_1 1092-1219 100 0.5 1.0 1.5 2.0 2.5 

PCB 2 Heat_7 964-1091 100 0.5 1.0 1.5 2.0 2.5 

PCB 3 Heat_6 1220-1347 100 0.5 1.0 1.5 2.0 2.5 

PCB 4 Heat_2 1476-1603 100 0.5 1.0 1.5 2.0 2.5 

PCB 6 Heat_3 1348-1475 100 0.5 1.0 1.5 2.0 2.5 

PCB 7 Heat_8 836-963 100 0.5 1.0 1.5 2.0 2.5 

powerBoard Heat_4 35-162 100 0.5 1.0 1.5 2.0 2.5 

batteryPackBoard Heat_5 179-306 100 0.5 1.0 1.5 2.0 2.5 

trxvuBoard Heat_9 307-434 100 0.5 1.0 1.5 2.0 2.5 

obcBoard Heat_10 435-562 100 0.5 1.0 1.5 2.0 2.5 

 

6. Environmental Cases 

One parameter in this CubeSat study is the orbit and the resulting environmental heat loads. As already described 

in the introduction the simulated CubeSat orbits are either a sun-synchronous orbit or the ISS orbit. Table 4 shows a 

summary of all the different orbits and their parameters. The sun-synchronous orbits have an LTAN of either 6:00, 

9:00 or 12:00 and corresponding right ascension of the ascending node (RAAN), with an orbit height of 500 km, 650 

km or 800 km. The corresponding β-angles are shown for reference. Note that sun-synchronous orbits vary slightly 

over the course of a year, which is not accounted for in the presented parameter study. The β-angle of the ISS orbit 

changes continuously in the range of ± 75.1° over the course of a year. This is not accounted for in the presented 

parameter study. The selected ISS β-angle corresponds to an inter-mediate case similar to an SSO with an LTAN of 

9:00. 

 

Table 4. Orbit parameters. 

  SSO 6:00 SSO 9:00 SSO 12:00 ISS 

Altitude [km] 500 650 800 500 650 800 500 650 800 Apo: 421; 

Per: 411 

Inclination [°] 97.40 97.99 98.61 97.40 97.99 98.61 97.40 97.99 98.61 51.64 

RAAN [°] 270.0 315.0 0.0 130.97 

β-angle [°] -82.0 -44.5 0.0 36.5 

  
Figure 5. Distribution of the dissipation 

budget. 
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Solar 

declination 

[°] 
2.015 2.015 2.015 2.015 

Planet 

temperature 

[K] 
254.3 254.3 254.3 254.3 

Albedo [-] 0.306 0.306 0.306 0.306 

Solar constant [W/m²] 1362 1362 1362 1362 

 

7. Model Checks 

The total mass of the ESATAN-TMS CubeSat model is 2.35 kg before correction. The mass is calculated by 

multiplying the volume of each thermal node with the density of the corresponding material. This number is below 

the mass specified by the CubeSat standard of max. 4 kg (1U = max. 1.33 kg), because all the standoffs and screws 

are not modelled geometrically in this model but instead are represented by user defined conductors. Furthermore 

there is no payload installed in this generic CubeSat, but only PCBs. To adjust the mass a Non Geometric Thermal 

Node (NGTM) was introduced, which was put in the center of the CubeSat. This NGTM has a mass of 1.65 kg to 

account for the missing thermal mass of the entire CubeSat of a maximum of 4 kg. The NGTM is in contact with the 

surface of the rails of the structure via User Defined Conductors, which have values between 0.01 and 0.034 W/K. 

IV. Results 

This chapter provides the results of the thermal model. The influence of each parameter on the CubeSat average 

temperature is shown, synthesized from the 150 simulated cases. To have an estimation how the parameters influence 

the temperature of CubeSats of different sizes, also a 6U CubeSat was modelled and simulated in addition. These 

results are also presented in the following chapters. 

A. Average Internal Temperature for the 3U CubeSat 

Figure 6 graph A visualizes the average temperature of all the internal PCBs for one orbit. From this graph it can 

be seen that the internal dissipation has a big influence on the overall temperature of the spacecraft independent of the 

orbit or the coating. An increase of 5 W results in an increase of the average temperature between 10 to 18 K. Further, 

the LTAN plays an important role in the average temperature. This is visible for the SSO 6:00 (dusk-dawn orbit) case, 

which has no eclipse at all. Compared to the SSO 9:00 or the SSO 12:00, in the dusk-dawn orbit the average 

temperature of the CubeSat  PCBs is around 15 to 31 K higher, depending on the power dissipation. However, once a 

certain eclipse duration is reached, a further increase in eclipse time does not change the overall temperature 

significantly as seen for the SSO 9:00, SSO 12:00 and ISS orbit case. The difference in between those cases is in the 

range of 1 – 4 K.  shows an overview of the temperature difference depending on the orbit. 

Finally, the coating has a less significant influence on the overall temperature of the spacecraft compared to the 

other parameters. Whereas the temperature difference of the Kapton® foil and the black anodization is between 0 and 

4 K, the difference of white paint compared to the other coatings is between 15 and 22 K. This is due to the α/ε-ratio, 

as white paint has the lowest ratio of 0.18, followed by the Kapton® foil with 0.57 and then the black anodization 

which has the highest ratio of 0.79. A summary can be found in  Table 6. 

 

Table 5. Temperature difference for the 3U CubeSat for various orbits 

 ∆T 

SSO 9:00 SSO 12:00 ISS 

SSO 6:00 -17 … -31 K -15 … -27 K -16 … -29 K 

SSO 9:00 - +2 … +4 K +1 … +2 K 

SSO 12:00 -  - -2 … +1 K 

 

Table 6. Temperature difference for the 3U CubeSat for various coatings in same conditions (orbit altitude, 

LTAN, and dissipation) 
 ∆T 

Kapton foil α/ε = 0.57 Black Anodized α/ε = 0.79 

White Paint α/ε = 0.18 +15 … +19 K +14 … +22 K 

Kapton foil α/ε = 0.57 - -2 … +4 K 

 

To 
From 

To 
From 
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The influence of the orbit altitude on the overall average internal temperature is demonstrated on the example of 

graph B in Figure 6. It shows the temperature behavior of the satellite depending on the optical properties, the internal 

dissipation, as well as the orbit height for the same sun-synchronous orbit, meaning the same LTAN. The difference 

in temperature for heights from 500 to 800 km is less than 2 K.  

Graph C in Figure 6 shows the temperatures in the ISS orbit. Same as for the other two graphs, the temperature 

difference between the white paint and the other two coatings is around 16 to 18 K. It can be seen that the resulting 

temperatures for the ISS orbit is very similar to the SSO with an LTAN of 9:00. This is because the β-angles are very 

similar in these two cases. 

In general, the graphs show that with increasing internal dissipation the overall temperature of the satellite 

increases, too. 

B. Minimum and Maximum Temperature for the 3U CubeSat 

From all the simulated cases the maximum and minimum calculated temperatures can be found in Table 7. It shows 

the minimum and maximum temperature of the internal PCBs per orbit type. The temperatures are compared with the 

minimum and maximum temperatures of a typical commercial CubeSat Li-Ion battery5, which has an operational 

temperature range from -10 °C to +50 °C (GomSpace battery has temperature limits between 0-45°C for charging and 

-20-60°C for discharging6). The temperatures outside of this range are indicated by being colored orange, for 

temperatures higher than +50 °C, or blue, for temperatures lower than -10 °C. It is evident that the minimum 

temperatures occur at the lowest  dissipation and the coating with the lowest α/ε-ratio (here white paint with an α/ε-

ratio of 0.18). Except for the SSO 6:00, all the 5 W and white coated cases are below the lower limit of -10 °C even 

before adding a modelling uncertainty of 10 K. 

The maximum temperatures occur at the highest internal dissipation and the optical properties of Kapton® foil, 

which has an α/ε-ratio of 0.57 with the lowest ε-value of all three coatings. All the cases exceed the upper temperature 

limit of +50 °C. 

 

 

 

  

  
Figure 6. 3U CubeSat temperatures. A: Calculated temperature for different orbits with same altitude; B: Calculated 

temperatures different altitudes of the same orbit; C: Calculated temperatures for ISS orbit; Bottom, right: Legend 
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Table 7. Minimum and maximum calculated temperatures per orbit, for PCBs in the 3U CubeSat 

Orbit 

Type 

Height 

[km] 

Dissipation 

[W] 
Coating 

Tmin 

[°C] 

Tmax 

[°C] 

Tmin 

uncertainty 

[°C] 

Tmax 

uncertainty 

[°C] 

 

SSO 6:00 500 25 Kapton Foil 79 93 69 103 
max 

SSO 6:00 800 5 White Paint 14 20 4 30 
min 

SSO 9:00 500 25 Kapton Foil 56 78 46 88 
max 

SSO 9:00 800 5 White Paint -14 -2 -24 8 
min 

SSO 12:00 500 25 Kapton Foil 56 82 46 92 
max 

SSO 12:00 800 5 White Paint -14 3 -24 13 
min 

ISS 411 25 Kapton Foil 55 80 45 90 
max 

ISS 411 5 White Paint -12 3 -22 13 
min 

C. Average Internal Temperature for the 6U CubeSat 

For the 6U CubeSat the graphs are shown in Figure 7. Figure 7 graph A shows that the temperature increases by 

13 to 24 K with an increase of the internal dissipation by 10 W. It also shows that the temperature difference between 

white paint and the Kapton® foil is between 16 and 22 K, whereas the difference between the white paint and the black 

anodization is between 15 and 23 K. The temperature difference between the black anodized coating and the Kapton® 

foil is in the range of 0 to 6 K. Changing the orbit from a SSO 6:00 to a SSO 9:00 results in a temperature difference 

of 14 to 32 K for this orbit height, and changing to a SSO 12:00 orbit the temperature changes between 12 and 26 K. 

A change from a SSO 9:00 to a SSO 12:00 orbit results in a temperature change of 2 to 6 K. Graph B in Figure 7 

shows that the temperature difference between an orbit altitude of 500 km and 800 km is less than 2 K. 

 

 

    

   
Figure 7. 6U CubeSat temperatures. A: Calculated temperature for different orbits with same altitude; B: Calculated 

temperatures different altitudes of the same orbit; C: Calculated temperatures for ISS orbit; Bottom, right: Legend 
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Table 8. Temperature difference for the 6U CubeSat for various orbits 
 ∆T 

SSO 9:00 SSO 12:00 ISS 

SSO 6:00 -14 … -32 K -12 … -26 K -12 … -29 K 

SSO 9:00 - +2 … +6 K +1 … +3 K 

SSO 12:00 - - -3 … +1 K 

 

Table 9. Temperature difference for the 6U CubeSat for various coatings in same conditions (orbit altitude, 

LTAN, and dissipation) 
 ∆T 

Kapton® foil α/ε = 0.57 Black Anodized α/ε = 0.79 

White Paint α/ε = 0.18 +16 … +22 K +15 … +27 K 

Kapton® foil α/ε = 0.57 - -3 … +6 K 

D. Sensitivity Analysis for the 3U CubeSat 

The modelling uncertainty of the model was calculated by conducting a sensitivity analysis. The varied parameters 

can be found in , which were taken from the ECSS7 thermal analysis handbook. To determine the modelling 

uncertainty a root sum square (RSS) with all the temperature deviations ∆Φp for each parameter and subsystems is 

carried out.  

∆𝛷 =  √∑(∆𝛷𝑝)
2

+ ∆𝛷𝑠 

∆Φs is a systematic error, which is set to 4 K in this study. 

 

Table 10. Parameters for sensitivity analysis 

Parameter Explanation Value 

Resulting ∆T for min and max 

temperatures for SSO 12:00, 

500 km, 5 W, black anodized 

coating [K] 

Min T Max T 

GL - 
Conductive couplings of stand-offs between the 

PCBs, the hinges of the solar arrays, the 

connections between the satellite bus and the 

structure, as well as the contact conductance 

between the batteries and the PCBs 

reduced by 50 % 0 0.7 

GL + increased by 50 % -1.1 0.3 

h - 

Contact conductance of solar cells to panel 

reduced to 100 

W/m²K 
0 0 

h + 
increased to 10,000 

W/m²K 
-0.4 0.9 

GR_ext - 
External optical properties 

reduced by 20 % 0 0.6 

GR_ext + increased by 20 % -1.9 0.8 

GR_int - 
Internal optical properties 

reduced by 10 % 0 0.8 

GR_int+ increased by 10 % -1.4 0 

GSC - Solar constant set to maximum Sun distance 152.1 * 106 km -0.9 0 

GSC + Solar constant set to minimum Sun distance 147.1 *106 km 0 2.5 

 

For the purpose of this study the sensitivity analysis was conducted for the upper temperatures of the hottest case 

and the case with the highest temperature gradients. The hottest investigated case is the one with an SSO 6:00, 500 

km altitude, 25 W dissipation, and Kapton® foil coating on the external sides of the spacecraft. The resulting modelling 

uncertainty is between 10.8 and 11.3 K for the internal PCB, while the modelling uncertainty is between 8.6 and 

10.3 K for the structure.   

To 

From 

From 
To 
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The case with the highest temperature gradient 

over one orbit, which is the SSO 12:00, 500 km 

height with a dissipation of 5 W and a black 

anodized coating on the external surfaces. For this 

case a sensitivity analysis was conducted for the 

minimum and maximum temperatures. The 

modelling uncertainty for the minimum 

temperature for the internal PCBs is between 8.7 

and 10.1 K, while the modelling uncertainty for the 

structure is between 7.5 and 12.5 K. The modelling 

uncertainty for the maximum temperature for the 

internal PCBs is between 9.4 and 10.4 K, and for 

the structure the modelling uncertainty is between 

9.7 and 11.4 K.  

Figure 8 shows the temperature limits for the 

example of PCB_3 including modelling 

uncertainty. It shows the average calculated 

temperatures (the continuous line), the temperatures with the added upper uncertainty margin (the dashed line) and 

the temperatures with the subtracted lower uncertainty margin (the dotted line). The expected temperatures in orbit 

should be in between the dashed and the dotted line. 

E. Influence of Internal Conductive Couplings 

In addition to the global parameter variation and the sensitivity analysis, a dedicated parameter variation was 

performed  to investigate the influence of contact conductance on the PCB temperature. Figure 9 shows the influence 

of contact conductance on the PCB temperatures for the SSO 12:00 orbit, with an altitude of 500 km and a 3U CubeSat 

with a black anodized outer coating. This configuration was selected as it leads to the highest temperatures in the main 

study. As such, it was expected to yield in the highest temperature deviations for this parametric analysis. The change 

in contact conductance is represented by the change of the linear conductor value GL. The GL, as introduced in section 

III.A.4 Conductive and Radiative Couplings, is composed of the contact conductance between stand-off and PCB as 

well as the thermal conductivity of the standoff material. The linear conductor is the inverse of the thermal resistance. 

For the purpose of this parameter variation it was varied by +/- 50%.  

The results indicate that a decrease in the linear conductor value leads to an increase of the PCB temperature. The 

blue line in Figure 9 shows the minimum temperature change of the internal PCBs over one orbit with the change of 

the GL. The orange line sows the maximum temperature change of the internal PCBs over one orbit if the GLs are 

changed. The decrease of the GL by 50 % results in a minimum temperature change of -1.9 to 0.7 °C and a maximum 

temperature change of 2.7 to 5.2 °C depending on the internal heat dissipation. At low dissipation levels, the 

temperature on some PCBs is even decreasing with decreasing GL values as less heat is transported from other 

components to the corresponding PCBs. The increase of the GL values by 50 % results in a minimum temperature 

change of -1.5  to -3.2 °C and a maximum temperature change of 0.8 to -0.9 °C depending on the internal heat 

  
Figure 8. PCB_3 temperature range with uncertainty (SSO 

12:00, 500 km, 5 W, Black Anodized)  
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Figure 9: Impact of conductive coupling. Left: Temperature change due to decrease of the internal conductive 

coupling value; Right: Temperature change due to the increase of internal conductive coupling value, for a 3U 

CubeSat in a  SSO 12 o`clock orbit of 500 km altitude. 

 

 

 

-4

-2

0

2

4

0 5 10 15 20 25 30d
el

ta
 T

 [K
]

Internal Dissipation [W]

GL -50%

min delta max delta

-4

-2

0

2

4

0 5 10 15 20 25 30d
el

ta
 T

 [K
]

Internal Dissipation [W]

GL +50%

min delta max delta



 

International Conference on Environmental Systems 
 

 

11 

dissipation. At low dissipation levels, the temperature on some PCBs is even increasing with increasing GL values as 

more heat is transported from other PCBs than heat transported away from some PCBs. 

An increase of the contact conductance, represented by the increase of the GL value, results in a temperature 

decrease of the temperature of the PCBs. A decrease of the contact conductance, represented by the decrease of the 

GL value, results in an overall increase of the temperature of the PCBs.  

The magnitude of the temperature change due to the change of the GL value of the standoffs is comparable to the 

change of optical properties from Kapton® foil to a black anodized surface. 

V. Discussion 

In this chapter the results for the 3U CubeSat are analyzed and discussed. The results are also compared to the 

simulated temperatures of the 6U CubeSat. 

A. Average Internal Temperature for the 3U CubeSat 

Figure 6 shows that the higher the internal dissipation of a CubeSat is, the higher is its average internal temperature. 

It also shows that the optical coating can reduce the average internal temperature significantly, depending on the α/ε-

ratio. White paint with a very low solar absorptivity and a high emissivity reduces the average internal temperature 

by up to 22 K at a dissipation of 5 W compared to the black anodization. At some point, also seen in Figure 6, the 

Kapton® foil exceeds the temperatures of the black anodization, which has a higher α/ε-ratio (0.79) than Kapton® foil. 

This is due to the fact that at some point the heat emittance by the Kapton® foil is smaller compared to the black 

anodized coating. 

Further, the orbit inclination and LTAN can significantly influence the internal temperature of a CubeSat. This is 

especially the case if the orbit leads to extreme conditions, e.g. SSO 6:00 (dusk-dawn-orbit) which has no eclipse. 

Here the spacecraft is constantly Sun illuminated, which leads to higher temperatures on the satellite as it has no time 

to cool down. Compared to this, the orbit altitude has only a very small impact on the average internal temperature, 

for the investigated range. From an orbit altitude of 500 km to an altitude of 800 km the CubeSat’s average internal 

temperature is reduced by less than 2 K. 

B. Overall Minimum and Maximum PCB Temperatures 

In Table 7 the minimum and maximum temperatures show that the 5 W cases in combination with the white paint 

optical coatings exceed the lower temperature limit for all orbits except the SSO 6:00, which has no eclipse time. This 

is due to the low α/ε-ratio of 0.18. With a solar absorptivity of 0.17 and an IR emissivity of 0.92, the white paint emits 

a lot more energy compared to the energy it absorbs from the Sun. The maximum temperatures on the 3U CubeSat 

occur at the highest dissipation levels and the Kapton® foil optical coating. The Kapton® foil has a solar absorptivity 

of 0.38 and an IR emissivity of 0.67. With these values the Kapton® foil can absorb a lot more solar energy than the 

white paint and at the same time emit less energy due to the lower IR emissivity value. For the SSO 6:00 only the 5 

W cases do not exceed the temperature limits. For all other orbits (SSO 9:00, SSO 12:00, ISS) internal dissipation of 

15 W and higher exceed the upper temperature limit. Here special attention should be paid when designing the thermal 

control of a CubeSat. Only the 10 W cases are inside the defined temperature range for the SSO 9:00, SSO 12:00 and 

ISS orbit. 

C. Occurrence of Temperatures 

The number of all calculated average internal temperatures 

for all 150 simulated cases can be seen in Figure 10. It shows that 

the averaged internal temperature for the CubeSat is somewhere 

between 24 °C to 72 °C with a peak at 40 °C to 56 °C. This means 

that at higher dissipations the average internal temperature of a 

PCB in a 3U CubeSat has a high probability to be between 24 °C 

and 72 °C. 

 
Figure 10. Temperature occurrence. 

Occurrence of temperatures for the 3U CubeSat 

for all cases. 
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D. Temperature Stability 

The temperature stability for the CubeSat was derived by calculating the maximum and minimum ΔT for each 

PCB over the whole orbit. The solar arrays and the structure were ignored in this analysis because they have usually 

less strict temperature requirements, while the internal PCBs have a more narrow temperature range and are critical 

for the functioning of the spacecraft. The SSO 6:00 was excluded from this analysis, as the temperature fluctuation of 

all internal PCBs is negligible in the presented conditions with 

constant internal dissipation and spacecraft attitude. The highest 

delta in temperature can be observed for the SSO 12:00 orbits, 

while the lowest delta in temperature is found for the SSO 9:00 

orbit. Figure 11 shows the temperature stability of the PCB_3 in 

the SSO 12:00, 500 km, and 5 W dissipation, as well as the 

Battery_Board in the SSO 9:00, 800 km, 25 W dissipation. The 

temperature fluctuation is shown around the orbital average 

temperature, not the absolute physical temperature. Of all 

modelled cases these cases are the ones with the highest and 

lowest delta temperature of a PCB. This means that all the PCBs 

for all simulated orbits (excluding SSO 6:00) have a temperature 

fluctuation over one orbit between 2.8 K and 27.7 K. 

E. Comparison to 6U CubeSat 

Modelling results for 3U and 6U CubeSat cases show a similar temperature behavior, overall. The black anodized 

coating and the Kapton® foil result in higher temperatures than the white paint. The SSO 6:00 orbit results in the 

highest temperatures for all orbit types, due to the missing eclipse. The orbit height has a very small influence on the 

overall temperature. The difference between the 3U and the 6U CubeSat, for the same internal dissipation values (5 

W, 10 W, 20 W), are in the range of 3 K to 22 K, with the 6U CubeSat always being colder for the same boundary 

conditions. This temperature difference is due to the larger surface area of the 6U CubeSat compared to the 3U 

CubeSat, which means that more heat can be dissipated, resulting in lower temperatures. Table 11 summarizes the 

differences between 3U and 6U CubeSat for three SSO orbits at 500 km altitude, an ISS orbit and three different levels 

of dissipated power. It shows that the higher the internal dissipation the higher the temperature discrepancy between 

the two CubeSats.  

 

Table 11. Temperature difference for the 6U compared to the 3U CubeSat for the same boundary conditions 

(with the 6U always being colder) 

 SSO 6:00 SSO 9:00 SSO 12:00 ISS 

5 W 3 – 9 K 5 – 9 K 3 – 7 K 4 – 8 K 

10 W 11 – 17 K 15 – 19 K 12 – 17 K 14 – 18 K 

20 W 15 – 20 K 19 – 22 K 17 – 21 K 18 – 22 K 

VI. Summary & Conclusion 

This study shows the impact of orbit altitude, local time of ascending node, internal dissipation and  external optical 

surface properties on the temperature of a 3U CubeSat in low Earth orbits. The results indicate that the internal 

dissipations has the biggest contribution to temperature of the PCBs especially for orbits with extreme conditions, 

such as for example dusk-dawn orbits, or long eclipse times. In contrast to this, the orbit altitude has a smaller impact 

on the PCB temperatures, in the investigated cases. The temperature difference is <2 K in an altitude range from 500 

km to 800 km. Optical properties on the other hand make a difference if the α/ε-ratio is changed significantly. The 

largest impact on the temperature had white paint (α/ε =0.18) as a coating. Black anodization (α/ε =0.79) and the 

Kapton® foil (α/ε =0.57) lead to similar temperatures, whereas the white paint showed a significant cooling effect for 

the CubeSat. 

A sensitivity analysis was performed and the resulting modelling uncertainties were up to 11.4 K. Including the 

modelling uncertainty even more cases resulted in too high temperatures. In case of SSO 6:00 orbits, the PCB 

temperatures remain within the required limits, only if not more than 5 W heat is dissipated. For higher dissipations 

the upper temperature limits are exceeded. Those cases will need some kind of thermal control (radiator, thermal strap, 

etc). For all other orbits (SSO 9:00, SSO 12:00, ISS), 5 W gets too cold for the white paint coating and 15 W exceeds 

50°C with up to 18 K if modelling uncertainty is included. Nevertheless, the 15 W cases may be cooled down more 

  
Figure 11. Temperature stability of PCB_3.  
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easily with radiators, thermal straps or other thermal control means, compared to the cases of 20 W and more, where 

the upper limit is exceeded by up to 42 K including modelling uncertainty.  

The comparison to a 6U CubeSat with the same parameter variations indicates that a 6U CubeSat would be 3-9 K 

colder for 5W internal dissipation, 11 to 19 K for 10 W dissipation and 15-22 K colder for 20 W dissipation.  

Of course, this thermal analysis is not universally applicable as every CubeSat has a different thermal design with 

different, orbit, attitude, internal composition, payloads, and its own set of requirements. The CubeSats analyzed in 

this paper are only simple models with constant heat dissipation over an orbit and, except for the optical coatings, it 

has no further thermal control systems implemented. It also needs to be highlighted that the presented results for the 

ISS orbit only apply to one single β-angle. Yet, the ISS orbit β-angle varies significantly over the year. This needs to 

be taken into account if looking at the presented results.  

Nevertheless, this generic analysis of a simplified 3U CubeSat provides a first estimation of the expected 

temperatures in several orbits and for several orbit β-angles. The results indicate that in general the need for dedicated 

thermal control increases for 3U CubeSats with total internal power dissipations of >10 W. Thermal control systems 

such as radiators or thermal straps would become a necessity in such cases. Extrapolating average internal 

temperatures from the model results shows that the need for thermal control of CubeSat increases.  

Today CubeSats are not limited to educational missions and teams in e.g. universities, as more and more 

commercial companies, start-ups, and agencies recognize and utilize the advantages and possibilities of nano-

satellites. Yet, with increasing power demand and more and more complex payloads in CubeSats nowadays, the need 

to develop more sophisticated thermal control systems, adapted to the CubeSat form factor, grows. 
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