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SAMMANFATTNING 
 

 
De ständigt ökande utmaningarna som vi står inför med vår förbrukning av resurser på 
jorden är faktorer som har lett till att forskare visat intresse för att studera möjligheterna för 
människors livsmiljö på andra himlakroppar. Mars är en stenplanet och ligger på ett sådant 
avstånd från solen att det kan vara möjligt för framtida bosättningar med rätt teknik och 
lösningar. Framtida expeditioner till Mars förlitar sig på solpaneler som primär energikälla. 
Att utnyttja solarkitektur är en lösning som minskar både byggnadens energiförbrukning 
och omfattningen av miljöskador som fossila bränslen orsakar på jorden. Detta leder till 
omfattande möjligheter att undersöka hur vi kan öka användningen av förnybar energi med 
hjälp av ny teknik utvecklad för användningen på jorden men även för användning inom 
rymdindustrin. 
 
Denna studie är utförd dels via en kvalitativ metod genom en litteraturstudie och 
semistrukturerade intervjuer samt en kvantitativ metod genom beräkningar. 
Litteraturstudien var avsedd att fungera som en teoretisk grund för denna studie samt för 
intervjuerna genom att skapa förståelse för världens användning av förnybara och icke 
förnybara energikällor och hur solenergi fungerar med hjälp av solceller. Intervjuerna hölls 
för att identifiera möjligheter och hinder för ett solenergisystem på Mars samt 
användningen av BIPV (byggnadsintegerade solceller) i extrema miljöer. Matematiska 
beräkningar baserades på den grundläggande geometriska formen av en cylinder där 
väggarna var den varierande parametern. Sex platser på Mars med olika koordinater och 
underliggande aspekter valdes ut till studien utifrån informationen som insamlats från 
litteraturstudien och intervjuerna.  
 
Aspekter som måste beaktas för att bygga med integrerade solceller på en byggnads 
klimatskal på Mars är många. Några av de mest avgörande är: dammavlagring och damm 
i atmosfären, ett klimat med stora temperaturskillnader, byggnadens plats på planeten samt 
mängden energi som tillhandahålls genom att använda sig utav BIPV som i sig påverkas 
av Mars avstånd till solen. Om byggnadens grundläggande geometriska form är en cylinder 
skulle byggnadens form likna en kapad kon med en flackare vägglutning ju närmare 
byggnaden är placerad mot ekvatorn. Om byggnaden ligger långt ifrån ekvatorn kommer 
väggens lutning, den optimala lutningsvinkeln för solpanelerna, att vara brantare och därför 
öka vid en högre latitud. Används BIPV på en byggnad på Mars fås den maximala effekten 
då byggnaden är så nära ekvatorn som möjligt tack vare den stora mängden solljus som når 
ytan. Om BIPV faktiskt skulle kunna användas på Mars yta är fortfarande en relativt 
omfattande hypotes. Studier om Mars och andra planeter tenderar att resultera på detta sätt 
på grund av de många osäkerheter som inte kan bevisas innan människor faktiskt kommer 
till planeten eller då detaljerade experiment och tester har kunnat genomföras och 
analyseras. Ett solenergisystem visar stora möjligheter för framtida bemannade 
expeditioner till Mars men BIPV anses inte vara ett alternativ inom en snar framtid utan 
ytterligare forskning och utveckling som verifierar alternativet. 
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ABSTRACT 
 

 
The ever-increasing challenges that we face with our consumption of resources on Earth 
are factors which have prompted researchers to show interest in studying the possibilities 
of human habitat on other celestial bodies. Mars is a stone planet and is at such distance 
from the sun that it could be feasible for future settlements with the right technology and 
solutions. Future missions to Mars rely on solar panels as their primary power system. 
Utilizing solar architecture is a solution that reduces both a building’s energy consumption 
and the extent of environmental damage fossil fuels are causing the Earth. This leads to 
extensive opportunities to explore how we can increase the use of renewable energy using 
new technologies developed for use on Earth but also for use in the space industry. 
 
This study used a qualitative method through literature studies and semi-structured 
interviews as well as a quantitative method through calculations. The literature study was 
meant to act as a theoretical base for this study and for the interviews by creating an 
understanding of the world’s usage of renewable and non-renewable energy sources and 
how solar power works by the means of photovoltaic cells. The interviews were held to 
identify the opportunities and obstacles regarding a solar power system on Mars as well as 
the usage of BIPV (building-integrated photovoltaics) in extreme environments. 
Mathematical calculations were based on the fundamental geometric shape of a cylinder 
where the walls were set to be the varying parameter. Six locations on Mars with different 
coordinates and underlying matters were selected to the study based on the knowledge 
collected from the literature study and the interviews. 
 
Aspects that needs to be considered for building-integrated photovoltaics placed on a 
building’s envelope on Mars are several. Some of the most crucial are: dust deposition and 
dust in the atmosphere, a climate with major temperature extremes, the habitats location on 
the planet and the amount of output energy provided by BIPV partly affected by the Mars-
Sun distance. If the fundamental geometric shape of the building is a cylinder, the 
building’s shape would to form as a truncated cone with smaller wall slopes the closer the 
equator the habitat is located. If the habitat is placed far away from the equator the walls’ 
slope, the optimal tilt angle of the photovoltaic module, would be steeper and increase with 
the higher latitude. The maximized power by using BIPV on a building on Mars is provided 
as close to the equator as possible due to the big amount of sunlight reaching the surface. 
If BIPV could be used on the Martian surface is still a relatively extensive hypothesis. 
Studies about Mars and other planets tend to result in this kind of approach because of the 
many insecurities that cannot be proven before humans get to the planet or detailed tests 
have been accomplished and analyzed. A solar power system shows great opportunities for 
future human missions to Mars but BIPV is not considered an option in the near future 
without further research and development verifying the option. 
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1     INTRODUCTION 
 

The introduction chapter presents the subject by a background and problem formulation 
as well as the purpose and aim of this master thesis. The research questions and 
delimitations are lastly lined up to mark this study’s scope. 
 
1.1   Background 
 
Today around the globe, there is ongoing research about how humans will explore and even 
get to another celestial body than Earth. Mars, our well-researched neighboring planet, is 
one of the best-suited candidates in pursuit of a new world for humanity. One of the many 
challenges we face is to develop sustainable and efficient energy solutions on a currently 
desolate location. 
 
By overharvesting forests, overfishing and emitting more carbon dioxide into the 
atmosphere than ecosystems can absorb, our consumption of resources and services 
exceeds Earth’s capability to regenerate those resources (WWF, 2018). Earth Overshoot 
Day, the calendar date on which humanity has used more of nature’s resources than the 
Earth itself can renew during a year, has gradually moved from December to August since 
the beginning of the 1970s (WWF, 2018). Climate change along with epidemics, asteroids, 
nuclear war, population growth or even artificial intelligence gone rogue are factors that 
can damage Earth and even our own species (McKerlie, 2017). The ever-increasing 
challenges that we face with our consumption of resources on Earth, along with the 
damaging factors mentioned by Stephen Hawking in Expedition New Earth (2017), are 
factors which have prompted researchers to show interest in studying the possibilities of 
human habitat on other celestial bodies. 
 
Our solar system has eight planets and five dwarf planets orbiting the Sun. Carlsson (2006) 
describes the order and composition of the eight planets. The planets closest to the Sun, 
Mercury, Venus, Earth, and Mars, is called the terrestrial planets and are made of heavy 
materials such as aluminum, iron, silicon, magnesium and nickel. Beyond Mars lies the gas 
giants Jupiter, Saturn, Uranus, and Neptune. Carlsson (2006) describes that Mars can be 
perceived to be a cold and inhospitable planet but is still the planet that most resembles 
Earth compared to other planets and moons in our solar system. Mars is a stone planet and 
is at such distance from the sun that it could be feasible for future settlements with the right 
technology and solutions. Living on a desolate place like Mars would be one of humanity’s 
greatest challenges but will also require a lot of new technological solutions. From the 
perspective of human habitat on another celestial body, one of the challenges which need 
to be resolved is a working energy supply system which provides heating, cooling and 
auxiliary energy to our homes. A natural way to find those solutions according to Carlsson 
(2006) is by evolving versions of issues we have already figured out on our own planet. To 
find a working energy system on a currently desolate location could, therefore, be 
developed from our own energy systems. 
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A Martian settlement entails five cardinal problems; human factors, building, ecosystem, 
energetic systems and industrial systems (Fairén, 2013). Similarities between a colony on 
Mars and our past colonies would be the lack of people and resources, no industries and 
the long and risky one-way trip with no guarantees of a safe outcome (Fairén, 2013). 
Problems on Mars are however more numerous and extensive even though a future 
settlement on Mars could benefit from more modern and developed technologies (Fairén, 
2013). Future missions to Mars rely on solar panels as their primary power system (Landis, 
Kerslake, Jenkins, & Scheiman, 2004). One of the ways to explore the Martian surface 
today is by rovers, successfully driven by solar arrays as the main power source (NASA Jet 
Propulsion Laboratory, n.d.). NASA Science (2018) describes NASA’s Mars Exploration 
Rover Opportunity that was sent to Mars 2004 and was expected to last for just over 92 
Earth days. However, Opportunity has this year lasted for 14 years of active study. This 
provides future opportunities to develop the use of solar energy for larger purposes for such 
as buildings if humans will be using habitats on the planet in the future. 
 
Photovoltaic systems, also solar power system, is one of the most promising renewable 
energy systems according to Strong (2016). Nielssen (2018) argues that solar architecture 
is a solution that reduces both a building’s energy consumption and the extent of 
environmental damage fossil fuels are causing the Earth. He also explains that photovoltaic 
cells are the world’s fastest-growing energy technology and the growth is not only taking 
place in the form of large facilities in the world’s deserts. Photovoltaics can be integrated 
into a building’s envelope, BIPV, to replace parts of a building’s envelope (Strong, 2016). 
Companies have developed BIPV where roof tiles, windows, and bricks can cover the 
house and act as solar cells. Furthermore, Nielssen (2018) reasons that, combined with a 
large battery, photovoltaic cells can provide an entire household with energy. It is a solution 
that, apart from an aesthetic perspective, combines architecture and a renewable energy 
source with the primary purpose of extracting solar energy. 
 
Adapted solutions made for harsh environments like space have also made great 
opportunities for Earth. Almost every human has something in their home today made by 
a material that has been developed for the space industry, for example, Teflon, Velcro, and 
light metals (Carlsson, 2006). Carlsson (2006) implies that a journey to Mars would, in the 
same way, give a lot back to mankind as the space industry’s spin-off-effects are something 
we all can benefit from. Energy solutions developed for Mars could in the future be 
adaptable for Earth, thus increasing the usage of renewable energy sources. Today, the 
Earth’s approximately seven billion people consume an amount of energy equivalent to 
more than 14 billion tons of oil a year (Nielssen, 2018), a critical point as the world’s energy 
consumption has increased by more than 50 % in the past 20 years. Only one-seventh comes 
from sustainable sources and nuclear power. This leads to extensive opportunities to 
explore how we can increase the use of renewable energy using new technologies 
developed for use on Earth but also for use in the space industry. 
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1.2   Purpose and aim 
 
The purpose of this master thesis is to increase knowledge of how a renewable energy 
source for buildings on a desolate location can be obtained using building-integrated 
photovoltaics. 
 
The aim is to, by literature studies, interviews, and energy calculations, collect and analyze 
information for a comparison with different outcomes for a building’s exterior design and 
location on Mars. This to find the most favorable solution to optimize the use of building-
integrated photovoltaics for a building’s own energy supply. Design proposals will be 
produced based on the energy variations and locations where several aspects associated 
with building-integrated photovoltaics on Mars have been considered.  
 
1.3   Research questions 
 
The work in this master thesis is guided by the following research questions (RQ): 
 
RQ 1: What aspects need to be considered for building-integrated photovoltaics on a 
building’s envelope that is placed on Mars? 
 
RQ 2: How should building-integrated photovoltaics be placed most efficiently on a 
building’s envelope? 
 
RQ 3: Where should a building on Mars be located to maximize the power by building-
integrated photovoltaics as main power system? 
 
1.4   Delimitations 
 
The design proposal will only include the exterior design of the building such as different 
geometric shapes with building-integrated photovoltaics. The focus will be held on the 
walls as they will be the varying parameter. The study will not consider economic aspects, 
assembling or transport of the photovoltaic energy system. Certain delimitation will also 
be taken to gravity as well as the Martian environment’s and atmosphere’s impact on the 
BIPV system’s material. 
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2     METHOD 
 

A brief description of this study’s journey is introducing this chapter. The method used in 
this study is presented by a method description followed by the used data collection 
methods. How the study was implemented is presented by three sections: literature study, 
interviews and energy calculations. Lastly, the method criticism is explained through 
validity, reliability and generalizability.  
 
2.1   This study’s journey 
 
The journey of this study turned out to be a constantly changing path. Ideas that were set 
in the beginning, meant to act as a primary part of the execution, were changed as new and 
complicated issues evolved. New discoveries along the way replaced the predetermined 
implementation tool with manually calculated solutions. Although the topic of this master 
thesis was expected to contribute with highly hypothetical parts, the study’s scope in the 
beginning has changed considerably throughout the research.  
 
2.2   Method description 
 
This study will use a mixture of a qualitative and quantitative method. A qualitative method 
will be used through literature studies and semi-structured interviews as well as a 
quantitative method through calculations. Holme & Solvang (1991) describes a qualitative 
method to be based on certain expectations of characteristic value and knowledge among 
the researcher and its research environment. The process and emergence of the results is an 
interaction between theory and empirics, between researcher and survey people. They also 
describe there is no absolute difference between a qualitative and a quantitative research 
method. The basic difference would be that quantitative methods convert the information 
to numbers and amounts. This lays the ground for a statistical analysis. Qualitative methods 
are based on the researcher’s perception and interpretation of the information, in other 
words, the information is not converted into numbers. 
  
Qualitative data and methods have a strength to show the total situation (Holme & Solvang, 
1991). It brings a whole image and enables an increased understanding to social processes 
and context (Holme & Solvang, 1991). One of the reasons a mixture of a qualitative and 
quantitative method is necessary for this study is the way the study can turn and change 
direction throughout the process. The study will follow the two methods through literature 
studies, interviews and calculations. Input from literature studies and interviews lays the 
ground for the quantitative method of calculations. Areas considered in the study are design 
and research within energy calculations adapted for BIPV and Mars. The result will be a 
design proposal based on the identified aspects for BIPV and energy calculations for Mars. 
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2.2.1   Data collection methods 
 
The data is collected through literature studies and interviews. Literature studies are usually 
preceded by literature search which in a research context could be books, reports, articles 
and such together with data from the internet (Ejvegård, 2009). The literature search is used 
by keywords in search engines like Google, Google Scholar, and the university library’s 
search engine and is critically reviewed and summarized. Interviews are also held within 
the different main areas of the study. It is a method used in the research context to find out 
different perceptions and knowledge which is especially necessary when answers may be 
so new that they are not included in the available literature (Ejvegård, 2009).  
 
2.3   Implementation 
 
2.3.1   Literature study 
 
The literature study was meant to act as a theoretical base for this study and for the 
interviews. Headlines were set up to arrange the order of research areas. The literature 
search started by using several keywords in online search engines. Websites and e-books 
were used in combination with printed books, research papers, and reports. The subjects 
start widely with profound background and narrows out to more specific information. The 
literature study was an ongoing process throughout the whole study. 
 
The literature study is aimed to create an understanding of the world’s usage of renewable 
and non-renewable energy sources and how solar power works by the means of 
photovoltaic cells. Equations to calculate solar irradiation and energy output are presented 
as well as the BIPV system’s area of use for both on Earth and on Mars. Current and former 
explorations and missions explain why BIPV should be considered as a power option for 
future human missions to Mars. Challenges regarding a solar power system on Mars were 
investigated. 
 
2.3.2   Interviews 
 
After the literature study was partly conducted, semi-structured interviews were held within 
two areas; BIPV and Mars research. The quantity of the interviews was arranged to be low 
but was open to a bigger number if so was required. Interview people were chosen based 
on their establishment and by advice from other contacts in the same field.  
 
The interviews were held to identify the opportunities and obstacles regarding a solar power 
system on Mars as well as the usage of BIPV in extreme environments. People in the same 
area got to answer the same questions and additional questions arose during the interviews 
because of the semi-structured nature. All the interviews were held by telephone and was 
also recorded to create useful conditions for analysis. Knowledge was then gained from the 
interviews and summarized as results. 
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The interview guide made for people in the Mars research area had questions focused on 
possible energy systems and future human settlements on Mars. Some of the questions were 
held in comparison to Earth conditions to get answers more easily to understand because 
of the other questions’ high hypothetical level. People interviewed within building-
integrated photovoltaics had questions related to Earth conditions but also about more 
extreme climate environments and future developments. 
 
Four people were interviewed in two different areas. Two of the interview objects (IO’s) 
have knowledge about BIPV and the other two have knowledge of space and Mars. 
 
IO 1: She works within the space industry and holds a lot of research experience and 
knowledge within space and the planet Mars. She has written a book about Mars and has 
even participated in simulated Mars landings. 
 
IO 2: He is currently working on ExoMars (European Exploration Program) in 
collaboration with ESA (European Space Agency) with the payload instrumentation for 
their Mars rover launching in 2020. 
 
IO 3: She is responsible for the product technology at a smaller Swedish company with 
BIPV products. She works both as a constructor and a product developer. 
  
IO 4: He works at a Swedish service and consultancy company where they do research 
projects about BIPV. 
 
The information from the literature study and the interview objects were collected and 
summarized to identify some of the aspects that needs to be considered for BIPV on Mars. 
 
2.3.3   Energy calculations 
 
Mathematical calculations were based on the fundamental geometric shape of a cylinder 
where the walls were set to be the varying parameter. Six locations on Mars with different 
coordinates and underlying matters were selected to the study based on the knowledge 
collected from the literature study and the interviews. Values for the Sun angles under a 
Mars year for each location were collected and separated to determine the optimal tilt angle 
of a solar module. The optimal tilt angles were analyzed with the purpose to determine the 
optimal exterior design of the habitat. Depending on the tilt angle for the BIPV system on 
a certain location the cylinder transforms more to a truncated cone. To determine the most 
favorable location on the Martian surface for a habitat, the amount of sunlight reaching the 
surface and tilted walls were calculated and analyzed. Simplified buildings were made in 
Revit Architecture 2017 to show the different design proposals for the habitat. Lastly, the 
energy output was calculated and analyzed for each shape of the locations with a specified 
area and volume. 
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2.4   Methodology criticism 
  
2.4.1   Validity 
 
Holme & Solvang (1991) explains how the level of validity depends on the collected data’s 
relevance to the study’s execution. To utilize the data in the right aspects will induce a high 
validity. In comparison with a quantitative method, the problem of obtaining valid 
information in surveys is less in a qualitative method. There is a bigger proximity in 
qualitative surveys to the one or the ones being investigated. A problem that can arise 
though is that the proximity could create fixed expectations within the research if the units 
behave in a certain expected way. The researcher must be aware of these situations when 
expecting surveys to turn out in a certain way.  
 
Achieving high validity requires high relevance for the collected data for this study. It also 
requires a high understanding of the subject so data collecting methods are chosen and used 
the right way. To avoid insufficient validity there is a well prudent process by analyzing 
and repeatedly couple the data to the study’s purpose. Assuring validity in summarized data 
from interviews depends on elaborate interview guides connected to the study’s purpose.  
 
The validity could be questioned regarding the parts in the study that have been converted 
from terrestrial circumstances to fit the Martian preconditions. This plays a significant role 
when calculating the mathematical results. A lot of important approximations should be 
made mostly due to this study’s extent. 
 
2.4.2   Reliability 
 
Reliability describes the trustworthiness in the study by assuring stable and reliable 
decisions from the measuring instruments (Eriksson & Wiedersheim-Paul, 2011). Assuring 
reliable data in literature studies is done by analyzing the sources before inserting them in 
the report. This concerns all type of sources, digital or printed. If a source is several years 
old, the information is being double-checked with other sources to verify the reliability. It 
is especially central with sources within Mars research that frequently are making great 
progress. Where the sources are collected from is of significance and is reviewed 
continuously.  
 
To choose suitable interview objects stands for a major part of the reliability. The focus 
was targeted of finding people with an appropriate experience and establishment. Using the 
same interview guides for people within the same area strengthens the trustworthiness in 
the answers. Telephone interviews could, however, question the validity due to unseen 
expressions of the interview objects. All interviews have been carried out to be as equal as 
possible to avoid that insecurity. Recording the interviews also contributes to useful 
analysis opportunities that conduce reliability. 
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2.4.3   Generalizability  
 
High validity and reliability of the research contributes to the study’s quality and therefore 
the generalizability (Golafshani, 2003). Generalizability depends on the choices made in 
connection with data collecting methods the conclusions made at the end. Qualitative 
methods involve a small number of people and are therefore not generalized the usual way 
nor with numbers as in a quantitative method (Golafshani, 2003). The importance lies in 
the usage of data collecting methods with appurtenant interpretations and conclusions 
based on the facts and calculations. 
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3     LITERATURE STUDY 
 

This chapter is aimed to lay the ground for this study’s results. Topics such as the Sun, 
solar energy, BIPV and the planet Mars are first introduced widely to narrow out in more 
specific areas. Equations are also introduced as well as significant data. 
 
3.1   The Sun - A renewable energy source 
 
A renewable energy source is constantly being renewed by natural means 
(Naturskyddsföreningen, 2018). Marsh (2018) describes renewable energy sources as being 
constantly replenished and therefore having a very limited negative environmental impact 
compared to fossil fuels. Globally, today’s energy system consists largely of fossil energy, 
although there are great potentials of renewable energy on the planet 
(Naturskyddsföreningen, 2018). There are five main technologies that can be referred to as 
renewable energy sources; solar energy, wind power, hydroelectricity, geothermal energy 
and biomass (Marsh, 2018). Solar energy is a non-polluting energy source that does not 
emit any greenhouse gases when converting sunlight into electricity (Energy Matters, n.d.). 
Solar energy is basically the root for all energies in the world as it matters in wind and tide, 
even fossil fuels are originally produced by photosynthesis and chemical reactions 
(Kalogirou, 2014). Solar radiation is obtained directly from the sunlight, and solar 
irradiation, or solar insolation, is the amount of solar energy incident upon a surface per 
unit area and unit time (World Energy Council, n.d.).  
 
3.2   Solar cells and solar panels 
 
Solar cells, also called photovoltaic cells, generate electricity directly from the sunlight 
without heat engines or rotating equipment which results in minimal maintenance (Strong, 
2016). When several solar cells are connected to each other they form a module, also called 
solar panel. Photovoltaic systems can be used as a power system in applications such as 
remote monitoring, battery charging and communications on Earth and in space 
(Kalogirou, 2014). A photovoltaic system’s electrical power output is depending on load 
resistance, incident radiation, the solar incidence angle and the cell’s temperature 
(Kalogirou, 2014). 
 
Photovoltaics come in several types with different implementations. Concentrating 
photovoltaics, CPV, photovoltaic cells used with reflective material, mirrors or lenses to 
increase the photovoltaics effectiveness by concentrating the sunlight. Multi-junction 
photovoltaics are more complex cells with different band gaps. A triple-junction 
photovoltaic cell consists of three layers of photovoltaic material and can achieve 40 % 
efficiency. The three layers are aimed to capture as much of the solar spectrum as possible 
by capturing separate portions of the spectrum. (Kalogirou, 2014) 
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3.2.1   On Earth 
 
Electricity stands for 25-30 % of the consumed energy in buildings in industrialized 
countries (Kalogirou, 2014). Electricity provides our homes with light, heating and cooling 
as well as operating appliances. How much electricity is needed depends on the buildings 
purpose, location and users. One of the preferred ways to estimate electrical output is by 
the location’s amount of solar energy. Average daily insolation is one of the most useful 
quantities, mostly presented in energy units (kWh). The daily insolation varies in terms of 
different weather as well as the day length and the Sun’s altitude throughout the year. 
 
Photovoltaic modules come with different performance characteristics and appearances 
depending on the purpose and present environment. Modules used outdoors in harsh 
environments such as the Arctic and in deserts, increases the impact of design decisions to 
fit the specific conditions (Kalogirou, 2014). As such, two design drivers on Earth are wind 
and snow loading. Tilt and orientation are also design drivers that determines how light 
reaches the building’s surface (Roberts & Guariento, 2009). Another aspect to consider is 
the Sun’s radiation and how it affects the amount of generated power (Roberts & Guariento, 
2009). The amount of light incident on a surface at one point in time is called irradiation. 
A combination of diffuse and direct irradiance is the global irradiance onto a site. Direct 
irradiance depends on the Sun’s position and the Sun’s path while diffuse irradiance arrives 
through haze and clouds. Incoming solar radiation, insolation, is the total amount of light 
energy received at an angle over a period. For example, a southerly aspect is the obvious 
choice for the northern hemisphere due to the amount of sunlight received on the solar 
panels. On the contrary, solar panels facing north is ideal for the southern hemisphere. 
Maximal generation would require a south orientation and a tilt angle based on when the 
sun is higher than the latitude of the site. The annual output will then be higher when 
arranging the photovoltaics favorable to the summer irradiation. 
 
The amount of solar irradiation is proportional to the yield of the photovoltaic module that 
varies depending on the tilt and tracking (Kalogirou, 2014). At the same time tilting the 
modules could generate more power, it could also cause shading of adjacent modules. The 
key is to find the right balance of the energy yield with the tilting and module spacing. 
Furthermore, the efficiency of the modules also depends on factors such as spectrum, light 
intensity, and temperature, thus different types of modules behave differently to the local 
climate (Kalogirou, 2014). It is therefore hard to make predictions about the energy yield 
for a photovoltaic module on a specific location, despite significant data. 
 
Two types of angles can be considered when determining the module’s tilt in purpose to 
increase the amount of sunlight. Deviation from the horizontal plane is called collector tilt 
angle or elevation angle and deviation from due south, in the northern hemisphere, is called 
the collector azimuth angle. The average incidence angle throughout the year gets 
minimized if the module is tilted at a latitude tilt, an angle equal to the local geographic 
guide. A smaller tilt angle is more commonly used as it reduces wind loads, shading to 
adjacent modules and takes profit from the greater amount of sunlight in the summer. As 
the sun gets lower away from the equator, the requirement of tilting increases to maximize 
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the effect of global irradiation. Therefore, photovoltaic modules with fixed tilting tend to 
be a ground-mounted system or large flat roofs at higher altitudes where the buildings can 
utilize the existing roof slope. Another factor whether to tilt the module or not is if the 
global irradiation is diffused by clouds. If so is the case, the module’s yield is maximized 
with full exposure to the sky by laying it flat. (Kalogirou, 2014) 
 
3.2.2   On Mars 
 
Several missions to Mars were launched before the 21st century. NASA’s Viking program 
in the mid-1970s consisted of two identical Orbiter/Lander systems (Badescu, 2009). VL1 
operated for 3.5 years on the landing site with coordinates 22.3°N, 48°W while VL2 
operated for 6 years on the landing site with coordinates 47.7°N, 225.8°W (Badescu, 2009). 
Badescu (2009) discuss NASA’s Mars Pathfinder mission which consisted of a stationary 
lander and Sojourner. Sojourner was a small sex-wheeled micro rover that was the first in 
a series of rovers launched to the Martian surface. The mission is since the mid-1970s 
Viking program often considered as being the most important Mars Surface Mission 
according to Badescu (2009). The Pathfinder mission landed on Mars 1997 and was the 
first solar-powered mission (Landis, 2005). Badescu (2009) describes the power system of 
the Lander and how it carried scientific equipment and relayed transmissions to and from 
Sojourner. Three unfolded solar panels had a solar array area of 2.8 m2 hinged to the main 
body that carried Sojourner, supplying the Lander with up to 1,200 Wh/sol (a day on Mars) 
of electrical energy on clear sky conditions. Badescu (2009) also describes the scientific 
instruments and the power system that was installed on the Sojourner. One single GaAs/Ge 
(Gallium Arsenide on Germanium) solar panel of 0.2 m2 was installed on top of the 
microrover, providing it with a peak electrical power output of 16 W. The solar panel 
enabled the rover to operate several hours per day, even in dust storms. The Lander and the 
Sojourner also had rechargeable batteries installed for nighttime operations and included 
as backup (Badescu, 2009). Mars Polar Lander mission, included in NASA Mars Surveyor 
’98 program, also had a power system consisting of solar panels but the mission failed as 
both the lander and the probe were lost (Badescu, 2009). 
 
Landis et al. (2004) implies that a lower band gap photovoltaic cell is preferred due to the 
redder spectrum and the low operating temperature on Mars. They also argue that as roving 
vehicles demands small array sizes it drives the photovoltaic technology towards solutions 
with high-efficiency photovoltaic cells. Multiple Mars missions have been launched in the 
21st century, increasing the knowledge about the planet. Badescu (2009) describes ESA’s 
2003 Mars Express Mission included the British lander probe Beagle 2 powered by a 
battery module together with solar cells. The total solar array area contained of 1 m2 of 
GaAs/Ge solar cells and was supposed to fold out from the four deployable solar panels 
but the probe was unfortunately lost after separating from the Mars Express Orbiter and the 
mission failed.  
 
After the Viking program and the Pathfinder mission, NASA’s Mars Exploration Rover 
(MER) missions continued in 2003 with two more successful surface exploration missions 
that landed on the Martian surface 2004 (Badescu, 2009). Badescu (2009) describes the 
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mission’s two rovers Spirit rover (MER-A) and Opportunity rover (MER-B) and their 
power systems. The identical rovers had solar panels installed on the equipment deck 
together with additional solar panels hinged by the deck edges. Triple-junction cells of 
Gallium Indium Phosphorus, Gallium Arsenide and Germanium (GaInP/GaAs/Ge) were 
used on a total solar array area of 1.3 m2. Battery modules were also installed to provide 
the rovers with power during nighttime experiments among other things. With no dust 
deposition and under clear sky conditions the solar panels can provide almost 900 Wh/sol. 
Badescu (2009) implies with the benefit of hindsight that the actual power output proved 
to be lower because of the dust deposition on the solar panels. Another successful mission, 
the Phoenix mission which landed 2008 and deployed a stationary Lander near the North 
Pole (Badescu, 2009). The power system of the Lander consisted of a pair of decagon 
shaped solar array wings with a functional solar array area of 4.2 m2. The power system 
was also combined with the same batteries as the MER-rovers.  
 
The robotic lander InSight successfully reached the Martian surface in November 2018 
with the purpose to study the “inner space” of Mars. The electrical power is provided from 
the autonomously deployed 2.2 meters wide solar wings on each side of the lander similar 
to the Phoenix mission (NASA, 2018). What is new compared to the Phoenix lander is the 
larger solar array area in order to improve the structural strength and to provide more power 
output for the lander to operate for two Earth years (NASA, 2018). On a clear day, the solar 
panels will provide up to 700 W and at least up to 300 W under dust conditions, enough 
power to perform the science experiments (NASA, 2018). All the successful Martian 
surface exploration missions have made great advances including solar power systems on 
rovers and stationary landers. In addition to the rover vehicles, photovoltaics as the primary 
power source may also be used for human missions to Mars (Landis, et al., 2004). 
 
3.3   Integration 
 
Building-integrated photovoltaics (BIPV) differentiates from the traditional photovoltaic 
modules by encompassing the roles of the traditional building elements they replace 
(Roberts & Guariento, 2009). As their role is to be part of a building’s envelope, they need 
to be designed to resists loads in the form of wind, barriers, impact, and loading due to 
maintenance and cleaning (Roberts & Guariento, 2009). They also must meet the 
requirements for the specific location such as air tightness, being weather tight and adjust 
heat balance in the internal environment with the minimal amount of energy.  
 
If the building is designed to last at least that long, photovoltaic modules have a lifespan of 
25 years (Kalogirou, 2014). Photovoltaic systems are commonly used in zero-energy 
houses, buildings that cover its own energy needs (Kalogirou, 2014). Two advantages of 
using BIPV according to Kalogirou (2014) is that initial investment is reduced by replacing 
building elements and that the arrays are aesthetically appealing. 
 
Roberts and Guariento (2009) describe more advantages of using BIPV: 

- It reduces energy costs for the owners by supplying all or a portion of electricity. 
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- Electricity generation losses are reduced as the energy generation is placed next to 
where it is consumed. 

- Spaces on a building’s envelope can be utilized to generate energy. 
- The Sun is a renewable energy source that contributes to the environmental agenda. 
- The proximity to the energy generation provides awareness to energy efficiency.  

 
Kalogirou (2014) mentions some of the advantages of using BIPV on roofs: 

- The solar access is often unshaded. 
- Roof material costs are partly displaced by the BIPV modules. 
- Photovoltaic cell placement and orientation are optimal on flat roofs. 
- A support frame is needless if the pitched roof is optimally inclined. 

 
BIPV with a lower net cost increases the system’s cost-effectiveness by reducing purchase 
costs and material installations when replacing building materials. While providing the 
building with integrated energy generation in walls, roofs, and sunshades, the system also 
works to protect the building envelope against weather. Mounting, fixing and fire resistance 
are factors that are included in the specific standards for BIPV. The standards vary towards 
the locations’ differences in earthquake risks, wind loading, and failure risks. (Kalogirou, 
2014) 
 
Standard module sizes are limited since the sizes are determined by the cell’s size and 
layout within the module (Roberts & Guariento, 2009). This entails that designers could 
choose whether to base their design on existing module sizes or make custom sizes. 
Kalogirou (2014) suggests one of the first things to estimate when designing a BIPV power 
system is the load and load profile required for the building. The system should be designed 
with minimum size to satisfy the needed expenditure by spreading the loads over a period 
of time to make the system cost-effective and small. The photovoltaic cells’ temperature 
also affects the performance of the cell (Kalogirou, 2014). Their efficiency is lowered when 
operating the modules at elevated temperatures. BIPV and concentrating photovoltaic 
systems must remove the heat by mechanical means if the heat dissipation is not possible. 
The power output from a photovoltaic system is assessed of absorbed solar radiation on the 
cell’s surface (Kalogirou, 2014). Absorbed solar radiation depends on air mass, incident 
angle, and incident radiation. When the absorbed solar radiation and the load are estimated, 
the photovoltaic system with other equipment can be determined. 
 
3.4   Solar radiation in space and on tilted surfaces 
 
The power density incident on an illuminated object in space is called solar irradiance, H0. 
The total power of the sun is the power density of a blackbody multiplied with the Sun’s 
surface area (Honsberg & Bowden, 2018). As an illuminated object in space moves further 
away from the sun, the solar irradiance decreases as the Sun’s power is spread out on a 
much larger surface area (Honsberg & Bowden, Solar Radiation in Space, 2018). Planets 
placed number four or more from the Sun has therefore lower solar irradiance than the solar 
irradiance hitting the Earth because of the greater distance from the Sun. Honsberg & 
Bowden (2018) explains how to calculate the solar radiation, H0, on an illuminated object 
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at a distance, D, in meters from the Sun by dividing the Sun’s total emitted power by the 
surface area of the object: 

!" =
$%&'(

)(
*%&' (1) 

where Hsun is determined by Stefan-Boltzmann’s blackbody equation: 

*%&' = +,- (2) 

where s is the Stefan Boltzmann constant 5.670367*10-8 W/m2K4 (NIST, 2014). The Sun’s 
temperature is 5772 K (Williams, 2018). The surface area of the Sun is given by: 

.%&' = 40$%&'(  (3) 

where Rsun is the Sun’s radius of 695,700 km (Williams, 2018). 
 
Solar irradiance on the Martian surface is depending on three factors: the opacity of the 
Martian atmosphere, the solar zenith angle and the Mars-Sun distance. The direct beam 
irradiance can be found through Beer’s law (Appelbaum & Flood, 1990): 

!1 = !2exp	[−9:(<)] (4) 

where m(z) is the air mass calculated by the Sun’s zenith angle z: 

:(<) ≅
1

cos(<)
 (5) 

When the Sun’s rays are perpendicular to the solar array, the power density incident on the 
solar array is equal to the power contained in the sunlight. The power density will in other 
words always reach its maximum when the sun’s rays are perpendicular to the photovoltaic 
module. The amount of power on a tilted photovoltaic module depends therefore on the 
angle between the module and the Sun. (Honsberg & Bowden, Solar Radiation on a Tilted 
Surface, 2018) 
 
Honsberg & Bowden (2018) presents a way to calculate the solar radiation incident on a 
tilted surface, Smodule, with either the solar radiation measured perpendicular to the sun, 
Sincident, or the solar radiation measured on a horizontal surface, Shorizontal:  
 
DE2FGH2'IJK = DG'LGMN'Isinα  (6) 

 
DR2M&KN = DG'LGMN'Isin(S + U) (7) 

 
where a is the elevation angle of the Sun and b is the tilt angle of the photovoltaic module, 
where both angles are deviations from the horizontal plane, see Figure 1 and Figure 2. 
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Figure 1. Solar radiation on a tilted surface. 

 
Figure 2. The Sun's elevation, azimuth and zenith angle. 

 
Badescu (2009) studies the optimal orientation and slope of a surface receiving solar 
radiation on the Martian surface where the data mostly was collected from Viking Lander 
1 (VL1) and Viking Lander 2 (VL2). Badescu (2009) argues that the measured data from 
the Viking Landers provides valuable insight into the Martian seasons due to the long 
operational lifetime. The amount of solar radiation depends on the amount of dust in the 
atmosphere and the tilt depends on the Martian seasons (Badescu, 2009). The mean values 
for the optimal tilt angle for a South oriented surface calculated for a Martian year of the 
both landing sites for VL1 and VL2 results in relatively flat tilt angles (Badescu, 2009).  
 
3.4.1   Energy output of a photovoltaic system 
 
Photovoltaic Softwares (2018) describes how the energy output, E, of a photovoltaic system 
can be calculated by the formula  

V = . ∗ X ∗ * ∗ Y$ (8) 

where A is the total solar array area in m2, r is the efficiency of the solar panels in %, H is 
the solar radiation on tilted panels in W/m2 and PR is the performance ratio in %. 
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Photovoltaic Softwares (2018) implies the performance ratio is an important value as it 
includes all losses. The performance ratio ranges between 0.9 and 0.5 with an default value 
of 0.75 where losses could occur from inverters, temperatures, cables, shading, amount of 
radiation and deposition of snow or dust (Photovoltaic Softwares, 2018). The efficiency of 
the solar panel is the power divided by the solar panel’s area (Photovoltaic Softwares, 
2018). Cotal et al. (2000) have tested triple junction cells that have shown an efficiency 
above 30% with a minimum average production efficiency of 26%. The tests have been 
executed in terrestrial conditions but the multijunction cell technologies share according to 
Cotal et al. (2000) the same manufacturing operations on Earth and in space. 
 
3.5   The planet Mars 
 
Although Mars also is a stone planet like Earth and the forth planet from the Sun there are 
multiple factors that differentiates the two planets’ environments considerably. Mars is 
farther away from the Sun that affects the possibilities of solar energy in many ways. 
 
3.5.1   Comparison of Mars and Earth data 
 
A comparison of data between Mars and the Earth is given in Table 1 and Table 2. 
 

Table 1. Bulk parameters for Mars and Earth (from Williams, 2018). 

Bulk parameters Mars Earth Ratio (Mars/Earth) 
Volume (1010 km3) 16.318 108.321 0.151 
Equatorial radius (km) 3396.2 6378.1 0.532 
Volumetric mean radius (km) 3389.5 6371.0 0.532 
Surface gravity (m/s2) 3.71 9.80 0.379 
Solar irradiance (W/m2) 586.2 1361.0 0.431 
Black-body temperature (K) 209.8 254.0 0.826 

 
Table 2. Orbital parameters for Mars and earth (from Williams, 2018). 

Orbital parameters Mars Earth Ratio (Mars/Earth) 
Semimajor axis (106 km) 227.92 149.60 1.524 
Sidereal orbit period (days) 686.980 365.256 1.881 
Tropical orbit period (days) 686.973 365.242 1.881 
Perihelion (106 km) 206.62 147.09 1.405 
Aphelion (106 km) 249.23 152.10 1.639 
Orbit inclination (deg) 1.850 0.000 - 
Orbit eccentricity 0.0935 0.0167 5.599 
Sidereal rotation period (hrs) 24.6229 23.9345 1.029 
Length of day (hrs) 24.6597 24.0000 1.027 
Inclination of equator (deg) 25.19 23.44 1.075 
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3.5.3   Physical characteristics 
  
Mars, also called the red planet due to its regolith containing iron oxide, is a stone planet 
and the fourth planet from the Sun (Wolchover, 2012). Mars is a cold and harsh planet with 
an atmosphere 100 times thinner than the atmosphere on Earth (Sharp, 2017). The thin 
atmosphere is according to Sharp (2017) the causal factor that Mars cannot retain any heat 
energy and it gives an average temperature of minus 60 degrees Celsius in combination 
with the distance to the Sun. Mars has like Earth four seasons depending on the planets’ 
axial tilts that vary in length because of the planets eccentric orbit around the Sun (Sharp, 
2017). Winter is about four months long, summer and fall about six months while spring is 
the longest season of seven months in the northern hemisphere. Winter season can get as 
cold as minus 125 degrees Celsius near the poles while temperatures in summer season 
could get up to 20 degrees Celsius near the equator, though the night temperatures plummet 
even in the summer. Sharp (2017) argues that temperature fluctuations could partly be 
caused by Mars’ humidity as the humidity can reach 80-100 % and the warmer 
temperatures during the day is much drier. Polar ice caps are mainly composed of carbon 
dioxide. The ice caps shrink and could disappear during the summer but grows back when 
winter comes. A map of the Martian surface collected from the Mars Trek tool (2018) 
shows some of the named areas and can be seen in Figure 3 below. 
 
 

 
Figure 2. The Surface of Mars. 

 
Global climate zones on Mars is presented by Hargitai (2010) on a map based on 
temperature, modified by albedo, topography and solar radiation, see Figure 4. He divides 
the different climate zones in eight categories: 
 

- A: Glacial Zone, permanent ice cap 
- B: Polar Zone, frost covered in the winter and sublimates in the summer 
- C: Transitional Zone, North (mild) and South (extreme) 
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- D: Tropical Zone 
- E: Low albedo tropical Zone 
- F: Subpolar Lowland Zone, Basins 
- G: Tropical Lowland Zone, Chasmata 
- H: Subtropical Highland Zone, Mountain 
 

 
 
The dust on Mars is one of the most important factors in the Martian atmosphere by 
showing radiative activity as well as large spatial and temporal variability (Wolkenberg, et 
al., 2018).  The Martian dust constantly exists as a long-term part in the atmosphere but 
also in larger loadings in the atmosphere by occasional dust storms which is described by 
Landis et al. (2004). Dust storms appear in various forms and periods of time. Local dust 
storms last for a few days, regional dust storms cover a larger area and global dust storms 
is even bigger and can last for several months. Dust devils are a kind of dust storm that 
appears as a tornado emerged by dust from the surface. Large dust opacity is mostly 
observed over regions of large topographic variation and higher terrain, particularly in the 
spring/summer of the southern hemisphere (Wolkenberg, et al., 2018). 
 
3.5.5   Future exploration 
 
MEPAG HEM-SAG (2008) identifies 58 landing sites of potential interest. Three of the 
exploration sites has been analyzed for the purpose of working as references for future 
programs of human Mars exploration, see Figure 5. The three reference missions were 
made for long-term stays of approximately 500 days to maximize the scientific return based 
on key scientific goals and objectives of human exploration.  
 

Figure 3. Global climate zones on Mars. 
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Figure 4. Potential landing sites on Mars. 

 
A workshop, “First Landing Site/Exploration Zone Workshop for Human Missions to the 
Surface of Mars”, was held in 2015 to identify candidate locations on the Martian surface 
where humans could land, live and work for a long time. Exploration Zones (EZs) and 
Regions Of Interest (ROIs) were identified and evaluated for the first human missions on 
the Martian surface, see Figure 6. Despite that the guidelines allowed locations set between 
50 degrees north and south, very few of the 47 proposals were placed poleward of 45 
degrees. (Bussey & Hoffman, 2016) 
 
 

 
Figure 5. Potential exploration zones for human missions to the surface of Mars. 
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3.5.6   Human settlement on Mars 
 
Five classes of problems are linked with a settlement on Mars, see Figure 7. Two key 
problems are how to create industrial and energetic systems, followed by the ecosystem 
impacted by human actions. Building concerns problems regarding the environment, 
building parts, and architecture. Problems linked to human factors concern social issues 
and wellbeing. (Fairén, 2013) 

 
Figure 6. Identified problems linked with a Martian settlement. 

A crucial problem for a Martian colony is supplying energy. It is required for the industrial 
processes by powering, transporting, heating and pumping the machines (Fairén, 2013). 
Fairén (2013) also describes that energy on Earth is abundant but some of the non-
renewable energy sources will in the future be depleted because of the limited supply. Earth 
must rely solely on renewable energy sources but the problem is if the current energy level 
of the world’s demand is maintained, the energy problem will be difficult to solve with 
renewable energy sources. He describes that on Mars, there is no uranium ores or fossil 
fuels which means the energy solutions will emerge from renewable energy sources. The 
Sun is the primary energy source for both Earth and Mars. Wind power and hydropower is 
both derived from the Sun but on Mars hydropower are non-existent and wind power would 
be neglected. One way to convert the solar power into electricity is by photovoltaic cells.  
 
Building Martian habitats will be different to the counterparts on Earth. Though design and 
construction will differ in many ways the two planets have similar energy problems to 
tackle. Opportunities for solar power is many due to the absence of rain, snow, and hail. 
The dust storms, on the other hand, are one obstacle that could decrease the energy supply. 
Whatever energy strategy is used for a Martian colony it will create similar options on 
Earth. (Fairén, 2013) 
 
Mars has a cold and confined environment with no breathable air. Fairén (2013) writes 
about why human actions can make devastating impacts to the fragile ecosystem that in 
turn would be a threat to a colony’s own survival. The responsibilities for sustainable 
developments are high and demand humans to adopt ecological behaviors. When human 
missions to Mars is executable the following step is colonization. The huge challenge will 
address sustainable developments and ecology by learning how to live in perfect harmony 
with a colony’s constraints and the Martian ecosystem. (Fairén, 2013) 
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Mars Architecture Steering Group (2009) describes the Mars surface power requirements 
for a human mission to Mars. Two major phases are considered; the in-situ resource 
utilization phase and the crewed phase. The ISRU phase extends to the crew’s arrival while 
the crewed phase commences at the crew’s arrival on the output site. Studies about surface 
systems had the focus of understanding the functional capabilities related to exploration 
goals by doing performance estimations for science programs. Mars Architecture Steering 
Group (2009) consider three different scenarios in the crewed phase with different surface 
strategies and variety in power requirements. The scenarios have power requirements that 
vary depending on the presence of a dedicated habitat and extent of mobility that is 
provided, where power estimations for mobility varies with the rover’s mass and speed. 
Scenario 1 is a “mobile home” where two large, long-range rovers work as habitats. The 
power requirements would comprise the power needed to support the crew members as 
well as the considerable power for roving expeditions lasting up to 30 days. With no central 
habitat included in Scenario 1, the required power to support the crew is estimated for 
daytime operations to 5 kWe and 3.5 kWe for nighttime operations. Scenario 2 is a 
“commuter” of two smaller pressurized rovers and a central habitat. Power for the central 
habitat between rover excursions is provided for the full crew and is also maintaining a 
minimum crew of two while the rovers are away. Required power for the central habitat 
during day and night is estimated to 12 kWe. Scenario 3 is a “telecommuter” that 
differentiates from Scenario 2 by two long-range robotic rovers instead of the pressurized 
rovers included with the central habitat. Estimated power requirements is, therefore, the 
same for the central habitat as in Scenario 2, 12 kWe. The values of the habitats surface 
power have proceeded from a basis of a notional maturity estimate with a comprehensive 
mission risk strategy. Major uncertainties come with this kind of technology solutions but 
could be mitigated by field tests, robotic demonstrations and operational experience on the 
Moon.  
 
There are several power system options for a Martian base. Mars Architecture Steering 
Group (2009) is addressing the main contenders of the power system concepts where a 
solar power system concept is among them. The MER missions on the Martian surface 
have shown solar photovoltaic power systems to be capable of long-duration operations. 
Aside from the challenges that come with Mars the photovoltaic systems have proved 
technical maturity and a simplicity making them a candidate even to large-scale human 
missions. Mars Architecture Steering Group (2009) means a photovoltaic module system 
consisting of triple junction cells could be an optimal approach. Continuous power of 5 
kWe would be provided from a module with a fixed inclination angle and 290 m2 solar 
array area of triple junction cells with an efficiency of 29 %. The power requirements for a 
Martian base in Scenario 2 or Scenario 3 would need five units of photovoltaic modules 
where one unit is provided for redundancy. Power estimations were not including 
emergency power or nighttime modes though that could be implemented during dust 
storms. Such kind of possibilities could simplify the solar power option by means of 
reducing additional solar array area. 
 
Regardless the phases mentioned by Mars Architecture Steering Group (2009), the power 
requirements are guided by the size and purpose of the habitat as well as the number of 
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people that are supposed to live inside the building. Whitmire et al. (2015) defines a 
minimum net habitable volume of 25 m3/person for longer durations up to 2.5 years 
compared to the current six month missions to the International Space Station. They define 
the net habitable volume as the available volume for the crew disregarded from already 
used volume for deployed equipment or other structural inefficiencies. A minimum net 
habitable volume would be the minimum acceptable volume that is required to assure a 
successful exploration mission depending on several parameters (Whitmire, et al., 2015). 
Important parameters that were considered in the study was how to maintain the human 
health as well as requirements for relevant task envelopes during longer mission where 
humans should be able to work and live. 
 
3.6   Challenges for solar power on Mars 
 
Landis, et al. (2004) explains why the use of photovoltaics on Mars represents different 
problems than the challenges on Earth and in orbit. Space photovoltaics normally operate 
in the orbit environment. Differences in the operating conditions between Earth orbit and 
the Martian surface will affect the performance by: 
 

- A greater distance between Mars and the Sun which lower the solar intensity. 
- Martian dust in the atmosphere that will reduce the intensity of the Sun. 
- Much lower operating temperatures. 
- Deposition of Martian dust that will cover the solar arrays. 

 
Photovoltaic arrays only supply energy during daylight which means the energy must be 
stored (Fairén, 2013). Among significant sources of degradation, radiation exposure is not 
one of the most crucial. The Martian atmosphere only provides roughly 20 gram/cm2 of 
radiation shielding on the Martian surface which is equivalent to 5-9 centimeters of 
aluminum (Landis, 2005). 
 
Solar power systems on the Martian surface are affected by a number of issues described 
by the Mars Architecture Steering Group (2009). The Martian dust in forms of storms and 
deposition is two of the biggest challenges surface missions have to deal with. Both 
horizontal and vertical surfaces are subjected to an accumulation of dust. Approximately 
0.2 % was detected as power output drops at the earlier Mars Pathfinder mission and the 
MER rovers because of the covering dust. Fortunately, the output losses can be mitigated 
by “cleaning events” as seen by both MER rovers. A cleaning event is dust devils crossing 
the rover that literally dust of the solar arrays complied with increased battery power (Mars 
Exploration Program, 2018). Furthermore, Mars Architecture Steering Group (2009) 
implies a solar power system cannot rely on cleaning events hence they would need to 
incorporate some form of a technological dust-mitigation functioning autonomously. Dust 
does not have to be pasted on the solar arrays in order to reduce the power. The incidence 
of regional and global large-scale dust storms reduces the amount of sunlight reaching the 
solar arrays and reduces the power in turn. Power output was measured to decrease down 
to 15 % of pre-storm capability on the MERs during the storm’s worst days. Dust storms 
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could last for 1-2 months demanding the solar power system to provide energy 
corresponding to the minimal survival power during that time. 
 
The autonomous deployment will be a serious problem with large solar power structures, 
means Mars Architecture Steering Group (2009). History has shown deployment problems 
at Skylab and ISS that had to be remedied by the crew themselves. To assure reliable 
operations with autonomously deployed solar arrays implemented before the crew arrives, 
the system needs to be tested and engineered. Mars Architecture Steering Group (2009) 
also mentions latitude constraints to be a major challenge to the Mars surface power 
systems. The solar power system will be geographically limited thus the power system’s 
applicability is optimally located between latitudes of 15 degrees south and 30 degrees 
north. Approximately 26-28 sites of the 58 landing sites identified by HEM-SAG falls 
within the optimal latitudes, see Figure 5.  
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4     RESULTS 
 

This chapter is divided into two sections. The first part provides results collected from the 
interviews while the second part includes energy calculations and design proposals for the 
chosen locations. This chapter also covers parts of the analysis throughout both sections.  
 
4.1   Aspects to consider for BIPV on different locations on Mars 
 
IO 1 and IO 2 describe that research on other planets can benefit us in the long run in many 
ways including understanding how life arises, survives and proliferates in habitable 
environments, and by stimulating engineers and scientists in industry and academia to solve 
challenging problems. Technology is constantly developing and solutions for space could 
benefit the Earth with more sustainable and efficient options. If humans will get to Mars a 
lot of expeditions could be made and make great advances in Mars research. Understanding 
how other planets evolved or have changed through history brings out a lot of knowledge 
of our own planet. Collecting measurements and test results under a long time could help 
us see the anomalies happening to the climate. 
 
A settlement on Mars is probably decades away. Problems need to be solved and challenges 
must be tackled before humans could land on the surface. Despite from the long journey 
and the landing procedure, IO 1 and IO 2 highlight some of the numerous factors such as 
the political will, technology and resources that must be solved before the program even 
starts. IO 1 describes the times when humans first was sent up to the Moon in a capsule 
without landing on the surface, perhaps a first human mission to Mars could come off the 
same way. When humans eventually land on Mars, IO 1 states that one solution could be 
to land in a capsule and live inside of it for a month or longer. 
 
4.1.1   Where to build 
 
IO 1 and IO 2 argues that a place near the equator is the most favorable location to place a 
habitat mainly because of the warmer climate. It suits humans better both in aim for our 
own living but also due to the less electricity required for heating up the habitat.  Equatorial 
locations also contribute with larger amounts of solar irradiation that is preferable for the 
use of solar energy. IO 2 describes the mid latitudes in the Northern hemisphere to be 
adequate as well with intentions to facilitate the landing procedure with lower elevations 
and as least likely to harbor Martian life. Both IO 1 and IO 2 talks about construction below 
ground and in lava tubes. To build an underground habitat has several advantages as 
shielding humans for dangerous radiation and the worst temperature extremes. It is not the 
prior solution though for the first human crew on Mars thus it comes with bigger challenges 
which makes building onto the surface the obvious choice. 
 
It is difficult to predict the most crucial aspects that will determine the best habitable 
locations on Mars. IO 1 illuminates the advantages of placing a habitat near the equator but 
highlights that locations near the poles also plays an important role. The poles have polar 
ice caps which gives opportunities to extract water that will be a crucial issue to solve 
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before humans make it to the planet. Different types of human exploration missions could 
also be a conclusive factor deciding where the first human missions should take place (IO 
1; Bussey & Hoffman, 2016; MEPAG HEM-SAG, 2008). IO 2 states that the favorable 
location for a solar power system would be on the sunniest place of Mars but also states 
that regardless the location of the habitat, the solar power system needs to be close to the 
habitat. He also mentions that higher latitudes from the equator could require a bigger area 
of solar arrays with a steeper slope. 
 
4.1.2   Future energy systems on Mars 
 
IO 2 and Landis et al. (2004) argues that solar energy could be the dominating choice in a 
future colonization because it is already a well proven technology. IO 2 means that solar 
arrays are great if you could deploy them onto the surface and find the space to do so. 
However, in some circumstances a compact nuclear power source may be more appropriate 
according to IO 2. The latter has the benefit that it produces heat as well as electricity.  
 
Nuclear power will probably be the dominating energy source on future Mars according to 
IO 1. The Sun is at such distance that solar cells does not work as efficient as they do on 
Earth despite that backward-looking shows the huge technology evolution both on Earth 
and on Mars. IO 1 means that even if solar energy not is the primarily source of energy on 
future Mars, solar cells could in a couple of years be enough evolved to be the best choice 
for extracting energy. She describes the Apollo-program where countries raced towards 
being the first man on the moon. Advances were made by means of the competition and 
encouraged progress in technology even faster than what was expected. Technology is 
constantly evolving and so are solar cells and nuclear. In the future, the area required for a 
certain amount of energy could be less and the solar cells could be even more sustainable 
and work in harsh environments such as space under a long time. 
 
BIPV is not an option in the near future regarding to IO 2, not to a large extent. The area 
needed will most likely always be larger than the surface area available on the habitable 
modules. For example, the International Space Station has a group of modules smaller than 
the size of the solar arrays. On the surface of Mars, the solar arrays would need an even 
larger area to get the same amount of power. An energy proposal regarding to IO 1 and IO 
2 would be a combination of nuclear power and solar power. They mean BIPV could be an 
option in the future or maybe in an earlier stage combined with another energy source, 
perhaps nuclear. 
 
4.1.3   Cardinal challenges  
 
Some of the primary factors when developing a solar energy system for a habitat on Mars 
differentiates to be more extreme than the terrestrial factors. 
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Temperature 
 
The average temperature on Mars is minus 55 degrees Celsius because of the planets thin 
atmosphere and the distance to the Sun. A colder climate requires more energy to heat up 
the habitat and demands it to be totally insulated to secure the indoor environment with 
breathable air . The temperature is also a crucial factor for the operating equipment 
appurtenant to the energy system. (IO 1; IO 2; Sharp, 2017; Landis et al., 2014) 
 
Dust 
 
The dust is everywhere around the planet and could form as small dust devils and even 
reach global dust storms lasting for months. Dust in the atmosphere as well as dust 
deposition on solar panels could block the sunlight and decrease the efficiency of the 
photovoltaics. In some cases, the dust devils could work as cleaning events and sweep the 
dust off the solar panels. (IO 1; IO 2; Sharp, 2017; Landis et al., 2014; Mars Architecture 
Steering Group, 2009)  
 
IO 1 suggests that humans could clean the solar arrays by themselves when they arrive to 
the planet. IO 3 means solar panels in general do not need any maintenance but in countries 
on Earth with smog, like China, needs a cleaning solution thus the smog gets sticky and 
blocks the solar cells from sunlight. IO 3 means the sticky smog could imitate the dust 
deposition on Mars. IO 4 also describes a similar scenario in Hammarby Sjöstad where 
building dust spread from several construction sites and covered the solar arrays. 
Measurements of the energy before and after the photovoltaics were cleaned showed an 
energy loss of 5 %. 
 
Mars-Sun distance 
 
The Sun’s effect decreases with 1/R2 W/m2 with a greater distance to the Sun (IO 1; IO 2; 
Honsberg & Bowden (2018)). The power per unit area could fall off a bit slower than 1/R2 
as the photovoltaics are cooler and therefore more efficient at converting sunlight to 
electricity (IO 2). IO 2 means further that the photovoltaics used in space today already are 
efficient but even if the efficiency would increase they are always restricted by the Mars-
Sun distance.  
 
BIPV complexity 
 
BIPV is more complex in comparison to traditional solar panels as the traditional solar 
panels could be installed directly onto the chosen building element. Using BIPV entails 
more requirements regarding roof slope for example (IO 4). As their role is to be part of a 
building’s envelope, they need to be designed to resist weather in loads of wind, barriers, 
impact, and loading due to maintenance and cleaning (IO 3; IO 4; Kalogirou, 2014; Roberts 
& Guariento, 2009). BIPV will have a long durability if the conditions of waterproofing, 
fire safety and material strength is fulfilled (IO 3; IO 4). 
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BIPV have a lot of qualifications to meet due to the aim of working both as a building 
element and to produce energy. On Earth, the product has to satisfy all the building 
regulations depending on which part of the building BIPV will be used. A household on 
Earth can entirely rely on BIPV but the climate regulates how much the BIPV could 
perform. Operating qualifications are different on Mars in comparison to Earth, mostly due 
to the extreme climate with lower temperatures and less solar irradiance. The aspects that 
needs to be considered can be divided into two different categories. The first category focus 
on the architectural and the aesthetic parts while the second category focus on the structural 
technology to replace traditional building materials with photovoltaics. (IO 3; IO 4)  
 
4.1.4   Amount of energy  
 
IO 3 implies that the amount of generated energy from the BIPV depends on the placement 
on the building’s envelope. All different versions depend on the building’s location due to 
the climate and the Sun’s position. How to place the photovoltaics optimally varies 
therefore a lot due to the location. Modules used outdoor in harsh environments increases 
the impact of design decisions to fit the specific conditions (Kalogirou, 2014). Tilt and 
orientation varies with every location and determines on how light reaches the building’s 
surface (IO 3; IO 4; Roberts & Guariento, 2009). Both IO 3 and IO 4 state that as the 
photovoltaics like to work in lower temperatures, a lower temperature will increase the 
solar panels efficiency. With a lower temperature comes a better performance of the 
photovoltaics. 
 
Habitats on Mars must reckon with bigger energy supplies in comparison to houses’ energy 
needs here on Earth. One motive is the extreme climate with lower temperatures which 
demand more electricity for heating. A Martian habitat would be well insulated from the 
outside and it would require a big amount of energy to heat up the habitat (IO 2). IO 1 and 
IO 2 means life support systems would be one of the most important factors demanding 
constant power. Electricity would be used to maintaining breathable air but also to distill 
urine and to recycle the containing water. IO 1 and IO 2 describes that communications 
between Earth and Mars also requires energy boosts to receive or send messages. What 
could require less energy in comparison to a household on Earth is the use of washing 
machines and ironing for example (IO 2). If colonization is possible, so is the opportunity 
for humans on Mars to use smaller vehicles that also demands electricity for charging (IO 
1; Mars Architecture Steering Group (2009)). IO 1 means advanced laboratories will need 
energy to perform all the several tests as well as greenhouses will need big volumes of 
lightning. IO 1 means a habitat’s power needs totally depend on the purpose and use and 
IO 2 states that a Martian habitat would need more energy in total compared to a household 
on Earth. 
 
4.2   Habitat design and optimal use of BIPV on Mars 
 
Mars is the fourth planet from the Sun which makes the distance to the Sun larger in 
comparison to Earth. A Mars year is the sidereal orbit consisting of 687 Earth days, the 
time it takes for Mars to complete one orbit around the Sun. A year on Earth is 365 days 



 31 

which makes the Martian year lasting one Earth year and additional 322 days. Day number 
322 in our terrestrial calendar is November 18th. The study has therefore been done over 
the period of a Martian year with the start of 1/1/2018 ending 11/18/2019 to include all the 
Martian seasons. 687 Earth days is 16,488 terrestrial hours which makes the period 
approximately 667 sols. Elevation and azimuth angles were collected for the selected 
locations through the Mars Trek tool by NASA Jet Propulsion Laboratory (2018). An 
hourly interval was set to 8,244 hours to collect every other hour for a whole Martian year. 
To set an interval of every hour of a Martian year would demand to separate the calculations 
into two parts as the Mars Trek Tool has a maximum number of 10,000 angles. A quick 
test showed no deviations between the results of calculating with all of the hours or every 
other hour. Negative values were deleted as negative elevation angles measured from the 
horizontal means there is no direct sunlight reaching the studied surface. Keeping the 
negative elevation angles would in addition bring mostly negative results and therefore a 
misleading total result.  
 
The building takes the geometric shape of a cylinder which makes the elevation angle the 
varying variable. A varying azimuth angle would not contribute to the results due to the 
same orientation of the constant slope of the walls and the flat roof. In other words, as the 
cross-section of the shape is a circle the azimuth angle will not contribute to the results as 
the orientation and the illuminated area is constant from an azimuth perspective. 
 
A total of six locations on the Martian surface were chosen to be studied, see Figure 8 and 
Table 3. All the studied locations lie in four of the different global climate zones described 
by Hargitai (2010). Location 1 and 6 lies in between the optimal latitudes identified by 
HEM-SAG (2008) and all the locations beside from location 3 lies in the span of the 
workshop’s allowed latitudes presented by Bussey & Hoffman (2016). The selection of the 
locations were mainly based to cover several of the Martian global climate zones as well 
as the previous proposals of potential landing sites. Location 3 lies farther away in 
comparison to the five other locations but is still of big interest because of the lower 
temperatures and the proximity to the polar ice caps contributing with opportunities of 
water extracting. 
 

Table 3. Locations on Mars with coordinates and global climate zone. 

No. Location Coordinates Global climate zone  
1 Valles Marineris  6.2°S, 70°W Tropical 
2 Nilosyrtis Mensae 35.0°N, 71.0°E Tropical Lowland 
3 Vasitas Borealis Formation 65.7°N, 20.2°E Polar 
4 Eastern Hellas Basin Massifs 38.7°S, 97.0°E Transitional 
5 Holden-Eberswalde Craters 24.0°S, 33.6°W Transitional 
6 Impact Crater Near Nili Fossae 18.4°N, 77.7°E Tropical 
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Figure 7. Studied locations on Mars. 

 
Mean values were calculated for the elevation angles of each location to calculate the 
optimal tilt angle. Maximum power density occurs when the sunlight is perpendicular to 
the photovoltaic module which means sin(a+b)=1. The maximum value, the optimal tilt 
angle, is therefore found when a+b=90°, see Table 4. 
 

Table 4. Locations on Mars with mean elevation angle and optimal tilt angle for a Martian year. 

No. Location a [°] b [°] 
1 Valles Marineris  40.5 49.5 
2 Nilosyrtis Mensae 34.0 56.0 
3 Vasitas Borealis Formation 19.9 70.1 
4 Eastern Hellas Basin Massifs 30.4 59.6 
5 Holden-Eberswalde Craters 36.4 53.6 
6 Impact Crater Near Nili Fossae 39.6 50.4 

 
What can be seen in Table 4 is that locations with higher latitudes results in higher optimal 
tilt angles, solely based on variations in the elevation angle of the Sun. 
 
The solar constant on Mars is found by eq. (1), eq. (2) and eq. (3): 
 

*%&' = 5.670367 ∗ 10`a ∗ 5772- = 62938.5 ∗ 10e	f/:( (9) 
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With the optimal tilt angle, the solar constant and a considered opacity index of g=0.3 from 
Delgado-Bonal & Martín-Torres (2015) the mean beam irradiation, Gb, was calculated by 
eq. (4). The solar zenith angle was found by z=90-a and was used to calculate m(z) by eq. 
(5):  
 

:(<) ≅
1

cos(90 − S)
 (11) 

  

!1 = 586.4 ∗ exp j−0.3 ∗
1

cos(90 − S)
k 

(12) 

The irradiation for the flat roof and the tilted surface was lastly calculated by eq. (6) and 
eq. (7) with the mean beam irradiation, the elevation angle and the optimal tilt angle:  
 

DlJKK% = 586.4 ∗ exp j−0.3 ∗
1

cos(90 − S)
k ∗ sin(S + U)  (13) 

 

DF22m = 586.4 ∗ exp j−0.3 ∗
1

cos(90 − S)
k ∗ sinα  (14) 

 
The values can be seen in Table 5-10 for each location together with the elevation angle, 
the zenith angle, the air mass and the direct beam irradiation. 
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Table 5. A sample of the calculated values for Location 1. 

Location 1   

Row Day number/Time S1 [°] z [°] m1(z) Gb1 

[W/m2] 
S49.5 

[W/m2] 
S1, roof 

[W/m2] 
1 2018-001T05:58:57 6.4 83.6 9.0 39.2 32.4 4.3 
2 2018-001T07:58:36 31.9 58.1 1.9 331.9 328.1 175.2 
3 2018-001T09:58:15 53.2 36.8 1.2 402.8 393.0 322.4 
4 2018-001T11:57:54 59.3 30.7 1.2 413.4 391.4 355.3 
5 2018-001T13:57:33 43.7 46.3 1.4 379.5 378.9 262.1 
 … … …  …  … … … … 
4124 2019-321T15:57:12 30.5 59.5 2.0 324.5 319.6 164.7 
4125 2019-321T17:56:51 52.2 37.8 1.3 400.8 392.5 316.5 
4126 2019-321T19:56:30 59.5 30.5 1.2 413.7 391.2 356.3 
4127 2019-321T21:56:09 44.8 45.2 1.4 382.7 381.7 269.5 
4128 2019-321T23:55:48 21.0 69.0 2.8 253.5 238.9 90.7 
Mean   40.5       294.3 225.3 

 
Table 6. A sample of the calculated values for Location 2. 

Location 2  

Row Day number/Time S2 [°] z2 [°] m2(z) Gb2 

[W/m2] 
S56 

[W/m2] 
S2, roof 

[W/m2] 
1 2018-001T00:00:00 64.4 25.6 1.1 420.1 362.5 378.8 
2 2018-001T01:59:39 78.5 11.5 1.0 431.5 307.5 422.9 
3 2018-001T03:59:18 60.4 29.6 1.2 415.0 371.8 360.7 
4 2018-001T05:58:57 36.7 53.3 1.7 354.6 354.2 211.7 
5 2018-001T07:58:36 13.4 76.6 4.3 161.1 150.9 37.4 
 … … … … … … … … 
4197 2019-321T07:58:36 63.2 26.8 1.1 418.8 365.5 373.8 
4198 2019-321T09:58:15 78.8 11.2 1.0 431.6 306.1 423.5 
4199 2019-321T11:57:54 61.7 28.3 1.1 416.7 369.1 366.8 
4200 2019-321T13:57:33 38.0 52.0 1.6 359.9 359.0 221.5 
4201 2019-321T15:57:12 14.7 75.3 3.9 179.7 169.6 45.6 
Mean   34.0       270.4 185.2 
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Table 7. A sample of the calculated values for Location 3. 

Location 3  

Row Day number/Time S3 [°] z3 [°] m3(z) Gb3 

[W/m2] 
S70.1 

[W/m2] 
S3, roof 

[W/m2] 
1 2018-001T00:00:00 26.7 63.3 2.2 300.7 298.6 135.2 
2 2018-001T01:59:39 38.2 51.8 1.6 360.6 342.5 222.9 
3 2018-001T03:59:18 46.3 43.7 1.4 387.0 346.6 279.8 
4 2018-001T05:58:57 47.6 42.4 1.4 390.3 345.7 288.0 
5 2018-001T07:58:36 41.2 48.8 1.5 371.8 346.3 245.1 
 … … … … … … … … 
4432 2019-321T15:57:12 41.8 48.2 1.5 373.7 346.7 249.3 
4433 2019-321T17:56:51 31.2 58.8 1.9 328.3 321.9 170.0 
4434 2019-321T19:56:30 19.3 70.7 3.0 236.5 236.5 78.2 
4435 2019-321T21:56:09 8.8 81.2 6.5 82.6 81.1 12.7 
4436 2019-321T23:55:48 1.7 88.3 33.3 0.0 0.0 0.0 
Mean   19.9       191.0 96.0 

 
Table 8. A sample of the calculated values for Location 4. 

Location 4  

Row Day number/Time S4 [°] z4 [°] m4(z) Gb4 

[W/m2] 
S59.6 

[W/m2] 
S4, roof 

[W/m2] 
1 2018-001T00:00:00 27.5 62.5 2.2 306.2 305.8 141.5 
2 2018-001T01:59:39 22.1 67.9 2.7 263.6 260.8 99.0 
3 2018-001T03:59:18 7.5 82.5 7.7 58.5 53.9 7.6 
4 2018-001T21:56:09 17.1 72.9 3.4 210.9 205.2 61.9 
5 2018-001T23:55:48 26.7 63.3 2.2 300.7 300.1 135.2 
 … … … … … … … … 
4040 2019-321T03:59:18 5.7 84.3 10.0 28.9 26.3 2.9 
4041 2019-321T05:58:57 20.9 69.1 2.8 252.9 249.4 90.3 
4042 2019-321T07:58:36 27.4 62.6 2.2 305.3 304.8 140.4 
4043 2019-321T09:58:15 22.5 67.5 2.6 267.7 265.1 102.5 
4044 2019-321T11:57:54 8.3 81.7 6.9 74.0 68.6 10.7 
Mean   30.4       255.9 161.9 
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Table 9. A sample of the calculated values for Location 5. 

Location 5  

Row Day number/Time S5 [°] z5 [°] m5(z) Gb5 

[W/m2] 
S53.6 

[W/m2] 
S5, roof 

[W/m2] 
1 2018-001T03:59:18 4.7 85.3 12.3 14.7 12.5 1.2 
2 2018-001T05:58:57 26.1 63.9 2.3 296.1 291.3 130.1 
3 2018-001T07:58:36 40.2 49.8 1.6 368.0 367.2 237.4 
4 2018-001T09:58:15 40.3 49.7 1.5 368.4 367.5 238.0 
5 2018-001T11:57:54 26.3 63.7 2.3 297.6 292.9 131.7 
 … … … … … … … … 
4080 2019-321T13:57:33 25.0 65.0 2.4 287.9 282.2 121.6 
4081 2019-321T15:57:12 39.6 50.4 1.6 366.0 365.5 233.3 
4082 2019-321T17:56:51 40.5 49.5 1.5 369.4 368.4 240.1 
4083 2019-321T19:56:30 27.2 62.8 2.2 303.9 300.0 138.8 
4084 2019-321T21:56:09 6.1 83.9 9.4 35.1 30.3 3.7 
Mean   36.4       280.4 199.7 

 
Table 10. A sample of the calculated values for Location 6. 

Location 6  

Row Day number/Time S6 [°] z6 [°] m6(z) Gb6 

[W/m2] 
S50.4 

[W/m2] 
S6, roof 

[W/m2] 
1 2018-001T00:00:00 70.7 19.3 1.1 426.5 365.1 402.5 
2 2018-001T01:59:39 79.8 10.2 1.0 432.1 329.8 425.3 
3 2018-001T03:59:18 53.9 36.1 1.2 404.3 391.7 326.7 
4 2018-001T05:58:57 27.4 62.6 2.2 305.2 298.3 140.3 
5 2018-001T07:58:36 1.6 88.4 36.5 0.0 0.0 0.0 
 …  … … …  …  …  …  … 
4159 2019-321T07:58:36 69.3 20.7 1.1 425.2 369.4 397.8 
4160 2019-321T09:58:15 81.0 9.0 1.0 432.5 324.5 427.1 
4161 2019-321T11:57:54 55.3 34.7 1.2 406.9 391.7 334.7 
4162 2019-321T13:57:33 28.8 61.2 2.1 314.4 308.8 151.5 
4163 2019-321T15:57:12 3.0 87.0 19.4 1.7 1.4 0.1 
Mean   39.6       288.9 218.0 
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The results of the mean beam irradiation on the tilted module and the roof can be seen in 
Table 11 where the values interpret a higher mean beam irradiation with a lower latitude. 
 

Table 11. Mean beam irradiation on Location 1-6. 

No. Location Smodule [W/m2] Sroof [W/m2] 
1 Valles Marineris  294.3 225.3 
2 Nilosyrtis Mensae 270.4 185.2 
3 Vasitas Borealis Formation 191.0 96.0 
4 Eastern Hellas Basin Massifs 255.9 161.9 
5 Holden-Eberswalde Craters 280.4 199.7 
6 Impact Crater Near Nili Fossae 288.9 218.0 

 
Calculations and formulas are based from the geometric shape of a cylinder where the 
walls’ slope is constant on each location despite the Sun’s variation in azimuth. The habitat 
is supposed to be covered with BIPV over the whole surface area which is why the solar 
arrays’ tilt angle will determine the walls’ slope. The optimal tilt angles show that the 
geometrical shape would imitate a more perpendicular cylinder near the poles while lower 
latitudes near the equator would resemble a truncated cone. Design proposals of the 
geometric shapes seen in a 3D and cross-section view in millimeters can be seen in Figure 
9-14 below followed by Figure 15 that is presenting a more detailed design proposal of 
Location 1. 
 

 
Figure 8. Optimal tilt angle for the shape on Location 1, S49.5 = 294.3 W/m2. 

 
Figure 9. Optimal tilt angle for the shape on Location 2, S56 = 270.4 W/m2. 
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Figure 10. Optimal tilt angle for the shape on Location 3, S70.1 = 191.0 W/m2. 

 
Figure 11. Optimal tilt angle for the shape on Location 4, S59.6 = 255.9 W/m2. 

 
Figure 12. Optimal tilt angle for the shape on Location 5, S53.6 = 280.4 W/m2. 

 
Figure 13. Optimal tilt angle for the shape on Location 6, S50.4 = 288.9 W/m2. 
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Figure 15. A design proposal of Location 1 with a wall slope of 49.5°. 

 
The lateral area and the volume of a circular truncated cone is found by:  
 

.KJI = 0 ∗ (Xn + X()o(Xn − X()( + ℎ(		 (15) 
 

q = 0 ∗ (Xn + X()o(Xn − X()( + ℎ(		 (16) 
 

 
Figure 1 A truncated cone's volume, radius and height. 

 
Eq. (8) was used to calculate the energy output of the habitat’s envelope covered by 
building-integrated photovoltaics. Two values were calculated, one for the walls and one 
for the roof where the roofs’ radius, and therefore also the roof area, was held constant of 
2 m for all locations despite the variations in volume due to the different wall slopes. The 
habitat’s height is also a constant value of 5 m.  
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VlJKK% =
0 ∗ (Xn + 2)o(Xn − 2)( + 5(

4
∗ 0.3 ∗ *lJKK% ∗ 0.75 (17) 

VF22m = 0 ∗ X(
( ∗ 0.3 ∗ *F22m ∗ 0.75 (18) 

 
Smodule and Sroof are in this study used as H in eq. (8) and the illuminated wall area, Aill, is 
approximately one quarter of the total lateral area of the habitat. The actual wall area being 
illuminated exactly perpendicular with a fixed azimuth angle is almost minimal but the 
calculations have been done with a larger area due to the assumptions made in this study. 
Values of the direct beam radiation do not cover the total global irradiance that would 
increase the energy output when considering all types of radiation hitting a surface, such as 
diffuse radiation. 
 
The geometric values of the shapes are presented in Table 12-13 showing a varying habitat 
volume. Location 3 has the smallest volume of 136.8 m3 and Location 1 has the biggest of 
292.4 m3 making it possible to include approximately 5-12 persons pursuant to the 
minimum net habitable volume described Whitmire, et al. (2015). 
 

Table 12 The habitat's radius, lateral area, illuminated area and volume. 

No. Location r1 [m] r2 [m] Alat [m2] Aill [m2] V [m3] 
1 Valles Marineris  6.3 2.0 170.8 42.7 292.4 
2 Nilosyrtis Mensae 5.4 2.0 139.6 34.9 228.2 
3 Vasitas Borealis Formation 3.8 2.0 97.1 24.3 136.8 
4 Eastern Hellas Basin Massifs 4.9 2.0 126.2 31.5 199.8 
5 Holden-Eberswalde Craters 5.7 2.0 150.1 37.5 250.1 
6 Impact Crater Near Nili Fossae 6.1 2.0 166.0 41.5 282.6 

 
Table 13 The habitat's solar irradiation and output energy. 

No. Location Hwalls 
[W/m2] 

Hroof 
[W/m2] 

Ewalls 
[W] 

Eroof 
[W] 

Etotal 
[W] 

1 Valles Marineris  294.3 225.3 2828.4 637.1 3465.5 
2 Nilosyrtis Mensae 270.4 185.2 2123.5 523.5 2647.1 
3 Vasitas Borealis Formation 191.0 96.0 1043.0 271.5 1314.5 
4 Eastern Hellas Basin Massifs 255.9 161.9 1815.9 457.8 2273.7 
5 Holden-Eberswalde Craters 280.4 199.7 2368.1 564.7 2932.8 
6 Impact Crater Near Nili Fossae 288.9 218.0 2697.3 616.2 3313.5 

 
The shape with the biggest volume also has the largest surface area meaning a bigger solar 
array area contributing to a larger value of the energy output. A habitat on Location 3 with 
the volume and surface area equal to Location 1 would still not provide the same power as 
doubling Location 3’s energy output still shows a value lesser than the value for Location 
1. Eq. (8) only has the area and the solar radiation as varying parameters but the 
performance ratio mentioned by Photovoltaic Softwares (2018) could change the results 
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considerably between the latitudes as losses could occur from factors that are substantial 
within the different global climate zones on Mars.  
 
The estimated energy output compared to the energy values presented Mars Architecture 
Steering Group (2009) in three different scenarios shows that BIPV almost would provide 
enough energy for a Martian habitat. Scenario 1 with the “mobile home” would require 5 
kWe for daytime operations and 3.5 kWe for nighttime operations. Scenario 2 of the 
“commuter” would require 12 kWe as well as Scenario 3 of the “telecommuter”. Location 
1 with the highest energy output of almost 3,5 kW shows that it would not be enough to 
provide a Martian habitat both during day and night.  
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5     DISCUSSION 
 

In this chapter, divided in the same sections made as in the previous, the results are further 
analyzed and discussed. The work and outcome of this master thesis is also discussed. 
 
5.1   Aspects to consider for BIPV on different locations on Mars 
 
Previous studies along with the collected results suggests that a solar energy system would 
be a suitable option on Mars. However, IO 1 believes that nuclear would be the primary 
choice for a future colonization. IO 2 agrees that nuclear is a good choice especially in the 
aspect that it also works by emitting heat. IO 2 thinks, however, that solar power is the 
future energy system used on Mars. Their knowledge along with the information collected 
from Mars Architecture Steering Group (2009) and Fairén (2013) indicates that a solar 
power system would be an adequate option of extracting energy on the planet for future 
missions. Research about solar power systems on Mars has a sizeable head start compared 
to other renewable energy systems. The use of photovoltaics both in orbit and on the 
Martian surface can be the reasons why other energy systems such as wind power, also 
derived from the sun, or geothermal heating not are considered as options today. 
 
The MER mission is according to Mars Architecture Steering Group (2009) a great 
example where photovoltaics have operated successfully on the Martian surface. NASA 
Science (2018) means one of the rovers, today operating for the 14th year in a row, not even 
was expected to survive more than three months. This shows convincing opportunities for 
future solar power systems in a larger extent compared to rovers. Successfully missions 
such as the MER mission also contributes to general optimism for other opportunities 
within the space industry by giving hope in what humans can receive. Big steps are already 
taken in science and are constantly evolving. What differentiates the use of photovoltaics 
on Mars today with BIPV is the difference that a BIPV system is functioning as a part of a 
building’s envelope. It is easy to speculate how that kind of energy system would act on a 
desolate location with an extreme climate because of the complexity. Maybe the 
complexity of the BIPV is why the idea of integrated solar cells on another planet sounds 
crazy in some peoples’ ears. In a few years from now, the option of using integrated solar 
cells could be a bigger research topic when the human missions finally are launching to 
Mars. 
 
MEPAG HEM-SAG (2008) presented 58 different landing sites proposed for future human 
missions to Mars. Approximately 26-28 landing sites falls within the optimal latitudes 
between 15 degrees south and 30 degrees north regarding to Mars Architecture Steering 
Group (2009) meaning a solar power system will be geographically limited. IO 1 and IO 2 
agrees a location near the equator would be favorable for a solar power system. What IO 1 
suggests, not highlighted by previous studies, is to live near the poles where there are 
opportunities of extracting water. Access to water could play an important role when 
deciding where to send a human crew to Mars. What type of exploration missions that will 
take place in the future will most likely depend on the country and companies involved as 
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well as previous missions with already successful solutions. Landing sites from the 
workshop “First Landing Site/Exploration Zone Workshop for Human Missions to the 
Surface of Mars” presented by Bussey & Hoffman (2016) even had the latitude limits of 
50 degrees making the poles not big of interest even from the beginning. The workshop 
had a purpose of finding a landing site where humans could land, live and work for a long 
time which means they should think about all opportunities and restrictions with the 
different locations. The results of placing a habitat near the equator is therefore 
strengthened by previous studies and the interviews but the locations near the poles could 
still be an option and of a big interest.  
 
The challenges presented by researches are also mentioned by the interview objects within 
the space area. The Martian dust is a crucial aspect that needs to be considered when 
developing technology and solutions for a future mission or colonization on Mars. Rovers 
on the Martian surface operating today has already shown some of the risks regarding to 
dust deposit. The rovers that are driven by solar arrays get their energy from the sunlight. 
Under the dust storms, the dust accumulates on the solar arrays and blocks the sunlight. 
Mars Architecture Steering Group (2009) means it does not matter if the surface is 
horizontal or vertical as the dust gets sticky and will accumulate regardless. As IO 1 
mentioned, the dust could be removed by the humans themselves but that would be in a 
further stage when humans arrive and could live in habitats for a longer mission. Dust devils 
carrying out cleaning events is not something to rely on according to IO 1, IO 2 and Mars 
Architecture Steering Group (2009). This is a similar problem to the sticky smog in China 
described by IO 3 where they must clean the solar arrays not to lose the photovoltaic output. 
Mars Architecture Steering Group (2009) states that another solution could be to develop 
a certain technology performing dust-mitigation autonomously but that would entail other 
challenges not just identified for the use of BIPV, such as deployment. The dust in the 
atmosphere however is a challenge that is harder to rectify because of the large extent over 
the planet decreasing the sunlight’s effect. The difficulty to predict the extent of the dust 
storms as well as where they will arise is a problem. Dust in the atmosphere and dust 
deposition is a crucial aspect to consider for future missions when using a solar power 
system but it also makes it complicated in the process of deciding a potential landing site. 
Wolkenberg et al. (2018) implies that the dust opacity is observed mostly in the southern 
hemisphere during the spring/summer. However, perhaps it should not be an aspect that 
eliminates potential landing sites for future missions as the global dust storms will cover 
the whole planet. Focus should therefore be held on how to remove the dust deposition or 
how to provide energy during periods with high optical depth.  
 
Mars Architecture Steering Group (2009) means further that the solar power system’s 
output must provide energy corresponding to the minimal survival power during the dust 
storms. A dust storm lasting for a couple of months demands the power system to provide 
the minimal amount for a relatively long time. Although it is a fatal moment when a rover 
stops operating it is more of a vital aspect when it comes to a habitat’s power system. A 
worst-case scenario for a rover is that it stops working but for a habitat it could mean danger 
of life not having access to enough power maintaining all the life support systems. An 
aspect Mars Architecture Steering Group (2009) mentioned is an autonomously 
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deployment before the crew arrives to the planet. It is an interesting aspect that should be 
considered if the solar power system should be tested and verified before crew arrives. 
Even though an autonomously deployment would demand other levels of engineering it 
could be a safer outcome for a future habitat. This study does not cover how to bring the 
solar power system to the planet but deployment is however something that is not 
mentioned by the interview objects. IO 1 and IO 2 argues about the challenges regarding 
the journey and the process of landing on the surface. Though it was a delimitation in this 
study it is an issue that must be tackled when developing an energy system. Launching to 
space requires a lot of money which is one of the motives of trying to keep the weight and 
amount of material down. Though it would play a major part in a future colonization on 
Mars it is not one of the five key problems presented by Fairén (2013). The five key 
problems that are discussed includes the development of a sustainable energy system and 
the importance of using a renewable energy source preventing us from doing the same 
mistakes of damaging the Earth.  
 
Mars has a different climate than Earth where temperature extremes is something all IO’s 
states as a crucial aspect for the use of BIPV on Mars. Fairén (2013) mean however that it 
is more of a risk to the electrical equipment than to the photovoltaics that normally works 
more efficient in lower temperatures. A solution could be to combine the power system 
with a nuclear source, according to IO 1 and IO 2. The interview objects and Fairén (2013) 
means another factor is the distance to the Sun that decreases the solar constant. This means 
even if there were no dust storms the Sun’s effect is less because of the greater distance 
compared to Earth. Sharp also (2017) explains the physical characteristics of Mars with a 
thin atmosphere. The thin atmosphere is why Mars cannot retain any heat and together with 
the loss of the magnetic field it makes Mars more exposed to cosmic radiation than Earth. 
The radiation may not be a dangerous threat to a solar power system but it is very dangerous 
to humans. If a solar power system would be developed to provide a household, aspects 
regarding radiation should be considered. If previous research and the IO’s agrees that a 
solar power system should be placed near the equator because it is the sunniest place, 
perhaps the sunniest place also means the most radiated place by all means, including the 
dangerous radiation. However, an interesting thought is that all of the aspects are based 
from previous expeditions and research. Both previous research topics and the IO’s make 
their assumptions made from other missions which on second thought falls naturally. All 
of the successful and failed missions to Mars contains of rovers, landers or orbiters, all of 
them belonging in a mechanical engineering area. Perhaps the solutions and also the way 
of thinking have taken a formation under a longer time making the future human missions 
to be guided in a certain way even from the beginning. Maybe solutions including an energy 
system in terms of supporting human lives has to be developed without major influence 
from previous missions.  
 
Another aspect not mentioned by previous studies or interview objects is the wind. There 
is a lot of obstacles regarding the dust but they refer to the dust by the dust storms coming 
up all over the planet. Maybe the wind could affect the output or sustainability of the BIPV. 
As the dust always is presented as a problem in forms of deposition or in the atmosphere 
reducing the sunlight, the dust storms would also be a risk of harming whatever is placed 
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on the Martian surface. Building above the surface does in general include more risks 
because of the building’s exposure compared to the options of building an underground 
habitat. BIPV usually replaces other building materials that must resist several barriers, 
wind loads among them. 
 
What also should be an important aspect is the difference between traditional solar panels 
and BIPV. Previous research only argues about BIPV on Earth and not on Mars. There is a 
lot of research containing solar power proposals on Mars but that only include the 
traditional use of solar panels used in space. Building elements such as doors and windows 
could also affect the energy output as the surface area covered by BIPV would decrease. 
BIPV could be placed in windows on Earth but maybe it is not a safe option on Mars 
because of the dangerous radiation. 
 
5.2   Habitat design and optimal use of BIPV on Mars 
 
The equations from Honsberg & Bowden (2018) shows how to calculate the solar radiation 
incident on a tilted surface. These are not equations adapted for Mars nor space. The 
principle should however be the same, the amount of solar radiation on a tilted surface 
should be equal to the incident solar radiation when the surface is tilted perpendicular to 
the Sun’s rays. This study presents results regarding mean beam radiation which excludes 
values for the diffuse radiation. Diffuse radiation could be a major part of the total solar 
irradiance because of the Martian dust. When the elevation angles were collected from the 
Mars Trek Tool by NASA Jet Propulsion Laboratory (2018) the negative values of the 
angles, when the sun was below the horizontal plane, were deleted because they were 
assumed not to contribute to the results of the beam radiation hitting the surface. Diffuse 
and perhaps reflected radiation would still hit the tilted surface on certain negative elevation 
angles and would therefore be an important aspect. Kalogirou (2014) discuss when the 
requirements of tilting increases to maximize the effect of global irradiation as the sun gets 
lower away from the equator. He means it could be another considerable factor whether to 
tilt the module or not is if the global irradiation is diffused by clouds. If so is the case, the 
module’s yield is maximized with full exposure to the sky by laying it flat. This could 
explain why the calculated values in this study on similarly latitudes of VL1 and VL2 
results in steeper slopes than the optimal tilt angles calculated for the landers by Badescu 
(2016), even though the factors are discussed by a terrestrial perspective of freestanding 
solar panels by Kalogirou (2014). 
 
The results compared to previous studies are consistent by demanding a steeper tilt by a 
higher latitude. The optimal tilt angles calculated by Badescu (2009) differentiates from 
the ones calculated in this study by demanding a steeper slope of the tilted surface. This 
could be affected by many factors in the way calculations and assumptions have been made 
throughout the study. Badescu (2009) did the calculations with regards to more detailed 
weather information collected from VL1’s and VL2’s landing sites. He also did the 
calculations with total solar irradiance which implies other results. The calculations made 
in this study does not take the azimuth angle into account either which means any specific 
orientation of the tilted surfaces not have been considered. To make this assumption the 
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fundamental shape was a cylinder where the wall area hit by sunlight remains the same no 
matter the size of the azimuth angle. The differences could also be affected by using BIPV 
instead of traditional solar panels. Mars Architecture Steering Group (2009) suggests an 
area of solar arrays that would be considerably larger than the surface area would be of a 
smaller habitat. As the interview objects states, BIPV is probably not a solution in the near 
future as it would need a complement to provide more energy. It is of big significance that 
the solar power system will work to keep the life support systems going both during the 
day and night. Kalogirou (2014) describes the design aspect as a crucial moment for a BIPV 
system as the performance is determined by the tilt and orientation. This study’s results and 
design proposals strengthens his theory by showing the values’ differences by the walls’ 
slopes and how the habitat design would change by the locations of different latitudes. The 
calculations also show a bigger value of the mean beam radiation closer to the equator 
which confirms the theories mentioned in previous studies and by the interview objects. 
 
Reduced electricity generation losses is an advantage BIPV has according to Roberts & 
Guariento (2009) because the power system is placed next to where it is consumed. This 
would be another aspect to consider for freestanding solar arrays. Kalogirou (2009) argues 
that a smaller tilt angle would be more commonly used on Earth due to wind loads and 
shading to adjacent modules. The aspects are however made for freestanding photovoltaic 
modules. Shading on adjacent modules could also be a design driver if the habitat would 
have more varying geometric shapes. Shading is not a problem that needs to be considered 
as the resulting habitat designs take form as a truncated cone.  
 
The geometric shapes proposed in the results are not complex in a way that it would carry 
out additional major challenges regarding the construction. The interview objects argue 
about a BIPV system not being able to entirely provide a habitat with enough power. The 
estimated energy output in the results compared to the energy values presented Mars 
Architecture Steering Group (2009) in three different scenarios shows that BIPV almost 
would provide enough energy for a Martian habitat. This comparison differs by means of 
mobility as this study does not take rover expeditions into account as the three different 
scenarios do. If it would be more prolix of using two different power systems or just one 
primarily of freestanding solar arrays is obscurely as it would need further research of how 
much power a habitat would need, and also how much a BIPV could contribute with. IO 1 
discussed about how the first crewed mission to Mars would occur. If the crew would arrive 
in a capsule the BIPV system could be a part combined in the design and construction from 
the beginning. A capsule could therefore look like the design proposals presented in the 
results. 
 
In summary, studying the optimal use of BIPV shows the need for tools to do more accurate 
calculations covering all the adequate factors and aspects. Terrestrial calculations and tools 
are more developed and have specific data for many locations. To estimate more accurate 
BIPV-solutions for buildings on Mars would demand to take factors as varying optical 
depth, orientation, temperatures, wind loads, humidity, pressure and total global irradiance 
among them into account.  
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6     CONCLUSION 
 

Conclusions of the study are presented in this chapter by answering the research questions 
presented in the introduction chapter. 
 
What aspects needs to be considered for building-integrated photovoltaics on a 
building’s envelope that is placed on Mars? 
 

- The dust. Dust deposition and dust in the atmosphere blocking the solar panels or 
reducing the sunlight by a higher opacity index. Solutions of how to clean the solar 
panels must be taken into account as well as if there will be a need of a backup 
system due to the global dust storms that could last for months. 
 

- The climate. Big temperature extremes could affect the performance and life span 
of the BIPV system. Lower operating temperatures could induce a risk to the 
electrical equipment but could also be an advantage for the performing 
photovoltaics as they are more efficient in lower temperatures. 

 
- The location. The habitats location determines the amount of power a BIPV system 

could provide. It depends on the sunlight hitting the Martian surface from different 
angles during all the Martian seasons. 

 
- The amount of energy BIPV would produce is a conclusive factor that determines 

if BIPV would be a suitable power system for a habitat on Mars. This is affected by 
the Mars-Sun distance but a lot more factors must be evaluated. 

 
How should building-integrated photovoltaics be placed most efficiently on a 
building’s envelope? 
 
If the fundamental geometric shape of the building is a cylinder, the building’s shape would 
to form as a truncated cone with smaller wall slopes the closer the equator the habitat is 
located. If the habitat is placed far away from the equator the walls’ slope, the optimal tilt 
angle of the photovoltaic module, would be steeper and increase with the higher latitude. 
As solar arrays provides maximum energy when the sun’s rays are perpendicular to the 
surface, the tilt and also the walls’ slopes are determined from that aspect. 
 
Where should a building on Mars be located to maximize the power by building-
integrated photovoltaics as main power system? 
 
The maximized power by using BIPV on a building on Mars is provided as close to the 
equator as possible due to the big amount of sunlight reaching the surface. However, there 
is a need for a more accurate calculation tool considering all aspects with measured data.  
 
If BIPV could be used on the Martian surface is still a relatively extensive hypothesis. 
Studies about Mars and other planets tend to result in this kind of approach because of the 
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many insecurities that cannot be proven before humans get to the planet or detailed tests 
have been accomplished and analyzed. A solar power system shows great opportunities for 
future human missions to Mars but BIPV is not considered an option in the near future 
without further research and development verifying the option. 
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7     FURTHER RESEARCH 
 

This chapter presents suggestions of further research within this topic. 
 
This study presents the energy output with the elevation angle as varying parameter. 
However, if and how the values would change with consideration of the azimuth angle in 
the energy calculations needs extensive research. Diffuse and perhaps reflected radiation, 
not considered in this study, would still hit the tilted surface on certain negative elevation 
angles and would therefore be an important aspect to consider in future studies of the use 
of BIPV on Mars. To do more accurate energy calculations require among other things 
values of measured optical depth and how the efficiency of the solar arrays is affected by 
changes in temperature. More detailed and accurate results could be conducted through 
further research to improve the value of this study. 
 
This study revolves around the aspects and the optimal use of building-integrated 
photovoltaics. To find out of how the construction would be possible or not is an important 
issue to consider. This study show that building-integrated photovoltaics could be an 
option, but as on Earth the components need to act as the building element it replaces on 
the building’s envelope. As a building’s envelope has to resist weather and other stresses, 
more issues are generating from if building-integrated photovoltaics are possible to use. A 
habitat on Mars contributes with bigger challenges due to the desolate location with an 
extreme environment which makes the construction issue a suitably topic for further 
research. Specific areas could be how the building-integrated photovoltaics works in terms 
of humidity, radiation or thermal conductivity. 
 
One of the major challenges of human missions to Mars regarding to IO 1 and IO 2 is how 
to get all the material and equipment to the planet. It is a long journey resulting in a lot of 
weight that has to be minimized as much as possible. In-situ resource utilization is a wide 
ongoing research topic when looking for solutions related to construction on Mars. The 
primary purpose is because of the transportation opportunities not being sustainable due to 
all the volume and weight that has to be shipped. IO 1 mentioned that one solution for 
human missions could be to use landing capsule detached from the space vehicle as a 
habitat. To study opportunities how to integrate materials and equipment into the space 
vehicle or equivalent would imply profits in many ways. One topic that is suggested for 
further research is therefore how to integrate or minimize the volume of a solar power 
system by the transportation possibilities.  
 
Another issue connected to the transportation issue is the economic aspects. Shipping to 
space is an expensive question with requirements of minimizing the weight and volume of 
the cargo to reduce the costs. Building-integrated photovoltaics could be an option for 
future human missions to Mars but an economic analysis is recognized as an essential 
prerequisite. How much it costs to develop, transport and deploy in contrast to the solar 
arrays life and efficiency would show important values. 
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