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Statement 

This study has been conducted according to the requirements of this International Standard 

(ISO 14044).1 

                                            
1
 DIN Deutsches Institut für Normung 2006 
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V. Preface 
Since the beginning of mankind, social, ecological, and economical influences affect 

the natural environment. These interventions have reached global dimensions; par-

ticularly climate change, biodiversity loss, soil degradation or the overexploitation of 

biologically-productive areas count as the most advanced and critical changes in the 

human and natural environment2. The amounts resulting from such environmental 

changes consequence a growing number of natural catastrophes, species extinction 

or food shortages and change human basis for life totally3. 

Not later than, with the arrival of the environmental movement in the 1970s, an in-

creased thinking about the question, how much our well-being as well as our material 

prosperity are linked to an intact nature, started. Nowadays, topics of sustainability 

will never be missed in our everyday life, in political contests or in economy. The pur-

pose of companies is not only in the production and marketing of their products. In-

creasingly, consumers want companies to have a social responsibility and expect 

environmentally and socially sustainable produced, packaged and distributed prod-

ucts. 

Many companies and businesses have already begun to integrate environmental 

precautions in their production. Most of these measures focus on facility-level com-

pliance and control. These reflections only relate to a small part of the product life 

cycle and therefore only show a small amount of a wide system. These considera-

tions are not holistic and contradict sustainability thought, because a product or in-

dustrial activity exists not in isolation but rather as part of a complex system4. 

An important tool for sustainable product management is Life Cycle Assessment 

(LCA). A LCA is a systematic analysis of the environmental impacts of products 

throughout the life cycle (cradle to grave) or up to a certain time of processing (cradle 

to gate, gate to gate). The analysis includes total environmental impact during pro-

duction, the use phase and disposal/recycling of the product, as well as the associat-

ed pre- and post-processes (e.g. preparation of raw materials and supplies)5. The 

target of LCA is to collect, to quantify and to identify these impacts, to find opportuni-

ties to reduce their environmental influences on the system under study.  

                                            
2
 WBGU, 2013 

3
 WBGU, 2005 

4
 Graedel et al., 2003 

5
 DIN EN ISO 14040, 2009 
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1 Starting position and problem setting 
The global economy is directly linked to the natural system; if the natural system is 

influenced, this automatically results in a reciprocal impact of the global economy. 

Especially the mobility sector has a significant influence on climate6. Exactly for this 

reason it became necessary that after 120 years’ automobile history, mankind must 

deal more intensively with environmental protection and resource conservation. 

In the future, questions like: 

 What should future mobility look like? 

 What current concepts are being implemented? 

 Where are the potentials for improving environmental efficiency in the product 

lifecycle of modern automobiles? 

 How can I make sustainability visible? 

must be answered. 

The SolarCar Project of University of Applied Science Bochum7 has been trying to 

answer these questions for over 15 years. It is a student project, where every 2 years 

a solar powered vehicle for the Bridgestone World Solar Challenge8 is developed. In 

this competition, teams from all over the world challenge in different vehicle classes 

and try to face mobility of tomorrow. Seven solar cars have already been developed 

in this process, getting more suitable for everyday use. The vision of the current team 

is to make the production of the SolarCar as environmentally friendly as possible. 

The idea and motivation for the present bachelor thesis emerges from this context. 

Within the framework of this comparative LCA study, the integration and implementa-

tion of a Life Cycle Assessment in the SolarCar Project should be investigated. First, 

the Goal and Scope Definition of a Life Cycle Assessment should be defined for the 

thyssenkrupp blue.cruiser. A suitable reporting framework should be selected for the 

emissions arising over the entire life cycle. Then the data required for Life Cycle As-

sessment study are collected and displayed. 

The main goal of the work is the identification and evaluation of parameters which 

describe the object of observation and have a significant influence on its ecological 

effects. 

All these objectives can be summarized under the heading holistically. A holistic view 

of challenges is an unconditional prerequisite for finding sustainable solutions. 

  

                                            
6
 Stern et al., 2006 

7
 For further information: www.bosolarcar.de 

8
 For further information: www.worldsolarchallenge.org 
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2 Goal and scope definition 

2.1 Goals 

2.1.1 Reasons for conducting the study 

Environmental pollution related to vehicles has been in the focus of public interest for 

many years. There is still a considerable political interest in further reducing the envi-

ronmental impact of cars. The aim of environmental policy is, 

 On the one hand, to promote ecologically advantageous vehicles9, 

 On the other hand, to achieve (ecological) optimization of vehicles, for exam-

ple through innovations in material development. 

As a decision preparation, an assessment of the environmental friendliness of vari-

ous vehicles is necessary. In this case, not only individual environmental impacts 

(such as CO2 emissions in use) are to be assessed, but a complete, holistic view of 

the environmental impacts along the entire life cycle of the respective car (raw mate-

rial extraction, production, waste disposal, etc.) should be investigated. Life Cycle 

Assessments has become established as a suitable tool for such an approach. 

The primary purpose of the study is to assess the environmental impacts of all new 

SolarCars and its components. The LCA should include all relevant life steps, like 

resource-depleting, refining, processing, transportation, use and recycling (i.e. cradle-

to-grave). The study is intended to give up-to-date Life Cycle Inventory (LCI) data, 

modellings, and information, which can be used for further Life Cycle Assessments in 

the SolarCar Project, on conventional automobiles, and other vehicles. When it ex-

ists, the goal of LCA studies is to compare the new vehicle with its predecessor. 

As this is a comparative study it consists of two objectives which are to be analysed 

and compared. These objectives are the thyssenkrupp SunRiser, a SolarCar con-

structed as a collegiate project of students and alumni at the Bochum University of 

Applied Sciences and finalized in 2015, and its successor, the thyssenkrupp 

blue.cruiser, finalized in 2017. 

Additionally, this study is meant to disclose the environmental aspects, without in-

cluding social impacts. It is hoped that the implementation and the results of this 

study will help to construct upcoming SolarCars more sustainable. Furthermore, it is 

hoped that this study motivates other SolarCar-Teams to build more sustainable ve-

hicles. 

With such an updated LCI database, the SolarCar Project, the automobile industry, 

and its suppliers can assist other organizations to better understand and communi-

cate the environmental influences of manufacturing cars. At the same time, this data-

base will help the industry to achieve a better understanding of its manufacturing pro-

cesses, and identify potential areas for improvements. 

                                            
9
 For example: „Gesetz zur steuerlichen Förderung von Elektromobilität im Straßenverkehr“ 
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With this new strategy, the automotive industry, its suppliers and other member com-

panies are encouraged to think out about the conventional approaches, to get a clear 

overview and a better understanding of their own products. 

 

2.1.2 Intended audience 

This study is essentially conducted for the SolarCar Team of the Bochum University 

of Applied Sciences, its cooperation partner thyssenkrupp and the public large. The 

LCA is executed by students of the Bochum University of Applied Sciences in the 

framework of a pre-investment study of the degree course Sustainable Develop-

ment. The LCA is oriented to several target groups with specific applications: 

The SolarCar Project receives the opportunity to answer company-specific questions. 

E.g.: 

 The display of the life phases allows the project to optimize existing manufac-

turing processes or to develop new manufacturing processes with better envi-

ronmental benefits. 

 The project obtains information about used resources and goods. This infor-

mation can be used to increase efficiency, reduce costs, and help for the stra-

tegic planning of the next cycle. 

 With the results of the investigation, SolarCar-Teams receive specific infor-

mation about the potential for ecological improvements of electric vehicles. 

The Federal Environmental Agency and the Federal Ministry of the Environment can 

use the results for consultation activities and for the scientific support of strategic de-

cisions in the field of environmental protection. 

Consumers and environmental organizations can use the results of the study as a 

basis (among others) for recommendations on the selection of electric cars. 

LCA studies will be available to expert stakeholders to sustain the dialogue on life 

cycle management. 

 

2.1.3 Use for the study 

The results of this study can be used to:  

 Show of up-to-date data on automobile components, in this case SolarCars;  

 Improve the understanding on the environmental impact, which is generated 

by the production of cars;  

 Show possible approaches for the improvement and optimization of the pro-

duction of electric cars;  

 Provide ideas for strategic planning of sustainable products;  

 Enhance and promote the view of sustainable product entitlements. 
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2.2 Scope 

The study is carried out in the form of Life Cycle Assessment and considers the re-

quirements defined in DIN EN ISO 14040 to 14044 

In the following, the Scope Definition for this Life Cycle Assessment, per DIN EN 

14040, chap. 5.1.2 and 14041, is established. 

 

2.2.1 Hotspots 

An automobile (and of course a solar-powered vehicle also) consists of thousands of 

components, which in turn consist of different material compositions. The weight and 

the material composition were determined based on data collections sheets and 

stock lists. To get a targeted overview of the environment-critical materials of the so-

lar cars, this study was conducted as a comparative hotspot analysis. 

“Hotspots analysis is a methodological framework that allows for the rapid assimila-

tion and analysis of a range of information sources, including life cycle based studies, 

market, and scientific research, expert opinion and stakeholder concerns. The out-

puts from this analysis can then be used to identify potential solutions and prioritize 

actions around the most significant economic, environmental, ethical and social sus-

tainability impacts or benefits associated with a specific country, industry sector, or-

ganization, product portfolio, product category or individual product or service. 

Hotspots analysis is often used as a precursor to developing more detailed or granu-

lar sustainability information.”10 

The method of an ABC analysis is used to define the hotspots. The hotspots were 

identified by their mass fraction and their greenhouse gas potential (see Table 1-4). 

All coloured materials in the table are selected as hotspots for this LCA. Based on 

this definition the hotspots for the thyssenkrupp SunRiser include aluminium, carbon, 

neodymium, rubber, steel, gallium arsenide solar cells, lithium-ion batteries and RO-

HACELL®. For the thyssenkrupp blue.cruiser the hotspots stay mostly the same, ex-

cept now the solar cells are made out of silicon. Furthermore, the material linen in 

combination with organic resin and hardener has been used in the newer SolarCar to 

partially replace carbon compounded with inorganic resin and hardener. 

Note: The bullet point various was not considered, since small components 

and auxiliary materials such as screws, sleeves, bolts, adhesives etc. are 

grouped together, which in individual cases, represent less than 0.5% of the 

total weight. 

 

                                            
10

 UNEP/SETAC, 2014 
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Table 1: ABC analysis SunRiser weight 

Material Weight 

[kg] 

Percentage 

[%] 

𝑪𝑶𝟐-eq. [kg] / 

1 kg material 

𝑪𝑶𝟐-eq. Sun-

Riser 

Required 

quantity 

Total 𝑪𝑶𝟐-eq. 

[kg] 

Category 

CFRP 100.71 27.94 29.67 2988.07 1 2988.07 

A 

Various 21.20 5.88   1  

Battery 87.10 24.17 54.74 4767.85 1 4767.85 

Steel 33.21 9.22 2.14 71.11 1 71.11 

Aluminium 25.98 7.21 9.70 252.01 1 252.01 

Copper 31.9 6.05 2.80 89.32. 1 89.32 

ROHACELL® 13.57 3.77 4.62 62.70 1 62.70 

B 

GaAs solar cells 10.00 2.77 311.00 3100.00 1 3100.00 

Tyres 8.00 2.25 4.22 33.76 9 303.84 

Magnesium 5.20 1.44 34.80 180.96 1 180.96 

Plexiglas 4.10 1.17 3.80 15.96 1 15.96 

Contact sheets 4.10 1.14 7.52 30.83 1 30.83 

Electric compo-

nents 
2.90 0.80 3.86 11.19 1 11.19 

PVC 2.70 0.75 2.13 5.81 1 5.81 
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Material Weight 

[kg] 

Percentage 

[%] 

𝑪𝑶𝟐-eq. [kg] / 

1 kg material 

𝑪𝑶𝟐-eq. Sun-

Riser 

Required 

quantity 

Total 𝑪𝑶𝟐-eq. 

[kg] 

Category 

Flame protec-

tion coat 
2.00 0.55   1  

B 

Synthetics 2.00 0.55 0.71 1.42 1 1.42 

PET 1.20 0.33 2.20 2.64 1 2.64  

Neodymium  1.20 0.33 27.00 32.40 1 32.40 

Circuit board 1.10 0.31 101.24 111.36 1 111.36 

Cork 0.90 0.25 -0.13 -0.12 1 -0.12 

Wood 0.90 0.25 -6.90 -6.21 1 -6.21 

Sinter metal 0.80 0.22   1  C 

PU-glue 0.50 0.14 2.70 1.35 1 1.35 

Titanium alloy 0.10 0.03 8.10 0.81 1 0.80 

Balsa 0.00 0.00   1  

Nylon 0.00 0.00   1  

Total 360.37 100 

Total Hotspots 327.87 91.01 
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Table 2: ABC analysis blue.cruiser weight 

Material Weight [kg] 
Percentage 

[%] 
CO2-eq [kg]/1 
kg material 

CO2-eq. 
blue.cruiser 

Required 
quantity 

Total CO2-eq. 
[kg] 

Category 

CFRP 111.00 32.80 29.67 3293.37 1 3293.37 

A 
Steel 101.50 22.62 2.14 217.21 1 217.21 

Battery 81.59 17.49 54.74 4466.53 1 4466.53 

Various 35.40 7.60   1  

Aluminium 36.70 7.86 9.70 355.99 1 355.99 

B 

Copper 27.10 5.81 2.80 75.88 1 75.88 

NFRP 12.40 2.65 22.82 282.97 1 282.97 

Polyamide 9.40 2.01   1  

PET 9.33 2.00 2.20 20.52 1 20.52 

Tyres 8.15 1.74 4.22 34.39 9 309.54 

ROHACELL® 8.08 1.73 4.62 37.33 1 37.33 

Plexiglas 6.24 1.33 3.80 23.71 1 23.71 

Si solar cells 3.65 0.78 306.48 1118.64 1 1118.64 

C 

PVC 3.56 0.76 2.13 7.61 1 7.61 

Nylon 3.00 0.64   1  

Neodymium 1.76 0.38 27.00 47.52 1 47.52 

Insulator 1.69 0.36   1  

Adhesive 1.60 0.34 2.70 4.32 1 4.32 

Titanium 1.50 0.32 8.10 12.11 1 12.11 

Brake fluid 1.00 0.21   1  

Cork 0.69 0.15   1  

Circuit board 0.41 0.08 3.86 1.60 1 1.60 

Iron 0.40 0.08   1  

Coating 0.20 0.04   1  

Brass 0.02 0.00   1  

Total 466.37 100 

Total Hotspots 402.14 86.22 
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Table 3: ABC analysis SunRiser CO2-eq. 

Material Weight [kg] Percentage [%] 𝑪𝑶𝟐-eq. [kg] / 1 
kg material11 

𝑪𝑶𝟐-eq. Sun-
Riser 

Required quan-
tity 

Total 𝑪𝑶𝟐-eq. 
[kg] 

Battery 87.10 24.17 54.7412 4767.85 1 4767.85 

GaAs solar cells 10.00 2.77 311.00 3100.00 1 3100.00 

CFRP 100.71 27.94 29.67 2988.07 1 2988.07 

Tyres 8.00 2.25 4.22 33.76 9 303.84 

Aluminium 25.98 7.21 9.70 252.01 1 252.01 

Magnesium 5.20 1.44 34.80 180.96 1 180.96 

Circuit board 1.10 0.31 101.24 111.36 1 111.36 

Steel 33.21 9.22 2.1413 71.11 1 71.11 

ROHACELL® 13.57 3.77 4.62 62.7 1 62.7 

Neodymium 1.20 0.33 27.00 32.40 1 32.40 

Contact sheets 4.10 1.14 7.52 30.83 1 30.83 

Plexiglas 4.10 1.17 3.8014 15.96 1 15.96 

Electric compo-
nents 

2.90 0.80 3.86 11.19 1 11.19 

  

                                            
11

 If not otherwise marked, the data are from GaBi 2017 
12

 Ellingsen et al. 2014 
13

 Fraunhofer 2012, 30 
14

 EVONIK 2015, 3 
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Material Weight [kg] Percentage [%] 𝑪𝑶𝟐-eq. [kg] / 1 
kg material11 

𝑪𝑶𝟐-eq. Sun-
Riser 

Required quan-
tity (usage sce-

nario) 

Total 𝑪𝑶𝟐-eq. 
[kg] 

PVC 2.70 0.75 2.13 5.81 1 5.81 

PET 1.20 0.33 2.2015 2.64 1 2.64 

Synthetics 2.00 0.55 0.71 1.42 1 1.42 

PU-glue 0.50 0.14 2.7016 1.35 1 1.35 

Titanium alloy 0.10 0.03 8.10 0.81 1 0.80 

Comb 0.90 0.25 -0.13 -0.12 1 -0.12 

Wood 0.90 0.25 -6.90 -6.21 1 -6.21 

Various 57.30 15.90   1  

Copper 31.9 6.05 2.80 89.32 1 89.32 

Flame protection 
coat 

2.00 0.55   1  

Sinter metal 0.80 0.22   1  

Balsa 0.00 0.00   1  

Nylon 0.00 0.00   1  

Total 360.37 100 

Total Hotspots 327.87 91.01 
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 Detzel et al. 2004 
16

 PlasticsEurope 2012 
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Table 4: ABC analysis blue.cruiser CO2-eq. 

Material Weight [kg] Percentage [%] 
CO2-eq [kg]/1 
kg material11 

CO22-eq. 
blue.cruiser 

Required quan-
tity 

Total CO2-eq. 
[kg] 

Battery 81.59 17.49 54.7412 4466.53 1 4466.53 

CFRP 111.00 32.80 29.67 3293.37 1 3293.37 

Si solar cells 3.65 0.78 306.48 1118.64 1 1118.64 

Aluminium 36.70 7.86 9.70 355.99 1 355.99 

Tyres 8.15 1.74 4.22 34.39 9 309.54 

NFRP 12.40 2.65 22.82 282.97 1 282.97 

Steel 101.5 22.62 2.1413 217.21 1 217.21 

Neodymium 1.76 0.38 27.00 47.52 1 47.52 

ROHACELL® 8.08 1.73 4.62 37.33 1 37.33 

Plexiglas 6.24 1.33 3.80 23.71 1 23.71 

PET 9.33 2.00 2.20 20.52 1 20.52 

Titanium 1.50 0.32 8.10 12.11 1 12.11 

PVC 3.58 0.76 2.13 7.61 1 7.61 

Adhesive 1.60 0.34 2.70 4.32 1 4.32 

Circuit Board 0.41 0.08 3.86 1.60 1 1.60 

Various 35.40 7.60   1  

Copper 27.10 5.81 2.80 61.04 1 61.04 

Polyamide 9.40 2.01   1  

Nylon 3.00 0.64   1  

Insulator 1.70 0.36   1  

Brake fluid 1.00 0.21   1  

Cork 0.69 0.15   1  

Iron 0.40 0.08   1  

  



 
 

 1
2
 

Material Weight [kg] Percentage [%] 
CO2-eq [kg]/1 

kg material 
CO22-eq. 

blue.cruiser 
Required quan-

tity 
Total CO2-eq. 

[kg] 

Coating 0.20 0.04     

Brass 0.02 0.00     

Total 466.37 100 

Total Hotspots 402.14 86.22 
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2.2.2 Product systems under study 

The product system under study is roughly shown in Figure 1. To be more precise, 

the product system under study, with its processes and life cycle stages, is depicted 

in Figure 2. 

 

Figure 1: Schematic presentation of the system under study; own representation 



 
 

 

 

Figure 2: System boundaries; own representation
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2.2.3 System function and functional unit 

The functional unit is set to be one solar-powered vehicle. A solar-powered vehicle, 

hereafter referred to as solar car, is an electric car, which converts sun energy into 

electric energy using the principles of the photovoltaic effect. As can be seen in Fig-

ure 3, solar cars are roof-mounted with solar cells, which could generate the energy 

demand, that in favorable circumstances a solar car drives energy self-sufficient. 

Generally, solar cars are invented to participate at the Bridgestone World Solar Chal-

lenge in Australia. 

The solar car must meet the safety and technical requirements of the New European 

Driving Cycle, drives fully occupied and must exceed 182.500 km17 over a life time of 

10 years. 

In other words, it is defined as the electrical transportation of at least 2 persons (for 

the SunRiser; 4 persons at blue.cruiser) in a vehicle, for a total distance of 182.500 

km, for 10 years, in compliance with type approval regulation of the New European 

Driving Cycle18, 19, 20. 

 

Figure 3: solar-powered vehicle 

 

Solar-powered vehicles are designed for the world championship in Australia and 

therefore differ from conventional cars. They are electrical racing cars with road ap-

proval, less weight and low aerodynamic drag. The vision of University of Applied 

Science Bochum is to use the solar cars after the world championship for car sharing, 

which is why features such as heaters, storage space or 2-4 seats are installed in the 

cars. 

The reporting units are in line with the global convention of Life Cycle Inventory and 

Impact Assessment reports, which are unified to metric units5. To explain, energy is 

in mega-joules (MJ), mass is in kilograms (kg) or metric tons (t), liquid volume is in 

liters (l), gaseous volume is in cubic meters (m³), electricity is in megawatt-hours 

(MWh), a distance is measured in meters (m) or kilometers (km), a concentration in 

parts-per-million (ppm), etc.  

                                            
17

 See 3.2.14 Usage scenario 
18

 Renault Twingo, 2015 
19

 Renault Espace, 2015 
20

 Schweimer & Levin, 2000 
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2.2.4 System boundaries 

All the environmental aspects of the SolarCar vehicles under consideration are eval-

uated from cradle to grave, that means from the exploration of the raw materials, to 

the manufacture of semi-finished products and components, distribution processes, 

to the disposal per the above-described life cycle model. 

All inputs and outputs of the reported system, except for secondary raw materials 

(waste for recovery), secondary energy sources, and auxiliary and operating materi-

als according to the cut-off criteria described below, are elementary flows, i.e. sub-

stances that are extracted from the natural environment or are delivered to the natu-

ral environment. 

Exceptions which are not considered: 

 Environmental impacts of the end users of the SolarCars, since they could not 

be collected within the framework of this project (for example, emissions and 

energy consumption due to distribution); 

 Environmental impacts of the C-class products (see chapter 2.2.1 Hotspots); 

 Environmental impacts from the production and disposal of investment goods 

along the life phase (e.g. energy consumption and emissions from the produc-

tion of manufacturing machines); 

 Environmental impacts from the maintenance of equipment; 

 Environmental impacts of the varnishing of the finished body or the covering 

the seats; 

 Social aspects such as fair salaries or good working conditions; 

 Working hours and personnel expenses. 

The following cut-off-criteria were defined by the DIN EN ISO 14040 1%-rule: 

 “Mass – If a flow is less than 1% of the cumulative mass of all the inputs and 

outputs (depending on the type of flow) of the LCI model, it may be excluded, 

provided its environmental relevance is not a concern. 

 Energy – If a flow is less than 1% of the cumulative energy of all the inputs 

and outputs (depending on the type of flow) of the LCI model, it may be ex-

cluded, provided its environmental relevance is not a concern. 

 

 



17 
 

 Environmental relevance – If a flow meets the above criteria for exclusion, yet 

is thought to potentially have a significant environmental impact, it will be in-

cluded. All material flows which leave the system (emissions) and whose envi-

ronmental impact is higher than 1 % of the whole impact of an impact category 

that has been considered in the assessment, is covered. 

 The sum of the neglected material flows shall not exceed 5% of mass, energy 

or environmental relevance5, 21. 

Further cut-off criteria (e.g. for energy input or output materials) are not determined. 

The description of the data used for mapping the sub processes is specified in chap-

ter 3 Inventory analysis. 

 

2.2.5 Allocation 

The allocation, used in the GaBi database, is retained in the background system. In 

the foreground system, a relevant allocation issue arises in the recycling of the mate-

rials used in the SolarCar. So, allocation has been avoided by expanding system 

boundaries and with the substitution of the input material. 

Each LCI dataset including scrap, dross or recyclable goods was looped, so that the 

only valuable products exiting in the system are finished or semi-finished products. 

The applied concept is called avoided burden approach21, 22. 

The waste treatment of non-hazardous solid waste is considered as thermal and 

electrical energy generation. To avoid any allocation, the generated thermal and 

electrical energy is directly re-introduced in the LCI model. This approach reduces 

the energy demand significantly and closes the circulation21, 22. 

 

2.2.6 Method of impact assessment and interpretation 

DIN EN ISO 14044 requires that the categories of the Impact Assessment are in line 

with the Goal and Scope Definition of the Life Cycle Assessment and that it reflects 

“the environmental mechanism and characterization model that relate the LCI results 

to the category indicator”5. 

Several environmental issues could emerge if the whole process of a product is in-

vestigated, from the very beginning until the recycling process. All these potential 

issues are reflected in the impact assessment. 

  

                                            
21

 The Aluminum Association, 2013 
22

 Nicholson et al., 2009 
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The main task of an impact assessment is to examine the data obtained in the factual 

balance sheet with regard to certain environmental impacts and thus provide addi-

tional information. The selected environmental impacts are called impact categories. 

The impact assessment method CML 2001 is based on the internationally accepted 

methods and data collected by the Centrum voor Milieuwetenschappen (CML) in Lei-

den. CML 2001 is a prominent and widely accepted method for classification and 

characterization for conducting LCAs. CML 2001 is a multidimensional approach for 

life cycle assessment, which results are grouped uses a midpoint approach. ISO 

14044 does not provide a fixed list of impact categories23. 

The most discussed environmental effects related to mobility and automotive manu-

facturing are surely global warming, the consumption of finite resources for energy 

supply, ozone load and ozone depletion, and soil and water stress18, 19, 20. The follow-

ing categories were selected for the presentation and evaluation: 

 

a) Resource-related categories  

- Abiotic depletion potential 

 

b) Emission-related categories 

- Global warming potential (100 years) inclusive biogenic carbon 

- Ozone Layer Depletion Potential  

- Photochemical Ozone Creation Potential  

- Acidfication Potential 

- Eutrophication Potential  

 

c) Toxicity-related categories 

- Human Toxicity Potential  

- Ecotoxicity (freshwater) 

The resource-related category is of interest due to the possible depletion of elements 

with high importance for the industrialized society, for example fossil fuels and rare 

metals used in electronics. 

The category abiotic depletion potential refers to the consumption of non-biological 

resources such as fossil fuels. The value of the abiotic resource consumption of a 

substance is a measure of the scarcity of a substance. That means it depends on the 

amount of resources and the extraction rate. “It’s formed by the amount of resources 

that are depleted and measured in MJ of fossil fuels.” 24 

Emission-related categories are called the output-related effect categories. The out-

put-related effect categories refer to the environmental impacts of emissions. These 

include the threat to human health and environmental pollution. 

 

                                            
23

 DIN Deutsches Institut für Normung 2006 
24

 Aitor P. Acero, Cristina Rodríguez, Andreas Ciroth 2016 
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The Global Warming Potential for a reference period of 100 years: The GWP in 

consequence of anthropogenic greenhouse emissions is the main cause of global 

warming. It is the most important impact category, especially since many natural ef-

fects such as tsunamis, hurricanes, and unusual weather conditions are based on 

this environmental effect. Several gases, inter alia carbon dioxide and nitric oxides 

contribute to the Global Warming Potential and are weighted differently in compliance 

with the CML baseline 2001 method. The characterization unit of GWP is stated in kg 

or t CO2-eq., so the carbon dioxide is the standardization parameter and the most 

important element of this category25, 26. 

Stratospheric Ozone Depletion: ODP describes a strong thinning of the ozone lay-

er, as can be seen in the Antarctic. The main reasons for this depletion are various 

chemical and physical processes in the environment. The causes of ozone depletion 

are primarily free-radical chlorine atoms from chlorinated organic compounds, which 

are collectively referred to as chlorofluorocarbons (CFCs). At this altitude, the ozone 

molecules largely absorb the UV radiation of the sun, which is very harmful to all liv-

ing cells. The different gases that contribute to this impact category are summarized 

under kg R11-e.25, 26. 

Summer Smog: The POCP labels a high concentration of ground-level air with 

harmful ozone gas, which is health hazardous to human, animal, and plants. The 

main reasons for this Summer Smog, which can generally be translated with air pollu-

tion, are various chemical and physical processes in the environment. The different 

gases that contribute to this impact category are summarized under kg Ethene-eq.25, 
26. 

Acidification Potential: Acidification is an environmental effect resulting in a too low 

pH-level of soil or water. The best-known effect is the acid rain, which can be formed 

by emission of, e.g. ammonia, sulfur oxide or nitrogen oxides. The agricultural sector 

suffers most under acidification, as plant growth and soil fertility are restricted. The 

specific unit of this impact category is normalized to kg SO2 eq.25, 26. 

Eutrophication Potential: Eutrophication means over-fertilization resulting from too 

much nutrient supply and consequently increased oxygen consumption. Human 

causes eutrophication. A distinction is made between aquatic and terrestrial eutrophi-

cation. In this impact category, ammonia, nitrate (N-compounds) and phosphate (P-

compounds) are the leading causes. All these substances are converted into the 

PO4-eq.25, 26. 

  

                                            
25

 Danish Ministry of the Environment, 2005 
26

 For further information: wirtschaftslexikon.gabler.de/Archiv/222023/cml-methode-v5.html 
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Freshwater Ecotoxicity: Freshwater ecotoxicity describes the potential for biologi-

cal, chemical or physical stressors to affect the ecosystems. These stressors might 

occur in the natural environment to disrupt the natural biochemistry, behaviour and 

interactions of the living organisms that comprise the ecosystem. The emission of 

some substances, such as heavy metals, can have impacts on the ecosystem. Eco-

toxicity potentials are calculated with the method for describing fate, exposure and 

the effects of toxic substances on the environment. These characterisation factors 

are expressed using the reference unit, kg 1.4-dichlorobenzene equivalent (1.4-

DB)27. 

 

2.2.7 Data requirements 

The framework definition for the geographical, temporal, and technological coverage 

of data used as well as their evaluation is described below. In this context, reference 

is made to relevant aspects for data quality, such as the detailed depth or the repre-

sentativeness of the data. 

Temporal Coverage: Primary data collected from the SolarCar Project and partici-

pating companies for their operational activities are representative for the year 2015 

(reference year). Additional data for the modelling process were obtained from the 

GaBi 7 software system database (e.g. generic data for material production). 

Geographical Coverage: The geographical coverage is Germany. 

Technological Coverage: The LCA demonstrates the current technological possibili-

ties for the production and fabrication of a solar-powered vehicle. 

  

                                            
27

 Cf. breglobal 
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3 Inventory analysis  

3.1 Validation of data  

During the collecting process of data, it is necessary to validate the quality, which 

means to review the hotspots which were chosen. Table 5 shows the quality classifi-

cation. The processes from the background system were obtained from GaBi ts 7 

database. GaBi ts 7 is a modulation software which can perform, inter alia, life cycle 

inventory and impact assessment. The software contains a database with specific life 

cycle information of materials, production processes, disposal methods, etc. In case 

of inadequately data in the software we took additional data from other sources to get 

better results. 

Table 5: Quality of data 

Hotspot Data specifica-
tion 

Data source Comments 

P
ro

d
u

c
t 

s
p

e
c
if
ic

 

S
p

e
c
if
ic

 t
o

 

s
it
e

 

G
e

n
e

ra
l   

Tyres  x  Thinkstep The GaBi software was sup-
plied with data from a general 
composition of a car tyre 

Neodymium   x Sprecher et al. 
2014 

Thinkstep 

Data from the LCA were added 
to the GaBi software 

Carbon fibre 
reinforced 

plastic 

 x  Thinkstep Carbon fibres and resins were 
available in the software 

Natural fibre 
reinforced 

plastic 

x   Data sheets 
Thinkstep 

Data sheets of the supplier and 
the Lamination28 list were used 
to equip the GaBi software 
 

Steel x   thyssenkrupp 
Thinkstep 

Good availability of data 
 

PMI foam   x Experts 
Thinkstep 

Expert opinion 29  about the 
composition 

Aluminium 
alloy 

x   Thinkstep Good availability of data 

  

                                            
28

 For more detailed information, see 3.2.4 Natural fibre reinforced plastic 
29

 Prof. Dr. rer. nat. Anke Nellesen, Bochum University of Applied Sciences 
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Hotspot Data specifica-
tion 

Data source Comments 

 

P
ro

d
u

c
t 

s
p

e
c
if
ic

 

S
p

e
c
if
ic

 

to
 s

it
e
 

G
e

n
e

ra
l   

Triple Junc-
tion solar 

cell 

  x ProBas, 
Thinkstep 

Because of data-based insuffi-
ciency with regard to the Triple 
Junction solar cell, the Silicon 
solar cell was used as the 
basic model. 
 

Magnesium 
alloy 

x   Thinkstep Data from the Thinkstep soft-
ware 

Copper x   Thinkstep Good availability of data 

PVC x   Thinkstep Good availability of data 
 

Notes: 
Product specific data: refers to processes specifically referring to vehicle 

Site specific data: concern data from sites involved in the vehicle production but not 
specific to the vehicle 

General data: all remaining data 

 

3.2 Hotspots 

3.2.1 Tyres 

Tyres are responsible for the road grip. That is why they are existentially important for 

driving characteristics of the vehicle. Tyres consist of various materials. The massive 

amount of weight makes tyres a hotspot in the LCA.  
Table 6: Composition of a tyre 

30
 

Ingredient Passenger Car Tyre 

Natural Rubber 14% 

Elastomers 27% 

Carbon Black 28% 

Steel (average) 15% 

Textile (average) 6% 

Zinc Oxide 0.83% 

Softener and Chemicals 10% 

 

Natural rubber is an amorphous polymer which is extracted from plants or trees. To 

extract the water out of the latex (the sap of the Hevea brasiliensis tree) ammonia is 

used31. Elastomer is synthetic caoutchouc, which means that the resource is natural 

                                            
30

 Feraldi et al. 2013 
31

 Cf. Gooch 2007 
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(oil) and there are many steps needed in production to get the product32. Carbon 

Black is mainly carbon in form of extremely fine particles. For tyres or other rubber 

compounds it takes the function of filler. Silicia can be used as partial substitute for 

Carbon Black in some types of tyres. These fillers are used to improve the lifetime or 

the rolling resistance33. Textile and Metal are layers which reinforces the structure of 

the tyre. Zinc Oxide is used for the vulcanization of the caoutchouc34.  

Vulcanization means “the process of conversion of raw rubber composed of linear 

molecules to lightly crosslinked network”35. Vulcanisation improves properties of the 

raw rubber. For example, this action increases stiffness and reduces the possibility of 

permanent deformation36. 

Some of the materials are mixed and stacked as it is shown in Figure 4: Tyre produc-

tion and Figure 5: Tyre schema. 

In the usage scenario, it is assumed that the SolarCar will last 10 years, while it 

drives 182,500 km. The SolarCar uses special tyres of Michelin and Schwalbe. 

The racing tyres did not last long, according to an assumption of an expert from the 

SolarCar team37 the Michelin Tyres last for 1,000 km and the one from Schwalbe 

5,000 km. The tyres which are used in the chosen scenario are close to motor bike 

tyres because motor bike tyres are like the racing tyres of Schwalbe and Michelin. 

Motor bike tyres usually last for about 10,000 km, but have a higher road grid. 

Our assumption is that the SolarCar tyres will last for 20,000 km. That is because the 

torque is lower, the weight is spread over the four tyres and the SolarCar has a two-

wheel or a four-wheel drive. 

That means 36 tyres are needed. The weight of one tyre used on the SolarCar is 

about 2 kg as it is exactly shown in Table 1: ABC analysis SunRiser weight and Table 

2: ABC analysis blue.cruiser weight. That means during the phase of use the total 

weight of the tyres will be around 72 kg. 

 

 
Figure 4: Tyre production 

                                            
32

 Cf. Abts 2007 
33

 Cf. Norman 
34

 Cf. Wortmann et al. 2013 
35

 Alger 1997 
36

 Cf. Alger 1997 
37

 SolarCar employee Matthias Wiemers 
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Figure 5: Tyre schema

38
 

 

Recycling of scrap tyres is mainly done in two different ways: Material recycling or 

energy recovery. Within a mechanical process rubber granulate is produced in mate-

rial recycling, this granulate can be used e.g. for road asphalt. Material recycling also 

means using the steel component to produce secondary steel. Energy recovery is to 

burn the tyres and use the energy. Primarily the scrap tires are a „co-incineration at a 

cement kiln, where tyre material displaces conventional cement kiln fuels, bituminous 

coal and petroleum coke, as well as iron ore resources. “39. 

The entire modelling of the tyres is shown in Figure 6: Tyres flowchart in GaBi. 

                                            
38

 Giti Tire 
39

 Associates/Genan 2010 
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Figure 6: Tyres flowchart in GaBi  

 

3.2.2 Neodymium 

Neodymium magnets are the strongest of all rare earth magnets that exist today40. 

They have a high resistance to demagnetization. In fact, this makes them very use-

ful in many kinds of industrial applications. The magnets used in the SolarCar are a 

special Nd2Fe14B (Neodymium: 29-32%, Ferrite: 62-68%, Boron: 1-1.2%, Niobium: 

0.5-1%, Dysprosium: 0.8-1.2%)41 alloy. These magnets develop enough power to 

attract 1300 times of its own weight That is a remanence value between 1.3 T (Tes-

la) up to 1.6 T. NdFeB magnets have a low working temperature and the best way to 

use them is to coat the magnets for long-term energy output and usage. 

  

                                            
40

 Vgl. ThyssenKrupp Magnettechnik 
41

 Cf. Supermagnetic 2015   
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Neodymium magnets are referred to as rare earth magnets, because of their sta-

tus in the periodic table. Another important factor for buying neodymium magnets is 

the affordability, so they are priced at a low level and so affordable for educators and 

experimenters on their limited budgets (83-86$/kg in 201642).  

Producing neodymium magnets needs a few steps, including mining, transport and 

manufacturing. The main mining areas are China, the United States and Brazil. The 

mining process includes a complex chemical separation from secondary materials, 

usually rocks. The next step is converting the oxide to neodymium fluoride. To get 

the final resource, the fluoride will be connected with calcium fluoride. To produce a 

complete magnet, different firms, mostly in China43 , are using time consuming 

methods. At first, iron, neodymium and boron are pulverized and fused together in 

a vacuum. This powder will be pressed in a cylindrical form and heated up. Next 

step, sintering is a common process in powder metallurgy44 . The material is 

compressed at elevated temperatures (as high as 1080°C) below the material's 

melting point, until its particles adhere to each other. 

After cooling down, the alloy has a crystal structure that benefits a magnetiza-

tion later on. The next step is sawing the raw magnets into desired size. Thereafter, 

the magnets will be galvanically coated, usually with Nickel (Ni) or Copper and Nick-

el (Ni- Cu-Ni), otherwise, the magnets will demagnetize and are completely use-

less when the temperature rises over 80 degrees. 

At this point of production, the magnets have a „preferred“ direction of magnetiza-

tion, so the final step is to magnetize them completely: the raw magnets will be 

placed in a magnet coil, through which a strong electrical current is shot for one 

millisecond. A magnetic field outputs are neodymium magnets45.

 

After a quality control, which includes verifying the magnetization and the coat-

ing thickness, they will ship in plastic bags and cardboard boxes around the world. 

Besides many industrial uses, Neodymium magnets are very important in the So-

larCar. To work inside the SolarCar the magnets are installed in the rotor. When an 

electric current is induced in the coil (stator), it emits a magnetic field, opposing the 

magnetic field emitted by the strong magnets (rotor). This repulsion causes the rotor 

to spin or rotate at a high speed. The wheel is attached to an axle that allows the 

wheels to move. The schematic structure of a SolarCar wheel hub engine can be 

seen in Figure 7: Basic structure of wheel hub engines using the example of Solar-

Car D-Type. 

                                            
42

 Cf. Institut für seltene Erden und Metalle 2016 
43

 Cf. VDI Verlag GmbH 2014 
44

 Cf. K&J Magnetics 
45

 Cf. K&J Magnetics 
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Figure 7: Basic structure of wheel hub engines using the example of SolarCar D-Type 

The weight of one neodymium magnet is 0.0022kg. The four engines of the 

thyssenkrupp blue.cruiser are using 200 of them. That is a total weight of 1.76kg and 

0.122% of the overall weight (see Table 1: ABC analysis SunRiser weight and Table 

2: ABC analysis blue.cruiser weight). Main reasons to decide neodymium as a 

hotspot are the environmental results of mining. While mining neodymium, differ-

ent secondary products spring up, including uranium and thorium. These by-

products partially seep into the ground water.46 

 

Unused, intact or obsolete Neodymium magnets can be demagnetized and returned 

to valuable raw material, which can be used for producing new magnets. It is possi-

ble to pry out the magnets out of the engine. After this shredding process, the neo-

dymium needs to be leached out of the fragments, which are sticks together. 

 

3.2.3 Carbon fibre reinforced plastic 

Particularly carbon fibre reinforced polymers (CFRP) are a fibre-reinforced composite 

which is tight-connection and solid despite the slight weight and the slight density. 

CFRP was mainly chosen as a hotspot due to the high proportion of weight and, con-

sequently, the high CO2 emissions. Furthermore, the production is energy-intensive 

and it is costly to recycle47. 

  

Carbon fibres and resins are the basic materials to produce CFRP. Through various 

thermal treatment steps (stabilization and carbonization), carbon fibres are obtained 

from polyacrylonitrile (PAN) precursor fibres48. About 250 degrees Celsius are re-

quired for the stabilization and for the carbonization up to 1000 degrees Celsius. For 

this reason the production of carbon is energy-intensive49. The roving is processed to 

woven fabrics with the twill weave which are incorporated into a thermosetting matrix. 

The technique which is used in the solar car is the hand lay-up operation with vacu-

                                            
46

 Norddeutscher Rundfunk 2011 
47

 Cf. Marilyn Minus 
48

 Cf. Matthias Achternbosch 2002, 3 
49

 Cf. Marilyn Minus, 53 
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um curing because in the process are minimum technical requirements adequate. 

Curing occurs at a maximum of 1 bar, which is air pressure, at 40 degrees Celsius 

(see Figure 8: CFRP production)50. The hardeners are aliphatic amines for which 

hexamethylenediamine is used in GaBi, because it has the same starting product. 

The coating of CFRP is made of glass fibres, which are included in the model (see 

Figure 9: CFRP flowchart in GaBi). 

 
Figure 8: CFRP production 

It is assumed that aramide has the same environmental impacts as CFRP because 

no more detailed information about aramid is available; therefore the weight of ara-

mide is added to the weight of CFRP. CFRP has a share of 27.94% in the 

thyssenkrupp SunRiser with 100.71 kg. In the thyssenkrupp blue.cruiser are 111 kg 

of CFRP plugged. (see Table 1: ABC analysis SunRiser weight and Table 2: ABC 

analysis blue.cruiser weight). In addition, 3.69 kg of glass fibres and the blend are 

added. The share in the blue.cruiser is 32.80%51. The same offcut is also assumed 

for the SunRiser. In the SolarCar CFRP is used for the exterior automotive trim and in 

the thyssenkrupp sunriser it is also used for the interior trim. 

Usually CFRP residues are deposited because CFRP is unestablished in the mass 

market. Therefore the development for the recycling technologies for residues of 

CFRP is still in the beginnings. Because of the slight mass, the material is usually 

shredded and blended with other products like e.g. sheet moulding compounds 

(down cycling)52. HADEG, a recycling firm, investigates thermal processes to recover 

the carbon fibres by simultaneously using the heating value of the resins in a pyrolytic 

process. In this process the material is sorted and shredded in order to be heated in 

the pyrolysis process to 400 - 1000 degrees Celsius so that the matrix material evap-

orates. The process occurs under inert gas because the fibres must not contact with 

oxygen53. The process is energy efficient, and emission reducing, because recove 

energy, and solar energy is used54. For modelling, the preciously accepted scenario 

of down-cycling is assumed, in which CFRP is first pelletized and then reused. 
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Figure 9: CFRP flowchart in GaBi 

 

3.2.4 Natural fibre reinforced plastic 

Natural fibres a reinforced plastic is a material made of a synthetic substance mixed 

with natural fibres to achieve more stability, strength and sparseness. NFRP is resili-

ent but also lightweight; additional to that it shows good acoustic and damping char-

acteristic55. 

Another benefit of NFRP, especially in the automotive industry is its property to splin-

ter less than other materials e.g. CFRP. NFRP has also economically and ecological-

ly advantages56. It does not depend on the oil price and it is mostly made from re-

newable raw materials57. 

NFRP are implemented in the interior of the SolarCar, components like the dash-

board, the inner doors or other cladding components are produced with NFRP. Just 

like steel, it occurs as a substitution material for CFRP which was dominating materi-

al used for the interior of the predecessor. Due to its weight and meaning as a substi-

tute material, it is considered as a hotspot. NFRP is a mix of natural fibres and syn-

thetics. Natural fibres can be divided into three main groups: vegetable fibres e.g. flax 

or hemp, animal fibres e.g. wool to other animal hair or mineral fibres. 

In the industry only natural fibres, made of vegetable fibres are used, because of their 

mechanic characteristics, as well as in the SolarCar, where natural fibres out of flax 

were used.  

The used NFRP in the SolarCar is hand laminated and consists of a resin and hard-

er, with an increased quantity of content from plant and vegetable origins mixed with 

flax fibres58. In the thyssenkrupp blue.cruiser, 12.4 kg are installed (see Table 2: ABC 

analysis blue.cruiser weight). 

It is possible to recycle the fibre and reuse them, but hand in hand with that goes a 

loss of quality. If the NFRP is not reused, it will be thermally combusted. 

The entire flow chart of NFRP in GaBi can be seen in the following Figure 10: NFRP 

flowchart in GaBi. 
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Figure 10: NFRP flowchart in GaBi 

 

3.2.5 Steel 

Steel is an alloy of iron, with a reduced carbon content (2%)59, by alloying other ma-

terials, various properties can be applied. 

The steel which is used in the SolarCar is mostly from thyssenkrupp Steel Europe. 

There are several forms of steel installed in the SolarCar like the complex phase 

steel CP-W and CP-K for components like chassis, crossbeams and reinforcements 

for the body or the B-pillar. There are two types of electrical sheet used in the Solar-

Car, the thyssenkrupp PowerCore C 120-30 and the thyssenkrupp PowerCore NO20-

280-30AP. 

 

Components made of steel are mainly installed in the body, in some parts of the inte-

rior and in other smaller parts of the SolarCar.  

It is a substitute material for CFRP, which was mostly used in the predecessor. Alt-

hough steel is heavier than CFRP, it is a logic alternative because of its environmen-

tal effects in the production process and recycling process. To determine which mate-

rials are considered as a hotspot an ABC-Analysis was created. The Materials were 

categorized by weight or negative environmental effects. 
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In total, 33.21 kg in the SunRiser and 101.5 kg in the blue.cruiser have been installed 

(see Table 1: ABC analysis SunRiser weight and Table 2: ABC analysis blue.cruiser 

weight) 

Figure 11: Steel production gives an overview of steel production. Starting material 

for steel is pig iron, which is mostly made of iron ore with a high proportion of iron and 

other materials such as coke and scrap60. 

The properties of steel can vary; it depends on the materials, which are added in the 

production. Some of the most common properties are hardness, corrosion resistance 

or formability. Nowadays there are several ways of further processing the steel sheet. 

The two most common procedures are the production in a blast furnace and the pro-

duction in with electric arc furnace.  

 
Figure 11: Steel production 

In the blast furnace the unwanted substances like carbon are separated from the iron 

ore by oxidation through a lance, which blows oxygen on the pig iron and which is 

then further processed in converter and pans. 

The electric arc furnace works with electrical energy to melt steel scrap and iron ore 

mixed with alloy. Where the blast furnace route is primary steel making (scrap input 

10 – 20%) and the EAF route is secondary steel making (scrap input ~ 90%). 

Steel is completely recyclable61. Also it by-products occurring during the production, 

such as slag, can be used as fertilizer, for the cement production or for the construc-

tion industry. 

It is a form of closed-loop recycling. All the materials especially the scrap iron is used 

again without a loss of quality. The entire modelling of steel in GaBi is shown in Fig-

ure 12: Steel flowchart in GaBi.
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Figure 12: Steel flowchart in GaBi
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3.2.6 ROHACELL® 

ROHACELL® is a structural foam, formed based on polymethacrylimide. It is a prod-

uct of Evonik. ROHACELL® IG-F is used for the thyssenkrupp SunRiser and the 

thyssenkrupp blue.cruiser. It is available in plate form in various designs. It serves as 

a core material in the SolarCar between the carbon and aramide layers. 

The main reason, to decide that ROHACELL® occurs as a hotspot, is the fact that is 

not recyclable. 

 

Polymethacrylimide is composed of methacrylic acid and acetonitrile. To produce 1 

kg of ROHACELL® 116.149 g of acetonitrile and 974.5 g of methacrylic acid are 

needed. Polymethacrylimide is a polymer made of hard plastic and hard foam. It is 

usually serves as a sandwich construction between two cover layers made of solid 

plastics. These materials have high thermal resistance for plastics. The basis of 

polymethacrylimide is formed by foaming at 170 to 220 degrees by the above-

mentioned substances. Methacrylate is an unsaturated carboxylic acid, a so-called 

alkenoic acid. It serves as a starting material to produce plastics62. 

It is industrially produced from isobutylene and tert-butanol, which are first oxidized to 

methacrolein and then oxidized to methylmethacrylate. Synthetically, it can also be 

prepared by hydrolysis and acetone cyanohydrin and subsequent water cleavage63. 

Evonik’s Website has some information about stability and reactivity. The thermal 

decomposition starts at > 350°C64. 

 

The plates are characterized by high stiffness and compressive strength as well as 

low heat and cold contraction and are therefore well suited for use as core material in 

the SolarCar. ROHACELL® is required for the reinforcement of CFRP components, 

so that the desired stiffness can be achieved. 

The totally weight of ROHACELL® in the thyssenkrupp SunRiser is 13.57 kg. That’s 

3.77% of the overall weight. The thyssenkrupp blue.cruiser has a totally weight of 

8.08 kg ROHACELL® in the car. It is not as much as in the thyssenkrupp SunRiser 

anymore and only 1.73% of the overall weight. (see Table 1: ABC analysis SunRiser 

weight and Table 2: ABC analysis blue.cruiser weight). 

 

As mentioned above ROHACELL® cannot be recycled. That’s why it must either be 

disposed of thermally by incineration or by land filling65. In view of the fact that it is a 

non-renewable raw material, it is therefore to be considered critically. 

The entire modelling of ROHACELL® in GaBi is shown in Figure 13: ROHACELL 

flowchart in GaBi. 
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Figure 13: ROHACELL flowchart in GaBi 

 

3.2.7 Aluminium alloy 

In the SunRiser and the blue.cruiser an aluminium alloy is used. The alloy is named 

En Aw-7075T6 or Al Zn5,5 MgCu66. 

The form is a hardening wrought alloy of the group AlZnMg. Main components of the 

alloy, shown in Table 7: Elements of the aluminum alloy, are aluminium (91.42 %), 

zinc (5.1 %), magnesium (2.1 %), copper (1.2 %) and chrome (0.18 %) There are 

small amounts of aluminium alloy in the doors and the seat console of the 

thyssenkrupp SunRiser. In addition, the front and the rear chassis as well as the 

steering wheel exist of aluminium alloy parts. Furthermore, there is aluminium alloy in 

the holder “Domstrebenhalter” and the rim. In total, there are 25.98 kg of aluminium 

alloy in the SolarCar SunRiser. In the thyssenkrupp blue.cruiser 36.70 kg of the alu-

minium alloy are used67. Mainly the aluminium alloy is used for the steering wheel 

and the front and rear chassis. Furthermore, there is aluminium alloy in the engine 

and the brake of the thyssenkrupp blue.cruiser68. 
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Table 7: Elements of the aluminum alloy
69

 

Elements Percentage Actual weight 

Aluminium 91.42 % 13.96 kg 

Zinc 5.1 % 0.779 kg 

Magnesium 2.1 % 0.321 kg 

Copper 1.2 % 0.183 kg 

Chrome 0.18 % 0.027 kg 

Total 100 % 15.27 kg 

 

Aluminium is one of the hotspots in this LCA because it has a weight share of over 7 

% inthe thyssenkrupp SunRiser and the thyssenkrupp blue.cruiser. In total these are 

25.98 kg (see Table 1: ABC analysis SunRiser weight and Table 2: ABC analysis 

blue.cruiser weight) aluminium alloy in the SunRiser and 36.70 kg in the blue.cruiser. 

In addition, aluminium plays a role in the category of environmental relevance. One 

reason is the not ecologically acceptable production of aluminium. To produce prima-

ry aluminium a high value of energy is required. For instance, at the molten-salt elec-

trolysis an amount of 13-18 kWh energy per kilogram aluminium is needed70. In com-

parison, to produce steel an amount of 5.6 kWh energy per kilogram is needed71. 

Furthermore, to produce one-kilogram primary aluminium, four times the amount of 

bauxite is necessary. That shows the claim of nature space is very high. A by-product 

at the production of aluminium is carbon dioxide. For one-kilogram aluminium 9.7 kg 

carbon dioxide equivalent are produced. In addition, the red sludge needs to be dis-

posed on a dump. Through the caustic soda in the red sludge, the sludge needs to 

be stored in such a way, that no components can reach the ground and the ground 

water. Per one-kilogram of aluminium 0.7 kg of red sludge are produced72. 

 

To produce aluminium, the ore bauxite, which is with eight percent the third-most fre-

quent element of the earth’s crust, is necessary. The production of aluminium re-

quires two steps. At first, the alumina is separated from the bauxite with the “bayer 

process”. Therefore, the ore is set in caustic soda and all foreign matters are re-

moved under stirring with high pressure and aluminium oxide (Al2O3) is burnt. Next to 

aluminium oxide, also red sludge is produced as a by-product, which is, because of 

the caustic soda inside, endangering the environment.73 In the second step, the alu-

minium is won through the molten-salt electrolysis (“Hall-Héroult-Process”). At this 

process, aluminium is produced at the cathode on the ground whereas oxygen is 

produced at the anode. The oxygen reacts with graphite to carbon dioxide. The edu-

cated aluminium on the ground is taken away in the last step by a pipe (see Figure 

14: Aluminium alloy production). 
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Non hardenable alloys receive their strength through cold machining by pulling or 

rolling. Hardenable alloys get their strength through heat machining in three steps: 

The solution annealing (500°C), quenching and outsourcing74. 

Aluminium alloy has some qualities, which are important for the SolarCar. Through 

the combination of magnesium and zinc, it is possible to reach (up to now) the high-

est strength in aluminium alloys. It also has good material fatigue quality. Copper as 

another addition in the alloy further improves the firmness and counteracts against 

the stress corrosion cracking75. The low density is a sign that the aluminium alloy has 

the character of a light metal76. All of it is important for vehicles and efficient mobility. 

The mobility is also ecologically friendly in its phase of utilization. To improve the eco-

logical compatibility, it obviously requires using secondary aluminium instead of pri-

mary aluminium. Aluminium scraps are melted down to produce the secondary alu-

minium. The secondary aluminium has the same quality as the primary aluminium. 

The use of aluminium scrap metal would prevent the origin of other red sludge and 

would not claim other nature space so the pollution of the environment is less. 

 

For the aluminium alloy recycling it is important to separate the elements of the alloy 

according to their type. If there is a correctly sorted scrap of aluminium alloy, it is 

possible to recycle the alloy. 100 % of the aluminium alloy scrap could be led back in 

the material circulation. If the elements of the alloy are mixed (not separated by type), 

it comes to down cycling77. 

 

More than 70 % of the produced aluminium until now is still in use. This shows the 

durability of the metal. 100 % of the aluminium scrap could be led back in the materi-

al circulation. Furthermore, aluminium is a very good metal to recycle because it is 

possible to use 95% less energy to produce secondary aluminium. This means that 

only 0.7 kWh per kilogram are necessary for the secondary aluminium production78. 

 

Figure 14: Aluminium alloy production 
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3.2.8 Lithium ion battery 

The lithium-ion battery for the thyssenkrupp SunRiser, as well as for the 

thyssenkrupp blue.cruiser, is assembled by the SolarCar Team itself. It consists of 

four main components, namely the battery cells, the battery housing, the battery 

management system (in short BMS) and the cooling system. These components are 

further divided into more subsystems79. 

The battery built into the thyssenkrupp Sunriser has an energy content of 14.8 kWh, 

while the one in the thyssenkrupp blue.cruiser reaches an energy content of 14.6 

kWh. With an average speed of 60 km/h a fully charged battery lasts for ~800 km 

(without sun power). 

 

Figure 15: Functionality of a Lithium-ion battery cell
80

 

As seen in Figure 15 when the battery cell is in use a few abundant Lithium-ions 

break away from the positive electrode (or cathode) made up of a Lithium metal oxide 

and gravitate because of a surplus of electrons through a polyolefinic separator to the 

negative electrode (or anode) made from graphite. Both electrodes are surrounded 

by an electrolyte based on Lithium hexafluorophosphate (LiPF6) and many sol-

vents81. 

 

Before a battery cell like the NCR18650, which is produced by Panasonic and used 

in both SolarCars, can be titled as a finished product, it must undergo an array of 

processes. Figure 16: Lithium-ion battery production shows a simplified depiction of 

these processes. 
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First the cathode’s active material, in this case Lithium nickel cobalt aluminium oxide 

(LiNiCoAlO2) or short NCA82, the binder Polyvinylidene fluoride (PVDF), the conduc-

tive additive carbon black and the solvent N-Methyl-2-pyrrolidone (NMP) are mixed 

together to create the positive cathode paste.83 In the next step this paste is applied 

to the aluminium current collector and subsequently dried in the oven. Through the 

drying of the paste the solvent evaporates. Afterwards the cathode is compressed for 

thickness control and cut to size. For the anode, the processes are the same, but 

instead of LiNiCoAlO2 the active material is graphite84, less binder is used, and the 

conductive additive is omitted85.  The separator is manufactured by coating a porous 

polyethylene film with a paste composed of a copolymer, Dibutyl phthalate 

(C16H22O4) and Silicon dioxide (SiO2) dissolved in acetone (C3H6O) and drying it 

through heating to leave a porous film86. Once the separator and both electrodes are 

wound together cylindrically and wrapped within a Polypropylene (PP) resin pouch, 

they are inserted into a thin aluminium casing. Afterwards the casing is filled with an 

electrolyte consisting of the salt LiPF6 and the solvents Ethylene carbonate (C3H4O3), 

or short EC, and DEC, short for Diethyl carbonate (C5H10O3)
87. At the end, the case is 

sealed and the battery cell is charged by using a cycler before it gets tested for its 

functionality (see Figure 16: Lithium-ion battery production)88. 

 

Figure 16: Lithium-ion battery production 

The individual battery cells are being connected through a connecting plate made 

from Nickel to form 36 different modules made of 37 battery cells each. These mod-

ules are laid out into the battery packaging in three rows separated through a separa-

tor made from Polystone® M (PE-UHMW). The two separators to detach the mod-

ules from the battery housing wall are made from Polyethylene89. 
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The battery housing itself is made from CFRP and GFRP (glass fibre reinforced plas-

tic) with a core of ROHACELL® and has an insulating layer made from cork90. 

 

The cooling system of the Lithium-ion battery consist of two different types of DC/DC-

converter, two different types of heat sinks and two printed circuit boards. 

The heat sinks HAQ-10T and HAH-15T, both manufactured by TDK-Lambda and 

installed in a one to three ratio into the thyssenkrupp blue.cruiser, are made out of 

aluminium. The DC/DC-converter CN50A110 and CN20A110, installed in a one to 

three ratio as well, are also manufactured by TDK-Lambda91. 

 

The BMS is composed of a multitude of electrical parts.  Next to an array of different 

wirings and fuses there are also two gas sensors to detect dangerous gases early on, 

three instrument shunts, four contactors and two DC/DC – radiator fans. Finally, all 

previously described components are assembled to form the battery pack. It is then 

placed into the vehicle in a retainer made from CFRP92 and secured with four block-

ing pins of the type 03089 – 18105, produced by norelem93 and made of stainless 

steel94, 95. 

 

A shortened flow chart of the different production steps using the example of the 

thyssenkrupp blue.cruiser can be seen in Figure 17 Lithium-ion battery flowchart in 

GaBi. 

 

The Lithium-ion battery used in the thyssenkrupp SunRiser had a total weight of 87.1 

kilogram, while the new battery for the thyssenkrupp blue.cruiser weights 99.57 kilo-

gram. Due to the afore mentioned usage scenario, each SolarCar needs one battery 

throughout its lifespan. As a result, the battery contributes at a high ratio to both, the 

gross vehicle weight, and the cumulated carbon dioxide equivalent of the SolarCars. 

Therefore, the Lithium-Ion battery can be categorized as an A-product, as can be 

seen in Table 1: ABC analysis SunRiser weight and Table 2: ABC analysis 

blue.cruiser weight. 

The battery is located under the bonnet of the SolarCar and is directly connected to 

the solar cells and the engine of the vehicle.  
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LithoRec II was a project fostered by the Bundesministerium für Umwelt, Na-

turschutz, Bau und Reaktorsicherheit and conducted under the coordination of the 

Rockwood Lithium GmbH and its associates from summer 2012 through fall 2015. 

This process conduces the recovery of lithium, cobalt and further materials used in 

battery cells, and are subdivided into the following process steps: dismantlement of 

the battery and its module, dismantlement of the individual battery cell and separation 

of the active material, and hydrometallurgical processing of the active material96. 

 

First the whole battery is being exhausted and dismantled into its individual compo-

nents, such as the battery cells, the battery housing, the cooling system and the 

BMS. These components are recycled directly, while the battery cells are brought to 

the next processing step. Here the battery cells are being shredded before solvents 

and the majority of compounds containing fluorine are extracted by using Dimethyl 

carbonate (DMC). The refined product is dried in an oven before aluminium and steel 

components are separated from the material. After further shredding the remaining 

material is elutriated and thus divided into heavier and lighter elements. The heavier 

materials consist mostly of copper and aluminium and can be recycled directly, while 

the lighter materials need to be filtered and cleaned with water. As a result, the sepa-

rator and elements containing fluorine are separated from the active material. As a 

last step, the active material is processed hydrometallurgically. First other compo-

nents, like carbon black, are separated, and then elements like cobalt and nickel are 

dissevered through a sulphate solution. Finally, the lithium is purified obtained as lith-

ium hydroxide97. The entire model of the battery is shown in Figure 17 Lithium-ion 

battery flowchart in GaBi. 

 

Figure 17 Lithium-ion battery flowchart in GaBi 
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3.2.9 Silicon solar cell 

For the thyssenkrupp blue.cruiser a silicon solar cell was used to replace the harmful 

triple junction GaAs cell. The MAXEON™ GEN III cell of sunpower is monocrystalline 

and has a cell thickness of 165μm +/- 40μm. The solar cell efficiency is 23.4%98. The 

data for inputs and outputs were taken by ProBas and are derived from a monocrys-

talline solar cell with an efficiency of 14% (it is assumed that the environmental im-

pacts of the production and the recycling are similar)99. 

 
Figure 18: Structure of a solar cell

100 

As seen in Figure 18 the silicon solar cell consists of different layers, which are gen-

erally bound together by a negative and a positive electrode. The MAXEON™ GEN 

III solar cell however uses a metal grid only on the back of the cell to further its de-

gree of efficiency101. To improve the conductivity of the silicon, foreign atoms are 

added through doping. One layer of the silicon solar cell is furnished with phosphor 

while the other is furnished with boron. In the n-type layer, which is the phosphor lay-

er, an excess of negatively charged electrons arises. In the p-layer, the boron layer, 

holes are formed in the charge structure, which serve to transport the electric charge. 

Due to the different doping, a boundary layer is formed in between the n-type and the 

p-type layer and thus creating two electrically charged regions and with them an elec-

tric field102. If sunlight hits the solar cell, the electrons are getting induced and an 

electron-hole pair is formed. The electric field prevents the resulting charge carriers 

from recombining and pulls them apart to the surface of the layers, where they can 
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be tapped as photocurrent103. To obtain as much energy as possible, an antireflec-

tion coating is applied. 

 

Silicon is obtained from quartz sand, also known as raw silicon or silicon dioxide. 

First the metallic silicon is crystallized from the molten mass of liquid trichlorosilane in 

a melting process with temperatures higher than 1400°C. To obtain monocrystalline 

silicon, a crystal rod, which exhibits a crystal lattice, is drawn from the molten mass. 

Black 0.4 mm thick slices are sawn from the bars which are called wafers104. 

These wafers are, as previously stated, furnished with boron. They are cleaned in 

hydrogen chloride to remove any residual from the production and hydrofluoric acid 

to remove oxidation on the wafer. After drying the wafer in an oven, the already 

doped wafer is furnished with phosphor through thermal diffusion. In the oven, the 

wafer is surrounded by Phosphoryl chloride (POCl3) and oxygen. These gases inter-

act and phosphor silica glass precipitates on the wafer. As a result, phosphor atoms 

diffuse into the wafer and create the n-type layer of the silicon cell. The residual 

phosphor silica glass is removed by cleaning the wafer in hydrofluoric acid. After-

wards a thin antireflective coating is sprayed onto the wafer and the tin-coated cop-

per metal grain is silk-screened onto the back of the wafer105. 

Figure 19: Silicon solar cell flowchart in GaBi shows a flowchart with every material 

that is built into the Silicon solar cell. 

 

The silicon solar cell is analysed in this study to create a comparison to the triple 

junction GaAs solar cell, which substitutes for. As the world’s first solar company to 

earn the Cradle to Cradle Certified™ Silver designation, SunPower ensures the Re-

cycling of its direct current panels, which are manufactured in Mexico, France and the 

Philippines. A possible process to recycle solar panels is the pyrolysis. During this 

process of thermochemical elimination, process temperatures up to 600°C are used 

under the exclusion of oxygen. In this process glass and plastics are separated from 

the silicon-semiconductor. Afterwards the solid matter is extracted from the metal-

containing liquid through a pH-precipitation. After an array of further chemical pro-

cesses the precipitated material can be filtered, pressed and utilised for a new solar 

cell106. 
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Figure 19: Silicon solar cell flowchart in GaBi 

 

3.2.10 Triple Junction solar cell  

The Triple Junction GaAs Solar Cell – Type: TJ Solar Cell 3G30C produced by AZUR 

SPACE SOLAR POWER GMBH is used for the SolarCar thyssenkrupp SunRiser.  

Triple junction solar cells are used in spacecraft and satellites107. 

There are no LCAs of triple junction solar cells production found and no information 

about the recycling neither. Main reason might be that 95% of the world wide used 

solar cells are silicon solar cells108. For this reason, the model of silicon cell which is 

used for thyssenkrupp SunRiser is used as basis for Triple Junction GaAS Solar Cell 

as well. The material silicon is replaced with the materials from Triple Junction GaAS 

Solar Cell. The materials are silver which is in GaBi software, arsenic and gallium 

which are found in ProBas database and germanium. For germanium results from 

another LCA were used109. Gallium is produced as a by-product of aluminum, indium 

is produced as a by-product of zinc and arsenic is produced via arsenic trioxide as a 

by-product of copper110. Gallium Arsenide is a toxic material. The end of life scenario 

of the silicon solar cells could not be used for GaAS solar cell because a database 
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108
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110
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from ProBas is used. That is the reason why the materials cannot be replaced. For 

this reason, the GaAS solar cell is land filled in the model.  

 

Because of the difficult data management there is no flow chart constructed. The in-

formation is from LCA studies “Life cycle assessment of Thinfilm GaAs and GaölP / 

GaAs solar modules”111 and one of single junction GaAS solar cell112, which can be 

used for general information of the materials.  

A triple junction cell is also called multi junction cell. The main functionality is to ab-

sorb different wavelengths by different materials. The top of the cell (GaInP) absorbs 

the short wavelength (blue spectrum of the light) the middle cell (GaAs) absorbs the 

green spectrum of the light and the bottom cell (Ge) absorbs the red spectrum of the 

light. The cell design is shown in Figure 20. The absorption of the different wave-

lengths effects greater efficiency. “Data show that triple-junction solar cells provide 

more power than any previously available cell technology, including dual-junction”113 

The efficiency of the used triple junction solar cells is 29.2 %. The triple junction solar 

cells are located on the surface of the thyssenkrupp SunRiser. They transform the 

sunlight into electric energy which drives the motor. 

 
Figure 20: Cross section of a triple junction solar cell 

As you can see in the data sheet114, main materials are Indium gallium phosphide 

(GaInP), gallium arsenide (GaAs) and germanium (Ge) (see Table 8: Constituent 

parts of Triple Junction Solar Cell). As the SolarCar team says there are contained 

other materials as well which are not mentioned in the data sheet. The weights were 

estimated by SolarCar Team of Bochum University of Applied Sciences. If you use 
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the regular cut-off criteria (see 2.2 Scope) we could resign to mode arsenic, indium 

gallium phosphide, aluminium, aluminium mixed oxide and titan mixed oxide. Be-

cause the materials GaAs and GaInP are mentioned in the data sheet as two of three 

materials they are not cutted of. With the weight of 10 kg, the solar cells are a B-

Product in the method of ABC-analysis by weight (see in Table 1: ABC analysis 

SunRiser weight and Table 2: ABC analysis blue.cruiser weight). But the environ-

mental impact of CO2 equivalents makes the Triple Junction Solar Cell to an A-

Product of ABC-analysis by CO2 equivalents (see Table 3: ABC analysis SunRiser 

CO2-eq. and Table 4: ABC analysis blue.cruiser CO2-eq.) and therefore it is selected 

as a hotspot for this LCA.  
Table 8: Constituent parts of Triple Junction Solar Cell 

Material Percentage [%] Weight [kg] 

Gallium 1.6 0.16 

Arsenic 0.9 0.09 

Silver 8.0 0.80 

Gallium indium phosphide 0.8 0.08 

Germanium 88.0 8.80 

Aluminium 0.1 0.01 

Aluminium mixed oxide 0.3 0.03 

Titanium mixed oxide 0.3 0.03 

 

3.2.11 Magnesium alloy 

A Magnesium alloy was used in the thyssenkrupp SunRiser, but not in the 

blue.cruiser. The Alloy named Magnesium AZ31B Alloy. Magnesium alloys are an 

alternative to aluminium alloys. The elementary form of Magnesium does not occur in 

the nature because it reacts easily.  For the extraction of Magnesium can be used 

two processes. One opportunity is the fused-salt electrolysis of melt magnesium chlo-

ride in downs-cells. The second opportunity is the thermal reduction of magnesia 

(pidgeon-process). Nowadays are produced about 400000 tons per year115. 

Components of the magnesium alloy are megnesium, alluminium, copper, calcium, 

nickel, iron, zinc, manganese and silicon116. The division of the components are pre-

sented in Table 9: Components of the magnesium alloy. 5.2 kg of the magnesium 

alloy were used for the thyssenkrupp SunRiser.  

Magnesium alloys are used to harden aluminium alloys by an appendix of ≤ 5% 

magnesium. Besides magnesium is improving the weldability. Furthermore, magne-

sium alloys are used for packaging materials, running gears of airplanes and for parts 

of motorcycles and bicycles117. 
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Table 9: Components of the magnesium alloy 

Components Content in percent 

Magnesium 97% 

Aluminium 0.250-3.50% 

Zinc 0.60-1.40% 

Manganese 0.20% 

Silicon 0.10% 

Copper 0.050% 

Iron 0.0050% 

Nickel 0.0050% 

 

The work with magnesium alloy AZ31B is easily. Magnesium alloys are light and 

have a high machinability. Handling with the magnesium alloy should be careful be-

cause it is flammable. When you are working with the magnesium alloy you should 

put on a magnesium fire arresting kit. The magnesium alloy AZ31B has a density of 

1.77 g/cm. The thermal conductivity is 96 W/mK and the thermal expansion co-

efficient are 26 µm/m°C. At 260°C the magnesium alloy can be formed118. 

100% of Magnesium alloys are recyclable119. 

The following flowchart Figure 21: Magnesium alloy flowchart in GaBi of the magne-

sium alloy in GaBi shows the contribution of the magnesium alloy weight of 100 kg: 

 
Figure 21: Magnesium alloy flowchart in GaBi 
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3.2.12 Copper 

Copper is a metal with the ability to conduct electricity and warmth very well. For that 

reason, it is an essential material for the thyssenkrupp SunRiser and the 

thyssenkrupp blue.cruiser. The metal is selected for the life cycle assessment be-

cause the production of copper is very deleterious to the environment. 
Table 10: Ingredients of the used copper

120
 

Ingredient CU ETP1 

Copper 99.9% 

Bismuth 0.0005% 

Oxygen 0.04% 

Lead 0.005% 

 

Native copper only exists in low quantities. Most copper can be found in sulphide and 

oxide ores, but just in a very low concentration. The leading copper ore deposits are 

in Chile, followed by Peru and the USA. 85 percent of the worldwide copper occur-

rences are sulphide ores121, 122. The first step of the copper production (see Figure 

22: Copper production) is the exploitation of the copper ore by mining, followed by 

different methods to achieve a higher copper concentration. The first process is the 

flotation. This method can only be used for sulphide ores. The aim is the separation 

of hydrophilic and hydrophobic materials. According to this fact, the method does not 

work for oxide ore. Instead, for these ores a leaching with e.g. diluted sulfuric acid is 

used to enrich the copper. The result of these production steps is a copper concen-

tration at about 20 to 30 percent123. 

 

The next step of the hydrometallurgy processing for copper, based on oxide ore, is 

the extraction with solvent to gain raw copper. The raw copper is an intermediate 

product in the copper production. The result is a copper cathode, which can be used 

to produce copper wires, tubes or sheets after additional treatments. The copper 

cathode has a concentration at about 99.95%124. 

 

The pyrometallurgy processing for sulphide ore works in a different way as the hy-

drometallurgy processing. After the flotation, the extracted copper concentrate is 

smelted to receive copper matte. The copper content of the matte is between 30 and 

80 percent. After that, the copper matte is converted into blister copper with a copper 

concentration between 96 and 99 percent and the by-product sulfuric acid. The fire 

refinery converts the blister copper into anode copper. The final product is the copper 

cathode after the electrolytic refinery, which separates metals like gold or silver from 

the anode copper.  
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During the first three steps of the pyrometallurgy processing, slag is produced. The 

slag is led back to the part of the process where the copper concentrate is smelted to 

extract remaining copper125. 

 
Figure 22: Copper production

126
 

Copper is used for the electric cables and the litz of the motor in the thyssenkrupp 

SunRiser. The copper wires in the cables weight at about 9.5 kg. A part of the motor 

is the copper litz, which weights at about 20 kg. In total, 31.9 kg in the SunRiser and 

27.1 kg in the blue.cruiser have been installed (see Table 1: ABC analysis SunRiser 

weight and Table 2: ABC analysis blue.cruiser weight). 

Copper is 100 percent renewable without any loss of quality. This applies for copper 

scrap, which is generated during production and material in form of end-of-life prod-

ucts. In a first step of recycling, the copper is sorted. After that, the material is melted 

down in an induction furnace127. 
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The entire modelling of copper litz is shown in Figure 23: Copper litz flowchart in Ga-

Bi. 

 
Figure 23: Copper litz flowchart in GaBi 

 

3.2.13 Polyvinyl chloride (PVC) 

Polyvinyl chloride is a thermoplastic polymer, which has, because of its different qual-

ities, a wide range of applications like cables, pipes, bottles or plates. The polymer 

can be in a soft (PVC-P) and rigid state (PVC-U), furthermore is the production very 

cheap128, 129. 

To produce PVC, two raw materials are needed (see Figure 24: PVC production). On 

the one hand, crude oil is necessary to receive ethylene with the help of a refinery 

and a steam cracker. The other part is chlorine, which is gained by treating rock salt 

with the chlorine-alkali electrolysis. By compounding the ethylene and chlorine, vinyl 

chloride is extracted. The vinyl chloride is the primary product of PVC. The next step 

is the polymerization process, which can be subdivided into three different tech-

niques. The first way is the emulsion polymerization (E-PVC), the second is the sus-

pension polymerization (S-PVC) and the last one is the mass polymerization (M-

PVC). To receive PVC material with the desired properties, additives like stabilizer 

and softening agents are added130. 
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Figure 24: PVC production

131
 

PVC is the insulation material of most of the electric cables which are used in the 

thyssenkrupp SunRiser. To be more precisely the cables for the battery and the 

whole wiring of the lights and the solar cells have PVC insulation. Altogether at about 

2.7 kg PVC casing is installed in the thyssenkrupp SunRiser and 3.56 kg in the 

thyssenkrupp blue.cruiser (see Table 1: ABC analysis SunRiser weight and Table 2: 

ABC analysis blue.cruiser weight). 

There are three different ways to handle with the PVC waste. The most common way 

is the recycling of the waste by reclaiming PVC. This material has a lower quality be-

cause the polymer chains are shorter as the primary PVC material. This special kind 

of recycling is called downcycling due to the lower quality standards of the plastic. 

Owing to new techniques, it is also possible to receive secondary PVC of plastic, 

which is polluted with other materials132. 

If the material cannot be transformed into PVC again, it is separated into its petro-

chemical raw materials. In case of the PVC, hydrogen chloride is obtained. This can 

be used for the primary PVC production again. Another raw material is hydrocarbon, 

which is useful for the electricity generation133. 
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The last method to deal with the waste is the energetic recycling. In this case the 

waste material is burned. Due to released hydrogen chloride during the process, lime 

and filter are needed to neutralize. The remaining calcium chloride is dumped on a 

disposal134. 

 

3.2.14 Usage scenario 

The usage scenario for both SolarCars is based on the assumption that the cars are 

used fully loaded to drive 50 kilometres in the span of an hour each day. Further-

more, each SolarCar has an expected useful life of ten years and therefore drives 

182,500 kilometres in total throughout it. Based on the assumption that the tyres 

used for the SolarCars last for 20,000 kilometres, nine sets of tyres are needed in 

total for each car (see 3.2.1 Tyres). 

 

To ensure the highest possible insolation it is assumed that the cars are only parked 

in spots that can be reached by sunbeams and not in underground car parks or gar-

ages. The values for the whole insolation throughout the life span of the SolarCars 

are based on data from the year 2016135. The average insolation has been computed 

for each month of 2016 and has been set off against the area of the solar cells of 

each car and its efficiency factor, as can be seen in Table 11: Insolation of SunRiser 

and blue.cruiser; reference location: Bochum135. While the GaAs solar cell of the 

thyssenkrupp SunRiser has an area of three sqm and an efficiency factor of 0.292, 

the silicon solar cell of the thyssenkrupp blue.cruiser has an area of 4.865 sqm and 

an efficiency factor of 0.234. 

Table 11: Insolation of SunRiser and blue.cruiser; reference location: Bochum
135

 

Month insolation 

[kWh/sqm] 

SunRiser blue.cruiser 

Insolation [kWh] insolation [kWh] 

January 23 20.15 26.19 

February 38 33.29 43.26 

March 68 59.57 77.42 

April 113 98.99 128.65 

May 108 94.61 122.96 

June 143 125.27 162.81 

July 158 138.41 179.88 

August 128 112.13 145.73 

September 113 98.99 128.65 

October 48 42.05 54.65 

November 23 20.15 26.19 

December 18 15.77 20.49 

TOTAL 

[kWh/a] 

981 859.38 1116.88 
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Figure 25: Electricity generation of SunRiser and blue.cruiser per month; reference location: Bochum 

Therefore, the insolation for the SunRiser amounts to 859.36 kWh per year and 

8,593.56 kWh for its entire life span, whereas the insolation for the blue.cruiser 

amounts to 1,116.87 kWh per year and 11,168.72 kWh in total. 

Note: An average fridge has an energy consumption of less than 130kwh per 

year: 
Table 12: Energy consumption of fridges per year 

Manufacturer Model designation Size [l] Energy consumption 

[kWh/a] 

Siemens KS36VVL40 346 75 

Liebherr TPesf 1710 147 94 

Bosch KSV29NW30 290 107 

Beko TSE 1422 130 119 

Amica EVKS 16325 204 129 

 

  

0

20

40

60

80

100

120

140

160

180

200
In

s
o

la
ti

o
n

 [
k
W

h
] 

Month 

SunRiser

blue.cruiser

∑=1116.87 kWh/a 

∑=859.36 kWh/a 



53 
 

To compute the mileage of each car with the given usage scenario, the New Europe-

an Driving Cycle (NEDC) has been used. The outcome of this calculation is that the 

SunRiser has a mileage of 0.033 kWh per km while the blue.cruiser has one of 0.039 

kWh per km. Therefore, the total energy demand over the whole life cycle accounts 

to 5,967.8 kWh and 7,081 kWh for each car respectively. Consequently the surplus 

electricity that each car can feed back into the main grid over the course of its entire 

life span, amount to 2,625.8 kWh and 4,087.7 kWh respectively for the SunRiser and 

blue.cruiser, shown in Table 13: Total surplus electricity: 
Table 13: Total surplus electricity 

 
total insolation 

[kWh] 

total energy de-

mand [kWh] 

surplus electricity 

[kWh] 

SunRiser 8,593.56 5,967.8 2,625.8 

blue.cruiser 11,168.72 7,081 4,087.7 

 

3.2.15 End of life 

The end of life is separated in three phases. As shown in the figure 23, three parts 

could be pre-treated. This is rubber, GFRP and the battery. The most components 

are dismantling parts: a part of CFRP, aluminium alloy, a part of NFRP, acrylic glass, 

all steel parts, neodymium, copper, PVC and the solar panel. The other components 

(a part of CFRP, ROHACELL® and a part of NFRP) will be shredded.



 
 

5
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Figure 26: End of life

Phase 1: pre-treatment 

  Rubber 
  GFRP 
  Battery 

Phase 2: dismantling parts 

 CFRP 

  Aluminium 
  NFRP (blue.crusier) 
  Acrylic glass 
  Steel (Grid frame) 
  Steel (Mix) 
  Steel (Engine) 
  Neodymium 
  Copper 
  PVC 
  Solar panel 
 Magnesium (SunRiser) 

Phase 3: shredding 

  CFRP 
  ROHACELLL® 
  NFRP (blue.cruiser) 

Recycling process 
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Recycling process 
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Recycling credits 

Recycling credits 

Final storage 
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4 Impact assessment 
In this chapter, the life cycle impact assessment results are presented for the produc-

tion and disposal of one solar-powered vehicle in Germany. The statements refer to 

the life cycle of the thyssenkrupp SunRiser and the thyssenkrupp blue.cruiser. 

 

4.1 Global warming potential 

The Global Warming Potential (GWP) describes the potential contribution of the pro-

cessing steps to the greenhouse effect, i.e. climate change. 

The global warming phenomenon is mainly associated with carbon dioxide emis-

sions. “Carbon dioxide emissions are mainly associated with the conversion of fossil 

energy carriers (e.g. lignite, crude oil, natural gas) into thermal and/or mechanical 

energy by means of burning and are expressed in kilograms of CO2.”136 The carbon 

dioxide emissions of the LCI are illustrated in Figure 27: Comparison of GWP in the 

different phases [kg CO2-eq.]. 

In total, 10300 kg CO2-equivalents are emitted by the different life steps of 

thyssenkrupp SunRiser, and 9370 kg CO2-equivalents are emitted by the 

thyssenkrupp blue.cruiser. This means an improvement of 9%. 

The greenhouse gas emissions are closely linked to the production of the battery, the 

CFRP body in white, and the solar cells, which account for 80% of the total emissions 

for the production sector. The most significant savings were achieved by changing 

the solar cell type from GaAs to Si, which emit more than 60% less greenhouse gas-

es. 

In contrast, the power generation in the use phase reduces the GWP by 1570 kg CO2 

equivalents for the thyssenkrupp SunRiser, and 2470 kg CO2 equivalents for the 

thyssenkrupp blue.cruiser. 

Credits can also be achieved through targeted recycling and disposal, while 

thyssenkrupp SunRiser achieves a 24% higher value since it weighs less. 
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Figure 27: Comparison of GWP in the different phases [kg CO2-eq.]  
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4.2 Acidification potential 

Acidification is understood as the increasing concentrations of H + ions in air, water, 

and soil. Sulfur and nitrogen compounds from anthropogenic emissions react (in the 

air) to sulfuric or nitric acid, which fall to earth as acid rain and damage soil, aquatic 

organisms, and buildings. So, the acidification potential causes acidifying effects to 

the environment. It is expressed in kilogram SO2 equivalents. The amounts of the 

SolarCar structure production are shown in Figure 28: Comparison of AP in the dif-

ferent phases [kg SO2-eq.]. 

Breaking the emissions down by manufacturing steps shows that the battery con-

struction is responsible for over 80% of the total acidification potential results for the 

thyssenkrupp blue.cruiser. At the thyssenkrupp SunRiser the battery construction has 

an influence of 50%, while additionally the GaAs solar cells have an influence of 

27%. In comparison blue.cruiser to SunRiser, 42% less influences were caused over 

the whole life cycle. 

It is also to note that proper disposal reduces over 11% of the acidification potential 

impacts. 
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Figure 28: Comparison of AP in the different phases [kg SO2-eq.]  
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4.3 Eutrophication potential 

As mentioned above, eutrophication means over-fertilization resulting from too much 

nutrient supply and consequently increased oxygen consumption. Human causes 

eutrophication. A distinction is made between aquatic and terrestrial eutrophication. 

In this impact category, ammonia, nitrate (N-compounds) and phosphate (P-

compounds) are the leading causes. All these substances are converted into the P-

equivalents. 

The total eutrophication potential related to the production of solar-powered vehicle in 

Germany is 12.2 kg phosphate equivalents for the thyssenkrupp SunRiser and 12.1 

kg phosphate equivalents for the thyssenkrupp blue.cruiser, which means nearly the 

same (1% difference). 

A breakdown of the results by individual production stages is shown in Figure 29: 

Comparison of EP in the different phases [kg phospate-eq.]. The figure shows that 

75% of the eutrophication impacts come from lithium ion battery, for both solar cars. 

The life cycle of neodymium magnets is the next largest contributor with 8% share of 

eutrophication potential. The usage of the vehicles has less than 5% share of the eu-

trophication impact, also it has a positive influence through the energy generation. 
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Figure 29: Comparison of EP in the different phases [kg phospate-eq.]  
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4.4 Ozone depletion potential 

The Ozone Depletion Potential (ODP) describes the potential of substances that de-

grade the protective layer of ozone and thus contributes to ozone hole formation. The 

causes of ozone depletion are primarily free-radical chlorine atoms from chlorinated 

organic compounds, which are collectively referred to as chlorofluorocarbons (CFCs). 

The major emissions are trichlorofluoromethane (R11) and dichlorodifluoromethane 

(R12). The Ozone Layer Depletion Potential related to 1 SolarCar structure in Ger-

many amounts to 7.35E-07 kg R11 equivalents for the thyssenkrupp SunRiser and 

6.02E-07 R11 equivalents for the thyssenkrupp blue.cruiser (Figure 30: Comparison 

of ODP in the different phases [kg R11-eq.]). Through a more intelligent material se-

lection, the blue.cruiser avoided 18% emissions compared to its predecessor. 

The chlorofluorocarbon compound load is very low in all manufacturing processes, 

with 2.4E-06 kg R11 equivalents for the SunRiser and 3.52E-06 kg R11 equivalents 

for the blue.cruiser, having the highest value in neodymium production. This is due to 

the fact that the 4-wheel drive in the blue.cruiser has more magnets installed. 

It is also noticeable that the flax components have a significant influence on the result 

in both production and disposal (blue.cruiser). The usage remains nearly the same. 
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Figure 30: Comparison of ODP in the different phases [kg R11-eq.]  
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4.5 Abiotic depletion potential 

ADP refers to the consumption of non-biological resources such as fossil fuels. The 

value of the abiotic resource consumption of a substance is a measure of the scarcity 

of a substance. That means it depends on the amount of resources and the extrac-

tion rate. The impact category is measured in MJ. 

In a comparison between SunRiser and blue.cruiser, the effects on the abiotic deple-

tion potential (ADP) are in favor of the SunRiser. In total, the thyssenkrupp SunRiser 

has a demand of 1.43E+05 MJ and the thyssenkrupp blue.cruiser of 1.95E+05 MJ, 

which means a 36% higher consumption. 

In the utilization phase, both cars behave again positively. The generation of electric 

energy does not require the conversion of fossil fuels, the surplus can be credited. 

Since the blue.cruiser can generate more energy, its values turn out 56% better for 

the usage. 

In the production 90% of the demand is caused by the production of steel, aluminum, 

battery and CFRP. Caused by higher material requirements, the blue.cruiser 

achieves a 20% higher demand. 

  



64 
 

 
Figure 31: Comparison of ADP in the different phases [MJ]  
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4.6 Freshwater aquatic ecotoxicity potential 

FAETP describes the potential for biological, chemical or physical stressors to affect 

the ecosystems. These stressors might occur in the natural environment to disrupt 

the natural bio-chemistry, behavior and interactions of the living organisms that com-

prise the ecosystem. The emission of some substances, such as heavy metals, can 

have impacts on the ecosystem. Ecotoxicity potentials are calculated with the method 

for describing fate, exposure and the effects of toxic substances on the environment. 

The freshwater aquatic ecotoxicity potential is measured in kg 1.4-DCB equivalents. 

In total, 127 kg 1.4-DCB equivalents are emitted by the different life steps of 

thyssenkrupp SunRiser, and 160 kg 1.4-DCB equivalents are emitted by the 

thyssenkrupp blue.cruiser. This means an worsening of 26%. 

The FAETP is closely linked to the production of the battery, which account for 70% 

of the total impact for the production sector. The most significant savings were 

achieved by changing the solar cell type from GaAs to Si, which causes more than 

40% less impacts. 

In contrast, the power generation in the use phase reduces the FAETP by 2.2 kg 1.4-

DCB equivalents for the thyssenkrupp SunRiser, and 3.25 kg 1.4-DCB equivalents 

for the thyssenkrupp blue.cruiser. 
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Figure 32: Comparison of FAETP in the different phases [kg DCB-eq.]  
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4.7 Human toxicity potential 

The human toxicity potential deals with numerous toxic substances, such as heavy 

metals and organic substances which directly harm human beings. It includes toxic 

effects of chemicals on humans. There are potentially dangerous chemicals to hu-

mans through inhalation, ingestion and even contact. Cancer potency, for example, is 

an issue here. The unit in which is measured is kg 1,4-DCB equivalents. 

The effects on human toxicity potential can be attributed to the lithium battery and 

aluminum in both cars. The lithium battery in the blue.cruiser has 4810 kg of DCB-eq. 

and 4440 kg DCB-eq. in the SunRiser, aluminum completes the effects of the HTP 

with 5420 kg DCB-eq. and 3840 kg DCB-eq. almost completely. In total result 10500 

kg DCB-eq. (blue.cruiser) and 8540 kg DCB-eq. (SunRiser)) of the life cycle phases 

of the HTP are caused, which means a deterioration of 23% for the blue.cruiser. 

The performance of the SunRiser during the production phase (10600 kg DCB-eq. 

(blue.cruiser) and 8700 kg DCB-eq. (SunRiser)) allows the SunRiser to show slightly 

better values overall. 
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Figure 33: Comparison of HTP in the different phases [kg DCB-eq.]  
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4.8 Photo oxidation creation potential 

The photochemical ozone creation potential, also called Smog Formation Potential, 

measures the emissions of precursors that contribute to low level smog (also called 

summer smog). The main reasons for this Summer Smog, which can generally be 

translated with air pollution, are various chemical and physical processes in the envi-

ronment, as the reaction of NOx and volatile organic compounds (VOC) under the 

influence of ultra violet light. The different gases that contribute to this impact catego-

ry are summarized under kg ethene equivalents. 

The POCP results are illustrated in Figure 34: Comparison of POCP in the different 

phases [kg ethene-eq.]. 

Like the other life cycle impact categories, the battery is the largest contributor to 

summer smog creation impacts, accounting over 60% of the total POCP. This is fol-

lowed by aluminum and steel production, which is responsible for over 10% of the 

photochemical ozone creation potential. 

The effects for photo oxidation creation potential are mainly determined by lithium ion 

battery. Here the effects of the POCP are 3.16 kg ethene-eq. (blue.cruiser) and 3.83 

kg ethene-eq. (SunRiser). In all three phases, the blue.cruiser cuts off slightly better. 

In both cars, the end-of-life and usage values can be calculated negatively (utilization 

phase: -0.268 kg ethene-eq. (blue.cruiser) and -0.176 kg ethene-eq. (SunRiser), End 

of Life: -0.306 kg ethene-eq. (blue.cruiser) and -0.427 kg ethene-eq. (SunRiser)). The 

total result shows an improvement of the thyssenkrupp blue.cruiser by 73%. 
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Figure 34: Comparison of POCP in the different phases [kg ethene-eq.] 
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Table 14: Impact assessment data (1) 

  GWP AP EP ODP 

  kg CO2-eq kg SO2-eq kg P-eq kg R11-eq 

 SunRiser blue.cruiser SunRiser blue.cruiser SunRiser blue.cruiser SunRiser blue.cruiser 

Aluminium 1.14E+03 1.60E+03 4.65 6.55 0.318 0.449 1.30E-08 1.83E-08 

CFRP 2.59E+03 2.86E+03 3.85 4.24 0.715 0.788 -2.59E-06 -2.85E-06 

Copper cable 45.9 58.8 0.378 0.483 0.016 0.021 6.98E-10 8.93E-10 

Copper litz 82.5 48.9 0.44 0.261 0.036 0.022 2.68E-09 1.59E-09 

Lithium battery 4.78E+03 4.47E+03 59.2 41.7 9.43 9.7 -5.37E-07 -9.59E-08 

Magnesium 173 - 0.63 - 0.044 - 2.68E-10 - 

Neodymium 25.2 37 0.084 0.123 0.022 0.032 2.40E-06 3.52E-06 

NFRP - 615 - 0.871 - 0.176 - -2.05E-07 

Plexiglas 147 223 0.266 0.405 0.025 0.038 1.26E-10 1.92E-10 

ROHACELL 63.2 37.7 0.144 0.086 0.016 0.009 8.00E-11 4.76E-11 

Solar cells 3.04E+03 1.15E+03 22 1.72 1.38 0.274 9.49E-09 4.31E-09 

Steel 410 1.25E+03 0.929 2.84 0.103 0.316 1.57E-09 4.81E-09 

Tyres 0.326 0.332 0.001 0.001 1.94E-04 0.002 9.63E-10 9.80E-10 

Wiring board 127 48 0.571 0.215 0.055 0.021 1.92E-08 7.24E-09 

Usage -1.57E+03 -2.47E+03 -2.5 -3.83 -0.392 -0.605 1.74E-07 1.74E-07 

End of life -735 -559 -9.22 -8.22 0.426 0.874 1.24E-06 2.59E-08 

Total 1.03E+04 9.37E+03 81.3 47.5 12.2 12.1 7.35E-07 6.02E-07 
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Table 15: Impact assessment data (2) 

  ADP fossil FAETP HTP POCP 

  MJ kg DCB-eq kg DCB-eq kg Ethene-eq 

 SunRiser blue.cruiser SunRiser blue.cruiser SunRiser blue.cruiser SunRiser blue.cruiser 

Aluminium 1.36E+04 1.92E+04 7.88 11.1 3.84E+03 5.42E+03 0.288 0.406 

CFRP 3.56E+04 3.92E+04 6.51 7.17 79 87.1 0.395 0.436 

Copper cable 649 830 0.835 1.07 39.3 50.3 0.023 0.03 

Copper litz 1.02E+03 603 3.19 1.89 67.1 39.8 0.029 0.017 

Lithium battery 5.54E+04 5.6E+04 85.3 89.1 4.44E+03 4.81E+03 3.83 3.16 

Magnesium 1.52E+03 - 1.21 - 49.8 - 0.055 - 

Neodymium - - 0.037 0.054 16.4 24 0.01 0.015 

NFRP - 7.13E+03 - 1.56 - 20.8 - 0.076 

Plexiglas 2.67E+03 4.06E+3 0.674 1.03 2.06 3.13 0.027 0.041 

ROHACELL 1.46E+03 868 0.357 0.212 1.43 0.854 0.015 0.009 

Solar cells 2.97E+04 1.3E+04 3.38 1.49 87.3 38.8 1.38 0.127 

Steel 1.63E+04 4.97E+04 5.34 16.3 32.1 98 0.112 0.341 

Tyres 9.18 9.35 0.005 0.005 0.035 0.036 1.06E-04 1.08E-04 

Wiring board 1.26E+03 473 1.16 0.438 41.5 15.6 0.046 0.018 

Usage -1.63E+04 -2.55E+04 -2.2 -3.25 -59.1 -89.4 -0.176 -0.268 

End of life 483 2.91E+04 13.5 31.4 -103 -22.3 -0.427 -0.306 

Total 1.43E+05 1.95E+05 127 160 8.54E+03 1.05E+04 5.61 4.11 
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5 Assessment of the comparability of the systems  
According to the ISO 14044 it is necessary that the equivalence of the systems is 

estimated137. Within both systems „the same functional unit and equivalent methodo-

logical considerations“138 must be used. The equivalent methodological considera-

tions concern for example performance, system boundary, data quality, allocation 

procedures, decision rules on evaluating inputs, and outputs impact assessment. In 

this LCA all mentioned aspects are equal. 

Talking about the parameters the ISO prescribes to name all differences between 

them. In this LCA the parameters are all equal. 

 

  

                                            
137

 DIN Deutsches Institut für Normung 2006 
138

 ISO 14044 
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6 Life cycle interpretation 

6.1 Identification of significant issues 

According to the ISO standard 14044, structuring the results of the Life cycle invento-

ry analysis and life cycle impact assessment phases is a component of a life cycle 

assessment and helps to determine the significant parameters139. Examples of signif-

icant issues are processes and productions which have a big influence on the overall 

result or a certain life section. The different life sections are divided into production, 

use phase and end of life. If you look first at the production, the battery and carbon 

fibre reinforced polymers are especially noticeable. Carbon fibre reinforced polymers 

has a big influence in the following categories (ADP, GWP, OPD, AP, FAETP and 

EP). The reason therefore is the high weight of carbon fibre reinforced polymers in 

the car. 

The battery has mostly high values of 70% - 80% in all efficacy categories except 

ODP (see graphic for POCP, AP and EP). Steel shows striking values in both cars, 

the SunRiser and the blue.cruiser. Aluminium has a high value at ODP with about 

46%. 

The use phase is characterized by the positive influence on the environmental im-

pact. This comes in the form of the feed in through the solar cell. 

The end of life phase includes positive influences as well as negative influences on 

the environmental impact. If you consider the credits from the battery, aluminium and 

especially steel, you can say that the end of life phase generally has a positive influ-

ence, because almost all substances can be recycled. Only neodymium has a nega-

tive influence. 

 

6.2 Consistency check 

The consistency check should determine if the assumptions, the methods and data of 

our Life Cycle Assessment are consistent with the goal and scope. 

As in the goal and scope stated (2.1 Goals), the aim of this LCA is a comparison be-

tween the thyssenkrupp SunRiser, built in 2015 and its successor the thyssenkrupp 

blue.cruiser, which is to be finalized in 2017. Main focus of this study is the sustaina-

bility of both cars and to what extent the blue.cruiser has improved compared to his 

predecessor. Furthermore, it enlightens the suitability for the everyday use of the So-

larCars. 

 

To achieve all assumptions, hotspots were chosen through a ABC-analysis, based 

on their weight in total or environmental impact. The chosen Hotspots then were ana-

lyzed with the Life-Cycle-Software GaBi and considered with regard to the chosen 

categories (2.2 Scope). 

 

The data management was not equal, since most data of the SunRiser were already 

written down and there was almost no chance to review them again. 

                                            
139

 Cf. DIN Deutsches Institut für Normung 2006 
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In contrast to that the data of the blue.cruiser were collected as soon as they were 

available. For this data collection, the LCA team worked in a dialogue with every sin-

gle department team of the SolarCar, to achieve a maximum of transparency. 

 

The Checklist below should give a good overview to the consistency of the data and 

methods. 

Category Possible Inconsistency Comment 

Data Source 

SR. Data based on the rec-

ords of the former team. 

BC. Data were collected as 

soon as they were available 

The Data of the SR. were 

checked and reviewed 

again in cooperation with an 

expert of the SolarCar 

Team. 

Data Accuracy 

Limited software and infor-

mation were used for col-

lecting the data for the SR. 

Data of BC. were collected 

with newer Software and 

more information. 

- 

Data Age 

Both data of the SolarCars 

were collected in the build-

ing period. 

Workup of data of the SR 

as far as possible. 

Software Used 

SunRiser team had an older 

Version of the used Soft-

ware than the blue.cruiser 

team. 

- 

Other Methods 

Both Teams used the same 

Methods to achieve their 

data. 

- 

Categories 

Both teams have used 

mainly the same categories 

to analyze the Hotspots. 

- 

Table 16: Consistency of data and methods 

 

As the Checklist shows, there are slight signs of inconsistency, above all in the quali-

ty of the data processing (older version of GaBi vs. new full-version of GaBi) and the 

collecting of the information in general. Nevertheless, the current team has worked 

up the data of the SunRiser in cooperation with experts of the SolarCar Team as far 

as possible, to achieve a valuable transparency.  

Additional to that both teams used similar or the same methods to collect, describe 

and to reappraise the collected information and data. 
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The little differences do not collide with the aims of the goals and scope, which were 

set beforehand. The result of the study shows a good transparency and meaningful-

ness in regard to the assumptions of the goal and scope. 

 

6.3 Conclusions, limitations and recommendations 

6.3.1 Conclusions 

6.3.1.1 General 

While analysing the scenarios and comparing blue.cruiser and SunRise are in most 

of the impact scenarios very similar (see table 10,11: impact assessment data). Dif-

ferences can be perceived because of the seats inside the cars (see: Table 14: Data 

of impacts per person in comparison) and the total weight (see Table 18: ABC anal-

ysis SunRiser weight and Table 19: ABC analysis blue.cruiser weight). Another rea-

son is using more steel (instead of CFRP) inside the blue.cruiser. Steel can be easily 

recycled and generate credits for environmental impacts. Another reason is to dump 

the SunRiser GaAs solar cell, because recycling is very difficult. 

The lithium-ion battery dominates the impact categories POCP, AP, EP, HTP and 

FAETP (about 60%-80%). But there is not any lithium-ion battery impact in ODP, be-

cause the waste of CFRP can be recycled directly. Aluminium, Neodymium and 

CFRP are the most important materials for the ODP, the impacts of GWP are splitted 

into lithium-ion battery and CFRP. Steel is one of the deciding impacts of ADP 

(blue.cruiser), nearly completed by the lithium-ion battery and CFRP. Easy to see 

that steel is not a crucial factor for the SunRiser ADP impacts, because CFRP re-

placed most of the steel impacts inside the SunRiser.  

 

6.3.1.2 Comparison 

To show up the impacts of the thyssenkrupp blue.cruiser and thyssenkrupp SunRis-

er completely, every impact category can be compared with each other. While the 

SunRiser is fixed at 100%, the blue.cruiser reaches heavier impacts in 3 of 8 catego-

ries (see Figure 35: Impacts in comparison). Reason for higher impacts of ADP and 

FAETP is the weight of the blue.cruiser. These results contain information of the life 

cycle of the cars only, not the number of persons who can be carried. 
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Figure 35: Impacts in comparison 

 

Table 17: Data of impacts in comparison 

Impact category SunRiser blue.cruiser 

GWP 100% 91% 

AP 100% 58% 

EP 100% 99% 

ODP 100% 82% 

ADP 100% 136% 

FAETP 100% 126% 

HTP 100% 123% 

POCP 100% 73% 

 

While the SunRiser is able to carry two persons only, the impact results of the 

blue.cruiser can be split to four persons (unit: passenger km). Since it is the vision 

for the solar cars to operate this fully loaded in the car sharing business, it makes 

sense to consider passenger-kilometers. In case of carrying four persons inside the 

blue.cruiser, the impact results are much better than comparing the cars, only (see 

Figure 36: Impacts per person in comparison and Table 18: Data of impacts per per-

son in comparison). Another positive side effect which declares the modelling results 

is a car boot with much more capacity inside the blue.cruiser. 
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Figure 36: Impacts per person in comparison 

Table 18: Data of impacts per person in comparison 

Impact category SunRiser (2 persons) blue.cruiser (4 persons) 

GWP 100% 45% 

AP 100% 29% 

EP 100% 50% 

ODP 100% 41% 

ADP 100% 68% 

FAETP 100% 63% 

HTP 100% 61% 

POCP 100% 37% 

 

Another way to compare both solar cars is the amount of steel installed inside the 

blue.cruiser. Using more steel instead of CFRP gets positive credits in environmental 

impacts, because of the recycling process of steel, and the less energy consuming 

manufacturing. Figure 35 shows the ecological influence of CFRP and steel compo-

nents. By replacing CFRP with steel, the greenhouse gas potential of the material 

mix from the thyssenkrupp SunRiser was reduced from 22.4 kg CO2-eq. / kg to 19.3 

kg CO2-eq. /kg in the thyssenkrupp blue.cruiser. This corresponds to a reduction of 

14% in the steel and CFRP components. 
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Figure 37: Environmental impact of CRFP and steel, own representation 

Building a car using CFRP and NFRP (blue.cruiser), the environmental impacts are 

much better than using CFRP, only. The impact of using one kilogram CFRP is 29.67 

kg CO2-eq, one kilogram of NRFP produces 22.82 kg CO2-eq (see Table 120: ABC 

analysis SunRiser weight and Table 121: ABC analysis blue.cruiser weight). 

 

6.3.1.3 Comparison with conventional cars 

 

Since a solar car is street legal and has similar equipment as conventional cars, the 

following table compares the environmental impacts of solar-powered vehicle and 

cars. It should be noted that LCA studies are not completely comparable, because of 

different objectives and system delimitations; also, a SolarCar is a prototype, which is 

distinguished by the dimensions, design and costs from conventional cars. Table 19 

compares life cycle data of different vehicle types: 
Table 19: LCA data of different cars 

Vehicle Engine Produc-
tion [kg 

CO2-eq.] 

Use [kg 
CO2-eq.] 

End of life 
[kg CO2-eq.] 

Total [kg 
CO2-eq.] 

thyssenkrupp 
SunRiser1 

electric 12060 -1570 -735 10300 

thyssenkrupp 
blue.cruiser1 

electric 12400 -2470 -560 9370 

Mercedes-Benz 
B-Class 

electric 10800 12480 720 24000 

Mercedes-Benz 
C-Class 

Plug-In 
hybride 

7200 28080 720 36000 

Renault Espace gasoline 7400 21300 750 29450 

Renault Twingo gasoline 4600 17585 380 22565 

VW Golf IV gasoline 4400 25330 29730 
1Only hotspots are considered (86% weight share)  
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6.3.2 Limitations 

 It was just looked at the chosen Hotspots and not all installed materials.  

 The Hotspots were chosen, based on weight in total and influence on envi-

ronmental matters.  

 With just regarding the Hotspots, about 86% (see Table 1: ABC analysis Sun-

Riser weight and Table 2: ABC analysis blue.cruiser weight) of the blue.cruiser 

was covered by this study.  

 Additional assumptions were made regarding the triple junction GaAs solar 

cell model. It is based on the silicon solar cell model because of limited data 

management. For the recycling no further information were found, so an as-

sumption was made, that the triple junction GaAs solar cell is deposited. 

 Other limitations in data management are the restricted information about 

ROHACELL®, because it is a product developed by Evonik.  

 Neodymium could not be accounted for ADP because of missing information. 

 In the GaBi model of NFRP a conventional epoxy system was used. There 

was no similar process to show the biological share in the epoxy system from 

Sicomin. 

 

6.3.3 Recommendations  

6.3.3.1 CFRP – NFRP comparison 

To proof that the use of NFRP has a positive impact on the environment, a scenario 

was created. In this scenario, no NFRP was installed in the blue.cruiser. 

To compare NFRP with CFRP it is to mentioned, that NFRP weighs twice as much as 

CFRP. Additional, the energy consumption during the production is the same for both 

materials because of the same manufacturing process. 

The fact that NFRP is rigid and not that elastic compared to CFRP, led to the deci-

sion of the SolarCar team to build smaller components like the dashboard, centre 

console and the interior door of NFRP. In this scenario, the NFRP amount in the 

blue.cruiser was converted to the same assumed amount of CFRP. Furthermore, the 

new weight of CFRP (6 kg) was added to the weight, which was used for real (111 

kg). A model was built in GaBi with a weight of CFRP of 117 kg and no amount of 

NFRP. 
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The figure below shows the comparison of the two models:  

 
Figure 38: Comparison CFRP versus NFRP 

 

  

The next table shows up the environmental impacts of the NFRP-CFRP combination 

and a special CFRP model using the same weight. In addition, the results are pre-

sented in bar charts underneath (see figure 1-8). 
Table 20: Results of using only CFRP 

Impact category CFRP and NFRP CFRP (model) 

ADP 34200 MJ 76200 MJ 

GWP 2560 kg CO2-eq 6600 kg CO2-eq. 

ODP -0.000002 kg R11-eq. -0.000003 kg R11-eq. 

POCP 0.37 kg ethene-eq. 0.83 kg ethene-eq. 

AP 3.8 kg SO2-eq. 9.8 kg SO2-eq. 

EP 0.7 kg phosphate-eq. 1.7 kg phosphate-eq. 

HTP 80 kg DCB-eq. 212 kg DCB-eq. 

FAETP 6.4 kg DCB-eq. 11.7 kg DCB-eq. 
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Figure 39: GWP comparison with CFRP model 

 

 
Figure 40: AP comparison with CFRP model 

 

 
Figure 41: EP comparison with CFRP model 

 

 
Figure 42: ODP comparison with CFRP model 

 

 
Figure 43: ADP comparison with CFRP model 
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Figure 44: FAETP comparison with CFRP model 

 

 
Figure 45: HTP comparison with CFRP model 

 

 
Figure 46: POCP comparison with CFRP model 

 

As shown in the bar charts, the use of NFRP has a better impact on the environment 

compared to the use of CFRP. The only negative impact of this scenario is shown in 

the category of ODP. The reason for that negativity is, that NFRP has a higher 

amount of waste material (clipping) which is thermal combusted. So CFRP comes off 

well in the category of ODP compared to NFRP. The impacts are always reducing up 

to 40% of the impact. 

In conclusion it is to mention, that the use of NFRP instead of CFRP is reasonable, 

especially in regard of the environmental impact. This shows that an expanded utili-

zation of NFRP could be a further improvement for upcoming future projects. 
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6.3.3.2 Reduction of aluminium scrap 

By manufacturing or shaping some of the materials for the SolarCars a lot of waste in 

the form of scrap accumulates. Notable materials are for example Plexiglas, steel, 

nickel and especially aluminium. Most components made out of aluminium are milled, 

which results in scrap of 97.18% for the thyssenkrupp blue.cruiser. This means that 

out of 1264.72 kg aluminium only 36.7 kg are effectively used in the SolarCar.  

 

To see which effect, it could have on the Lice Cycle Inventory Analysis (LCA / LCIA) 

of the SolarCars if the scrap would be reduced, additional calculations with varying 

degrees of scrap using the example of aluminium have been created. 

 

As seen in Figure 47: Reduction of aluminium the reduction of waste by only approx-

imately 7% lessens nearly every impact category by half or more. Especially the 

ozone depletion potential (ODP), but also the global warming potential (GWP) and 

abiotic depletion potential (ADP) shows sizable differences. The impact category 

however, in which it would be preferable to notice a high change in value, the human 

toxicity potential (HTP), shows the smallest decrease of all categories with a reduc-

tion of only 16% to its original state. 

 

To get completely rid of any scrap would naturally be the most desired scenario, be-

cause it would ensure the lowest possible value of each impact category. This how-

ever requires that all components are produced through additive manufacturing, 

which at this point of time is not viable for mass production. 

 

As Figure 47 shows, the decrease of each impact category is at its highest, when the 

reductions of scrap are relatively minor. At a certain point, the value of the impact 

categories reaches nearly a constant. As a result, the production of components 

does not need to be completely scrap-free. It suffices if the waste is reduced to 

around 70% of the used material. 
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Figure 47: Reduction of aluminium scrap

0

0,2

0,4

0,6

0,8

1

1,2

97,18% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0%

GWP

AP

EP

ODP

ADP

FAETP

HTP

POCP



86 
 

Table 21: Results of reduction of aluminium scrap 

scrap GWP AP EP ODP ADP FAETP HTP POCP 

97.18% 916.12 2.717 0.2350 5.93E-06 11801.5 3.18 1388.8 0.1910 

90% 502.38 1.678 0.1280 1.55E-06 5917.4 2.47 1163.8 0.1100 

80% 421.13 1.474 0.1070 6.91E-07 4761.9 2.33 1119.6 0.0940 

70% 394.05 1.406 0.0996 4.05E-07 4376.8 2.29 1104.8 0.0887 

60% 380.51 1.372 0.0961 2.61E-07 4184.2 2.26 1097.5 0.0860 

50% 372.38 1.352 0.0940 1.76E-07 4068.6 2.25 1093.1 0.0845 

40% 366.97 1.338 0.0926 1.18E-07 3991.6 2.24 1090.1 0.0834 

30% 363.10 1.328 0.0916 7.73E-08 3936.6 2.23 1088.0 0.0826 

20% 360.20 1.321 0.0908 4.66E-08 3895.3 2.23 1086.4 0.0821 

10% 357.94 1.315 0.0903 2.28E-08 3863.2 2.23 1085.2 0.0816 

0% 356.13 1.311 0.0898 3.66E-09 3837.5 2.22 1084.2 0.0813 
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7 Key messages 
1. Through intelligent material use, i.e. to use steel where it is useful (grid frame), 

the greenhouse gas emissions were reduced by 14% (see Figure 37: Envi-

ronmental impact of CRFP and steel, own representation. 

2. Due to the full potential of the possible riders, the environmental impact of the 

thyssenkrupp blue.cruiser per head was significantly reduced (45%, see Table 

18: Data of impacts per person in comparison). 

3. Comparing conventional cars and solar cars, more than double emissions are 

caused during the entire lifecycle by a conventional car (see Table 19: LCA 

data of different cars; the present study considers only hotspots). 

4. A solar-powered vehicle is an energy-positive vehicle that generates more 

electrical energy than it consumes in its use (see Usage scenario). 

5. Electrical cars have low emissions in the utilization phase, most emissions are 

released during production (see Table 19: LCA data of different cars). The 

biggest correcting variable is the electrical energy storage / battery (see Table 

14: Impact assessment data (1), Table 15: Impact assessment data (2)). 

6. The intelligent material implementation of natural fibers offers high potential to 

reduce the environmental impact of a product (see Table 20: Results of using 

only CFRP). 

7. The reduction of waste and the increased use of standard parts / serial parts 

can not only reduce the production costs, but also has a huge impact on the 

environmental footprint (see Table 21: Results of reduction of aluminium 

scrap). 
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