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Abstract German 

Angesichts der steigenden Kohlendioxidemissionen in der Atmosphäre ist es dringend notwendig, die 

verschiedenen Wirtschaftssektoren zu defossilisieren. Synthetische kohlenstoffbasierte Kraftstoffe 

können eine entscheidende Rolle bei der Verringerung der Kohlendioxidemissionen im Verkehrs- und 

Mobilitätssektor spielen. Die zentrale Frage, die sich bei der Substitution fossiler Kraftstoffe durch 

synthetische kohlenstoffbasierte Kraftstoffe stellt, ist ob dadurch signifikant Kohlenstoffdioxidemis-

sionen eingespart werden können. 

Diese Frage wird in dieser Arbeit durch die Anwendung der Methode der Ökobilanzierung auf die 

Herstellung eines synthetischen kohlenstoffbasierten solaren MTG-Kraftstoffs behandelt. Dieses Ver-

fahren basiert auf der elektrochemischen Wasserstofferzeugung und der Abscheidung von Kohlendi-

oxid (CO2) aus der Atmosphäre mit der Energieversorgung durch ein PV/CSP-Hybrid-Solarkraft-

werk. Der in einer alkalischen Elektrolyse produzierte Wasserstoff wird direkt mit CO2 zu Methanol 

umgesetzt, woraus im Methanol-to-Gasoline Verfahren der MTG-Kraftstoff hergestellt wird. Als Re-

ferenz wird zudem fossiles Benzin betrachtet, das in einer Raffinerie aus Rohöl gewonnen wird. In 

dieser Arbeit werden die gesamten Herstellungswege des solaren MTG-Kraftstoffs und des fossilen 

Benzins abgebildet und die verschiedenen eingesetzten Technologien vorgestellt. Die Treibhausgas-

auswirkungen werden ermittelt und werden zur Berechnung des Kohlendioxid-Einsparpotenzials des 

solaren MTG-Kraftstoffs gegenüber dem fossilen Benzin verwendet. 

Die Ergebnisse zeigen, dass der solare MTG-Kraftstoff eine deutlich geringere Treibhausgasauswir-

kung als fossiles Benzin aufweist. Die Treibhausgasauswirkung des solaren MTG-Kraftstoffs liegt bei 

4.9 g CO2-Äquivalent pro MJ, während die des fossilen Benzins 85.9 g CO2-Äquivalent pro MJ be-

trägt. Dies führt zu einem Kohlendioxid-Einsparungspotenzial von 94.3 % gegenüber dem fossilen 

Benzin. Darüber hinaus zeigt die Sensitivitätsanalyse, dass der geografische Standort, an dem das 

PV/CSP-Hybrid-Solarkraftwerk für die Stromversorgung der nachgelagerten Prozesse errichtet 

wird, einen großen Einfluss auf die Umweltauswirkungen des solaren MTG-Kraftstoffs hat. 
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Abstract 

In light of the rising carbon dioxide emissions in the atmosphere, there is an urgent need to defossilize 

the different sectors of the economy. Synthetic carbon-based fuels can play a crucial role in reducing 

the carbon dioxide emissions in the transport and mobility sector. The key question that arises when 

substituting fossil fuels with synthetic carbon-based fuels is whether significant carbon dioxide emis-

sions can be saved. 

This question is addressed in this thesis by applying the life cycle assessment method to the production 

of a synthetic carbon-based solar MTG fuel. This process is based on electrochemical hydrogen (H2) 

production and carbon dioxide (CO2) capture from the atmosphere with energy supply from a 

PV/CSP hybrid solar power plant. The hydrogen produced in an alkaline electrolyser is directly con-

verted with CO2 to methanol, from which the MTG fuel is produced via the methanol-to-gasoline 

process. Fossil gasoline produced from crude oil in a refinery, is considered as the reference fuel for 

the comparison. In this thesis, the entire production pathways of the solar MTG fuel and the fossil 

gasoline are mapped, and the various technologies used are presented. The global warming impacts 

are determined and are used to calculate the carbon dioxide saving potential of the solar MTG fuel 

compared to fossil gasoline. 

The results show that the solar MTG fuel has a significantly lower global warming impact than fossil 

gasoline. The global warming impact of the solar MTG fuel is 4.9 g CO2-equivalent per MJ, while 

that of fossil gasoline is 85.9 g CO2-equivalent per MJ. This leads to a carbon dioxide saving potential 

of 94.3 % compared to fossil gasoline. Furthermore, the sensitivity analysis shows that the geograph-

ical location where the PV/CSP hybrid solar power plant is built to supply electricity to the down-

stream processes has a major impact on the environmental burden of the solar MTG fuel. 
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1 Introduction 

In their efforts to achieve the goals set in the Paris Climate Agreement i.e., keeping the global tem-

perature rise of this century well below 2 °C above pre-industrial levels and limiting the temperature 

increase even further to 1.5 °C, governments around the world are pushing for the development of 

renewable energy sources and increasing research resources for technologies such as wind and solar 

energy, carbon capture and energy storage [1]. These technologies can play an important role in the 

search for green fuels that can replace fossil fuels which are the main cause of the increase in CO2 

emissions in the atmosphere. However, the transport and mobility sectors are growing rapidly with 

the net result being an increase in greenhouse gas emissions from these sectors. Figure 1 shows the 

composition of the global CO2 emissions by sector in 2016. In this year, the transport sector accounted 

for almost a quarter of the global CO2 emissions, with the bulk of carbon dioxide being emitted by 

road transport.[2] 

 

Figure 1.1: Composition of the global CO2 emissions by sectors 2016 [2] 

Consequently, the compliance with climate protection targets necessitates a significant reduction of 

greenhouse gas emissions within the transport sector. Solar carbon-based fuels represent an interest-

ing option for the rapid reduction of CO2 emissions in this sector. These fuels can be produced solely 

using water and carbon dioxide as feedstock with the aid of solar energy [3]. The use of solar energy 

to produce these fuels is very interesting due to the higher potential and availability of renewable 

energies especially in the Earth’s sunbelt [4]. Therefore, solar power plants built in countries located 

in the Earth’s sunbelt can achieve higher full load hours resulting to a higher amount of electricity 

which can be used to cover the energy demand of these countries or as energy supply to produce 
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synthetic carbon fuels which is the case in this thesis. Furthermore, these countries possess empty 

available area that is usually required for the construction of the large solar energy power plants. [4] 

Another important argument for the exploitation of solar energy in these regions is that almost all 

studies on the paths to climate neutrality in Germany assumed in their different energy scenarios that 

Germany will continue to import energy in the future [5, 6]. This means that the energy will have to 

be transported with little or no losses over long distances. Synthetic carbon fuels are better candidates 

for this energy transport when compared for example to liquid hydrogen since they can be easily 

transported using the existing ships with a very low energy loss. A technically matured process that 

can be used to produce synthetic carbon-based fuels is the methanol-to-gasoline (MTG) process [7]. 

This is the process used in this thesis for the solar MTG fuel production with energy supply from a 

photovoltaic/concentrating solar power (PV/CSP) hybrid power plant which are the solar energy sys-

tems with the highest conversion efficiencies that currently exist in the market [8]. 

The solar MTG fuel is produced in this thesis as follows; firstly, a photovoltaic/concentrating solar 

power (PV/CSP) hybrid solar power plant combined with a thermal storage unit to achieve high uti-

lization of the power plant is used to generate electricity. This electricity is then used to split water 

into hydrogen and oxygen by the alkaline electrolysis process. The alkaline electrolysis process is 

chosen because it allows the continuous operation of the electrolyser and is a technologically matured 

process [4]. Parallelly, the electricity supplied by the PV/CSP hybrid power plant is used to capture 

carbon dioxide directly from air. The direct air capture process is chosen because it leads to net neg-

ative emissions and such plants can be built practically anywhere [9]. The hydrogen and carbon diox-

ide obtained from the alkaline electrolysis and the direct air capture process respectively are converted 

to methanol. Subsequently, the methanol is converted to a gasoline-like fuel by the methanol-to-gas-

oline process. 

The produced solar MTG fuel is CO2-neutral because the carbon dioxide emitted during its combus-

tion is equal to that absorbed from the atmosphere during its synthesis (closed carbon cycle) and can 

therefore contribute to the mitigation of CO2 emissions in the mobility sector [7]. Its similarity to 

fossil gasoline allows its usage with the existing automotive technology without any need for a new 

refuelling structure. Since the significant penetration of Germany’s and other countries’ fleets with 

electrically powered cars will take a long time, the solar MTG fuel can provide a short term solution 

to the rapidly raising carbon dioxide emissions within the transport and mobility sectors.[3]. There-

fore, research on this solar MTG fuel can play a decisive role towards the energy transition in the 

field of mobility and transport. For this reason, the Federal Ministry for Economic Affairs and Energy 

decided through the research initiative "Energy transition in the transport sector" to fund a total of 16 

research associations that are working on the production and use of electricity-based fuels. One of the 



Introduction 

3 
 

projects in this initiative is the accompanying research project on energy transition in the transport 

sector (BEniVer) which focuses on the interdisciplinary analysis of technical, ecological, economic 

and social impacts of the produced electricity-based fuels. This research project consists of five work-

ing groups with the life cycle assessment (LCA) group being one of them. The institute of Future 

Fuels of the German Aerospace Center in Cologne is connected to BEniVer through the solar fuel 

project which is one of the 16 research projects. 

The aim of this thesis is to determine the carbon dioxide saving potential of this solar MTG fuel by 

means of a life cycle analysis. The entire chain from the raw materials water and carbon dioxide to 

the fuel is to be mapped. Thus, the total CO2 saving potential compared to fossil gasoline shall be 

determined. In the first chapter of this thesis, the basic principles of electricity generation in a PV/CSP 

hybrid solar power plant are described. In particular, the components of these systems such as helio-

stats, receiver, thermal storage for the CSP plant, solar cells and solar modules for the PV plant are 

presented. Then, the manufacturing process of the MTG fuel is discussed, in which the basic princi-

ples of water electrolysis and direct air capture are explained. Subsequently, CO2 hydrogenation is 

presented as the methanol production process, and based on this, the MTG process is described. Fi-

nally, the life cycle analysis methodology used to evaluate the CO2 emissions during the production 

of the MTG fuel is presented. 

The second part of this thesis deals with the definition of the methodology and the boundary condi-

tions for the life cycle assessment of the whole process based on the LCA international standards such 

as ISO 14040 and 14044, as well as the BEniVer LCA methodology guide which is a guide developed 

by the accompanying research project on energy transition in the transport sector to ensure network-

ing and create comparability between the different projects [10]. Afterwards, the production process 

of the solar MTG fuel and the conventional fuel are separately implemented in the LCA software 

used in this thesis called OpenLCA to determine the carbon dioxide emissions associated with the 

production of these fuels. 

In the last part of this thesis, the results of the life cycle analysis of the solar MTG and the conven-

tional fuel are presented. Sensitivity analysis is also carried out to test the robustness of the obtained 

results through variation of certain parameters such as geographical location and electricity grid mix. 

Moreover, the results of the LCA and the sensitivity analysis are evaluated and critically analysed. In 

particular, the CO2 saving potential of the solar MTG fuel in comparison to conventional fuel is dis-

cussed as well as the point at which it will be worthwhile to substitute the conventional fuel through 

the solar carbon-based fuel discussed in this thesis. 
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2 Solar carbon-based fuel production 

This chapter serves to describe the technologies for solar carbon-based fuel production. The technol-

ogies considered in this thesis are presented and the reasons for their selection are explained. Further-

more, the functional principles of the different technologies are described in detail and process dia-

grams are presented to illustrate the individual technologies. 

The solar carbon-based fuel which is considered in this work is a gasoline-like fuel which is produced 

through the MTG process. Figure 2.1 below shows the overall synthesis process of the gasoline-like 

fuel under study in this thesis. Methanol is the main reactant of this process and is produced by react-

ing hydrogen with carbon dioxide. Hydrogen is produced through the electrolysis of water from a 

seawater desalination plant in an alkaline electrolyser whereas carbon dioxide is captured from the 

atmosphere. The electricity for the alkaline electrolyser, the direct air capture plant, the methanol, 

and methanol-to-gasoline plants is supplied by a PV/CSP hybrid solar power plant. 
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Figure 2.1: Overall synthesis process of gasoline fuel [11] 
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2.1 PV/CSP hybrid solar power plant 

There are two main systems currently available for the conversion of solar energy into electrical en-

ergy: the solar photovoltaic and the concentrating solar power systems [8]. These two systems are 

shown in figure 2.2 below. 

 

Figure 2.2: Solar Photovoltaic (left) and Concentrating Solar power (right) systems [12] 

Photovoltaic systems directly convert solar energy into electricity using solar cells through the pho-

tovoltaic effect [13]. PV systems utilize both direct and diffuse radiation and possess the advantage 

of being highly scalable and modular, thus they can be used virtually anywhere [12]. Moreover, the 

levelized cost of electricity (LCOE) of a PV system is lower compared to that of a CSP system, due 

to the lower price of PV modules, thus grid parity can be achieved without market incentives [14]. 

However, electricity generation using PV systems is limited by the instability and intermittent nature 

of solar radiation making it difficult for such systems to generate electricity on demand, which is 

problematic for their integration in the electricity grid [14, 15]. Electricity storage systems such as 

lithium (Li) ion batteries can only help store this produced electricity for a short period of time since 

they are not suitable for long term storage [16]. Moreover, they are currently too expensive to be 

deployed on a gigawatt-hour scale and the storage of electricity is less cost-effective than heat storage, 

when large energy storage capacities are required [15]. 

Concentrating solar power plants are similar to conventional steam power plants, the main difference 

being the replacement of the commonly used feedstocks such as coal, oil or natural gas through con-

centrated solar radiation [15]. In CSP systems, direct sunlight is concentrated and converted into heat, 

that is used to produce pressurized steam. This pressurized steam helps rotate a turbine, which in turn 

drives a generator that converts the kinetic energy into electrical energy [17]. Unlike PV systems, 

CSP systems with integrated thermal energy storage can successfully provide stable and dispatchable 

power from intermittent solar energy at a marketable price since the storage of heat is around 80 to 
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90 percent more cost-effective than electricity storage as is the case with the batteries used in PV 

systems [15, 18]. This is one of the main advantages of CSP systems over PV systems, which makes 

them able to store energy over a day or few days. For this reason, CSP systems can flexibly adapt 

their power generation to the demand [15]. Moreover, CSP systems generate electricity with better 

power quality that matches the frequency and phase of the existing power grid, due to their similarity 

to fossil power plants. This plays an important role in enhancing the grid stability [14]. CSP systems 

can also be operated in hybrid mode in case of low solar radiation during several days e.g., rainy 

weather periods. In the hybrid mode, the heat required for the electricity generation and the filling of 

the thermal energy storage can be supplied by an additional combustion system based on fossil or 

renewable energy sources e.g. biomass other than the solar circuit [15]. However, the main drawback 

of CSP systems is that they cannot be built everywhere since they use only direct sunlight to generate 

electricity i.e., only regions with direct normal irradiance (DNI) from 1800 to 2000 kWh/m2∙a are 

suitable for the construction of CSP plants [4]. 

With the above knowledge, it can be concluded that the characteristics of PV and CSP technologies 

are complementary, which makes it reasonable to combine these two technologies into a PV/CSP 

hybrid solar power plant. At present, two PV/CSP hybrid power plants have been built in the Atacama 

desert in Chile while another one is in construction in South Africa [19]. The combination of solar 

photovoltaic power and solar thermal power improves the capacity factor of the system and can be 

dispatched to meet the load demand of peak period i.e., more full load hours can be achieved by 

combining these technologies [14]. Moreover, the combination of both technologies allows an eco-

nomic use of the solar energy, resulting in a reduction of solar power plant costs. Thus, enabling solar 

power generation technologies to have a competitive edge over fossil fuel power generation technol-

ogies [12]. This is a very important and non-negligible point if conventional power plants based on 

fossil feedstocks are to be substituted by renewable energy power plants. 

2.1.1 Concentrating solar power systems 

CSP systems concentrate direct solar radiation to a focal point in a receiver equipped with an absorber 

tube, which contains a fluid that absorbs the heat and directly converts it to electricity in a power 

cycle [17]. CSP systems can be divided into two categories depending on their concentration princi-

ple: line-focus and point-focus systems [20]. Figure 2.3 below shows the different CSP systems. 

Line-focus systems concentrate solar radiation with concentration levels reaching up to 100. Para-

bolic trough plants and linear Fresnel reflectors are examples of such systems [20]. Parabolic trough 

plants consist of parabolically shaped mirrors that track the sun on one axis and concentrate the solar 

radiation on an absorber tube installed in the focal line of the mirrors [15]. Linear Fresnel reflectors 

are a special form of parabolic trough collectors consisting of parallel long and slightly curved mirror 
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facets which can be individually adjusted to the position of the sun [20]. Linear Fresnel collectors can 

be built lightweight and at lower cost because their mirror facets are small and near to ground level 

which results in low wind loads [17]. However, the optical efficiency of such collectors is also re-

duced by their geometry. On the other hand, point-focus systems allow higher concentration levels 

reaching up to 1000. Due to the higher concentration levels, the receiver and power cycle of such 

systems can be operated at higher temperatures which enables better system efficiency. Parabolic dish 

concentrator and concentrating solar power tower (central receiver) are the representatives of such 

systems. Parabolic dish concentrator consists of a mirrored paraboloid (dish) that biaxially tracks the 

sun and concentrates the solar radiation on the focal spot in front of the dish [15, 20]. The wind loads 

on the concentrator structure is a limiting factor to the maximum size of such systems [17]. The 

concentrating solar power tower is the most important point-focus system with a tower as the focal 

point surrounded by mirrors. 

 

Figure 2.3: The main types of CSP systems[21] 

The commercialization of solar dish concentrators was delayed due to limited storage capacity and 

concerns that their deployment in the distributed engine mode may suffer from excessive operation 

and maintenance costs [17]. Due to the design limitations combined with the economic reasons, the 

construction of linear Fresnel reflectors was adjourned globally. Parabolic trough plants have a rela-

tively low thermal to electric conversion efficiency and utilize more expensive curved mirrors com-

pared to CSP tower plants. Moreover, CSP tower plants allow flexible field set-up and have the ad-

vantage of being ideal for hybrid plant configurations. [22] 

In this thesis, the CSP tower power plant is chosen amongst the different CSP systems for the elec-

tricity production because it is the state-of-the-art CSP system for hybrid solar power plant configu-

rations and there are currently many commercial CSP tower plants in operation around the world. 

The working principle of the CSP tower plant will be explained in detail in the subsequent paragraphs. 

Figure 2.4 below illustrates the basic energy conversion chain of a CSP tower plant. 
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Figure 2.4: Energy conversion chain of a CSP tower power plant [23] 

In CSP tower plants, incident sunrays are tracked by large mirrors, called heliostats, which reflect 

and concentrate the energy flux towards the solar receiver, which is centrally mounted on a tower 

[21]. At the solar receiver, the radiant energy is converted into heat. This heat can be stored in a 

thermal energy storage or directly used to generate steam either in the receiver, or in a downstream 

boiler, to which the heat from the receiver is fed via a heat transfer fluid (HTF) [21]. The generated 

steam drives a turbine, which subsequently drives a generator, thereby producing electricity. A CSP 

tower plant as seen in figure 2.5 can be basically divided into the following main components [23]: 

 Heliostat field with several hundred to thousand stand-alone heliostats, 

 Solar receiver on a tower usually at the centre of the heliostat array, 

 Heat transfer fluid cycle, 

 Thermal storage system, 

 Power cycle with steam boiler, turbine, and generator. 

 

Figure 2.5: Overview of a CSP tower plant with its main components [15] 
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Heliostat 

Heliostats are devices that track the sun in two axes and continuously reflect sunlight onto the solar 

receiver that is mounted on a tower [24]. Several hundred to thousand heliostats are used in solar 

power tower plants, forming a heliostat field. Each heliostat consists of a reflective area, a control 

system and a tracking and mounting mechanism [23]. 

The reflective area consists of several mirrors, which are responsible for the reflection and focusing 

of the incoming sun rays. The surface area of these mirrors ranges from 50 to 150 m2 [25]. The 

tracking mechanism constantly moves the mirrors to compensate for the movement of the sun 

throughout the day and year. Concentration levels of 500-1000 can be achieved in heliostat field 

which can lead to temperatures between 1000 and 1200 °C on the solar receiver [24]. Other compo-

nents of the heliostat field are the controlling and regulating equipment and heliostat cleaning equip-

ment [23]. The controlling and regulating equipment are electronic devices such as wires, cables, and 

computer to regulate the heliostat field. The heliostat cleaning equipment consists of brushes, damp-

ing devices and rollers which are used to clean the dust and dirt found on the heliostats’ surfaces since 

they act as a shield that reduces in the amount of solar radiation absorbed by the heliostats.[26] 

Solar receiver 

The solar receiver absorbs the solar radiation deflected and concentrated from the heliostat field and 

transfers the heat to the heat transfer fluid (HTF). The receiver is usually mounted at the top of a tall 

tower made from concrete and steel that helps in reducing the minimum distance between the helio-

stats to avoid shading. The receiver’s incident flux ranges from 300 to 1000 kW/m2 and its tempera-

ture can rise to 1200°C. Due to the high temperatures involved, it is important that the materials used 

to produce the solar receivers have a high thermal endurance and a high energy density e.g., ceramic 

or metal alloys. Solar receivers can be classified based on their design into two categories: external 

and cavity receivers. [27] 

External receivers are made of vertical pipelines exposed to the solar flux, in which the HTF flows. 

They are constructed with either a cylindrically shaped panel or a flat tubular panel [27]. On the other 

hand, cavity receivers have a highly porous structure, which allows the absorption of the solar flux in 

its interior volume [12]. There are other types of receivers such as volumetric receivers and heat pipes. 

Volumetric receivers also employ porous materials for the absorption of the solar energy. Receivers 

made of porous materials such as ceramics and foams can absorb higher solar fluxes allowing their 

HTFs to reach higher temperatures and enabling better system efficiency [20]. The CSP tower exam-

ined in this thesis is made up of a tubular-type external receiver [28]. 
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Heat transfer fluid 

The HTF is an essential component of the CSP tower plant. It can be applied as a heat transfer me-

dium, storage medium and/or power circuit medium [29]. HTFs used in CSP tower plants must meet 

the following criteria: high thermal conductivity, low viscosity, low lower temperature limitation, 

high upper temperature limitation, high density and heat capacity, low cost, safety, and reliability 

[30]. There are different types of HTFs currently used in commercial CSP tower plants such as wa-

ter/steam, air, and molten salt [27]. 

Water/steam has been used for a long time in several CSP tower plants as HTF since it is used in 

conventional steam cycle. The use of water/steam as HTF has the following advantages: steam has a 

high thermal conductivity and a high specific heat capacity, and there is no need for a heat exchanger 

as steam can be directly expanded in a steam turbine. However, the use of water/steam as HTF has 

certain inconveniences such as its corrosive nature, its transient behaviour at changing weather con-

ditions and its scarcity in arid regions where most CSP tower plants are built [25]. Another problem 

while using water/steam as HTF is that water, heated above its critical point (374 °C and 221 bar), 

can pass the liquid phase directly without crossing the wet steam region forming a superheated steam. 

This superheated steam leads to mismatches in the heat transfer because of its different nature and it 

requires expensive materials for heat exchangers, piping, and turbo machinery due to its highly criti-

cal water pressure.[30] 

Due to the above-mentioned inconveniences related to the superheated steam, many researchers de-

cided to evaluate the potential of air as HTF. Air has the advantage of being environmentally benign 

and free [27]. Moreover, it has a single phase and can achieve high working temperatures. Another 

positive aspect is that high temperature corrosion of the alloys used in HTF is insignificant in air [12]. 

However, the use of air as HTF has the disadvantage that it has a low specific heat capacity and cannot 

be stored easily [27]. 

To increase the operating temperatures of CSP tower plants and thus enhance the overall efficiency, 

several plants are designed to work with molten salt as HTF [27]. The most common salt used in CSP 

tower plants is the nitrate-based salt, which consists of 40% potassium nitrate (KNO3) and 60% so-

dium nitrate (NaNO3) [27]. In this thesis, the HTF used is this nitrate-based salt. The CSP tower plant 

is equipped with both a cold and a hot storage tank. The molten salt is pumped from the cold storage 

tank to the solar receiver, where it is heated from 265 °C to 565 °C and then flows to the hot storage 

tank [31]. As soon as electricity needs to be generated, the hot storage tank supplies the power cycle 

with thermal energy, the molten salt cooling down as a result. The now cold salt is returned to the 

cold storage tank forming a closed cycle. The use of this molten salt in the CSP tower plant is advan-

tageous due to its relatively high specific heat capacity with which high working temperatures can be 
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achieved [25]. In addition, this molten salt can easily be implemented as a direct heat storage system. 

However, the negative aspects with using this molten salt in the CSP tower plant is its corrosive nature 

on metals and its high risk of solidification due to its high freeze point below 220 °C. For this reason, 

the heat is traced and the receiver and other system components are drained during night periods.[31] 

Thermal energy storage 

One of the unique traits of CSP technology is its ability to be combined with thermal energy storage 

(TES), which offers several advantages [12]. The integration of TES in CSP tower plants leads to an 

increase in the capacity factor from 20-25% of CSP plants without storage to values up to 40-45%, 

when associated with an integrated storage capacity of 6-7 hours [12]. In addition, CSP tower plants 

can generate dispatchable energy, when combined with TES. Dispatchability is a term used to de-

scribe power generation where the electrical output is decoupled from the solar input i.e., electricity 

can be dispatched on demand regardless of whether the sun is shining or not. This can be done at the 

request of power grid operators as well as according to market needs. Dispatchable power generation 

helps increase the flexibility and range of operation of CSP tower plants to resemble that of conven-

tional fossil fuel power plants. Through this added flexibility, it is possible to shift the power gener-

ation from low demand periods with lower energy price to high demand periods with higher energy 

price, thus helping to maximise the economic performance of the plant. [12] 

The TES used in CSP tower plants can be divided into active and passive storage systems [27]. In 

active storage systems, the heat transfer takes place through forced convection while the heat transfer 

in passive storage systems takes place in charging and discharging modes [32]. Active storage sys-

tems consist of direct and indirect systems [20]. In direct systems, the HTF plays the role of the heat 

carrier and the heat storage medium while the HTF is only used as a heat storage medium in indirect 

systems, thus requiring a heat exchanger between receiver and storage system to play the role of the 

heat carrier [27]. The CSP tower plant investigated in this thesis has an active direct storage system 

with the molten salt (60% KNO3 and 40% NaNO3) acting as of both the HTF and the heat storage 

medium. 

Power block 

The power block transforms the thermal energy into electricity. It is based on the thermodynamic 

cycle and is limited by the Carnot efficiency [30]. In CSP tower plants, the Rankine power cycle is 

commonly used because of its technological maturity and its good performance even in the case of 

low-temperature heat sources [27]. The Rankine cycle consists of a boiler, a turbine, a pump, and a 

working fluid. The working fluid in the Rankine cycle can either be steam or an organic fluid giving 

rise to the names steam Rankine cycle (SRC) and organic Rankine cycle (ORC). In this thesis, the 

SRC is used in the CSP tower plant since it achieves higher efficiencies compared to ORC [30]. 
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2.1.2 Photovoltaic systems 

Photovoltaic systems represent the most cost-effective way of using solar energy for electricity gen-

eration purposes due to the drastic decrease in the market prices of such systems in recent years [12]. 

For this reason, the use of PV systems is growing fast with its global capacity estimated to increase 

from 594 GW in 2019 to about 1700-2500 GW by 2030 [33]. PV systems generate electricity through 

the photovoltaic effect, which is illustrated in figure 2.6 below and occurs as follows: photons coming 

from the sunrays fall on a solar cell that is made up of a semiconductor in which a constant electric 

field has been created by means of a p-n junction, that is an interface between an n-doped and a p-

doped semiconductor material. These photons are either absorbed, transmitted of reflected. If the 

photon is absorbed and its energy is greater than the bandgap of the semiconductor, an electron is 

being released out of the material. The released electron is then free to flow as current because of the 

artificially created electric field between the p-type and n-type semiconductor. [34] 

 

Figure 2.6: Illustration of the photovoltaic effect showing an excited electron under sunlight’s expo-

sure jumping from the valence to conduction band and leaving behind a hole [35] 

Silicon is the most commonly used semiconductor in PV cells due to its good electronic properties, 

its non-toxicity and the abundance of the compound silica (SiO2) in the earth´s crust, from which it 

is extracted as well as its mature processing technology [35, 36]. Other materials used in semicon-

ductors are selenium (Se), germanium (Ge), cadmium (Cd), tellurium (Te), copper (Cu) and indium 

(In). PV systems can be classified into first, second and third generation technologies [36, 37]. First-

generation PV technologies are wafer-based e.g., crystalline silicon (c-Si) while second-generation 

PV technologies consist of thin film technologies such as amorphous silicon (a-Si), cadmium telluride 

(CdTe), copper indium (di)selenide (CIS), copper indium gallium (di)selenide (CIGS), triple junction 
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cells, gallium arsenide (GaAs) and semiconductor III-V cells. Third-generation PV technologies are 

the emerging PV cell technologies and are still in the research or development phase, thus they are 

not yet commercially viable. They include organic solar cells, dye-sensitized solar cells, quantum dot 

solar cells, concentrating photovoltaic (CPV) and perovskite solar cells [36, 37].  

In this thesis, crystalline silicon and cadmium telluride solar cells are used for the construction of the 

PV plant because of they are technologically matured, and commercially viable technologies and they 

can achieve higher efficiencies compared to the other technologies. A detail explanation of these 

technologies is done in the subsequent paragraphs. 

Crystalline silicon solar cells 

Crystalline silicon cells make up the first-generation technologies, which currently dominate the solar 

cell market. These cells can be classified into mono- and multi-crystalline silicon cells. To produce 

these cells, silicon is required and must first be produced. The silicon production goes as follows: 

Firstly, silica is extracted through mining from Quartz sand and then reduced to metallurgical-grade 

silicon (MG-Si) by thermal reaction with coke [38]. 

 𝑆𝑖𝑂 ( ) + 2 𝐶( ) → 𝑆𝑖( ) + 2 𝐶𝑂( )                          Eqn. 2.1 

The MG-Si has a purity of only 98% and thus cannot be used in the solar cell production. Therefore, 

it needs to go through an additional purification process to produce a 99.99% pure solar-grade silicon 

(SoG-Si). In the purification process, the MG-Si is turned into a powder and reacted with anhydrous 

hydrogen chloride (HCl) in a catalytic fluidized bed reactor producing trichlorosilane (SiHCl3) along-

side other impurities [39]. 

 𝑆𝑖( ) + 3 𝐻𝐶𝑙( ) → 𝑆𝑖𝐻𝐶𝑙 ( ) + 𝐻 ( )                          Eqn. 2.2 

Trichlorosilane is liquid for temperatures above 30 °C and is cleaned by fractional distillation. It is 

from this ultraclean trichlorosilane that the solar grade silicon (SoG-Si) is produced [38]. To obtain 

pure silicon, trichlorosilane is heated in the presence of hydrogen at temperatures above 1000 °C. 

 𝑆𝑖𝐻𝐶𝑙 ( ) + 𝐻 ( ) → 𝑆𝑖( ) + 3 𝐻𝐶𝑙( )                          Eqn. 2.3 

The pure silicon solidifies through chemical vapour deposition (CVD) on the silicon rod located in-

side the reactor. This process is known as the Siemens process and is widely used to produce solar-

grade silicon needed for solar cell production [38]. 

After the silicon is produced, it can either be used to manufacture a monocrystalline or a multicrys-

talline silicon solar cell. A monocrystalline silicon (mono-Si) solar cell, as its name indicates, is a cell 

whose entire volume is a single crystal of silicon. Mono-Si solar cells are produced from a single 
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crystal ingot of high purity through the Czochralski process [39, 40]. In this process, a small seed 

crystal is inserted into a melt in a crucible and the seed is slowly withdrawn from the melting surface 

where the liquid part crystallizes on the surface of the seed crystal creating a single crystalline circular 

bar of silicon called ingot [39]. A band saw or a wire slicing tool is then used to cut the wafers from 

the ingot. Mono-Si solar cells have the advantage of achieving higher efficiency in the laboratory, 

typically around 26 % [41]. However, the production cost of these cells is relatively high [40]. In 

contrast, multicrystalline silicon (multi-S) solar cells consist of different crystals in different orienta-

tions and are produced through casting of the molten SoG-Si into columnar crystallized silicon blocks. 

These silicon blocks are then sliced into wafers with thickness between 250 and 350 μm using multi-

wire sawing process [39]. The production cost of multi-Si cells is lower compared to that of mono-Si 

cells. However, the laboratory efficiency of these cells can only reach up to 23 % which is lower than 

that of their mono-Si counterparts [36, 41]. This is due to grain boundaries in the multi-Si crystal 

which lead to electron-hole recombination losses [39]. 

After the sawing process, the surface of the mono-Si and multi-Si wafers are being treated to remove 

the damages caused by the sawing process. This is followed by the cleaning and etching of the wafer’s 

surface using a chemical bath, which helps polish the surface of the wafer. The polished wafers are 

then doped to create the p-n junction. Afterwards, the front and backside of the wafers are being 

metallized to allow electrical connection. To improve the cell’s efficiency, the front side of the wafer 

is then coated with anti-reflection film. Finally, the cells are placed within protective layers of trans-

parent glass front and weather-proof back to withstand any adverse weather. [39] 

Cadmium telluride (CdTe) solar cells 

A cadmium telluride (CdTe) cell is an example of thin-film solar cells, which are usually formed by 

the deposition of a very thin layer of PV materials on cheap backing, such as glass, plastic or stainless 

steel [39]. These cells have typical thickness ranging between 10-50 microns [36]. The manufacturing 

cost of thin- film solar cells is cheaper than that of c-Si cells due to lower material consumption and 

lower energy demand as well as the less stringent requirements for the material quality. Cadmium 

telluride (CdTe) cells are the predominant thin-film solar cells accounting for more than half of the 

thin-film cell market and 5% of the global PV production [40]. CdTe is being used to produce PV 

cells because its bandgap’s energy corresponds to the optimal theoretical value for the use of the solar 

spectrum which makes the absorption of light easier, thereby achieving high cell efficiency of about 

18% [36, 42]. Moreover, CdTe cells are cheaper, chemically stable and have the lowest energy pay-

back time amongst all mass-produced PV technologies. The problems linked to the use of CdTe cells 

are the toxic nature of the cadmium which is environmentally harmful and the limited supply of the 
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rare materials cadmium and tellurium required for the production of such cells which hinders the 

industrial scalability of this technology. [40] 

In the first manufacturing stage of CdTe cells, the required cadmium and tellurium metals are recov-

ered as by-products during the mining of zinc and copper ores, respectively. The accrued cadmium 

and tellurium are then turned into powder and undergo a purification process through electrolysis or 

vacuum distillation. The purified CdTe powder is later deposited by a vapour transport deposition 

process on a substrate made up of glass material and undergo a process of sublimation followed by 

vapour condensation on the substrate material. The CdTe panels are manufactured as follows: Firstly, 

a front glass layer which is coated with a transparent conducting oxide (TCO) is inserted. This is 

followed by the deposition of a cadmium sulphide film on the glass substrate and the deposition of 

the CdTe layer. Afterwards, thin stacks of metals such as copper are used on CdTe layer to create the 

back contact and the layers are encapsulated with an adhesive material. Finally, the back of the panel 

is covered by a glass layer. [39] 

After the production of the different solar cells, they are being connected either in series or parallel 

to form a solar module. Many solar modules are then combined to form a solar panel. The solar panel 

and the balance of system (BOS) form the PV system [43]. The balance of system consists of me-

chanical and electrical components such as mechanical support structure, inverters, control unit, ca-

bles, tracking and mounting mechanism, protection devices (fuses, earthing, and switches) as well as 

system operation and maintenance [44]. 

2.2 Water electrolysis 

Water electrolysis is a process in which water is split into hydrogen and oxygen by applying elec-

tricity, as in equation 2.4 [45]. 

 𝐻 𝑂( , ) + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 → 𝐻 ( ) +  𝑂 ( )                          Eqn. 2.4 

This process allows the production of the purest form of hydrogen and does not cause any CO2 emis-

sions if the energy required is provided by renewable energy sources such as sun and wind. The core 

of the electrolysis unit is an electrochemical cell which consists of two half cells which are made up 

of two electrodes, namely anode and cathode [46]. Oxidation occurs at the anode while reduction 

takes place at the cathode. Basically, three main technologies can be distinguished depending on the 

electrolyte used in the electrochemical cell, namely alkaline electrolysis (AEL), polymer electrolyte 

membrane electrolysis (PEMEL) and solid oxide electrolysis (SOEL) [46, 47]. The working princi-

ples of the three main electrolysis technologies are schematically depicted in figure 2.7 below.  
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Figure 2.7: Schematic comparison of the main water electrolysis technologies with illustration of 

the chemical processes within the cells [47, 48]. 

Due to the rather low process temperatures, alkaline and polymer electrolyte membrane electrolysis 

use liquid water. On the contrary, steam is used in solid oxide electrolysis because of its high process 

temperatures [31]. To produce hydrogen on a large-scale, many cells are stacked up together and 

connected in series or parallel, forming an electrolysis module [49]. A comparison of the different 

water electrolysis technologies based on some characteristics is shown in table 2.1 below. 

Table 2.1: A comparison of the water electrolysis technologies based on some characteristics [49] 

Characteristics AEL PEMEL SOEL 

Technology maturity Mature Commercial Demonstration 

System efficiency (%LHV) 63-71 60-69 96 

Operating temperatures (°C) 40-90 20-150 700-1000 

Stack lifetime (h) 60000-90000 20000-60000 ˂10000 

Production rate (m3∙h-1) ˂760 ˂40 ˂40 

Material degradation low low high 

Capital cost (€∙kW-1) 1000-1200 1860-2320 ˃2000 

 

In this thesis, hydrogen is produced via alkaline electrolysis because it is currently the most developed 

technology on the market. AEL has a higher hydrogen production rate and a lower capital cost than 

PEMEL [49]. Moreover, it is more suitable for continuous operation and is not affected by material 

degradation as a result of high operating temperatures as is the case in SOEL [49]. This process is 

described in detail in the following subchapter. 
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2.2.1 Alkaline water electrolysis 

Alkaline electrolysis is the oldest and most commercially viable water electrolysis process. The elec-

trodes of alkaline electrolysers are porous and are mostly made up of nickel-based metals due to the 

availability and the high activity of nickel as well as its low cost [46]. Both half cells of the electro-

lyser are separated by a gas-tight diaphragm to avoid the recombination of the product gases. More-

over, the diaphragm is non-conductive to electrons to prevent short circuiting of the electrodes and is 

permeable to hydroxide ions and water molecules [46, 47]. To increase the ionic conductivity of the 

solution, the electrodes are immersed in water containing a liquid electrolyte. Generally, the liquid 

electrolyte used is an aqueous solution of potassium hydroxide composed of water and 20-40% po-

tassium hydroxide (KOH) [46]. Moreover, sodium hydroxide (NaOH) and sodium chloride (NaCl) 

are used as catalysts to enhance the efficiency of the process output [50]. 

A voltage is then applied to the electrodes through an external energy supply which is the PV/CSP 

hybrid power plant in this thesis and once the critical voltage is attained, reactions occur at the cathode 

and anode [47]. The overall reaction as well as the half reactions occurring at the cathode and anode 

are shown in the equations 2.5-2.7 below. At the cathode, water is reduced through electron gain into 

hydrogen atom (H2) and hydroxide ions (OH-). In further proceeding, the hydroxide ions migrate 

through the diaphragm to the anode while the hydrogen atom combines with another hydrogen atom 

to form a hydrogen molecule which evolves from the cathode [51]. Upon arrival at the anode, the 

hydroxide ions release an electron thereby producing water and oxygen. The oxygen evolves as a gas 

from the anode while the released electron flows from the anode to the cathode through the external 

circuit. Make-up water must be continuously supplied to the system as water is consumed during this 

process. The added water must be pure to avoid contamination of the alkaline solution, which leads 

to changes in the electrolysis cell operating characteristics [46]. 

Overall reaction 𝐻 𝑂( )  → 𝐻 ( ) +  𝑂 ( )                          Eqn. 2.5 

Cathode reaction 2 𝐻 𝑂( ) + 2 𝑒  → 𝐻 ( ) + 2 𝑂𝐻                           Eqn. 2.6 

Anode reaction 2 𝑂𝐻  →  𝑂 ( ) + 𝐻 𝑂( ) + 2 𝑒                           Eqn. 2.7 

Normally, alkaline electrolysers operate at temperatures between 40 and 90 °C while the operating 

pressure varies between 0 and 30 bar depending on whether the hydrogen production. The system 

efficiency is a key parameter of an electrolyser since it determines the amount of hydrogen produced 

from the electrolyser [52]. The system efficiency of alkaline electrolysers ranges between 63% to 

71% [53]. Alkaline electrolysers can achieve high capacities and consequently large hydrogen pro-

duction quantities due to their high technical feasibility on an industrial scale. Moreover, these 
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systems have a longer operation lifetime compared to other electrolysers, which makes them from an 

economic viewpoint profitable [54]. However, the operation of the alkaline electrolysers requires a 

large amount of electricity that must proceed from renewable energy sources to keep to a minimum 

the amount of carbon dioxide emitted via the energy use during the electrolysis process. It is for this 

reason that the PV/CSP hybrid solar power plant was combined to the AEL process to produce hy-

drogen with low carbon footprint. Moreover, a continuous electricity supply is guaranteed via the use 

of the PV/CSP hybrid solar power plant with TES under study in this thesis, thereby ensuring a good 

utilisation of the electrolyser [54]. Some drawbacks of alkaline electrolysis are the complications 

associated with the treatment of the generated product gases and the safety risk associated with the 

use of the corrosive liquid electrolyte [47]. 

Since alkaline electrolysis requires high amount of water with low impurity levels, it is necessary to 

set up water treatment plants where the water for this process will be first treated. This is even more 

important since PV/CSP hybrid power plants are usually constructed in arid regions where ground-

water is first and foremost scarce and the use of the little amount of groundwater found in these 

regions for the electrolysis process will be in direct competition with its usage for other purposes like 

cleaning and drinking. For this reason, seawater can be used as an alternative water source. However, 

the seawater must be desalinated i.e., the salts and minerals (contaminants) in it must be removed 

prior to its usage in the electrolyser. Currently, the seawater desalination methods that exist are: mem-

brane distillation, reverse osmosis, nanofiltration and ion-exchange method. [55] 

In this thesis, the method chosen in the sea water desalination plant is reverse osmosis because it is 

the most reliable and state-of-the art seawater desalination method. It is a well-developed and opti-

mised method which dominates the desalination process market at present [55]. The direct air capture 

process can also act as an alternative water source, but this water procurement method is not pursued 

in this thesis. 

2.2.2 Reverse osmosis 

Reverse osmosis (RO) is a process by which a solvent is been forced from a high solute concentration 

region through a semi-permeable membrane to a low solute concentration region with the application 

of a pressure that is greater than the osmotic pressure [56]. Seawater reverse osmosis (SWRO) has 

been commercially used since the 1970s. In this process, water is the solvent while the solute is made 

up of a hydrated salts, heavy metals and microorganisms [57]. Figure 2.8 shows the basic flow chart 

of seawater reverse osmosis process. In the desalination of seawater using reverse osmosis, high pres-

sure pumps are used to pump seawater into the RO module that is separated into two volumes by the 

semi-permeable membrane. This membrane allows water to flow through it but blocks the transport 

of salts meaning that the volume behind the membrane contains salt-free water (permeate) while the 
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volume in front of the membrane contains a concentrated salt solution (retentate). The concentrated 

salt solution leaves the RO module via a pressure control valve. The semi-permeable membrane can 

block up to 99.5 % of the salt, meaning a little amount of the salt in water penetrates through it [58]. 

To improve the desalination process, many modules are usually connected in series with the concen-

trated salt solution acting as input for the next module since it still contains water. The key parameter 

of interest during the SWRO in this thesis is the energy consumed by this process proceeding from 

the PV/CSP hybrid solar power plant since the amount of energy consumed by the process contributes 

massively to the carbon footprint of the produced fuel. 

 

Figure 2.8: Basic flow chart of seawater reverse osmosis process [58] 

2.3 Direct air capture 

Direct air capture is a process by which carbon dioxide is separated from ambient air by either ad-

sorption or absorption [59]. Negative emissions can be achieved through this process since it removes 

atmospheric CO2 without emitting itself CO2 during the removal process apart from the greenhouse 

gas (GHG) emissions linked with the construction and operation of the DAC plant [60]. DAC is a 

carbon dioxide removal technology which is new, innovative and currently in its early commercial 

stage [61]. Nevertheless, this technology is expected to gain more importance in the decades to come. 

The CO2 removal requires the use of sorbents that can bind CO2 strongly and possess a high carbon 

dioxide selectivity against other atmospheric components e.g., water [62]. To date, two classes of 

sorbents can be distinguished depending on the removal process: Aqueous alkaline sorbents, such as 

NaOH, Ca(OH)2 and KOH, which are used in the absorption process and solid sorbents, for example, 

alkali carbonates, amines supported on oxides, solid organic materials and metal-organic frameworks 

that are employed in the adsorption process [59, 62]. The use of aqueous alkaline sorbents is advan-

tageous due to their ready availability, low cost, and fast sorption kinetics. However, these sorbents 

are highly corrosive, and their regeneration is energy intensive. By contrast, solid sorbents have low 
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regeneration energies and temperatures but their sorption kinetic is very slow. The DAC system con-

sidered in this thesis is from the company Climeworks. Figure 2.9 illustrates the direct air capture 

process with the absorption (CO2 capture) and desorption (CO2 release) phases. In this DAC system, 

solid adsorbents are used in a cyclic temperature-vacuum swing adsorption process to remove carbon 

dioxide from ambient air. This system consists of several CO2 collectors containing the adsorbents, 

heat exchangers, a vacuum pump, and a water separation system. During the adsorption phase, am-

bient air is driven by ventilators into the CO2 collectors, where the adsorbents chemically react with 

the CO2 and binds to it. Depending on weather conditions and humidity in the air, water is co-ad-

sorbed by some of the adsorbents. After completion of the adsorption process, the CO2 collectors are 

closed, and the desorption process starts. During the desorption process, heat with temperature below 

100 °C is supplied to the CO2 while the vacuum pump is in operation, removing the CO2 from the 

adsorbents. The carbon dioxide gas stream is cooled by air coolers to induce condensation of any 

water and to bring it to room temperature. The CO2 product has a purity level of 99 % with a pressure 

which is slightly above ambient conditions. The energy consumption of this process can be reduced 

through the use of heat recovery and heat integration strategies. [59] 

 

Figure 2.9: Direct air capture system with the absorption and desorption phases [63] 

In this thesis, the carbon dioxide captured from the atmosphere is utilized as carbon feedstock for the 

solar MTG fuel production. Compared to other CO2 removal technologies like the CO2 capture from 

a point source e.g., from the flue gas of a cement plant, the amount of CO2 captured by the DAC 

process is relatively low. However, the DAC process was chosen as CO2 removal technology in this 

thesis because it is spatially independent i.e., it can be built anywhere so long as the land required is 

available [60]. This is a very important point considered by the choice of the carbon dioxide removal 
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technology to be used in this thesis since PV/CSP hybrid solar power plants are usually built in arid 

regions like the Sahara Desert or the Atacama Desert where a point source like a cement or biogas 

plant from whose flue gas the carbon dioxide can be captured is not always in the vicinity. Moreover, 

these regions have enough unused land for the construction of DAC plants. However, the DAC pro-

cess is energy intensive and requires a high amount of electricity ranging between 0.366 and 0.764 

kWh per kg captured carbon dioxide, which usually comes from the high carbon footprint electricity 

of fossil power plants [61]. This partly offsets the climate benefits of the process [59]. This problem 

can be remedied via the use of electricity from renewable energy sources such as wind and solar 

energy which have low carbon footprints compared to the fossil energy sources. For this reason, the 

electricity required for the DAC plant in this work is supplied by the PV/CSP hybrid power plant. 

The key parameter relevant during the DAC process is the energy required for its operation since the 

electricity and heat demand of this process can have a high impact on the environmental burden of 

the solar MTG fuel synthesis. 

2.4 Methanol synthesis 

Methanol (MeOH) is the simplest member of the alcohol group with the molecular formula CH4O 

and the structural formula CH3OH. Methanol is a colorless, flammable and highly volatile liquid with 

an alcoholic odor. It is one of the most produced compounds in the chemical industry and is exten-

sively applied as a precursor in the synthesis of other chemicals such as olefins, formaldehyde, dime-

thyl ether, acetic acid, formic acid, biodiesel and synthetic fuels [64]. Methanol is gaining more at-

tention in the chemical and energy industry because of its essential role as a platform molecule and 

its potential as a clean-burning fuel [65]. Traditionally, methanol is produced through coal and natural 

gas-derived synthesis gas. Synthesis gas is produced from natural gas via the steam methane reform-

ing (SMR) process [66]. In this process, methane reacts with steam producing a mixture of syngas 

consisting of CO and H2. The carbon monoxide subsequently reacts with steam to carbon dioxide and 

hydrogen to achieve the desired CO/H2 ratio of 2:1 [66]: 

 𝐶𝐻 ( ) + 𝐻 𝑂( ) ⇌ 𝐶𝑂( ) + 3 𝐻 ( ) ∆𝐻  = +206 𝐾𝐽/𝑚𝑜𝑙              Eqn. 2.8 

 𝐶𝑂( ) + 𝐻 𝑂( ) ⇌ 𝐶𝑂 ( ) +  𝐻 ( ) ∆𝐻  = −41 𝐾𝐽/𝑚𝑜𝑙                Eqn. 2.9 

Synthesis gas production from coal occurs via the gasification process in which steam and/or oxygen 

is used to oxidize coal to a mixture of CO, CO2 and H2: 

 𝐶( ) + 𝐻 𝑂( ) → 𝐶𝑂( ) +  𝐻 ( ) ∆𝐻  = −118.5 𝐾𝐽/𝑚𝑜𝑙         Eqn. 2.10 

 𝐶( ) +  𝑂 ( ) ⇌ 𝐶𝑂 ( ) ∆𝐻  = −406 𝐾𝐽/𝑚𝑜𝑙            Eqn. 2.11 
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The syngas produced through SMR and coal gasification is then converted at 250-300 °C temperature 

and 50-100 bar pressure to methanol with the aid of a Cu/ZnO/Al2O3 based catalyst [64, 66]: 

 𝐶𝑂( ) + 2 𝐻 ( ) ⇌ 𝐶𝐻 𝑂𝐻( ) ∆𝐻  = −90.77 𝐾𝐽/𝑚𝑜𝑙          Eqn.2.12 

 𝐶𝑂 ( ) + 3 𝐻 ( ) ⇌ 𝐶𝐻 𝑂𝐻( ) +  𝐻 𝑂( ) ∆𝐻  = −49.16 𝐾𝐽/𝑚𝑜𝑙          Eqn.2.13 

Methanol synthesis through the syngas route leads to the emission of GHG in the atmosphere since 

the steam methane reforming and coal gasification processes are based on fossil feedstocks. In order 

to reduce the global GHG emissions, alternative methanol production processes have been developed 

[67]. Carbon dioxide hydrogenation is an example of such a process [66, 67]. In this process, pure 

carbon dioxide is directly reacted with pure hydrogen over a catalyst to form methanol as shown in 

equation 2.14: 

 𝐶𝑂 ( ) + 3 𝐻 ( ) ⇌ 𝐶𝐻 𝑂𝐻( ) +  𝐻 𝑂( ) ∆𝐻  = −49.16 𝐾𝐽/𝑚𝑜𝑙          Eqn.2.14 

The carbon dioxide required for this process can come from purified flue gas of combustion processes 

or direct air capture processes while the hydrogen comes from water electrolysis processes. This CO2-

based methanol is a carbon-neutral energy carrier and can play a crucial role in decarbonizing the 

chemical industry and reducing the net CO2 emissions in the atmosphere [64]. Moreover, it can act 

as an efficient, transportable and storable energy carrier for renewable energy resources [68]. How-

ever, the main drawback of the methanol synthesis via CO2 hydrogenation is its higher water content 

that results in an equilibrium shift towards the reactants and has a detrimental impact on the used 

catalyst [64]. The drastic increase in the amount of water produced during this process is due to the 

absence of carbon monoxide, which normally acts as an oxygen scavenger by reacting with the oxy-

gen to form CO2 [64]. For this reason, the methanol goes through a distillation process to separate it 

from water. In this thesis, the central question during the methanol synthesis is how much energy 

from the hydrogen and the carbon dioxide can be stored chemically in the methanol produced via the 

carbon dioxide hydrogenation process in the reactor. 

2.5 Gasoline synthesis 

Gasoline is a transparent, flammable liquid consisting of a mixture of aliphatic and aromatic hydro-

carbons ranging between C4 and C12 carbon atoms such as paraffins, naphthenes, aromatics and ole-

fins [69].Gasoline often contains several other additives including methanol, ethanol, formaldehyde, 

hexane, xylene, and 1,3-butadiene. It is primarily used as fuel in internal combustion engines found 

in automobiles [70]. Gasoline is conventionally produced by the refining of crude oil, whereby the 

crude oil undergoes fractional distillation in a fractionating column. At the boiling point range of 30-

225 °C, the aliphatic hydrocarbons fractionate out of the column. However, these hydrocarbons do 
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not have a high-octane number and do not meet the gasoline requirements in the automotive industry. 

In order to boost the octane number, aromatic hydrocarbons like benzene and toluene are added to 

the aliphatic hydrocarbons [71]. Considering the incessant increase in the global carbon dioxide emis-

sions due to the use of fossil energy sources such as natural gas, crude oil or coal and the need to 

reduce these emissions, alternative gasoline synthesis routes are gaining more importance in the 

chemical industry. An example of such a process is the methanol to gasoline process. This process 

was developed by the ExxonMobil company in the early 1970s to produce gasoline from methanol 

[72]. The main steps for the conversion of methanol to gasoline are illustrated in figure 2.10 below. 

 

Figure 2.10: The main steps in the methanol to gasoline process [72] 

In the first step, methanol is dehydrated and converted to dimethyl ether (CH3OCH3) resulting in an 

equilibrium mixture of methanol, dimethyl ether and water [72]. The equilibrium mixture is then 

converted over a catalyst into light olefins. Silicoaluminophosphate (SAPO-34) zeolite is the catalyst 

employed during this reaction [73]. Subsequently, the light olefins are converted to higher olefins by 

polycondensation and in the last step, the higher olefins are converted to paraffins, aromatics and 

naphthenes which are the main constituents of gasoline. The gasoline obtained at the end of the MTG 

reactor is raw and contains many impurities making it impossible to be used in automobiles. For this 

reason, it must undergo certain purification and blending processes to meet the gasoline requirements 

in the automotive industry.  

In this thesis, the studied MTG fuel is produced based on the power to synthetic fuel process (P-to-

STF) developed by the company Chemieanlagenbau Chemnitz (CAC) in cooperation with the Tech-

nical University Mining academy Friedberg [74, 75]. This process is schematically depicted in figure 

2.10 below. However, there are some discrepancies between this process and the studied process in 

this thesis namely: Firstly, in the power to synthetic fuel process of CAC the electricity required for 

the operation of the downstream process is supplied by a wind power plant and a hydro power plant 

whereas the energy of the downstream processes in this thesis is supplied by a PV/CSP hybrid solar 

power plant. Secondly, the carbon dioxide required for the methanol synthesis in this process is cap-

tured and separated from the flue gas of a biomass combined heat and power (CHP) plant compared 

to the direct air capture process used in this thesis. Lastly, fresh water is used as water source for the 
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electrolysis process in this process while sea water is used in this thesis due to the scarcity of water 

in the arid regions where PV/CSP plants are usually built. The power to synthetic fuel process of 

CAC has an efficiency of 51%. This is a key parameter which is considered in this thesis because it 

gives an information on how much of the electricity provided by the power plant is effectively con-

verted in the gasoline fuel through the downstream processes. Since there exist differences between 

this process and the studied process in this thesis, it can be expected that the overall efficiency of the 

process in this thesis will be different from the 51% of the CAC process. 
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Figure 2.11: Gasoline fuel synthesis developed by CAC [75] 
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3 Methodology 

Life cycle assessment (LCA) is a method for analyzing the environmental impacts associated with a 

product over its life cycle i.e., from resource extraction via manufacturing and operational phases to 

end of life phase [76]. In this context, products refer to goods as well as services. This method pro-

vides an ecological basis for decision-making and comparability of different products and processes 

via their measurable effects on the environment and serves to identify potential for improvements 

with regards to environmental protection [76]. To carry out an LCA analysis, software such as Um-

berto, GaBi, SimaPro, OpenLCA are used, with the latter being the software used in this thesis. 

OpenLCA is an open source life cycle and sustainability assessment software in which databases can 

be imported and used to determine the environmental burdens of products and processes [77]. A life 

cycle assessment can either be conducted by a cradle-to-grave, cradle-to-gate or a gate-to-gate ap-

proach [78]. The cradle-to-grave approach is a full LCA from the resource extraction via manufac-

turing and operational phases, to disposal phase. The cradle-to-gate and gate-to-gate are both partial 

LCA, with the cradle-to-gate analysis concerned only with the manufacturing and operational phase 

while the gate-to-gate analysis deals with a single process in an entire production chain [78]. 

The LCA approach is defined and structured by international standards such as ISO 14040 and 14044 

which define the principles and framework as well as the requirements and guidelines to be observed 

for the life cycle assessment of a product or product system during its entire lifetime [79]. This struc-

tured and standardized methodology ensures the comprehensiveness, consistency, and transparency 

in the LCA approach. According to ISO 14040 and ISO 14044, an LCA study consists of four inter-

dependent steps namely [79]: 

 Goal and scope definition 

 Life cycle inventory analysis (LCI) 

 Life cycle impact assessment (LCIA) 

 Life cycle interpretation 

It should be noted that the above-mentioned phases of the LCA are performed using an iterative 

approach i.e., the interpretation of the preliminary results helps refine the first three phases towards 

the results. In the following subchapters, the basic principles of the systematic analysis used in the 

LCA method are described. Moreover, these steps are implemented on the life cycle assessment of 

the studied solar MTG fuel in this thesis i.e., the goal and scope of the study is defined, the life cycle 

inventories of the different subprocesses as well as the results obtained from life cycle assessment are 

presented and possible results’ interpretations are discussed. Figure 3.1 below shows the framework 

for a life cycle assessment with its possible direct applications. 
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Figure 3.1: Framework for Life cycle assessment modified from ISO 14040 [80] 

3.1 Goal and scope definition 

The definition of the goal and scope is the first phase of the LCA study. In the goal definition, the 

reasons for executing the LCA study, the intended application and the intended audience are stated 

while the scope definition deals with the product system and its function i.e., the functional unit, 

system boundaries, allocation methods, reference flow, assumptions and limitations, impact assess-

ment methods and impact categories are taken here into account and clearly described [76, 81]. The 

functional unit is a quantitative measure of the functions provided by the product and acts as a refer-

ence to which the inputs and output can be related thereby enabling the comparability to alternative 

systems having the same functions [76]. On the other hand, the system boundary defines the process 

modules that are included in the LCA study and consists of input and output flows from and into the 

environment. The selection of the system boundary must be consistent with the goal of the study. 

3.2 Life cycle inventory analysis 

The life cycle inventory analysis is the basis of the environmental impact assessment. It focuses on 

the data collection and calculation of the input and output flows from the product over its life cycle 

in relation to the functional unit [76]. In this phase, the inputs and outputs of the product system are 

quantified with respect to their mass and energy flows such as raw material and energy requirements, 

products, by-products, waste, emissions to air, soil and water as shown in figure 3.2 below. 
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Figure 3.2: Schematic illustration of a unit process including input and output flows in the LCI [79] 

The mass and energy flows are balanced after being quantified and if necessary, the system boundary 

is readjusted followed by the conduction of a new analysis with all subsequent steps, thus confirming 

the iterative approach of the LCI within the LCA. The steps involved in performing an LCI include 

the development of a flow diagram, data collection, multi-output processes and reporting [82]. 

In the first step, all the processes of the product system and their respective inputs and output within 

the product system are reproduced in a diagram with flows acting as linking partner between the 

different product systems. Three types of flows pass through the system boundaries namely: product, 

intermediate and elementary flows. Product flows connects product systems while intermediate flows 

connect all processes in a product system. On the other hand, elementary flows are flows entering or 

leaving the product system that originate directly from the environment or are released directly into 

the environment without previous or subsequent human transformation, respectively [82]. Inventory 

data collection is the second and the most-time consuming step of the LCI analysis. Two types of 

systems can be distinguished when collecting the LCI data namely: foreground and background sys-

tem [82]. Foreground systems consists of processes that are directly involved and are specific to the 

core of the LCA being carried out. The data for such processes is usually obtained from literature, 

experiments, and process simulations. Background systems consists of non-specific processes that 

are commonly retrieved from secondary sources like LCI databases which provide about 99 % of the 

total data required for the LCA [83]. The LCI database used in this thesis is Ecoinvent v3.6, which is 

a consistent database containing datasets on different materials and services across all industrial sec-

tors and different locations around the world thus enabling a specification of the location of the pro-

cess under investigation [83]. In the Ecoinvent database, a distinction is made between unit and ag-

gregated processes [83]. In unit processes, only the inputs and outputs within the system boundary 

are considered for the LCA study (gate-to-gate) whereas the environmental impact of the product up 

to its use (cradle-to-gate) is considered in aggregated processes [83]. The Ecoinvent database also 
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contains market processes as well as inputs of transport processes. The use of market processes is 

recommended when data from a specific supplier is not known [83]. 

The third step in performing an LCI is the handling of multi-output processes. Multi-output processes 

refer to processes with more than one useful output [82]. This raises the problem of allocation i.e., 

which environmental burdens are associated with the intended product. Generally, only one of the 

outputs is used while the other outputs are used in other life cycles that are not investigated [82]. In 

the last step of the LCI, the list of all elementary flows from and into the environment for each product 

system is established and organized according to the life cycle stage (manufacturing, operational, 

disposal) or media (air, water, soil) for analysis purposes [82]. 

3.3 Life cycle impact assessment 

The life cycle impact assessment is the phase in which the potential environmental impacts of the 

product system stemming from the elementary flows obtained from the LCI data is evaluated. The 

LCIA consists of three mandatory and three optional steps according to the ISO standard. The man-

datory steps are selection of the impact categories, category indicators and characterization models, 

classification and characterization while the optional steps are normalization, grouping, and 

weighting [84]. 

The selection of the impact categories, categories indicators and characterization models help find 

the impact categories that are relevant to the product system and are needed for the goal of the LCA 

study. For this reason, the selected impact categories must be consistent with the goal and scope 

definition of the study. The common impacts categories for selection are climate change, ozone de-

pletion, human toxicity, respiratory inorganics, ionizing radiation, photochemical ozone formation, 

acidification, eutrophication, ecotoxicity, land use, resource use and water scarcity. The selection of 

the impact categories usually boils down to the selection of an LCIA method that is already available 

in the LCA software [84]. Examples of LCIA methods that can be found in the LCA software are 

ReCiPe, CML, AWARE, etc. In the classification step, the elementary flows of the LCI are assigned 

to their respective impact categories e.g. CO2 emitted into the atmosphere is assigned to climate 

change impact category [82]. The main issue of this step is the fact that some of the emitted substances 

can lead to multiple impacts e.g., SO2 emission causes acidification and is also toxic to man in case 

of inhalation. This step is automatically handled by the LCA software since it requires expert 

knowledge of the possible environmental impacts that can be caused by an elementary flow. In the 

characterization step, the classified elementary flows are assigned a quantitative characterization fac-

tor for each category to which they relevantly contribute [84]. The characterization factor is the rep-

resentative of the contribution per quantity of an elementary flow to a specific impact category indi-

cator e.g., for heat production, the greenhouse gases that are emitted into the atmosphere are expressed 
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in kg CO2-equivalent (impact indicator) in the climate change impact category and the reference flow 

is given in the functional unit kg CO2-eq./MJ. The impact indicators can either relate to a reference 

(midpoint level) or to a specific damage relating to broader areas of protection (endpoint level) i.e., 

the midpoint indicators show a specific environmental impact on a specific impact category, while 

the endpoint indicators show the results of the environmental impacts at the end of the cause-effect 

chain such as human health, natural environment, and natural resources [83]. Figure 3.3 depicts the 

framework for characterization of elementary flows at midpoint (impact categories) and endpoint 

(protection areas) levels. 

 

Figure 3.3: Framework for characterization of elementary flows at midpoint and endpoint levels 

adapted from ILCD handbook [80] 

The optional steps of normalizing, grouping, and weighting may be done after the characterization. 

In the normalization step, the scores of the impact indicators are normalized by dividing through a 

reference value e.g., the total emissions or resources for a given area. In the grouping step, character-

istics such as emissions or location are used to sort the impact categories while in the weighting step, 

relative values are assigned to the various impact categories based on perceived importance [82] 

In this thesis, the LCIA method chosen for the LCA study is the ReCiPe Midpoint (H) V1.13 no LT. 

The ReCiPe method provides a recipe for calculating the lifecycle impact category indicators, allow-

ing the conversion of the lifecycle inventory results into a limited number of indicator scores that 

express the relative severity in an environmental impact category [28]. The impact category of interest 

in this thesis is climate change expressed as kg CO2 equivalent (impact indicator) i.e., the reference 
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flow for the LCA of the MTG fuel is given in kg carbon dioxide equivalent pro kg gasoline at the exit 

of the MTG reactor. 

3.4 Life cycle interpretation 

Life cycle interpretation is the last phase of the LCA where the identification, checking and evaluation 

of the LCI and LCIA results takes place. The steps of the life cycle interpretation include identifica-

tion of the significant issues, evaluation of the completeness, sensitivity, and consistency of the data 

and drawing of conclusions as well as making of recommendations [82]. The parameters which have 

significant impact on the LCI and LCIA results must be identified. This is important so as to know 

the key parameters which are to be variated to obtain better LCIA results. Afterwards, the complete-

ness, sensitivity and consistency of the data used is to be evaluated regarding the goal and scope 

definition of the study [82]. Sensitivity analysis can help in testing the robustness of the results ob-

tained. These checks are of great help to make consistent and reliable conclusions as well as recom-

mendations to decision-makers who search for appropriate policies to fight the raising environmental 

issues of the world. 
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4 Life cycle assessment 

In this chapter, the steps for carrying a life cycle assessment according to ISO 14040/14044 are fol-

lowed and implemented in the production of the solar MTG fuel to determine its global warming 

impact. 

4.1 Goal and scope of the study 

The goal of the LCA study is to determine the carbon dioxide saving potential of the solar carbon-

based MTG fuel in comparison with conventional fuels. This LCA study is performed to determine 

the environmental burden associated with the production of solar MTG fuel based on electrochemical 

hydrogen production and direct air capture with energy supply by a PV/CSP hybrid solar power plant. 

By investigating the environmental burden of the solar MTG fuel and comparing it to conventional 

fuels, information on the extent of its climate neutrality vis-à-vis conventional fuels can be collected. 

To achieve this goal, three hypotheses are formulated as follows: 

 A “green” gasoline fuel based on carbon dioxide from direct air capture and hydrogen from 

electrolysis can achieve a significant reduction of GHG emissions compared to gasoline from 

fossil sources i.e., a reduction of preferably more than 80 % can be achieved. 

 Solar carbon-based fuels can be produced in the earth's sunbelt with a particularly low carbon 

footprint i.e., how strongly does the choice of geographical location (solar resource) affect the 

global warming impact of the produced fuel. 

 The use of the solar MTG fuel in conventional cars can compete with the use of electricity in 

electric cars in terms of reducing GHG emissions. 

In the scope of this study, the product systems, system boundary and their functions are defined. The 

processes involved in this study are the solar power tower, photovoltaic system, sea water reverse 

osmosis, alkaline electrolysis, direct air capture, methanol, and gasoline synthesis. The output of one 

process is used as input in the subsequent process e.g., electricity output from the PV/CSP hybrid 

power plant used as input electricity in the SWRO, AEL, DAC, methanol, and gasoline synthesis 

process. This helps in creating a link between the processes, which form product systems with system 

boundaries when combined for the LCA calculation. 

The system boundary of the gasoline production corresponds to a "cradle-to-gate" consideration, 

where the raw material extraction and supply for the construction of the different plants is considered 

the cradle and the gasoline production is considered the gate. Accordingly, the use of the produced 

gasoline and the end of life of the plants is not considered in this study. However, the combustion of 

the solar MTG fuel will be included by the calculation of the carbon dioxide saving potential of the 
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solar MTG fuel compared to the fossil gasoline. This will be done by simply adding the calculated 

global warming impact of the fuel synthesis to the global warming impact value of the fuel combus-

tion extracted from literature. It was suggested in the BEniVer methodological guide used for the 

LCA that the end of life phase should be excluded from the study since the solar MTG fuel production 

is not an established technology that is already being used on a large scale and there is limited 

knowledge on recycling of the materials used in the construction of the different plants required for 

the solar MTG fuel production [10]. Moreover, the global warming impact for the transport of the 

materials from extraction or production site to the construction site is not accounted for in this study. 

The system boundary of the overall solar MTG fuel synthesis process is visualized in figure 4.1 be-

low. 

 

Figure 4.1: System boundary for the LCA study depicted through dotted lines 

The functional unit of overall MTG fuel synthesis process is set to 1 kg gasoline produced at the exit 

of the methanol-to-gasoline reactor. A mass allocation was used to calculate the environmental bur-

den of 1 kg gasoline at the exit of the MTG reactor with the by-products (fuel gas and water) consid-

ered as emissions. It is assumed that the plants are constructed in Germany i.e., the construction phase 

takes place in Germany with the use of the German electricity mix forecast for 2030 as energy source. 

The constructed plants are then transported and assembled into a unit in Almería (Spain) where the 

solar MTG fuel is produced i.e., the operation phase takes place in Spain with the PV/CSP hybrid 

power plant responsible for the energy supply of the downstream processes. The predicted composi-

tion of the German grid mix for the year 2030 is taken from the BEniVer methodological guide [10], 
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that is based on a report by Boeing et al. [85] on the dynamic and intersectoral measure evaluation 

for the cost-efficient decarbonization of the energy system, see table A.12 in the appendix. 

4.2 Life cycle inventory data  

The life cycle inventory data required to carry out the LCA study are mainly obtained from literature 

and in case of a lack in data, the Ecoinvent database is used. To provide a better understanding of the 

LCI data collected, four main groups are chosen, namely: electricity generation, hydrogen production, 

carbon dioxide capture, methanol and MTG synthesis process. 

4.2.1 Electricity generation 

Electricity required for the operation of the downstream processes is covered by the CSP tower and 

PV plants. As mentioned above, only the manufacturing and the operational phases are considered in 

this study i.e., only the construction and operation of these plants are implemented. 

CSP electricity 

The characteristics of the assessed CSP tower plant in this LCA study is taken from the Green Energy 

System (greenius) analysis tool, which is a simulation tool developed by the institute of solar research 

at the German Aerospace Center in Cologne. Table 4.1 shows the characteristics of the assessed CSP 

tower plant. The simulation tool greenius works as follows: Firstly, the technology molten salt tower 

system is chosen and the meteorological data for the geographical location are imported into the soft-

ware. Afterwards, values of the parameters of the studied CSP system like the nominal electrical 

power, number of heliostats, solar field aperture area, tower height, solar receiver power level and 

the thermal storage capacity are entered. Finally, the calculation of the CSP system is run with the 

annual net electricity produced and the direct normal irradiance amongst the results which are gotten 

from greenius. An important part of the results obtained after running the calculation in greenius is 

the data on the typical operation year of the assessed plant. The typical operation year consists of 

information about the start-up and shut down periods of the plant during the year, energy used by the 

plant offline. The offline grid electricity of the CSP tower plant is calculated using the typical opera-

tion year information. The energy used during the offline periods like start-up process in the year are 

added to get the total offline electricity used by the CSP tower power plant. 
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Table 4.1: Characteristics of the assessed CSP tower plant 

Characteristics Amount Units 

Nominal electrical power 150 MW 

Number of heliostats 12632 items 

Solar field aperture area 1.532 km2 

Tower height 194.9 m 

Solar receiver power level 800 MW 

Direct normal irradiance 1918 kWh∙(m-2∙a-1) 

Thermal storage capacity 5330 MWh 

Heat storage time 17.5 h 

Annual net electricity production 471.64 GWh∙a-1 

Annual off-line electricity consumption 1.977 GWh∙a-1 

Annual water consumption 78000 m3∙a-1 

Plant lifetime 30 a 

 

The LCI data for the CSP tower plant with thermal energy storage originated from the LCA study by 

Gasa et al [28]. For the manufacturing phase of the CSP tower plant, the inventory data was divided 

into eight subgroups to enable an easy analysis of the material inputs namely: solar field area, receiver 

system, tower, TES and HTF, steam generation system, power block, foundation and auxiliary, wiring 

and piping [28]. The materials and weights used for the manufacturing inventory of the CSP tower 

plant are listed in table A.1 in the appendix. 

For the operational phase of the CSP tower plant, the functional unit of 1 kWh electricity produced 

is chosen i.e., the output stream of this phase is 1 kWh electricity. The material and energy inputs of 

the operational phase consist of the constructed CSP tower plant, the offline-grid electricity consumed 

during the period when the plant is not operating such as start‐up procedures, control room powering, 

air conditioning, etc. and the water consumed in the cleaning of the heliostats and the steam cycle 

utilities. These inputs streams are downscaled to the functional unit. For the downscaling, the total 

electricity produced by the CSP tower plant during its lifetime is first calculated by multiplying the 

plant lifetime (30a) with its annual net electricity produced (471.64 GWh∙a-1) as shown in equation 

4.1 below. 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 =  471.64  
𝐺𝑊ℎ

𝑎
∙ 30𝑎 =  14149.2 𝐺𝑊ℎ 

                    Eq. 4.1 

Subsequently, each of the input streams is divided through the calculated total electricity to determine 

how much of the input stream is required to produce 1 kWh electricity, see table 4.2. 



Life cycle assessment 

37 
 

Table 4.2: Operation inventory of the CSP tower plant 

Input Amount Unit 

CSP tower plant construction 7.1E-11 items/kWh 

Grid electricity (offline) 1.4E-04 kWh/kWh 

Tap water 5.5E-06 m3/kWh 

 

PV electricity 

The photovoltaic plant considered for this LCA study is cadmium telluride and the LCI data for this 

plant are taken from the LCA study by Rashedi et al. [39], that is based on the LCI study of Jungbluth 

et al. [86].and De Wild-Scholten et al [87]. The manufacturing phase consists of the construction of 

CdTe panel and the balance of system components such as the inverter, the mounting systems, and 

electric installations. The manufacturing inventory data of the assessed CdTe PV plant and its balance 

of systems are listed in the tables A.2-A.5 in the appendix. The characteristics of this plant are shown 

in table 4.3 below. 

Table 4.3: Characteristics of the assessed CdTe PV plant 

Characteristics Amount Unit 

Peak power 1.00 kW 

Global horizontal irradiance 1812.4 kWh∙(m-2∙a-1) 

Plant efficiency 11.2 % 

Performance ratio 80 % 

Plant lifetime 30 a 

 

The functional unit for the operational phase of the CdTe PV plant is 1 kWh electricity produced. The 

material inputs of this phase consist of the constructed CdTe PV panel and the constructed BOS 

(inverter, mountings systems and electric installations). To downscale these inputs to the functional 

unit of 1 kWh, the total electricity produced by the plant during its lifetime is in the first instance 

calculated through multiplication of the global horizontal irradiance (1812.4 kWh/m2∙a) with the plant 

efficiency (0.112) and the plant lifetime (30a), see equation 4.2 below. 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑚  =  1812.4 
𝑘𝑊ℎ

𝑚 ∙ 𝑎
∙ 30𝑎 ∙  0.112   =  6089.66 

𝑘𝑊ℎ

𝑚
 

 Eq. 4.2 

Afterwards, the obtained result is used to divide the constructed plant and BOS to get how much of 

it is required to produce 1 kWh electricity. The inputs and their weights can be seen in table 4.4 below. 

It was assumed that no energy input was required for the operational phase of the PV plant. 
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Table 4.4: Operation inventory of CdTe PV plant 

Input Amount Unit 

CdTe PV panel construction 1.64E-04 items/kWh 

BOS components 1.64E-04 items/kWh 

 

The assumption made in this thesis was that 60% of the electricity required in the downstream pro-

cesses will be provided by the CSP tower plant while the remaining 40% will be provided by the 

CdTe PV plant. 

4.2.2 Hydrogen production 

To produce hydrogen, two consecutive plants are considered in this thesis; the sea water reverse os-

mosis plant, which is responsible for the clean water supply, and the alkaline electrolysis plant where 

the water from the SWRO plant is electrolysed into hydrogen and oxygen. Here, only the manufac-

turing and operational phases LCI data are considered for the LCA study. 

Sea water reverse osmosis 

The LCI data required for the construction of the SWRO plant is taken from a study of the German 

environment agency on the system comparison of storable energy sources from renewable energies 

conducted by Liebich et al. [88]. The studied SWRO plant in their work had a capacity of 3000000 

m3 per year and a lifetime of 30 years. The manufacturing inventory for the SWRO plant construction 

is shown in the table 4.5 below. 

Table 4.5: Manufacturing inventory of the SWRO plant [88] 

Input Amount Unit 

Aluminium, wrought alloy 5228.97 kg 

Concrete, normal 41.56 m3 

Copper 137.70 kg 

Nickel, 99.5% 2791.91 kg 

Polypropylene, granulate 129.70 kg 

Steel, low-alloyed 12357.79 kg 

 

The LCI data for the operation of the SWRO process are detailed in table 4.6. These data were taken 

from the LCA study of Rivera [89]. The electricity required for the operation of this process was 

0.004 kWh, with 0.0024 kWh (60%) provided by the CSP tower plant and 0.0016 (40%) provided by 

the CdTe PV plant. 
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Table 4.6: Operation inventory of the SWRO process [89] 

Input Amount Unit 

Sea water 2.16E+00 kg 

Calcium carbonate 2.50E-06 kg 

Sodium hydrogen sulphate 3.33E-05 kg 

Sodium hypochlorite 2.70E-06 kg 

Sulphuric acid 4.62E-05 kg 

Energy   

Electricity from CSP plant 2.4E-03 kWh 

Electricity from PV plant 1.6E-03 kWh 

Output   

Desalinated water 1.00 kg 

Solids, inorganic 7.95E-02 kg 

Water, salt, sole 1.3E-03 m3 

 

Alkaline electrolysis 

The construction of the alkaline electrolyser can be broken down into the stack construction and the 

balance of plant (BOP) construction. The characteristics and the LCI data of the assessed alkaline 

electrolyser are taken from BEniVer methodological guide on the LCA of synthetic fuels [10], which 

is based on the studies from Buttler et al. [90] and Smolinka et al. [91]. Table 4.7 points out the main 

characteristics of the assessed alkaline electrolyser. In this thesis, the alkaline electrolyser is consid-

ered to have 6000h operating hours. 

Table 4.7: Characteristics of the assessed alkaline electrolyser [10] 

Characteristics Amount Units 

Capacity 1.00 MW 

Stack lifetime 80000 h 

Plant lifetime 20 a 

Electricity-to-hydrogen efficiency 69.38 % 

Hydrogen purity 99.5 - 99.9 % 

Hydrogen production rate 19.533 kg H2∙h-1 

 

The relevant inputs for the construction of the alkaline electrolyser and its BOP are pointed in table 

4.8 while table 4.9 shows the relevant inputs for the operation of the alkaline electrolysis process. 
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The hydrogen produced is stored in a tank from which it is pumped to the methanol reactor when the 

methanol is to be produced. The construction of the storage tank is not considered in this thesis. The 

alkaline electrolysis process requires 48 kWh electricity to produce 1 kg hydrogen [10]. This was 

calculated by dividing the lower heating value of hydrogen (33.3 kWh/kg) through the efficiency of 

the alkaline electrolyser as shown in equation 4.3. This electricity is provided to 40% (19.2 kWh) by 

the PV plant and to 60 % (28.8 kWh) by the CSP tower plant. 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑑𝑒𝑚𝑎𝑛𝑑( )  =   
33.3 𝐺𝑊ℎ

0.6938
=  48 𝑘𝑊ℎ 

                  Eqn. 4.3 

Table 4.8: Manufacturing inventory of the alkaline electrolyser [10, 90, 91] 

Input Amount Unit 

Cell stack   

Aluminium, primary ingot 49.45 kg 

Chromium 156.99 kg 

Nickel, 99.5% 156.99 kg 

Polypropylene, granulate 39.25 kg 

BOP   

Chemical factory 14000 kg 

 

Table 4.9: Operation inventory of the alkaline electrolysis process [10, 90, 91] 

Input Amount Unit 

Desalinated water 8.9 kg 

Potassium hydroxide 8.5E-04 kg 

Energy   

Electricity from CSP plant 28.8 kWh 

Electricity from PV plant 19.2 kWh 

Output   

Hydrogen 1.00 kg 

Oxygen 7.9 kg 

 

4.2.3 Carbon capture 

Direct air capture is the carbon source used in this thesis for the fuel synthesis. The LCI data for the 

construction of the DAC plant are taken from the LCA study by Lozanovski [63], see table 4.10 

below. The DAC plant considered in this study has a capacity of 1000 kg CO2 per hour and a lifetime 
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of 12 years. The LCI data required for the operation of the DAC plant is taken from the BEniVer 

methodological guide on the LCA of synthetic fuels [10], which is based on the studies of Lozanovski 

[63] and Rivera [89], see table 4.11 below. Anionic resin is the adsorbents used for the carbon dioxide 

capture and is regenerated after the desorption of the CO2. The captured CO2 is stored in a tank from 

which it is pumped into the methanol reactor when methanol is to be produced. The input materials 

required for the construction of the storage tank was not considered in this thesis. The DAC plant in 

this thesis is considered to have 8000 h operating hours. The electricity consumption for the capture 

of 1 kg CO2 is 0.54 kWh [10], which is supplied by the CSP tower plant and the PV plant in a 60 to 

40 % ratio. 

Table 4.10: Manufacturing inventory of the direct air capture plant [63] 

Material Amount Unit 

Ethylene glycol 1.33E+05 kg 

Aluminium, cast alloy 2.33E+05 kg 

Anionic resin 3.60E+05 kg 

Cable, unspecified 1.51E+04 kg 

Concrete, sole plate 1.93E+02 m3 

Gravel, crushed 8.28E+05 kg 

Sand 7.96E+05 kg 

Silicone product 9.78E+03 kg 

Steel, low-alloyed 2.69E+05 kg 

Stone wool, packed 7.73E+04 kg 

Steel, chromium steel18/8, hot 

rolled 

3.23E+05 kg 

 

Table 4.11: Operation inventory of the direct air capture process [63, 89] 

Input Amount Unit 

Carbon dioxide, in air 1.00 kg 

Anionic resin 0.0075 kg 

Energy   

Electricity from CSP plant 0.324 kWh 

Electricity from PV plant 0.216 kWh 

Output   

Carbon dioxide, captured 1.00 kg 
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4.2.4 Methanol and gasoline synthesis process 

The produced hydrogen and carbon dioxide are then reacted together to methanol which is later con-

verted to gasoline through the MTG process. The LCI data for the methanol and gasoline synthesis 

process are presented in the following paragraphs. 

Methanol synthesis 

Methanol is the last intermediate product before gasoline is synthesized. The methanol synthesis via 

carbon dioxide hydrogenation takes place in a reactor. The construction of the methanol reactor was 

not considered in the LCA analysis due to lack of information on the LCI data pertaining to the con-

struction of the reactor and the fact that according to González-Garay et al. [65], the methanol reactor 

construction does not have a great influence on the global warming impact i.e., it is negligible as far 

as only the GWI is evaluated impact indicator in the LCA study which is the case here. However, this 

can’t be done if other impact indicators are to be assessed in the LCA study. The LCI data for the 

operation of the methanol synthesis process is taken from a study by Jung et al. on gasoline synthesis 

from renewable methanol [74], see table 4.12 below. The electricity consumed to produce 1 kg meth-

anol is 0.457 kWh that is supplied by the CSP tower plant and the PV plant in a 60 to 40% ratio [74]. 

The Cu/ZnO/Al2O3 catalyst required for the methanol synthesis was not taken into consideration dur-

ing the LCA of the operational phase due to lack of information of its required amount for the syn-

thesis of 1 kg methanol. Moreover, the distillation reactor used to separate the methanol from water 

was also not considered during the LCA in this thesis. The methanol plant has 8000 operating hours 

in this thesis. 

Table 4.12: Operation inventory of the methanol synthesis process [74] 

Input Amount Unit 

H2 from AEL plant 0.19 kg 

CO2 from DAC plant 1.37 kg 

Energy   

Electricity from CSP plant 0.274 kWh 

Electricity from PV plant 0.183 kWh 

Output   

Methanol 1.00 kg 

Water 0.56 kg 
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Gasoline synthesis 

For the LCI of the gasoline synthesis, only the operation phase of the process was taken into consid-

eration excluding the construction of the MTG reactor due to the above-mentioned reasons in the case 

of the methanol synthesis process inventory. The LCI data for the operation of the MTG process was 

taken from a research work on the production of synthetic fuels from renewable methanol done by 

Jung et al. [74], see table 4.13 below. The Cu/ZnO/Al2O3 catalyst required for the methanol-to-gaso-

line synthesis was not taken into consideration during the LCA of the operational phase due to lack 

of information of its required amount for the synthesis of 1 kg gasoline. To produce 1 kg gasoline, an 

electricity supply of 0.229 kWh is required which is provided in a 60 to 40 % ratio between the CSP 

tower plant and the CdTe PV plant respectively [74]. 

Table 4.13: Operation inventory of the gasoline synthesis process [74] 

Input Amount Unit 

CH3OH from MeOH reactor 2.564 kg 

Energy   

Electricity from CSP plant 0.137 kWh 

Electricity from PV plant 0.092 kWh 

Output   

Gasoline 1.00 kg 

Liquefied petroleum gas 0.077 kg 

Fuel gas 0.051 kg 

Water 1.436 kg 

 

The LCI data collected from the different literatures is used to calculate the input and output mass 

flows of the different downstream processes to produce 1 kg gasoline (solar MTG fuel) as shown in 

figure 4.2 below. 
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Figure 4.2: Input and output mass flows of the downstream processes to produce 1 kg gasoline 

 

4.3 Electricity and heat demand 

The electricity and heat demand of the downstream processes are key parameters since they help to 

determine the overall efficiency of the system. For this reason, the electricity and heat consumed by 

the different processes involved to produce 1 kg gasoline was summarized in an overall process flow 

chart as shown in figure below. It should be noted that the electricity demand of the different pro-

cesses is covered by the PV/CSP hybrid solar power plant while the heat demand is internally covered 

through heat integration i.e., heat from the processes to be cooled down e.g., alkaline electrolysis, 

gasoline synthesis is used to supply the processes to be heated up e.g., direct air capture, methanol 

distillation via the use of heat exchangers. On one hand, the heat required for the distillation of meth-

anol is internally covered by the waste heat produced in the methanol synthesis reactor since the 

carbon dioxide hydrogenation process occurring in this reactor is exothermic. On the other hand, the 

heat required in the DAC plant is covered by the waste heat produced in the gasoline synthesis reactor 

and the alkaline electrolyser. To attain the heat temperature required for the DAC process, an electric 

heater that can convert some of the electricity from the PV/CSP hybrid solar power plant into heat 

can be integrated into the system [75]. 

Figure 4.3 shows the electricity and heat demand as well as the recovered waste heat of the down-

stream processes to produce 1 kg gasoline. To calculate the electricity and heat demand of the differ-

ent processes, the CAC plant shown in figure 2.11 and the processes’ input and output mass flows as 

well as literature are used. The calculations made are shown in the following paragraphs. 
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For the DAC plant, the electricity required for the capture of 1 kg carbon dioxide is 0.54 kWh as 

shown figure 4.11. Given that 3.513 kg CO2 needs to be captured for the synthesis of 1 kg gasoline 

as shown in figure 4.14, therefore the electricity required for the capture of 3.513 kg CO2 is calculated 

by multiplying 0.54 kWh with 3.513 kg CO2, see equation 4.4 below. According to Fasihi et al [61], 

the capture of 1 kg CO2 from the atmosphere requires between 1.5 kWh and 2 kWh heat for the DAC 

system of the company Climeworks. Therefore, the heat required for the capture of 3.513 kg CO2 is 

calculated by multiplying 1.5 kWh with 3.513 kg CO2 as shown in equation 4.5, assuming 1.5 kWh 

is the heat demand of the DAC process in this thesis. 

𝐷𝐴𝐶  =  
0.54 𝑘𝑊ℎ

𝑘𝑔 𝐶𝑂 ( )
∙

3.513 𝑘𝑔 𝐶𝑂 ( )

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 =  

1.897 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

 Eqn. 4.4 

𝐷𝐴𝐶  =  
1.5 𝑘𝑊ℎ

𝑘𝑔 𝐶𝑂 ( )
∙

3.513 𝑘𝑔 𝐶𝑂 ( )

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 =  

5.27 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

 Eqn. 4.5 

According to table 4.9, the alkaline electrolyser requires 48 kWh electricity to produce 1 kg hydrogen. 

Considering that 0.487 kg hydrogen is consumed for the synthesis of 1 kg gasoline according to figure 

4.14, therefore the electricity of the alkaline electrolysis process for the synthesis of 1 kg gasoline is 

calculated through multiplication of the electricity required to produce 1 kg hydrogen with the amount 

of hydrogen consumed for the synthesis of the 1 kg gasoline, see equation 4.6 below. Not all the 

electricity provided for the alkaline electrolysis process is used to produce hydrogen from water since 

the efficiency of the electrolyser is 69.38% which is lower than 100%. This means that part of the 

electricity is converted into heat that is either emitted into the atmosphere or used in other processes. 

The latter is being done in this thesis as this heat is used to partly cover the heat demand of the DAC 

plant. 

𝐴𝐸𝐿  =  
48 𝑘𝑊ℎ

𝑘𝑔 𝐻
∙

0.487 𝑘𝑔 𝐻

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 =  

23.376 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

 Eqn. 4.6 

The SWRO plant requires 0.004 kWh electricity for the treatment of 1 kg water used in the alkaline 

electrolyser as shown in table 4.8 above. It is seen in figure 4.2 that 4.334 kg water needs to be treated 

to produce 0.487 kg hydrogen which is further needed for the methanol synthesis with the produced 

methanol being used for the synthesis of 1 kg gasoline. This means that the electricity demand of the 

SWRO plant to produce 1 kg gasoline is calculated by multiplying 0.004 kWh with 4.334 kg water 

as shown in equation 4.7 below. 

𝑆𝑊𝑅𝑂  =  
0.004 𝑘𝑊ℎ

𝑘𝑔 𝐻 𝑂
∙

4.334 𝑘𝑔 𝐻 𝑂

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 =  

0.017 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

 Eqn. 4.7 
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The electricity demand for the methanol synthesis is calculated using the information from the CAC 

plant in figure 2.11 and the study from Jung et al. since they are the literature used for the LCI data 

collection of the methanol and gasoline synthesis. Figure 2.11 shows that 2.4 MW electricity is re-

quired in the methanol reactor for the synthesis of 42 kilotonne (kt) gasoline per year. Assuming the 

plant has full-load hours attaining 8000 h, the electricity required to produce 1 kg gasoline is calcu-

lated by multiplying 2.4 MW with 8000 h and the answer is later divided by 42 kt, see equation 4.8 

below. Since the synthesis of methanol through carbon dioxide hydrogenation is exothermic as shown 

in equation 2.14, the waste heat produced during this process is subsequently used in the methanol 

distillation process. 

𝑀𝑒𝑂𝐻 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  =  
2400 𝑘𝑊 ∙ 8000ℎ

42000000 𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 =  

0.457 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

 Eqn. 4.8 

The calculation of the electricity demand for the gasoline synthesis is similar to that of the methanol 

synthesis since the same literature was used in both processes. It is seen in figure 2.11 that 1.2 MW 

electricity is required in the methanol reactor for the synthesis of 42 kt gasoline per year. By assuming 

the full load hours of the plant to be 8000 h, the electricity required to produce 1 kg gasoline is 

calculated through multiplication of the 2.4 MW electricity with the full load hours (8000 h) followed 

by division of the answer by 42 kt as shown in equation 4.9 below. Likewise, the MTG reaction is 

exothermic and produces heat. In accordance with figure 2.11, 4.5 MW heat is released from the 

gasoline reactor for the synthesis of 42 kt gasoline. With the plant’s full load hours assumed to be 

8000 h, the heat release during the synthesis of 1 kg gasoline is calculated by multiplying 4.5 MW 

heat with the full load hours (8000 h) followed and later dividing the answer by 42 k, see equation 

4.10 below. In this thesis, the waste heat from the gasoline reactor is recovered and used to partly 

cover the heat demand of the DAC plant as shown in figure 4.3. 

𝐺𝑎𝑠𝑜𝑙𝑖𝑛𝑒 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  =  
1200 𝑘𝑊 ∙ 8000ℎ

42000000 𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 =  

0.229 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

 Eqn. 4.9 

𝐺𝑎𝑠𝑜𝑙𝑖𝑛𝑒 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠   =  
4500 𝑘𝑊 ∙ 8000ℎ

42000000 𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 =  

0.857 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

  Eqn. 4.10 

It can be observed that the heat demand of the DAC plant has not yet been totally covered. It was 

assumed that the remaining heat required in the DAC process (4.413 kWhth) will be covered by the 

heat produced as waste during the alkaline electrolysis process. However, the temperature of this 

waste heat must be in the range of 80-100 °C for it to be used in the DAC plant. For this reason, the 

assumption made here was based on the future improvement of the alkaline electrolysis process 

through which high cell operating temperatures could be achieved [92]. An increase in the cell 
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operating temperature will also result in an increase in the waste heat’s temperature thereby rendering 

its use in the DAC plant possible. 

To calculate the efficiency of the whole process as it was done in the CAC plant in figure 2.11, the 

electricity demands of the different processes are added to obtain the total amount of electricity to be 

supplied by the PV/CSP hybrid power plant to produce 1 kg gasoline as shown in equation 4.11. 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  /   = (1.897 + 23.376 + 0.017 + 0.457 + 0.229)𝑘𝑊ℎ   

=  
25.976 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

  Eqn. 4.11 

According to the CAC plant in figure 2.11, the 42 kt produced gasoline has a power equal to 61 MW. 

Assuming the full load hours to be 8000 h, the energy content of 1 kg gasoline is calculated through 

multiplication of the 61 MW electricity with the 8000 h full load hours followed by division of the 

answer by 42 kt as shown in equation 4.12 below. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(   ) =  
61000 𝑘𝑊 ∙ 8000ℎ

42000000 𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 =  

11.619 𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
 

  Eqn. 4.12 

The efficiency is then calculated by dividing the energy content of the kilogram gasoline produced 

through the total input electricity supplied by the PV/CSP hybrid solar power plant as shown in equa-

tion 4.13 below. 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  =  
11.619 𝑘𝑊ℎ

25.976 𝑘𝑊ℎ
 =  44.73% 

  Eqn. 4.13 

The efficiency of the studied plant in this thesis (44.73%) is lower than the efficiency of the process 

developed by the company CAC discussed in chapter 2.5 which is 51 % (see figure 2.11 above). A 

reason for this discrepancy is that the DAC process used as the carbon dioxide source in this thesis 

has a higher energy demand (1.897 kWhel per kg gasoline) than the carbon dioxide capture from the 

flue gas of a point source like a biomass combined heat and power plant with a relatively high carbon 

dioxide concentration (0.3428 kWhel per kg gasoline) employed in the CAC process. 
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Figure 4.3: Electricity and heat demand of the downstream processes to produce 1 kg gasoline (solar MTG fuel) 
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5 Life cycle impact assessment results 

In this chapter, the results of the life cycle impact assessment are presented. The four main groups 

chosen during the collection of the life cycle inventory data i.e., electricity generation, hydrogen pro-

duction, carbon capture, methanol, and methanol-to-gasoline synthesis are used to present the results 

of the LCIA. Moreover, to validate the obtained results, they are compared to the values found in 

literature. 

5.1 Electricity generation 

In this subchapter, the LCIA results of the electricity produced from the CSP tower plant and the 

CdTe PV plant are presented and compared to the values found in literature. 

CSP electricity 

Figure 5.1 shows the global warming impact (GWI) associated with the production of 1 kWh elec-

tricity from the CSP tower plant compared to the GWI values found in literature. The total GWI of 

the CSP tower in this thesis amounted to 0.0166 kg CO2-eq./kWh. The construction/manufacturing 

phase generated the highest CO2 emissions with 0.015 kg CO2-eq./kWh (90%) while the operational 

phase of the CSP tower had a GWI of 0.0016 kg CO2-eq./kWh i.e., 10% of the total GWI of the CSP 

tower plant. The high GWI of the manufacturing phase can be explained through the large number of 

raw materials such as steel, nickel, aluminum, copper, iron etc. required for the plant construction 

whose extraction and production are energy intensive and their required energy is usually provided 

by fossil energy resources such as coal, oil, and gas that have a high carbon footprint. On the other 

hand, the operational phase had a relatively low GWI due to its low material and energy inputs with 

only offline electricity and water being required for this phase. Moreover, the grid electricity mix 

forecast of the year 2030 used for the offline electricity supply contained a high amount of renewable 

energy resources such as solar, wind, hydro, geothermal and biomass energy as well as biogas which 

led to low carbon dioxide emissions since these energy resources are clean. 

According to Caldés et al., values of global warming emissions of CSP tower systems reported in the 

literature range from 0.011 kg CO2-eq./kWh to 0.06 kg CO2-eq./kWh [93]. Ko et al. conducted a LCA 

study of a CSP tower plant located in Upington, South Africa in 2018 [94]. The main characteristics 

of this CSP plant are shown in table 5.1 below. This plant had a lower nominal electric power (101 

MW), lower storage capacity (3450), lower heat storage time (12 h) and higher offline grid electricity 

consumption (8 GWh∙a-1) than the assessed CSP tower plant in this thesis. 
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Table 5.1: characteristics of the 101 MW CSP tower plant in South Africa [94] 

Characteristics Amount Units 

Nominal electrical power 101 MW 

Storage capacity 3450 MWhth 

Heat storage time 12 h 

Offline grid electricity consumption 8 GWh∙a-1 

 

The total GWI of the manufacturing and operation phase of this plant amounted 0.0272 kg CO2-

eq./kWh with 44.1% of the GWI (0.012 kg CO2-eq./kWh) contributed by the construction phase and 

55.9% (0.0152 kg CO2-eq./kWh) proceeding from the operation phase i.e., the impact obtained was 

higher than the one in this study (0.0166 kg CO2-eq./kWh). This difference can be attributed to the 

lower plant operating hours since the analysed plant of Ko et al. does not operate 24/7 nearly all year 

long as is the case in the CSP tower plant in this thesis [28, 94]. Therefore, the analysed plant of Ko 

et al. has higher need of offline grid electricity (8 GWh per year) for its start-up and consumption of 

auxiliaries compared to the 1.9 GWh per year required in the CSP plant in this study. Moreover, the 

CO2 emissions associated with the transport including fuel between plant construction site (Chile, 

Germany, and other countries) and operation site (South Africa) was considered in the LCA study of 

Ko et al. which was not the case in this thesis. 

 

Figure 5.1: Total GWI for the generation of 1 kWh electricity from a CSP tower power compared to 

the GWI value found in literature by Ko et al. 

Since the CSP tower plant was made up of many components and its manufacturing phase had the 

highest GWI, it was important to determine the contribution of each plant component to the total GWI 
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to distinguish between the components with high and low contribution share. Figure 5.2 shows a 

detailed analysis of the contribution share of each plant component to the total GWI obtained above. 

The construction of the solar field area components like heliostats, tracking and mounting mechanism 

structures had the highest contribution to the total GWI (61%) followed by the construction of the 

TES and HTF systems with 25%. The construction of the receiver system and the tower came in third 

place with 8 %, while construction of the steam generation system and power block, foundation, and 

auxiliary buildings as well as the wiring and piping equipment all had a contribution lower than 5%. 

In the LCA study of Ko et al, the solar field area components was also the highest contributor to the 

GWI of the construction phase followed by the TES and HTF systems, which is similar to the results 

obtained in the LCA study in thus thesis [94]. 

 

Figure 5.2: Contribution of each component of the CSP tower plant to the total GWI 

PV electricity 

The GWI for the electricity generation of the CdTe PV plant is presented in figure 5.3 below. The 

total GWI for the construction of the CdTe PV panel and the balance of system components amounted 

to 0.00897 CO2-eq./kWh with the BOS components having an impact of 0.00349 kg CO2-eq./kWh 

(39%) while the CdTe PV panel led to a higher impact of 0.00547 kg CO2-eq./kWh (61%). The main 

cause for the higher impact of the CdTe PV panel is the high electricity demand of its production 

process. The high amount of raw material such as glass, CdTe required for the panel construction also 

contributes to the high GWI since their extraction and production led to considerable amounts of 

GHG emissions. Amongst the different components of the BOS, the construction of the inverter was 

found to contribute the lion’s share (18%) followed by the construction of the mounting systems with 
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a 16% contribution while the construction of the electric installations contributed with 5% the least 

to the GWI of the BOS components, see figure 5.4 below. 

To validate the GWI results obtained to produce 1 kWh from the CdTe PV plant, a comparison was 

made with the results of an LCA study on a CdTe PV system in Korea conducted by Kim et al [95]. 

The main characteristics of the CdTe PV plant assessed by Kim et al are quite analogue to that of the 

CdTe PV plant in this thesis apart from the fact that the assessed plant of Kim et al. has a higher peak 

power (100 kW) than that of CdTe plant in this thesis (1 kW) i.e., the two plants have the same 

efficiency, performance ratio, lifetime and a slightly different global horizontal irradiance of the ge-

ographical location in which they are built (1810.4 kWh/m2/a for the CdTe plant in Korea against 

1812.42 kWh/m2/a for the plant in Almería). The GWI of the CdTe PV plant found in Kim et al. 

amounted to 0.0111 kg CO2-eq./kWh with 63.4% of the total GWI stemming from the CdTe panel 

and 36.6% stemming from the BOS components [95]. Moreover, the inverter was also found to con-

tribute the lion’s share (25.4%) amongst the BOS components. Therefore, a 23.8% increase in the 

GWI is observed, when compared to the GWI of the CdTe PV plant in this thesis. This difference 

could be attributed to the GHG emissions factor of the electricity mix used for the plant construction. 

The German grid mix of 2030 which was used for the CdTe PV plant in this thesis consisted of a high 

amount of renewable energy sources with low carbon footprint which leads to a reduction in the CO2 

emissions to produce 1 kWh electricity. Notwithstanding, the two results are in the same order of 

magnitude. This helps confirm the reliability and validity of the result calculated in this thesis. 

 

Figure 5.3: Total GWI for the generation of 1 kWh electricity by the CdTe PV plant compared to 

the GWI value found in literature by Kim et al. 
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Figure 5.4: Contribution of each component of the CdTe PV plant to the total GWI 

PV/CSP hybrid solar power plant 

The GWI of the CSP tower plant and the CdTe PV plant are used to calculate the total GWI of the 

PV/CSP hybrid solar power plant. Since it was assumed that the electricity required for the down-

stream processes is supplied in a 60% to 40% ratio by the CSP tower plant and the CdTe PV plant 

respectively, the total GWI of the PV/CSP hybrid solar power plant is calculated by first multiplying 

the GWI of each plant with its percentage and then adding the obtained result as shown in equation 

5.1 below. 

𝐺𝑊𝐼( / ) = (0.6 ∙ 0.0166)
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑊ℎ
+ (0.4 ∙ 0.00897)

𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑊ℎ

= 0.0135 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑊ℎ
  

 Eq. 5.1 

The total GWI of the PV/CSP hybrid solar power plant was compared to the GWI values of other 

energy sources such as wind, geothermal, coal, and natural gas, see figure 5.5 below. The GWI values 

to produce 1 kWh electricity from wind (onshore and offshore) were taken from the LCA study per-

formed by Bonou and Olsen [96], while the GWI value for the geothermal energy came from the 

LCA study of Sullivan and Wang [97]. The GWI values for the natural gas and coal generated elec-

tricity were taken from a report of the Intergovernmental Panel on Climate Change made by Edenho-

fer et al. [98]. As seen in figure 5.5, the GWI of the electricity produced from the PV/CSP hybrid 

solar power plant is inferior to that from the other energy sources except wind energy. Therefore, the 

electricity supplied to the downstream processes in this thesis has a very low carbon footprint which 

bodes well for the subsequent GWI calculation of the downstream processes. A comparison of the 

GWI of the electricity produced from the PV/CSP hybrid solar power plant to that from natural gas 
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and coal (fossil fuels) shows that the electricity produced from the PV/CSP hybrid solar power plant 

results in carbon dioxide savings of 97.7% and 98.8% compared to electricity generated from natural 

gas and coal, respectively. This shows that a high amount of carbon dioxide can be saved via the 

substitution of fossil fuels with renewable energy sources. 

 

Figure 5.5: GWI of the electricity produced from PV/CSP hybrid solar power plant compared to the 

GWI values found in literature for other energy sources 

5.2 Hydrogen production 

The GWI results of the two consecutive processes (SWRO and AEL) used to produce hydrogen in 

this thesis are presented in this subchapter. The GWI results are validated through comparison with 

the GWI values found in literature. 

Sea water reverse osmosis 

The total GWI to desalinate sea water used to produce hydrogen in the electrolyser is shown in figure 

5.6 below. The desalination of 1 kg sea water via the reverse osmosis process produced a total global 

warming impact of 9.221∙10-5 kg CO2-eq. with the operational phase being the highest contributor 

with 9.07∙10-5 kg CO2-eq./kg desalinated H2O, while the construction phase had a quite negligible 

contribution that amounted to 1.51∙10-6 kg CO2-eq./kg desalinated H2O i.e., approximately 2 % of the 

total GWI. In the operational phase, the electricity consumed by the SWRO process was responsible 

for 59% of the total GWI with the remaining 39% contributed by the materials used in the SWRO 

process, see figure 5.7 below.  

For validation purposes, the here obtained results are compared to the results from an LCA study On 

the environmental impact of SWRO plant powered by renewable energy which was carried out by 
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Shahabi et al [99]. In their study, the GWI of the SWRO process was calculated with 3 different 

electricity supply scenarios namely: 100% electricity supply from the Western Australian grid, 100% 

electricity supply from wind energy and 92 % electricity supply from wind energy combined with 

8% solar PV [99]. Only the results of the second scenario are used in this thesis for the validation. 

Moreover, the GWI results of the SWRO process with 100% solar PV and 100% solar thermal gen-

eration (CSP) were taken from a study performed by Stokes et al. [100]. The comparison showed that 

the SWRO process with 60% electricity from the CSP tower plant and 40% electricity supply from 

the CdTe PV plant considered in this thesis had a lower GWI than using Wind energy for the SWRO. 

This is contrary to the expected results since wind energy generally has a lowest GWI amongst the 

renewable energy sources and using an energy source with a lower carbon footprint (wind energy) 

should normally lead to a lower GWI of the desalination process than that with the use of an energy 

source with a higher carbon footprint as shown in figure 5.5 above. However, an analysis the LCA 

study of Shahabi et al. showed that the GWI of the distribution pumping, the transport processes 

between the plant and demand area and the end-of life phase e.g., the disposal of waste membranes 

to landfill at the end of their assumed service life of the plant, discharge of streams to sewer were 

considered in their study [99]. This could be the reasons for the higher GWI than the desalination 

process in this thesis where these processes are not included in the LCI. Moreover, it is worth noting 

that the electricity mix used for the construction of the SWRO had a higher carbon footprint than that 

used in this thesis. The GWI to desalinate 1 kg sea water with energy supply from the solar PV was 

the highest because of the energy-intensive processes associated with the production of the PV panel 

leading to higher carbon dioxide emissions [100]. 

 

Figure 5.6: GWI of the sea water desalination process compared to GWI values found in literature 
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Figure 5.7: Contribution of the SWRO material and energy inputs to the total GWI 

 

Alkaline electrolysis 

Figure 5.8 shows the GWI results to produce 1 kg hydrogen in the alkaline electrolyser compared to 

the values found in literature for two different hydrogen production methods. The total global warm-

ing impact to produce 1 kg hydrogen in the alkaline electrolyser amounted to 0.686 kg CO2-eq. with 

0.034 kg CO2-eq./kg H2 (5%) originating from the construction of the alkaline electrolyser while the 

GWI of the operational phase amounted to 0.652 kg CO2-eq./kg H2 (95%). The contribution of the 

material and energy inputs to the total GWI is shown in figure 5.9 which clearly illustrates that the 

electricity consumed during the alkaline process was by far the highest contributor to the total GWI 

with a share of 94% while the other inputs such as construction of the electrolyser and BOP as well 

as the process materials used in the operational phase had a very low contribution. This can be ex-

plained by the fact that the alkaline electrolysis is an energy intensive process and the generation of 

the high amount of energy required in this process is not free from CO2 emissions even though this 

energy is supplied by the PV/CSP hybrid solar power plant which when compared to fossil energy 

sources such as coal, oil and gas has a relatively low carbon footprint and is more environmentally 

friendly. 

As validation, comparative values from a study on the impact assessment of various hydrogen pro-

duction methods was used. This study was conducted by Suleman et al [101]. In this study various 

hydrogen production methods were investigated. The steam methane reforming was one of these 

method since it is the most widespread hydrogen production method and is currently use to produce 

about 95 % of the world’s hydrogen [102]. For the validation, the GWI of the hydrogen produced 

through alkaline electrolysis with energy supply from the PV/CSP hybrid solar power plant is 
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compared to the GWI obtained in the steam methane reforming (SMR) process and to the GWI of the 

alkaline electrolysis process with energy supply from wind as illustrated in figure 5.8 below. The 

GWI to produce 1 kg hydrogen by the SMR is by far higher (11.956 kg CO2-eq.) than that using 

alkaline electrolysis with energy supply from a PV/CSP hybrid solar power plant (0.656 kg CO2-eq.). 

As seen in figure 5.8 below, the use of the alkaline electrolysis process with energy supply from 

renewable energy sources i.e., wind and sun instead of the SMR process to produce hydrogen can 

save between 99.7% and 94.5% carbon dioxide respectively, thereby helping to mitigate the amount 

of carbon dioxide in the atmosphere. The high GWI of the SMR process is due its high energy demand 

(1.43 kWhel/kg H2) and its dependence on fossil natural gas that has a high carbon footprint compared 

to renewable energy sources [103]. Moreover, carbon dioxide is coproduced during this process and 

many pollutants are emitted during this process [102]. The GWI of the hydrogen produced by alkaline 

electrolysis with energy supply from wind is lower than that produced with energy supply from the 

PV/CSP hybrid solar power plant because the carbon footprint of wind energy is the lowest amongst 

the renewable energy sources. 

 

Figure 5.8: Total GWI of the different hydrogen production methods 
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Figure 5.9: Contribution of the AEL material and energy inputs to the total GWI 

5.3 Carbon capture 

The LCA of the direct air capture is not as straightforward as that of the previous processes since the 

DAC process makes use of CO2 from ambient air thereby reducing the amount of carbon dioxide in 

the atmosphere and this must be taken into consideration when determining the total GWI of the 

process. However, it was not possible to implement the above-mentioned point automatically in the 

DAC’s lifecycle analysis conducted in OpenLCA. For this reason, the global warming impact result 

obtained in OpenLCA was manually subtracted from the amount of carbon dioxide removed by the 

process from the atmosphere during its operational phase to have the total GWI of the DAC process.  

The total GWI calculated in OpenLCA was 0.0745 kg CO2-eq./kg CO2 captured i.e., 0.0745 kg carbon 

dioxide was emitted into the atmosphere by the capture of 1 kg CO2 (1 kg CO2-eq.) from the atmos-

phere with the 0.0745 kg CO2-eq. being the emission related to the construction of the DAC plant. 

Therefore, the GWI of the whole process was calculated manually by subtracting 1 kg CO2-eq. from 

the 0.0745 kg CO2-eq. which gave -0.9255 kg CO2-eq./kg CO2 captured as shown in equation 5.2 

below. 

𝑇𝑜𝑡𝑎𝑙 𝐺𝑊𝐼 = (0.0745 − 1) = −0.9255 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝐶𝑂  
  

 Eq. 5.2 

Figure 5.10 shows the impacts of the construction and operational phase of the DAC process. The 

construction of the DAC plant had a positive GWI of 0.0445 kg CO2-eq./kg CO2 captured, whereas 

the operational phase led to a negative GWI of -0.97 kg CO2-eq./kg CO2 captured. The negative 

emissions obtained in this process are normal since the DAC technology removes more CO2 from the 

atmosphere in the operational phase than what it emits during the construction of the plant and the 
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electricity supply of the operational phase. The contribution of the material and energy inputs to the 

initially calculated GWI of 0.0745 kg CO2-eq./kg CO2 captured in OpenLCA was also analysed as 

shown in figure 5.11. It was seen that the DAC plant construction was the highest contributor with 

60 % followed by the process materials used in the operational phase with 30% while the electricity 

consumption contributed the least to the total GWI (10%). The high contribution shares of the DAC 

construction plant and the adsorbents is explained by their increased influence on the total GWI of 

the DAC process when using low carbon energy sources as is the case in this thesis [59]. 

 

Figure 5.10: Total GWI for the capture of 1 kg carbon dioxide via the DAC process 

 

Figure 5.11: Contribution of the material and energy inputs to the initially calculated GWI in 

OpenLCA 
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For validation purposes, the GWI result obtained for the DAC process was compared to the values 

found in literature. The LCA study chosen for the comparison was carried out by Deutz and Bardow 

in which an industrial direct air capture process based on temperature-vacuum swing adsorption was 

analysed [59]. Wind energy and the predicted global electricity mix were used as the electricity supply 

source of the DAC process in this study. Figure 5.12 shows the comparison of the GWI results ob-

tained in the study of Deutz and Bardow to the one in this thesis. In this figure, the GWI of the DAC 

process using wind as energy supply source was the lowest followed by that using the PV/CSP hybrid 

solar power plant with the DAC processes with the use of the global electricity mix coming in the last 

position in terms of GWI value. An explanation to these findings is that wind energy has a lower 

carbon footprint than the PV/CSP hybrid solar power plant (see figure 5.5 above) and the global 

electricity mix, thereby resulting to the lowest GWI amongst the different compared energy sources. 

The carbon footprint of the PV/CSP hybrid solar power plant (see figure 5.5 above) is lower than that 

of the global electricity mix forecast for 2030 (0.275 kg CO2-eq./kWh) which explains the lower GWI 

of the DAC process powered by this hybrid power plant in comparison to the global electricity mix 

forecast for 2030 [59]. 

 

Figure 5.12: GWI of the DAC with energy supply from a PV/CSP power plant compared to that 

with energy supply from other sources found in literature 

5.4 Methanol and methanol-to-gasoline synthesis 

In this chapter, the GWI of the methanol synthesis and the gasoline synthesis process are presented. 

The GWI results are then used for comparison with the fossil gasoline which is conventionally pro-

duced by the refinery of crude oil. 
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Methanol synthesis 

The LCA of the methanol synthesis process was like that of the DAC process since the carbon dioxide 

required for the methanol synthesis proceeds from the DAC plant. Therefore, and the LCA result 

obtained for the MeOH synthesis process in OpenLCA also needed to be manually subtracted from 

the amount of CO2 used in the process to determine the actual GWI of the overall process. Figure 

5.13 presents the GWI of the methanol synthesis process. The GWI calculated in OpenLCA for the 

MeOH synthesis amounted to 0.237 kg CO2-eq./kg MeOH. According to table 4.12, the synthesis of 

1 kg methanol required 1.37 kg CO2 from the DAC plant meaning that the total GWI of the MeOH 

synthesis was -1.133 kg CO2-eq./kg MeOH, that was obtained by subtracting 1.37 kg CO2-eq./kg 

MeOH from 0.237 kg CO2-eq./kg MeOH, see equation 5.2 

 
𝑇𝑜𝑡𝑎𝑙 𝐺𝑊𝐼 = (0.237 − 1.37) = −1.133 

𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑀𝑒𝑂𝐻
  

 Eq. 5.2 

It can also be observed in figure 5.13 that only the CO2 from the DAC process had a negative impact 

as expected since it absorbs more CO2 during its operational phase from the atmosphere than the CO2 

emitted during the plant’s construction phase, while the hydrogen from the AEL process and the 

electricity consumed during the MeOH synthesis process both had a positive global warming impact.  

 

Figure 5.13: Total GWI of the methanol synthesis process 

The contribution of the material and energy inputs to the initially calculated GWI of 0.237 kg CO2-

eq./kg MeOH in OpenLCA was also analysed as shown in figure 5.14 below. It was seen that the 

hydrogen from the alkaline electrolyser was the highest contributor with 55 % to the total GWI fol-

lowed by the carbon dioxide from the DAC plant with 42% while the electricity consumption had the 

lowest contribution (3%). The construction of the reactor for the MeOH synthesis was not amongst 
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the material inputs since it was not considered in the LCA study as discussed in the subchapter 4.2 

by the life cycle inventory data collection. 

 

Figure 5.14: Contribution of the material and energy inputs to the initially calculated GWI in 

OpenLCA 

To validate the GWI results, they were compared to the results of the LCA study carried out by Hoppe 

et al on the carbon dioxide-based production of methanol [104]. In their study, the hydrogen needed 

is also produced by electrolysis but with the use of wind energy while the carbon dioxide was captured 

from the flue gas of a cement, biogas, or waste incineration plant. The GWI of the methanol synthesis 

with the use of different energy sources are shown in figure 5.15 below. The methanol produced with 

wind energy as electricity supply source and carbon dioxide capture from a point source had the 

lowest GWI because wind energy has a very low carbon footprint compared to the other energy 

sources. Moreover, capturing CO2 from a point source like the flue gas of a cement plant is advanta-

geous because this flue gas has a relatively high concentration of carbon dioxide, which helps to 

reduce the demand of electricity for the CO2 capture process [104]. Consequently, the GWI of the 

methanol synthesis is reduced since the impacts caused by the electricity demand on the GHG emis-

sions will be relatively low. On the other hand, the GWI of the methanol synthesis process with energy 

supply from the PV/CSP hybrid solar power plant via alkaline electrolysis and direct air capture is 

lower that of the methanol produced conventionally from natural gas via synthesis gas since the con-

ventional process is energy intensive and the electricity demand of its production process will be 

covered by fossil fuels that have a high carbon footprint. 
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Figure 5.15: GWI of the methanol synthesis compared to the GWI values found in literature (Hoppe 

et al. 2018) 

Gasoline synthesis 

In the same vein, the LCA of the gasoline synthesis via the MTG process was done by manually 

subtracting the amount of carbon dioxide used in the MTG process through the employed methanol 

from the obtained LCA result in OpenLCA. The amount of carbon dioxide used in the MTG process 

was calculated by multiplying the amount of CO2 required for the methanol synthesis with the amount 

of methanol used for the synthesis of gasoline. According to table 4.12, the synthesis of 1 kg methanol 

required 1.37 kg CO2 from the DAC plant and according to table 4.13, the synthesis of 1 kg gasoline 

required 2.564 kg CO2 from the MeOH synthesis reactor. It means that 3.513 kg CO2 was consumed 

to synthesise gasoline which is equivalent to 3.513 kg CO2-eq. 

 
𝐶𝑂  𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑀𝑇𝐺 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 = 1.37

𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙
∙ 2.564

𝑘𝑔 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙.

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒

= 3.513 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
  

 Eq. 5.3 

Figure 5.16 shows the total GWI of the gasoline synthesis process. The GWI calculated in OpenLCA 

for the gasoline synthesis amounted to 0.609 kg CO2-eq./kg gasoline. The subtraction of the calcu-

lated 3.513 kg CO2-eq. from the obtained result gave the total GWI of -2.904 kg CO2-eq./kg gasoline, 

see equation 5.4 below. 
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𝑇𝑜𝑡𝑎𝑙 𝐺𝑊𝐼 = 0.609

𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
− 3.513

𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒

= −2.904 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
  

 Eq. 5.4 

The methanol used in this process had a negative impact of -2.907 kg CO2-eq./kg gasoline while the 

electricity consumption had a positive GWI of 0.003 CO2-eq./kg gasoline as shown in figure 5.16 

below. The total global warming impact to produce 1 kg gasoline amounted to -2.904 kg CO2-eq. as 

calculated in equation 5.4 above. 

 

Figure 5.16: Total GWI of the gasoline synthesis process 

The analysis of the material and energy inputs contributions to the initially calculated GWI of 0.609 

kg CO2-eq./kg gasoline in OpenLCA is shown in figure 5.17 below. In this case, the methanol used 

was the highest contributor to the total GWI with 99% while the electricity consumption contributed 

1% to the total GWI. The construction of the reactor for the MeOH synthesis was not amongst the 

material inputs since it was not considered in the LCA study as discussed in the subchapter 4.2 by the 

life cycle inventory data collection 
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Figure 5.17: Contribution of the material and energy inputs to the initially calculated GWI in 

OpenLCA 

Comparison between the solar MTG fuel and fossil gasoline 

The GWI of the MTG fuel synthesis was compared to that of fossil gasoline to determine the CO2 

saving potential of the MTG fuel in contrast to the fossil gasoline. Gasoline is conventionally pro-

duced in an oil refinery which uses crude oil as main feedstock. The fossil gasoline process found in 

the Ecoinvent database was used to calculate the GWI of fossil gasoline. This process is called “petrol 

production, unleaded, petroleum refinery operation” in Ecoinvent with petrol being the British Eng-

lish appellation of gasoline. For comparison purpose, the GWI was calculated per MJ electricity by 

dividing the GWI result obtained in kg CO2-eq. per kg through the lower heating value (LHV) of 

gasoline (12.06 kWh/kg) and the conversion factor between MJ and kWh (1 kWh = 3.6 MJ). 

The total GWI for the fossil gasoline synthesis amounted to 0.5991 kg CO2-eq./kg gasoline that is 

equal to 0.014 kg CO2-eq./MJ. Figure 5.18 shows the GWI for the MTG fuel synthesis compared to 

that of fossil gasoline and the fossil reference value. The solar MTG fuel synthesis had a lower GWI 

(-0.067 kg CO2-eq./MJ) compared to that of the fossil gasoline. 



Life cycle impact assessment results 

66 
 

 

Figure 5.18: Comparison of the GWI for the solar MTG fuel synthesis with that of fossil gasoline 

The system boundary of the LCA study was then expanded to include the fuel combustion to deter 

mine the carbon dioxide saving potential of the MTG fuel. To do this, the total GWI associated with 

the synthesis of the MTG fuel and its combustion in car during driving was calculated and compared 

to that of the fossil gasoline fuel. According to the energy agency of North Rhine-Westphalia, the 

combustion of gasoline leads to a carbon footprint of 0.0719 kg CO2-eq./MJ. The total GWI of the 

synthesis and combustion of gasoline is calculated through the addition of this carbon footprint to the 

obtained GWI results for the synthesis of the solar MTG fuel and the fossil gasoline. The resulting 

GWI for the synthesis and combustion of the MTG fuel and the fossil gasoline is shown in figure 

5.19 below. The GWI of the synthesis and combustion of the MTG fuel was 0.0049 kg CO2-eq./MJ 

while that of fossil gasoline was 0.0859 kg CO2-eq./MJ. In other words, GWI of the solar MTG fuel 

becomes positive when the fuel combustion is part of the system boundary meaning that more carbon 

dioxide is emitted from the fuel combustion than that absorbed from the atmosphere via the fuel 

synthesis processes like direct air capture. However, the MTG fuel synthesis and combustion still had 

a lower GWI compared to the synthesis and combustion of the fossil gasoline. The carbon dioxide 

saving potential of the MTG fuel was calculated to 94.3% as shown in equation 5.5. This means that 

the MTG fuel can be used as an alternative to fossil gasoline. Therefore, the substitution of fossil 

gasoline with the solar MTG fuel can help in the mitigation of the carbon dioxide emissions in the 

transport sector. According to the Federal Immission Protection Act (BImSchG), the fossil reference 

value is an important parameter that must be considered when determining the CO2 saving potential 

of alternative fuels compared to fossil fuels. This value is 0.09333 kg CO2-eq./MJ which means that 

the above calculated global warming impact of the fossil gasoline (0.0859 kg CO2-eq./MJ) is in the 

similar order of magnitude as the fossil reference value, thus validating the GWI value of the fossil 
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gasoline calculated in OpenLCA. However, the fossil reference value is slightly higher than the cal-

culated GWI of the fossil gasoline because it considers the transport and the distribution of the pro-

duced fuel. 

 
𝐶𝑂  𝑠𝑎𝑣𝑖𝑛𝑔 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 =  

0.0859 − 0.0049

0.0859
= 94.3% 

                    Eq. 5.5 

 

Figure 5.19: Comparison of the GWI for the synthesis and combustion of the solar MTG fuel to that 

of fossil gasoline and the fossil reference value (BImSchG) 
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6 Sensitivity analysis 

In this chapter, the LCIA results are tested by the application of a sensitivity analysis, which serves 

the purpose of checking the consistency of the obtained results. This plays an important role in the 

evaluation of the robustness of the conducted LCA study. Three sensitivity analysis were conducted 

in this study. Firstly, the geographical location of the whole system was changed to two different 

locations with both higher solar resources. Secondly, the electricity source of the different down-

stream processes was changed from the PV/CSP hybrid solar power plant to the German electricity 

grid mix of 2020 and the predicted German electricity mixes for the years 2030, 2040 and 2050. 

Lastly, a monocrystalline PV panel was used in place of the CdTe PV panel for the electricity supply 

of the downstream processes. 

6.1 Geographical location 

The aim of this sensitivity analysis was to evaluate the change in the environmental impact of the 

MTG fuel synthesis when the geographical location of the plant is varied. The geographical location 

of the plant is an important parameter since the electricity produced from the PV/CSP hybrid power 

plant depends on the solar resource of the location in which it is built. This is important in the life 

cycle perspective because the higher the amount of clean electricity produced by the power plant over 

its lifetime, the lesser the global warming impact associated with its construction. Therefore, changes 

in the geographical location might contribute much in the overall GWI result of the MTG fuel syn-

thesis. Ouarzazate in Morocco and Calama in Chile are the two geographical locations chosen for 

comparison while the base case geographical location remains Almería in Spain. The data of these 

locations are gotten from the greenius software tool of the German aerospace Center in Cologne, see 

table 6.1 below. 

Table 6.1: Characteristics of the compared geographical locations 

Characteristics Almería Ouarzazate Calama units 

Net electricity production (CSP) 471.64 621.97 652.09 GWh/a 

Direct normal irradiance (CSP) 1917.8 2517.59 2786.52 kWh/m2∙a 

Offline electricity consumption (CSP) 1976.6 1518 1468 MWh/a 

Global horizontal irradiance (PV) 1812.42 2123.43 2397.75 kWh/m2∙a 

 

The GWI of the MTG fuel synthesis was calculated in the two new geographical locations where the 

PV/CSP hybrid power plant was constructed and compared to the GWI obtained in Almería. The 

results obtained are presented in figure 5.1 which shows that the MTG fuel synthesis with electricity 

supply from a PV/CSP hybrid power plant constructed in Calama had the lowest GWI of -0.069 kg 
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CO2-eq./MJ. The GWI of the MTG fuel synthesis from the PV/CSP hybrid power plant constructed 

in Ouarzazate was lower than that constructed in Almería i.e., the highest GWI amongst the different 

geographical locations was obtained in Almería, see figure 6.1 below. 

 

Figure 6.1: GWI of the solar MTG fuel synthesis in the different geographical locations 

To better understand the effect of the geographical location on the GWI, the GWI to produce 1 kWh 

electricity from the CSP tower plant and the CdTe PV plant constructed in the three geographical 

locations were calculated. The GWI results obtained were drawn against the DNI for the CSP tower 

plant and the GHI for the CdTe PV plant for the three geographical locations, see figure 6.2 and figure 

6.3 respectively. It can be seen in figure 6.2 that the production of 1 kWh electricity from the CSP 

tower plant located in Calama had the lowest GWI (0.0117 kg CO2-eq.) followed by that located in 

Ouarzazate with 0.0123 kg CO2-eq. and the highest GWI came from the CSP tower plant located in 

Almería i.e., the higher the direct normal irradiance of the geographical location where the CSP tower 

plant is constructed, the lower the GWI of the electricity produced from the constructed plant. The 

same calculation was made for the CdTe PV plant constructed in the three different geographical 

location and it came out that the GWI to produce 1 kWh electricity from the PV plant located in 

Almería was the highest while that of the PV plant constructed in Calama was the lowest. The GWI 

of the PV plant constructed in Ouarzazate was found between that of Almería and Calama i.e., the 

higher the global horizontal irradiance of the geographical location where the PV plant is constructed, 

the lower the GWI of the electricity produced from the constructed plant as shown in figure 6.3 below. 
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Figure 6.2: GWI comparison to produce 1 kWh electricity from a CSP tower plant constructed in 

the three geographical locations under study 

 

 

Figure 6.3: GWI comparison to produce 1 kWh electricity from a CdTe PV plant constructed in the 

three geographical locations under study 
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6.2 Electricity grid mix 

The aim of this sensitivity analysis was to assess how the environmental impact of the MTG fuel 

synthesis changes when the electricity grid mix is used for the electricity supply of the downstream 

processes instead of the PV/CSP hybrid power plant. The background behind this analysis was if the 

MTG fuel could be produced in Germany using the German electricity mix with a low carbon foot-

print which will render the importation of the fuel needless. To produce the MTG fuel in regions with 

low solar resource, the electricity required for the downstream processes can be mainly supplied by 

the grid since the construction of PV/CSP hybrid solar power plant is only worthwhile in regions with 

high solar resource. Germany was the new geographical location chosen for the MTG fuel synthesis 

with the German grid mix used as the electricity source for the operational phase of the downstream 

processes i.e., SWRO, AEL, DAC, methanol, and gasoline synthesis processes. The German electric-

ity mix of 2020 as well as the German electricity mix forecasts for 2030, 2040 and 2050 were each 

used to supply electricity for the MTG fuel synthesis. The inventory data of these electricity mixes is 

detailed in table A.11 to A.14 in the appendix. The GWI results to produce 1 kg of the solar MTG 

fuel in Germany with electricity supply by the German electricity mix of 2020 and the predicted 

German electricity mixes of 2030, 2040 and 2050 are presented in figure 6.4 below. 

 

Figure 6.4: Comparison of GWI for the gasoline synthesis with different German electricity mixes 

As seen in figure 6.4, the MTG fuel synthesis in Germany with electricity supply from the German 

electricity grid mix of the different years led to a higher GWI compared to that of the base case 

scenario in chapter 5 i.e., the importation of the solar MTG fuel is still the best option when the GWI 

related to the fuel transport is excluded from the total GWI. Moreover, the higher the year of the grid 

electricity mix used, the lower the GWI of the MTG fuel synthesis i.e., the highest GWI was obtained 

with the electricity mix of 2020 while the lowest GWI was obtained with that of 2050. To further 
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investigate what lies behind these results, a breakdown of the different electricity mixes’ constituents 

is presented in figure 6.5 below. 

 

Figure 6.5: Constituents of the analysed German grid electricity mixes 

An analysis of the renewable and non-renewable energy sources’ share in the different electricity 

mixes showed that the share of the renewable energy sources increased from year to year while that 

of non-renewable energy sources was decreasing. For example, the German electricity mix of 2020 

was made of 59.7% non-renewable energy sources and 40.3% renewable energy sources. For the 

predicted German electricity mix of 2030, the non-renewable energy sources made up 42.5% while 

the renewable energy sources made up 57.5%. The non-renewable sources’ share in the German elec-

tricity mix forecast for 2040 was reduced to 26.6% with the renewable energy sources’ share in-

creased to 73.4%. Lastly, the predicted German electricity mix of 2050 consisted of renewable energy 

sources for up to 78.8% and non-renewable energy sources for up to 21.2%. In this analysis, the 

potential increase in the total energy demand was not considered. 

6.3 Monocrystalline PV plant 

The aim of this sensitivity analysis was to evaluate the change in the environmental impact of the 

solar MTG fuel synthesis when the PV electricity supply comes from a monocrystalline PV plant 

instead of the CdTe PV plant. As discussed in chapter 2, monocrystalline PV technology dominates 

the solar cell market and has a very high efficiency. Since this technology plays an important role in 
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the current solar cell market and will remain important in the future, it is of great interest to determine 

the GWI of the solar MTG fuel synthesis using the monocrystalline PV panel. The driving force 

behind the change in PV technology from CdTe PV to monocrystalline PV panel is the scarcity and 

limited supply of the elements (cadmium and tellurium) used to produce the CdTe PV panel. It should 

be noted that the CSP tower plant remains the same in both cases i.e., only the PV technology is 

changed. The characteristics of the assessed monocrystalline PV plant can be seen in table 6.2 with 

the main difference to the CdTe PV plant being its higher efficiency of 15% compared to the 11.2% 

of the CdTe PV plant as shown in table 3.3 above. The life cycle inventory data for the construction 

of the monocrystalline PV panel is detailed in the tables A.6 to A.10 in the appendix while that of the 

BOS are presented in tables A.3 to A.5 in the appendix.  

Table 6.2:Characteristics of the assessed monocrystalline PV plant 

Characteristics Amount Unit 

Peak power 1.00 kW 

Global horizontal irradiance 1812.4 kWh/(m2∙a) 

Plant efficiency 15 % 

Plant lifetime 30 a 

 

Figure 6.6 presents the GWI per kWh generated from the monocrystalline PV plant and the CdTe PV 

plant. To produce 1 kWh electricity from the monocrystalline PV plant, the GWI amounted to 0.0255 

kg CO2-eq. This is very high in comparison to the 0.00897 kg CO2-eq./kWh obtained from the CdTe 

PV plant i.e., the replacement of the CdTe PV plant through the monocrystalline PV led to a 64.8 % 

increase in the carbon dioxide emissions during the electricity production. This is caused by the high 

energy demand (196.2 kWh electricity and 200.31 MJ heat) of the monocrystalline PV panel produc-

tion. The above-mentioned energy demand is compared to the 29.05 kWh electricity and 2.65 MJ 

heat required for the CdTe PV panel production very high which explains the lower GWI obtained to 

produce 1 kWh electricity from the CdTe PV plant. Moreover, the GWI value obtained for the elec-

tricity production with monocrystalline PV corresponds to the GWI found in the LCA study of et al. 

which acts as a validation to the obtained results in this thesis. 

The GWI results to synthesise the solar MTG fuel using the monocrystalline PV/CSP power plant in 

place of the CdTe PV/CSP hybrid power plant are presented in figure 6.7. As seen in figure 6.7 below, 

the GWI for both processes were negative. However, the synthesis of 1 kg gasoline using monocrys-

talline PV plant as PV technology led to a higher GWI (-2.726 kg CO2-eq./kg gasoline) than that 

obtained using the CdTe PV plant. As explained in the previous paragraph, the high energy demand 
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of the monocrystalline PV panel construction is the main reason behind the higher GWI value since 

it is this electricity with high carbon footprint which is used to meet the energy requirements of the 

downstream processes involved in the solar MTG fuel production. This is further led bare in this 

thesis because the electricity of the monocrystalline panel production processes was supplied with 

the German electricity mix forecast of 2030 which contains a high percentage of renewable energy 

resource (57.5%) with low carbon footprint i.e., even with a partly clean electricity, the monocrystal-

line PV plant still reaches high GWI values. Therefore, the GWI of this process is currently even 

higher than the GWI value obtained in this thesis since these panels are mostly produced using fossil 

fuels with high carbon footprint as electricity source. 

 

Figure 6.6: GWI comparison of the electricity generation using CSP and mono-Si PV in place of the 

CSP and CdTe PV plant  

 



Sensitivity analysis 

75 
 

Figure 6.7: Comparison of GWI for the gasoline synthesis using CSP and mono-Si PV in place of 

the CSP and CdTe PV plant for the electricity supply 

To validate the calculated result of the mono-SI PV plant, it was compared to GWI values found in 

the study of Peng et al [105]. In this study the global warming impact of the monocrystalline PV plant 

was around 0.035 kg CO2-eq./kWh which is in the order of magnitude of the GWI value calculated 

in this thesis that validates the GWI result calculated in OpenLCA, see figure 6.8 below. 

 

Figure 6.8: Comparison of the GWI of the monocrystalline PV plant to the value in literature 

6.4 Comparison of the global warming impact results 

For comparison purpose, a summary of the results obtained in LCA and sensitivity analysis for the 

synthesis and combustion of the MTG fuel and fossil gasoline is shown in figure 6.9 below.  
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Figure 6.9: A summary of the LCA and sensitivity analysis results 

Considering the GWI of the fossil gasoline as the focus of the comparison, it is seen in figure 6.8 

above that the solar MTG fuel synthesis processes with electricity from a PV/CSP hybrid power plant 

are located to its left side and had lower GWI while the MTG fuel synthesis processes with the dif-

ferent grid electricity mixes are found on its right side and they led to higher GWI. In other words, 

the MTG fuel synthesis and combustion with the use of the electricity grid mix emits a higher amount 

of carbon dioxide into the atmosphere than the synthesis and combustion of the fossil gasoline i.e., 

the carbon footprint of electricity grid mix is very high. For this reason, a study was made to determine 

from which carbon footprint of the grid electricity mix will the GWI of the gasoline-engined car 

driven with the MTG fuel powered by the electricity mix better than that driven with fossil gasoline. 

The first step of this study was to calculate the carbon footprints of the electricity mix of the year 

2020 and that of the electricity mix forecasts for 2030, 2040 and 2050 in OpenLCA. The results of 

these calculations are shown in table 6.3 below. 

Table 6.3: Carbon footprint of the electricity mix for the year 2020 and the electricity mix forecasts 

for the year 2030, 2040 and 2050 

Electricity mix Carbon footprint Unit 

2020 499.91 kg CO2-eq./kWh 

2030 375.42 kg CO2-eq./kWh 

2040 174.33 kg CO2-eq./kWh 

2050 158.02 kg CO2-eq./kWh 
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The next step consisted in calculating the GWI of the fossil gasoline per 100 km by driving a car. To 

do this, GWI of the fossil gasoline synthesis and combustion (0.014 kg CO2-eq./MJ) was first multi-

plied with the lower heating value (LHV) of gasoline (12.06 kWh/kg) and the conversion factor be-

tween MJ and kWh (3.6 MJ = 1 kWh) to get the GWI of the fossil gasoline in kg CO2-eq./kg gasoline 

as shown in equation 6.1 below. 

 𝐺𝑊𝐼(  ) = 0.0859
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑀𝐽
∙ 12.06

𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
∙ 3.6

𝑀𝐽

𝑘𝑊ℎ

= 3.729 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
  

 Eqn. 6.1 

The GWI for the synthesis and combustion of the fossil gasoline obtained in kg CO2-eq./kg gasoline 

was then multiplied with the given gasoline consumption per 100km from a car manufacturer of our 

choice. The chosen car for this study was the Volkswagen (VW) Golf with a consumption of 0.0062 

m3 gasoline per 100 km. The gasoline consumption of this car was further multiplied with the density 

of gasoline (748.9 kg/m3) to get the GWI in kg CO2-eq./100 km as shown in equation 6.2. 

𝐺𝑊𝐼(     ) = 3.729
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔
∙ 0.0062

𝑚

100 𝑘𝑚
∙ 748.9

𝑘𝑔

𝑚

= 17.3 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

100 𝑘𝑚
  

 Eqn. 6.2 

In the following step, the GWI of gasoline-engined car driven with the MTG fuel produced using the 

grid electricity mix of the year 2020, 2030, 2040 and 2050 was calculated in kg CO2-eq./100 km to 

determine the carbon dioxide emitted by driving this car. This calculation is analogue to the one above 

with the use of the GWI obtained from the synthesis of grid electricity mix based MTG fuel instead 

of that for the fossil gasoline synthesis being the only difference. Equations 6.3 and 6.4 show how 

these calculations were made with the grid electricity mix of 2020 taken as example. 

 𝐺𝑊𝐼(   ) = 0.313
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑀𝐽
∙ 12.06 

𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
∙ 3.6

𝑀𝐽

𝑘𝑊ℎ

= 13.59 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
  

 Eqn. 6.3 

𝐺𝑊𝐼(      ) = 13.59
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔
∙ 0.0062

𝑚

100 𝑘𝑚
∙ 748.9

𝑘𝑔

𝑚

= 63.1 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

100 𝑘𝑚
  

 

Eqn. 

6.4 

The results of the GWI of gasoline-engined car driven with the grid electricity mix based MTG fuel 

per 100 km for 2020 as well as 2030, 2040 and 2050 can be seen in table 6.4 below. There was a 
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linear relationship between the carbon footprint of the different grid electricity mixes and the calcu-

lated GWI of the gasoline-engined car driven with grid electricity mix based MTG fuel with the GWI 

decreasing with an increase in the decade of the grid electricity mix used. 

Table 6.4: GWI per 100 km of a gasoline-engined car driven with the MTG fuel produced with the 

grid electricity mixes for the year 2020-2050 

Electricity mix GWI Unit 

2020 63.1 kg CO2-eq./100 km 

2030 47.7 kg CO2-eq./100 km 

2040 22.8 kg CO2-eq./100 km 

2050 20.8 kg CO2-eq./100 km 

 

The carbon footprint of the electricity from the PV/CSP hybrid solar power plant for the three geo-

graphical locations chosen in the sensitivity analysis was also calculated by multiplying the carbon 

footprints of the electricity from the PV and CSP tower plants with their respective percentages (40% 

PV and 60% CSP) in the electricity used for the downstream processes and adding the obtained re-

sults. The results obtained for the three geographical locations considered in this thesis are shown in 

table 6.5 below. 

Table 6.5: Carbon footprint of the electricity from PV/CSP hybrid power plants in the studied geo-

graphical locations 

Geographical 

location 

Carbon foot-

print (PV) 

Carbon foot-

print (CSP) 

Carbon footprint 

(40% PV + 60% CSP) 

Unit 

Almería 0.00897 0.0166 0.0135 kg CO2-eq./kWh 

Ouarzazate 0.00765 0.0123 0.0104 kg CO2-eq./kWh 

Calama 0.00678 0.0117 0.0097 kg CO2-eq./kWh 

 

After calculating the carbon footprint of the PV/CSP hybrid solar power plant, the GWI of driving a 

gasoline-engined car over 100 km with the solar MTG fuel using electricity from the PV/CSP hybrid 

solar power plant in the three geographical locations was calculated. This is done with the use of the 

determined GWI of the synthesis and combustion of the solar MTG fuel. The calculations made for 

Almería as the geographical location are shown in equations 6.5 and 6.6 while the results obtained 

for the other locations can be seen in table 6.6 below. 
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 𝐺𝑊𝐼( í ) = 0.0049
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑀𝐽
∙ 12.06

𝑘𝑊ℎ

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
∙ 3.6

𝑀𝐽

𝑘𝑊ℎ

= 0.213 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
  

    Eqn. 6.5 

𝐺𝑊𝐼( í    ) = 0.213
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑔 
∙ 0.0062

𝑚

100 𝑘𝑚
∙ 748.9

𝑘𝑔

𝑚

= 0.989 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

100 𝑘𝑚
  

    Eqn. 6.6 

 

Table 6.6: GWI per 100 km of a gasoline-engined car driven with the solar MTG fuel produced in 

the studied geographical locations 

Geographical location GWI Unit 

Almería 0.989 kg CO2-eq./100 km 

Ouarzazate 0.785 kg CO2-eq./100 km 

Calama 0.585 kg CO2-eq./100 km 

 

Currently, driving electric cars or buses that directly use electricity as fuel is the main route for the 

mitigation of the carbon dioxide emissions in the transport and mobility sector. Therefore, fuels made 

with the use of electricity as energy source for their production processes e.g., the solar MTG fuel 

used in a gasoline-engined car can become a cheaper alternative to the electric cars in the future. For 

this reason, the GWI for driving an electric car over 100 km with electricity from the grid was calcu-

lated to enable a GWI comparison between the gasoline-engined car driven with the MTG fuel pro-

duced with electricity supply from the grid mix and the electric car. The electric car chosen was the 

Volkswagen e-Golf which has a fuel consumption of 15.8 kWh per 100 km. The GWI of driving this 

electric car with electricity from the grid mix over the next decades was calculated by multiplying the 

fuel consumption per 100 km with the carbon footprints of the electricity mix for the year 2020, 2030, 

2040 and 2050. An example of the calculation made for the GWI of the VW e-Golf using the elec-

tricity mix of 2020 is shown in equation 6.7 and the GWI results per 100 km using the other electricity 

mixes are presented in table 6.7 below. There was a linear relationship between the carbon footprint 

and the calculated GWI per 100 km for driving the electric car with electricity as fuel from the grid 

mix. 
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𝐺𝑊𝐼(    ) = 15.8
𝑘𝑊ℎ

100 𝑘𝑚
∙ 4.99191

𝑘𝑔 𝐶𝑂  _𝑒𝑞.

𝑘𝑊ℎ

= 7.898 
𝑘𝑔 𝐶𝑂  _𝑒𝑞.

100 𝑘𝑚
  

 Eqn. 6.7 

Table 6.7: GWI per 100 km of driving an electric car with electricity from the grid electricity mix 

for the year 2020-2050 

Electricity mix GWI Unit 

2020 7.898 kg CO2-eq./100 km 

2030 5.931 kg CO2-eq./100 km 

2040 2.754 kg CO2-eq./100 km 

2050 2.496 kg CO2-eq./100 km 

 

In last step, the calculated GWI per 100 km of gasoline-engined car driven with the fossil gasoline, 

the gasoline-engined car driven with the MTG fuel produced with electricity from the grid mix, the 

gasoline-engined car driven with the solar MTG fuel produced with electricity from the PV/CSP hy-

brid power plant and the electric car driven with direct electricity from the grid mix is drawn against 

the carbon footprint of the electricity mix or electricity produced (for the solar MTG fuel) in g CO2-

eq./kWh. This is illustrated in figure 6.10 below. 

 

Figure 6.10: Comparison of the GWI per 100 km for the different electricity sources 

In figure 6.10, the gasoline-engined car driven with fossil gasoline is represented through a horizontal 

line (grey) since its GWI remains constant for the different electricity mixes. The lines of the gasoline-
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engined car driven with the MTG fuel produced with electricity from the grid mix (dotted red line) 

and the electric car driven with direct electricity from the grid mix (orange line) were extrapolated 

over the entire range since there was a linear relationship between their global warming impacts per 

100km and their carbon footprints. The results of the gasoline-engined car driven with the solar MTG 

fuel produced with electricity from the PV/CSP hybrid power plant are represented by three points 

for the three geographical locations. The current carbon footprint of the German electricity mix 

(499.91 kg CO2-eq.) is represented through the vertical blue line. Figure 6.8 shows that the GWI per 

100 km decreases with a decrease in the carbon footprint of the electricity mix for the gasoline-en-

gined car driven with the MTG fuel produced with electricity from the grid mix and the electric car 

driven with direct electricity from the grid mix with the order of magnitude for the GWI of the electric 

car by far smaller than that of the gasoline-engined car driven with the MTG fuel produced with 

electricity from the grid mix i.e., driving an electric car leads to a lower GWI per 100 km than driving 

the gasoline-engined car with the use of the MTG fuel produced with electricity supply from the grid. 

Comparison between gasoline-engined car driven with fossil gasoline and the gasoline-engined 

car driven with the electricity mix based MTG fuel 

An important question to be answered is at which point does driving a gasoline-engined car using the 

electricity mix based MTG fuel i.e., MTG fuel produced with the grid electricity mix in countries 

with low solar resource like Germany leads to a lower GWI than the fossil gasoline currently used in 

cars. This is the case when the carbon footprint of the electricity mix attains 137.06 g CO2-eq./kWh. 

This is the point intersection (Break-even point) between the fossil gasoline and the fossil car driven 

with the MTG fuel produced with electricity from the grid mix. This means that from a carbon foot-

print of the electricity mix of 137.06 g CO2-eq./kWh, the fossil gasoline can be substituted with the 

MTG fuel with electricity supply from the grid mix to mitigate the carbon dioxide emissions in the 

transport and mobility sectors. According to the study of Ausfelder et al., the use of electricity-based 

synthetic fuels leads to carbon dioxide reduction when the carbon footprint of the electricity mix lies 

between 100 g CO2-eq./kWh and 160 g CO2-eq./kWh [106]. Therefore, the 137.6 g CO2-eq./kWh 

obtained in this thesis lies in this range which act as a validation of the obtained result. However, the 

use of the electricity mix-based MTG fuel in a gasoline-engined car currently leads to a higher GWI 

per 100 km (63.1 kg CO2-eq.) than the fossil gasoline (17.3 kg CO2-eq.) since the carbon footprint of 

the German electricity mix amounts to approximately 500 g CO2-eq./kWh as shown in figure 6.9 

above. 
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Comparison between gasoline-engined car driven with fossil gasoline and the gasoline-engined 

car driven with the solar MTG fuel 

The GWI per 100km of the gasoline engined car driven with the fossil gasoline is higher (17.3 kg 

CO2-eq.) than that of the gasoline-engined car driven with the solar MTG fuel produced in Almería, 

Ouarzazate and Calama i.e., 0.989 kg CO2-eq., 0.785 kg CO2-eq., 0.585 kg CO2-eq. respectively 

which is obtained by extrapolating the solar MTG fuel point horizontally to touch the y axis, see 

figure 6.11 below. This results to the carbon dioxide saving potential of 94.3% for Almería, 95.5% 

for Ouarzazate and 96.6% for Calama which means that driving the gasoline-engined car using the 

solar MTG fuel can help considerably reduce the amount of carbon dioxide emitted into the atmos-

phere by the transport and mobility sector. This is even more important since the same gasoline-

engined car can be used and no new refuelling infrastructure is required as the solar MTG fuel is 

similar to the conventional gasoline fuel. Therefore, the solar MTG fuel can be an alternative carbon 

dioxide mitigating fuel which could be used currently especially for those who can’t afford electric 

cars due to their currently high prices in the market. 

Comparison between electric car driven with electricity from the grid mix and gasoline-engined 

car driven with the solar MTG fuel 

The GWI per 100 km of the gasoline-engined car driven with the MTG fuel produced with electricity 

from the PV/CSP hybrid power plant constructed in the three geographical locations are represented 

by the three points found at the bottom right end of the figure. A comparison of their GWI to that of 

the electric car shows that the electric car currently leads to a GWI per 100 km of 7.898 kg CO2-eq. 

which is by far higher than for example the 0.989 kg CO2-eq. obtained when driving with the solar 

MTG fuel produced in Almería i.e., an electric car currently emits a higher amount of carbon dioxide 

than the gasoline-engined car driving with the solar MTG fuel produced in Almería, Ouarzazate and 

Calama. The GWI of the solar MTG fuel of Almería (0.989 kg CO2-eq./100 km) was obtained by 

extrapolating the point for the solar MTG fuel in Almería (yellow dot in figure 6.9) horizontally to 

touch the y axis. By extrapolating for the other geographical locations, 0.785 kg CO2-eq. and 0.585 

kg CO2-eq. are obtained as GWI per 100 km for driving a gasoline-engined car with the solar MTG 

fuel produced in Ouarzazate and Calama respectively. Therefore, the solar MTG fuel produced from 

the PV/CSP hybrid solar power plant in these regions can currently be used as an alternative to electric 

cars since they lead to lower GWI per 100km when driving a gasoline-engined car and the carbon 

footprint of the electricity produced from the PV/CSP hybrid solar power plant is lower than the 

carbon footprint of the electricity grid mix.  
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The question which then arises from this finding is from which carbon footprint of the electricity mix 

will the electric car using electricity from the grid mix leads to lower GWI per 100 km than using the 

solar MTG fuel. This case occurs when the carbon footprint of the electricity mix is equal to 49.45 

kg CO2-eq./kWh compared to the GWI per 100 km of the solar MTG fuel produced in Almería and 

when it is equal to 39.25 kg CO2-eq./kWh and 29.25 kg CO2-eq./kWh in comparison to the GWI per 

100 km of the solar MTG fuel produced in Ouarzazate and Calama respectively as shown in figure 

6.11 below. This shows that the lower the GWI per 100 km of the solar MTG fuel, the lower the 

carbon footprint of the electricity grid mix used to drive the electric car has to be. The above-men-

tioned carbon footprints of the electricity mix are the points of intersection (Break-even points) be-

tween GWI of the solar MTG fuel produced in the different locations and the of the electricity used 

as fuel in an electric car. 

 

Figure 6.11: GWI per 100 km against carbon footprint of produced electricity 
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7 Discussion of the results 

In this chapter, the results of the life cycle assessment and the sensitivity analysis are critically exam-

ined and discussed to understand the different tendencies in the obtained results and to explain the 

reasons for these tendencies. 

7.1 Discussion of the LCA results 

As can be seen in figure 5.18 above, the GWI for the synthesis and combustion of the solar MTG fuel 

with electricity supply from a PV/CSP hybrid power plant was lower than that of the fossil gasoline. 

Since the GWI for the combustion of both fuels was similar, the main difference between the GWI 

of solar MTG fuel and the fossil gasoline was observed in the GWI of the fuel synthesis with the GWI 

of the solar MTG fuel being lower than that of the fossil gasoline. Through this, a carbon dioxide 

saving potential of 94.3 % was achieved which confirms the first hypothesis made in the goal defini-

tion of the LCA study i.e., the solar MTG fuel can achieve a significant reduction of more than 80 % 

in GHG emissions compared to gasoline from fossil sources Therefore, the solar MTG fuel can play 

an important role in the mitigation of carbon dioxide emissions in the transport and mobility sectors. 

The low GWI obtained for solar MTG fuel synthesis is due to following reasons: Firstly, the PV/CSP 

hybrid power plant used for the electricity supply of the downstream process can be considered as a 

clean energy source since its only carbon dioxide emissions are those linked with its construction i.e., 

carbon dioxide emitted during the construction of the power plant and after its construction, no carbon 

dioxide is emitted into the atmosphere from the plant as it generates electricity during its entire life-

time. Secondly, the DAC process used as carbon capture technology in this thesis led to negative 

emissions whereby more carbon dioxide was removed from the atmosphere during the operational 

phase than that emitted during the construction phase of the plant. 

The LCA results showed that the carbon footprint of the electricity used as energy supply for the 

downstream processes have a great influence on the GWI of the produced solar MTG fuel. The higher 

the carbon footprint of the electricity used in the downstream processes, the higher the GWI of the 

produced solar MTG fuel and vice versa. Therefore, for the solar MTG fuel to lead to a reduction in 

the GHG emissions in the transport and mobility sector, electricity with lowest possible carbon foot-

print must be used otherwise the synthesis of the solar MTG fuel wouldn’t be worthwhile in terms of 

reducing the GHG emissions in the transport and mobility sector since it will lead to even higher 

carbon dioxide emissions than fossil gasoline.  

Upon analysing influence of the different downstream processes i.e., SWRO, AEL, DAC, methanol 

synthesis and methanol-to-gasoline on the total GWI of the solar MTG fuel without considering the 

negative emissions caused by the DAC process, it was discovered that the alkaline electrolysis process 
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with an upstream SWRO process both powered by the PV/CSP hybrid solar power plant contributed 

the highest (54.45%) to the total GWI of the solar MTG fuel. However, it was shown that the SWRO 

process had a quite negligible GWI which means that the almost all the 54.5% can be attributed to 

the alkaline electrolysis process alone. The direct air capture process powered by the PV/CSP hybrid 

solar power plant came in second place with its 41.58 % and the electricity consumed in the methanol 

and MTG synthesis made up 3.97 % of the total GWI. The high contribution share of the alkaline 

electrolysis process is mainly linked to its high electricity demand (48 kWhel/kg H2) while DAC plant 

carbon dioxide emissions originate from the construction of the plant and the high amount of carbon 

dioxide required for the carbon dioxide hydrogenation reaction to produce methanol compared to 

hydrogen (7 CO2:1 H2). Another reason is because the DAC process is energy intensive compared 

for example to CO2 capture from point sources like the flue gas of biogas or cement plants that have 

a relatively high carbon dioxide concentration. Nevertheless, the DAC process was maintained as the 

carbon capture process in this thesis because it can be built anywhere (spatially independent) and 

since PV/CSP hybrid solar power plant are usually constructed in areas with little or no human activ-

ities like Deserts, the DAC process is the best suited process for such power plants. However, in case 

there exist a biogas or cement plant in the vicinity of the constructed PV/CSP hybrid power plant, it 

will be advised to make use of the carbon dioxide from their flue gas since this is going to reduce the 

energy demand of the overall process. 

The AEL and DAC processes must be considered when searching for processes with high optimiza-

tion potential i.e., processes that can be optimized to considerably reduce the GWI of the solar MTG 

fuel while the SWRO process should not be considered due to its negligible GWI. An example of an 

optimization idea in the AEL process could be the use of high temperature and pressure alkaline 

electrolyser which allows higher operating temperatures and pressures which in turn leads to an in-

crease in the efficiency of the system. The net result of the efficiency’s increase is that the electricity 

demand of the AEL process will be reduced and a reduction in the electricity demand of the AEL 

process is associated with a decrease in the GWI of the solar MTG fuel produced as explained in the 

previous paragraph. Another optimization idea could be the use of carbon dioxide removal from a 

point source like a cement plant as the carbon capture process in place of the direct air capture process. 

7.2 Discussion of the sensitivity analysis results 

The sensitivity analysis results on the evaluation of the effect caused by a change in the geographical 

location on the GWI of the solar MTG fuel synthesis pointed clearly that the higher the solar resource 

of the region in which the PV/CSP hybrid power plant is built for the electricity supply of the down-

stream processes, the lower the GWI of the produced solar MTG fuel. This is explained by the fact 

that regions with low solar resource are characterised by a low global horizontal irradiance (GHI) and 
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a low direct normal irradiance (DNI) which lead to a low net electricity production compared to 

regions with high solar resource which have high global horizontal irradiance and high direct normal 

irradiance leading to a high net electricity production in the PV and CSP tower plant respectively. 

The high net electricity production leads to low GWI of the solar MTG fuel synthesis in regions with 

higher solar resource because the carbon dioxide emissions are spread over a larger electricity quan-

tity i.e., for the same amount of carbon dioxide emitted, a higher amount of electricity is produced in 

the regions with higher solar resource than regions with lower solar resource. Example of regions 

with higher solar resource are the countries found in the earth’s sunbelt like the Sahara Desert, Spain. 

This confirms the second hypothesis made at the start of this LCA study that the solar MTG fuel can 

be produced in the earth's sunbelt with a particularly low carbon footprint and that the solar MTG 

fuel is produced with the lowest carbon footprint in the geographical location with the highest solar 

resource (Calama in Chile). 

The sensitivity analysis on the evaluation of the change in the environmental impact of the solar MTG 

fuel synthesis when the PV electricity supply comes from a monocrystalline PV plant instead of the 

CdTe PV plant with the CSP tower plant remaining the same showed that using the monocrystalline 

PV plant leads to a higher GWI of the solar MTG fuel synthesis. This is explained by energy intensive 

production process of the silicon required for the monocrystalline PV panel. In this thesis, 196.2 kWh 

electricity and 200.31 MJ heat were required as energy for the monocrystalline PV panel construction. 

This is compared to the 29.05 kWh electricity and 2.65 MJ heat of the CdTe PV panel construction 

very high and is the reason for the high carbon footprint (0.0255 kg CO2-eq./kWh) obtained for the 

electricity produced from the mono-Si panel. Since this electricity has a higher footprint than that of 

the CdTe PV plant, it is only normal that the GWI of the produced solar MTG for the monocrystalline 

PV/CSP plant configuration is higher than that of CdTe PV/CSP plant configuration. Therefore, the 

use of the CdTe PV as PV technology is better than the mono-Si PV plant in terms of GHG emissions 

reduction. However, the problem with the CdTe PV plants is the scarcity and limited supply of the 

cadmium and tellurium required to produce the panel thereby making the panel construction depend-

ent on the amount of cadmium and tellurium which can be extracted or bought from the market at a 

high price since these elements are very scarce. In case a mono-Si PV panel is to be used, its recom-

mended to make use of energy sources with low carbon footprint such as sun and wind for the elec-

tricity supply of the silicon production process to avoid very high carbon dioxide emissions from the 

process. 

Comparing the gasoline-engined car driven with the electricity mix based MTG fuel to the gasoline-

engined car driven with the fossil gasoline, it was found that the GWI per 100 km for driving the 

gasoline-engined car with fossil gasoline was under the current carbon footprint of the electricity mix 
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by far lower than that of the gasoline-engined car driven with the electricity mix based MTG fuel 

which means that it would not be worthwhile for a country like Germany to begin using the electricity 

based MTG fuel since their carbon footprint is still very high (500 g CO2-eq.) leading to higher GHG 

emissions than the presently used fossil gasoline. However, a reduction in the carbon footprint of the 

electricity mix to 137.06 kg CO2-eq. through an increase in the renewable energy sources’ share in 

the electricity mix of the next decades will change this i.e., from the electricity mix’s carbon footprint 

of 137.06 kg CO2-eq., the GWI per 100 km for driving a gasoline-engined car with the electricity 

based MTG fuel will be lower than that for driving a gasoline- engined car using fossil gasoline. This 

signifies that much efforts have to be done in producing more energy with low carbon footprint (re-

newable energy sources) in Germany if the gasoline-engined car driven with the electricity mix based 

MTG fuel is to substitute the fossil gasoline used in conventional cars. This is going to be the case in 

the future since the German federal government has decided the phase-out of coal fired power gener-

ation by 2038 and an expansion of the renewable energy sources [107]. This will help reduce the 

percentage of the fossil energy sources in the German electricity mix and simultaneously increase the 

renewable energy sources’ percentage. Therefore, the use of the electricity mix based MTG fuel could 

become reality in the future if everything pans out as planned by the German federal government. 

Comparing the electric car driven with electricity from the grid mix and the gasoline-engined car 

driven with fossil gasoline to the gasoline-engined car driven with the solar MTG fuel produced in 

the three geographical locations, it was found out that the GWI per 100 km for driving the gasoline-

engined car with the solar MTG fuel was currently lower than that for driving both the electric car 

with the electricity from the grid and the gasoline-engined car driven with fossil gasoline i.e., the 

solar MTG fuel leads to lower carbon footprint than both the conventional fuel and e-mobility. The 

question which is to be answered is whether it will be worthwhile in terms of reducing the GHG 

emissions in the transport sector for countries with low solar resource like Germany to import the low 

carbon footprint solar MTG fuel and use this fuel to drive cars in their countries. Considering that 

almost all future energy forecast have shown that Germany will continue to import energy in the 

future, the importation of the solar MTG fuel might add to the portfolio of other possible CO2 miti-

gating fuel like hydrogen [5]. However, a point which shouldn’t be discarded when considering the 

importation of the solar MTG fuel and other fuels produced in other countries is the fact that the 

transportation of the fuel leads to GHG emissions into the atmosphere since the transported fuel must 

meet certain requirements like the transport-desired temperature and pressure for it to be transported 

with little or no loss and energy is required to make the fuel transportable. Moreover, the solar MTG 

fuel has to be transported with the use of tanks and ships. The GWI for the construction and operation 

of these tanks and ships for the fuel transportation has to be added to the GWI of the produced solar 

MTG fuel to determine the total GWI associated with the production and transportation of this fuel 
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from the region of high solar resource where it is produced e.g., Morocco to countries where it will 

be burnt to drive a car for example Germany. Therefore, the importation of the solar MTG fuel will 

only be beneficial to the reduction of the GHG emissions in the transport if the total GWI associated 

with the production and transport of this fuel is lower than the GWI of electric car driven with elec-

tricity from the grid mix or the gasoline-engined car driven with fossil gasoline. 

Another question to be answered could be, under which circumstances will the GWI of driving an 

electric car with electricity from the grid mix be lower than the GWI of driving a gasoline-engined 

car with the solar MTG fuel produced in Almería, Ouarzazate and Calama. It was found that this is 

the case only when the carbon footprint of the electricity grid mix is equals to 49.45 kg CO2-eq./kWh, 

39.25 kg CO2-eq./kWh and 29.25 kg CO2-eq./kWh compared to the solar MTG fuel produced in 

Almería, Ouarzazate and Calama respectively. For the carbon footprint of the electricity grid mix of 

Germany to be that low, more than 90% of the energy used in Germany must be from renewable 

energy sources. This will be a very big challenge even for a great industrial nation like Germany and 

will demand that everybody from the government, industry stake holders to the citizens make con-

siderable efforts with respect to the reduction of the energy consumption, sector coupling and most 

importantly the people in Germany will have to waiver their lavish lifestyle such as the excessive 

meat consumption with its high energy and transport cost, the construction of big houses which are 

to be heated with energy, to name a few examples. 
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8 Conclusion and Outlook 

The need to achieve net-zero greenhouse gas emissions from all human activities has never been 

clearer. For this reason, the search for alternative routes which can help in the mitigation of carbon 

dioxide emissions in the atmosphere has become primordial in all sectors. In the transport and mobil-

ity sector, the use of electric vehicles is an example of an alternative route. The sustainable production 

and use of synthetic carbon-based fuels can also play an important role in the decarbonization of this 

sector since these fuels are advantageous in the sense that they can be produced as drop-in replace-

ment to fossil fuels, and they can be distributed and stored using the existing infrastructure. The solar 

methanol-to-gasoline fuel is the synthetic carbon-based fuel under study in this thesis. This fuel is 

produced using hydrogen generated by the electrolysis of water and captured carbon dioxide from the 

atmosphere which are supplied with electricity from a PV/CSP hybrid solar power plant. The envi-

ronmental advantages associated with the production and use of the solar MTG fuel instead of the 

fossil-based fuels are still unknown. 

To address this point, the goal of this thesis was the determination of the carbon dioxide saving po-

tential of this solar produced MTG fuel compared to fossil fuels by application of the LCA method-

ology. In the first part of this thesis, the theoretical principles were presented with an accent on the 

technologies required to produce the MTG fuel such as the PV/CSP hybrid solar power plant, sea 

water desalination plant, alkaline electrolyser, direct air capture plant, methanol and the methanol-to-

gasoline plants. Afterwards, the steps to be followed while carrying an LCA were explained. The 

software used for the LCA was OpenLCA combined with the Ecoinvent v.3.6 database and the impact 

category of interest was climate change expressed in kilogram carbon dioxide equivalent per func-

tional unit. 

The second part of this thesis consisted of a comprehensive literature search to collect the required 

LCI data for the considered processes. The LCI data collection for the MTG fuel was divided into 

four main groups namely: electricity generation, hydrogen production, carbon capture, methanol, and 

methanol-to-gasoline synthesis. The collected LCI data were then combined with the data from the 

Ecoinvent database to create product systems through which the manufacturing route of the MTG 

fuel is implemented and their global warming impacts are calculated. The global warming impacts of 

the product systems involved were calculated with respect to the four main groups chosen during the 

LCI data collection. Subsequently, the fossil gasoline process found in the Ecoinvent database was 

used for the calculation of the global warming impact associated with the production of the fossil-

based fuel. The global warming impacts to produce both the MTG fuel and the fossil gasoline were 

each added to the global warming impact for the combustion of the fuel produced. The resulting 
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global warming impacts were then used to calculate the carbon dioxide saving potential of the solar 

MTG fuel compared to fossil gasoline. 

In the last part of this thesis, a sensitivity analysis was carried out to check the robustness of the 

results. The effect on the global warming impacts caused by the change in geographical location of 

the PV/CSP hybrid solar power plant, the substitution of the PV/CSP hybrid solar power plant with 

the electricity mix and the substitution of the cadmium telluride PV technology through the mono-

crystalline PV technology were evaluated. Furthermore, the results obtained were used to calculate 

the carbon footprint of the electricity mix required for the grid electricity mix based MTG fuel to have 

a lower global warming impact than the fossil gasoline. Lastly, the results of the life cycle assessment 

and the sensitivity analysis were discussed and critically examined. 

Upon analysing the global warming impacts obtained for the production and combustion of the MTG 

fuel and the fossil gasoline, it was clear that the solar MTG fuel was a carbon dioxide mitigating 

alternative fuel to the fossil gasoline. The global warming impact of the solar MTG fuel amounted to 

0.0049 kg CO2-eq./MJ while that of the fossil gasoline was 0.0859 kg CO2-eq./MJ. A carbon dioxide 

saving potential of 94.3 % was achieved, thus the fossil gasoline can be substituted through the solar 

MTG fuel to reduce the carbon dioxide emissions in the transport and mobility sector. The reason 

behind the low GWI of the solar MTG fuel is because the PV/CSP hybrid solar power plant supplied 

clean electricity for the processes involved in MTG fuel synthesis since no carbon dioxide is emitted 

during its electricity generation apart from the carbon dioxide emissions linked with the plant con-

struction. Another reason for the low GWI of the solar MTG fuel is the presence of a negative emis-

sions process such as direct air capture amongst the downstream processes that absorbs more carbon 

dioxide from the atmosphere during its operation than it emits during its plant construction. 

The sensitivity analysis showed that the higher the solar resource of the region in which the PV/CSP 

hybrid solar power plant is built for the solar MTG fuel production, the lower the global warming 

impacts associated with the synthesis of the MTG fuel. However, since the PV/CSP hybrid solar 

power plant can only be built in regions with high solar resource, the GWI for the MTG fuel synthesis 

with electricity supply by the grid electricity mix was calculated for regions with low solar resource. 

The results showed that the GWI of this MTG fuel was higher than that of the fossil gasoline consid-

ering the current carbon footprint of the electricity mix. Moreover, it was seen that the higher the 

percentage of the renewable energy sources in the grid electricity mix, the lower the GWI of the MTG 

fuel produced. Nevertheless, it was shown that the GWI of the MTG fuel powered by electricity from 

the grid mix became lower than that of fossil gasoline when the carbon footprint of the electricity mix 

amounted to 137.06 kg CO2-eq./kWh. Another insight from the sensitivity analysis was that the GWI 

of the MTG fuel with the use of the monocrystalline PV plant as PV technology was higher compared 
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to that of the cadmium telluride PV plant due to the higher energy demand of the production of the 

silicon required for the monocrystalline PV panel construction. 

Since the data used for the LCA of the different processes in this thesis is based exclusively on liter-

ature, there exists some methodological limitations. For example, the GWI for the construction of the 

methanol and MTG reactor could not be calculated due to the lack of LCI data. Similarly, there was 

limited or no available data for the operation of the PV plants. Furthermore, it was considered that 

the product of the MTG process was only gasoline while the liquified petroleum gas and fuel gas 

parallelly produced during this process were considered as emissions. By handling these as by-prod-

ucts, the result will be an allocation procedure. This was similar in the alkaline electrolysis process 

where the oxygen produced was considered as an emission instead of a by-product. The scope of this 

study was limited to only focusing on the environmental burdens of the produced MTG fuel while 

other important pillars of sustainability such as economic and social issues were excluded. 

A strong recommendation for further studies is to obtain first-hand and more detailed LCI data for 

the different technologies through collaboration with manufacturers. By doing this, possible grey ar-

eas in the LCA study can be avoided. Another reflection will be to include the end-of-life treatment 

and waste handling of the relevant inputs in a further study since it plays a vital role in the environ-

mental burden of the different technologies used. In addition, this study can be extended by taking 

the carbon dioxide emitted during the transportation of the materials between the production site and 

the plant construction site into consideration when calculating the global warming impacts of the 

different plants employed in the LCA study. Last but not the least, other impact categories like ozone 

depletion, abiotic depletion, acidification, land use, water use, eutrophication, ionising radiation, par-

ticulate matter, human- and ecotoxicity could be considered in further LCA studies to determine how 

produced solar MTG fuel affects these sectors. This is because the GWI of the solar MTG fuel can 

be very low while for example the amount of NOx emitted in the atmosphere through the production 

process is very high 

 



 

92 
 

 



Appendix 

93 
 

A. Appendix 

 

Table A.1: Materials and weights for the manufacturing inventory of CSP tower plant [28] 

 

Material 

CSP tower plant with TES 

Amount 

 

Unit 

Solar field area 

Flat glass coated 1.1E+04 ton 

Steel, low-alloyed 3.6E+04 ton 

Zinc coat, pieces 2.7E+05 m2 

Steel, unalloyed 3.1E+03 ton 

Lubricating oil 5.7E+02 ton 

Concrete, normal 9.5E+04 m3 

Silicone product 1.1E+02 ton 

Electronics, for control units 1.5E+02 ton 

Receiver system 

Reinforcing steel 1.7E+03 ton 

Steel, chromium steel 18/8, hot rolled 2.5E+02 ton 

Silicone-based coating 7.0E-01 ton 

Refractory, basic 2.6E+02 ton 

Stone wool 1.1E+02 ton 

Tower 

Concrete, normal 1.9E+04 m3 

Reinforcing steel 3.6E+03 ton 

Excavation, hydraulic digger 1.3E+04 m3 

TES and HTF 

Nitrate salts, for solar power application 5.6E+04 ton 

Steel, chromium steel 18/8, hot rolled 1.2E+03 ton 

Reinforcing steel 1.4E+03 ton 

Stone wool 5.8E+02 ton 

Steam generation system 

Reinforcing steel 8.2E+01 ton 

Steel, low-alloyed 1.0E+02 ton 

Steel, chromium steel 18/8, hot rolled 3.5E+02 ton 
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Stone wool 8.4E-02 ton 

Glass fiber 2.3E+00 ton 

Power block 

Steel, chromium steel 18/8, hot rolled 3.7E+02 ton 

Reinforcing steel 3.0E+02 ton 

Steel, low-alloyed 5.3E+02 ton 

Steel, unalloyed 7.5E+01 ton 

Cast iron 6.0E-02 ton 

Copper 1.8E+01 ton 

Aluminium 6.2E+01 ton 

Stone wool 2.0E+00 ton 

Zinc coat, pieces 6.1E+03 m2 

Foundation and auxiliary buildings 

Concrete, normal 9.7E+03 m3 

Reinforcing steel 8.0E+02 ton 

Excavation, hydraulic digger 7.4E+03 m3 

Building, hall 4.8E+03 m2 

Wiring and piping 

Cable 1.9E+03 km 

Reinforcing steel 2.9E+02 ton 

Product 

CSP tower plant 1.0E+00 item 

 

 

 

 

 

 

 

 

 



Appendix 

95 
 

 

Table A.2: Inventory table to produce 1 kW CdTe PV panel [86, 87] 

 

Material 

CdTe PV Panel 

Amount 

 

Unit (per kW) 

Panel components 

Solar glass, low iron 7.54E+00 kg 

Flat glass, uncoated 7.52E+00 kg 

Tempering, flat glass 7.52E+00 kg 

Ethylene-vinyl acetate, foil 9.72E-01 kg 

Cadmium telluride, semi-conductor grade 2.21E-02 kg 

Cadmium sulphide, semiconductor grade 1.99E-03 kg 

Cadmium chloride, semiconductor grade 1.20E-04 kg 

Copper 1.13E-02 kg 

Solder, bar, Sn63Pb37, for electronics 3.70E-04 kg 

Indium 3.90E-04 kg 

Chromium 3.60E-04 kg 

Aluminium, production mix 2.31E-02 kg 

Silicone product 3.07E-03 kg 

Nitric acid, 50% in H2O 5.73E-02 kg 

Sulphuric acid 3.93E-02 kg 

Sodium hydroxide, 50% in H2O 4.23E-01 kg 

Isopropanol 2.08E-03 kg 

Silica sand 4.68E-02 kg 

Sodium chloride powder 4.53E-02 kg 

Hydrogen peroxide, 50% in H2O 4.94E-02 kg 

Chemicals, inorganic 3.76E-02 kg 

Chemicals, organic 9.75E-03 kg 

Nitrogen, liquid 7.33E-02 kg 

Helium 3.64E-02 kg 

Corrugated board, mixed fibre, single wall 5.23E-1 kg 

Glass fibre, reinforced plastic, polyamide, 

injection moulding 

1.08E-01 kg 

Tap water 1.79E+02 kg 

Energy requirement 
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Electricity, medium voltage 29.05E+00 kWh 

Heat, district or industrial, natural gas 2.65E+00 MJ 

Product 

CdTe PV Panel 1.00E+00 item 

Emission to air 

Heat, waste 1.79E+03 MJ 

Cadmium 1.13E-07 kg 

Emission to water 

Cadmium, ion 3.80E-06 kg 
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Table A.3: Inventory table for 1 kW inverter [87] 

Material 

Inverter 

Amount Unit (per kW) 

Aluminium, production mix, cast alloy 1.26E+00 kg 

Copper 4.00E-03 kg 

Steel, low-alloyed 1.56E-01 kg 

Acrylonitrile-butadiene-styrene copolymer 2.96E-01 kg 

Polycarbonate 1.36E-01 kg 

Polyethylene, HDPE, granulate 2.80E-02 kg 

Styrene-acrylonitrile copolymer, SAN 4.00E-03 kg 

Polyvinylchloride 4.00E-03 kg 

Printed wiring board, through hole 1.19E-01 kg 

Transformer, high voltage use 6.20E-01 kg 

Electric connector, wire clamp 1.00E-01 kg 

Inductor, ring core choke type 1.48E-01 kg 

Integrated circuit, IC, logic type 1.20E-02 kg 

Transistor, wired, small size, through-hole 

mounting 1.60E-02 
 

kg 
 

Diode, glass 2.00E-02 kg 

Capacitor, film 1.44E-01 kg 

Capacitor, electrolyte type, >2cm height 1.08E-01 kg 

Capacitor, tantalum 9.60E-03 kg 

Resistor, metal film type 2.00E-03 kg 

Sheet rolling, steel 1.56E-01 kg 

Wire drawing, copper 4.00E-03 kg 

Section bar extrusion, aluminium 1.36E+00 kg 

Corrugated board, mixed fibre, single wall 2.24E+00 kg 

Polystyrene foam slab 2.60E-01 kg 

Fleece, polyethylene 6.00E-02 kg 

Energy requirement 

Grid electricity 2030 8.48E+00 kWh 

Product 

Inverter 1.00E+00 item 
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Table A.4: Inventory table of mounting systems for 1 kW PV panel, open ground construction, on 

the ground [86]. 

 

Material 

Mounting system 

Amount 

 

Unit 

Aluminium, wrought alloy 3.98E+00 kg 

Concrete, normal 5.37E-04 m3 

Corrugated board, mixed fibre, single wall 8.64E-02 kg 

Polyethylene, HPDE, granulate 9.09E-04 kg 

Polystyrene, high impact 4.55E-03 kg 

Section bar extrusion, aluminium 3.98E+00 kg 

Section bar rolling, steel 6.15E+00  

Reinforcing steel 7.21E+00 kg 

Steel, chromium steel 18/8 hot rolled 2.47E-01 kg 

Wire drawing, steel 1.06E+00 kg 

Zinc coat, pieces 1.56E-01 m2 

Zinc coat, coils 1.09E-01 m2 

Product 

Mounting system 1.00E+00 item 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

99 
 

 

Table A.5: Inventory table for 1 kW electrical installation [86] 

 

Material 

Electric installation 

Amount 

 

Unit 

Copper 4.90E+00 kg 

Brass 6.67E-03 kg 

Zinc 1.33E-02 kg 

Steel, low-alloyed 2.87E-01 kg 

Nylon 6 7.67E-02 kg 

Polyethylene, HDPE, granulate 5.87E+00 kg 

Polyvinylchloride, bulk polymerised 7.10E-01 kg 

Polycarbonate 6.67E-02 kg 

Epoxy resin, liquid 6.67E-04 kg 

Wire drawing, copper 4.90E+00 kg 

Product 

Electric installation 1.00E+00 item 
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Table A.6: Inventory table to produce metallurgic silicon for 1 kW mono-Si PV panel [39, 86, 108, 

109] 

Metallurgical silicon (MG-Si) 

Materials Amount Unit (per kW) 

Wood chips, wet measured as dry mass 5.49E-01 kg 

Coke 23.12E+00 MJ 

Graphite 1.00E-01 kg 

Charcoal 1.70E-01 kg 

Petroleum coke 5.00E-01 kg 

Silica sand 2.70E+00 kg 

Oxygen, liquid 2.00E-02 kg 

Energy requirements 

Grid electricity 2030 11.00E+00 kWh 

Product 

MG-Si 1.00E+00 kg 

Emission to air 

Arsenic 9.42E-09 kg 

Aluminium 1.55E-06 kg 

Antimony 7.84E-09 kg 

Boron 2.80E-07 kg 

Cadmium 3.15E-10 kg 

Calcium 7.76E-07 kg 

Carbon monoxide, non-fossil 2.16E-04 kg 

Carbon monoxide, fossil 1.38E-03 kg 

Carbon dioxide, non-fossil 1.61E+00 kg 

Carbon dioxide, fossil 3.58E+00 kg 

Chromium 7.88E-09 kg 

Chlorine 7.88E-08 kg 

Cyanide 6.87E-06 kg 

Fluorine 3.88E-08 kg 

Hydrogen sulphide 5.00E-04 kg 

Hydrogen fluoride 5.00E-04 kg 

Iron 3.88E-06 kg 
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Lead 3.44E-07 kg 

Mercury 7.84E-09 kg 

NMVOC, non-methane volatile organic 

compounds 
9.60E-05 kg 

Nitrogen oxides 9.75E-03 kg 

Particulates, >10 um 7.76E-03 kg 

Potassium 6.20E-05 kg 

Silicon 7.51E-03 kg 

Slag from MG-Si production 2.5E-02 KG 

Sodium 7.76E-07 kg 

Sulphur dioxide 1.22E-02 kg 

Tin 7.84E-09 kg 
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Table A.7: Inventory table to produce solar grade silicon for 1 kW mono-Si PV panel [39, 86, 108, 

109] 

Solar grade (SoG) silicon 

Materials Amount Unit (per kW) 

MG-Si 1.13E+00 kg 

Hydrochloric acid, 30% in H2O 1.53E+00 kg 

Hydrogen, liquid 5.02E-02 kg 

Sodium hydroxide, in 50% solution state 3.48E-01 kg 

Energy requirements 

Grid electricity 2030 9.73E+01 kWh 

Heat, district or industrial, natural gas 1.85E+02 MJ 

Product 

SoG-Si 1.00E+00 item 

Emission to water 

AOX, Absorbable Organic Halogen 1.26E-05 kg 

BOD5, Biological Oxygen Demand 2.10E-04 kg 

DOC, Dissolved Organic Carbon 9.10E-04 kg 

TOC, Total Organic Carbon 9.10E-04 kg 

COD, Chemical Oxygen Demand 2.02E-03 kg 

Chloride 3.60E-02 kg 

Copper, ion 1.02E-07 kg 

Nitrogen 2.10E-04 kg 

Phosphate 2.80E-06 kg 

Sodium, ion 3.37E-03 kg 

Zinc, ion 1.96E-06 kg 

Iron, ion 1.56E-05 kg 
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Table A.8: Inventory table to produce mono-Si wafer for 1 kW mono-Si PV panel [86, 108, 109] 

Mono-Si wafer 

Materials Amount Unit (per kW) 

SoG-Si 8.86E-01 kg 

Silicon carbide 2.63E+00 kg 

Sodium hydroxide, in 50% solution state 1.49E-01 kg 

Hydrochloric acid, in 30% solution state 2.70E-02 kg 

Acetic acid, in 98% solution state 3.90E-02 kg 

Triethylene glycol 1.10E-01 kg 

Dipropylene glycol monomethyl ether 3.00E-01 kg 

Alkylbenzene sulfonate, linear, petro-

chemical 
2.40E-01 kg 

Arcylic binder, in 34% solution state 2.00E-03 kg 

Glass wool mat 1.00E-02 kg 

Paper, wood free, coated 1.90E-01 kg 

Polystyrene, high impact, HIPS 2.01E-01 kg 

Packaging film, LDPE 1.00E-01 kg 

Brass 7.46E-03 kg 

Steel, low-alloyed 1.48E+00 kg 

Wire drawing, steel 1.49E+00 kg 

Tap water 6.00E-03 kg 

Energy requirements 

Grid electricity 2030 7.99E+00 kWh 

Heat, district or industrial, natural gas 4.00E+00 MJ 

Emission to water 

AOX, Absorbable Organic Halogen 5.00E-04 kg 

Cadmium, ion 6.01E-05 kg 

Chromium, ion 3.03E-05 kg 

COD, Chemical Oxygen Demand 2.96E-02 kg 

Copper, ion 6.01E-05 kg 

Lead 3.03E-05 kg 

Mercury 6.01E-06 kg 

Nickel, ion 6.01E-05 kg 

Nitrogen 9.95E-03 kg 
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Phosphate 5.00E-04 kg 

BOD5, Biological Oxygen Demand 2.96E-02 kg 

DOC, Dissolved Organic Carbon 1.11E-02 kg 

TOC, Total Organic Carbon 8.25E-02 kg 
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Table A.9: Inventory table to produce mono-Si cell for 1 kW mono-Si PV panel [86, 108, 109] 

Mono-Si cell 

Materials Amount Unit (per kW) 

Mono-Si wafer 1.06E+00 m2 

Metallization paste, front side 7.40E-03 kg 

Metallization paste, back side 4.94E-03 kg 

Metallization paste, back side, aluminium 7.19E-02 kg 

Ammonia, liquid 6.73E-03 kg 

Phosphoric acid, fertiliser grade. in 70% 

solution state 
7.67E-03 kg 

Phosphoryl chloride 1.58E-03 kg 

Titanium dioxide, production mix 1.42E-06 kg 

Ethanol in 99.7% solution state 6.41E-03 kg 

Isopropanol 7.89E-02 kg 

Solvent, organic 1.43E-03 kg 

Silicone product 1.21E-03 kg 

Sodium silicate, spray powder 80% 7.48E-02 kg 

Calcium chloride 2.15E-02 kg 

Acetic acid, in 98% solution state 2.82E-03 kg 

Hydrochloric acid, in 30% solution state 4.57E-02 kg 

Hydrogen fluoride 3.77E-02 kg 

Nitric acid, in 50% solution state 2.67E-02 kg 

Sodium hydroxide, in 50% solution state 1.57E-01 kg 

Argon, liquid 1.80E-02 kg 

Oxygen, liquid 1.02E-01 kg 

Nitrogen, liquid 1.85E+00 kg 

Tetrafluoroethylene 3.17E-03 kg 

Polystyrene, expandable 4.10E-04 kg 

Photovoltaic cell factory 4.00E-07 item 

Energy requirements 

Grid electricity 2030 3.02E+01 kWh 

Heat, district or industrial, natural gas 5.90E+00 MJ 

Product 

Mono-Si cell 1.00E+00 m2 
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Emission to air 

Aluminium 7.70E-04 kg 

Ethane, hexafluoro-, HFC-116 1.20E-04 kg 

Hydrogen chloride 2.65E-03 kg 

Hydrogen fluoride 4.85E-06 kg 

Lead 7.70E-04 kg 

NMVOC, non-methane volatile organic 

compounds, unspecified origin 
1.94E-01 kg 

Nitrogen oxides 5.01E-05 kg 

Methane, tetrafluoro-, R-14 2.5E-04 kg 

Particulates, < 2.5 um 2.65E-03 kg 

Silicon 7.28E-05 kg 

Silver 7.70E-04 kg 

Sodium 4.85E-05 kg 

Tin 7.70E-04 kg 

Waste, from silicon wafer production 2.75E-01 kg 

Wastewater from PV cell production 2.17E-01 m3 
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Table A.10: Inventory table to produce 1 kW mono-Si PV panel [86, 108, 109] 

Mono-Si PV panel 

Materials Amount Unit (per kW) 

Mono-Si Cell 9.22E-01 m2 

Aluminium alloy, AlMg3 2.63E+00 kg 

Nickel, 99.5% 1.60E-04 kg 

brazing solder, cadmium free 8.76E-03 kg 

Solar glass, low iron 1.02E+01 kg 

Copper 1.13E-01 kg 

Glass fibre reinforced plastic, polyamide, 

injection moulding 
1.88E-01 kg 

Ethylvinylacetate foil 1.00E+00 kg 

Polyvinylfluoride film 1.10E-01 kg 

Polyethylene terephthalate, granulate, 

amorphous 
3.72E-01 kg 

Silicone product 1.22E-01 kg 

Acetone, liquid 1.30E-02 kg 

Methanol 2.16E-03 kg 

Vinyl acetate 1.64E-03 kg 

Lubricating oil 1.61E-03 kg 

Corrugated board box 1.10E+00 kg 

1-Propanol 8.14E-03 kg 

Tap water 2.31E+01 kg 

Tempering, flat glass 1.10E+01 kg 

Wire drawing, copper 1.23E-01 kg 

Photovoltaic panel factory 4.00E-06 items 

Energy requirements 

Grid electricity 2030 4.71E+00 kWh 

Heat, district or industrial, natural gas 5.41E+00 MJ 

Product 

Mono-Si PV panel 1.00E+00 m2 
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Table A.11: German electricity grid mix of 2020 

Name Amount Location unit Reference product 

Electricity production, geothermal 0.00792 DE kWh electricity, high voltage 

Electricity production, hard coal 0.05162 DE kWh electricity, high voltage 

Electricity production, hydro, run-of-

river 

0.03265 DE kWh electricity, high voltage 

Electricity, production, lignite 0.07641 DE kWh electricity, high voltage 

Electricity production, natural gas, 

combined cycle power plant 

0.01667 DE kWh electricity, high voltage 

Electricity production, natural gas, 

conventional power plant 

0.03928 DE kWh electricity, high voltage 

Electricity production, oil 0.0001 DE kWh electricity, high voltage 

Electricity production, photovoltaic, 

3kWp slanted-roof installation, multi-

Si, panel, mounted 

 

0.03552 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, photovoltaic 

3kWp slanted-roof installation, single-

Si, panel, mounted 

 

0.03134 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, photovoltaic 

560kWp, open ground installation, 

multi-Si 

 

0.00279 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, wind, 1-3MW 

turbine, offshore 

0.05258 DE kWh electricity, high voltage 

Electricity production, wind, 1-3MW 

turbine, onshore 

0.11678 DE kWh electricity, high voltage 

Electricity production, wind, <1MW 

turbine, onshore 

0.01582 DE kWh electricity, high voltage 

Electricity production, wind, >3MW 

turbine, onshore 

0.02249 DE kWh electricity, high voltage 

Heat and power co-generation, biogas, 

gas engine 

0.06248 DE kWh electricity, high voltage 

Heat and power co-generation, hard 

coal 

0.10584 DE kWh electricity, high voltage 

Heat and power co-generation, lignite 0.11369 DE kWh electricity, high voltage 
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Heat and power co-generation, oil 0.00126 DE kWh electricity, high voltage 

Heat and power co-generation, natural 

gas, combined cycle power plant, 

400MW electrical 

 

0.09052 

 

DE 

 

kWh  

 

electricity, high voltage 

Heat and power co-generation, wood 

chips, 2000 kW, state-of-the-art 2014 

0.01202 DE kWh electricity, high voltage 

Heat and power co-generation, wood 

chips, 6667 kW, state-of-the-art 2014 

0.01074 DE kWh electricity, high voltage 

Market for transmission network, elec-

tricity, high voltage 

6.6E-09 GLO km transmission network, 

electricity, high voltage 

Transmission network construction, 

long- distance 

3.2E-10 UCTE km transmission network, 

long- distance 
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Table A.12: Predicted German electricity grid mix of 2030 

Name Amount Location unit Reference product 

Electricity production, geothermal 0.00832 DE kWh electricity, high voltage 

Electricity production, hard coal 0.02105 DE kWh electricity, high voltage 

Electricity production, hydro, run-of-

river 

0.03318 DE kWh electricity, high voltage 

Electricity, production, lignite 0.07564 DE kWh electricity, high voltage 

Electricity production, natural gas, 

combined cycle power plant 

0.04753 DE kWh electricity, high voltage 

Electricity production, natural gas, 

conventional power plant 

0.05988 DE kWh electricity, high voltage 

Electricity production, oil 4.8E-05 DE kWh electricity, high voltage 

Electricity production, photovoltaic, 

3kWp slanted-roof installation, multi-

Si, panel, mounted 

 

0.05028 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, photovoltaic 

3kWp slanted-roof installation, single-

Si, panel, mounted 

 

0.04436 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, photovoltaic 

560kWp, open ground installation, 

multi-Si 

 

0.00394 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, wind, 1-3MW 

turbine, offshore 

0.11027 DE kWh electricity, high voltage 

Electricity production, wind, 1-3MW 

turbine, onshore 

0.17078 DE kWh electricity, high voltage 

Electricity production, wind, <1MW 

turbine, onshore 

0.02313 DE kWh electricity, high voltage 

Electricity production, wind, >3MW 

turbine, onshore 

0.03289 DE kWh electricity, high voltage 

Heat and power co-generation, biogas, 

gas engine 

0.07156 DE kWh electricity, high voltage 

Heat and power co-generation, hard 

coal 

0.04671 DE kWh electricity, high voltage 

Heat and power co-generation, lignite 0.04691 DE kWh electricity, high voltage 
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Heat and power co-generation, oil 0.00111 DE kWh electricity, high voltage 

Heat and power co-generation, natural 

gas, combined cycle power plant, 

400MW electrical 

 

0.12634 

 

DE 

 

kWh  

 

electricity, high voltage 

Heat and power co-generation, wood 

chips, 2000 kW, state-of-the-art 2014 

0.01377 DE kWh electricity, high voltage 

Heat and power co-generation, wood 

chips, 6667 kW, state-of-the-art 2014 

0.0123 DE kWh electricity, high voltage 

Market for transmission network, elec-

tricity, high voltage 

6.6E-09 GLO km transmission network, 

electricity, high voltage 

Transmission network construction, 

long- distance 

3.2E-10 UCTE km transmission network, 

long- distance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

112 
 

Table A.13: Predicted German electricity grid mix of 2040 

Name Amount Location unit Reference product 

Electricity production, geothermal 0.00834 DE kWh electricity, high voltage 

Electricity production, hydro, run-of-

river 

0.03841 DE kWh electricity, high voltage 

Electricity production, natural gas, 

combined cycle power plant 

0.04783 DE kWh electricity, high voltage 

Electricity production, natural gas, 

conventional power plant 

0.08076 DE kWh electricity, high voltage 

Electricity production, oil 4.1E-05 DE kWh electricity, high voltage 

Electricity production, photovoltaic, 

3kWp slanted-roof installation, multi-

Si, panel, mounted 

 

0.06052 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, photovoltaic 

3kWp slanted-roof installation, single-

Si, panel, mounted 

 

0.0534 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, photovoltaic 

560kWp, open ground installation, 

multi-Si 

 

0.00475 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, wind, 1-3MW 

turbine, offshore 

0.18094 DE kWh electricity, high voltage 

Electricity production, wind, 1-3MW 

turbine, onshore 

0.20819 DE kWh electricity, high voltage 

Electricity production, wind, <1MW 

turbine, onshore 

0.02956 DE kWh electricity, high voltage 

Electricity production, wind, >3MW 

turbine, onshore 

0.04202 DE kWh electricity, high voltage 

Heat and power co-generation, biogas, 

gas engine 

0.07166 DE kWh electricity, high voltage 

Heat and power co-generation, oil 0.00123 DE kWh electricity, high voltage 

Heat and power co-generation, natural 

gas, combined cycle power plant, 

400MW electrical 

 

0.13625 

 

DE 

 

kWh  

 

electricity, high voltage 
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Heat and power co-generation, wood 

chips, 2000 kW, state-of-the-art 2014 

0.01378 DE kWh electricity, high voltage 

Heat and power co-generation, wood 

chips, 6667 kW, state-of-the-art 2014 

0.01232 DE kWh electricity, high voltage 

Market for transmission network, elec-

tricity, high voltage 

6.6E-09 GLO km transmission network, 

electricity, high voltage 

Transmission network construction, 

long- distance 

3.2E-10 UCTE km transmission network, 

long- distance 
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Table A.14: Predicted German electricity grid mix of 2050 

Name Amount Location unit Reference product 

Electricity production, geothermal 0.00776 DE kWh electricity, high voltage 

Electricity production, hydro, run-of-

river 

0.03614 DE kWh electricity, high voltage 

Electricity production, natural gas, 

combined cycle power plant 

0.04642 DE kWh electricity, high voltage 

Electricity production, natural gas, 

conventional power plant 

0.09565 DE kWh electricity, high voltage 

Electricity production, oil 3.0E-05 DE kWh electricity, high voltage 

Electricity production, photovoltaic, 

3kWp slanted-roof installation, multi-

Si, panel, mounted 

 

0.06294 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, photovoltaic 

3kWp slanted-roof installation, single-

Si, panel, mounted 

 

0.05554 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, photovoltaic 

560kWp, open ground installation, 

multi-Si 

 

0.00494 

 

DE 

 

kWh 

 

electricity, low voltage 

Electricity production, wind, 1-3MW 

turbine, offshore 

0.22528 DE kWh electricity, high voltage 

Electricity production, wind, 1-3MW 

turbine, onshore 

0.23088 DE kWh electricity, high voltage 

Electricity production, wind, <1MW 

turbine, onshore 

0.03128 DE kWh electricity, high voltage 

Electricity production, wind, >3MW 

turbine, onshore 

0.04446 DE kWh electricity, high voltage 

Heat and power co-generation, biogas, 

gas engine 

0.06519 DE kWh electricity, high voltage 

Heat and power co-generation, oil 0.00111 DE kWh electricity, high voltage 

Heat and power co-generation, natural 

gas, combined cycle power plant, 

400MW electrical 

 

0.06864 

 

DE 

 

kWh  

 

electricity, high voltage 
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Heat and power co-generation, wood 

chips, 2000 kW, state-of-the-art 2014 

0.01254 DE kWh electricity, high voltage 

Heat and power co-generation, wood 

chips, 6667 kW, state-of-the-art 2014 

0.01121 DE kWh electricity, high voltage 

Market for transmission network, elec-

tricity, high voltage 

6.6E-09 GLO km transmission network, 

electricity, high voltage 

Transmission network construction, 

long- distance 

3.2E-10 UCTE km transmission network, 

long- distance 
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