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Abstract
Zero Emission Fuel (ZEF) has the goal to create affordable high-grade methanol, produced
from absorbed carbon dioxide and water from the air. The methanol is produced in a solar
methanol (MeOH) farm, consisting of 13225 micro-plants which are powered by PhotoVoltaic
solar panels (PV panels). The solar capacity of the solar MeOH farm is 12 MW and produces
7.8 tons of grade AA methanol per day (grade AA methanol has a purity of 99.8%). One of the
main goals of ZEF is to produce methanol with a smaller environmental impact compared
to the currently commonly used production methods. A part of the research focuses on an
advice for the type of PV panels to use. The main goal of the research is to determine the
environmental impact of methanol produced by the solar MeOH farm. The results lead to an
advice for ZEF concerning reducing their environmental impact, also the research advises on
further research.

To determine the environmental impact a life cycle assessment (LCA) is performed according
to ISO 14040 and ISO 14044 standards, using the ReCiPe 2016 method. The midpoint
impact categories researched are the global warming potential (GWP), the mineral resource
scarcity, and the fossil resource scarcity. The functional unit of the LCA is one ton methanol.
A set of assumptions is made concerning the solar MeOH farm, which are tested in the
sensitivity analyses. A second LCA is performed, which compares different PV technologies.
This LCA focuses on the endpoint impact categories, and the goal of this LCA is to show which
PV technologies have the least environmental impact. The PV technology with the smallest
environmental impact, polycrystalline silicon PV panels, is used in the LCA concerning the
solar MeOH farm.

One ton of methanol produced by the solar MeOH farm has a GWP of -835 ± 50 (6.5%) kg CO2
equivalent, proving that the methanol produced by ZEF absorbs CO2. When the end-use of
methanol is included, approximately 40% of the methanol produced by ZEF should be used
for the production of plastic and chemicals to produce zero-emission methanol. After 7.9 ±
0.8 years of production, the solar MeOH farm has reached the CO2 break-even point. The
mineral resource scarcity of one ton methanol produced by the solar MeOH farm is 10.7 ± 0.7
(6.3%) kg Cu equivalent, the fossil resource scarcity is 127 ± 13 (10%) kg oil equivalent, and
the energy payback time (EPT) is 6.9 ± 0.7 years of methanol production. The most crucial
factor that influences the environmental impact is the amount of equivalent sun hour (ESH),
therefore, the solar MeOH farm should operate on a location with a high amount of ESH to
decrease the environmental impact. A 1% decrease of micro-plant efficiency increases the
environmental impact with more than 1%. The recommendation is to focus on lifetime and
efficiency when designing new subsystems, since lifetime is a more important factor than the
materials used.
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1
Introduction

1.1. Context

In December 2015, 174 countries and the European Union signed the Paris agreement [1]. A
part of this agreement is to keep the global temperature rise in the 21st century well below 2
°C compared to pre-industrial levels, and to pursue efforts to limit the temperature increase
even further to 1.5 °C [2]. The leading cause of global warming is the increase in greenhouse
gasses in the atmosphere. Greenhouse gasses like CO2 are emitted during the burning of
fossil fuels like coal, gas, and oil. In figure 1.1, the primary energy supply is depicted. This
figure shows a growth in primary energy use as well as a growth in the amount of fossil fuel
used. In the year 2017 the number of greenhouse gasses emitted increased by 1.3% [3].
To reach the goals of the Paris agreements more renewable energy generation needs to be
implemented.

Figure 1.1: Worldwide total primary energy supply from 1990 to 2016 [4].

To become fully sustainable and reach the Paris agreement, not only renewable electrical
energy sources are needed. In 2016, around 19% of the primary energy supply was used to
produce electricity. However, the oil consumption was 41%, and the gas consumption 15%
of the total primary energy use. The main end-use for oil is the use of fuels, while gas is
mainly used as a chemical feedstock and for heating [4]. These percentages indicate the en-
ergy and chemical dependency on hydrocarbons. This dependency means new methods for
sustainable production of hydrocarbons, or chemicals that replace hydrocarbons, are neces-
sary to become fully sustainable. An example of a hydrocarbon that can be used as fuel and
feedstock is methanol. The focus of this research is the production of renewable methanol
by using solar power. Section 1.2 discusses the pros and cons of producing methanol over
other chemicals.

1
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1.2. Methanol

Zero Emission Fuels (ZEF) is a company that uses solar power and air to create chemical
substances, methanol to be precise. The company of ZEF and how they produce methanol
is discussed in section 1.3. This section elaborates on the main reasons why the chemi-
cal methanol is selected for production. Methanol is a chemical with the molecule formula
CH3OH, figure 1.2 depicts the skeletal formula. It is the simplest hydrocarbon that is liq-
uid at room temperature [5]. This results in less energy required to form the molecule in
comparison with other, more complex, hydrocarbons. The main technical reason for choos-
ing methanol over other hydrocarbons is the low amount of energy required for production
and thus the relatively high conversion efficiency. Methanol is a liquid at room temperature,
making it easy to store. The energy content of methanol at standard conditions is around 20
MJ/kg, which translates to around 16 MJ/L. 20 MJ/kg is the lower heating value [6].

Figure 1.2: The flat skeletal formula of methanol [7].

Methanol is mostly used as a chemical solvent, a fuel, or as a precursor in the production of
plastics [7]. This means that there is an existing market for methanol, which also means the
infrastructure to transport and store methanol is already present. The methanol market is
the second reason methanol is chosen, the capacity of the methanol market was 110 million
tons in 2017, produced by 90 plants. This is interestingly enough not equal to the total
methanol demand, which was equal to 97 million tons in 2017 [8]. Almost 200,000 ton of
methanol is used daily for feedstock or fuel [9]. The price of one ton of methanol in the first
quarter of 2019 was 350 € [10]. In figure 1.3 an overview of the end products of methanol is
shown.

Figure 1.3: An overview of the methanol market based on end-use of methanol [11].

The main disadvantage when using methanol as a fuel in comparison with other hydrocar-
bons is the energy density. As mentioned above the energy density of methanol at standard
conditions is 16 MJ/L. For the main fuels gasoline, diesel and kerosene these values are 34
MJ/L, 38.5 MJ/L and 36.5 MJ/L respectively [12]. So to store the same amount of energy
more than two times the volume is needed.

The two main feed materials for methanol production are natural gas and coal, where the first
accounts for around 90% of the methanol production. Coal is mostly used in regions where
no natural gas sources are available [13]. The scope of this research includes only these
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two production methods. Biomass is not discussed in this research for multiple reasons.
The first being that it is not in the scope of interest of ZEF. The second reason is that the
subsidies for food-based biofuels are being cancelled in the European Union [14]. The third
reason is that methanol can be produced from numerous routes when using biomass as a
feed [15]. Because there are so many different production routes the scope of this research
would become too broad when including biomass.

1.3. Zero Emission Fuels

ZEF is a start-up with the goal to produce sustainable and affordable grade AA methanol
(grade AA methanol has a purity of 99.8%). ZEF is developing a conceptual solar methanol
(MeOH) farm, with a solar capacity of 12 MW and a targeted methanol production of around
7.8 ton per day. The production rate is based on the assumption that the solar MeOH farm
operates on a location where 7 equivalent sun hours (ESH) are present. One ESH is equal to
a solar irradiation of 1 kWh/m2. A visualisation of this solar MeOH farm is depicted in figure
1.4.

Figure 1.4: A visualisation of the ZEF solar MeOH farm designed by Van Nunen [16].

A solar MeOH farm consists of 13225 modular MeOH systems, of which a schematic
overview is given in figure 1.5. The modular MeOH system is modular and consists out
of PhotoVoltaic (PV) solar panels and a micro-plant. The capacity of the PV panels is 900
Watt-peak (Wp). The modular MeOH systems are connected using pipelines, which flow to a
storage vessel. The farm operates without electrical storage, meaning the farm only produces
methanol when energy is delivered from the PV panels.

Figure 1.5: A schematic and simplified overview of the modular MeOH system. DAC means the Direct Air Capture, AEC means
alkaline electrolytic cell, MS means methanol synthesis, DS means distillation and SOL means solar panels [16].

Some processes in the micro-plant operate at elevated temperatures, meaning that the micro-
plant has a start-up time. If power is interrupted this can significantly reduce efficiency.
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A more detailed explanation and assumptions made about the solar MeOH farm and the
modular MeOH system are given in chapter 3.1.2. Because of confidentiality reasons, not all
details of the different components are discussed.

The Direct Air Capture (DAC) unit absorbs CO2 and H2O from the air, using a sorbent. The
air is filtered and blown into the absorption chamber by a fan, in which the sorbent is spread
out over different plates to increase the reaction surface. The sorbent releases the CO2 and
H2O at low pressure and high temperature, which is done in the desorption chamber at
vacuum pressure and elevated temperatures.

The synthesis of methanol should be performed at high pressures and temperatures, this
is achieved by compressing absorbed CO2 and H2O with a compressor from 0.1 bar to at
least 51 bar. Compressing the mixture of H2O and CO2 is more efficient than compressing
hydrogen. The pressurised solution is pumped into a buffer, in which H2O is in liquid state
and CO2 is in gas state, enabling the separation of CO2 and its consequent usage in the
methanol synthesis.

The Alkaline Electrolytic Cell (AEC) splits H2O into H2 and O2 through electrolysis at a
pressure of at least 51 bar and a temperature of 90 °C. The electrolyte used is potassium
hydroxide (KOH). The anode and cathode are separated by a membrane. The H2 produced is
used in the methanol synthesis.

The Methanol Synthesis (MS) occurs in the methanol reaction chamber. The operation
conditions are a temperature of approximately 230 °C and an absolute pressure of at least 51
bar. In this chamber, the compressed CO2 from the DAC and the H2 from the AEC are mixed.
The two main chemical reactions occurring in this chamber are reaction 1.1 and reaction 1.2.
Reaction 1.1 is the desired reaction. Reaction 1.2 is called the water gas shift reaction and
is unwanted because this reaction consumes CO2 and does not produce methanol.

CO + 3H −−−⇀↽−−− CH OH + H O (1.1)
CO + H −−−⇀↽−−− H O + CO (1.2)

The reaction side of the chamber is warmed to 230 °C, the other side is passively cooled by
environmental temperatures. The cool side leads to condensation of water and methanol.
The methanol and water mixture is fed into the distillation unit.

The methanol and water is a mixture that needs to be separated, which is done in a capillary
micro Distillation Unit (DS). The distillation leads to the desired methanol purity of 99.8%.
The distilled water can have small quantities of impurities like methanol and dissolved CO2.

1.4. Life Cycle Assessment

As mentioned before, ZEF has the goal to produce sustainable, zero-emission, methanol.
The main focus of the research is on CO2 emissions, which should optimally be zero or below
zero, but at least lower than the main production methods. To assess the environmental
impact of a product, a life cycle assessment (LCA) is conducted. An LCA is a systematic set
of procedures for compiling and examining the inputs and outputs of materials and energy
and the associated environmental impacts that are directly attributable to the functioning of
a product throughout its life cycle [17]. In the case of ZEF, the product is methanol. In this
research, an LCA is conducted to determine the environmental impact of methanol produced
by ZEF. Conducting an LCA is explained in more detail in chapter 2.1.

An impact category is defined as where the environmental impacts are addressed. Different
methods exist to interpret the environmental impact. The method used in this research is the
ReCiPe 2016 model. This method was developed by the Dutch National Institute for Health
and Environment, Radboud Universiteit Nijmegen, Leiden Universiteit and the company PRé
sustainability [18]. The ReCiPe model defines 18 different environmental midpoint impact
categories. The goal of the ReCiPe model is to link the emissions and material consumption
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during the life cycle to these 18 impact categories [19]. The ReCiPe model converts the 18
different impact categories by aggregating them to three end categories, which are damage to
human health, damage to the ecosystem, and damage to resource availability. There are two
main advantages of the ReCiPe model over other interpretation methods. The first advantage
is that the ReCiPe model has the broadest set of midpoint impact categories. Secondly, the
impact is assessed on a global scope [19]. These advantages are the reason for using the
ReCiPe model in this research.

Three midpoint impact categories are interesting for ZEF. These are the global warming po-
tential (GWP), mineral resource scarcity, and the fossil resource scarcity. The first category,
GWP, measures the global warming potential for the next 100 years in kilograms of CO2
equivalent. This is interesting to research for ZEF because they want to produce zero emis-
sions methanol. The mineral use shows howmuchminerals are used, this category compares
different minerals based on kilograms of copper equivalent. Sustainability does not only look
at the amount of CO2 emission, but also at the amount of rare minerals used. The latter can
limit the upscaling of the ZEF methanol project. The last impact category is fossil resource
use, which is directly linked to energy use. For the comparison of different PV panels the
endpoints impact categories are used. The impact categories and endpoints are discussed in
more detail in chapter 2.1.4.

1.5. Research Questions

The first section of this chapter discussed the need for sustainable fuels and feedstock. Sec-
tion 1.3 explained how the ZEF solar MeOH farm produces sustainable methanol. However,
the environmental impact of the conceptual solar MeOH farm is not yet determined. This
means that it is not known how sustainable the methanol produced by ZEF is. Section 1.4
explained how the environmental impact can be assessed by using an LCA. This research will
determine the environmental impact of the conceptual solar MeOH farm by conducting an
LCA. The results of the research can help in making decisions to decrease the environmental
impact and making sure sustainable methanol is produced. The main research question of
this research is:

Research question: What is the environmental impact based on global warming potential,
mineral use, and fossil fuel use, for methanol produced by the ZEF solar MeOH farm?

To answer and substantiate this question, the following five sub-questions are researched:

1. What type of PV panels have the lowest environmental impact?

2. What are the main contributors to the environmental impact?

3. How does the environmental impact of ZEF methanol production compare with the main
production routes of methanol?

4. How do different locations of operation influence the environmental impact?

5. How do uncertainties influence the final result?

1.6. Goals

To answer the formulated research questions certain research goals are formulated:

1. Advice ZEF which type of PV panel has the least environmentally impact. This advice is
substantiated by a comparative LCA concerning different PV panels.

2. Advice ZEF on the key parameters for decreasing their environmental impact. This
advice is based on a cradle-to-gate LCA of the methanol produced by the solar MeOH
farm.

3. Advice ZEF on further research that reassures certain assumptions made in the LCA.
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1.7. Structure of the Report

The second chapter discusses results from a literature study. The chapter first focuses on
how to conduct an LCA and elaborate on why the three impact categories, GWP, mineral
use, and fossil fuel use are the only categories assessed. The second part focuses on the
environmental impact of different types of PV panels. The last part of the chapter discusses
the main production methods for methanol. Chapter three describes the stages of the two
LCA’s conducted. The first LCA conducted is used to advise on PV panels. The second LCA
focuses on the solar MeOH farm itself. It first explains the goal and scope, which includes
all assumptions made and explain how uncertainties are assessed. The second part of the
chapter discusses the inventory used and elaborates on the Simapro model. The fourth
chapter discusses the main results from both LCA’s. Chapter five gives a sensitivity analyses
of the assumptions made in chapter three. The last chapter presents a conclusion of this
research.
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Literature

This chapter discusses the results of the conducted literature study. The first section elabo-
rates on the life cycle assessment. This section also explains the ReCiPe model in detail. The
second section focuses on different PV technologies and the environmental impact of these
techniques. The main production methods of methanol and their environmental impact are
elaborated in the last section. The results of the literature study are used for comparisons
and advice.

2.1. Life Cycle Assessment in General

Figure 2.1: Life cycle assessment framework [17].

This section discusses the framework of a life cy-
cle assessment based on the International Or-
ganisation for Standardisation (ISO). ISO has
published two guidelines for LCA, namely the
ISO 14040:2006 [17] and ISO 14044:2006 [20].
These guidelines describe four different phases
which are discussed in this chapter. In figure 2.1
the ISO framework is illustrated. The first phase
is the description of the goal and scope of the re-
search. The second phase is the inventory anal-
ysis, the third phase is the impact assessment,
and the last phase is the interpretation. How-
ever, as can be seen in the figure, these phases
are iterative. The following sections elaborate the
different phases.

2.1.1. Goal & Scope Definition

The goal and scope of an LCA shall be clearly defined and shall be consistent with the intended
application. Due to the iterative nature of LCA, the scope may have to be refined during the
study [20].

Goal
The following points determine the goal of the study [21]:

• Range of application: What is the objective of the study?

• Interest of realisation: Why is the LCA study conducted?

• Target group(s): For whom will the LCA study be conducted?

• Publication or other accessibility for the public: are comparative assertions intended in
the study?

Scope
The first step in determining the scope is to determine the functional unit. The definition of
a functional unit is a certain amount of product or service. The functional unit is defined
in such a way that different products can be compared, based on the environmental impact

7
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that follows from the LCA [22]. For example, the functional unit of a methanol plant could
be in the units of tons of methanol. With this functional unit the difference in for example
greenhouse gas emission, between different methanol plants, per ton of methanol produced
can be determined.

The second step is determining the product system and setting the system boundaries, which
follows from a well-described functional unit. Based on the functional unit, the different flows
of the system are described [21]. The best manner of presenting all the flows of the system
is by a flowchart, which is called a product tree. Figure 2.2 shows an example of such a
product tree.

Figure 2.2: An example of a product tree, showing the product system and system boundaries [23].

This product tree gives an overview of the boundary of the system and all the processes that
are in the scope. One box in the product tree is called a unit process. When a unit process is
outside the system boundary, it is not included in the environmental impact. In this example,
the environmental impact for the extraction of resources is taken into account. This is not
necessary when comparing two systems that consume the same resources. In that case, the
extraction would contribute the same amount to both systems. Setting the boundary is very
important for the LCA; the boundary determines the scope.

The scope describes different sets of boundaries. These boundaries are, for example, geo-
graphical boundaries and the time horizon. The time horizon can be defined as the present
and future environmental impact. One way to define the time horizon is to assume the envi-
ronmental impact of the product during the next 100 years [24].

Other subjects that are discussed in the scope are allocation, the interpretation method, and
assumptions. Allocation is necessary when multiple products are produced. The environ-
mental impact should be allocated between the different products. The method of allocating
the environmental impact needs to be mentioned in the scope [17]. The interpretation method
used in this research is discussed in section 2.1.4.

2.1.2. Inventory Analysis

The life cycle inventory phase (LCI) is based on materials and energy. It is an accounting of
everything involved in the product system. This phase gives more detail to the product tree
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using input and output used for certain products. The LCI is built up using unit processes. A
unit process is the smallest element considered in the life cycle inventory analysis for which
input and output data are quantified [17]. Some examples of unit processes are printing,
transportation, or deforming the metal. These unit processes can consume or produce en-
ergy, materials, or both.

Next step in the LCI is the energy analysis, this is important because environmental prob-
lems are frequently coupled with energy consumption. In this phase, energy consumption
or production is linked to the unit processes. When electricity is consumed the electricity
mix of the location of electricity consumption is used for the assessment. This location is
described in the geographical boundaries in the scope.

The LCI leads to results, for example, greenhouse gas emissions, energy use, and water
consumption. The impact assessment uses these results.

2.1.3. Impact Assessment

The life cycle impact assessment (LCIA) converts the results of the LCI to potential environ-
mental impacts. These environmental impacts support the interpretation phase, where the
questions posed in the goal definition are answered [25].

The mandatory parts of a LCIA according to ISO 14040 [17] and ISO 14044 [20] are:

1. Selection of impact categories, category indicators, and characterisation models.

2. Assignment of LCI results to the selected impact categories (classification)

3. Calculation of category indicator results (characterisation).

The 2nd and 3rd parts can be modeled using the Simapro software and selecting an inter-
pretation method. This is discussed in more detail in section 2.1.6. The following section
elaborates the impact categories, category indicators, and characterisation models.

2.1.4. Impact Categories

The impact category is defined as where the impacts are addressed. These categories are
selected in accordance with the goal. An example would be climate change or ecotoxicity.
For each impact category, the necessary components of the LCIA include [20]:

• Identification of the category endpoints

• Definition of the category indicator for given category endpoint(s)

• Identification of appropriate LCI results that can be assigned to the impact category,
taking into account the chosen category indicator and identified category endpoint(s)

• Identification of the characterisation model and the characterisation factors

The category endpoint can be one of the following three categories [18]:

1. Damage to human health

2. Damage to the ecosystem

3. Damage to resource availability

These are general categories and to better specify them midpoint impacts are used. These
focus on a single environment problem, e.g., climate change. The climate change midpoint
can be converted to endpoints, this is shown in figure 2.3. Appendix A discusses an example
of how to use the terms impact categories, category indicators, and characterisation models.

This research uses the ReCiPe 2016 model [18] as interpretation model. This model is de-
veloped by the Dutch National Institute for Health and Environment, Radboud Universiteit
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Figure 2.3: Simplified overview of midpoint and endpoint impact categories [25].

Nijmegen, Leiden Universiteit and the company PRé sustainability [18]. The ReCiPe model
defines 18 different impact categories on the midpoint level and three impact categories on
the endpoint level. The ReCiPe model converts the 18 different impact categories by using
weighing to the three endpoint impact categories, this is explained in more detail in appendix
A. This research uses the endpoint impact categories for comparing different PV panels, which
are explained in the next sections. The methanol production is assessed on the three selected
midpoint impact categories, which are also explained in the following sections.

Damage to Human Health
To measure the endpoint of damage to human health DALY is used. DALY is an abbreviation
for Disability Adjusted Life Year. DALY measures the difference between the standard life
expectancy in perfect health with the actual situation [26]. This can be written as in equation
2.1:

DALY = Years Lived with Disability (YLD) + Years of Life Lost (YLL) (2.1)

Some examples of damage to human health due to environmental pollution are dead due to
heatwaves, or an increase in infectious diseases due to an increase in temperature. The unit
of DALY is in years of life lost.

Damage to the Ecosystem
The endpoint of damage to the ecosystem is measured as the local species loss over time or
species.year [27]. An example is that due to global temperature increase species lose their
natural habitat and become extinct. Another example is that species become extinct locally,
due to the poisoning of their habitat.

Damage to the Resource Availability
The last endpoint is the damage to the resource availability. Due to the extraction and con-
sumption of both mineral and fossil resources the availability of these resources decrease.
The decrease in availability leads in general to an increase in the extraction difficulty, which
leads to an increase in extraction cost. This increase in cost is measured using the value of
Unites States dollar in 2013 (USD2013) [28].

Global Warming Potential
The GWP measures the global warming potential for the next 100 years in kilograms of CO2
equivalent. The emissions obtained in the LCI are converted to CO2 equivalent. For example,
in the ReCiPe method one kilogram of methane emitted is equal to 34 kilograms of CO2
equivalent emitted [28]. The category endpoints to which the GWP contributes are damage
to human health and damage to the ecosystem. One of the most used impact categories is
GWP [29].

One of the goals of ZEF is to reduce worldwide greenhouse gas emissions. This is the main
reason this category is selected. The category shows the amount of greenhouse gasses emit-
ted during the production of the solar MeOH farm and the amount that is absorbed from the
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air when methanol is produced. The GWP determines if ZEF has a net emission of zero. The
main focus of the research is on the GWP.

Mineral Resource Scarcity
The mineral use shows the amount of mineral consumed in the process. Not all minerals
are as easy to extract as others, and some are more abundant than others. This category
compares different minerals based on these factors in kilograms of copper equivalent. The
endpoint of this category is damage to the resource availability [18].

This category is selected because of scalability. If a resource used in the construction of the
plant is rare it influences the scalability of the plant. To become more sustainable the use of
(very) rare minerals should be limited.

Fossil Resource Scarcity
The last impact category is the fossil resource scarcity, which compares the fossil fuel use. It
takes the following resource into account: crude oil, natural gas, hard coal, brown coal, and
peat [18]. This is directly linked to energy use because these fuels are used for generation of
electricity or heat. The unit in which the fossil resource scarcity is compared is oil equivalent.
An oil equivalent is a normalised unit of energy. The unit normalises the energy content of
different fossil fuels based on their higher heating value [28]. The endpoint of this category
is damage to the resource availability.

This category is selected because fossil fuels are burned to extract energy, which creates
CO2 and other greenhouse gasses. These emissions are already taken into account with the
GWP but can show hot spots for energy consumption. Reduction in energy consumption
contributes to becoming more sustainable.

2.1.5. Interpretation

This is the last phase of the assessment. In this phase, conclusions are added to the results
from the LCI and LCIA phases, which leads to recommendations.

ISO 14040 [17]: Interpretation is the phase of LCA in which the findings from the inventory
analysis and the impact assessment are considered together. The interpretation phase should
deliver results that are consistent with the defined goal and scope and reach a conclusion,
explain limitations and provide recommendations.

The ISO 14044 states three steps for the interpretation phase:

1. Identification of the significant issues based on the results of the LCI and LCIA phases
of LCA

2. An evaluation that considers completeness, sensitivity and consistency checks

3. Conclusion, limitation, and recommendations

One of the sub-questions is concerning a sensitivity, or uncertainty, check. This check re-
sults in an estimation of the uncertainties of the LCA. A sensitivity check allows to change
different parameters and document the influence on the final result [21]. The consistency
check provides a reference to the goal and scope. The objective of the consistency check is
to determine whether the assumptions, methods, and data are consistent with the goal and
scope [20].

2.1.6. LCA in Simapro

To conduct the LCA Simapro software is used. Different databases form the backbone of
this program. The main database used is called the Ecoinvent database. The version used
is the Ecoinvent 3.4, which was compiled in November 2017 [30]. This database contains
data from different processes with this data and Simapro the environmental impact can be
assessed. How Simapro is used in this research is explained in the following example:
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• The goal is to determine the GWP of manufacturing a steel and aluminium component
in China and transporting this to Europe.

• The next step is to obtain the LCI. Using Simapro a process is created. This process
includes the materials steel and aluminium from the Ecoinvent database. The database
contains data for producing steel and aluminium in different locations. In this case,
the location of the steel and aluminium manufacturing is in China. To this process,
the production methods can also be added, for example, drilling of aluminium parts.
The last step of finishing the process is to include the transportation from China to
Europe. Using the database the mode of transportation is selected. The transportation
is expressed as tonne-kilometr. One tonne-kilometr is defined as the transport of one
tonne of material over one kilometer.

• The next step is the LCIA. Simapro is used to calculate the environmental impact based
on an interpretation model. The impact assessment model used is the ReCiPe midpoint
model, as explained before. Using this model the Simapro software calculates the impact
of the 18 different midpoint impact categories. Simapro uses the method to convert
emissions in the production to CO2 equivalent. The goal was to determine the GWP,
which is expressed in CO2 equivalent emission. If the goal is changed, for example, to
determining the damage to human health endpoint the only component that changes is
the interpretation model. Now, the new ReCiPe endpoint model is used, this converts
the CO2 equivalent emissions to DALY.

• For the interpretation, the results from Simapro are used, but not the software itself.
The uncertainty assessment is also conducted without the use of Simapro.

This simple example summarises how an LCA can be conducted using Simapro. In chapter
3, a detailed description of the Simapro inputs is presented.

2.2. Literature Results PV Panels

The goal of this section is to obtain environmental and performance parameters for different
types of PV panels. These parameters are used to advise ZEF concerning the PV panels with
the least environmental impact. This advice is written based on the conceptual design made
by Van Nunen [16]. The capacity of the PV panels is 900 Wp. 900 Wp or Watt-peak means
that the PV panels produce 900 Watts under standard test conditions. The standard test
conditions are an irradiance of 1000 W/m2, a cell temperature of 25°C and an air mass of
1.5. The air mass is the ratio between the path light has travelled through the atmosphere
and the path length of the atmosphere vertical upward [31]. A longer path length through
the atmosphere means more absorption of light. An air mass of 1.5 results in a specific light
spectrum.

Two different types of commercially available PV panels are discussed in the next sections,
namely silicon crystalline, and thin film. The first subsection of the chapter discusses silicon
crystalline PV technologies. Almost 95% of the market share consists of crystalline PV panels,
as can be seen in figure 2.4. The second subsection of the chapter analyses different thin-film
technologies. Every subsection first describes the technology and state the advantages and
disadvantages of that technology. Followed by the production method. The last part of each
subsection discusses efficiencies and CO2 equivalent emissions. At the end of the chapter,
the costs are briefly discussed, and the results are summarised. The PV panels discussed
are within the scope of ZEF, which means affordable and produced on a large scale.

From literature, an estimate of the environmental impact of the PV panels can be determined.
Many factors influence the environmental impact, e.g., location of production and technolo-
gies used for production. The main focus is the GWP of the production of the panels. The
results do not include the environmental impact of installing the PV panels. However, the
results include the environmental impact of the casing of the PV panels. The results lead to
an average range of CO2 equivalent that is used later in this research. Another important
note is that ZEF not only wants the lowest amount of greenhouse gasses but also wants to
produce the solar MeOH farm as cheap as possible. This leads to a trade-off between cheaper
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Figure 2.4: Overview of the global annual production of different PV technologies [32].

PV panels from, for example, China but a higher environmental impact, or more expensive
PV panels and lower environmental impact.

2.2.1. Silicon Crystalline PV Panels

A silicon crystalline PV panel consists of connected PV cells. These cells are made out of either
monocrystalline silicon or polycrystalline silicon. The type of cells in the panel determines
whether the PV panel is monocrystalline or polycrystalline. From figure 2.4 it is clear the
most dominant technique on the moment, around 60%, is polycrystalline (multi-crystalline).
The main reason polycrystalline has the biggest market share is because of lower costs. Both
PV panels have a long guaranteed lifetime (20-25 year); the lifetime is discussed in detail in
section 2.2.5. The next two sections elaborate on the two different types of silicon crystalline
PV panels in more detail. The third section summarises the results.

Polycrystalline PV Panels
Polycrystalline PV panels, in general, have a lower efficiency1 thanmonocrystalline PV panels,
but the production of the silicon is less energy-intensive. The polycrystalline PV panels are
cheaper in general. There are two main techniques for making polycrystalline PV panels.

Figure 2.5: The string ribbon technique visu-
alised [34].

The first technique is casting and sawing. The pro-
cess starts with metallurgic silicon that is melted. The
molten metallurgic silicon is cast into an ingot. The
ingot is cooled from one side to give an orientation to
the crystals. With this technique, many separate sil-
icon crystals are formed [35]. The ingot is cut with a
saw which leads to silicon losses equal to the thick-
ness of the saw.

The second technique is called string ribbon. This
technique pulls two strings through molten silicon.
The string moves upwards, and the silicon crystallises
between the strings. Figure 2.5 illustrates this pro-
cess. This process results in a thin ribbon of poly-
crystalline silicon that is cut into wafers for the cells.
The advantage of this technique is that less silicon is
wasted due to cutting. A disadvantage is that the sili-
con must be constantly heated, meaning this process
consumes more energy than the casting process.

1The efficiency of a PV panel is defined as the ratio between the energy output of the PV panel and the input of solar energy on
the PV panel [33].
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The average efficiency of polycrystalline PV panels varies between 12% & 18% [36]. Table
2.1 gives an overview of the results from literature research for polycrystalline PV panels.
Appendix B shows how CO2/m2 is recalculated to CO2/900 Wp.

Table 2.1: Results of studies regarding emissions of producing polycrystalline PV panels. Using the obtained efficiencies and
the capacity of the ZEF plant, emissions of producing square meters of solar panel are recalculated to 900 Wp

Location of production poly-Si Europe [37] Europe [38] Europe [38] U.S. [38]
kg CO2 eq./m2 160 130 185 240
kg CO2 eq./900 Wp 1100 1105 1380 1815
Location of production ribbon-Si Europe[37] Europe [38] Europe [38] U.S. [38]
CO2 eq./m2 130 95 120 150
CO2 eq./900 Wp 980 920 1195 1460

As can be seen, ribbon-Si has the lowest environmental impact. The efficiency of ribbon-Si
PV panels is slightly lower, which results in a larger surface area needed to reach the same
capacity. The efficiency is lower because the crystals are less orientated in one direction
than in the casting production method [37]. An extra advantage ribbon-Si based PV panels
have is that they are more cost-effective [39]. Because the ribbon-Si production leads to
less material lost, the assumption is made that the less expensive polycrystalline PV panels
consist out of ribbon-Si. The difference in CO2 emissions seen in table 2.1 is because the
energy consumption for production in U.S. is higher than in Europe. Not only the energy
consumption is higher, but the energy mix of U.S is less sustainable. This leads to more
emission to generate the required energy in comparison to the European energy mix.

Monocrystalline PV Panels

Figure 2.6: A monocrystalline
silicon ingot produced by the
Czochralski process [40].

Monocrystalline is the more efficient of the two silicon crystalline
technologies and has a slightly longer lifetime. However, the
monocrystalline PV panels are the more expensive technology [41].
Because of the higher capacity, the area the PV panels occupies will
be lower than other technologies.

The reason the efficiency is higher than polycrystalline is that each
cell is made up out of one single crystal of silicon. Production of
monocrystalline silicon is mostly through the Czochralski process,
which in short is the next process, a pure silicon crystal is put in
molten metallurgic silicon. This seed expands slowly and is moved
upwards until the crystal covers the entire ingot in one crystal [42].
The melting point of silicon is 1415 °C [43], meaning this process
operates at this temperate. This results in much thermal energy
needed to produce monocrystalline silicon. An example of such a
monocrystalline silicon ingot is depicted in figure 2.6. This ingot is
wire-sawed into thin wafers, that form the solar cells. Due to the
sawing, a part of the silicon is wasted [44], namely the thickness of
the wires.

The average efficiency of monocrystalline PV panels varies between 16% & 22% [36]. In table
2.2 an overview of the results from literature research for monocrystalline PV panels is shown.

Table 2.2: Results of studies regarding emissions of producing monocrystalline PV panels on different locations.

Location of production China [37] Europe[37] Philippines[45] Europe[45] Norway[45] Korea[45]
Kg CO2 eq./m2 385 200 281 259 198 287
Kg CO2 eq./900 Wp 2490 1290 1245 1140 885 1275

Overview Silicon Crystalline PV Panels
In table 2.3 an overview is given of the average efficiencies obtained from the literature study,
the last column shows the deviation from the average. The average efficiencies are used in
the rest of this research.
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Table 2.3: Overview of efficiencies obtained from literature for the different silicon crystalline PV panels.

Production technology Average efficiency Deviation
Mono-Si 18% ± 4%
Poly-Si 16% ± 2%
Ribbon-Si 15.5% ± 2%

2.2.2. Thin-Film PV Panels

The previous sections discussed three types of PV panels that are based on crystalline silicon.
As can be seen in figure 2.4 thin-film PV panels make up 5% of the currently produced PV
panels. The three main produced thin-film PV panels are amorphous silicon (a-Si), Cadmium
Telluride (CdTe) and Copper Indium Gallium Selenide (CIGS). The main advantages of these
PV panels are that they are flexible, lighter, and easier to install. The efficiency of thin-film
PV panels decreases less at higher temperatures in comparison with silicon crystalline PV
panels. Thin-film PV panels have a lower efficiency; this affects the space needed to obtain
the same capacity. In average two times more area is needed for the same capacity [46].

CdTe PV Panels
The cadmium telluride (CdTe) PV panel is the most dominant thin-film technology currently
produced. CdTe panels have the lowest energy payback time of all PV technologies that are
mass-produced [32]. The biggest disadvantage is that cadmium is a highly toxic metal [47].
Tellurium is a teratogenic substance and also a rare element [48]. CdTe panels are produced
by chemical vapor deposition.

The efficiency of CdTe panels ranges between 9% and 11% [49]. In table 2.4 results from
different studies are shown.

Table 2.4: Results of studies regarding emissions of producing CdTe PV panels.

Location of production U.S. [50] Southern Europe [50] Southern Europe [50] Malaysia [51] U.S. [52]
kg CO2 eq./m2 61 57 45 36 -
kg CO2 eq./900 Wp 765 765 490 360 292

Amorphous-Crystalline PV Panels
Amorphous-crystalline, as the name says, does not have a clear crystal structure. Hydrogen
is added to reduce dangling bonds in the silicon. This creates hydrogenated amorphous
silicon (a-Si:H) [53]. The thin-films are produced using so-called plasma-enhanced chemical
vapor deposition (PECVD). In this process, Silane (SiH4) is combined with oxygen to produce
amorphous silicon [54]. This process operates at a temperature range of 250°C - 300°C.

One of the advantages of the panels is that they are cheaper to produce than mono and
polycrystalline PV panels. The trade-off is that the area needed to reach the same capacity is
approximately two times higher. Moreover, the a-si PV panels can generate electricity from
diffuse and low-intensity light [55]. There are two main advantages of amorphous silicon over
the other types of thin-film PV panels. Silicon is an extremely common element, around 25%
of the earth crust is made up out of silicon. Silicon itself is non-toxic, contrary to Cadmium
[56].

The average efficiency of the amorphous-crystalline PV panels is between 5% and 7% [49]
[57] [58]. In table 2.5 results from different studies are shown. It needs to be noted that
most studies are over ten years old.

Table 2.5: Results of studies regarding emissions of producing a-Si PV panels.

a-Si Operation location Spain [59] Rome [60] Michigan [61] Rome [62]
kg CO2 eq./m2 80 53 55 80
kg CO2 eq./900 Wp 1330 950 835 1360
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CIGS PV Panels
Copper indium gallium selenide PV cells (CIGS) is the last category of thin-film PV panel
discussed. There are versions of this technology which do not use gallium. These panels
are called copper indium selenide PV cells (CIS). The main difference is that during the pro-
duction of CIGS PV panels, cadmium sulfide is used [63]. As discussed before cadmium is
highly toxic. The advantage of this technology over CdTe is that it uses less cadmium. The
main disadvantage is that CIGS is more expensive than the other thin-film technologies [64].
Another disadvantage is that one of the components of this PV panel is indium, which is both
crucial in CIG and CIGS. Indium is very rare element [65].

The CIGS achieves the highest conversion efficiencies of the thin-film technologies [65]. The
highest efficiency reached by produced panels is 19.2%. The average efficiency is in the range
of 10% to 13% [49]. Table 2.6 shows the results from different literature studies regarding
CIGS panels.

Table 2.6: Results of studies regarding emissions of producing CIGS PV panels.

Location of production Japan [52] Italy [66] Germany [60] Europe [67] Europe [68]
kg CO2 eq./m2 148 112 121 84 98
kg CO2 eq./900 Wp 1195 1250 1070 918 980

Overview Thin-Film PV Panels
In table 2.7 an overview is given of the efficiencies obtained from the literature study. These
efficiencies are used in the rest of the research.

Table 2.7: Overview of efficiencies obtained from literature for the different thin-film PV panels.

Production technology Average efficiency Deviation
CdTe 10% ± 1%
a-Si 6% ± 1%
CIGS 11.5% ± 1.5%

2.2.3. Installation

To install PV systems more is needed than just the PV panels. For example, cables are needed
to transport the energy, but also inverters, transformers, optional storage, and mounting are
needed. This is called the balance of system (BOS) and consists of everything needed to
construct a functional PV system. The results discussed in this chapter do not take the BOS
into account. The modular MeOH system , however, does need a mounting structure. When
the area of the PV panels increases so do the materials needed for the mounting structure.
This increase in material use increases CO2 emissions. Moreover, the cost of installing more
area of PV panels are higher. More area needed would also mean the ZEF plant takes up
more space, which is unwanted. Concluding that a larger PV panel area is not beneficial.
These factors are taken into account in the final advise.

There are different ways of mounting PV panels. For commercial use, the PV panels are
often mounted to the roof of a house. However, the plant of ZEF operates in a field. This
means that a ground-mounted structure is used. Two main designs for the mounting system
are considered in this study. The first design is an open ground mounting system, depicted
in figure 2.7. The second design is an open ground pole mounting, depicted in figure 2.8.
The main difference between the two figures is the metal frame and concrete use. The open
ground mounting structure consumes more concrete, while the pole mounting consumes
more steel and aluminium [69]. A recent trend in mounting structures is to construct a
frame like depicted in figure 2.7, but using wood instead of metal [70]. This could lead to a
more environmentally friendly way of constructing a PV mounting system. A disadvantage
of using wood is that wood decreases the fire safety of the mounting structure. The report
of Fthenakis et al.[69] describes materials that are used in the different mounting structure,
values from this report are used in the sensitivity analyses.
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Figure 2.7: Example of an open ground mounting system
[71].

Figure 2.8: Example of an open ground pole mounting
[72].

By using a solar tracking device, the generated energy of the PV panels can be increased.
A solar tracking device orientates the PV panel to the position in which it has the highest
possible solar irradiance throughout the day. In this research this technology is not taken
into account because of the following reasons [73]:

1. The cost of the PV-system and mounting increases with approximately 0.9 €/Wp in-
stalled. For the modular MeOH system, the cost increases by approximately 800 €.

2. More maintenance is required than a fixed rack

3. The tracking technology leads to a more complex system. This means more site prepa-
ration is needed.

2.2.4. Cost of PV Technologies

Table 2.8 gives an overview of the costs for the different PV technologies. These values are
obtained through a brief literature review. It is stressed that these values are an estimation
and only used as an indication. Due to the lack of data availability, the advice is that ZEF
contacts PV panels suppliers for a detailed price overview. For poly-Si and mono-Si, there
is data available, which is obtained from a database that is updated monthly. Assumed is
that the ribbon-Si is slightly less expensive as is mentioned before. The company First Solar
mainly produces CdTe PV modules. This company has cost indication for large scale module
purchases. The price range of the a-Si PV panels is more difficult to determine. Most data
is more than 6 years old and includes the installation of the PV panels. An estimation of the
price is made by comparing outdated data of amorphous, poly, and monocrystalline. Then
determine the percentage a-Si panels are cheaper and extrapolate this data. This gives that
a-Si panels are around 20% cheaper than polycrystalline panels [74] [57] [75]. It is stressed
that this is a very rough estimate.

Table 2.8: Overview of the cost per Wp and 900 Wp for PV modules in euro for different PV technologies.

Mono-Si Poly-Si Ribbon-Si CdTe a-Si CIGS
Average cost [€] 0.3 [76] 0.23 [76] 0.22 [76] 0.41 [77] 0.185 0.7 [78] [79]
Cost 900 Wp modules [€/Wp] 270 207 198 414 167 630

PV technologies are still relatively new. A learning curve of a particular technology shows that
with more production prices decreases. Figure 2.4 shows that the PV market is still grow-
ing rapidly. For crystalline-silicon, this learning rate is 28.5 %. This means that when the
cumulative capacity is doubled the average price is reduced by 28.5% [80]. For the thin-film
technologies, this rate is 25%[32]. These percentages show that the price of crystalline PV
panels decreases more than that of thin-film technologies. This is also due to the larger mar-
ket size of crystalline technologies, meaning that a double in cumulative capacity is reached
sooner.



18 2. Literature

2.2.5. Lifetime PV Panels & Mounting Structure

This section discusses the lifetime of PV panels and the mounting structure. The data from
the literature is used in the sensitivity analyses. PV panel manufacturers give two different
types of warranties on their PV panels. The first is the equipment warranty and the second
is a performance warranty. The equipment warranty is general between 10-15 years. This
warranty means that the PV panel is guaranteed to operate for 10-15 years without failing
[81]. The performance warranty guarantees the performance of the PV panel. Most manufac-
turers guarantee that the efficiency is above 80% of the original efficiency after 20-25 years
[82]. The decrease in efficiency is different for different PV technologies. Table 2.9 gives an
overview of the average decrease in efficiency per year. It is clear from the table that the
thin-film PV panels have a more significant decrease in efficiency than the silicon crystalline
PV panels, which leads to a shorter lifetime.

Table 2.9: Overview of the average yearly decrease in efficiency [83].

Mono-Si Poly-Si Ribbon-Si CdTe a-Si CIGS
Decrease in efficiency [%] 0.36 0.64 0.64 0.7 [84] 0.87 0.96

For open ground mounting structure the warranty is around 15 years. The manufacturer
guarantees that the mounting structure does not fail the first 15 years. The lifespan, in
general, is 25 years [85].

2.2.6. Summary Results Literature Study for PV Panels

In this section, a summary is given of the last sections to put the data in more perspective.
In table 2.10 an overview is given of the main advantages and disadvantages of different
PV panels. Note that this table only compares the two main techniques. In table 2.11 the
different specific techniques are compared to each other. The advantages and disadvantage
are in comparison with other techniques from the same main technique, so for example, the
lowest costs for the ribbon-Si means it has the lowest cost out of the three crystalline silicon
PV panels.

Table 2.10: Overview of the main advantages and disadvantages of the different PV panels.

Technique Advantages Disadvantages

Crystalline
Higher efficiency
Less area required
More mature technology

Larger CO2 footprint

Thin-film

Less efficiency decrease at higher temperatures
Smaller CO2 footprint
Can operate with diffuse light
Flexible structure

Need more area to deliver same power
Shorter lifetime
Less efficient
Uses toxic elements
Uses rare elements

Figure 2.9 gives an overview of the results of the literature study. In the figure it is seen that
CdTe has the lowest amount of CO2 equivalent emissions. The price is included in the figure,
it is stressed that these prices are only an indication. The monocrystalline and polycrystalline
module prices are obtained from a database that is updated monthly. The other prices are
obtained through data from 2015 or older. Figure 2.10 shows the area of PV panel needed
to obtain 900 Wp, assuming the efficiencies from the literature study. The figure shows that
the thin-film technologies use more area.

2.3. Literature Results Methanol

This section discusses the two main production methods for methanol. The two primary feed
materials for methanol production are natural gas and coal. First, the production of methanol
from natural gas is discussed. The second production method discussed is methanol pro-
duced from coal. An overview of the environmental impact is provided at the end of each
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Table 2.11: Overview of the prices, average efficiencies, main advantages and main disadvantages.

Technique Price €/Wp Efficiency Main advantage Main Disadvantage

Mono-Si 0.3 18% ± 4% Highest efficiency
Longest life time High Cost

Poly-Si 0.23 16% ± 2% Lower CO2 eq. emissions Lower efficiency than mono-Si

Ribbon-Si 0.22 15.5% ± 2% Lowest CO2 eq. emissions
Lowest costs

Sligthly lower efficiency
than poly-Si

CdTe 0.41 10% ± 1% Lowest CO2 eq. emissions Uses Cadmium
Uses Tellerium

A-Si 0.185 6% ± 1% Silicon is non toxic and a
common element Low efficiency

CIGS 0.7 11.5% ± 1.5% Highest efficiency of
thin film

Uses Cadmium
Expensive
Uses Indium

Figure 2.9: Overview of the average kg CO2 equivalent
emissions and costs for producing different PV technolo-
gies.

Figure 2.10: The area of the PV panels needed to reach
a capacity of 900 Wp based on average efficiencies.

section. The values obtained in this literature study are used for comparing methanol pro-
duced from natural gas and coal with methanol produced by ZEF.

2.3.1. Methanol Produced From Natural Gas

Natural gas accounts for around 90% of the methanol production [13]. This methanol is
produced from syngas, which is a mixture of CO and H2 [86]. The most common technique
for producing syngas is methane steam reforming from natural gas, depicted in reaction 2.2.
The reaction conditions are at high temperatures (800-1000 °C) and high pressures (20-30
bar). The steam can react with CO and produce CO2. This reaction is called the water gas
shift reaction, depicted in reaction 2.3 [87].

CH + H O −−−⇀↽−−− CO + 3H (2.2)
CO + H O −−−⇀↽−−− H + CO (2.3)

The syngas is first separated from the CO2 and other impurities. The ratio of H2 and CO after
separation is between 3:1 and 5:1. Next, the syngas is fed into a reaction chamber where the
methanol synthesis occurs. In this chamber two reactions take place that produce methanol,
these are reaction 2.4 & 2.5. The CO2 from reaction 2.5 is produced in the water gas shift
reaction that occurs in the reaction chamber. The pressure for methanol production is in a
range of 50-100 bar, and a temperature range of 200 - 300 °C. This reaction is promoted by
the use of catalyst. The most used catalyst is based on the elements Cu/Zn/Al2O3 [87].

CO + 2H −−−⇀↽−−− CH OH (2.4)
CO + 3H −−−⇀↽−−− CH OH + H O (2.5)
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The last step in producing methanol is the separation of H2O and methanol. The mixture is
distilled, which separates the two compounds.

The first impact category discussed is the GWP. The process of producing syngas demands
a high temperature, which consumes a large amount of energy. Also, the pressurising of the
gasses and the heating for the methanol synthesis demand energy. This energy consumption
leads to emissions, that are linked to the energy mix. The process of creating syngas creates
CO2. Table 2.12 gives an overview of the GWP obtained from literature. The values differ
mainly due to a difference in energy mixes.

Only the Ecoinvent database has data concerningmineral use and fossil fuel use. Themineral
use for the production of methanol from natural gas is low. The minerals that are consumed
in the methanol are mainly the catalyst and construction of the plant. The fossil fuel con-
sumption is mainly due to the consumption of natural gas in the production process. The
literature values for mineral resource scarcity and fossil resource scarcity are depicted in
table 2.12

Table 2.12: Overview of the GWP, mineral resource scarcity and fossil resource scarcity for one ton of methanol produced from
natural gas. The last column depicts the average and the standard deviation.

Source Ecoinvent [30] Śliwińska et al. [88] Kajaste et al. [89] Li et al.[90] Average
Kg CO2 eq. 690 740 880 915 805 ± 11.5%
Kg Cu eq. 1.45 ± 25% - - - 1.45 ± 25%
Kg oil eq. 755 ± 20% - - - 755 ± 20%

2.3.2. Methanol Produced From Coal

This section discusses the general production of methanol from coal. In countries where no
natural gas sources are available, coal is used for the production of syngas. An example of a
country where coal is used for syngas production is China [87]. The first step in creating the
syngas is the gasification of coal. During this process oxygen and steam are blown through
the coal at elevated temperatures. Reaction 2.6 depicts the overall gasification reaction of
coal. There are different methods of gasification that depend on the type of coal used. Only
the most commonly used method is inside the scope of this research.

3C + O + H O −−−⇀↽−−− H + 3CO (2.6)

During this reaction also the water gas shift reaction takes place which produces CO2. The
CO2 can react with the coal, as depicted in reaction 2.7.

CO + C −−−⇀↽−−− 2CO (2.7)

The syngas created from coal contains more contamination than the syngas produced from
natural gas. The main contamination’s are CO2, H2S and COS (carbon oxysulfide). Through
a purification process the impurities are removed. The next steps in the process are the same
as the natural gas production route.

Formethanol produced from coal no data is available concerning themineral resource scarcity
and fossil resource scarcity. The assumption is made that the mineral resource scarcity is
comparable to that of methanol produced by natural gas. The fossil fuel consumption de-
pends on the type of coal used. Table 2.13 shows different values for the GWP obtained from
literature .

Table 2.13: Overview of the GWP for one ton of methanol produced from coal. The last column shows the average and the
standard deviation.

Source Li et al. [91] Kajaste et el. [89] Li et al. [90] Average
Kg CO2 eq. 3090 2965 2890 2980 ± 3%
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Life Cycle Assessment

This chapter discusses the two different LCA’s that are conducted. The first LCA is a com-
parative LCA concerning PV panels. The main goal of this LCA is to advise ZEF on PV panels
that have the smallest environmental impact, but still meet their demands. The second LCA
is concerning methanol produced by ZEF. This chapter includes the goal & scope and the
LCI of the conducted LCA’s. The LCIA and interpretation are discussed in chapter 4. This
chapter explains all assumptions and the inputs to Simapro.

3.1. Goal & Scope of the Conducted LCA’s

This section discusses the goal and scope of the two conducted life cycle assessments. The
goal and scope description are in line with the ISO14040 and ISO14044 standards [17] [20].

3.1.1. Goal & Scope Comparative LCA PV Panels

The goal is to determine which PV panel has the least environmental impact by conducting
a cradle-to-gate LCA. Monocrystalline, polycrystalline, a-Si, CdTe, and CIGS PV panels are
assessed. The results of the LCA will lead to an advice for ZEF. The importance of the research
is to minimise the environmental impact of the ZEF solar MeOH farm. This advice helps to
make sure that Zero Emission Fuels is zero-emissions.

Scope
Because the modular MeOH system and solar MeOH farm are still in a conceptual phase,
the first step is to ”lock” the system. The research is focused on the design of Van Nunen
[16]. This means that the plant uses PV panels which have a total capacity of 900 Wp. The
amount of ESH is 7 hours. One ESH is equal to an irradiation of 1 kWh/m2.

The functional unit is PV panels with a capacity of 900 Wp. This capacity is sufficient for
ZEF and can be used directly to substantiate the advice. The time horizon that the modular
MeOH system operates is 20 years, which is assumed to be the time the PV panels operate
[16].

The next step is to determine the product system. This product system describes all the
different functions of the system. It includes the boundaries of the system assessed. This
system boundary is depicted in figure 3.1. Note this is a very simplified system. The system
boundary stops after the PV panel and the mounting is constructed, meaning that it does
not include installation or transport from the production facility.

The (LCIA) method used is the ReCiPe endpoint model, which is discussed in chapter 2.1.4.
The reason for selecting the endpoint method is that it leads to only three endpoint impact
categories that are compared. However, the comparison takes the 18 midpoint categories into
account that are weighted to the three endpoints categories. Using the 3 midpoint impact
categories does not give clear benefits of one PV panel over the other. The results of the three
midpoint impact categories are discussed in appendix C. Using the endpoint model leads to
clearer environmental benefits for certain PV panels over the other.

21
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Figure 3.1: Simplified overview of the product system for the manufacturing of PV panels. The dotted line depicts the boundary
of the system.

Assumptions
The following assumptions are made in this LCA:

• The average efficiencies of the different PV panels are based on the literature study and
are depicted in table 2.11. Appendix B shows the calculations of the efficiency of a PV
panel to m2 of PV panel.

• The efficiency of PV panels decreases with time, as mentioned in chapter 2.2.5. Dif-
ferent PV technologies have different efficiency losses. This difference is not taken into
account. The assumption is made that the decrease in efficiency is equal for all PV
panels.

• The mounting system used is dependent on the area of the PV panel. For the different
PV technologies, it is assumed that the mounting material used per square meter is the
same. However, the area of the PV panels is different. The mounting system used is an
open ground mounting.

• The lifetime of the PV panels is 20 years. After 20 years the panels are decommissioned.
The recycling of the PV panels is not included because currently almost all PV panels
are disposed of [92].

• The decrease in PV panel efficiency due to temperature is not included in the compar-
isons.

3.1.2. Goal & Scope LCA for Solar MeOH Farm

The goal is to determine the environmental impact of the methanol produced by the solar
MeOH farm, by conducting a cradle-to-gate LCA of the solar MeOH farm. The impact is
assessed using the midpoint impact categories GWP, mineral use, and fossil fuel use. The
interest of realisation to inform ZEF about their environmental impact. The LCA leads to an
advise to decrease the total environmental impact of the methanol produced by the ZEF solar
MeOH farm. The details of the plant will not be accessible to the public.

Scope
The research focuses on the modular MeOH system as designed by Van Nunen [16]. Some
slightly more up to date changes have been adopted concerning the DAC and the compressor.

Determining the functional unit of the LCA is less straightforward in comparison to the PV
panel LCA. One could use the functional unit one modular MeOH system, or one solar MeOH
farm. However, these functional units are more difficult to compare with other forms of
methanol production. Solar energy is stored meaning the functional unit can also be MJ
of stored solar energy. This can be compared to other forms of renewable energy storage.
The difference between methanol storage and for example batteries, is that batteries self-
discharge over time. The functional unit that is used is a ton of methanol produced. This
is for ZEF the most interesting as they want to compete with the main methods of methanol
production. Showing that ZEF has a smaller environmental impact per ton of methanol than
other production methods can be a strategic advantage in the methanol market. The func-
tional unit ton of methanol can be recalculated to both other suggested functional units. Be-
cause a solar MeOH farm, or modular MeOH system, produces a certain amount of methanol
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over its lifetime, and methanol can be recalculated to energy stored by using the energy con-
tent.

A cradle-to-gate LCA is conducted, because ZEF does not have enough data for the end-of-
life of the solar MeOH farm. Figure 3.2 depicts the system boundaries. The first phase of
producing methanol is the manufacturing of the modular MeOH system. The construction of
the solar MeOH farm is shown as the second phase in the figure. The extraction of resources
is outside of the system boundaries. Manufacturing of the micro-plant is expected to have
the largest environmental impact. In the operation phase, the plant operates and produces
methanol. The production of methanol is assumed not to consume minerals or fossil fuels.
Also, the GWP is negative in this phase due to CO2 absorption from the air. The only process
that has a negative environmental impact is electricity consumption. The end-of-life phase
of the plant is not taken into account for two reasons. The first reason is that ZEF has no
data concerning the end-of-life phase. The second reason is that the assumption is made
that the end-of-life has a relatively small environmental impact. This assumption is checked
in the sensitivity analysis.

Figure 3.2: The system boundaries of the LCA concerning the methanol produced by the solar MeOH farm of ZEF

In the LCA, an allocation is necessary when multifunctional processes exist. A multifunc-
tional process is a process with more than one product. Every ton of methanol produces
560 kilograms of H2O, as depicted in figure 1.5. The daily methanol production of the solar
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MeOH farm is 7.8 ton per day, meaning 4370 kg H2O per day. ZEF currently has no plans
with the water, meaning the economic value is zero. Besides H2O also small quantities of
N2, CO2, CO and H2 are emitted. The CO2 emitted is subtracted from the absorbed CO2. N2,
CO and H2 are produced in neglectable small quantities during pressure release, or purge,
of the methanol reactor. Currently, ZEF has no data on these emissions. ZEF expects a
relatively small production of these molecules. The assumption is made that the production
is not significant enough to influence the results of this research. The environmental im-
pact is allocated based on the cut-off method, which allocates all environmental impact to
the methanol. When an economic value is created for the produced water, the allocation of
the environmental impact can be based on economic allocation. Due to this allocation, the
environmental impact will always be smaller than the case with no allocation.

The LCIA method used is the ReCiPe midpoint method. This method focuses on 18 different
impact categories. For this LCA only three are assessed and discussed in detail, as dis-
cussed earlier. These impact categories are the GWP, the resource scarcity, and the fossil
fuel scarcity. Using the midpoint impact categories gives a more specific result than using
the endpoint method.

For the LCA a base case scenario is assumed. In this scenario, the construction phase takes
place in China. This is due to economic reasons, as discussed with ZEF. The modular MeOH
systems are transported to Morocco. The optimum location was investigated by a group from
the educational master transport, infrastructure and logistics at the TU-Delft [93]. The plant
consumes energy based on the energy mix of Morocco. The lifetime of the plant is 20 years,
without replacement of parts. The location of Morocco is assumed to have 7 ESH. More
assumptions concerning the plant are discussed in the next section.

Assumptions
Different sets of assumptions are made in the LCA. The impact of certain assumption is tested
in the sensitivity analyses. This section first lists the general assumption. Secondly, the
assumptions related to the modular MeOH system are described, and the last part discusses
the assumption made in producing and operating the solar MeOH farm.

• General assumptions.

– The solar MeOH operates in Morocco where the equivalent sun hours are assumed
to be 7, or 7 kWh/(day*m2).

– The consumed electricity is equal to the energy mix, which is equal to the data from
IEA [94].

– Transport is depicted in tonne-kilometr. Meaning a certain weight over a certain
distance. The modular MeOH system is assumed to be transported in China for
500 kilometers by train. This is the transport from the production facility to the
port in Shanghai. From Shanghai, it is shipped to Morocco through the Suez Canal
to the port of Agadir, which is approximately 18,000 kilometers. From Agadir, it
is transported by road to the solar MeOH farm site, which is a distance of 250
kilometers [93].

– There is a small amount of methanol dissolved in the water. However, in the cur-
rent results of the distillation unit, this amount of methanol is not measurable.
The assumption is made that the fraction of dissolved methanol in water is small,
therefore the water can be discarded without first purifying of the water.

• Assumptions concerning the modular MeOH system.

– The PV panels used are of the polycrystalline type; this choice follows from the
results of the comparative LCA concerning PV panels. The average efficiency over
the lifetime of the PV panels is assumed to be 15.5%. The total capacity of the PV
panels is 900 Wp (0.9 kWp), and the total area is 5.8 m2. The average daily energy
generation in the 7 ESH environment is 7 * 0.9 = 6.3 kWh, which translates to ≈
22.7 MJ/day. Details of these calculations are presented in appendix B.
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– The plant operates at an efficiency of 51.85%. This efficiency follows from assump-
tions ZEF made regarding production. This efficiency is defined as the ratio of
energy from the PV panel and the energy stored in methanol. The energy content
of methanol is 20 MJ/kg. Combining the 51.85% efficiency, the 20 MJ/kg, and the
22.7 MJ daily energy generation leads to a production of (0.5185*22.7)/20 ≈ 0.59
kg methanol per day. Details of these calculations can be found in appendix D.

– The lifetime is 20 years. After this lifetime the entire plant is decommissioned. This
means that the production over the lifetime of one modular MeOH system is (0.59
* 365 *20)/1000 ≈ 4.3 tons of methanol.

– No recycling is taken into account for the micro-plant, the assumption is made that
recycling has a relatively small environmental impact. For PV panels it is assumed
no recycling takes place only decommissioning and then it becomes waste. This is
currently the end-of-life of PV panels[92].

– No replacement of different subsystems takes place. No consumption of the catalyst
or electrolyte is assumed.

– The production of one kg methanol absorbs 1.37 kg of CO2. This follows from the
fact that one mol of methanol is produced from one mol of CO2. The CO production
is assumed to be neglectable, so it does not influence this ratio. Appendix D shows
a detailed overview of the reactions occurring in the micro-plant.

– All components of the modular MeOH system are manufactured in China due to
economic reasons.

– Only the production methods of the metals used and injection molding for the plas-
tics is taken into account for the manufacturing of the micro-plant. These materials
form a large weight percentage (≈ 82%) of the micro-plant.

– The weight of the micro-plant without follows from the inventory and is 52.8 kg.
The PV mounting weight follows from the Ecoinvent data and is equal to 58.1 kg.
The weight of the PV panels is calculated by using the average kilogram/m2 of a
polycrystalline PV panel, which is equal to 11.9 kg [95]. The area of the PV panels
is 5.8 m2, meaning the weight is 69.2 kg. Adding these numbers lead to a total
weight of 180.1 kg per modular MeOH system. The weight of the modular MeOH
system is used in the inventory for transport.

• Assumptions concerning the solar MeOH farm.

– The daily methanol production of the MeOH farm is ≈ 7.8 tons. This converts to
a monthly methanol production of ≈ 237 tons, a yearly methanol production of ≈
2.84 kilotons, and a lifetime methanol production of ≈ 56.8 kilotons.

– The plant consists out of 13225 modular MeOH systems. The land use is 24
hectares [93]. The layout of the plant is assumed to be a square, with equal sides
with a length of 490 meters. The spacing between the modular MeOH systems is
4.3 meters. This leads to 115 rows existing out of 115 modular MeOH systems.

– The plant is surrounded by a fence. This fence is present in the Ecoinvent data for
PV mounting system. The preparing of the land and land use is also present in the
Ecoinvent data for PV mounting system.

– The modular MeOH systems are connected through pipelines. The length of the
pipelines follows from the layout and is 56000 meters. The weight is 0.22 kg/m.
This means the total weight of the pipelines is 12.4 tons. The material of the
pipelines is polypropylene. This material is chemically resistant against methanol
[96]. Because the pressure within the modular MeOH systems is higher than at-
mospheric pressure, no energy for pumping the methanol to storage is required.

– The storage capacity is 150% of the monthly production [93]. This capacity is se-
lected because the assumption is made that the methanol is collected monthly. A
tolerance factor of 50% is added on top of the monthly production. The density of
methanol is 790 kg/m3 [5]. Combining 150% of the monthly production, ≈ 355 kg
methanol, with the density gives a storage capacity of ≈ 450 m3. The storage tank
used in the inventory has a capacity of 4000 m3. This storage tank is selected be-
cause it is specially designed for storing chemicals like methanol, and the process
is described in detail in the Ecoinvent database.
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– To secure the solar MeOH farm against theft and vandalism different security mea-
sures are needed. PV panels and other used materials are known to be sensitive to
burglary. To fulfill certain insurance demands, it is assumed that security lights
and CCTV are present [97]. This energy consumption is assumed to be 0.1 W/m2.
The lights only operate at night, which is 8.5 hours per day in Morocco, for 20 years
and 365 days a year. The construction of the lights and CCTC is not included in
the LCA because it is assumed that the environmental impact is relatively small.

– The weight of the 13225 modular MeOH systems that are transported is equal to
13225 * 180 ≈ 2380 * 103 kg, or 2380 tons. The weight of the pipelines is 0.5% of
this and is not included in the transport. The storage tank has a weight of ≈ 20
ton [30] or 0.85% of the total transported weight. The weight of the storage tank is
also not taken into account in the transport.

Uncertainty
The modular MeOH system developed by ZEF is still conceptual. The product is constantly
changing, which leads to uncertainty in the results of the LCA. The uncertainties are modeled
using standard deviation. The uncertainty analysis starts at a fixed point, which is the mean.
The mean is equal to the results from the LCA, for example, the amount of kg CO2 equivalent.
A random value based on a normal standard deviation is added or subtracted. This is done
over a thousand times for every subsystem of the modular MeOH system. The results of a
thousand iterations lead to a new average with a standard deviation. The outcome of this
procedure is an error, or uncertainty, in the results. This method is called a monte-carlo
simulation, which is not path-dependent [98]. The standard deviation is determined per
subsystem which is done in cooperation with experts on the subsystem and is based on
the current results in combination with the goals the subsystem should reach to become
operational. Table 3.1 shows the standard deviations in percentages used per subsystem.

Table 3.1: Overview of the standard deviations used in the uncertainty analysis.

Subsystem AEC MS DS DAC Compressor Integration
Standard deviation 30% 20% 50% 50% 20% 30%
Subsystem PV Electricity use Transport Pipelines Storage
Standard deviation 25% 15% 25% 10% 10%

3.2. Inventory

LCI PV panels
For the comparison of PV panels, no inventory is shown. The comparison is based on data
already available in the Ecoinvent database. The database contains the different type of PV
panels that are compared. The functional unit is in m2 of PV panel. The areas used in
Simapro of the different PV panels are given in table 3.2. The area of each PV panel is based
on the efficiencies, as mentioned in chapter 2. The open ground mounting system is added
to the different PV panels. The functional unit of the mounting system is in m2 of PV panel.
The mounting system is thus dependent on the area of the different PV panels. The inputs
for the mounting system are equal to the values presented in table 3.2.

Table 3.2: Overview of the PV panel area that is used as input in Simapro for the different type of PV panels.

PV panel type M-Si P-Si Ribbon-Si a-Si CdTe CIGS
Area [m2] 5 5.6 5.8 15 8.6 7.8

LCI solar MeOH farm
The inventory implemented in Simapro for the solar MeOH farm is depicted in table 3.3.
This table includes the assembly of the modular MeOH systems. A more detailed inventory
overview of the different subsystems is presented in table 3.4. The transport of the modular
MeOH systems to the solar MeOH farm site is taken into account. The pipelines are present
in the Ecoinvent database with functional unit kilogram. The amount of pipelines is listed
in the assumptions. A storage tank for liquid chemicals is also present in the Ecoinvent



3.2. Inventory 27

database. This includes four storage tanks of 4000 m3 while the ZEF plant only uses one.
This is the reason only 0.25 unit is used in the inventory. The electricity consumption follows
from the assumptions concerning electricity consumption. The energy mix is created using
data from IEA [94]. The bottom rows of the table show the output of one solar MeOH farm,
which is equal to the lifetime production of 13225 modular MeOH systems.

Table 3.3: The inventory used in Simapro for the solar MeOH farm

Compartment Amount Product Comment
Assembly modular 13225 Units AEC Numbers based on
MeOH systems 13225 Units Compressor design ZEF

13225 Units DAC -
13225 Units Distillation -
13225 Units Integration -
13225 Units MS -
13225 Units PV panels + mounting From comparative PV LCA

Transport 4.29 * 107 tkm Transoceanic freight ship Shanghai to Agadir
5.95 * 105 tkm Transport lorry Agadir to farm site
1.19 * 106 tkm Transport freight train Production site to shanghai

Pipelines 12400 kg Polypropylene -
Storage 0.25 Units Liquid storage tank From Ecoinvent [30]

Electricity Consumption 1.49 * 106 kWh Electricity mix Morocco Data from IEA [94]
Input Amount Output Amount
Plant 1 plant Methanol 5.68 * 104 ton

The inventory that is implemented in Simapro for constructing the micro-plant is depicted in
table 3.4. The left column shows which subsystem is described. The amount and material
show how much of a certain material is used in each subsystem. Almost all materials are
present in the Ecoinvent database. If this is not the case, a comparable replacement is used.
This and other comments are mentioned in the most right column. If specific plastics are un-
available in the Ecoinvent database they are replaced by nylon. The plastics that are replaced
by nylon have a total weight of 170 grams. This is not significant with respect to the micro-
plant, which is 52.8 kg. The plastic of the fans is assumed to be PET, which is a common
plastic and available in the Ecoinvent database. The last assumption concerning materials
is the sorbent used. The sorbent is assumed to be an Amine. Different Amines are present in
the Ecoinvent that are used for absorbing CO2. Assumed is that monoethanolamine is used
as a sorbent. It is the amine with the largest environmental impact compared to other amines
used for CO2 capturing [30] [99]. A more elaborate table of all the different components of the
micro-plant can be found in appendix E. In this appendix an overview of all material used is
present aswell.

The inventory of the micro-plant also contains production methods. As mentioned in the
assumptions, only the production of the largest components by weight are taken into ac-
count. The unit of the production method is in a kilogram of manufactured material. These
processes are available in the Ecoinvent database.

An overview of the product tree from Simapro for constructing and operating one solar MeOH
farm is shown in figure 3.3, which is located at the end of this chapter. This figure illustrates
the GWP of the life cycle of the farm, excluding the end-of-life. Not all processes are shown
in the figure. The figure only shows the main processes above a cut-off rate of 0.5%. This
cut-off rate is based on kg of CO2 equivalent emissions of the processes. For example, the
construction of the pipelines is not depicted because the impact is smaller than 0.5% of the
total CO2 emissions. The green arrows indicate CO2 equivalent absorbance while the red
arrows indicate emissions.

Table 3.4: The inventory used in Simapro for the micro-plant.

Compartment Amount Material Comment
AEC 8020 g Stainless steel Mainly casing

Continued on next page
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Table 3.4 – Continued from previous page
Compartment Amount Material Comment

4740 g Polyphenylene sulfide Cookie-roll 1
1650 g KOH Electrolyte
1650 g Nickel Electrodes
200 g Zirconium oxide Membrane
200 g Polysulfone Membrane
150 g Copper -
25 g Nylon -
12 g Fiberglass -
4 g Rubber -

0.24 g Aluminium -
7950 g Steel pipe drawing Production method
4740 g Injection molding -

Compressor 5694 g Stainless steel -
1780 g Aluminium -
120 g Polyoxymethylene Nylon used
25 g Copper -
8 Rubber -

5500 g Steel product manufacturing Production method
1780 g Aluminium product manufactering -

DAC 3000 g Solvent Monoethanolamine used
1400 g PET -
975 g Stainless steel -
670 g Plastic From fans, PET Used
500 g Aluminium -
350 g Paper -
200 g Glass -
100 g Polyethylene, high density -
20 g Al2O3 Peltier element
11 g Rubber -
0.23 g Printed wiring board Vacuum sensor
1500 g Injection molding -
500 g Aluminium product manufacturing Production method
970 g Steel product manufacturing Production method

Distillation 2450 g Aluminium -
450 g Stainless steel -
37 g Nylon -
30 g Kevlar Nylon used
20 g Al2O3 Peltier element
19 g Fiber glass -
6 g Rubber -

2450 g Aluminium product manufacturing Production method
440 g Steel product manufacturing Production method

Integration 6960 g Stainless steel Mainly buffers
4740 g PET Mainly casing
1960 g Cellulose Insulation
540 g Aluminium -
175 g Printed wiring board Control system electronics
46 g Rubber -
4 g Copper -

4740 g Injection molding -
6960 g Steel product manufacturing Production method

MS 1490 g Copper Heat exchange parts
1040 g Aluminium -
870 g Stainless steel -
160 g Al2O3 Catalyst

Continued on next page

1This is the material that forms the body of the AEC.
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Table 3.4 – Continued from previous page
Compartment Amount Material Comment

40 g ZnO Catalyst
23 g Nylon -
20 g Acrylic Nylon used
6.2 g Fiber glass -
2.3 g Rubber -
1490 g Copper product manufacturing Production method
1040 g Aluminium product manufacturing Production method
810 Steel product manufacturing Production method

PV panels 5.8 m2 Ribbon-Si PV From Ecoinvent [30]
5.8 m2 Open ground Mounting From Ecoinvent [30]
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Figure 3.3: The simplified producttree from the Simapro software.



4
Results & Discussion

This chapter discusses the results of the two LCA’s. The first section discusses the results
from the comparative LCA concerning PV panels. This section discusses the type of PV panel
with the smallest environmental impact. The second section discusses the results of the LCA
for the methanol produced by the solar MeOH farm. The last section compares the envi-
ronmental impact of methanol produced by the solar MeOH farm with the main production
methods of methanol.

4.1. LCA PV Panels

This section discusses the comparative LCA of different PV panels. The first subsection dis-
cusses the results of the LCA. The results are focused on the endpoint impact categories. The
second subsection compares the GWP from the LCA with results from the literature study.
This comparison is made to check the accuracy of the conducted LCA. The last subsection
discusses which PV panel is advised.

4.1.1. Results

The results discussed in this chapter are base on the ReCiPe method that focuses on the
endpoint impact category. The results of the midpoint impact categories are discussed in
appendix C. As mentioned before, this method did not give clear benefits of one PV panel over
the other. For this reason, all 18 midpoint impact categories are included in the assessment.
These 18 midpoints are converted to the three endpoint impact categories, damage to human
health, damage to the ecosystem, and damage to resource availability. Figure 4.1 depicts the
difference in results for the damage to human health and the GWP.

Figure 4.1: The results of the endpoint damage to human health and the midpoint GWP for constructing the different PV panels,
including mounting structure.

This figure is used to illustrate why the midpoints do not give clear benefits, but the endpoints
do. Figure 4.1 depicts the midpoint impact category GWP in red. CdTe PV panels have the
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lowest CO2 equivalent emissions. However, as mentioned in chapter 2, the cadmium used
to produce CdTe PV panels is highly toxic. The endpoint damage to human health takes
this factor, and others, into account. The trend of the graph when looking at DALY changes
and CdTe shows to have the largest environmental impact. For the endpoint impact category
damage to human health, the silicon crystalline PV panels have a lower impact than the thin-
film technologies. Moreover, the ribbon-Si PV panels have the lowest environmental impact
for this endpoint.

Figure 4.2 shows the results for the other two endpoint impact categories, damage to the
ecosystem, and damage to resource availability. For the damage to the ecosystem, the silicon
crystalline PV panels have a lower impact than the thin-film technologies. The difference be-
tween a-Si and CIGS PV panels with the silicon crystalline PV panels is decreased. However,
the CdTe PV panel is still the technology with the highest environmental impact. Ribbon-Si
PV panels have the lowest environmental impact for both the damage to the ecosystem as
the resource availability category endpoints. For damage to resource availability, CdTe and
CIGS PV panels are both in the same range as the ribbon-Si, around 80 USD2013.

Figure 4.2: The results of the endpoints damage to the ecosystem and damage to resource availability for constructing the
different PV panels, including mounting structure.

4.1.2. Comparison Simparo and Literature

Tomake sure the data from the Ecoinvent is accurate and interpreted correctly, it is compared
with values obtained from literature. The GWP of producing PV panels with a capacity of 900
Wp are compared. The literature values used are listed in table 4.1. The uncertainty is equal
to the standard deviation between the results from the literature. These values are compared
with the results from the LCA conducted in Simapro. The uncertainty in the Simapro data
is determined differently than that of the literature, because there is an uncertainty in the
efficiencies. From literature, a range of efficiencies per PV panel is obtained, depicted in table
2.11. The uncertainty in the efficiency directly influences the area of PV panel constructed,
e.g., a smaller efficiency leads to an increase in PV panel area. The increase in PV panel
area constructed leads to an increase in emissions, which leads to an increase in GWP.
The uncertainty is determined by using the deviation in efficiency and recalculating this
to a standard deviation. Appendix B shows how the efficiency is converted to a standard
deviation.

Figure 4.3 compares the results of the assessment with data obtained from literature. The
uncertainty from table 4.1 is included in the figure as the error bars. It can be concluded
from this figure that the trend is the same. The data obtained from Simapro is concerned to
be reliable based on this comparison and is used to substantiate the advice.
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Table 4.1: Overview of the GWP obtained from literature and the results from Simapro, including the uncertainty of the results.

GWP from literature Uncertainty GWP from Simapro [30] Uncertainty
M-Si 1540 ± 400 1460 ± 325
P-Si 1350 ± 290 1210 ± 150
Ribbon-Si 1140 ± 215 1040 ± 135
a-Si 1080 ± 230 1120 ± 185
CdTe 595 ± 175 670 ± 65
CIGS 1080 ± 125 1065 ± 140

Figure 4.3: Amount of CO2 equivalent emitted during manufacturing of different PV panels. The red bars show the average
emission obtained from literature and the blue bars show the data obtained from the conducted LCA.

4.1.3. Advise PV Panels

The goal of the comparative LCA is to advise which PV panel has the smallest environmental
impact. This section gives a discussion, and an advice based on the result from the LCA
and information obtained in the literature study. For the endpoint damage to human health,
the silicon crystalline PV technologies have a significantly lower impact than the thin-film
technologies. The results for the endpoint damage to the ecosystem also show a lower envi-
ronmental impact for the silicon crystalline PV technologies.

The last endpoint impact category, damage to resource availability, shows that the poly-
crystalline techniques, the CdTe, and the CIGS have approximately the same environmental
impact. The damage to resource availability for these three techniques score within 15% of
each other.

Two additional factors are included in the advice. The first factor is the land use of the solar
MeOH farm. The PV panels are in size the largest component of the modular MeOH system.
More area used means space efficiency of the farm decreases. The silicon crystalline PV
technologies have the lowest land used. The second factor is based on costs. From a brief
literature review, it followed that the polycrystalline and a-Si PV technologies have the lowest
costs.

From these results, there is concluded that the PV panels based on polycrystalline technolo-
gies have the lowest environmental impact. Combining the costs with the land use also leads
to an advantage for the polycrystalline PV panels. More specific, polycrystalline PV panels
produced by the string ribbon technique. The yearly decrease in efficiency for thin-film PV
panels is higher than that of the crystalline silicon PV panels. The assumption to not include
the lifetime does not influence these results, as including it would lead to a larger benefit
of the silicon crystalline PV panels over the thin-film PV panels. The advice for ZEF is to
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use polycrystalline PV panels produced by the string ribbon technique. In practice, it can
be argued that the string ribbon technique is slightly less expensive. This means it is likely
that if ZEF purchases the least expensive polycrystalline PV panels, these are produced by
the string ribbon technique.

4.2. Results LCA Solar MeOH farm

This LCA is based on the base case scenario, as explained in chapter 3. The first part of this
section discusses the results of the base case scenario. First, a general overview is presented;
this is followed by a detailed discussion of the different midpoint impact categories. Appendix
G discusses the environmental impact of production methods, which do not have a significant
environmental impact.

Table 4.2 shows the results of the conducted LCA. It is clear from the table that the man-
ufacturing of the modular MeOH system has the highest environmental impact. The table
shows the results for different functional units. The functional unit ton of methanol is used
for comparisons. The other two functional units are to show the environmental impact per
modular MeOH system and per solar MeOH farm. Table 4.3 shows the energy payback time
(EPT) and the CO2 break-even point in years. How these values are calculated is explained
in the following sections, as well as a detailed discussion of the results per impact category.

Table 4.2: Results for the base case scenario after 20 years of production. Showing the standard deviation and the contribution
in percentages of different components.

Global warming potential Mineral resource scarcity Fossil resource scarcity
[kg CO2 eq.] [kg Cu eq.] [kg oil eq.]

Per ton of methanol -835 ± 50 (6.5%) 10.7 ± 0.7 (6.3%) 127 ± 13 (10%)
Per modular MeOH system -3570 ± 230 (6.5%) 45 ± 3 (6.3%) 545 ± 50 (10%)
Per solar MeOH farm -4.7*107 ± 3.1*106 (6.5%) 6.1*105 ± 3.8*104 (6.3%) 7.2*106 ± 7*105 (10%)
Contribution
Modular MeOH system 92.8% 98% 91.7%
PV panels 69.7% 33.5% 67.7%
Micro-plant 23% 64.5% 24%
Electricity 3.95% 0.12% 4.4%
Transport 1.94% 0.18% 2.53%
Ship 1.51% 0.09% 1.98%
Rail 0.19% 0.05% 0.21%
Road 0.24% 0.04% 0.34%
Plant 1.34% 1.69% 1.39%
Storage 1.3% 1.69% 1.23%
pipelines 0.04% 0% 0.16%

Table 4.3: Overview of the EPT and the CO2 break-even point in years of methanol production.

Years of methanol production
EPT 6.9 ± 0.7
CO2 break-even 7.9 ± 0.8

4.2.1. Global Warming Potential

This section discusses the GWP, in more detail. First, the CO2 equivalent emissions of con-
structing and operating the solar MeOH farm are elaborated. This section is followed by an
overview of the GWP per material. The last part discusses the CO2 absorption.

Table 4.2 showed that the manufacturing of the modular MeOH system has the largest envi-
ronmental impact, with a share of approximately 93%. Figure 4.4 depicts the GWP distribu-
tion of constructing and operating the solar MeOH farm. Figure 4.5 depicts the contribution
to the GWP for different components of manufacturing the modular MeOH system. From
this figure, it can be seen that the manufacturing of the PV panels generates almost 75% of
the GWP. Figure 4.6 shows the contribution of manufacturing the PV panel and mounting
system on the GWP. The mounting system is a substantial part of the GWP, meaning there



4.2. Results LCA Solar MeOH farm 35

is room for improvement possible. On the right side in figure 4.5, the manufacturing of GWP
for constructing the different subsystems is depicted. This figure indicates that the DAC and
MS relatively have a smaller environmental impact than the other subsystems, which are in
the same order of magnitude.

Figure 4.4: Distribution of CO2 equivalent emitted during construction of the solar MeOH farm.

Figure 4.5: Distribution of CO2 equivalent emitted during manufacturing of the
modular MeOH system.

Figure 4.6: GWP percentages of
manufacturing the PV panels and
mounting structure.

Figure 4.7: Contribution of different materials to the GWP
of manufacturing the micro-plant.

Figure 4.7 visualises the contribution of dif-
ferent materials to the GWP. From this fig-
ure, it is clear that the stainless steel and
the aluminium have the largest contribu-
tion. However looking back at the list of
materials in the inventory, stainless steel is
the most used material, and for example,
printed wiring board only is a small per-
centage of the weight. To give better in-
sight to which materials have a relatively
larger impact the materials are normalised
to GWP per kilogram. Figure 4.8 depicts
the normalised impact. The printed wiring
board has a CO2 equivalent emissions of
350 kg per kg of material. To not disturb
the overview of the graph the printed wiring
board is plotted on the left axis, while the
other materials are plotted on the right axis.
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Materials with a smaller GWP than zinc oxide are not depicted in the figure.

Figure 4.8: Overview of the kg CO2 equivalent emissions of constructing one kilogram of material for the materials used in
constructing the micro-plant.

This graph is used to advise on selecting different types of material. For example, one could
argue that the use of printed wired board and aluminium should be minimised. When de-
signing new prototypes, this graph can be used to obtain a material with the smallest GWP.

The process of producing methanol by the solar MeOH farm absorbs CO2 from the air. This
means that the GWP of producing methanol is negative. As mentioned in chapter 3, one
solar MeOH farm produces 56.8 kilotons of methanol. 1 kilogram of methanol absorbs 1.37
kilograms of CO2. In figure 4.9 the CO2 emissions and absorbance over time are plotted.
The darker colour blue line is the average value for the amount of kg CO2 equivalent. The
other two lines are the upper limit and lower limit following from the standard deviation. The
results that follow from this graph is that the CO2 break-even point is after 7.9 ± 0.8 years.
The methanol produced before 7.9 years is thus not zero-emission, producing zero-emissions
methanol is one of the goals of ZEF. This number can be recalculated to the kg CO2 equivalent
emissions of one modular MeOH systems by dividing by the number of systems.

Figure 4.9: Overview of the kg CO2 equivalent emission over the years of production for the solar MeOH farm. The lighter blue
lines indicate the standard deviation.

The GWP per ton of methanol shows a different relationship over time. The CO2 equivalent
emissions of constructing the solar MeOH farm are fixed. This is the starting point of the
graph depicted in figure 4.9. Over the lifetime of the farm, methanol is produced, and CO2
absorbed. Themoremethanol produced, themore CO2 is absorbed. Moremethanol produced
also means the GWP of producing the solar MeOH farm is divided by a larger number. This
relation is rewritten into equation 4.1.
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kg CO eq.
ton of MeOH =

kg CO eq. from construction phase
years ∗ yearly production methanol(ton) − yearly CO absorption(kg) ∗ years (4.1)

From this equation, it can be concluded that this is not a directly proportional correlation.
The equation is visualised in figure 4.10. In the first years of production the kg CO2 equivalent
emitted during the construction phase is the dominant factor. This means the first term of
the equation is the largest, which explains the curve of the graph for the first 5 years. This
shape is similar to a 1/x function. After that, the curve becomes more linear because the
second term of the equation becomes dominant. One ton of methanol can never absorb
more than 1370 kg of CO2. The red line in the graph visualises this maximum absorption
or asymptote. This graph is important to make statements about the lifetime. If the lifetime
becomes shorter than approximately 6 years the GWP increases exponentially.

The uncertainty only influences the GWP of construction. The methanol production and thus
absorption of CO2 is not influenced by these uncertainties. This explains why the standard
deviation lines in figure 4.10 converge.

The potential to decrease the GWP is to lower the starting position of the graph, which is
the CO2 emission of constructing the solar MeOH farm. This would mean the graph shifts
down, and the exponential part of the curve would lead to faster CO2 break-even points. The
second conclusion that follows from this figure is that the lifetime of the micro-plants should
be long to decrease the GWP.

Figure 4.10: This graph illustrates how the kilogram of CO2 emission per ton of methanol changes over the years of production.
The red line indicates the maximum CO2 absorption/ton of methanol.

As mentioned in chapter 1, a large part of the methanol is used as a fuel. When methanol
is burned as fuel the captured CO2 is rereleased again. For ZEF to have zero-emissions, the
methanol produced the first 7.9 ± 0.8 years should be stored in chemicals or plastics. By
doing so, the CO2 absorbed is not emitted again. If the lifetime is equal to 20 years, this
means that at least ≈ 40 % ± 4 % of the methanol should be stored in chemicals or plastics
to be zero-emission. However, there can be argued that this CO2 is not taken out of the circle
forever, but just for a longer time in comparison with methanol used as a fuel. The GWP
can be used to calculate the global temperature increase or decrease, which is explained in
appendix F.

4.2.2. Mineral Resource Scarcity

This section discusses the midpoint impact category of mineral resource scarcity. From table
4.2 it can be seen that only 2% of the mineral consumption is due to electricity use, transport,
storage, and pipelines of the solar MeOH farm. In figure 4.11 the results for manufacturing
the modular MeOH system are depicted with respect to the different subsystems. The PV
panel manufacturing has less impact in this category in comparison with the GWP. Figure
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4.12 shows the contribution of the PV panels and mounting system. The mounting system
uses more minerals than the PV panel. The reason for this is that the frame is built up from
around 20 kg aluminium and 38 kg of steel. Silicon is a very common element, so it has a
low weighting factor in this impact category. For the manufacturing of the micro-plant, the
AEC jumps out because of the use of nickel in the electrodes.

Figure 4.11: Distribution of Cu equivalent consumed for manufactur-
ing the modular MeOH system.

Figure 4.12: Mineral resource scarcity
percentages of manufacturing the PV
panels and mounting structure.

Figure 4.13: Contribution of different materials to the
mineral resource use of manufacturing the micro-
plant.

Figure 4.14: Overview of the kilogram of Cu equivalent con-
sumption of producing one kilogram of material.

The mineral resource consumption for different materials can be visualised just as the GWP,
which is depicted in figure 4.13. One can now see a different follow-up. The AEC is one of
the most significant contributors. Because aluminium is a very common metal, the mineral
use is significantly lower than the GWP of aluminium. The materials have been normalised,
which is depicted in figure 4.14. Again the printed wiring board shoots out which recon-
firms the statement that the use of this should be limited. The figure only shows the top 7
materials because the values drop significantly after aluminium oxide. All plastics consume
little minerals. Nickel is hard to replace because other materials that work as an electrode
in an alkaline environment are most likely rarer. This impact category can be influenced
significantly by changing from metals to plastics.
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4.2.3. Fossil Resource Scarcity

Figure 4.15: Distribution of oil equivalent consumed during con-
struction of the solar MeOH farm.

This section discusses the midpoint impact
category of fossil resource scarcity. The last
section elaborates on the EPT. Figure 4.15
depicts the fossil resource use of construct-
ing the solar MeOH farm. The results of the
GWP and fossil resource scarcity are com-
parable. Table 4.2 showed that the contri-
bution percentages are in the same order of
magnitude. Once again, the manufactur-
ing of the modular MeOH system has the
most significant impact. Figure 4.16 shows
that the manufacturing of the PV panel con-
sumes around 74% of the fossil fuels used.
Figure 4.17 shows the distribution of oil
equivalent of constructing the PV panels and
mounting system, and figure 4.18 shows the
oil equivalent per kilogram of material. In
comparison with the GWP, the aluminium has a relatively smaller impact. The trend in the
rest of the graph is similar to that of the GWP. The distribution of the fossil resource scarcity
is not discussed in further detail because it follows the same trend as the GWP. The consump-
tion of fossil resources is directly linked to the emission of greenhouse gasses. To extract the
energy stored in fossil resource, they are burned, and this emits greenhouse gasses. This
explains why these two impact categories follow the same trend.

Figure 4.16: Distribution of oil equivalent consumed for manufacturing themod-
ular MeOH system.

Figure 4.17: Fossil resource scarcity
percentages of manufacturing the
PV panels and mounting structure.

By using the Ecoinvent model, the energy used to construct a solar MeOH farm can be deter-
mined. This energy consumption is approximately 4.85*108 ± 10% MJ. The standard devia-
tion is assumed to be the same as the fossil resource scarcity because this is directly linked
to energy use. The energy content of one kilogram of methanol is 20 MJ, which is the lower
heating value. By combining the energy content and the methanol production, the EPT is
calculated, which is 8.5 ± 0.85 years. This is compared with the EPT of polycrystalline PV
panels, which is around 3.5 years [100]. This number only takes the manufacturing of the
PV panel into account. Transportation and farm construction are not taken into account.
To make a fair comparison, the energy use for constructing only the modular MeOH system
is used. The manufacturing of one modular MeOH system requires approximately 2.96*104
± 10% MJ. By using the production of one modular MeOH system, the energy payback can
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Figure 4.18: Overview of the kilogram of oil equivalent consumped for producing one kilogram of material.

once again be calculated. This number is 6.9 ± 0.7 years. This is almost double that of
the polycrystalline panel, which can be explained because the efficiency of the micro-plant
is around 50%. This is one year earlier than the CO2 break-even point. From now on, when
the EPT is discussed in this research, only the energy to produce one modular MeOH system
is taken into account.

4.3. Comparison Main Production Methods of Methanol

Chapter 2.3 described the environmental impact of the main production routes for producing
methanol. In this section the environmental impact per ton of methanol is compared with
the methanol produced by the solar MeOH farm. Due to lack of data for the impact categories
mineral resource scarcity and fossil resource scarcity the main focus is on the GWP. In this
comparison the production rate of the main production routes is equal to that of the solar
MeOH farm.

4.3.1. GWP Comparison

Figure 4.19: CO2 eq. emissions for
methanol produced by ZEF with differ-
ent ways of interpretation.

The results for the production of the methanol produced by ZEF
includes the construction of the solar MeOH farm. This means
that the CO2 emissions start at a positive value. It is assumed
that one ton methanol absorbs 1370 kilogram of CO2. After
20 years this leads to the same GWP as when starting at zero,
but using the emission value of ≈ -835 CO2 per ton methanol.
Figure 4.19 depicts these different ways of interpretation. One
can see that after 20 years the results are equal. After this, a
new farm is constructed which the red line includes. The black
line includes this impact of construction in the average CO2
absorption. The red line is used in the comparisons because
it shows break-even points. When the line of CO2 emissions of
ZEF methanol crosses another line than at that point in time
the methanol produced by ZEF has less CO2 emissions.

Figure 4.20 depicts the comparison in GWP between the two main production methods and
methanol produced by the ZEF solar MeOH farm. The methanol produced by ZEF emits
less CO2 than natural gas after approximately 5 years. As mentioned before, 90% of the
methanol is produced by the natural gas route. Producing methanol from coal produces more
CO2 equivalent. After approximately 2.5 years the ZEF methanol has fewer CO2 equivalent
emissions thanmethanol produced from coal. The error is included in the figure as the lighter
red lines. The methanol produced by ZEF includes the construction of the plant. However,
natural gas and coal routes do not include the construction of capital goods. In the Ecoinvent
database, data is available for the construction of a natural gas to methanol plant. The impact
of this construction contributes 0.17% to the GWP, which is not significant. Assuming that



4.3. Comparison Main Production Methods of Methanol 41

constructing the capital goods for the coal to methanol plant is approximately the same, this
would contribute 0.05% to the GWP. Concluding that including the construction does not
change the results. Table 4.4 shows the GWP per ton of methanol for the different production
methods.

Figure 4.20: Comparison of the CO2 equivalent emissions for methanol produced from coal, natural gas, and the ZEF solar
MeOH farm.

4.3.2. Mineral Resource Scarcity & Fossil Resource Scarcity

The data available for the last two impact categories are scarce. However, the Ecoinvent
database does contain information for these impact categories. Table 4.4 depicts the results
for producing one ton of methanol. The data is only available for the natural gas route, which
is the most used feedstock for methanol.

Methanol produced by ZEF consumes significantly more minerals. This follows from the fact
that the modular MeOH system is smaller than conventional methanol production plants.
The relative lifetime and production are also less than that of a conventional methanol plant.
ZEF consumes more materials but compensate that by lower GWP and fossil resource use.
ZEF methanol consumes fewer fossil resources than the natural gas route. In this process,
natural gas, which is a fossil resource, is consumed. The ZEF plant only consumes fossil
resources during the construction of the solar MeOH farm. During operation, it does not
consume fossil or mineral resources.

The assumption is made that the mineral resource use of the coal production route is approx-
imately equal to that of the natural gas route. No other statements can be made concerning
the coal production route because no data is available. A comparative LCA should be con-
ducted between the coal route and the ZEF methanol route to obtain this data.

Table 4.4: Overview of the average environmental impact per ton of methanol produced by ZEF, from naturals, and from coal.

Production method GWP Mineral resource scarcity [kg Cu eq.] Fossil resource scarcity [kg oil eq.]
ZEF -835 ± 6.5% 11 ± 6.3% 125 ± 10%
natural Gas 805 ± 11.5% 1.45 ± 25% [30] 755 ± 20% [30]
Coal [30] 2980 ± 3% - -





5
Sensitivity Analysis

In this chapter, a sensitivity analysis is conducted. In chapter 3 the assumption made in the
LCA have been discussed. The goal of this chapter is to quantify the effect of the assumptions
on the environmental impact. This chapter only discusses the sensitivity analysis of the LCA
concerning the solar MeOH farm. Different scenarios are presented which change specific
assumptions. The results of the sensitivity analysis indicate on which factors ZEF should
focus to keep their environmental impact as small as possible. The results also indicate which
assumptions need to be further researched or experimented. The PV panels and mounting
system contribute to a large share of the environmental impact. For this reason, the first two
scenarios focus on these components. In the third scenario the lifetime of the PV panels and
mounting system is discussed. The fourth scenario focuses on the efficiency and lifetime of
the micro-plant. In the fifth scenario, the effect of the location of operation for the Solar MeOH
farm is discussed. The micro-plant is assumed to have no malfunctioning. Scenario six
discusses the influence of malfunctioning. The last scenario explains the effects of recycling.
The end of the chapter shows an overview of the results from the sensitivity analysis.

In this chapter, a relative increase in environmental impact with the base case scenario is
depicted as a positive number or percentage. When the environmental impact decrease,
this is depicted with a negative number or percentage. When percentages are presented in
tables, and the environmental impact increases in comparison with the base case scenario,
that is indicated by a red colour. The green colour is used when the environmental impact
decreases. So, for example, when the total amount of absorbed CO2 equivalent decreases,
this is depicted by a positive red percentage. For this chapter the standard deviation is
expressed in absolute terms, not percentages.

5.1. Scenario 1: PV Panels Efficiency

The PV panels contribute approximately two thirds to the GWP and fossil fuel use, and one
third to the mineral use. This means that a change in the assumptions can have a significant
change in environmental impact. Two main assumptions that influence the environmental
impact are the efficiency and the lifetime of the PV panels. The impact of the efficiency
is analysed in this section. The section is concluded by a short discussion concerning PV
panels.

The trend in PV panels is that the efficiency is increasing over time. This trend has been
discussed in chapter 2.2. The assumed average efficiency of 15.5% can be an underestimate
in future scenarios. The current record efficiency for polycrystalline PV panels on a lab-scale
is 22.3%, the highest efficiency for a polycrystalline module currently is 19.9% [32]. Assumed
is that in the coming years the efficiency increases further while the cost decreases. Based
on these assumptions, two new efficiencies for the PV panels are selected for this scenario.
These new efficiencies represent the possible efficiency of PV panels in the coming years. The
new efficiencies are 19% and 21%. These scenarios indicate how much the environmental
impact changes with increasing efficiency of PV panels. While the efficiency increases the
capacity remains 900 Wp, meaning that the production of the solar MeOH farm does not
increase. However, the area of PV panels needed to obtain the same capacity decreases. The
materials used per square meter of PV panel is assumed to remain the same.

43
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Figure 5.1: The relative decrease in environmental impact by
increasing the efficiency of the PV panels.

The change in environmental impact for the
described scenarios is depicted in figure 5.1.
Due to the efficiency increase of the PV pan-
els, the area needed to produce 900 Wp
becomes smaller. This directly influences
the materials used in manufacturing the PV
panels, and thus the environmental impact
of producing themodular MeOH system. Be-
sides this, the mounting system needed de-
creases. As mentioned before, the mounting
system has a functional unit m2 of PV panel.
The change is most significant for fossil fuel
use and GWP. The change in numbers is
shown in table 5.1. These results show the
importance of more efficient PV panels.

Table 5.1 depicts the midpoint impact cate-
gories fossil resource scarcity and mineral resource scarcity as mineral use and fossil fuel
use, respectively. The difference between the scenario and the base case shows the difference
between the average values.

Table 5.1: Results of the environmental impact when the efficiency of the PV panels is increased. Using the functional unit ton
of methanol.

GWP Mineral use Fossil fuel use CO2 break-even [y] EPT [y]
19% -900 ± 45 10 ± 0.6 110 ± 11 6.9 ± 0.7 6 ± 0.6
Difference base case -7.8% -6.5% -13.4% -1 year -0.9 year
21% -930 ± 40 9.8 ± 0.6 105 ± 10 6.5 ± 0.6 5.6 ± 0.56
Difference base case -11.5% -8.5% -17.3% -1.4 year -1.3 year

From this scenario, it is concluded that an increase in PV panel efficiency decreases the
environmental impact significantly. More research should be conducted on the PV panels.
Currently, ribbon-Si PV panels have the lowest environmental impact. This can change in
the future to other PV technologies. To decrease the uncertainty for PV panels, further re-
search should be conducted on PV panels. A factor that influences the efficiency is the use
of so-called bifacial PV panels. These PV panels absorb not only direct sunlight but also dif-
fused sunlight. The assumption is made that this does not significantly influence efficiency.
This assumption should be researched further. Also, the assumption that when efficiency
increases the area of the PV panels decreases but the materials used per square meter remain
the same needs to be further researched.

5.2. Scenario 2: Mounting System

In chapter 2.2.3, the mounting System is described. From a report of the IEA concerning PV
systems inventory and life cycle assessments, other mounting systems are found [69]. The
first mounting design uses more stainless steel and less concrete than the base case mount-
ing system. The second mounting design uses more concrete and slightly more aluminium.
The last design is a concept and uses the second design but replaces the aluminium with
wood. Constructing PV mounting systems with wood is a new trend in PV mounting con-
struction. It can possibly decrease the environmental impact of the mounting system [70].
Table 5.2 gives an overview of the materials for the different mounting systems. The materials
depicted in the table are the materials that change with respect to the base case. Important
is to note that the land use and fencing of the farm are kept the same. The only factor that
changes is the main materials used.

The results of using different mounting systems are presented in figure 5.2 and table 5.3.
Design 1 increases the environmental impact of all three impact categories significantly. The
uncertainty increases in this scenario because the uncertainty in the PV panels becomes
more dominant. With the second design, the GWP and fossil resource use decrease with
approximately 5% and 6.5% respectively. The last design especially decreases the use of
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Table 5.2: Materials used in kilogram for different designs of the mounting system based on a PV panel area of 5.8 m2. Note
that the unit of wood is m3.

Stainless steel Aluminium Concrete Wood
Design 1 66.7 7.3 0 0
Design 2 23.3 0 46.6 0
Design 3 0 1 46.6 0.3 m3

minerals, due to the replacement of steel and aluminium with wood. However, the EPT
increases significantly. This is because the sawing of wood consumes much energy. Wood
can be used, but the lifetime of the wood is uncertain. Fire safety can be an issue but is not
included in this research. The costs of the wood structures also tend to be higher [70].

From these results, there is concluded that the mounting system can significantly influence
the environmental impact. Not only in positively but also negatively. For ZEF, it is essential
to design a PV mounting system that is durable. The advice is to design a mounting system
and conduct an LCA for this mounting system. The lifetime of an aluminium or stainless
steel frame is longer than 20 years. This means that in reality, more than one micro-plant
can be attached to the frame. The next scenario includes this longer lifetime.

Figure 5.2: Change in the environmental impact of the different mounting designs with respect to the base case scenario.

Table 5.3: Results of the environmental impact for changing the mounting system of the PV panels. Using the functional unit ton
of methanol.

GWP Mineral use Fossil fuel use CO2 break-even [y] EPT [y]
Design 1 -600 ± 85 13.5 ± 0.9 170 ± 18 11.3 ± 1.3 9.3 ± 1
Difference base case 28% 26% 34% 3.4 year 2.4 year
Design 2 -870 ± 50 10.6 ± 0.7 120 ± 11.5 7.3 ± 0.7 6.5 ± 0.63
Difference base case -4.2% -1% -5.5% -0.6 year -0.4 year
Design 3 -885 ± 46 9.4 ± 0.6 120 ± 11.5 7.1 ± 0.9 12 ± 1.2
Difference base case -6% -12% -5.5% -0.8 year 4.1 year

5.3. Scenario 3: Lifetime PV & mounting system

The lifetime of the PV panels has been discussed in chapter 2.2. Over the lifetime of the PV
panels, the efficiency decreases. The lifetime of PV panels is often said to be 20-25 years.
However, after 20-25 years the efficiency is often guaranteed to be 80% of the original effi-
ciency. This means the lifetime of the PV panels can be longer than 20-25 years. Currently,
it is not exactly known how long PV panels can still generate energy. Most PV panels are
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decommissioned after 20-25 years. For this scenario, it is estimated that PV panels can still
generate energy after 40 years [83].

The decrease in efficiency for the PV panels in the solar MeOH farm is 0.64% per year, in
the first year, an efficiency decrease of 3% is assumed [83]. The start and end efficiency are
derived using these assumptions combined with the average efficiency, and the lifetime of the
PV panel of 20 years. The starting efficiency of the PV panel is 16.8%, and the efficiency after
20 years is 14.2%. A detailed overview of these calculations is presented in appendix B. In
the model, the average efficiency is used over 20 years to calculate the methanol production,
which is 15.5%. This also means the average capacity of the PV panels is 900 Wp. When a
longer lifetime is assumed, the average efficiency and capacity decline due to the efficiency
degradation.

Lifetime 25 years
The lifetime in the base case scenario is assumed to be 20 years. This lifetime is based on the
lifetime of the micro-plant and the guaranteed lifetime of PV panels. However, as mentioned
in chapter 2, this guaranteed lifetime can also be 25 years. The same holds for the mounting
system. The lifetime of the mounting system is often around 25 years. This scenario assumes
that the lifetime of the PV panels and the mounting system is 25 years. The lifetime of the
micro-plant itself remains 20 years.

When the lifetime increase to 25 years, the average efficiency and capacity of the PV panels
decreases. For the first 20 years, the same methanol production and environmental impact
is assumed as the base case. In the years of operation 20-25, the average PV panel efficiency
decreases to 13.9% and the average capacity to 805 Wp. The decrease in average efficiency
and capacity lead to less methanol production than in the first 20 years. After 20 years
the micro-plant is decommissioned, but the PV panels and mounting remain. After 5 years
these are decommissioned as well. For this scenario, the manufacturing of one time the PV
panels and mounting system is taken into account, and 1.25 times the manufacturing of the
micro-plant. The construction of one time the pipelines, storage, and fence is assumed.

Figure 5.3 shows the CO2 emissions for this scenario. The first 20 years are the same as
the base case. However, the last five years show a less steep slope. There is an increase
in CO2 equivalent emission after 20 years. This is due to the impact of constructing 0.25
micro-plant. The other 0.75 of the micro-plant is not included because in this scenario the
micro-plant operates over the lifetime 25-40 years with new PV panels. An overview of the
change in environmental impact is shown in table 5.4.

Figure 5.3: Overview of the CO2 equivalent emissions of the solar MeOH farm for 25 years of methanol production.

Lifetime 40 years
The first 20 years of production have the same methanol production and environmental
impact as the base case. In the years of operation 20-40 years, the average PV panel efficiency
decreases to 13.1% and the average capacity to 760 Wp. After 20 years the micro-plant is
decommissioned, but the PV panels and mounting remain. After another 20 years, these are
decommissioned as well. For this scenario, the manufacturing of one time the PV panels and
mounting system is taken into account, and two times the manufacturing of the micro-plant.
The construction of one time, the pipelines, storage, and fence is assumed.
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Figure 5.4 shows the CO2 emissions for this scenario. The first 20 years are the same as
the base case. The last 20 years show a less steep slope. This decrease in slope is due
to the decrease in efficiency of the PV panels. Less efficiency leads to less production of
methanol. Less methanol production leads to less CO2 absorbance. There is an increase
in CO2 equivalent emission after 20 years. This is due to the impact of constructing one
micro-plant. An overview of the change in environmental impact is shown in table 5.4.

Figure 5.4: Overview of the CO2 equivalent emissions of the solar MeOH farm for 40 years of methanol production.

Overview results
Table 5.4 shows the results of the two different lifetimes of the PV panels and mounting
system lifetime. The EPT and CO2 break-even are not shown in the table because these
remain the same as the base case. The scenario that the PV panels and mounting system
can operate for 25 years is a realistic scenario. ZEF should make sure the PV panels and
mounting system can operate for 25 years to decrease their environmental impact.

Table 5.4: Results of the environmental impact for longer lifetime of the PV panels and mounting system.

Lifetime GWP Mineral use Fossil fuel use
25 year lifetime -895 ± 55 10.4 ± 0.9 115 ± 14
Difference base case -7.2% -2.8% -9.5%
40 year lifetime -970 ± 45 10.4 ± 0.85 97 ± 11
Difference base case -16.2% -2.5% -23.5%

5.4. Scenario 4: Efficiency & Lifetime Micro-Plant

This scenario first discusses the efficiency of the micro-plant, the second part discusses the
lifetime of the micro-plant and the subsystems. The focus of this scenario is the micro-plant
itself.

Efficiency
The efficiency of the micro-plant is assumed to be 51.85%. However, this efficiency is based
on assumptions and calculations. There are no experimental results to confirm this effi-
ciency. Higher losses than expected in the process can decrease efficiency. This scenario
assumes efficiencies of 40% and 30%. The decrease in efficiency directly affects the methanol
production of the micro-plant, and thus of the entire solar MeOH farm. The environmental
impact of constructing the solar MeOH farm, however, remains the same. Less methanol
production always leads to a higher environmental impact, which also means the EPT and
CO2 break-even time increase.

Table 5.5 shows the effect of the efficiency decrease on the environmental impact. The in-
crease in environmental impact shows a direct relation for mineral use and fossil use. The
mineral use and fossil fuel use do not depend on the production of methanol, meaning that
less production of methanol leads to a linear increase of environmental impact. For the GWP,
as discussed in chapter 4, this relation is not linear. This relation is described in equation
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4.1. Figure 5.5 shows the CO2 equivalent emissions over the lifetime. From the results, it is
concluded that the efficiency of the micro-plant has a significant influence on the environ-
mental impact.

Table 5.5: Results of the environmental impact for lower efficiencies of the micro-plant. Using the functional unit ton of methanol.

GWP Mineral use Fossil fuel use CO2 break-even [y] EPT [y]
Efficiency 40% -695± 68 13.4 ± 0.85 160 ± 16 9.8 ± 1 8.6 ± 0.9
Difference base case 16.8% 25% 26% 1.9 year 1.7 year
Efficiency 30% -470 ± 90 17.8 ± 1.2 210 ± 21.5 13.2 ± 1.4 11.5 ± 1.2
Difference base case 43% 67% 65% 5.2 year 4.6 year

Figure 5.5: The CO2 equivalent emissions of the solar MeOH farm with in blue the case of 40% efficiency and in red 30%
efficiency, including standard deviation.

Lifetime of micro-plant
Another assumption regarding the micro-plant is the lifetime. The lifetime is assumed to be
20 years. The minimum lifetime to be zero-emission is equal to the CO2 break-even point.
This scenario discusses the lifetime of different subsystems.

Some components are known to have a lifetime of 20 years, for example, the casing. However,
other parts have a debatable lifetime. The DAC, the AEC, and the compressor are doubted to
have a 20 year lifetime. For the DAC, it is unknown how long the sorbent stays stable or how
materials react to the sorbent. The AEC operates with a pressure of at least 51 bar and with
pure oxygen in alkaline environments. The electrolyte is also known to degrade over time.
Because of these factors, the lifetime of the AEC is assumed to be shorter than 20 years.
The compressor uses a gearbox which has moving parts, which leads to wear of cylinders
and gears. After discussing with experts from ZEF, certain lifetimes are estimated for the
discussed subsystems. These lifetimes are depicted in table 5.6. All other subsystems are
assumed to have a lifetime of 20 years in this scenario.

Table 5.6: Overview of the estimated lifetimes used in this scenario for the different subsystems.

Compressor DAC AEC
Lifetime in years 5 10 5

The lifetime in table 5.6 means that after operating a certain amount of years, the entire
subsystem is replaced. Figure 5.6 shows how the replacing of subsystems influences the
GWP. It seems as if the slope of all replacements is the same. This is not the case, the slope
at 10 years is less steep. However, as seen in figure 4.5, the DAC only contributes around 2%
to the GWP. The results are summarised in table 5.7. From this table, it can be concluded that
the influence on the environmental impact of replacing components is significant, especially
the mineral resource scarcity, which is doubled. The AEC and compressor account for 34%
of the mineral resource consumption. Both need to be produced 4 times in this scenario.
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Figure 5.6: Results of the CO2 equivalent emissions over lifetime with replacing certain subsystems.

Table 5.7: Overview of the change in environmental impact when replacement of subsystems is assumed. Using the functional
unit ton of methanol.

GWP Mineral use Fossil fuel use CO2 break-even [y] EPT [y]
Replacement of subsystems -670 ± 50 21.5 ± 1.6 170 ± 15 9 ± 1.1 9.1 ± 0.8
Difference base case 19.8% 100% 34% 1.1 year 2.2 year

5.5. Scenario 5: Location of Operation Solar MeOH Farm

A group from the educational TU-Delft master of Transport Infrastructure and Logistics (TIL)
[93] made a report that discusses the best location to operate the plant. The advice from
this report is based on economics. The advice is three locations, namely Morocco, Peru,
and Oman. The base case scenario assumed that the operation is in Morocco. There are
three assumptions that change with location, the first one is the transport of the modular
MeOH system. Table 4.2 shows that transport has a small contribution to the environmental
impact. The change in transport is not included in this chapter due to this small contribution.
However, appendix H discusses different transportation scenario’s. The second assumption
that changes with location are the amount of ESH, and the last assumption that changes is
the electricity mix. This section discusses the ESH and the electricity mix.

Change in ESH
The base case scenario assumed 7 ESH. Two different scenarios are assessed, namely, 5
and 3 ESH. 3 ESH is the number of sun hours present in a country like the Belgium or
parts of the Netherlands. 5 ESH is the number of sun hours that occur in southern Spain
[101]. Appendix B shows how irradiance data is recalculated to ESH. The results for the
CO2 emissions over time are shown in figure 5.7. It can be seen that with 3 ESH, the GWP
of the solar MeOH farm is almost positive after 20 years of operation. An overview of the
results is shown in table 5.8. It follows from the table that the difference between 5 and 3
ESH is significant. The change in ESH directly affects the production of the plant, just like
the efficiency of the micro-plant does.

The change in ESH has the same trend in environmental impact as the efficiency change. It
is possible to calculate the efficiency decrease that has the same increase in environmental
impact as a certain decrease in ESH and vice versa. For example, 3 ESH is equal to a
decrease in the power of ≈ 43%. The same drop in energy would be 43% of 50%, which
means an efficiency of 21.5%. The reason the efficiency and ESH are discussed and changed
separately is that ESH is location depended and efficiency is dependent on the performance
of the micro-plant. So even though they are correlated, they are treated differently. One can
see that a drop of 20% in efficiency does not influence the environmental impact as bad as 3
ESH. Concluding that the location, which is linked to the ESH, is the more important factor
to take into account.

The assumption that 7 ESH occur in Morocco is an overestimation. The amount of ESH can
significantly reduce the production of the solar MeOH farm. Less production of methanol
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leads to a higher environmental impact per ton of methanol. The advise following from this
scenario is to operate the solar MeOH farm on a location with the highest amount of ESH.
When looking at the advice from TIL concerning locations, the location with the highest ESH
would be Peru [101].

Figure 5.7: The CO2 equivalent emissions of the farm. The blue line depicts 5 ESH and the red line 3 ESH, including standard
deviation.

Table 5.8: Results of the environmental impact for different ESH for operation of the solar MeOH farm. Using the functional unit
ton of methanol.

GWP Mineral use Fossil fuel use CO2 break-even [y] EPT [y]
5 ESH -615 ± 75 15 ± 1 180 ± 18 11 ± 1.1 9.7 ± 1
Difference base case 26.5% 40% 40% 2.1 year 2.8 year
3 ESH -110 ± 120 25 ± 1.7 300 ± 30 18.4 ± 1.8 16.1 ± 1.6
Difference base case 85% 133% 135% 10.5 year 9.2 year

Change in electricity mix
The second parameter that changes with location is the electricity mix. The current as-
sumptions include electricity use. The energy mixes of the different countries are found in a
database of the IEA [94]. In table 5.9 the energy mixes of different scenarios are presented.
Three different locations are used Peru, Oman, and Norway. Norway has been selected be-
cause it has a very high share of renewable energy. This indicates how the environmental
impact changes in a renewable world. During the comparison, the transport is kept according
to the base case.

Table 5.9: Overview of the energy mix for different countries.

Morocco Peru Oman Norway
Coal 55.8% 1.6% 0% 0.1%
Oil 9.5% 2.3% 2.7% 0%
Gas 19.4% 45.8% 97.3% 1.7%
Hydro power 5.5% 46.5% 0% 96.7%
Solar power 0% 0.5% 0% 0%
Wind power 9.9% 2% 0% 1.4%
Biofuels 0% 1.2% 0% 0%

The results are depicted in table 5.10. The impact category mineral resource use has no
significant change. The amount of energy consumed during the operation of the solar MeOH
farm stays the same as in the base case. The methanol production also remains the same,
meaning that the EPT does not change. The change in CO2 break-even point is not depicted in
table 5.10 because it does not decrease significantly. This scenario shows that environmental
impact can be decreased by using more environmentally friendly energy mixes. Electricity
is consumed 8.5 hours a day for 365 days a year for 20 years. It should be noted that
electricity use is a large uncertainty. For example, It could be that only the edges of the
field need lighting or that the farm generates the electricity that is consumed. Because the
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change in environmental impact can be significant, the assumption concerning electricity
consumption should be further researched.

Table 5.10: Overview of the change in environmental impact for different electricity mixes. Using the functional unit ton of
methanol.

Electricity mix GWP Mineral use Fossil fuel use
Peru -843 ± 50 10.7 ± 0.7 125 ± 12.5
Difference base case -1% -.04% -2.4%
Oman -837 ± 50 10.7 ± 0.7 126 ± 12.7
Difference base case -0.2% -.05% -0.8%
Norway -850 ± 45 10.7 ± 0.7 122 ± 12
Difference base case -1.8% -.04% -3.9%

5.6. Scenario 6: Malfunctioning of Micro-Plant

The assumption is made that every micro-plant operates for 20 without malfunctioning,
which is not a realistic scenario. Within the micro-plant, many different components have a
change of malfunctioning. This scenario discusses what the effect is of including malfunc-
tioning on the environmental impact. After a discussion with experts from ZEF, a failure rate
of 3% is assumed. This failure rate means that every year 3% of the solar MeOHmalfunctions
and does not produce methanol anymore. The malfunctioned micro-plants are not replaced
in this scenario. The malfunctioning directly affects the methanol production.

The malfunctioning decreases methanol production, and consequently the CO2 absorption.
The CO2 equivalent emissions are depicted in figure 5.8. The curve of the graph follows
that of an exponential decline. The effect on the GWP for the first years is not significant.
However, the effect increases over the years. Table 5.11 shows the change in environmental
impact. This scenario gives a more realistic overview of the environmental impact than the
base case. The change in environmental impact is significant. When ZEF has more precise
data concerning malfunctioning, this data should be included in the LCA.

Figure 5.8: The CO2 equivalent emissions over lifetime when 3% of the solar MeOH farm malfunctions every year.

Table 5.11: Overview of the change in environmental impact when including a yearly malfunction of 3%. Using the functional
unit ton of methanol.

GWP Mineral use Fossil fuel use CO2 break-even [y] EPT [y]
3% malfunctioning -650 ± 75 14.4 ± 1 170 ± 17 9.4 ± 1 8.3 ± 0.8
Difference base case 22.5% 35% 35% 1.5 year 1.4 year
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5.7. Scenario 7: Recycling of Solar MeOH Farm

This scenario discusses the environmental impact of recycling. The recycling is not taken
into account in the LCA of the solar MeOH farm. For PV, this assumption holds because cur-
rently, almost all PV panels are disposed of [92]. This disposal does not lead to a significant
increase in GWP or fossil resource use. During disposal, no minerals are consumed, leading
to no consumption of minerals. For the recycling of the micro-plant however, the environ-
mental impact of recycling can be more significant. To estimate the environmental impact,
the four materials that contribute most to the micro-plant, in weight, are taken into account.
These four materials are stainless steel, aluminium, Polyethylene terephthalate (PET) and
Polyphenylene sulfide (PPS). These materials account for 74% of the weight. An overview of
these materials is given in table 5.12. The values for PPS are assumed to be comparable with
that of PET. From literature, the amount of GWP for recycling the different materials is found.
These values are significantly lower than that of primary materials. Especially the secondary
metals have a lower GWP. When including recycling in the LCA, the GWP of the solar MeOH
farm increases by 2.5%, meaning the CO2 absorption decreases by 2.5%. This partly sub-
stantiates the assumption of not including recycling. However, an allocation problem arises
when including recycling.

The allocation of the environmental impact for recycling is not straight forward. One could
allocate the extra environmental burden of recycling to the first solar MeOH farm constructed.
This means that in this case, the extra environmental impact is added to the construction of
the farm. This leads to a 2.5% increase in GWP. Assuming that the materials are recycled and
used for another solar MeOH, this would lead to no environmental impact for the production
of the recycled materials. This is not a reasonable comparison. The other way to allocate the
environmental impact is to allocate it entirely to the recycled product. There are more ways
of allocating the environmental impact, for example, seeing the difference in GWP as avoided
emissions or allocating the GWP based on economic values. Meaning the GWP increase
is smaller than the 2.5% mentioned before because the environmental impact should be
allocated.

Concluding that for GWP, the impact is not significantly influenced when including recycling.
The assumption to not include the end of life in the LCA is justified.

Table 5.12: Values for recycling of the four most used materials.

Stainless steel Aluminium PET PPS
Kilogram in micro-plant 23 6.3 6.1 4.7
CO2 per kg material 5.15 27 3.26 7.8
CO2 per kg recycled material 1.5 [102] 2.9 [103] 2.1 [104] 5.1 [104]
Difference [%] -70% -89% --35% -35%

For fossil resource scarcity and mineral resource scarcity, data availability is limited. Fos-
sil resource scarcity decrease is assumed to be equal to GWP, which is the general trend
observed in this research. Mineral resource use, however, is a different story. This can sig-
nificantly reduce due to recycling. This is due to the fact that the minerals, for example,
aluminium, are reused. ZEF should further research how much impact recycling has on the
mineral resource scarcity when the end-of-life phase is known.

5.8. Overview Results Sensitivity Analysis

This section provides an overview of all the results of the sensitivity analysis. Table 5.13
shows the results for the different impact categories. Table 5.14 presents the results of the
CO2 break-even point and the EPT. From these tables, the following conclusions can be
derived:

• ZEF should focus on the lifetime of the micro-plants. The malfunctioning scenario and
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the replacement scenario both show a significant increase in environmental impact. To
minimise the environmental impact, the different subsystems should be durable.

• A 1% decrease in the micro-plant efficiency increases the environmental impact with
more than 1% for all impact categories. Further research should focus on reaching
high efficiencies or minimising efficiency decrease.

• The advice regarding location is to operate the solar MeOH farm in Peru. Peru shows
a lower environmental impact on electricity use, and 7 ESH are more likely to occur
in Peru. The more ESH, the more methanol production, and thus lower environmental
impact. The amount of ESH important to keep the environmental impact small.

• The higher the PV panel efficiency, the lower the environmental impact, meaning that in
the next decade, it is likely the environmental impact of the PV panels decreases. The PV
panels contribute the most to the environmental impact. When the PV panels operate
for a longer time than 20 years, the environmental impact decreases. A longer lifetime
is a realistic scenario, and ZEF should research which PV panels have long lifetimes.

Table 5.13: Overview of the environmental impact and the difference with the base case for the different scenario’s discussed in
this chapter. Using functional unit ton of methanol

GWP [kg CO2 eq.]
Mineral use
[kg Cu eq.]

Fossil fuel use
[kg oil eq.]Functional unit

1 ton of methanol Result Difference
base case Result Difference

base case Result Difference
base case

Base case -835 ± 50 10.7 ± 0.7 127 ± 13
η = 19% -900 ± 45 -7.8% 10 ± 0.6 -6.5% 110 ± 11 -13.4%
η = 21% -930 ± 40 -11.5% 9.8 ± 0.6 -8.5% 105 ± 10 -17.3%
Mounting
design 1 -600 ± 85 28% 13.5 ± 0.9 26% 170 ± 18 34%

Mounting
design 2 -870 ± 50 -4.2% 10.6 ± 0.7 -1% 120 ± 11.5 -5.5%

Mounting
design 3 -885 ± 46 -6% 9.4 ± 0.6 -12% 120 ± 11.5 -5.5%

Lifetime
25 years -895 ± 55 -7.2% 10.4 ± 0.9 -2.8% 115 ± 14 -9.5%

PV

Lifetime
40 years -970 ± 45 -16.2% 10.4 ± 0.85 -2.5% 97 ± 11 -23.5%

η = 40% -695± 68 16.8% 13.4 ± 0.85 25% 160 ± 16 26%
η = 30% -470 ± 90 43% 17.8 ± 1.2 67% 210 ± 21.5 65%Micro-

plant Replacement -670 ± 50 19.8% 21.5 ± 1.6 100% 170 ± 15 34%
5 ESH -615 ± 75 26.5% 15 ± 1 40% 180 ± 18 40%
3 ESH -110 ± 120 85% 25 ± 1.7 133% 300 ± 30 135%
Electricity
Peru -843 ± 50 -1% 10.7 ± 0.7 -.04% 125 ± 12.5 -2.4%

Electricity
Oman -837 ± 50 -0.2% 10.7 ± 0.7 -.05% 126 ± 12.7 -0.8%

Electricity
Norway -850 ± 45 -1.8% 10.7 ± 0.7 -.04% 122 ± 12 -3.9%

MeOH
farm

3% malfun-
tioning -650 ± 75 22.5% 14.4 ± 1 35% 170 ± 17 35%
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Table 5.14: Overview of the CO2 break-even point and the EPT, including the difference with the base case, for the different
scenario’s discussed in this chapter.

CO2 break-even [y] EPT [y]Functional unit
1 ton of methanol Result Difference base case Result Difference base case
Base case 6.9 ± 0.7 7.9 ± 0.8

η = 19% 6.9 ± 0.7 -1 year 6 ± 0.6 -0.9 year
η = 21% 6.5 ± 0.6 -1.4 year 5.6 ± 0.56 -1.3 year
Mounting design 1 11.3 ± 1.3 3.4 year 9.3 ± 1 2.4 year
Mounting design 2 7.3 ± 0.7 -0.6 year 6.5 ± 0.63 -0.4 year
Mounting design 3 7.1 ± 0.9 -0.8 year 12 ± 1.2 4.1 year
Lifetime 25 years 6.9 ± 0.7 - 7.9 ± 0.9 -

PV

Lifetime 40 years 6.9 ± 0.7 - 7.9 ± 0.9 -
η = 40% 9.8 ± 1 1.9 year 8.6 ± 0.9 1.7 year
η = 30% 13.2 ± 1.4 5.2 year 11.5 ± 1.2 4.6 yearMicro-

plant Replacement 9 ± 1.1 1.1 year 9.1 ± 0.8 2.2 year
5 ESH 11 ± 1.1 2.1 year 9.7 ± 1 2.8 year
3 ESH 18.4 ± 1.8 10.5 year 16.1 ± 1.6 9.2 year
Electricity Peru 6.9 ± 0.7 - 7.9 ± 0.9 -
Electricity Oman 6.9 ± 0.7 - 7.9 ± 0.9 -
Electricity Norway 6.9 ± 0.7 - 7.9 ± 0.9 -

MeOH
farm

3% malfuntioning 9.4 ± 1 1.5 year 8.3 ± 0.8 1.4 year
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Conclusion & Recommendations

6.1. Conclusion

What type of PV panels have the lowest environmental impact?
The environmental impact of the following PV panels have been compared in this research:
monocrystalline silicon, polycrystalline silicon, amorphous silicon, CdTe, and CIGS. The
polycrystalline silicon type PV panels have the smallest environmental impact, based on the
ReCiPe endpoint method. On all three endpoint impact categories, the polycrystalline silicon
PV panels have the lowest environmental impact. Within this technique, the PV panels pro-
duced by the string ribbon method have a slightly lower impact category than the cast and
sawing technique.

What are the main contributors to the environmental impact?

• Global warming potential: The main contributor to the GWP is the manufacturing of
the modular MeOH system, which contributes 92.8% to the GWP. This is mainly due to
the construction of the PV panels and the mounting system, which together contribute
to 69.7% of the whole. The other 7.2% of the GWP is due construction of the solar MeOH
farm, transportation, and electricity use.

• Mineral resource scarcity: The main contributor to the mineral resource scarcity is
the modular MeOH system, which contributes 98% to the mineral resource scarcity, of
which 64.5% is the construction of the micro-plant. The impact is mainly due to the use
of stainless steel, nickel, and copper in the micro-plant. The mineral resource scarcity
can be significantly decreased by replacing metals by plastics where possible.

• Fossil resource scarcity: The main contributor to the fossil resource scarcity is the
construction of the modular MeOH system, which contributes 91.7% to the fossil re-
source scarcity. This is mainly due to the construction of the PV panels and the mount-
ing, which together contribute to 67.7%. The fossil resource scarcity and the GWP follow
the same trend.

How does the environmental impact of ZEF methanol production compare with the main pro-
duction routes of methanol?
The main production routes emit CO2 while methanol produced by ZEF absorbs CO2. The
methanol produced by ZEF has a lower GWP compared to the methanol produced from nat-
ural gas after approximately 5 years of producing methanol, while for methanol produced by
coal, this is approximately 2.5 years. Per ton of methanol, the impact of ZEF methanol is
about 1600 and 3800 kg of CO2 equivalent lower than that of natural gas and coal respec-
tively. The mineral resource scarcity per ton of methanol is around 8 times higher, and the
fossils resource scarcity is around 6 times lower for methanol produced by ZEF compared
to methanol produced from natural gas. No data concerning the last two impact categories
is available for methanol produced from coal. To obtain data in these impact categories, an
LCA for the coal route should be conducted.

How do different locations of operation influence the environmental impact?
The location of operation can significantly increase the environmental impact of the methanol
produced by ZEF. The location-dependent factor that influences the environmental impact
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most significantly is the amount of ESH, while transport has a much smaller environmental
impact. It is therefore vital to operate the solar MeOH farm on a location with a high amount
of ESH to decrease the environmental impact.

How do uncertainties influence the final result?
There are two types of uncertainties. The first is due to that themicro-plant is still conceptual,
and the second is due to uncertainties in assumptions.

• The standard deviation in the results of the base case is 6.5% for the GWP, 6.3% For
the mineral resource scarcity, and 10% for the fossil resource scarcity. These standard
deviations are based on the uncertainty in the different components of the solar MeOH
farm.

• The uncertainties in the assumptions that can significantly increase the environmental
impact are the efficiency and the lifetime of the micro-plant. A 1% decrease in micro-
plant efficiency increases the environmental impact with more than 1% for the three
impact categories discussed in this research. Replacement and malfunctioning of the
micro-plant are linked to the lifetime and increase the environmental impact signifi-
cantly.

What is the environmental impact based on global warming potential, mineral
use, and fossil fuel use, for methanol produced by the ZEF solar MeOH farm?

• Global warming potential: The GWP is -835 ± 50 (6.5%) kg CO2 equivalent per ton
of methanol, indicating that the methanol produced by ZEF absorbs CO2. When the
end-use of methanol is included, approximately 40% of the methanol produced by ZEF
should be used for plastic and chemicals to produce zero-emission methanol. After
7.9 ± 0.8 years of production the solar MeOH farm has reached the CO2 break-even
point, this break-even point is the moment when the CO2 equivalent emissions from
construction the solar MeOH farm are equal to the CO2 equivalent absorbed.

• Mineral resource scarcity: The mineral resource scarcity is 10.7 ± 0.7 (6.3%) kg Cu
equivalent per ton of methanol, mainly due to the manufacturing of the micro-plants.
When replacing components of the micro-plants is included, this impact category shows
the most significant increase. This is the only impact category that has a higher en-
vironmental impact compared to the current commonly used production methods of
methanol. The mineral resource scarcity can be significantly decreased by replacing
metals by plastics where possible.

• Fossil resource scarcity: The fossil resource scarcity is 127 ± 13 (10%) kg oil equivalent
per ton of methanol. The energy consumption is directly linked to the fossil resource
scarcity, with an EPT of the modular MeOH system of 6.9 ± 0.7 years of methanol
production.

6.2. Recommendations

A set of recommendations is provided based on this research:

• The environmental impact of transport is low. The main focus when selecting a location
for operation should be on the amount of ESH, as more ESH directly decreases the en-
vironmental impact. More production of methanol always decreases the environmental
impact.

• The efficiency of the micro-plant should be as high as possible. When the efficiency is
less than the assumed 51.85%, the environmental impact increases significantly.

• The manufacturing of the PV panels contributes most to the GWP and the fossil re-
source scarcity. Therefore, it is advised to use polycrystalline PV panels. However, PV
technologies are new and constantly changing. The efficiencies of the PV panels are
increasing over time, and the costs of PV panels are decreasing over time. Also, the
production methods are becoming more efficient. Hence ZEF should update the LCA
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concerning the PV panels when close to the realisation of the solar MeOH farm, ensuring
that polycrystalline is still the PV technology with the smallest environmental impact.

• Manufacturing of the mounting system has a significant environmental impact. ZEF
should design, or choose, a mounting system that has a small environmental impact
which still holds up to the demands.

• The lifetime of the PV panels and mounting system are longer than 20 years. By con-
sulting PV manufactures ZEF can make sure they have a guaranteed lifetime of at least
25 years, which leads to a decrease in environmental impact.

• The electricity consumption contributes to around 4% of the GWP and fossil resource
scarcity. ZEF should contact security companies to see what kind of security they are
obligated to have. When this is known, ZEF can think of methods to produce their own
electricity.

• A long lifetime of the modular MeOH system and the different subsystems is vital to
reduce the environmental impact. The assumption concerning the lifetime and replace-
ment should be tested. The focus for designing new subsystems should be on lifetime.
Lifetime is a more important factor than the materials used. When the lifetime is shorter
than 6 years the GWP increases exponentially.

• Currently, the micro-plant is still conceptual. When data from experiments are known,
these should be implemented in the Simapro model. This data could be, for example, the
lifetime of the micro-plant and efficiency. By implementing the data, the environmental
impact can be assessed in every stage of the design.

• This research showed that the recycling materials does not decrease the GWP signifi-
cantly. The fossil resource scarcity is assumed to have approximately the same decrease
as the GWP. The decrease in environmental impact for the mineral resource scarcity can
be significant, because minerals are reused. When the end-of-life of the solar MeOH is
known it should be included in the LCA. The mineral resource scarcity is the only im-
pact category that has a larger environmental impact than the main production methods
of methanol. Including the recycling could decrease the environmental impact of this
impact category.
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Appendix A: Explanation of Midpoint and

Endpoint Impact Categories
The next example [21] shows how the impact category can be used. The example also shows
the category indicators and the characterisation model. In this example the category indi-
cator is used for the LCA concerning the methanol produced by the solar MeOH farm. The
endpoints are used for the comparison of the PV panels. Notice that the endpoint could also
be ecosystem damage in this example.

• Impact category: global warming

• Inventory results: the amount of various greenhouse gasses emitted per functional unit

• Characterisationmodel: baselinemodel of 100 years of the international panel of climate
change

• Category indicator: infrared radiative forcing (W/m2)

• Characterisation factor: conversion of each greenhouse gas (kg CO2-equivalents/kg gas)
to GWP.

• Category indicator result: kilograms of CO2- equivalents per functional unit

• Category endpoints: damage to human health

The different midpoints are converted to the endpoints by using weighing factors, or char-
acterisation factors. Figure A.1 shows how the 18 different midpoint impact categories are
converted to the three endpoint impact categories. An example is the conversion of kg of
copper equivalent to USD2013 the ReCiPe model uses a value of 0.23 i.e., one kilogram of
copper equivalent is equal to 0.23 USD2013. However, for the fossil resource scarcity the
characterisation factors are different depending on the different fossil fuels. To find a de-
tailed overview of all characterisation factors one should consult the ReCiPe 2016 report of
the RIVM [18].
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Figure A.1: Overview of how the 18 midpoint impact categories are converted to the three endpoint impact categories [18].



B
Appendix B: Calculations Concerning

PV Panels
This appendix discusses calculations that concern the PV panels.

CO2 equivalent per kWh to Co2 equivalent per m2

From literature different data is available for PV panels concerning CO2 emissions. However,
this is mostly expressed in CO2/kWh. The first step in finding the CO2 equivalent per 900 Wp
is to recalculate kWh to m2 of PV panel. Equation B.1 shows how the CO2 equivalent/kWh
is calculated. The denominator of the fraction calculates the amount of kWh the PV panels
generates over its lifetime. The efficiency is depicted as 𝜂.

kg CO equivalent of manufacturing
Capacity PV panel(kWp) ∗ ESH(h/day) ∗ 365(days/year) ∗ lifetime(years) =

kg CO equivalent
kWh (B.1)

The capacity of the PV panel is calculated as depicted in equation B.2. The energy in is based
on the irradiation under standard test conditions. One hour of this standard irradation is
equal to one ESH (1kWh/m2). The performance ratio is included in the efficiency.

Energy in (1000 W/m2) ∗ m of PV panel ∗ 𝜂(%) = Capacity(Wp) (B.2)

Combining equation B.1 and B.2 and rewriting this leads to equation B.3. This equation
shows how to recalculate CO2 equivalent per kWh to Co2 equivalent per m2.

kg CO equivalent
m = kg CO equivalent

kWh ∗ ESH ∗ 365 ∗ lifetime ∗ 𝜂(%) (B.3)

CO2 equivalent per m2 to CO2 equivalent per Wp
Some of the results of the data is in CO2 equivalent per m2, but most are per kWh. The first
step to calculate CO2 equivalent per m2 to CO2 per Wp is to calculate the Wp per square
meter. This is shown in equation B.4.

𝜂(%) ∗ 1000(W/m ) = Wp/m (B.4)

This is combined with equation B.3 to obtain equation B.5. To obtain the kg CO2 per 900
Wp for example one multiplies the outcome of this equation by 900.

m
Wp ∗

kg CO equivalent
m = kg CO equivalent

Wp (B.5)

Using efficiency to obtain standard deviation
The standard deviation in the results of Simapro are determined by uncertainty in effiency.
Equation B.4 showed how the efficiency influences the Wp/m2. For the standard deviation
the range of uncertainty, for example, 1% is used. This 1% leads to amaximum andminimum
m2 to reach the desired capacity. This range of m2 is used in Simapro to determine a range
of, for example, GWP.
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ESH to daily energy generation
The amount of ESH can be used to calculate to the amount of kWh/m2 per day. Combining
this with the overall efficiency of the PV panel and are lead to a energy generation. This is
depicted in equation B.6.

Daily energy generation = ESH ∗ m ∗ 𝜂(%) PV panel = Wp ∗ ESH (B.6)

Irradiation data to ESH
From the solar atlas [101], the irradiation data of locations can be determined. The unit of
this irradiance is kWh/m2 per year. By dividing this number by 365, the kWh/m2 per day
is obtained. This is equal to the amount of ESH because one ESH is equal to one kWh/m2.

Effieciency decrease over time
The efficiency of a PV panel decreases over time. From the start and end efficiency and the
lifetime the average efficiency is calculated. In this research the average efficiency is used to
determine the energy generation of the PV panels. In the first year of operation the efficiency
drops more than in the other years. How the efficiency over the years is calculated is depicted
in equation B.7.

𝜂(year) = 𝜂 (%) ∗ (1 − (( first year efficiency decrease100 ) + ((yearly efficiency decrease100 ∗ years))
(B.7)

From the start efficiency, the end efficiency, and the lifetime the average efficiency can be
calculated. This is depicted in equation B.8.

average efficiency = start efficiency − end efficiency
years (B.8)
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Appendix C: Midpoint Impact Categories
for the Comparative LCA Concerning PV

Panels
This appendix explains why the midpoint impact categories are not used to compare the
different PV technologies. In the first stages of the research, only the midpoint impact cate-
gories had been analysed. The midpoints did not lead to clear benefits between the different
PV panels. Especially the difference between the CdTe and the polycrystalline silicon PV
panels was small. These two technologies are the two types of panels that score the lowest
on the GWP. CdTe panels do score significantly higher on mineral resource use. The other
two impact categories are similar. To better substantiate the advice, the endpoints impact
categories are used in the report.

Figure C.1 shows the GWP for manufacturing PV panels with a capacity of 900 Wp, including
the mounting system. From this figure, it can be seen that CdTe has fewer emissions than
the other types of PV panels. The second-lowest emitter is polycrystalline that is produced
using the string ribbon technique (Ribbon-Si).

Figure C.1: Results of the midpoint impact category GWP for different PV panels.

Figure C.2 shows the fossil resource scarcity of producing PV panels with a capacity of 900
Wp, including mounting system. Ribbon-Si and CdTe consume the least amount of fossil
resources. The a-Si shows the highest fossil resource use. A strong correlation between
GWP and fossil resource scarcity is present.

The last category assessed is the mineral resource scarcity. Figure C.3 shows the results
of the assessment. As mentioned in chapter 2, Indium is a very rare element, which is the
reason that CIGS scores the highest in this impact category. CdTe PV panels consume the
rare element Tellurium. One square meter of thin-film CdTe only consumes 25.2 grams of
CdTe and 0.2 grams of Tellurium. This midpoint impact category shows an advantage for
the crystalline silicon technologies.
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Figure C.2: Results of the midpoint impact category fossil resource scarcity for different PV panels.

Figure C.3: Results of the midpoint impact category resource scarcity for different PV panels.

These graphs show that the difference between the CdTe and the polycrystalline PV panels is
not significant. Only the mineral resource scarcity shows a significant difference. To better
substantiate the advise the endpoints have been used in this research.
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Appendix D: Details Energy Use &

Reactions in the Micro-Plant
This section provides a detailed overview of the energy use and the reactions occurring in
the micro-plant. Table D.1 shows an overview of these reaction and energy use. The mole
fractions are based on assumptions concerning the different subsystems. The energy used
per subsystem is depicted as kWh per 0.947 mole MeOH output. This is the methanol output
for 1 mole of CO2. The total energy use is approximately 0.31 kWh/0.947 mole MeOh. This
can be recalculated to ≈10.7 kWh/kg MeOH, or 38.6 MJ/kg. Combining this with the energy
density of 20 MJ/kg gives an efficiency of the micro-plant of 51.85%.

Table D.1: Overview of the reactions and energy consumption of the micro-plant.

Input Value Unit Output Value Unit
DAC
Air - mole H2O 9 mole
Electricity 0.048 kWh/0.947 mole MeOH output CO2 1 mole

Left over air mass
Compressor
H2O 9 mole H2O (to environment) 6 mole
CO2 1 mole CO2 1 mole
Electricity 0.018 kWh/0.947 mole MeOH output H2O (in system) 3
Degasser
CO2 (dissolved) 0.052 mole H2O 3 mole
O2 1.5 mole CO2 (to environment) 0.052 mole
H2O 3 mole
AEC
H2O 3 mole H2 3 mole
Electricity 0.246 kWh/0.947 mole MeOH output O2 1.5 mole
MS
H2 2.842 mole MeOH 0.947 mole
CO2 0.947 mole H2O 0.947 mole
Electricity 0.004 kWh/0.947 mole MeOH output
DS
MeOH 0.947 mole MeOH 0.947 mole
H2O 0.947 mole H2O (in MeOH) 0.004 mole
Electricity 0.005 kWh/0.947 mole MeOH output H2O (to environment) 0.944 mole
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Appendix E: Detailed Overview LCI of

Micro-Plant
This appendix focuses on the LCI of the micro-plant. Table E.1 shows a summary of all
materials used for constructing one micro-plant. The bottom part of the table shows the
productionmethod. When amaterial is not available in the Ecoinvent database, a comparable
material is selected. If this is the case, it is shown in the last column.

Table E.1: List of the materials used for constructing a micro-plant. The last column depicts materials used when no data is
available of that specific material. Manufacturing of the materials is shown in the bottom rows.

Material Weight [g] Material used
Stainless steel 22965
Aluminium 6310
PET gf 45 6140
Polyphenylene sulfide 4739
PEI/Tepa 3000 Monoethanolamine
Cellulose 1960
Copper 1872
KOH 1650
Nickel 1650
Plastic 670
Paper 350
Glass 200
Zirconium oxide 200
polysulfone 200
Al2O3 200
Printing board 175
polyoxymethylene 120 Nylon
HDPE 100
Nylon 85
Rubber 76
ZnO 40
Fiber glass 37
kevlar (Aramiden) 30 Nylon
Acrylic 20 Nylon

Stainless steel product manufactering 22965
Injection molding 11904
Aluminium product manufactering 6310
Copper product manufactering 1872

The following tables depict the materials used per sub-system. The tables are more detailed
than the one presented in chapter 3. When all the materials described in these tables are
added up one obtains table E.1.
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Table E.2: Overview of the materials and components of the alkaline electrolytic cell.

Part description Gram [g] Material
Cookie roll 4739 Polyphenylene sulfide
Casing 7945 Stainless steel
Electricity wires 151 Copper
KOH (electrolyte) 1650 KOH
Electrodes 1650 Nickel
Membrame part 1 200 Zirconium oxide
Membrame part 2 200 Polysulfone
Level sensor 4 Stainless steel
Heat sensor 0,24 Aluminium
Pressure sensor 16 Stainless steel

Solonoid valves

55 Stainless steel
25 Nylon
12 Fiber glass
4 Rubber

Table E.3: Overview of the materials and components of the methanol synthesis.

Part description Gram [g] Material
Pipes reactor 810 Stainless steel
Cold tube 40 Aluminium
Valve block 1000 Aluminium
Heat exchange part 1451 Copper
Catalyst 160 Al2O3
Catalyst 40 ZnO
Catalyst 40 Copper

Heaters 10,8 Nylon
15,5 Stainless steel

O-ringen 0,32 Rubber
Level Sensor 1,17 Stainless steel
Heat sensor 0,12 Aluminium
Pressure sensor 16 Stainless steel
Frequency sensor 20 Acrylic

Solonoid valves

27 Stainless steel
12 Nylon
6 Fiber glass
2 Rubber

Table E.4: Overview of the materials and components of the distillation unit.

Part description Gram [g] Material
Aluminium parts 2450 Aluminium
Pipes 363 Stainless Steel
Capillary material 30 Kevlar (Aramiden)
Heat Sensor 0,2 Aluminium
Level Sensor 2 Stainless steel
Peltier elements 20 Al2O3

Solonoid valves

82 Stainless steel
37,0 Nylon
18,5 Fiber glass
6 Rubber



69

Table E.5: Overview of the materials and components of the direct air capture.

Part description Gram [g] Material
Glass desorption chamber 200 Glass
Aluminium parts 500 Aluminium
Steel parts 970 Stainless Steel
Copper parts 200 Copper
Rubber 10 Rubber
Plastic casing 1400 PET gf 45
Absorber racks 350 paper
PEI/TEPA 3000 PEI/TEPA
Fans 670 plastic
HDPE parts 100 HDPE
Level Sensor 4 Stainless steel
Vacuum Sensor 0,23 Printing board
Heat Sensor 0,12 Aluminium
O rings 0,45 Rubber
Peltier elements 20 Al2O3

Table E.6: Overview of the materials and components of the compressor.

Part description Gram [g] Material
Big gears 120 polyoxymethylene
Small gears 20 Stainless steel
Gearbox steel 584 Stainless steel
Gearbox aluminium 1779 Aluminium
Pistons 5051 Stainless steel
Pressure sensor 16,02 Stainless steel
Heat sensor 0,06 Aluminium
O rings 7,8 Rubber

Drone motor 25 Copper
23 Stainless Steel

Table E.7: Overview of the materials and components of the integration.

Part description Gram [g] Material
Casing 4740 PET gf 45
Isolation 1960 Cellulose
Buffers 6240 Stainless steel
Closing buffer 540 Aluminium
Printing boards 174,72 Printing board
Cables copper 4 Copper
Cables rubbers 46 Rubber
Tubing 720 Stainless steel
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Appendix F: GWP to Temperature

Change
This appendix briefly discusses how the GWP can be used to calculate the global temperature
increase or decrease. In an equilibrium situation, the amount of radiation energy going into
a system is equal to the radiation that goes out. Radiative forcing is the amount of deviation
from this equilibrium. If the forcing is positive the system heats up, and if it is negative it
cools down [105]. In this case, the system is the earth and the radiative forcing, in watt per
square meter, is due to the amount of greenhouse gasses in the atmosphere. With a script
made by Greg Schivley obtained from [106], one can make an estimate of the radiative forcing
with the obtained absorption. The results of this script are depicted in figure F.1. After 100
years the radiative forcing due to the produced methanol is equal to ≈4.6*10-8 W/m2. This
translates to a cooling of 2*10-8 ±40 % Kelvin [107].

Figure F.1: Results of the radiative forcing, including one standard deviation uncertainty plotted as the light blue shade. Note
that the scale of the vertical axis is to the power -8.

One can see that the graph first increases due to the construction of the solar MeOH farm.
Then the production of MeOH starts, and thus the absorption of CO2. After 20 years the
mean forcing increases again. The hypothesis for this is that due to the extra CO2 absorbed
equilibriums in the atmosphere shift to producing CO2 until a new equilibrium is found. The
graph seems to stabilise over the years.
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Appendix G: The Environmental Impact

of Manufacturing and Production
Methods

In the LCA not only the manufacturing of materials but also the production methods of the
micro-plant are taken into account. The share of the environmental impact of the methods
and manufacturing is shown in figure G.1. It can be seen that again most of the environ-
mental impact is due to the manufacturing of the different materials. This small impact is
the reason not to discuss it in detail in this report.

Figure G.1: The environmental impact per impact category for production and manufacturing relative to constructing one modular
MeOH system
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Appendix H: Extra Location Scenarios

This appendix discusses two scenarios that are not included in the report. The first concerns
the manufacturing of the modular MeOH system in Europe. The second scenario focuses on
the effect of transportation to different locations. They have not been included in the report
because it was clear from the results they would not have a large impact.

Scenario H1: Location Production

Figure H.1: Relative change for different impact categories when
producing in Europe.

The materials in the base case scenario are
produced in China. The main reason for this
assumption has been explained in chapter
3. This scenario investigates what happens
to the environmental impact when the man-
ufacturing takes place in Europe. The pro-
duction methods, in general, are expected to
be more efficient in Europe. This could lead
to a decrease in environmental impact.

Figure H.1 depicts the effect of producing
materials in Europe. The effect on the GWP
and Mineral use is slightly lower, around 0.3
%. Fossil fuel use, however, can be reduced
by approximately 2%. This decrease is due
to the higher energy efficiency and the differ-
ent energy mix in Europe. The price is gen-
erally higher in Europe for materials than in
China. Because the change in environmen-
tal impact is small, it is found not to be fea-
sible to produce in Europe.

Scenario H2: Location Operation
A group from the TU-Delft master of Trans-
port Infrastructure and Logistics (TIL) [93] made a report that discusses the best location to
operate the plant. The advice from this report is based on economics. The advice is three
locations namely Morocco, Peru, and Oman. The base case scenario assumed that the oper-
ation is in Morocco. In this section, the results of operating in Peru and Oman are discussed.

To look at the influence of transport three different scenarios are discussed. One is trans-
porting to Peru, one transporting to Oman and the last one has double the transport. The
reason this last scenario is discussed is that it can give an idea of the maximum change in
the environmental impact of transport. In table H.1 the assumptions for the four different
scenarios are depicted. Keeping in mind from chapter 3 that the weight of one micro plant is
around 180 kg, and the weight of the entire plant is estimated on 2380 ton. Rail transport
takes place in china and is assumed to be constant for different locations.

Figure H.2 depicts the impact the different location has on the three different impact cate-
gories. The impact on GWP and mineral resource use are small. Even in the extreme case,
the increase in GWP is smaller than 1%. For fossil resource use the change in impact is
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Table H.1: Overview of the different transport values for different scenarios.

Ship [km] Ship [tkm] Rail [km] Rail [tkm] Road [km] Road [tkm]
Base case 18,000 4.3E+07 500 1.19E+06 250 5.95E+05
Peru 19,000 4.5E+07 500 1.19E+06 300 7.1E+05
Oman 10,000 2.4E+07 500 1.19E+06 50 1.9E+05
Extreme case 25,000 5.95E+07 1000 2.4E+06 800 1.9E+06

slightly larger. This is logical because more transport means more use of fossil fuels. The
main conclusion that is drawn is that the location has a small impact on the environmental
impact, and therefore not included in the report. It should not be the main focus for reducing
the environmental impact.

Figure H.2: The change in environmental impact for transporting to different locations.
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