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SUMMARY

The urgency of taking actions against climate crisis is unprecedented. The human-produ-
ced CO; is the largest contributor to global warming, which drives the climate change.
Many countries around the world have committed to net-zero greenhouse gas emissions
in the next coming decades. Power-to-X (PtX) technologies in combination with carbon
capture technologies might contribute to a carbon-neutral future, since they can convert
electricity and captured carbon to synthetic gases (e.g. hydrogen, methane), chemicals
(e.g. propylene, ethylene) and liquids (e.g. methanol).

This thesis aims to research the techno-economic potential of a system that is able
to produce methanol at industrial scale via a PtX scheme, which is coupled with carbon
capture technologies. The system of this thesis consists mainly of PV panels, an alkaline
water electrolyzer, a polymer electrolyte membrane (PEM) CO; electrolyzer and a single-
stage Lurgi quasi-isothermal methanol reactor. The feedstocks for this system are water
and carbon dioxide (captured from the flue gases of a cement plant).

The whole production process of this system has been designed and modelled in
such a way, that both electrolyzers can follow the intermittent power supply from the
PV panels. The electrolyzer’s dynamic operation is controlled by a deterministic con-
trol logic, which takes into account the variable energy efficiencies of the electrolyzers
and the intermittent power output of the PVs. Moreover, it has been decided that the
methanol synthesis is based on the CO, hydrogenation process, which converts syngas
(i.e. a mixture of CO, CO, and H») into methanol with the use of the methanol reactor.
Hydrogen is produced by the water electrolyzer and the captured CO; is reduced to CO
by the CO; electrolyzer.

As far as the sizing and production results are concerned, the system is able to pro-
duce 3.999 kT of methanol per year, consuming 2,147 tons of CO, per year and requiring
an energy input of 30.3 GWh/year. The installed peak PV power is equal to 18 MWp
and 99.60% of their energy yield is exploited by the system (the rest is dumped). Due to
the implemented control logic, the operating energy efficiency range for the CO, elec-
trolyzer is 45.07-55.32% and for the H,O electrolyzer is 75.83-81.71%.

In terms of economic analysis, the proposed system requires a total capital invest-
ment (TCI) of 195.7 M€ and its operational expenditures are equal to almost 2 M€ per
year. The performed cash flow analysis showed that the system has an annual gross
profit of € 855,535 per year. Despite the yearly profit, it was found that the system’s net
present value (NPV) is negative and equal to -179.5 M€ at the end of its lifetime (i.e. 20
years). Also, the levelized cost of methanol (LCOM) was found to be equal to 4.44 €/kg,
which is almost 10 times higher than the current market price of methanol. Therefore,
such an investment would be economically unfeasible, despite its environmental bene-
fit, because it would result in a net loss of capital.
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INTRODUCTION

This chapter provides the background information for the thesis project. The motiva-
tion behind this project is explained in section 1.1. The scope of this thesis and its goals
are explained in section 1.2, while the research questions that have been formulated and
need to be answered are presented in section 1.3. The adopted approach and methodol-
ogy for tackling the main target of this project is presented in section 1.4. Finally, section
1.5 presents the outline and the structure of this thesis.

1.1. MOTIVATION

LOBAL warming is one of the most important challenges that our world faces to-

day. It affects our daily lives, from sea levels and weather conditions to business
and the food we eat. Global warming is mainly caused by the human-driven increases
in Earth’s temperature [1], [2]. Human activities, which include burning of fossil fuels,
cutting down forests and farming livestock, increase the Earth’s temperature, because
all these activities increase the heat-trapping greenhouse gas concentrations in Earth’s
atmosphere [1], [2]. Apart from human activities, the climate change is also caused by
natural processes (e.g. volcanic activity and changes in the Sun’s energy output) [1].

In 2019, the global average temperature increased by 1.1°C above the pre-industrial
levels and it currently continues increasing by a rate of 0.2°C per decade [1], [2]. In 2016
the Paris Agreement on climate change came into force and 191 countries have currently
ratified it [3], [4]. The goal of this agreement is the limitation of global warming, by pre-
venting the global temperature from increasing more than 2°C (preferably 1.5°C) above
the pre-industrial levels [3]. This target can be achieved by reducing (or making more
efficient) the energy consumption, decarbonising the electricity generation and decar-
bonising the industrial & service sectors.

The most important heat-trapping greenhouse gases are carbon dioxide (CO,), meth-
ane, nitrous oxide and fluorinated gases [2]. But, the human-produced CO, gas is the



2 1. INTRODUCTION

largest contributor to global warming, since its concentration in the atmosphere in-
creased by 48% in 2020, compared to pre-industrial levels [2]. The man-made CO, gas
is emitted into the atmosphere due to the combustion of fossil fuels and the produc-
tion processes of heavy industries (such as cement, iron, steel and aluminium plants).
Therefore, the climate change could be mitigated by capturing, utilising and storing the
emitted carbon.

According to the EU Climate & Energy Framework, the EU aims to reduce the green-
house gas emissions by at least 40% in 2030 and by 80-95% in 2050, with 1990 as a ref-
erence year [5], [6]. In the EU Energy Roadmap 2050, different scenarios explore possi-
ble routes towards a low-carbon energy system, providing energy security, stability and
certainty [6]. The achievement of these targets has the potential to lead Europe into a
net-zero greenhouse gas economy. These targets could be reached, if the annual average
reduction of CO, emissions was equal to 130 tonco,/year from 2017 to 2050 [7]. How-
ever, the value of 130 tonco, /year is an ambitious target, because the annual reduction
of CO, emissions was equal to 50 tonco,/year from 1990 to 2016 (4300 tonco, in this
year) [7].

Two of the main strategies of the EU Energy Roadmap 2050 are related to (i) the max-
imization of the renewables’ deployment and of the electricity use and (ii) the decarbon-
isation of the power generation and industrial sectors towards a circular economy [6].
Based on the aforementioned scenarios from EU for 2050, the carbon capture and stor-
age (CCS) technologies will have to be implemented in 7-32% of the power generation
sector, which relies on the combustion of fossil fuels [6]. Apart from CCS technologies,
carbon capture and utilisation (CCU) technologies will also have to be implemented in
the power and industrial sectors of the EU, for reaching the targets of 2050 in a cost-
effective way [6], [7]. Therefore the handling of CO, is going to be an important part of
the EU strategies and play an important role for the energy transition in the EU.

CCU technologies
CCU processes are able to capture CO; and recycle it for further usage. Such processes
convert the captured CO; into more valuable substances or products (i.e. C; or C, molec-
ules), through (i) the synthesis of chemicals and materials (e.g. methanol, carbonates,
formic acid), (ii) the synthesis of fuels (e.g. methane, kerosene) and (iii) the direct use in
applications based on CO, physico-chemical properties [3]. Another application of CCU
processes is the storage of renewable energy, by using the surplus of electrical energy for
the CO; conversion into an H carrier (through the CO, reduction and H, O splitting) [8].

CCU technologies have the potential to delay and reduce CO, emissions and to re-
duce fossil fuels depletion [8], [9]. In CCU processes, the captured CO» is first released
by the use or combustion of CO,-based product (e.g. oil). As it can be seen, CCU pro-
cesses aim to retain carbon neutrality in the overall product chain. However, in terms of
total CO, emissions reduction, the amount of captured and utilized CO; is not exactly
the same as the amount of avoided CO, [9]. In case of a CCU plant, more CO, emit-
ted is avoided (i.e. it is not emitted) than the CO, that is captured and utilized [8]. The
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CCU plant reduces its original feedstock consumption (i.e. fossil fuels) and prevents the
emissions associated to the use of this feedstock, because the plant synthesizes a specific
product through the CCU processes [8]. Therefore, there might be financial incentives
for heavy industries and power sector to invest in CCU technologies.

Power-to-X and X-to-Power technologies

Power-to-X (PtX) technologies allow the conversion of electricity into synthetic gases
(e.g. hydrogen, methane), chemicals (e.g. propylene, ethylene) and liquids (e.g. methan-
ol) [10]. In this way, the electricity can be stored in the form of chemical energy carriers,
which can subsequently be exploited for time-shifted power delivery (i.e. the reverse
scheme of PtX, known as X-to-Power [XtP] scheme) and/or cover the non-electrical en-
ergy demand in heating, transportation and industrial sectors [10]. In Figure 1.1, the
possible routes of PtX and XtP schemes can be seen, in which the electricity can be sup-
plied by the grid or the renewables.

Renewable Elecinic B " * Micro-grids
SOUTCES arid » Off-grid areas
* Fuel cells
* Engines
= Mild combustion
[40s
Power-1o-H, |
| 5 i "
— gas
v N g
\
| Water |
\ J
S __4/
Electrochemical * DO; metmmatio
. *  Symgas upgradin
synthesss of L L . "
ok + Biogss upgrading
wdrogen P
Cinbon
dioxide | Power-to-liquids
! Bl
(/_\\ » Fischer-Tropech (FT) = g + CO, hydrogenation o
Light | + Reverse water ga / f » CAMERE proce: ( Other
[ % —] e B ——{Polymers| [ DME p—— T PO [ .
\\:\Icluls / Shift + FT \ Yy, \ / * Fischer-Tropsch (FT) i, alkeohols /
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Figure 1.1: Possible routes for Power-to-X and X-to-Power schemes [10]
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The exploitation of XtP schemes offers the potential for reconverting the chemical
energy carriers, which were synthesized through PtX schemes, back to electricity. This
is how the energy is stored, before it is reconverted back to electricity. These schemes
might provide a long-term alternative storage solution to batteries (not suitable for long-
term storage) and pumped hydroelectric (topographically constrained) [10]. Applica-
tions of such PtX and XtP schemes include the use of methanol, methane (or synthetic
gas) and hydrogen (see Figure 1.1).

The synthesized chemical energy carriers of the PtX schemes might be an exploita-
ble feedstock for the heating, transport and industrial sectors [10]. The chemical energy
demand of these sectors could be covered totally or partially by the aforementioned en-
ergy carriers (i.e. integrating into or replacing the existing feedstock of these sectors)
[10]. This is how these sectors could reduce their environmental footprint. For example,
light olefins (such as ethylene or propylene) could be produced via PtX processes with
captured CO, and subsequently be supplied to the chemical industry as important raw
materials. Another example could be the production of methanol in a similar way, pro-
viding a liquid fuel for transport sector.

System overview of Power-to-X scheme with CCU or/and CCS technologies
The production of chemical energy carriers via PtX schemes requires carbon (i.e. CO or
CO). Based on that, the integration of CCS and/or CCU technologies into PtX schemes is
possible (see Figure 1.2). In the system overview of this Figure, it can be seen how these
technologies can be integrated into PtX schemes and combined with renewables:

* The required electricity for the whole system’s operation can be supplied from re-
newables.

* CO; can be captured from flue gases (or from the atmosphere with direct air cap-
ture technologies).

* Water and CO> can be reduced to H,, O, and CO via electrolysis.

* The products of electrolysis can be used for the synthesis of the final products of
PtX schemes (e.g. methane, methanol).

* Subsequently, the synthesized final products can be used for power generation or
other applications (e.g. fuel for transport, feedstock to industry, heating).

Conclusion
The PtX schemes with CCS and/or CCU technologies may offer carbon-neutral alter-
natives to fossil fuels, only if these schemes are powered by renewables and the CO; is
captured from flue gases. It is worth mentioning that if the CO, is captured from the
atmosphere (with direct air capture technologies), then it would be possible to have a
net-negative system [10], [11]. Moreover, these alternatives (e.g. methanol, methane)
could use the existing infrastructure of fossil fuels for distribution and storage and be
used by the existing machinery (without fundamental changes). As far as the long-term
storage of renewable energy is concerned, these schemes seem very attractive, because
captured CO; and the electricity surplus of renewables can be converted into chemi-
cal energy carriers (i.e. C; or C, molecules). Therefore, these schemes (including CCS
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Figure 1.2: System overview of Power-to-X scheme with carbon capture, storage and utilisation [10]

and/or CCU) could be part of a circular economy, where carbon is recycled and reused
over a long-time scale.

The potential of PtX schemes for the production of methanol is addressed and inves-
tigated in this thesis. Such PtX schemes are expected to enhance the resilience of our
future (renewable) energy system and methanol could be a carbon-neutral alternative
to fossil fuels.

1.2. THESIS SCOPE AND GOALS

HIS thesis aims to research the potential of methanol production via a PtX scheme,
which will use H»O and CO; as raw materials, be powered by solar panels and be
coupled with CCU technologies. The production process of such a system will be an-
alyzed and its techno-economic feasibility will also be evaluated in an industrial scale.
Moreover, this thesis aims to draw realistic conclusions on the potential role of the afore-
mentioned system in the decarbonisation and competitiveness of methanol production.

Recent papers have dealt with this topic, exploring and comparing different routes,
in terms of electricity source, carbon source (captured from the atmosphere or from flue
gases) and the use of CO, or CO in the methanol synthesis [8], [12]. In the paper of
Smith et al. [12] in 2019, the electrolysis process was powered by solar panels and used
for the water splitting and the reduction of CO, to CO. In the same paper, the following
assumptions were also made [12]:

* The downstream synthesis of methanol was continuous and the operation of H;O
and CO; electrolyzers were independent of the intermittent power of solar panels.

* Both electrolyzers were running constantly at an overall efficiency of 70%.

In literature, it was also found that electrolyzers are assumed to work under constant-
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efficiency conditions. However, this assumption is not valid for the case in which the
power supply of the electrolyzers is intermittent and not constant. For this reason, in this
thesis, the dynamic operation of electrolyzers is going to be taken into account. There-
fore, this thesis will tackle the following knowledge gaps:

* The dynamic operation of H,O and CO; electrolyzers in a load-following process,
taking into account:

— their variable energy efficiencies
— their integration with the intermittent power supply from PV panels.

 The effect of this dynamic operation on the economic feasibility of the methanol
synthesis process.

1.3. RESEARCH QUESTIONS

T HE scope and the goals of this thesis can be tackled, by working on the main research
question and its sub-questions, which can be expressed as follows:

* Main research question:
Is it economically feasible to produce methanol at a plant level, using the inter-
mittent power output of PV panels, captured CO; from flue gases and dynami-
cally operating electrolyzers under variable efficiency conditions?

* Sub-questions:

— How can the whole process for methanol production be modelled and designed
at industrial scale, when the system is connected to renewables?

In such a system, PV panels, HO and CO electrolyzers, methanol converter
and utilities equipment are required. So, this equipment needs to be de-
signed and modelled.

— How can the intermittent power output of PV panels be integrated in such a
production process?

The grid can supply a constant power to the production system, which sub-
sequently will be in constant operation. However, in case of PV panels, their
power output is intermittent and the whole system will not be in constant
operation.

— What is the techno-economic performance of the intermittent production pro-
cess and how can it be compared to the existing market of methanol?



1.4. RESEARCH APPROACH AND METHODOLOGY 7

The intermittent production process needs to be assessed, in terms of cap-
ital and operational costs, production results and equipment size. This as-
sessment is important for drawing the proper conclusions on the feasibility
potential of the methanol production (as it was stated in the main research
question).

1.4. RESEARCH APPROACH AND METHODOLOGY

HIS section gives an overview of the methodology and research approach, which
have been conducted in this thesis for tackling the research questions of the pre-
vious section. Figure 1.3 shows the methodology steps that have been followed.

Literature review Data acquisition Design and modelling Implementation of

*H,0 electrolysis *PV panels power output *H,0 electrolyzer operational flexibility
*CO, electrolysis CO, electrolyzer «Control logic for the dynamic
*Methanol synthesis process +Auxiliary equipment (incl. DC- operation of the electrolyzers
eInfluence of rectifiers on DC converters, compressors *Rules for the power
electrolyzers performance and cooling units) distribution between
components

Downstream synthesis Economic analysis
process *Estimation of the equipment

eImplementation of the prices, operating costs and

methanol reactor System sizing Production results lifetime

*Design and modelling of buffer *Cash flow analysis
tanks for CO and H, storage Estimation of the levelized cost
of methanol

Conclusions and
recommendations

Figure 1.3: Methodology block diagram for the thesis development

The first step of the research approach is related to literature review, which has been
carried out for the methanol synthesis process using renewable energy. Literature review
has also been conducted for the various technologies of H,O and CO, electrolysis, since
such electrolyzers are parts of the aforementioned process. Taking into account the in-
termittent power output of PV panels, the influence of the rectifiers on the electrolyzers’
performance had to be reviewed in literature, as well, because the electrolyzers will be in
dynamic operation (i.e. under variable efficiency conditions).

Based on the findings of the literature review, it was decided that the methanol would
be produced through the CO, hydrogenation process. Also, the required system’s com-
ponents were defined, according to the aforementioned synthesis process. Another pre-
requisite for the system design and modelling is the estimation of the PV panels’ power
output. That’s why; the platform Photovoltaic Geographical Information System (PVGIS)
5.1 of the EU Science Hub has been used for the relevant data acquisition.

The system’s HO and CO; electrolyzers have been designed and modelled by scaling
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up the alkaline water electrolyzer Hy IGen 300/1/25 and the cell of an alkaline polymer
electrolyte membrane CO» electrolyzer, respectively. Both scaling-ups were based on
the performance parameters of the aforementioned electrolyzers (found in literature)
and built in MATLAB/Simulink. The system’s DC-DC converter was also designed and
modelled in MATLAB/Simulink, based on the performance characteristics of the Infi-
neon CoolMOS IPW60R045CP MOSFET converter (found in literature). Compressors
and cooling units had to be also designed and modelled in MATLAB/Simulink, since the
H, and CO (i.e. electrolysis products) must be fed to the methanol converter at specific
temperature and pressure.

As it has been mentioned, both types of electrolyzers will be in dynamic operation,
since they will follow the intermittent power output of the PV panels. In other words,
the electrolyzers operating efficiency will not be constant. Therefore, a system’s con-
trol logic that controls the electrolyzers operation (inside their efficiency range) had to
be designed and modelled in MATLAB/Simulink. This control logic is a deterministic
method (based on a set of rules) and responsible for the system’s operational flexibility.
The power distribution between the system’s components is also controlled by the same
control logic.

The last step of the system’s design and modelling in MATLAB/Simulink is related
to the methanol converter. The design and model of the methanol reactor is based on
the simulation results of a study that has been based on the selected methanol synthe-
sis process (i.e. using the same converter’s catalysts and feeding gases’ compositions).
Contrary to electrolyzers, it has been decided that the methanol converter will operate
constantly and continuously, without following the intermittent power output of the PV
panels. That’s why; buffer tanks for the H, and CO storage had to be designed and mod-
elled in MATLAB/Simulink. These buffer tanks will ensure the continuous and constant
operation of the methanol converter.

As soon as the system has been designed and modelled, it was sized by doing an
empirical analysis of the various system parameters and not by using an optimisation
tool. A backward approach was followed for the system sizing. Various simulations were
conducted in Simulink and many sizing calculations were done in Excel (according to
the simulation results). In this way, the system parameters (such as the power split be-
tween the H,O and CO» electrolyzers, the buffer tanks capacity, the feeding rates of H,
and CO, etc.) were empirically analysed and tested, so that a system equilibrium could
be reached. The system’s equilibrium was defined as the minimization of the system
size and the maximization of the system efficiency, by producing the desired amount of
methanol.

Subsequently, the model simulation was run in Simulink and its final results were
acquired. Those results were used for the assessment of the economic potential and
the environmental benefit of the proposed system. Therefore, the system’s equipment
prices, operating costs and lifetime were estimated, based on the relevant sizing data
and literature review. The system’s economic potential was assessed, according to a cash
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flow analysis (i.e. determining the end-of-life net present value, NPV, of the system) and
the levelized cost of methanol.

Finally, conclusions have been drawn, according to the production and economic
results of the proposed system. Also, recommendations for future research work could
be made based on the findings of this thesis.

1.5. THESIS OUTLINE

HE previous sections have already mentioned the potential of PtX schemes for the
T production of methanol, which could be a carbon-neutral alternative to fossil fuels.
More specifically, this thesis aims to to investigate the technical and economical poten-
tial of such a system, which mainly consists of PV panels, H,O and CO; electrolyzers and
is in dynamic operation. This scope can be tackled by forming and working on research
questions, which have been presented and further explained. This section presents the
thesis outline, which can be provided as follows:

» Chapter 2 presents the literature review for the system of this thesis. First, the use
of methanol is described and compared to alternative fuels (e.g. methane). Then,
various technologies for the methanol production using renewable energy have
been reviewed and presented. In the next two sections of this chapter, the various
technologies for H,O and CO, electrolysis are discussed. The last section presents
the influence of rectifiers on the electrolyzers’ performance (operating in dynamic
operation).

* Chapter 3 refers to the design and modelling of this thesis system. First, the prod-
uct (i.e. methanol) and captured CO, (from flue gases) specifications are given.
Then, the plant location and the system’s configuration are presented. Next, the
data acquisition method for the PV panels’ power output is described. The design
and modelling of CO, and H,O electrolyzers are described in this chapter. The
system’s control logic that controls the dynamic operation of the electrolyzers is
included in this chapter, as well. Finally, the design and modelling of the auxiliary
equipment and the selected downstream synthesis process of methanol (including
the methanol reactor) are described.

» Chapter 4 provides the sizing approach, sizing data and production results of the
proposed system. The sizing approach is described in the first section of this chap-
ter. Then, the system’s energy requirements are initially estimated, according to
the desired production output of each equipment. Next, the PV panels were sized,
according to the initial energy requirements. Finally, using the aforementioned
parameters, the sizing data and production results of each equipment are esti-
mated and presented.

* Chapter 5 is dedicated to the assessment of the economic potential and the envi-
ronmental benefit of the proposed system. This chapter describes the estimation
method for the equipment prices, operating costs and lifetime. Also, it includes
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the market prices of methanol and feedstocks. Then, the capital and operational
expenditures are estimated and presented, based on the aforementioned prices.
Finally, the system’s environmental benefit is presented and its economic poten-
tial is assessed, according to a cash flow analysis (i.e. determining the end-of-life
net present value, NPV, of the system) and the levelized cost of methanol.

Chapter 6 includes the conclusions and recommendations for this thesis. The re-
search questions are answered, based on the results of the proposed system, and
recommendations for future research work are provided.



LITERATURE REVIEW

The use of fossil fuels is extremely important in our modern world, since it affects the
transportation of people and goods.Unfortunately, fossil fuels contribute to global warm-
ing, environmental pollution and problems with air quality. Pollutant and carbon emis-
sions can be decreased by consuming alternative fuels instead of fossil fuels. However,
the use of alternative fuels is not totally feasible, due to their limited availability, high
cost and limited energy density.

The literature review for the methanol use and production is presented in this chap-
ter. The use of methanol is compared to alternative fuels (such as methane and ethylene)
in section 2.1. In section 2.2, various technologies for methanol production using renew-
able energy are presented. The H,O and CO; electrolyzers are discussed in sections 2.3
and 2.4 respectively. In the last section, the influence of rectifiers on the performance of
electrolyzers, which are in dynamic operation, is reviewed.

2.1. ALTERNATIVES TO FOSSIL FUELS
S OLAR energy is a renewable alternative to fossil fuels, despite the fact that it is char-
acterised by fluctuations. These fluctuations can be overcome by energy storage sys-
tems that store surplus energy in many ways (e.g. in batteries, compressed air, molten
salt, synthetic fuels etc.) and make it available at a later time as needed. Synthetic fuels
might be an ideal solution for long-term energy storage and for the carbon-neutral heat-
ing, industrial and transportation sector. The generated electricity of the solar panels
can be converted to:

* hydrogen or methane (using power-to-gas technologies),
¢ liquids like methanol (using power-to-liquid technologies)
e or chemicals like ammonia, propylene or ethylene (using power-to-chemicals tech-

nologies).

11
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Using carbon utilization technologies, CO, can be electrochemically reduced to many
products (such as CO). By combining CO; or its products with H, the production of
chemicals, fuels and other materials (such as methanol, methane, ethylene etc.) is pos-
sible.

2.1.1. METHANOL

Methanol (CH30H) can be synthesized from syngas (i.e. synthesis gas) that is produced
from biomass and fossil fuels (natural gas leads to a cheaper methanol production com-
pared to coal) [13], [14]. Also, syngas can be produced from renewable energy sources in
schemes, which capture and utilize carbon and thus the methanol production from re-
newables is possible [13], [14]. The renewable electricity is used to power the CO,- elec-
trolyzers for the reduction of CO, to CO and and the H,O-electrolyzers for the reduction
of water to H, and O,. Methanol can also be formed from CO, via heterogeneous catal-
ysis, homogeneous catalysis, electrochemical reduction and hydrogenation [15], [16].

The world’s first CO,-to-methanol plant is the George Olah plant, located in Svart-
sengi, Iceland [17]. This plant is operational since 2012 and its production capacity is
4000 tons of methanol per year, utilizing 5500 tons of CO» per year [17]. The carbon diox-
ide is captured from the flue gas that is released by an adjacent geothermal power plant
[17]. The hydrogen is generated by water electrolysis (using electricity from renewable
sources) and reacts with CO, for forming methanol [17], [18]. According to SGS Germany
(an inspection and certification company), this plant has received an ISCC certificate,
because its methanol production process can reduce CO» emissions by 90% when com-
pared to the use of gasoline or diesel [17].

Currently, methanol is a widely traded chem- N Combustion lllustration
ical in the world, because it can be used as a
transport fuel or a feedstock for many industrial ) T
processes. As far as its use as a fuel is con- pethandl Injection Vishve

cerned, methanol can be used as a blend compo- (FBIV-M)
nent or in pure form, in internal combustion en-
gines (ICEs) or in direct methanol fuel cells (DM-
FCs) [20]. It is worth mentioning that 40% of
the total 80 million metric tons of methanol (global
sales in 2018) was used as fuel and energy source
[21]. Apart from the aforementioned methanol uses,
methanol is the largest chemical feedstock for the
plastics industry, mainly via methanol-to-olefin (MTO)
processes [20], [22]. Methanol fuel is an attrac-
tive alternative to fossil fuels, because it can also
be used as an energy carrier for storing and dis-
tributing energy, due to its liquid state at ambient
temperature and pressure and its high specific en-

ergy.

Figure 2.1: Illustration of a combus-
tion chamber, with methanol injection
valve [19]
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Methanol could extensively be used in marine industry as a blend component, by
being directly injected in the combustion chamber of the vessels’ ICEs (see Figure 2.1).
The marine sector has shown a great interest in methanol as an alternative fuel, due to
the tightening emissions legislation [23]. As far as the automotive industry is concerned,
methanol is commercially blended into gasoline at various locations around the world,
since 1980 [24]. The mixture of methanol and gasoline provides a cleaner fuel when it is
burnt (i.e. lower vehicle exhaust emissions) [24]. For example, in China, the methanol
consumption in fuel products was approximately 250 thousand barrels per day in 2010,
but it was more than 500 thousand barrels per day in 2016 [24]. Another example is India
and Israel, which allowed the use of methanol M15 as a blend component in 2019 and
2016 respectively [24]. As it can be seen, there is currently a growing interest in methanol
as an alternative fuel worldwide.

The following is a list with a few attributes of methanol, when it is consumed in fuel
products by ICEs:

* High specific energy ratio (e.g. methanol M85 has a specific energy density of 19.7
M]J/kg and 15.6 MJ/1)

* High flame speed, leading to higher ICE efficiency

* Low combustion temperature, leading to better fuel vaporisation

* Being liquid at ambient temperature and pressure

» High hydrogen-to-carbon ratio, leading to lower carbon intensity fuel

* High octane and oxygen content (e.g. methanol M85 has 112 octane), leading to
improved fuel combustion and smoother fuel burning [20], [21], [24], [25].

Despite the interesting and beneficial characteristics of methanol, there are concerns
about its toxicity and safety. The major issue that methanol has to face is its toxicity
in terms of ingestion, inhalation, skin or eye contact. Although methanol is dangerous
and toxic, this is true for all fuels such as gasoline and diesel substitutes [20]. According
to Methanol Institute, the following health and physical hazards have been defined for
methanol in Table 2.1.

With regard to fire safety, another significant hazard is that methanol flames are prac-
tically invisible in sunlight [20]. This issue could be addressed by the use of additives or
methanol-gasoline blends [20]. On the other hand, the advantage of pure methanol is
that its fires can be extinguished with water [20]. Methanol also outperforms gasoline in
terms of fire risk and safety, because methanol evaporates more slowly, has a lower vapor
density and a lower heat release rate than gasoline [21], [22].

In case of spills, methanol has a lower environmental impact than gasoline. Accord-
ing to the European Chemicals Agency (ECHA), the registered dossiers for methanol,
diesel, and gasoline report the lethal LC50 dose in water (i.e. the concentration in water,
at which half the population died within specified test duration) to be 15400 mg/l, 65
mg/l and 8.2 mg/], respectively [21], [22]. Another interesting property of methanol is its
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Table 2.1: Hazard statements for fuels and chemicals [21], [26], [27]

Methanol Methane Ethylene

H225: Highly flammable | H220: Extremely H220: Extremely

liquid and vapour flammable gas flammable gas

H301: Toxic if swallowed | H280: Contains gas H280: Contains gas
under pressure; may under pressure; may
explode if heated explode if heated

H311: Toxic in contact - H336: May cause

with skin drowsiness or dizziness

H331: Toxic if inhaled - -

H370: Causes damage to | - -

organs

rapid biodegradation (a few days), since any spill of methanol quickly disperses due to
its infinite solubility in water and then biodegrades simply [20]. This fact could be very
interesting to the marine sector, taking into account the consequences of a hydrocarbon
fuel spillage in the marine environment.

2.1.2. METHANE

Methane (CH4) can be produced from biomass by either thermal gasification or bio-
logical gasification [28]. The latter process is a low-temperature process (<70 °C) that
converts wet or dry feeds and is commonly referred to as anaerobic digestion [28], [29].
According to Sabatier reaction, methane can be also produced by combining CO and H,
(CO methanation process) or CO, and H, (CO, methanation process) at high pressure
and temperatures above 250 °C [29]. Both catalytic processes are basically exothermic,
whose educts are CO/CO, and H, and their products are CH4 and H,O [29].

The electricity from renewables could be used to power the CO,-electrolyzers for the
reduction of CO, to CO and the H,O-electrolyzers for splitting the water into H, and
O,. Renewable sources and the aforementioned electrolyzers constitute a Power-to-Gas
(PtG) plant for producing synthetic natural gas (SNG), i.e. methane. An overview of a
PtG plant can be seen in Figure 2.2, where the SNG can be fed into the natural gas net-
work or used for other final processes. Most of the worldwide existing PtG plants were
launched from 2009 onwards and the Audi e-gas plant in Wertle (Germany) is the largest
PtG plant in the world (6 MW,) [30]. The Audi e-gas plant is in operation since 2013 and
it produces carbon-neutral SNG via the catalytic methanation of H, and CO; [30].

Methane is a chemical compound and the main constituent of natural gas, which
is used nowadays in many industrial chemical processes, power plants and homes (for
cooking and heating) [32]. Due to the existing massive distribution infrastructure of nat-
ural gas in many countries worldwide, this gas (and consequently methane) affects sig-
nificantly their economies, being an important energy carrier to the industry, energy and
transportation sector. In comparison with H,, SNG (predominantly CH,4) faces less re-
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Figure 2.2: Overview of a PtG plant with a Hy O-electrolyzer and a methanation sub-system for converting Hp
and CO» into CH4 and H»O [31]

strictions in terms of infrastructure, because it can be directly fed into the existing natu-
ral gas grid for energy transportation (both gases allow the storage of renewable energy)
[31]. It is worth mentioning that the grid capacity of natural gas in 2018 was equal to
1131 TWh across EU28 and it can deliver up to 22 TWh of natural gas per day [33]. In
Europe, the 21% of annual natural gas consumption can be represented by the grid stor-
age capacity [33]. This enormous storage capacity could be used for storing methane as
arenewable energy carrier in a cheap and easy way, over long periods of time.

As far as the health safety matters are concerned, methane is a nontoxic gas, but ex-
tremely flammable (see Table 2.1) [26]. In case of spills, methane has a similar environ-
mental impact as diesel and heavy fuel oil. According to ECHA, the registered dossiers
for methane, diesel, and heavy fuel oil report the lethal LC50 dose in water to be 49.9
mg/l, 65 mg/l and 79 mg/l, respectively [21].

2.1.3. ETHYLENE

Nowadays, ethylene (C2Hg) is mainly produced by the thermal cracking (also known as
steam cracking) of ethane, propane, butane, oil or naptha with steam at high tempera-
tures [34], [35]. The process of steam cracking accounts for the 95% of the global ethy-
lene production and ethane is the most common feedstock in this process, accounting
for the 30% of the total ethylene production [34], [35]. Other production processes of
ethylene are the fluidized-bed cracking, catalytic pyrolisis (e.g. pyrolisis of waste plas-
tics), methanol to olefins (MTO) and Fischer-Tropsch synthesis [34], [35].

Besides the aforementioned production processes that use fossil fuels or waste plas-
tics, ethylene can be also produced by renewable sources and feedstocks. Biomass can
be used as a feedstock in the process of catalytic pyrolisis for the ethylene production
[35]. Another way of using biomass in the ethylene production is the dehydration of
bio-ethanol over acidic catalysts [35]. The latter process is characterized by high atom
efficiency and it has been implemented in Braskem, Brazil, where the first ethylene pro-
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duction plant based on renewable sources opened in 2010 [35]. This plant consumes
462 million liters of bio-ethanol annually (produced from sugarcane) and produces 200
kton/year of ethylene [35].

The dehydration of bio-ethanol is a feasible technology for the production of ethy-
lene, only if the biomass (e.g. sugarcane) is vastly available at a low cost. This production
route cannot be applied in Europe, due to the unavailability and high prices of sugar-
cane. For example, a feasibility study, which was done in cooperation with Dow Checmi-
cal Company (2013), showed that the production of 200 kton/year of bio-ethylene from
bio-ethanol (using sugar beets as a feedstock) was not commercially viable for the com-
pany’s plant in Terneuzen, the Netherlands, resulting in a negative Net Present Value
(NPV) [36].

Another production route for ethylene is the electrochemical CO, reduction, which
can be powered by renewable sources (the half-reaction of the cathode for this process is
listed below) [15]. The CO, reduction in the CO- electrolysis cells often leads to the for-
mation of byproducts such as gases (e.g. H,, CH4 and CO) and liquids [15], [37]. That’s
why; the effective separation between liquids and gases is vital for decreasing the over-
potential and improving the conversion efficiency and selectivity towards Cy, products
(such as ethylene) [15], [37].

2C0O, +12H* + 12e™ — C,H4 +4H,0 2.1

Ethylene is used as a feedstock for the production of various chemical products such
as plastics (e.g. polyethylene), resins, fibers, packaging materials and polymers (e.g.
polyester and polystyrene) [34]. Ethylene is one of the mot important raw materials in
the chemical industry, because it is one of the most important petrochemically derived
monomers and the largest contributor to the olefin market [34]. It is worth mentioning
that 183 million tons of ethylene were produced worldwide in 2019 and 60% of this ca-
pacity was used in the production of polyethylene [34], [38]. As it can be understood,
the applications of ethylene affect many industries such as packaging, transportation,
automotive, construction, plastics, adhesives etc.

As it can be seen in Table 2.1, exposure to ethylene has no significant toxic potential
in humans, but ethylene is an extremely flammable gas [27]. Also, ethylene is a volatile
substance, slightly soluble in water, soluble in most organic solvents, noncorrosive and
colorless at room temperature [34]. It can be concluded that environmental pollution
can unlikely be caused by ethylene (if properly handled) and toxic exposure to humans
can be considered low as well.

2.1.4. CONCLUSION

In conclusion, the main advantage of methanol against methane and ethylene is the
methanol’s wide range of application, including energy carrier (liquid at ambient tem-
perature and pressure), feedstock to the petrochemical industry (e.g. via MTO processes)
and direct use as a pure fuel or blend component (added to conventional fossil fuels like
gasoline). Methanol is a chemical that can be processed as an intermediate to other
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chemicals and fuels. For instance, the plastics production could be carbon-negative, if
methanol was used as a chemical feedstock to the petrochemical industry via MTO pro-
cesses, because the main raw material would be the CO, of the atmosphere and not fossil
fuels.

The use of methanol as a fuel is a more eco-friendly option than the use of methane,
because methanol has a lower environmental impact than methane. Also, methane and
methanol have a higher hydrogen-to-carbon ratio than gasoline and ethylene. Thus, the
use of methanol as a fuel can lead to 7% lower CO, emissions than the use of gasoline (on
an energy specific basis, CO2/MJ) [20]. Shipping and automotive industries have shown
great interest in methanol, because methanol can be burned by ICEs without fundamen-
tal changes to the existing machinery. Methanol could be an intermediate and tempo-
rary alternative to fossil fuels for the transportation sector, until the electrification of this
sector or the use of hydrogen in this sector is successful in the long term.

Since methanol is a liquid at ambient temperature and pressure, it can be trans-
ported and stored easily, offering a high value of energy as an energy carrier. Methanol
allows large scale storage of the excess renewable energy, so that it can be used when
there is not sufficient power from renewables. As a result of its liquid state, existing
transport and storage infrastructure such as vessels, terminals, gas stations, tanks and
pipelines could be used with little or no alterations.

2.2. MAIN TECHNOLOGIES FOR METHANOL PRODUCTION US-

ING RENEWABLE ENERGY

HE main technologies that incorporate the electricity of renewable sources in the
T production of methanol will be reviewed in this section. One pathway to methanol
production is the CO; electrochemical reduction, but the most direct way is the CO, hy-
drogenation [16]. Traditionally, the industrial production process of methanol consists
of the three following steps:

* production of syngas
e catalytic conversion of syngas into methanol

¢ distillation of the reactor effluent [13], [39].

Syngas is a mixture of CO, CO, and H; gases and is characterized by its stoichiomet-
ric number (SN), which is a measure of the reduction potential of the gas mixture [13],
[16]. Based on the components of syngas, it can be produced using the electricity from
renewables for running the CO, and H,O electrolyzers.

_ H,-CO,

SN=———,
CO+COy

in mol or mol% (2.2)
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The value of SN is equal to 2 for the production of methanol under ideal conditions
[13], [39]. However, the optimal SN value is slightly larger than 2 (i.e. 2.05) for com-
mercial applications [13], [14], [39]. It can be understood that an SN value lower than 2
means hydrogen deficiency, while an SN value larger than 2 shows surplus of hydrogen
[39].

2.2.1. CO, ELECTROCHEMICAL REDUCTION

The CO; electrochemical reduction is an effective, simple and scalable technology for
producing CH30H [14], [16]. This technology is a sustainable approach to CH3OH pro-
duction, when the electricity from renewables is used. The main advantages of this tech-
nology are the ambient reaction conditions and use of renewable energy [14]. However,
the main challenge of this technology is the development of proper catalysts, which
selectively produce methanol [16]. The CO; electrochemical reduction produces also
by-products such as formaldehyde and formic acid (which in turn can re reduced to
CH30H) [16], [39]. The exothermic reaction from syngas is given by the following equa-
tion and shows the hydrogenation of CO [13], [14], [16], [40]:

CO+2Hy; = CH30H, AHjggx =—-90.7 k]l’IlOl_1 (2.3)

Among various materials, copper (Cu) and copper-based electrodes are one of the
most promising materials, because they have a very good performance, when they are
used as catalysts in the electrochemical reduction of CO, into CH3OH [16], [41]. For
industrial applications, oxidized Cu-based electrodes are used as catalysts for the pro-
duction of CH3OH, because the reported current densities (i.e. up to 33 mA/ cm?) and
Faradaic efficiencies (i.e. greater than 100%) are among the highest ones [41].

2.2.2. CO» HYDROGENATION

The most direct way for producing methanol is the CO, hyrogenation process, which
does not require the preliminary reduction of CO; to CO [16], [40]. The exothermic re-
action takes place at 250-300 °C and 50-100 bars and is given by the following equation
[16], [40], [42]. Usually for commercial applications, copper-zinc oxide catalyst with alu-
minium oxide (CuO/Zn0O/Al,03) catalysts are used for these reaction conditions [16],
[39], [40], [42].

CO, +3H, = CH3OH + H,0, AHaggx = —49.2kJmol ™! (2.4)

As it can be seen in the above equation, water is a by-product in this reaction (a third
of the H; is converted to water). This reaction leads to a decrease in the number of
molecules present and thus it can be more efficient, if it takes place at high pressure
and low temperature [40]. But, if the temperature of this process is lower than 250 °C,
then the CuO/Zn0/Al, 03 catalysts exhibit poor activity [40].

The challenge of this process is the catalyst deactivation, which occurs due to the
contained water (i.e. the by-product of the reaction) and affects negatively the produc-
tivity of the whole process [13], [39], [40]. The water causes the crystallization of Cu and
ZnO in the catalyst, which in turn causes the deactivation and sintering of the catalyst
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[39], [40]. This challenge can be overcome by the presence of CO, which will react with
the water in order to form CO, and H, [13], [40]. The reaction between CO and H,O
is exothermic and is called water-gas shift (WGS) reaction (see the following equation)
[13], [40]:

CO+H,0=CO0s+H,, AHggx =—-41kJmol™! (2.5)

2.2.3. METHANOL REACTOR

Methanol reactor comprises the exothermic chemical reactions of the methanol syn-
thesis and thus it is the most important piece of equipment in the whole downstream
process. Since the generated heat by the reactions needs to be removed and recovered
(if possible), the reactor’s temperature can be efficiently controlled and the process eco-
nomics can be optimized [39]. Adiabatic and isothermal gas phase reactors are the two
main types of reactors, which are used for the methanol synthesis [39], [43]. Liquid phase
reactors are not so commonly used for the methanol synthesis, but they are considered
as the future of methanol industry, because the reactions’ heat can be efficiently removed
and the reactor’s temperature control is more tight [39], [43]. Liquid phase reactors are
outside the scope of this thesis.

Market share of methanol reactors’ manufacturers
The most commonly used reactors in industry are mainly developed by Lurgi (27 %),
Johnson Matthew/Davy (25 %), Haldor Topsee (16 %), followed by Mitsubishi Gas Chem-
ical Company (MGC) and Linde [44].

Adiabatic reactors

The adiabatic reactors commonly consist of one single pressurized vessel, which in-
cludes multiple fixed adiabatic beds in series [39], [43]. The adiabatic beds are catalysts
that in some designs are separated by gas cooling devices [39], [43]. In Figure 2.3, the
two main categories of the adiabatic reactors, i.e. indirect cooled and quench reactors,
can be seen [43]. The temperature profile of both types have a sawtooth pattern (see
the reb-blue line of Figure 2.3) and their operating temperature increases linearly in the
heat removal section [43]. This section is defined as the area left of the equilibrium pro-
file, which is presented by the black line of Figure 2.3 [43].

In Figure 3.27, the schematic diagram of an adiabatic quench reactor can be seen.
Quench reactors are one of the simplest and most reliable system configurations for
methanol synthesis [39], [43]. Syngas is not fully fed into the top of the reactor, but only a
portion of it is preheated and fed into the reactor’s top [43]. The rest of the syngas is cold
and fed stepwise along the catalysts’ volume [43]. The preheated syngas is converted into
methanol, as it flows from the top to the bottom part of the reactor and thus the over-
all reactor’s operating temperature increases [43]. However, the cold syngas reduces the
overall reactor’s operating temperature and increases the conversion rate [43]. Thus, the
reactor’s temperature is controlled by the irregular syngas flow distribution and without
external cooling units [39], [43].
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Figure 2.3: Adiabatic methanol reactors and corresponding methanol yield vs. temperatures profiles (conver-
sion profiles with red-blue sawtooth pattern and equilibrium profiles with black solid curve) [43]

Quench reactors usually operate at 50-100 bar and 270°C, with a production capac-
ity up to 3000 tons/day [39]. Although the reactor’s temperature can be easily controlled,
the catalysts are not fully exploited, since the syngas is not uniformly distributed across
the whole catalysts’ volume [39], [43]. Therefore, the catalysts’ temperature is not uni-
form across their volume and hot and cold zones can be found across them [39]. Cold
zones lead to low reaction rate and hot zones lead to byproducts formation or catalysts
deactivation (i.e. catalysts’ lifetime is reduced) [39].

In Figure 3.28, the schematic diagram of an adiabatic indirect cooled reactor can be
seen. This type of reactor is one the most commonly used in methanol industry and
the syngas is fed only into the top of the reactor [43]. In this reactor, the use of external
coolers is necessary for removing and reducing the operating temperature of the process
stream [43], [45]. The external coolers separate the catalysts, which are connected in
series, from each other [43]. High productivity of methanol can be achieved by such re-
actors and the reactor’s temperature can be efficiently controlled by the external cooling
units [43]. Indirect cooled reactors are characterized by a constant methanol fraction,
compared to the quench reactors [43].

In general, the advantages of adiabatic reactors are the high production capacity, low
installation cost, simplicity in construction and good reliability [39], [43]. On the other
hand, their disadvantages are the low conversion for each cycle, high recycle ratio, high
dilution of reagents and high volume of catalysts [39], [43].

Isothermal reactors

Compared to the adiabatic reactors, the isothermal reactors are continuously cooled us-
ing water or gas [43]. In Figure 2.4, the schematic diagram of an isothermal reactor and
its temperature profile can be seen. The shape of this Figure’s reactor is similar to the
shape of a tube shell heat exchanger, in which the coolant (i.e. water) flows on the shell
side, while the catalysts are installed on the tube side [43]. The aim of such reactors is
to keep their operating temperature constant at a low level (through cooling), so that an
isothermal axial temperature profile can be achieved.
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Isothermal reactors usually operate at 50-100 bar and 230-265°C (with a high recycle
ratio), requiring a low volume of catalysts [43], [46]. In such system configurations, the
catalysts are usually surrounded by the coolant and the reactors’ operating temperature
can be simply controlled by varying the coolant pressure [43], [46]. Under these operat-
ing conditions, a high conversion rate can be achieved, since the isothermal downstream
process makes the reaction trajectory as optimal as possible [43]. Another advantage of
isothermal reactors is the longer lifetime of their catalysts, due to the lower operating
temperatures and optimal reaction trajectory [43], [46]. Despite the ease of manage-
ment of such reactors and their advantages over the adiabatic ones, isothermal reactors
require higher capital expenditures, more materials and more space, due to the tubes
and the large shell [43].

Boiling water
| steam

Methanal yield

Liquid water

Reactants
Froducts Temperature

Figure 2.4: Isothermal methanol reactor and corresponding methanol yield vs. temperature profile (conver-
sion profile with red solid curve and equilibrium profile with black solid curve) [43]

2.3. H,O ELECTROLYSIS

WATER electrolysis is an electrochemical process for producing hydrogen and oxy-
gen, by splitting water using electricity. The water is dissociated to high-purity H
(up to 99.999 vol.%) and O by applying a direct electric current [47]. Since this process
can produce high-purity hydrogen, it will play an important role in the conversion of re-
newable electricity to chemicals and fuels (as it was briefly stated in section 2.1).

The main technologies for water electrolysis are classified, according to their elec-
trolyte, into: alkaline electrolysis (AEL), polymer electrolyte membrane electrolysis (PEM)
and solid oxide electrolysis (SOEC) (see Figure 2.5) [16]. As it can be seen in this figure,
the direct electric current flows in an outside circuit and between the electrodes [16].
The electrodes are separated from each other and immersed in an electrolyte, which
conducts ions and is impermeable to electrons [16]. The electrons leave the anode, po-
larizing this electrode positively, and the oxidation half-reaction takes place [16]. Then,
the electrons flow to the cathode, polarizing this electrode negatively, and the reduction
half-reaction takes place [16]. So, the oxygen is generated at the anode, the hydrogen at
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the cathode and the global electrolysis reaction can be seen below [16]:

1
H,O() — Ha(g) + 502 (8 (2.6)
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Figure 2.5: Technologies for water electrolysis [16]

2.3.1. ALKALINE ELECTROLYSIS (AEL)

Alkaline electrolysis is a mature, reliable and safe technology, which is widely used in
many large scale applications since 1920 [16], [48]. For example, the Audi e-gas plant in
Germany (the world’s biggest PtG plant) uses three AEL electrolyzers with a total power
of 6 MW [16], [30]. In the AEL technology (see Figure 2.5), two electrodes are immersed
in a liquid alkaline electrolyte (usually KOH or NaOH solution) and separated by a di-
aphragm (so that the product gases are not mixed) [16]. The electrolyte concentration
usually varies from 20 to 40 wt.% and the purity of the generated H, and O, is more than
99% [16], [48]-[50]. The AEL electrolyzers operate at low temperatures (60-80 °C) and
at pressures between 1 and 30 bars [16], [48], [49]. These electrolyzers can operate at
higher pressures (up to 690 bars), producing pressurized Hy, whose process has a higher
energy efficiency than the H, pressurization after production [16]. Nevertheless, when
these electrolyzers operate at such high pressures, they produce lower purity H», the risk
of formation of hazardous gas mixtures increases and their efficiency drops [16], [47].

The main advantages of AEL electrolyzers are their durability (up to 90,000 hours),
readily availability and application in large-scale projects [16], [48]. Also, this type of
electrolyzers exhibit low capital costs (because no noble metals are used and the stack
components are relatively mature) and low maintenance costs (2-3% of the annual in-

vestment expenditure) [16], [48].
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Despite being a mature technology, AEL has some disadvantages, such as low cur-
rent density (up to 0.4 A/cm?) and low partial load range [16], [49]. These drawbacks
negatively affect the system size and the production costs of H, [16], [48]. An important
disadvantage of AEL electrolyzers is that they have a limited dynamic operation and a
slow loading response [16], [48], [49]. That’s why; it is difficult for them to be adapted
to renewable energy sources, due to the intermittent power output of these sources [16],
[48], [49]. Usually, these electrolyzers are used with a steady power input, otherwise the
system efficiency and the generated gas purity decrease [16], [48], [49].

2.3.2. POLYMER ELECTROLYTE MEMBRANE ELECTROLYSIS (PEM)

Polymer electrolyte membrane electrolysis is a very promising technology for H, pro-
duction and many companies such as Siemens, General Electric, Air Liquide, Hydrogen-
ics etc. have invested in this technology since 1960s [16], [47]. For example, Air Liquide
has built the world’s largest PEM electrolyzer in Quebec, Canada with a total power of
20 MW [51]. This electrolyzer is supplied with renewable energy and now produces 8.2
tonnes of H, per day [51].

In this type of electrolyzers (see Figure 2.5), there is a proton exchange membrane
that is most commonly made of Nafion polymer and separates not only the two half-
cells (i.e. the anode and the cathode) but the generated gases as well [16], [47], [50]. This
membrane has a very small thickness (less than 0.2mm) and is gas-tight with a strongly
acid character and cross-linked structure [47]. The polymeric membrane limits the gas
crossover, provides high proton conductivity and allows high pressure operation (up to
200 bar) [16], [48]. High purity H» (up to 99.99%) can be produced, because of the limited
gas crossover in this type of electrolyzers [16], [47], [48]. Due to the low ionic resistances
of PEM electrolyzers, high current densities (up to 2 A/ c¢m?) can be also achieved [47],
[48], [50]. The maximum operating temperature of these electrolyzers is 80°C due to the
presence of the polymeric membrane [47], [48]. Moreover, the electrodes of these elec-
trolyzers are made of noble metals, such as platinum, ruthenium, rhodium or iridium,
because they need to resist low pH conditions [16], [47], [50].

The main advantage of PEM electrolyzers is their flexible operation, due to their
fast response to the power input (i.e. the proton transport H" responds quickly to the
power fluctuations); hence they can be used over a wide range of power supply [16],
[47]-[49]. That’s why; this type of electrolyzers can work under variable power input and
be coupled with renewable energy sources [16], [47]-[49]. Another advantage of PEM
electrolyzers is the H, production at 35 bar, while the O, is produced at atmospheric
pressure, avoiding the hazard of handling O, at high pressures [47]. The low gaseous
permeability of the polymeric membrane offers another advantage, which is the low risk
of formation of flammable mixtures [47]. High power efficiency and compact design are
also some of the advantages of these electrolyzers [16], [49].

The main disadvantage of PEM electrolyzers is their high capital cost (around 2,000
€/kW¢)) and high maintenance cost (3-5% of the annual investment expenditure) [16],
[48]. The expensive polymeric membranes and noble metals increase the investment
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cost of these electrolyzers [16], [47]-[49]. Other disadvantages of PEM electrolyzers are
their water purity requirements (water electric conductivity must be less than 1 uS/cm)
and high system complexity, due to their operation at high pressure [47], [48].

2.3.3. SoLID OXIDE ELECTROLYSIS (SOEC)

Solid oxide electrolyzers is an advanced concept of electrolysis, which can use water or
steam as feedstock and can operate at high temperatures, from 500°C to 1000°C [16],
[47]-[49]. In this technology, part of the electrical energy required to split water is re-
placed with thermal energy [50]. For example, in case of steam electrolysis (at 1,000°C),
up to 40.1% of the energy required to produce H, can be theoretically supplied as heat at
that temperature [47]. The higher the operating temperature, the lower the cell voltage
and the higher the rate of the electrochemical reactions [47], [49]. Due to the high tem-
peratures, the electrolyzers efficiency increases, because the overpotentials at the anode
and cathode, which cause power losses in electrolysis, decrease and the ionic conduc-
tivity of the electrolyte increases [47], [50].

These electrolyzers are able to operate at so high temperatures, because their elec-
trolyte is made of solid ion-conducting ceramics, such as zirconia-based materials and
rare-earth oxides [16], [47], [48]. The aforementioned materials offer good ionic conduc-
tivity and mechanical properties, when they are under so high temperatures [16]. As far
as the electrodes are concerned, their materials consist of mixed oxides with perovskite
structure, like yttria-stabilized zirconia (Ni-YSZ) and lanthanum strontium manganite
(LSM) [16], [48], [50]. These electrode materials offer good ionic and electronic conduct-
ing, allowing the migration of O and facilitating electron and mass transport [16].

The advantages of the operation at so high temperatures are the lower cell voltage
(up to 1.5V), less electricity demand (kW /m3 of H,) and higher energy efficiency (more
than 90%, when the heat utilization is included), compared to AEL or PEM electrolyzers
[16], [47]1-[49]. Another advantage of the SOEC electrolyzers is that they can be integrated
with a high-temperature heat source (e.g. geothermal energy) for steam electrolysis [47].
The process of steam electrolysis is less energy intensive and its operational cost is lower,
compared to liquid water electrolysis [47]. The flexible operation of the SOEC electrolyz-
ers as solid oxide fuel cells (SOFCs) in reverse mode is another advantage of this technol-
ogy [16], [47], [48]. SOEC systems also offer the possibility of co-electrolysis of CO, and
steam for syngas production [16], [48].

The main drawbacks of this technology are the fast material degradation, low ther-
mal stability of the materials and sealing issues, due to high operating temperatures and
high current densities (more than 1 A/cm?) [16], [47]. That’s why; these electrolyzers
are not currently suitable for large scale projects and long-term operation [16]. The ma-
terials degradation in the SOEC electrolyzers (such as electrolyte aging, cracking and
electrode deactivation) is faster than in SOFCs [47]. Another disadvantage of SOEC elec-
trolyzers is their high capital cost (higher than 2,000 €/kWg)), because their materials are
expensive and there is a mixture of water vapor and H, at the cathode’s stream that re-
quires further processing in order to obtain high purity hydrogen [47]-[50]. Finally, this
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technology is not yet widely commercialized, because it is currently under development
and on laboratory scale (many companies like Toshiba and Sunfire have invested in its
development) [47]-[49].

2.3.4. COMPARISON

Table 2.2 presents the main advantages and disadvantages of each technology as well as
their operational parameters and main characteristics. More analytically, the following
comparisons can be made:

PEM electrolyzers can be better adapted to the intermittent power output of re-
newable sources, compared to AEL and SOEC electrolyzers [16], [47]-[49]. In AEL
electrolyzers, the ionic transport shows a greater inertia compared to PEM elec-
trolyzers [47].

PEM and SOEC electrolyzers operate at higher current densities, have higher effi-
ciency and produce H; at a slightly higher purity, compared to AEL electrolyzers
[16], [47]-[49].

In comparison with PEM and AEL electrolyzers, SOEC electrolyzers require less
electrical energy and can operate as fuel cells or in co-electrolysis mode of CO,
and steam [16], [48].

PEM electrolyzers have a shorter lifetime than AEL electrolyzers do [47], [48]. Since
SOEC is not a mature technology, these electrolyzers have an extremely short life-
time [47], [48].

PEM and SOEC electrolyzers are more expensive than AEL electrolyzers, due to
their precious materials, fabrication methods and polymeric membranes [47]-[50].
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Table 2.2: Comparison between different technologies for water electrolysis
AEL PEM SOEC
Feedstock H,O + electricity | HoO + electricity | H,O + electricity +
[50] [50] heat [50]
Electrolyte Aq. potassium | Polymer mem- | Yttria  stabilised
hydroxide (20-40 | brane (e.g. Nafion) | Zirconia (YSZ) [16],
wt% KOH) [48] [48] [48]
Cathode Ni, Ni-Mo alloys | Pt, Pt-Pd [48] Ni/YSZ [16], [48]
[48]
Anode Ni, Ni-Co alloys | RuOjy, IrO, [48] LSM!/YSZ [16],

[48]

[48]

Current density | 0.2-0.4 [48] 0.6-2.0 [48] 0.3-2.0 [48]

[A/cm?]

Cell Voltage [V] 1.8-2.4 [48] 1.8-2.2 [48] 0.7-1.5 [48]

Gas Purity [%] >99.5 [48] 99.99 [47], [48] 99.99 [48]

Toperating [°Cl 60-80 [48], [49] 50-80 [47], [48] 500-1,000 [16],
[47]-[49]

Poperating [bar] | <30 [48] <200 [48] <25 [48]

Stack Lifetime 60,000-90,000 [48] 20,000-60,000 [48] <10,000 [48]

Efficiency [%] 59-79 [16], [49] 62-82 [16], [49] >90 [16], [49]

corrosive elec-
trolyte, slow dy-
namics and gas

permeation  [16],
[49]

membranes [16],
[49]

Maturity Mature and Com- | Near-term Com- | Laboratory Scale
mercial [48], [49] mercial [48], [49] [48], [49]

Capital Cost | 1,000-1,200 [48] 1,860-2,320 [48] >2,000 [48]

[€/kWe]

Advantages Low capital cost, | High power den- | High efficiency,
relatively  stable, | sity, high pressure, | possible inte-
mature technology | rapid system | gration of waste
and possible ap- | response, no cor- | heat, lower energy
plication in large | rosive substances, | demands and co-
plant sizes [16], | compact design | electrolysis of CO;
[49] and high-purity | and steam [16],

Hy[16], [49] [49]

Disadvantages | Low current den- | High cost and fast | Low long term cell

sity, low dynamics, | degradation of | stability, mechani-

cally unstable elec-
trodes (i.e. crack-
ing) and not suited
for fluctuating sys-
tems [16], [47]-[49]

Iperovskite-type lanthanum strontium manganese [48]
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2.4. CO, ELECTROLYSIS

HE electrochemical reduction of CO, to CO is a process that uses direct electric cur-
T rent. Rapid scientific and technological progress has recently been made in this field.
Nowadays, carbon monoxide has a wide range of applications and is used as a pure com-
pound or as a constituent in syngas (i.e. mixture of CO and H), for the production of
chemicals and fuels. That’s why; CO, electrolysis can play an important role in the con-
version and storage of renewable energy via Power-to-X pathways (see section 2.1).

Like in water electrolysis, the cell for the CO; electrolysis consists of two electrodes
and an electrolyte, which can be a liquid or a solid material. The operating temperature
of the cell determines the material of the electrolyte and affects the ionic conductivity of
the electrolyte [52]. The electrons flow from the anode to the cathode, when an external
voltage is applied between the two electrodes [52]. The reduction half-reaction (e.g. CO»
to CO) takes place at the cathode and the oxidation half-reaction (e.g. OH" to O, and H,O
or 0> to O) takes place at the anode [52]. The main technologies for CO, electrolysis
are categorized as follows (see Figures 2.6, 2.8 and 2.9):

* Batch-type reactors
- Low-temperature electrolyzers in H-cell configuration
* Flow cell reactors

- Solid oxide electrolyzers (SOEC)
— Molten carbonate electrolyzers (MCEC)

Low-temperature electrolyzers with gas diffusion electrode (GDE) as cathode

Polymer electrolyte membrane (PEM) electrolyzers [52], [53].

The difference between the batch-type and the flow cell reactors is that the elec-
trolyte is in continuous flow in the flow cell reactors [53]. In the latter type of reactors,
the catholyte and anolyte are continuously refreshed, but in some cases the anolyte may
not be refreshed [53], [54]. The advantages of the flow cell reactors over the batch-type
reactors are: increased mass transfer, higher faradaic efficiencies, higher current densi-
ties, more precise control of the reaction environment and better temperature and heat
management [53], [55].

2.4.1. SOLID OXIDE ELECTROLYSIS (SOEC)

As it was previously stated in section 2.3.3, solid oxide electrolyzers (SOEC) operate at
high temperatures (above 500°C) and their electrolyte is made of a solid ceramic ma-
terial. As the operating temperature of the cell increases, the ionic conductivity of the
electrolyte increases and the cell efficiency increases as well [47], [50], [52]. In case of
CO;, electrolysis, a SOEC cell typically operates at temperatures from 700°C to 900°C [52],
[56]. The commonly used materials for the electrolyte of a SOEC cell are yttria stabilised
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Figure 2.6: Technologies for carbon dioxide electrolysis [52]

zirconia (YSZ) and scandia-stabilized zirconia (ScSZ) [16], [48], [52]. These materials al-
low the ionic conduction and block the conduction of electrons and oxygen gas (these
operating parameters are important for a SOEC electrolyte) [16], [48], [52].

In Figure 2.6a, a schematic illustration of a SOEC cell, which operates in dry CO;
electrolysis is presented [52]. As it can be seen, the carbon dioxide is uniformly fed into
the cathode of the cell via gas channels and the oxygen is formed at the anode of the cell
[52]. The carbon dioxide is reduced to carbon monoxide at the porous cathode, using
the electrons that are provided by an external power supply [52]. The oxide ions (0?") are
transferred through the electrolyte to the anode, where the oxygen is formed [52]. The
reactions taking place in this cell are shown in the following equation:

cathode: CO,+2e” — CO+0?" 2.7)
1
anode: 0% — 502 +2e” (2.8)
1
total: CO,; — CO + 502 2.9

The advantage of SOEC cells is that they make the CO, electrolysis process more
efficient and operate at higher current densities, compared to cells with aqueous elec-
trolytes [56]. The operating current density of SOECs is high, because the activation of
CO_ becomes easy at high temperatures (above 600°C) [56]. Obviously, the high current
densities positively affect the system size, CO production output and production costs
[56]. Also, SOECs can integrate heat (e.g. waste heat of industrial processes) into opera-
tion and thus require less electrical energy input [57]. It is worth mentioning that NASA
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has invested in this technology and a small CO, system based on SOECs will be tested
on Mars, producing oxygen (for propellant oxidant) out of Martian atmosphere CO, [58].

Although this technology is very promising and has been attracted great interest, it is
not mature and widely commercialized. The electrochemical reduction of CO, in SOECs
is characterized by a few drawbacks such as materials degradation, difficulty in the seal-
ing at high temperatures, current collector coarsening, impurities contamination and
metal particles oxidation [56]. Another problem with the SOEC technology for CO; re-
duction is that it cannot be adapted to the intermittent power supply of the renewable
energy sources, because the system degradation is rapid and the current density can
be degraded almost 50% [57], [59]. This issue can be tackled, if the renewable energy-
powered SOECs operate continuously and are integrated with thermal or/and battery
storage systems (including complex thermal and electrical load management systems)
[57], [59].

2.4.2. MOLTEN CARBONATED ELECTROLYSIS (MCEC)

Another advanced technology for CO, electrolysis is the molten carbonate electrolysis
(MCEC), in which the electrolyte is carbonate melt [52]. The most promising results of
this technology are given in case the MCEC cell consists of a titanium (Ti) cathode, a
graphite anode and a combination of molten Li»O/Li,CO3 electrolyte [52], [60]. MCEC
cells operate at high temperatures (around 900°C) with current densities higher than 100
mA/cm? [60]. The process of this high-temperature electrolysis has a thermodynamic ef-
ficiency of at least 85% (at 100 mA/cm?) and a faradaic efficiency close to 100% [60].

In Figure 2.6b, a schematic illustration of a MCEC cell, which operates in CO; elec-
trolysis, is presented [52]. As it can be seen, CO; is fed into the melt of the Li,CO3 elec-
trolyte at 1 atm (for maintaining the stability of the electrolyte) [52], [60]. Since Li,COs3 is
electrochemically converted into a solution of Li;O in Li;COs, the ratio of Li,O/Li,CO3
increases in the melt. As the content of oxide ions (0%") increases in the melt, new CO,
is chemically formed and can be incorporated into the mixture. Thus Li»CO3 undergoes
a reversible decomposition process, the rate of which depends on the applied current
density and the pressure of CO, above the melt [52], [60].

electrolyte: LipO+CO, = Li»COs3 (2.10)

At the cathode, the carbonate ions (CO32") are reduced to CO and oxide ions (0%"), us-
ing the electrons that are provided by an external power supply [52], [60]. The oxide ions
are transferred through the electrolyte to the anode, where they are oxidized to oxygen
gas [52], [60]. The reactions taking place in this cell are shown in the following equation:

cathode: CO3™ +2e” — CO+20%" (2.11)

1
anode: 0% — 502 +2e” (2.12)

1
total: CO3~ — CO+ 502 (2.13)
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The main advantage of this technology is that pure CO and O, gases can be extracted,
since they do not mix with the CO, feed [52], [60]. Since this technology is little affected
by the content of SO». in the feed gas, flue gases of power stations can be used as input
to the MCEC cells, for converting CO, to CO [52], [60]. Also, no precious metals are re-
quired for these cells and no hazardous or toxic by-products are produced by them [60].

Despite the interesting and beneficial characteristics of the MCEC cells, this technol-
ogy is currently under development and on laboratory scale [61]. Another drawback of
the MCEC electrolysis is that the performance and the stability of the cell and electrodes
decrease in long-term operation (the duration of the longest reported tests varies from
100 to 120 hours) [52], [61].

2.4.3. LOW-TEMPERATURE ELECTROLYSIS IN H-CELL CONFIGURATION
The most known and used lab-scale batch reactor for CO, reduction is the H-type cell,
which operates at a lower temperature than SOEC and MCEC electrolyzers do [53], [62].
In the H-cell configuration, the cathode and anode are immersed in separate electrolyte
solutions (i.e. catholyte and anolyte respectively) [52], [63]. Moreover, the cathodic and
anodic compartments are usually connected through a circular channel and separated
by the electrolyte (preventing the reduced products from oxidizing again) [53], [62]. This
set-up provides the "H" shape of the cell. The electrolyte of an H-cell can be aqueous
solutions (e.g. KHCO3), solid ion-selective membranes (e.g. Sustainion, Nafion) or com-
binations of them [52], [64].

In Figure 2.6¢, a schematic illustration of an H-cell with an anion-conducting elec-
trolyte membrane, which operates in CO; electrolysis, is presented [52]. At the cathode,
the CO; reduction reaction takes place and is accompanied by the H; evolution reaction
(HER) [52], [62]. The HER reaction competes against the CO, reduction reaction and
may lead to poor selectivity of the CO product [62]. At the anode, the oxygen evolution
reaction takes place [52], [62]. The reactions taking place in such a cell are shown in the
following equations [52]:

cathode (alkaline): CO,;+H,0O+2e~ — CO+20H™ (2.14)

and
2H,0+2e~ — 20H™ +H, (2.15)

. 1 _

anode (alkaline): 20H — 502 +H,0 +2e (2.16)

or

1

H,0 — 502+2H*+2e* (2.17)

When an H-cell reactor is in operation, the CO, gas flows continuously into the ca-
thodic compartment and thus the reactor must be gas tight (otherwise the reactor’s farad-
aic efficiency may decrease) [53], [62]. Also in such systems with anion-conducting
electrolyte membrane (see Figure 2.6¢), the liquid products should be collected in both
compartments, because negatively charged ions (e.g. bicarbonate HCO3™ or carbonate
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CO03%") may be formed at the cathode [52], [62]. Such negatively charged ions may diffuse
through the anion exchange membrane and reach the anode, making the CO, evolution
at the anode possible [52], [62].

The H-cell reactors are suitable for evaluating, quantifying and selecting electrocat-
alysts for the reduction of CO, to carbonaceous products (e.g. CO) in lab-scale [53], [62].
On the other hand, the H-cell reactors are not suitable for industrial applications, be-
cause electrolysis cells with lower resistance and higher mass transfer efficiency are re-
quired [62]. Another disadvantage of the H-cells is the low CO, conversion efficiency,
because CO, cannot easily be dissolved and diffused in aqueous solutions (e.g. solu-
bility of 33mM at 298 K and 1 atm) and the current density is usually very low in such
systems (up to 35 mA/cm?) [52], [53], [62]. Only a small amount of the CO; fed in the
reactor is converted to products [53], [62].

2.4.4. LOW-TEMPERATURE ELECTROLYSIS WITH GAS DIFFUSION ELECTRODE

(GDE) As CATHODE

The gas diffusion electrode (GDE) configuration is another technology for CO; electroly-
sis at low temperature. The GDE is a porous membrane electrode, consisting of a gas dif-
fusion layer (GDL) and a catalyst layer (CL) on its top surface (see Figure 2.7a) [53], [62].
As it can be seen, the GDE is placed between the electrolyte and the gas flow field [53],
[62]. Typically, the GDL has a dual-layer structure, consisting of a macroporous layer or
substrate (MPS; a dense array of carbon fibers or carbon cloth) and a microporous layer
(MPL; a more densely layer of carbon nanofibers or compressed carbon powder) [53],
[55].

Carbon fibre Carbon powder @@ Catalyst nanoparticle
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Figure 2.7: Simplified structure of a gas diffusion electrode (GDE) [53]

In Figure 2.7b, the purposes of the GDL are presented. The GDL physically supports
the catalyst, allows the CO, gas transport to the CL and prevents the electrolyte from
blocking its pores (the GDL is hydrophobic) [53]. Also, the electrons are carried by the
GDL, from the current collector of the gas field to the CL [53]. It is worth mentioning that
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MPL contains hydrophobic agents in order to control the electrolyte flooding as well [53].

Although GDEs can be installed in both elec- . | .
trodes [55], a schematic illustration of a cell with
only a GDE cathode and an anion-conducting
electrolyte membrane is presented in Figure 2.6d o 0,90
[52]. A broadly used configuration of a low- ““——J a
temperature electrolyzer with a GDE cathode is
presented in Figure 2.8. In the latter configura-

tion, the cell consists of 3 different compartments: co, 0 '\ (
CO; gas is fed into the 15! compartment, the 24 |:
1

Do
s
I&
Membrane
‘ .00
° &

Liquid OH"
products

compartment is filled with the catholyte and the
34 compartment is filled with the anolyte [53]. An

ion-exchange membrane separates the cathodic co, Catholyte A,.gyte

and anodic compartments [53]. The membrane Figure 2.8: Schematic diagram of a low-
can be cation-exchange or anion-exchange and temperature electrolyzer with cathode GDE,
prevents the crossover and the mixing between the E?;};Zlﬁi] anolyte and fon-exchange mem-
products of the CO; reduction and the O, evolu-

tion [53]. The anolyte and catholyte are continu-

ously refreshed, using separate pumps [53]. The CO; gas is fed into the back surface of
the GDE, while the top surface of the GDE (i.e. its catalyst) is in contact with the catholyte
[53].

In general, compared to H-cell configuration, the GDE configuration allows the cell
to operate at higher current densities and does not limit the CO, mass transport between
the electrocatalysts and the reactants at the electrode surface [52], [53], [62], [64]. The
main reason for the higher current densities and the more efficient mass transport is that
GDEs have a reduced diffusion length within the catalyst, provide high surface area and
enable the prolonged contact between the electrocatalysts and the reactants [53], [55],
[62]. That’s why; when a GDE is installed at the cathode, the reaction of CO, reduction
has a higher Faradaic efficiency (due to higher current densities) [55].

2.4.5. POLYMER ELECTROLYTE MEMBRANE

The polymer electrolyte membrane (PEM) electrolyzer is another type of flow cell re-
actor. The configuration of a PEM flow cell is similar to the configuration of a proton
exchange membrane fuel cell (PEMFC) [53], [62]. The PEM flow cell can be considered
as an evolution of the low-temperature electrolyzer, which consists of GDE cathode and
liquid electrolyte (as it is presented in Figure 2.8) [53]. Compared to the latter type of
electrolyzer, a PEM flow cell has GDE at both electrodes and no liquid electrolyte.
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Typically, a PEM flow cell consists of GDE
cathode, GDE anode, cathode flow plate, an-
ode flow plate and polymer electrolyte mem-
brane (see Figure 2.9) [53], [62]. As it can o, m T m o
be seen, the CL of each GDE (highlighted in

GDE

yellow) is in direct contact with the PEM ion- ¢ u

exchange membrane [53], [62]. A common CATHODE 4 u ANODE
setup of a PEM flow cell requires the input gl N

of CO, gas into the cathode and the input pouw e — o,

of concomitant water into the anode, for the
production of CO gas [62]. As it was stated
above, there is no aqueous electrolyte in the o
PEM flow cells and thus the H>O needed for Figure 2.9: Schematic diagram of a poly-
the CO, reduction is provided by the input mer electrolyte membrane (PEM) flow cell
of humidified CO, gas into the cathode [53], for CO; electrolysis [53]

[65].

In PEM flow cells, the PEM membrane can be classified into three categories: cation-
exchange membrane (CEM), anion-exchange membrane (AEM) and bipolar membrane
(BPM) [53], [55], [62].

* In CEM (e.g. Nafion) configuration, protons or cations are transported through the
membrane from anode to cathode [53]. Although this configuration is very good
at protons transfer, precious metals are required for the anode catalysts (in order
for the anode to become acidic and the OER to take place), increasing the cell cost
[62]. Also, the Hy evolution will dominate over the CO, reduction, because more
protons are diffused from anode to cathode [53], [62].

* In AEM configuration, anions (such as OH") are transported through the mem-
brane from cathode to anode, encouraging the CO, reduction without the deliv-
ery of H* ions to the cathode [53], [55], [62]. The use of AEM keeps the anode
environment alkaline and no-precious metals are required for the anode catalysts,
leading to lower cell cost [62]. Although the AEM shows a great stability at high
current densities, the transfer of bicarbonate HCO3~ or carbonate CO32" ions from
the cathode to the anode is possible [53], [55], [62]. If this happens, then the over-
all cell efficiency and anodic reaction are decreased, because CO, evolution may
take place at the alkaline anode [52], [53], [55], [62]. That’s why; the liquid products
should be collected in both compartments of such systems, in order for a precise
control over the cell reactions to be obtained [52], [62].

* In BMP configuration, anion and cation-exchange membranes are grouped and
laminated together, enabling the water dissociation into OH" (transported to the
anode) and H* (transported to the cathode) [55], [62], [66]. The advantages of
this configuration are: high current densities (up to 200 mA/cm?) can be handled,
good stability for the reaction of CO; reduction, no precious metals are required
for both electrodes catalysts and a different pH on each cell compartment can be
maintained constant (e.g. constant acidic cathode and constant alkaline anode)
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[55], [62]. The BPM drawback is that higher applied voltage is required for the
electrolysis process and thus the overall energy efficiency is reduced [55]. The split
of water requires more energy, which is provided by the increased electrical volt-
age [55], [66]. In AEM and CEM, the CO; electrolysis has an onset potential of -1.6
V, but the onset potential is equal to -2.2 Vin BPM [66].

As in H-type cells, the PEM electrodes are separated by the PEM membrane (i.e. solid
state electrolyte) in order to prevent the mixing and the crossover of the products (only
the ion transport through the membrane is possible) [53], [62]. Compared to H-type
cells, the PEM electrodes are very close to each other, because the PEM membrane is
very thin, leading to lower cell resistance [53], [62]. The problem of low CO solubil-
ity in the liquid electrolyte of H-type cells does not exist in the PEM fuel cells, because
there is no liquid electrolyte in them [53]. Since the GDL is placed at both electrodes, the
achieved conversion rate of CO, and current densities are increased (for more informa-
tion on the benefits of GDE flow cells, see the above subsection) [53], [62].

The proximity of electrodes might be advantageous for the PEM flow cells, because
the cell resistance is decreased, but is one of their main disadvantages [53]. If the ion
transport rates across the membrane exceeds an upper limit, then significant pH imbal-
ance may be induced in the electrodes [53], [54]. For example, if the cathode becomes
more acidic due to the high ion transport rates, then the H, evolution will dominate over
the CO; reduction [53], [54]. This fact may make the balance control of the cell reac-
tions more difficult. Another major disadvantage of the PEM flow cells is that if the ion
exchange membrane dries, then the ion transport will negatively be affected [53], [65].
The last disadvantage of the PEM flow cells is that their membrane types need to be fur-
ther studied, due to their vital effect on the CO, reduction and improvement on CO,
PEM flow cells [53], [62]. PEM membrane is extremely important in these flow cells, be-
cause there is no catholyte, which provides the necessary local environment for the CO,
reduction [53].

2.4.6. CONCLUSION

The different technologies for CO; electrolysis that have been presented in the previous
subsections have to be examined in terms of industrial feasibility. For industrial appli-
cations, a CO; electrolyzer has to meet the following main requirements: long-term sta-
bility (up to 30,000 h), high current densities (>250 mA/ cm?) and cell voltages below 3 V
[53]. Taking into account these criteria, the following conclusions can be made:

* SOEC electrolyzers are very attractive, since they operate at very high current den-
sities and high CO, conversion efficiencies. The main drawbacks of this technol-
ogy are: not mature and widely commercialized, materials degradation and diffi-
cult adaptation to the intermittent power output of the renewables.

* Lots of research has to still be done for the MCEC electrolyzers, since they are cur-
rently on lab scale and under development. So far, their stability has examined up
to 120 hours and their operating current densities have reached up to 100 mA/cm?.
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* H-cell reactors do not operate at current densities higher than 35 mA/cm?, due
to their limited mass CO» transport and high cell resistance. Also, they have low
CO, conversion efficiency, since CO, cannot easily be dissolved and diffused in
aqueous solutions. However, they are commercialized and suitable for lab-scale
applications.

* Low-temperature electrolyzers with GDE cathode can operate at current densities
higher than 200 mA/cm?, because they do not present mass transport limitations.

* PEM electrolyzers (especially those with BPM membrane) can operate at current
densities higher than 200 mA/cm? and offer good stability. Their drawbacks are:
an increased electrical voltage is required for their operation and the PEM mem-
branes are not allowed to get dried (otherwise the ion transport will decrease).

2.5. INFLUENCE OF RECTIFIERS ON ELECTROLYSIS SYSTEMS
HE influence of rectifiers on the performance of electrolysis systems, which are in
dynamic operation, will be reviewed in this section. In PtX systems, the electrolyz-
ers are the main energy consumers and the end product is the main energy carrier [67].
The electrolyzers require DC power and thus their operation depends on electric condi-
tioning [67]. For the purposes of this section, thyristor-based rectifiers, transistor-based
rectifiers and water alkaline electrolyzers are used.

Generally, if the provided current profile is characterized by fluctuations, then there
are deviations from steady DC profile and the electrolyzers efficiency drops in turn [68].
In non steady DC profiles, the electrolyzers efficiency loss is affected by 3 parameters:
the offset of the current waveform, its frequency and its ripple factor [68]. However, the
type of the current waveform (e.g. sinusoidal, triangular, square and sawtooth current)
does not affect the electrolyzers efficiency [68].

Energy consumption and efficiency
The ripple factor (RF) is an important parameter of rectifiers, because it describes the
quality of rectification [69]. RF is affected by the effective current Igys and the mean
current Iinean (see the following equation) [69]. This factor influences the electrolysis
process and can be used as an indicator for the ohmic losses of this process [69].

2 2
IRMS - Imean

RF = (2.18)

2
Imean

Moreover, the ohmic losses of an electrolyzer are caused by the provided current pro-
file (from the rectifiers) and various components such as current conductors [69], [70].
The mean output current of the rectifier (Imean) contributes to the electrolysis process,
while the current ripple causes ohmic losses [68]-[70]. Normally, these losses are negli-
gible in nominal operation, but they are significantly higher in low load operation due
to the high current RF [69], [70]. It can be understood that, these losses affect negatively
the energy consumption and efficiency of the electrolyzers.
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Therefore, the higher the current ripple (i.e. the difference between the current peaks
and the Ijnean) is in low load stages, the higher the energy consumption is and the lower
the energy efficiency is for the same amount of H, production [67]-[70]. For example,
the electrical energy consumption of the electrolyzers increases up to 13%, for a high
current ripple in low load operation of a six-pulse controlled bridge rectifier with com-
mutating inductance (B6C) and a non controlled six-pulse bridge rectifier in series with
a controlled thyristor based six-pulse bridge (W3M) [69]. Another study showed that the
electrolyzers energy consumption increases up to 25% above their specifications value,
for a high current ripple in low load operation of a three-phase half-controlled rectifier
with thyristors and diodes and a three-phase thyristor voltage controller and diode full-
bridge rectifier [70].

Gas quality
It has been shown that the gas quality of the electrolysis systems is negatively affected,
when their operating load is below 25% of its nominal value [69]. The current ripples
cause gas crossover through the electrolyzers membrane and thus the gas quality is de-
creased (i.e. Hy is contaminated with excess O») [69]. In such cases, the H, gas product
needs to be further processed (i.e. removing the impurities) and thus the capital cost of
electrolysis systems increases.

In conclusion, transistor-based rectifiers are more suitable for electrolysis systems in
dynamic operation, compared to conventional thyristor-based rectifiers [67], [69], [70].
For example, the electrolyzers efficiency may increase up to 10% when they are con-
nected to transistor-based rectifiers in comparison with thyristor-based rectifiers [70].
Another study showed that transistor-based rectifiers offer up to 14% and 9% lower en-
ergy consumption (of the electrolyzers) than the 6-pulse and 12-pulse thyristor-based
rectifiers offer respectively (as the current varies between 1000 and 5000 A) [67].
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This chapter presents the design and modelling of this thesis system. The proposed sys-
tem aims for a methanol production, whose product specifications are included in sec-
tion 3.1. One of the main feedstocks for this production process is the CO,, which will
be captured from the flue gases of a cement plant. The CO, specifications and the effect
of impurities in the CO, feed are presented in section 3.2. The plant location of this the-
sis system and its configuration are presented in section 3.3 and 3.4, respectively. The
energy source of this system is solar energy and section 3.5 explains how the PVs power
output data has been acquired. Section 3.6 explains how the system’s control logic is
implemented, so that the dynamic operation of the electrolyzers can be achieved. The
design and modelling of CO, and H,O electrolyzers are described in sections 3.7 and 3.8,
respectively. Regarding the system’s auxiliary equipment, compressors, cooling units,
buffer tanks and DC-DC converters are required. The design and modelling of the aux-
iliary equipment is presented in section 3.9. The selected downstream production of
methanol is described in section 3.10. Finally, the specifications and the modelling of
the selected methanol reactor are presented in section 3.11.

3.1. PRODUCT SPECIFICATIONS

T HIS thesis aims for a methanol production of approximately 4 kT /year. This target
is equal to the production capacity of the George Olah plant (i.e. 4 kT/year), located
in Svartsengi, Iceland [17]. This plant is the world’s first CO2-to-methanol plant and is
operational since 2012 [17]. Therefore, the target of this thesis is feasible and reasonable,
since it is already reached by an existing CO,-to-methanol plant.

However, the target of this thesis is not close to the capacity of conventional commer-
cial processes for LPM (low pressure methanol) synthesis, which is typically less than 3
kT/day [44]. Also, it is worth mentioning that large-scale plants have an even higher
production capacity, exceeding 5 kT/day [44]. An example of a large-scale plant is the
BioMCN plant in Delfzijl, the Netherlands, which operates two production lines with a

37
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combined capacity of 900 kT/year (biomethanol and conventional methanol) [71], [72].

According to the Methanol Institute, the minimum required commercial purity of
methanol is 99.85 %wt [73]. It is assumed that the system of this thesis will meet the
aforementioned purity requirement. In Table 3.1, the production capacity and purity
requirements can be seen.

Table 3.1: Production specifications for methanol

Specification Value

Production capacity | 4 kT/year
Minimum purity 99.85% wt% [73]

3.2. CARBON SPECIFICATIONS AND EFFECT OF IMPURITIES IN

THE CO, FEED

ARBON capture and utilisation (CCU) is a new market for CO,, because CO; can be
C used as a raw material in many production processes. For the purpose of this study,
CO, is a raw material for the production of methanol and can be captured from the at-
mosphere or the flue gases of industrial plants. It is considered that CO, will be captured
from the flue gases of a cement plant for the system of thesis (see Table 3.3).

Direct capture of CO> from the atmosphere
The technology for direct extraction of CO, from ambient air using sorbents is known as
direct air capture (DAC) [74]. The obtained CO, through this process is very expensive,
since this process requires lots of energy and the concentration of CO» in the atmosphere
is extremely low (0.037% or roughly 400 ppm) [74], [75]. In Table 3.2, the minimum ther-
modynamic energy required and the capture cost for the DAC technology can be seen.

Capture of CO, from the flue gases of industrial plants
Compared to DAC technology, the CO; concentration in the flue gases of industrial plants
is much higher (e.g. 350 times higher in coal-based flue gases) [74]. Among the different
possibilities for carbon capture from flue gases, the options of cement plant, natural gas
power plant and coal fired power plant are considered. In Table 3.2, the CO, concen-
tration in the flue gases, the minimum thermodynamic energy required and the capture
cost for each technology can be seen.

Flue gases from natural gas power plants
In case of natural gas power plants, the CCU technology has the cheapest application
and ithas been already implemented in many large-scale CCU facilities around the world
[76]. For example, in natural gas combined cycle power plants, the post-combustion
CCU technology (with amine scrubbing, using monoethanolamine solvent) provides
high purity captured CO» (over 90%) [82], [83]. The flue gases of such plants are typi-
cally composed of nitrogen oxides (NOy), carbon monoxide (CO), carbon dioxide (CO5),
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Table 3.2: Summary of metrics for CO, capture technologies of interest

CO Minimum

Carbon . _

Source concentration | thermodynamic Capture cost
in flue gases energy required

500-700 $2019/t0nco2 [76],
DAC 0.037% [75] 250 kWh/tonco, [11] 600 $2016/tonco, (741,
200-1000 $2018/t0nco2 [11]

Natural Gas | 4% [74],

Power Plant 7-10% [77] 100 k\/\fh/ton(j()2 [11] 20-25 $2019 /tOl’lC()2 [76]

Cement up to 30% [78], | 452.78-1130.56
Plant 14-33% [77] kWh/tonco, [79] 42.5-83.5 €a019/tonco, [50]
Coal Power 45 $2019/tonco, (761,
- 4 11 2
Plant 13-15% [74] 65 kWh/tonco, (111 | 44 g9 €2016/tonco, [81]

methane (CHy), nitrous oxide (N20), volatile organic compounds (VOCs), sulfur dioxide
(SO2) and particulate matter (PM) [84]-[86].

Since an extremely high purity of captured CO, (e.g. over 98%) cannot be achieved,
the impurities of SO, and NOy cause a reduction in the Faradaic efficiency of the CO,
electrolysis process of this thesis [86], [87]. The reductions of SO, and NOy are more fa-
vorable than the reduction of CO, [86], [87].

Flue gases from cement plants
As far as the flue gases from cement plants are concerned, the variations in capture cost
and minimum thermodynamic energy required rely on the implemented CO, capture
technology. Such flue gases are also known as kiln-off gases and have a typical composi-
tion of 29.58 vol % CO,, 11.20 vol % H,0, 10.22 vol % O, 0.04 vol % SO;, 0.01 vol % NO
and 0.05 vol % CO [78]. More analytically, the main CO, capture technologies for cement
plants are categorized as follows:

e Absorption with monoethanloamine (MEA)

* Oxyfuel process

* Chilled ammonia process (CAP)

° Membrane-assisted liquefaction (MAL)

e Calcium looping (CaL) Tail-End Configuration

* Integrated calcium looping configuration [79], [80].

The process of amine scrubbing (MEA) is a process of chemical absorption with
amine solutions and is the most mature technology (extensively used in industry, in-
cluding coal fired power plants, since 1930) [78]. Another advantage of this technology
is the provision of high purity CO, and it is the easiest post-combustion technology to
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be retrofitted in a cement plant [78], [79]. However, the disadvantages of this technol-
ogy are its high energy demand (atleast 2 GJ/toncg, or 555.56 kWh/toncp,) and the high
capture cost of CO; (80.2 €3919/tonco,) [78], [80].

The resulting high-purity CO, of the MEA process can be compressed and trans-
ported by trucks or pipeline [78]. As far as the pipeline transport is concerned, the cap-
tured CO» can be compressed up to 80 bar with triethylene glycol (TEG) dehydration and
pumped to 110 bar [79].

According to latest developments in the MEA technology, it has been stated that a
specific variation of this process can provide high purity captured CO, (up to 99.99 %)
at a cost of 40 $/tongo, [78], [88]. With the average exchange rate of the time (1.1956
$/€), the unit cost of captured CO; can be expressed as 33.46 €/tonco,. Such a project
is under implementation by Dalmia Cement in India, using Carbon Clean's CDRMax®
technology, which combines the use of a proprietary solvent (amine promoted buffer
salts, APBS) with novel heat integration [78], [89].

For the purpose of this study, it is assumed that the flue gases of a cement plant will
be used, using the MEA CCU Carbon Clean's CDRMax® technology technology (see Ta-
ble 3.3). Also, it is assumed that the captured CO, will be supplied by TITAN cement
plant, at a pressure of 69.7 bar and a temperature of 225°C, so that it can be fed directly
to the methanol reactor (see the reactor’s specifications in Table 3.10).

Although the captured CO; from the flue gases of natural gas power plants is cheaper,
this option is excluded, because the impurities of SO, and NOy in their flue gases reduce
the Faradaic efficiency of the CO; electrolysis process. Despite the fact that the capture
cost of CO; from the flue gases of coal power plants is almost the same as in the case of
cement plants, this option is also excluded, because the impurities concentration of SO,
and NOy in the flue gases of coal power plants is 3-4 times higher than in the flue gases
of natural gas power plants [84].

Table 3.3: Specifications for carbon capture

Specification Value
Carbon source Cement plant
CCU Technology MEA with Carbon Clean’s CDRMax®
CO, purity 99.99% wt [78], [38]

69.7 bar (according to the specifica-
Pressure tions of the methanol reactor in Table

3.10)

225°C (according to the specifications
of the methanol reactor in Table 3.10)
Capture Cost 33.46 €/tonco, [78], [88]

Temperature
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3.3. PLANT LOCATION

HE plant location is assumed to be in Greece, with coordinates 38.108977° and 23.525-

769° (see Figure A.1 in Appendix A). This location has been selected, because there is
a big cement plant very close to the selected area. This cement plant is owned by TITAN
Cement Group and is located in Kamari, Greece. The annual production capacity of the
cement plant is 2.6 million tonnes of cement and its CO, emissions are equal to 697.9
kg/toncement [90], [91]. The annual CO, emissions of this cement plant are adequate for
the CO, feed requirements of this thesis system. Also, the short distance between the
two plants (roughly 2km) means that the transportation and storage cost of captured
CO; can be neglected.

Another reason for selecting the aforementioned location is its solar resource poten-
tial. According to Global Solar Atlas v2.4, the average Global tilted irradiation at optimum
angle is 1929 kWh/m?/year and 5.284 kWh/m?/day [92]. Taking into account that the
long-term average of global horizontal irradiation (GHI) varies from 2 to 8 kWh/m?/day
[93], the theoretical power potential of the selected location is good. In Figure 3.1, the
sun path, the horizon profile and the active area can be seen for the selected location.
Information on the seasonal variation of the solar irradiation (for the selected location)
are given in section 3.5.

Solar azimuth [‘]

£~

Solar elevation [°]

Figure 3.1: Horizon and sun path in the selected plant location, according to Global Solar Atlas v2.4 [92]

3.4. SYSTEM OVERVIEW

HIS section gives an overview of the system configuration, as it is presented in Figure
3.2. As it can be seen, the system feedstocks are water and captured CO,, while the
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system product is methanol. The CO; is captured from the flue gases of a cement plant
and supplied by TITAN cement plant at the given specifications of Table 3.3.
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Figure 3.2: Graphic design of the main system

METHANOL
SYNTHESIS 1

According to the selected methanol synthesis process (see Table 3.9), a mixture of
CO,, CO and Hy, (i.e. the so-called syngas) needs to be supplied to a methanol reactor.
The CO is provided by the CO; electrolyzers, while H; is provided by the H,O electrolyz-
ers. As it was mentioned in section 3.2, the CO, will be supplied at the required specifi-
cations of the methanol reactor (see Table 3.10). Therefore, CO; is not further processed
by the system (i.e. it is fed only to the CO; electrolyzers and methanol reactor).

The energy source of the system is solar energy and PV panels are exploited for con-
verting the sunlight into electricity. The CO, and H,O electrolyzers are directly con-
nected to the PV panels, without the use of batteries. Power electronics are used for
regulating the current and voltage to the operating level of the system equipment. More
specifically, DC-DC converters are exploited and connected between the PVs and the
electrolyzers. DC-DC converters have been selected, because the PVs produce DC volt-
age and the rest of the system (i.e. electrolyzers etc.) runs on DC voltage.

Both types of electrolyzers consist of many stacks, which are connected in parallel,
so that the electrolyzers can operate dynamically. Since the PVs power output is not con-
stant, the electrolyzers will be able to follow this intermittent power output by switching
on and off their stacks. The required number of stacks in operation depends on the PVs
power output and the defined efficiency range of the electrolyzer. More information
about that is given in section 3.6, where the system’s control logic is presented.

According to the syngas specifications (see Table 3.10), H, and CO (produced via
electrolysis) need to be compressed and cooled, before they are fed into the methanol
reactor. As far as electrolysis is concerned, the outlet pressure of both gases is lower than
the preferred one. Due to compression, both gases need to be cooled, because their tem-
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perature is higher than the preferred one. The electricity for the compressors and cooling
units is also supplied by the PVs. The required electrical power for this auxiliary equip-
ment is subtracted from the power output of the DC-DC converters and subsequently
the difference of this subtraction is fed into the electrolyzers. In the subsection 3.9.5,
more information about the power supply of the whole system is given.

Contrary to the electrolyzers, the methanol reactor operates continuously and is in-
dependent from the intermittent PVs power output. This can be achieved by the ex-
ploitation of buffer tanks, which are installed between the syngas production and metha-
nol reactor. Therefore, the compressed and cooled CO and Hj are stored in buffer tanks,
before they are fed into the methanol reactor. In the following sections of this chapter,
the design of the system’s equipment and processes is presented. Finally, the MATLAB
code written for this system is included in Appendix C.

3.5. SOLAR ENERGY

OLAR energy has been chosen as the renewable energy source of this thesis system

(i.e. supplying electrical energy to electrolyzers, auxiliary equipment etc.). The plat-
form Photovoltaic Geographical Information System (PVGIS) 5.1 of the EU Science Hub
has been used for the relevant data acquisition [94]. More specifically, the solar radia-
tion and the performance of the potential PV system were estimated by PVGIS 5.1 for
the selected plant location. In Figure A.2 of Appendix A, a screenshot of this platform
(including the chosen parameters for the data download) can be seen.

The most recent records in PVGIS were relevant to the year 2016, which was a leap
year with 8784 hours. All the acquired data was estimated for the year 2016 and consists
of one value for every hour over the year. Based on the PVGIS user’s manual, the data-set
PVGIS-SARAH is suitable for the selected plant location, because this is the only data-set
that covers Europe [95]. PVGIS uses the global in-plane irradiance for the estimation of
all the PV power outputs [95]. The calculations of PVGIS are explained in Appendix B.

In Table 3.4, all the chosen parameters for the data download can be seen. Based on
the PVGIS manual, the estimated overall system losses are equal to 14% by default and
they contain losses in cables, power inverters, dirt on the modules etc [95]. However, all
the acquired data was estimated without system losses (i.e. 0%), because it is assumed
that the PV plant and methanol plant will be very close to each other, in order to neglect
the losses in cables. Also, the efficiency curve of a power inverter will be taken into ac-
count in the design of this thesis system (see section 3.9.4).

In Figure 3.3, the global horizontal irradiation (GHI), direct normal irradiation (DNI)
and global irradiation at the optimal inclination angle can be seen for the selected plant
location in 2016. All these values represent the monthly sum of the solar radiation energy
that hits one square meter, measured in kWh/m?. GHI refers to the solar radiation that
hits an horizontal plane (i.e. to the ground) and includes DNI and the diffuse horizontal
irradiation (DHI) [95]. DNI refers to the solar radiation that hits a plane, which always
faces the sun [95]. The global irradiation at the optimal inclination angle refers to solar
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Table 3.4: Parameters for the download of hourly radiation data from PVGIS 5.1

Parameter Value
Platform PVGIS 5.1
Solar radiation database PVGIS-SARAH
Year 2016

Latitude 38.108977°
Longitude 23.525769°
Mounting type Fixed plane

Slope and Azimuth of PV

Optimized by the platform at 32° and -2° (re-

modules spectively)

PV technology Crystalline silicon (c-Si)

System loss 0%

Outputs PV power and Radiation components (i.e. direct,

diffuse and ground-reflected solar radiation)

radiation that hits a plane, which faces in the direction of the equator at the optimal
inclination angle (with the highest annual irradiation) [95].

Monthly solar irradiation estimates
(C) PVGIS, 2021

200

100

Monthly irradiation [KWh/m2]

0

January 2016 March '2016
Irradiation
(Click on series to hide)
— Horizontal irradiation
= Direct Normal Irradiation

May '2016 July 2016 September '2016 November '2016

Optimal angle irradiation

Figure 3.3: Monthly solar irradiation for the selected plant location in 2016, from PVGIS [94]

In Figure 3.4, the average daily solar radiation per month can be seen for the selected
plant location in 2016. This Figure shows the seasonal variation of the daily solar radi-
ation, in terms of GHI, DNI and DHI. The data of this Figure was generated for a fixed
plane with slope of 32° and azimuth of -2° (see Table 3.4).

3.6. CONTROL LOGIC
YSTEM’S control logic is a deterministic method that operates on a set of rules. Con-
trol logic affects the system operation and is the key part of this system. The main
scope of this control logic is the control of the electrolyzers’ dynamic operation (inside
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Figure 3.4: Average daily irradiance per month for the selected plant location in 2016, from PVGIS [94]
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their efficiency range) and the decision on whether or not PVs power output should be
dumped. The flowchart of the system’s control logic is illustrated in Figure 3.5 and ex-
plained below.

START

I —

'Area of initial stacks
in operation [cm”2]

o

IF
Pdensity_initial >
Pdensity_MAX

Electrolyzer OFF

IF
Nstacks_op < 1

&

PV Power [W] PV Power is

dumped

IF
Nstacks_op >= 1
AND
Nstacks_op <=
Nstacks_op_MAX

Electrolyzer ON

&

NO Power is
dumped

IF
Pdensity_initial <
Pdensity_MIN

YES Electrolyzer ON,

in MAX capacity

YES
Increase Decrease N;‘a‘*sf"f &
N N oes no
stacks_op stacks_op change Rest of PV Power
is dumped

END
PROCESS @ INPUT ERG

Figure 3.5: Control logic of the system

As far as the implementation of the control logic in Simulink is concerned, the Fig-
ure D.7 of Appendix D presents an overview of the relevant block. As it was previously
mentioned in section 3.4, the required electrical power for the auxiliary equipment is
subtracted from the power output of the DC-DC converters and subsequently the dif-
ference of this subtraction is fed and split into the electrolyzers. In the aforementioned
Figure, the subtraction and the power split can be seen. More information about the
power split is given in sections 4.5 and 4.6.

As soon as it has been estimated how much power will flow to the electrolyzers, the
control logic of Figure 3.5 defines how many stacks in each electrolyzer should be in
operation (i.e. Nsgcks,op) and whether or not this input power should be dumped. Ev-
erything starts with taking into account the PVs power output and the initial reaction
area of each electrolyzer. The initial reaction area is based on the initial Ngtacks,op, which
is equal to 40 stacks for each electrolyzer. Then, the initial power density of each elec-
trolyzer (Pgensity,initial) i estimated.
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The next step of the control logic is to define how many stacks should be in oper-
ation for each electrolyzer. In Appendix D, the Simulink models for the control logic
of CO, and H,O electrolyzers can be seen in Figures D.8 and D.9, respectively. For this
estimation, two parameters should be taken into account for each electrolyzer: (i) the
Pdensityinitial and (ii) the acceptable range of Pgensiry. In Tables 3.5 and 3.6, the selected
range of Pgensity for the CO and H»O electrolyzers can be seen, respectively. In this step,
there are 3 cases, as follows:

1. If the Pgensity,initial 1S greater than the maximum Pgepsity, then the Nggacks op should
be increased, until the Pgensityinitial i in the acceptable range. Increasing the
Nistacks,op means that the total reaction area of the electrolyzer increases as well
and therefore the Pgensity decreases.

2. If the Pgensityinitial 18 lower than the minimum Pgensity, then the Ngtacksop should
be decreased, until the Pgensity,initial is in the acceptable range. Decreasing the
Nitacks,op Means that the total reaction area of the electrolyzer decreases as well
and therefore the Pgepsity increases.

3. Otherwise, if the Pyensity,initial iS in the acceptable range, then the Ngacks op Teémains
unchanged.

The above estimation step may result in decimal values for the Ngacks op- But, this is
not acceptable, since it is not possible for an electrolyzer to operate a fraction of a single
stack. Therefore, the Ngtacks op must always be an integer. This can be achieved by round-
ing up or down the Ngacks,0p, When it should be increased or decreased, respectively. For
example, if the Ngtacks,0p Should be increased and equals to 1.2, then it is rounded up to 2.

The final step of the control logic is to check whether or not the Nggacks,op is in its
acceptable range and whether or not the input power of the electrolyzers should be
dumped. For these controls, two parameters have to be taken into account: (i) the
Nitacks,op, @s it was estimated above and (ii) the acceptable range of Ngtacksop- It has
been decided that the maximum Ni,cks,0p for the CO, and H»O electrolyzers is 40 and
100 stacks, respectively (more information in sections 4.5 and 4.6). In this step, there are
3 cases, as follows:

1. If the Nacks,op is lower than 1, then the electrolyzer should be OFE An electrolyzer
cannot operate a fraction of a single stack. In this case, the input power of the
electrolyzer should be dumped, because it cannot be exploited.

2. If the Nggacks,op is greater than or equal to 1 and lower than or equal to its maximum
value, then the electrolyzer is ON and all its input power is exploited. So, no power
is dumped.

3. If the Nggcks,0p is greater than its maximum value, then the electrolyzer operates
at its full capacity. The rest of the input power, which cannot be exploited, should
be dumped.

As soon as the Ngacks,op is estimated for each electrolyzer, the control logic ends and
the PVs power output is either fed into the electrolyzers or dumped. This control logic
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guarantees that the electrolyzers will either operate inside their selected efficiency range
or not operate at all. The selected efficiency ranges for the CO, and H,O electrolyzers
can be seen in Tables 3.5 and 3.6, respectively. Moreover, the resulted efficiencies for the
CO2 and H,O electrolyzers can be seen in Tables 4.4 and 4.5, respectively. Finally, the
outcome of this control logic is the dynamic operation of the electrolyzers (see Figures
4.1 and 4.2 for the CO; electrolyzer and Figure 4.3 for the H,O electrolyzer).

3.7.CO, ELECTROLYZER

OLYMER electrolyte membrane (PEM) electrolysis with gas diffusion electrodes (GDE)
P is chosen for the CO; reduction in this thesis system. In such low-temperature elec-
trolysis systems, there is no liquid electrolyte and the electrodes are separated by a PEM
membrane (i.e. solid state electrolyte). Also, GDEs are installed in both electrodes, so
that the CO, mass transport between the electrocatalysts and the reactants (at the elec-
trodes surface) is more efficient.

Based on the information gathered in section 2.4, the PEM electrolyzers offer good
stability and have high ionic conductivity. The high ionic conductivity means that the
cell resistance is low, because the PEM membrane is very thin. Since the PEM elec-
trolyzer is combined with GDEs in both electrodes, the conversion rate of CO, is higher,
because higher current densities and a higher Faradaic efficiency can be achieved. A
major disadvantage of this technology is that if the PEM membrane dries, then the ion
transport will negatively be affected. Therefore, it is assumed that the PEM membrane
will not be allowed to get dried in this thesis system.

The rest of CO; electrolysis technologies were not chosen for this project due to the
following reasons:

e Although, SOEC electrolyzers are very attractive, because they can exploit the waste
heat of industrial processes and have high CO, conversion efficiencies, they are
excluded from this project. This technology is not mature, not widely commer-
cialized and can be difficult adapted to the intermittent nature of renewables.

* MCEC electrolyzers are also excluded from this project, because they are still on
laboratory scale and under development.

* H-cell reactors is a mature technology, but they were not chosen for this project,
because they are not suitable for industrial applications (i.e. low CO, conversion
efficiency). Such electrolyzers have high cell resistance, operate at low current
densities and the CO, mass transport is limited in aqueous solutions.

The market size of CO; electrolyzers is relatively small and therefore limited infor-
mation about the performance of this machinery can be extracted. That’s why; it has
been chosen to design a PEM CO; electrolyzer for this project, which will be able to fol-
low and exploit (as much as possible) the intermittent power output of the PV panels.
The electrolyzer design is based on commercial electrolyzers and manufacturing prac-
tices. For the purpose of this study, an alkaline polymer electrolyte (APE) electrolyzer has
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been chosen. Such electrolyzers belong in the group of PEM electrolyzers. The specifi-
cations of the APE electrolyzer can be seen in Table 3.5. In the following subsections, the
electrolyzer design, specifications and performance parameters are presented.

Table 3.5: Specifications of the APE CO> electrolyzer

Specification Value

Type Elc:zg:)el; seilsectrolyte membrane (PEM)
Electrolyte ﬁl:rall;n(z P}})ﬂg/l{})r%f; electrolyte mem-
Membrane Thickness 30 pum [96]

Electrodes Gas diffusion electrodes (GDE) [96]
Cathode Cobalt phthalocyanine (CoPc) [96]
Anode Iridium oxide (IrO,) [96]

Feed to the Cathode Dry CO, at 31.25 sccm/cm? [96]

Feed to the Anode Pure water [96]

Operating Temperature 60°C [96]

Operating Pressure 10 bar [97]

Connection of Stacks

In parallel

Connection of cells In series
Cells per stack 199 [98]

Area of each cell, A 1000 cm? [99]
CO purity 99.9%

H, purity 99.9%

Cell Voltage Range, Ve 1.95-2.85V

Current Density Range, ]

13.95 - 203.1 mA/cm?

Power Density Range, Pgensity

27.25 - 578.84 mW/cm?

Energy Efficiency Range

45 -55%

3.7.1. DESIGN

The APE electrolyzer for this project is designed by scaling up a cell of an APE CO, elec-
trolyzer, whose performance parameters are included in the study of Yin et al. [96]. In
the APE cell, gas diffusion electrodes are employed and the APE membrane (between the
electrodes) is 30 ym wide [96]. The APE membrane encourages the long-term operation
of the cell and facilitates its maintenance, because there is no KOH or KHCO3 solution as
an electrolyte (i.e. no risk of cell’s failure due to solution’s leakage on the cathode) [96].
Also, in this study, two kinds of cathode catalysts have been tested: i) gold (Au) and ii)
cobalt phthalocyanine (CoPc) [96]. The anode catalyst is made of iridium oxide (IrO,)
[96]. The structure of the APE cell for CO, electrolysis can be seen in Figure 3.6 [96]. As it

can be seen, dry CO; is fed to the cathode and pure water is fed to the anode [96].
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Figure 3.6: Structure of the APE cell for CO3 electrolysis [96]

It is assumed that the APE electrolyzer of this thesis has the same aforementioned
design specifications, structure and performance parameters as the APE cell that was
studied by Yin et al. [96]. Moreover, it is assumed that the cathode of the APE electrolyzer
for this project is made of CoPc and not Au, because CoPc is a non-precious and more
commercial metal compared to Au. The model of this thesis APE electrolyzer was built
in MATLAB/Simulink.

3.7.2. REACTIONS

The electrolysis reactions in the chosen APE cell are described in the following equations
[96]. The initial charge carrier in the APE cell is hydroxide (OH") [96]. When the APE cell
is set to operation, then the cell will be carbonated (because CO, will be fed to it) and
the OH" will be partially replaced by CO3?" and HCOj3™ [96]. The APE membrane allows
the anions transport from cathode to anode, encouraging the CO, reduction. Another
role of the APE membrane is that it keeps the cell’s environment alkaline (compared to a
KHCOj3 solution) and this is beneficial for the CO, reduction reaction over the H, evolu-
tion reaction (HER) [96]. For the purpose of this thesis, it is assumed that the following
reactions occur in the APE CO;, electrolyzer.

Cathodic reactions:

CO2+H30+2e” — CO+20H" (major) (3.1)
2H,0+2e~ — H, +20H™ (3.2)
Anodic reactions:
40H™ — 02 +2H»,0+4e” (major) (3.3)
4HCO3 — O3 +4CO; +2H,0 +4e” (3.4)

2C03" — 02 +2CO; +4e~ (3.5)



3.7. CO, ELECTROLYZER 51

Overall cell reactions:

2C02 —2CO+02 (major) (3.6)
2H,0 — 2H, + O (3.7)

3.7.3. OPERATING CONDITIONS

According to the study of Yin et al., the optimal operating temperature for the APE cell
is 50-60°C, whereby the Faradaic efficiency of CO production (FEcq) is around 90% and
the cell voltage is around 2.85V [96]. Also, the performance parameters of this cell were
tested at 60°C in the aforementioned study. Therefore, the operating temperature of the
APE electrolyzer for this project is assumed to be equal to 60°C. A water heat exchanger
is assumed to be installed in the system, for keeping the electrolyzer temperature con-
stant at 60°C.

The tested APE cell has an area of 3.2 cm? and the CO, is fed to the cathode at 100
sccm (standard cubic centimeters per minute) [96]. Therefore, it is assumed that the
specific CO, feed rate for this thesis electrolyzer is equal to 31.25 sccm/cm?. Finally, the
operating pressure of this thesis CO, electrolyzer is assumed to be equal to 10 bar, be-
cause the commercial water electrolyzer HySTAT®-60-10 (manufactured by Hydrogen-
ics) operates at the same pressure [97].

3.7.4. PERFORMANCE PARAMETERS

In Figure 3.7, the J-V) curve of the APE cell (with CoPc cathode) can be seen, when the
cell operates at 60°C [96]. This curve correlates the current density J (mA/cm?) and cell
voltage Ve (V). As shown in this Figure, V¢ increases continuously with J, reaching its
maximum value of 2.85V at 200 mA/cm?.
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Figure 3.7: Experimental J-V curve, related to the cell performance of the APE CO> electrolyzer, at an operating
temperature of 60°C [96]

In Figure 3.8, the energy efficiency (EE) and Faradaic efficiencies of CO and H; pro-
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duction (FEco and FEpp, respectively) can be seen, regarding the APE cell (with CoPc
cathode) being operated at 60 °C [96]. As shown in this Figure, the FEco reaches its
maximum value of 90% at 2.85V. Also, it seems that the optimal energy efficiency region
appears at 2.1-2.3 V, whereby EE is around 55%.
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Figure 3.8: Experimental energy efficiency (EE) and Faradaic efficiencies of CO and Hy production (FEco and
FEp, respectively), related to the cell performance of the APE CO; electrolyzer, at an operating temperature
of 60°C [96]

By exploiting the data of Figure 3.7, we can estimate the power density (Pgensity), us-
ing the equation 3.8. Therefore, there is a unique value of Pgensity for every point on the
J-Veen curve.

Pdensity = J % Veell,  [mW/cm®] (3.8)

Figures 3.7 and 3.8 were inputted into Simulink as Lookup tables. Based on Simulink
and Figure 3.8, the Ve must range from 1.95V to 2.85V, so that the EE is at least 45%
(reaching its maximum value of 55%). Subsequently, the ] must range from 13.95 mA/cm?
to 203.1 mA/cm?, based on Figure 3.7. Therefore, the operational range of Pgensity iS
27.25-578.84 mW/cm? for the aforementioned EE range.

Finally, it is assumed that the APE CO; electrolyzer for this project produces high
purity CO and H; (i.e. 99.9%) and follows the performance curves of Figures 3.7 and 3.8.
Also, the aforementioned ranges of Veey, J, Pdensity and EE are assumed to be used by this
thesis CO; electrolyzer.

3.7.5. STRUCTURE DESIGN

It is assumed that the APE electrolyzer of this project will consist of stacks, which will be
connected in parallel. Each stack will consist of 199 cells, which will be connected in se-
ries, according to manufacturing practices for commercial electrolyzers of scale in MW
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[98]. The area of each cell is assumed to be 1000 cm?, based on the commercial elec-
trolyzer HySTAT®-60-10 [99]. Therefore, each cell of the APE electrolyzer of this project
follows the J-Vep curve of Figure 3.7 and the Ve -EE, Ve -FEco and Ve -FEp2 curves of
Figure 3.8.

3.7.6. MODEL IMPLEMENTATION

As it was previously mentioned in the subsection 3.7.1, the model of the APE CO elec-
trolyzer of this thesis was implemented in MATLAB/Simulink (see Figure D.1 in Appendix
D). The implementation steps are as follows:

1.

Based on equation 3.8 and Figures 3.7 and 3.8, five Lookup tables were created in
Simulink: i) Pdensity - Veells i) Ve -1, i) Veen - EE, iv) Veen - FEco and v) Ve - FEp.
Pgensity is calculated according to the delivered power (that flows from the PVs to
the electrolyzer) and the active area of the CO; electrolyzer. The active area of the
electrolyzer depends on the number of stacks that are in operation.

3. Veen is estimated based on the calculated Pgensity and the relevant Lookup table.

4. Subsequently, the values of ], EE, FEco and FEpy, are estimated based on V) and

the relevant Lookup tables.

For the purpose of the results verification, the energy efficiency of the overall cell
reaction (see equation 3.6), 7, can be estimated using the following equation [96]:

AH

= % 3.9
Ne x F x Veey el 59

Ui
where AH stands for the enthalpy change of the overall cell reaction (see equation
3.6) and is equal to 283 kJ/mol [96]. Also, ne is the number of electrons transferred
(i.e. 2) and F is the Faraday constant (i.e. 96485 C/mol).

Next, the production rate of CO per cell (Ngo cen) can be estimated using the fol-
lowing equation [96]:
Leen x FEco _ J* Acen x FEco

, [mol/h] (3.10)
ne xF Ne xF

Nco,cell =

where I is the cell current and depends on J.

The production rate of H, per cell (Nyj2,cel) can be estimated using the above equa-
tion and FEj:

Icen X FEnp _ J x Acen X FEn2
ne xF ne xF

Nu2,cell = , [mol/h] (3.11)

Finally, the total production rates of CO (N¢o,total and Ha (Npi2,0ta1) can be esti-
mated based on the number of cells (nes) that are in operation (see the following
equations):

Nco,total = Nco,cell X Heellss [mol/h] (3.12)
Nh2,total = NH2,cell X Ncells, [mol/h] (3.13)
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3.8. H,O ELECTROLYZER

LKALINE electrolysis (AEL) is chosen for the water splitting in this thesis system.

Based on the information gathered in Table 2.2, the AEL technology is mature, re-
liable and widely used in many large scale applications. The main advantages of AEL
technology over the PEM and SOEC technologies are its durability (up to 90,000 hours),
low capital expenditures and low maintenance costs. The main disadvantage of AEL
electrolyzers is that they have a limited dynamic operation and slow loading response
(affecting negatively their efficiency and the gas purity). However, this disadvantage can
be tackled, if the system components of an AEL electrolyzer are properly engineered to
operate with an intermittent power supply [48].

The rest of water electrolysis technologies were not chosen for this project due to the
following reasons:

e Although, SOEC technology is the most efficient electrolysis technology among
all the others, it is excluded from this project, because it is on laboratory scale,
very expensive, not mature and not currently suitable for large scale projects (with
long-term operation).

* Despite the fact that PEM technology can be theoretically better adapted to the
intermittent power output of renewable sources (compared to AEL and SOEC), this
technology was also excluded from this project, because PEM is more expensive
and has shorter lifetime, compared to AEL.

Taking into account the limited information on the performance of commercialized
H, 0 electrolyzers in dynamic operation, it has been chosen to design an AEL electrolyzer
for this project. The electrolyzer is designed, in order to be able to follow the intermittent
power output of the PV panels. The dynamic operation of the AEL electrolyzer gives the
possibility for a better exploitation of PVs power output. The electrolyzer design is based
on commercial electrolyzers and manufacturing practices. The specifications of the AEL
electrolyzer can be seen in Table 3.6. In the following subsections, the electrolyzer de-
sign, specifications and performance parameters are presented.

3.8.1. DESIGN

The AEL electrolyzer for this project is designed by scaling up the AEL water electrolyzer
H; IGen 300/1/25, manufactured by Vandenborre Hydrogen Systems (now named Hy-
drogenics). The model of the AEL electrolyzer of this thesis was built in MATLAB/Simuli-
nk. In the study of Ursua et al. [100], experiments with the AEL electrolyzer Hy IGen
300/1/25 were performed, regarding its electrical performance (based on its I-V curves,
the hydrogen flow rate generated by the electrolyzer, the purity of H, & O, gases pro-
duced and its efficiency). Therefore, it is assumed that the AEL electrolyzer of this project
has the same performance characteristics as the AEL electrolyzer Hp IGen 300/1/25 that
was studied by Ursua et al. [100]. It is also assumed that the half-reactions of the AEL
electrolyzer H, IGen 300/1/25 occur in the AEL electrolyzer of this project.
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Table 3.6: Specifications of the AEL water electrolyzer

Specification Value

Type Alkaline electrolysis
Electrolyte KOH at 30 wt.% (7.64 mol/kg) [100]
Operating Temperature 65°C [100]

Operating Pressure 10 bar [97]
Connection of Stacks In parallel
Connection of cells In series

Cells per stack 199 [98]

Area of each cell, Acep 1000 cm? [99]

H, purity 99.9% [97]

O purity 99.9% [97]

Cell Voltage Range, Ve 1.387-1.703V
Current Density Range, ] 21.62 - 399.9 mA/cm?
Power Density Range, Pgensity 30 - 681 mW/cm?
Energy Efficiency Range 75.83 - 81.90%

3.8.2. REACTIONS

The overall electrolysis reaction in the chosen AEL electrolyzer is described in equation
3.16 [100]. The electrodes are immersed in an aqueous solution of KOH at 30 wt.% (7.64
mol/kg) as an electrolyte [100]. A typical set-up of an AEL electrolyzer can be seen in
Figure 2.5. At the cathode, the reduction half-reaction takes place, where the water is
reduced to hydroxide ions (OH") and H; (see equation 3.14) [100]. The Hy gas leaves the
cathode and OH™ migrates to the anode through the diaphragm [100]. At the anode, the
oxidation half-reaction takes place, where OH" is oxidised to O, and water (see equation
3.15) [100]. So, the O, gas leaves the anode and the water returns to the KOH solution
[100].

cathode: 2H,O(l) +2e”~ — Hz(g) +20H (aq.) (3.14)
1
anode: 20H (aq.)— EOg(g) +H,0() +2e~ (3.15)
1
total: H,O() — Ha(g) + 502(g) (3.16)

3.8.3. OPERATING CONDITIONS

The operating temperature of the AEL electrolyzer is assumed to be equal to the rated
operating temperature of the AEL electrolyzer H, IGen 300/1/25 (i.e. 65°C), in order to
maximize the ionic conductivity [100]. Also, it is assumed that a water heat exchanger
keeps the operating temperature constant at 65°C. The experimental I-V curve of the
AEL electrolyzer H, IGen 300/1/25 can be seen in Figure 3.9 [100]. As it can be seen in
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this Figure, the effect of pressure is almost negligible on the I-V curve. That’s why; it is as-
sumed that the AEL electrolyzer of this project operates at a pressure of 10 bar. Another
reason for assuming that the operating pressure is equal to 10 bar is that the commercial
AEL electrolyzer HySTAT®-60-10 (manufactured by Hydrogenics) operates at the same
pressure [97].

41 T i T
Operating temperature: 65°C
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< 35} SRt |
[ ot
o _ge*t
S ot
g 33F o 1
5 bar
31 “o‘ ..... 10 bar
s 15 bar
295 20 bar
----- 25 bar
27 1 L L 1 T
0 20 40 60 80 100 120

Current (A)

Figure 3.9: Experimental I-V curve for the AEL water electrolyzer Hy IGen 300/1/25, in relation to pressure and
for an operating temperature of 65°C [100]

3.8.4. PERFORMANCE PARAMETERS

The electrolyzer H, IGen 300/1/25 is formed by only 22 round cells, which are connected
in series (forming 1 stack) and each cell has an area of 300 cm? [100]. This data was used
for converting the I-V curve of Figure 3.9 to J-V| curve, where J stands for current den-
sity (mA/cm?) and Vg stands for cell voltage (V). It is assumed that the AEL electrolyzer
of this project has the same J-V¢ curve (at 10 bar and 65°C) as the electrolyzer H, IGen
300/1/25 (see Figure 3.10). This is an important step for the scale up of the electrolyzer
H, IGen 300/1/25.

The specific energy consumption (Wh/Nm?®) and the energy efficiency (EE) of the
electrolyzer H, IGen 300/1/25 can be seen in Figure 3.11 (left and right, respectively)
[100]. It is assumed that the AEL electrolyzer of this project has the same EE curve (at 10
bar and 65°C) as the electrolyzer H, IGen 300/1/25 has, but the current density (J) was
taken into account and not the current (I). In Figure 3.12, the curve that correlates EE
and J can be seen, regarding the electrolyzer of this project.

By combining Figures 3.10 and 3.12, we can estimate the operational range of power
density (Pgensity), so that the energy efficiency (EE) ranges from 75.83% to 81.90%. Both
Figures were inputted into Simulink as Lookup tables. Based on Simulink and Figure
3.12, J ranges from 21.62 mA/cm? to 399.9 mA/cm? for the aforementioned EE range.
Also, based on Figure 3.10, V¢ ranges from 1.387 V to 1.703 V for the aforementioned
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Operating conditions: 65°C and 10 bar
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Figure 3.10: Experimental J-Vg curve for the AEL water electrolyzer of this project, for the operating condi-
tions of 65°C and 10 bar
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Figure 3.11: Specific energy consumption (left) and energy efficiency (right) for the AEL water electrolyzer, in
relation to pressure and for an operating temperature of 65°C [100]

J range. The range of V. is acceptable, since the theoretical thermodynamic voltage
for water electrolysis is 1.23 V [68]. Also, we can estimate the Pgensity for every point on
the J-V¢y curve of Figure 3.10, by using the equation 3.8. Therefore, by combining both
Figures, Pgensity must range from 30 mW/ cm? to 681 mW/cm? for the aforementioned
EE range.

Finally, it is assumed that the electrolyzer of this project will produce high purity H,
(i.e. 99.9%), since the impurities of O, in the generated Hy is less than 1 ppm [97]. Also,
it is assumed that the O, generated by this electrolyzer will be 99.9% pure [97]. Such
impurities exist, because there is a slight amount of H, and O, escaping through the
diaphragm and electrolyte pathways [100].

3.8.5. STRUCTURE DESIGN

It is assumed that the AEL electrolyzer of this project will consist of stacks, which will
be connected in parallel. Each stack will consist of 199 cells, which will be connected in
series, according to manufacturing practices for AEL electrolyzers of scale in MW [98].
The area of each cell is assumed to be 1000 cm?, based on the electrolyzer HySTAT®-60-
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Operating conditions: 65°C and 10 bar
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Figure 3.12: Experimental J-EE curve for the AEL water electrolyzer of this project, for the operating conditions
of 65°C and 10 bar

10 [99]. Therefore, each cell of the AEL electrolyzer of this project follows the J-V.¢ curve
of Figure 3.10 and the J-EE curve of Figure 3.12.

3.8.6. MODEL IMPLEMENTATION

As it was previously mentioned in the subsection 3.8.1, the model of the AEL electrolyzer
of this thesis was implemented in MATLAB/Simulink (see Figure D.2 in Appendix D). The
implementation steps are as follows:

1.

Based on equation 3.8 and Figures 3.10 and 3.12, three Lookup tables were created
in Simulink: i) Pgensity - J, i) Pdensity - Vcen and iii) J - EE.

. As in the case of the CO; electrolyzer (see subsection 3.7.6), Pgensity is calculated

according to the delivered power (that flows from the PVs to the electrolyzer) and
the active area of the H,O electrolyzer.

3. Using the Lookup tables and the calculated Pgensity, ] and Vg are estimated.

. Subsequently, the EE is estimated based on J and the relevant Lookup table.

5. The energy efficiency of the overall cell reaction (see equation 3.16), 1, can be es-

timated using the equation 3.9. For the reaction 3.16, AH is equal to 285.8 kJ/mol
[12]. As in the case of the reaction 3.6, ne is equal to 2 for the reaction 3.16 as well.

. Next, the Faradaic Efficiency of H, production per cell (FEy,) can be estimated

using the following equation [96]:

EE
FEpz=—, [%] 3.17)
n

. As in the case of CO, electrolyzer, here the production rate of Hy per cell (Np2,cell)

can be estimated using the equation 3.11.

. The production rate of O, per cell (Npy,cenn) can be estimated as half of Ny cen,

according to the specifications of the electrolyzer HySTAT®-60-10 [99].

NHZ cell
NOZ,cell = > )

[mol/h] (3.18)
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9. Finally, the total production rates of Hy (Np2,tota1) and Oz (N2, tota1) depend on the
number of cells (nces) that are in operation. As in the case of CO, electrolyzer,
N2, t0tal €an be estimated using the equation 3.13. However, Nog tora1 €an be esti-
mated using the following equation:

NOZ,total = N02,cell X Heells, [mol/h] (3.19)

3.9. AUXILIARY EQUIPMENT

AUXILIARY equipment plays an important role in processing systems, since it sup-
ports the inline production process and aims to maximize the overall processing

efficiency and productivity [101]. For the system of this thesis, it is assumed that the

auxiliary equipment is supplied power by the same PVs of the whole system and consists

only of compressor, cooling units, buffer tanks and DC-DC converter. In the following

subsections, the role and design of the auxiliary equipment is presented.

3.9.1. COMPRESSOR

The products of all the electrolyzers need to be compressed, before they are fed to the
methanol converter. According to the specifications of this converter, the syngas inlet
pressure must be equal to 69.7 bar (see Table 3.10). As it was previously mentioned in
section 3.2, it is assumed that the CO, gas will be supplied to this thesis system at a pres-
sure of 69.7 bar (see Table 3.3). As far as CO and H, gases are concerned, they are pro-
duced at 10 bar by both types of electrolyzers (see Tables 3.5 and 3.6). Therefore, CO and
H> need to be compressed up to 69.7 bar. For simplicity, it is assumed that an adiabatic
centrifugal compressor is employed, which is a single stage mechanical compressor. In
Figure D.3 of Appendix D, the Simulink model of the compressor can be seen.

The following equations have been implemented in Simulink for estimating the re-
quired electrical power for the compression of CO and Hz (Peomp,co and Peomp,H2 respec-
tively):

Pcomp,co = Ecomp,co X Nco,total,  [W] (3.20)

Peomp,H2 = Ecomp,H2 X NH2 total,  [W] (3.21)

where Ecomp,co stands for the specific energy for the compression of CO in J/mol and
Ecomp 12 stands for the specific energy for the compression of H2.

The specific energy for compression is estimated by MATLAB, using the following
equations [102]:

kco-1

Rx T; x koo % z P ko
Ecomp,co = L0~ O 770 ( Z‘CO) “ _1|, U/moll (3.22)

(kco—1) xNa x m Pi,co
Rx Ty x k Py 5

x 11 12 x kpp % Zno o H2 | k2
E = - : -1, /mol 3.23
comp,Hz (kg —1) X 0a x Ny ) (PI,HZ) U ] (8:23)
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In Table 3.7, the parameters values and descriptions of the equations 3.22 and 3.23
are presented.

Table 3.7: Parameters values and descriptions for equations 3.22 and 3.23

Parameter Value

Adiabatic compressor efficiency, 1, | 7a =80% [103]

Mechanical driver efficiency of the T = 98% [103]

COMPIessor, N

Universal gas constant, R R=8.3145 m

Adiabatic coefficient or specific kco =1.4013
heat ratio, k [104] kppe = 1.4054
Average compressibility factor, z zco = 0.99964
[105] zy2 = 1.0006

Temperature of CO and H, before | Ti,co=60°C, (see Table3.5)
compression, Ty T1H2 =65°C, (see Table3.6)

Pressure of CO and H, before com- | Pi1,co =10bar, (seeTable3.5)

pression, Py P12 =10bar, (see Table 3.6)
Pressure of CO and H, after com- P;,co =69.7 bar
pression, P, P; 12 =69.7 bar

As far as the volumetric flow rates of the gases CO and H; are concerned, the rele-
vant rates before compression (V;) can be estimated in m3/h, using the ideal gas law
(see the following equations) [106]. P; and T are constants, but the molar flow rates of
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these gases (n) are not, since n is based on the production of the electrolyzers (which is
intermittent). Therefore, V; is variable.

P1,cox Vi,co=ncoxRx Ty co (3.24)
P2 x Vg2 = nge x Rx Ty g2 (3.25)

Moreover, the volumetric flow rates of CO and H, after compression (V,) can be es-
timated in m3/h, using the adiabatic condition (since an adiabatic compressor has been
employed in this system) [107]. The adiabatic condition is presented in Equation 3.26.
So, V, of CO and H; can be estimated using the equations 3.27 and 3.28. Since V; is
variable and P; and P, are constants, V5 is variable as well.

P x VX = constant (3.26)
K K

Picox Vi éh = P20 * Vo0 (3.27)
K K

Piy2 x Vit = Pz x Vy iy (3.28)

The volumetric flow rates of CO and Hy need to be estimated at all steps of this thesis
system, because they will be used for the modelling of the buffer tanks.

3.9.2. COOLING UNITS

As it was mentioned in the above section, the CO and H; gases needs to compressed
through an adiabatic process. This means there is no heat or mass transfer between
the system and its surroundings, during compression. Therefore, the temperature of CO
and H; increases during compression. That’s why; it is important to cool these gases
down, before they are fed to the methanol converter. According to the specifications of
the methanol converter, the syngas inlet temperature must be equal to 225°C (see Table
3.10). For simplicity, it is assumed that air-cooled chillers will be employed as cooling
units in this project, based on the plant location and its air temperatures. In Figure D.4
of Appendix D, the Simulink model of the cooling units can be seen.

The temperature of CO and H; after compression (T2) needs to be estimated in K, so
that the cooling load can be estimated as well. Using the ideal gas law and taking into
account that the molar flow rate of CO and H, do not change through compression (i.e.
nco and ny2), Vo can be estimated using the following equations [106]:

Pi,coxVico  P2cox Vaco
Tco Tzco
Pru2xVime  Pomz x Voo

(3.29)

(3.30)
T 12 T2 H2

Moreover, the cooling load (Q.) for the CO and H, compression can be estimated in
J/h or W, using the following equation [108]:
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Qc,co = nco % Cp,co x (I3,co — T2,co), [J/h] (3.31)
Qcn2 = n2 X Cpuz X (T3 pz — Ton2), /] (3.32)

where the molar capacity of CO (Cp,co) is equal to 30.47 J/mol*K at 600 K [109] and
the molar capacity of H» (Cp, 112) is equal to 29.32 J/mol*K at 600 K [110]. The temperature
of CO and H, after cooling (T3) is equal to the syngas inlet temperature (i.e. 225°C).

Finally, the applied electrical power for cooling (Py01) depends on Q.. The ratio of
Qc to Pgoor is defined as the energy efficiency ratio (EER) and presented in the follow-
ing equation [111]. A typical value of EER for air-cooled units is equal to 3 for cooling,
according to Carrier [112]. The same EER value is assumed for this project.

EER= & (3.33)

cool

3.9.3. BUFFER TANKS

The syngas production is intermittent, because the electrolyzers operation follows the
PVs power output. However, the downstream production of methanol is assumed to be
a continuous process. That’s why; the use of buffer tanks is required, so that the inter-
mittent syngas production can be connected to the methanol reactor. Therefore, the op-
eration of the methanol converter will be independent from the intermittent PVs power
output. The specifications of the buffer tanks for this project can be seen in Table 3.8 and
are explained in the following paragraphs.

It has been chosen that there will be one buffer tank for the storage of H, (produced
by both types of electrolyzers) and one buffer tank for the storage of CO. The first buffer
tanks has to be made out of alow alloy (Cr-Mo) steel, so that the hydrogen embrittlement
is avoided. The latter buffer tank can be made out of carbon steel [113].

Both buffer tanks will store the gases at a pressure of 69.7 bar and a temperature of
225°C (according to the feeding specifications of the methanol reactor in Table 3.10).
These feeding requirements are met due to the operation of the compressors and the
cooling units (i.e. in previous steps of processing). At 225°C, CO and H; can be stored
as gases, because the critical temperature of CO is -140.3°C and the critical temperature
of Hy is -240°C [114]. Also, Hz can be stored in high-pressure gas cylinders with a maxi-
mum pressure of 200 bar [115].

So, the stored CO and H» will be ready to be fed into the methanol reactor, without
further processing. But, in order to guarantee the continuous operation of the methanol
reactor, the following conditions must be met:

* The buffer tanks must be of a floating-roof cone type, because the stored amount
of CO and H; will vary, according to the operation of the methanol converter and
the electrolyzers.
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¢ CO and H, will be fed into the reactor at a constant rate

* There must always be enough stored CO and H> in the buffer tanks for the contin-
uous operation of the methanol reactor

The syngas feeding rate will be estimated according to the syngas composition and
the required hourly production of methanol. It is assumed that the methanol reactor will
not operate during the whole year, but only for a fraction of it. This is necessary for the
buffer tanks, so that they can store some necessary quantity of CO and H», before the
start-up of the methanol reactor.

The following approach has been implemented, regarding the operation of the buffer
tanks:

« If the syngas production is higher than the required feeding rate for the methanol
reactor, then the surplus of syngas will be stored.

e If the syngas production is lower than the required feeding rate for the methanol
reactor, which is in operation, then the deficit of syngas will be covered by its stored
quantity in the buffer tanks.

Table 3.8: Specifications of the buffer tanks

Specification Value

Type floating-roof cone

Tank’s material for storing CO carbon steel

Tank’s material for storing H, low alloy (Cr-Mo) steel

[113]
Operating pressure 69.7 bar
Operating temperature 225°C

3.9.4. DC-DC CONVERTER
The voltage level of the PVs power output needs to be converted, so that it can be fed
into the rest of the system equipment (i.e. electrolyzers, compressors etc.). Therefore,
a DC-DC converter is necessary for the power conversion, because the PVs produce DC
voltage and the rest of the system equipment runs on DC voltage. As it was mentioned
in section 3.5, the efficiency curve of a DC-DC converter is taken into account in the
design of this thesis system. It is assumed that the DC-DC converter for this project
will be based on the switching technology of Infineon CoolMOS IPW60R045CP MOSFET
[116]. The efficiency curve of this switching technology is represented by the red line of
Figure 3.13 and estimated for a maximum power input of 1 MW [116]. In case that, more
than one DC-DC converter is required for this thesis project, then it is assumed, that all
DC-DC converters are uniformly loaded and their operating efficiency is the same.

The model of the DC-DC converter was implemented in MATLAB/Simulink (see Fig-
ure D.5 in Appendix D). The implementation steps are as follows:
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Figure 3.13: Energy efficiency of the DC-DC converter with the switching technology of Infineon CoolMOS
IPW60R045CP MOSFET in relation to input power, using a DAB topology with triangular modulation[116]

. The peak power output of the PVs is rounded up by MATLAB. For example, if the

peak power output of the PVs is equal to 5.2 MW, then it is rounded up to 6 MW.

. Since the efficiency curve of the DC-DC converter is estimated for a maximum

power input of 1 MW, the required number of DC-DC converters, npc, can be es-
timated by the following equation:

P PV,peak,roundedyp .
npc = ———, [pieces] (3.34)

p in,max

In the aforementioned example, 6 DC-DC converters would be required. If the
peak power output of the PVs was not rounded up, then 5.2 DC-DC converters
would be required. But, a decimal value for the required number of DC-DC con-
verters would not be possible. Also, the rounding-up gives some spare capacity to
the system for power conversion.

. Then, the hourly power output of the PVs is divided by np¢, so that the power input

of each DC-DC converter is estimated.

Ppy hourt
Pp= ——2 [(MW] (3.35)
npc

. Using the Lookup table and the calculated Pj,, the operating efficiency of each

DC-DC converter is estimated.

. Finally, the hourly power output of all PVs is multiplied with the operating effi-

ciency of the DC-DC converters, so that the power output of the converters is esti-
mated and fed into the rest of the system equipment.

3.9.5. POWER SUPPLY

For the purpose of this study, it has been decided that the PVs supply electrical energy
not only to the electrolyzers, but also to the auxiliary equipment. The sum of the required
electrical power for the auxiliary equipment is based on P¢o1, Pcomp,co and Peomp,H2, as
they haven been estimated by the equations 3.33, 3.20 and 3.21, respectively.
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In Simulink, the total required electrical power for the auxiliary equipment is sub-
tracted from the power output of the DC-DC converters. Subsequently, the difference
of this subtraction is fed into the electrolyzers (see Figure D.7 in Appendix D). Using a
"Unit Delay" block in Simulink, the signal of the total required electrical power for the
auxiliary equipment is held and delayed by a sample time of 0.01, before the subtraction
takes place (see Figures D.6 in Appendix D). The Simulink model of the whole system
contains an algebraic loop and this loop needs to be broken, so that the aforementioned
subtraction can take place. The break of this algebraic loop is possible, using a "Unit
Delay" block with a discrete sample time.

3.10. METHANOL SYNTHESIS PROCESS

HE conversion of syngas to methanol is done through the CO, hydrogenation pro-
T cess (as it was described in section 2.2.2), which is assumed to be a continuous pro-
cess for this project. As it was mentioned in section 3.9.3, the downstream production
of methanol is assumed to be a continuous process, because buffer tanks are used for
the connection between the syngas production and methanol reactor, which will be in-
dependent from the intermittent PVs power output. This downstream production pro-
cess is based on the reaction of CO, hydrogenation (see equation 2.4) and the water-gas
shift (WGS) reaction (see equation 2.5). Based on reaction 2.4, the water is a by-product,
since a third of the fed H, is converted to water. That’s why; CO needs to be fed into the
methanol reactor for reacting with H,O (see equation 2.5).

This process has been selected for this thesis system, because it has been decided
that the syngas (i.e a mixture of CO, CO, and Hj) is fed into a commercial catalyst,
which is made of copper-zinc oxide with aluminium oxide (CuO/Zn0O/Al,O3). The use
of CuO/Zn0/Al, 03 catalysts improves the catalytic activity (for operating temperatures
higher than 250°C) [40] and enables the high selectivity of methanol (i.e. >99% with
recycle) [117]. This methanol synthesis process (including the use of CuO/Zn0O/Al,O3
catalysts) is followed for industrial scale projects [118].

In commercial units, the conversion of carbon to methanol ranges from 20% to 67%
per-pass, depending on the syngas composition and the reactor type [119]. The remain-
ing syngas that has not been converted can be recycled [117], [119], [120]. If the recycle
ratio of the unconverted gas is between 2 and 5, then carbon can be almost completely
converted to methanol (i.e. 93-99%) [117], [119]. Therefore, it is assumed that the non-
converted syngas is recycled for this thesis system, so that the relevant conversion rate
and methanol selectivity are equal to 99%.

As far as the syngas composition for CuO/Zn0O/Al,O3 catalysts is concerned, a typ-
ical mixture is 65-90% H;, 5-25% CO and 4-14% CO, and H,:CO > 2:1 [119]. As it has
been mentioned in section 2.2, the stoichiometric number (SN) of syngas needs to be
greater than 2 for commercial applications, so that a surplus of hydrogen is fed into the
methanol reactor. In Figure 3.14, some typical molar ratios of CO/H, and CO,/H for in-
dustrial applications can be seen [121]. It can be seen that the SN of these typical feeds is
greater than 2 and their corresponding points lie below the stoichiometric line (whereby
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the SN is equal to 2) [121]. It is assumed that the syngas produced by the electrolyzers of
this thesis system meets the aforementioned requirements.
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Figure 3.14: Typical syngas compositions for industrial applications along with the stoichiometric line [121]

For the purpose of this study, it is assumed that the methanol synthesis process of
this thesis is based on the steady-state kinetic model of Bussche and Froment, which
uses a CuO/Zn0/Al, O3 catalyst and is based on the aforementioned reactions [122]. The
main features of the methanol synthesis process for this project can be seen in Table 3.9.
Finally, a single-stage Lurgi quasi-isothermal reactor has been chosen for the catalytic
conversion of syngas to methanol, because such reactors can operate in the tempera-
ture and pressure ranges of Table 3.9 and reach high conversion and recycle rates (for
more information, see section 3.11).

3.11. METHANOL REACTOR

T HE methanol reactor of this thesis system operates continuously and follows the
steady-state kinetic model of Bussche and Froment [122], according to the simula-
tion proposed by Chen et al. [123], because CuO/Zn0O/Al, O3 catalysts and similar syngas
compositions have been employed. As it will be presented below, the reactor’s model of
Chen et al. [123] meets the requirements of Table 3.9 for this project.

In the study of Chen et al. [123], a single-stage Lurgi quasi-isothermal reactor was
simulated in Aspen Plus version v7.1 (see Figure 3.15). The reactor simulation was based
on the following assumptions: i) unidimensional model, ii) negligible axial dispersion
and heat conduction, iii) constant catalyst effectiveness and iv) energy losses to the sur-
rounding are neglected [123].

This simulation was carried out for producing methanol of about 90 kT/year and the
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Table 3.9: Main features of the methanol synthesis process

Specification Value
Process tvpe CO; hydrogenation based on the model of Bussche
P and Froment [122]
Catalyst CuO/Zn0O/Al,03
Range of process | ,c0 a500¢ (16], 40], [42]
temperature
Range of process | 5o 100 bar [16], 1401, [42]
pressure
. 65-90% Hy, 5-25% CO and 4-14% CO, and H,:CO >

Syngas composition

2:1[119]
Stoichiometic num-

>2

ber (SN) of syngas
Methanol selectivity | >99% with recycle [117]

Conversion rate of
syngas to methanol
Recycle ratio 2-5[119]

Reactor type single-stage Lurgi quasi-isothermal

93-99% with recycle (20-67% per-pass) [117], [119]

simulation data was compared with industrial data (with good agreement) [123]. There-
fore, it has been decided that the reactor’s model of Chen et al. [123] will be scaled down,
so that the reactor of this project is able to fulfill the production capacity of 4 kT/year
(see Table 3.1). The specifications of the methanol reactor for this project can be seen in
Table 3.10 and are explained in the following paragraphs.

In the simulation study of Chen et al. [123], the reactor’s length was 7m and its diam-
eter was 0.04m, filled with particles of CuO/Zn0/Al, O3 catalyst. The catalyst cylindrical
particles had a diameter of 5.4mm and a density of 1190kg/ m? [123]. Using this data, the
estimated catalyst mass per tube is equal to 10.468 kg,¢/tube.

Iyeretal. [121] mentioned that a molar ratio of CO/H> 0.081, a molar ratio of CO,/H>
0.113 and a SN of 4.6 have been used as feed specifications by the model of Chen et al.
[123]. Similar molar ratios were reported by the study of Walid et al. [118] (i.e. H2/CO>
=9 and H,/CO = 12) for the simulation model of Chen et al. [123]. Since both stud-
ies present similar syngas composition for the model of Chen et al., it is assumed that
the composition of the syngas produced by this thesis system is based on the aforemen-
tioned feed specifications (i.e. Hy : CO2 : CO =83.8%:9.5% : 6.7%).

Also, Dieterich et al. [119] have mentioned that the per-pass conversion of carbon
to methanol was equal to 36% in the model of Chen et al. [123]. So, it is assumed that
the methanol reactor of this project has the aforementioned conversion per-pass and an
overall conversion of 99% with a recycle ratio of 2.75 (fulfilling the conversion require-
ments of Table 3.9).
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Figure 3.15: Flow diagram of a single-stage Lurgi quasi-isothermal reactor [123]

The simulation study of Chen et al. [123] showed that the required hourly methanol
production was equal to 10526.4 kg/h, for reaching the capacity of 90 kT/year. Tak-
ing into account, that the reactor of this study consisted of 1620 tubes [123], the esti-
mated methanol production per tube is equal to 6.498 kg/h/tube. Also, using the catalyst
mass per tube, the estimated methanol production per catalyst particle is equal to 0.621
kg/kgcac/h. Subsequently, using the molar mass of methanol (i.e. 32.04 g/mol), the esti-
mated methanol molar production per catalyst particle is equal to 0.01939 mol/g¢a¢/h.

The scaling down of the reactor of Chen et al. [123] will be done, according to the
specifications: i) catalyst mass per tube, ii) methanol production per tube, iii) methanol
production per catalyst particle and iv) methanol molar production per catalyst particle.
These specifications are important for defining the size of the methanol reactor and the
required catalyst quantity. The reaction kinetics that take place in the reactor of Chen et
al. [123] are presented in Appendix E.
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Table 3.10: Specifications of the methanol reactor

Specification Value

Reactor type single-stage Lurgi quasi-isothermal
Reactor tube diameter 0.04 m [123]

Reactor length 7m [123]

Catalyst Cu0O/Zn0/Al, 043

Catalyst particle shape cylinder [123]

Catalyst diameter 5.4 mm [123]

Catalyst particle density 1190 kg/m?3 [123]

Catalyst mass per tube 10.468 kgca/tube

Steam drum pressure 29 bar [123]

Cooling water volumetric flow
rate

13.8 m3/h [123]

Syngas composition

H,:CO,:CO=83.8%:9.5%:6.7% [118], [121]

Syngas SN 4.6 [121]
Syngas inlet temperature 225°C [123]
Syngas inlet pressure 69.7 bar [123]

Conversion rate of syngas to
methanol

99% (36% per-pass) [119]

lyst particle

Recycle ratio 2.75

Methanol selectivity >99% [117]
Methanol outlet temperature 255°C [123]
Methanol outlet pressure 66.7 bar [123]
Methanol production per tube | 6.498 kg/h/tube
Methanol production per cata- 0.621 kg/kgear/h

Methanol molar production
per catalyst particle

0.01939 mol/geq/h







SYSTEM SIZING AND PRODUCTION
RESULTS

This chapter presents the sizing approach and production results of the proposed thesis
system. The sizing approach was done through empirical analysis of the various system
parameters and is presented in section 4.1. The estimated energy requirements and pro-
duction output of the whole system are included in section 4.2. As soon as the system’s
energy requirements were estimated, the PV panels were sized (see section 4.3). The next
sizing step was related to the size of the DC-DC converters (see section 4.4). The size and
production results of the CO2 and H,O electrolyzers were based on the production out-
put of the electrolyzers and are included in sections 4.5 and 4.6, respectively. In section
4.7, the size and production results of the methanol converter and the buffer tanks are
presented. Moreover, the size and production results of the compressors and cooling
units are presented in sections 4.8 and 4.9, respectively. In section 4.10, the amount of
system’s dumped energy is presented. Finally, the summary of this chapter is included
in section 4.11.

4.1. S1ZING APPROACH

HE system of this thesis project was sized by doing an empirical analysis of the vari-
T ous system parameters and not by using an optimisation tool. The system parame-
ters were empirically analysed, so that a system equilibrium could be reached. The sys-
tem equilibrium is defined as a relation between the system size and system efficiency.
In other words, the target of the sizing approach is the minimization of the system size
and the increase of the system efficiency.

The system sizing was done by following a backward approach (i.e. starting at the
end of the system and going to the start). In this approach, it is assumed that some pa-
rameters are held as constants and the rest of the parameters are considered as variables.
In Table 4.1, the constant and variable parameters of this approach can be seen. As soon

71
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as the constant parameters were estimated, they were held as constants during the siz-
ing approach. However, the variable parameters were not held constant, because they
were changing until the system equilibrium was reached.

Table 4.1: Parameters of the system sizing approach

Ref.

Parameters Constant | Variable
Number

Installed peak PV power

Number of stacks in H,O electrolyzer

Number of stacks in CO, electrolyzer

Power split between H,O and CO» electrolyzer

Tubes of methanol reactor

Buffer tanks capacity of H, and CO
Feeding rates of f Hy and CO
Activation step of methanol reactor

QR N O G| | W] DN~

MR K| M X

Following the backward sizing approach, the system components were sized accord-
ing to the following order:
PV panels
DC-DC Converters
CO; electrolyzer
Power split between H,O and CO; electrolyzer
H,O0 electrolyzer
Methanol Reactor
Buffer Tanks

® N e L

Compressors and Cooling Units

4.2. ESTIMATIONS OF ENERGY REQUIREMENTS AND PRODUC-

TION OUTPUT
T HE sizing backward approach aims to roughly estimate the energy requirements and
production output in the whole system. It needs to be estimated how much electrical
energy is necessary, so that the system can produce 4kT of methanol per year (see Table
4.2). The approach steps are as follows:

1. The mass of methanol needs to be converted to moles, using the molar mass of
methanol (i.e. 32.04 g/mol).

4 KTcnzon
N = = 124,836,153 mol
CHsOH 32.04 g/molCHSOH CH3OH
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2. Since, one mole of methanol (CH30H) contains two moles of hydrogen (H,), the
required production of H can be estimated. This estimation must take into ac-
count the conversion rate of the methanol reactor, which is equal to 99% (see Table
3.10). Therefore, the required amount of H, can be estimated, as follows:

124,836,153 molcy,on x 2

Ny, = — 252,194,248 mol
H 99% H

Using the required amount of Hy, we can estimate the required supply of water,
which will be fed to the electrolyzer. One mole of H,O is required for the produc-
tion of one mole of H; via electrolysis. Therefore, the required supply of H»O can
be estimated as follows:

Ng,o = Ng, = 252,194,248 moly,o

3. According to the methanol reactor specifications, the syngas composition must
be H, : CO, : CO =83.8% : 9.5% : 6.7% (see Table 3.10). Using these ratios, the
required amount of CO and CO> can be estimated, as follows:

6.7%

Neo = 252,194,248 moly, x ——— = 20,163,502 molco
83.8%
9.5%

Nco, = 252,194,248 moly, x = = 28,590,040 molco,

As it has been mentioned in section 3.2, the required amount of CO, will be sup-
plied by TITAN cement plant, fulfilling the required CO, specifications of Table 3.3.

Using the required amount of CO, we can estimate the required supply of CO, that
has to be fed to the electrolyzer. One mole of CO; is required for the production
of one mole of CO via electrolysis. Therefore, the required supply of CO; to the
electrolyzer can be estimated as follows:

Ncoyelectr = Nco = 20,163,502 molco,

4. The total energy required for the CO, electrolyzer can be estimated, using the en-
ergy required for CO, electrolysis, which is equal to 283 kJ/mol [96] and the re-
quired production of CO (see the following calculation). This estimation must take
into account the energy efficiency of the CO, electrolyzer. According to Table 3.5
and Figure 3.8, the energy efficiency of the CO, electrolyzer ranges from 45-55%.
Therefore, the energy efficiency of 50% is assumed for this estimation.

20,163,502 molco x 283 kJ/mol
50%

= 3.17x10° Wh

5. The total energy required for the H, O electrolyzer is estimated like the total energy
required for the CO; electrolyzer. The energy required for H,O electrolysis is equal
to 285.8 kJ/mol [12]. According to Table 3.6 and Figure 3.12, the energy efficiency
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of the H,O electrolyzer ranges from 75.83-81.90%. Therefore, the energy efficiency
of 77% is assumed for this estimation.

As it was stated in the subsection 3.7.3, the Faradaic efficiency of CO production
(FEco) is around 90% in the CO- electrolyzer [96]. Assuming that the production
of 20,163,502 molco is 90% of the total production output, then 2,240,389 moly,
will be produced in the CO; electrolyzer, due to HER. This amount of H, should
be subtracted from the total required amount of H,. The result of this subtraction
must be produced by the H,O electrolyzer. Therefore, the total energy required for
the H» O electrolyzer can be estimated, as follows:

(252,194,248 - 2,240,389) moly, x 285.8 kJ/mol
77%

= 2.58x10'° Wh

. Next, the required energy for compression of CO and H should be estimated, us-

ing the relevant specific energies for compression and the production amounts.
According to Table 3.7 and the equation 3.22, the specific energy for the compres-
sion of CO is equal to 9.1725 kJ/molgo. Moreover, according to the same Table and
the equation 3.23, the specific energy for the compression of H» is equal to 9.2016
kJ/molg, and 9.3397 kJ/moly,, when the H is produced by the CO2 and H2O elec-
trolyzers respectively.

Therefore, the required energy for the compression of CO is equal to:

20,163,502 molcp x9.1725 kJ/mol = 5.14x 10’ Wh

The required energy for the compression of H,, produced by the CO, electrolyzer,
is equal to:

2,240,389 moly, x 9.2016 kJ/mol = 5.73 x 10° Wh

The required energy for the compression of H», produced by the H»O electrolyzer,
is equal to:

(252,194,248 — 2,240,389) moly, x 9.3397 kJ/mol = 6.48 x 108 Wh

. Next, the required energy for cooling of CO and H; should be estimated. This esti-

mation is done according to the following steps:

(a) Interms of simplicity, it is assumed that the total amount of CO and H; pro-
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(b)

(©)

(d)

(e

(9

duced is fed uniformly (across the year) to the methanol converter.

20,163,502 molco

8784 hours/year
2,240,389 moly,
8784 hours/year

2,295 molco/hour

255 moly, /hour (produced by CO»

electrolyzer)
(252,194,248 - 2,240,389) moly,
8784 hours/year

= 28,456 moly, /hour (produced
by H,O electrolyzer)

As far as the CO production rate (nco) is concerned, its volumetric flow rate
before compression (Vi ,co) needs to be calculated, using the equation 3.24.
The values of R, Py, co and T} co from Table 3.7 will be used.

2,295 molco/hour x 8.3145 m?®  Pa/K * mol x 333.15 K
10° Pa

Vico =

= 6.358 m®/hour

The volumetric flow rate of CO after compression (V,,co) needs to be esti-
mated, using the equation 3.27. The values of P, co and kco from Table 3.7
will be used.

x6.358 m3/hour = 1.591 m®/hour

10 bar (13075
V2,co ( )

69.7 bar

The temperature of CO after compression (T2 co) needs to be estimated, us-
ing the equation 3.29. The values of Py co, P2,co and T co from Table 3.7 will
be used.

69.7 bar x 1.591 m3/hour x 333.15 K

T = = 580.9 K
20 10 bar x 6.358 m3/hour

The total required energy for cooling of CO can be estimated, using the equa-
tions 3.31 and 3.33 in combination. The temperature of CO after cooling
(Ts,co) is equal to the syngas inlet temperature (i.e. 498.15 K) and the mo-
lar capacity of CO (Cp co) is equal to 30.47 J/mol*K at 600 K [109].

30.47 J/mol * K x (580.9 —498.15) K x 20,163,502 molco
3600 x 3

= 4.71x10%° Wh

Following the same estimations steps as above, the total required energy for
cooling of H, (produced by the CO; electrolyzer) is equal to 5.18 x 10° Wh.
Also, the total required energy for cooling of H, (produced by the H»O elec-
trolyzer) is equal to 6.37 x 107 Wh. These estimations were done using the
equations 3.25, 3.28, 3.30, 3.32 and 3.33 and the relevant values of H, from
Table 3.7.
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8. Adding all the aforementioned energy requirements and assuming that the effi-
ciency of the DC-DC converters is equal to 98%, the total energy requirement of
the whole system is equal to 3.03 x 10'° Wh. The following Table 4.2 represents
all the estimated energy requirements and production output data for this thesis
system.

Table 4.2: Estimated energy requirements and production output data for the whole system

Parameter Estimated Value
CH;30H required production 124,836,153 molch,0H
Hj, required production 252,194,248 moly,
H,0 required supply to electrolyzer 252,194,248 molgy,o
CO required production 20,163,502 molco
CO, required supply to electrolyzer 20,163,502 molco,
CO, required supply to methanol converter 28,590,040 molco,
Energy required for CO, electrolyzer 3.17x 107 Wh
Energy required for H,O electrolyzer 2.58 x 1017 Wh
Energy required for the compression of CO 5.14 x 10’ Wh
P E T
Energy required for the compression of Hy (pro- 6.48 x 108 Wh

duced by H,O electrolyzer)
Energy required for the cooling of CO 4.71 x 10° Wh

Energy required for the cooling of H, (produced

5
by CO; electrolyzer) 5.18 x 10° Wh
Energy required for the cooling of H, (produced 6.37 x 107 Wh
by HO electrolyzer)

Total required energy (without DC-DC con- 29710 Wh
verters)

Total required energy (with DC-DC converters) | 3.03 x 10! Wh

4.3. PV PANELS

HE installed peak PV power for this thesis system was estimated by using: i) the to-

tal required energy (with DC-DC converters) for the whole system (as it can be seen
in Table 4.2) and ii) the energy yield of 1 MWp PV system in the selected plant location.
According to the platform PVGIS 5.1 of the EU Science Hub [94], a PV system of 1 MWp
generates 1.70 x 10 Wh/year. Therefore, an installed peak PV power of 17.84 MWp is
required for generating 3.03 x 10! Wh/year.

For simplicity, it has been decided that the installed peak PV power for this thesis
system is equal to 18 MWp. According to PVGIS 5.1, such a PV system can reach a maxi-
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mum power output of 21.10 MW and generate 3.054 x 10!° Wh/year. These values are
also presented in Table 4.3.

Table 4.3: Sizing data and production results of the PVs

Parameter Value

Installed peak PV power 18 MWp
Maximum PV power 21.10 MW
Energy Yield 3.054 x 100 Wh

4.4. DC-DC CONVERTERS

HE maximum power output of the PV panels was rounded up to 22 MW and therefore
22 DC-DC converters are required for this thesis system (see equation 3.34). As it
was mentioned in section 3.9.4, the maximum power input per converter is equal to 1
MW and the rounding-up gives some spare capacity to the system for power conversion.

4.5. CO, ELECTROLYZER

HE power capacity of the CO, electrolyzer is defined in this section, by estimating

the required number of its stacks. As it has been previously mentioned in section
3.9.5, the required electrical power for the auxiliary equipment is subtracted from the
power output of the PVs and the rest of this power is fed to the electrolyzers. According
to Table 4.2, the required electrical energy for the auxiliary equipment is 2.6% of the to-
tal required energy. Therefore, for simplicity, it is assumed that the required electrical
power for the auxiliary equipment will not be taken into account in the estimations of
this section.

The power output of the PV panels need to be split between CO, and H,O electrolyz-
ers. The approach of the power split is based on the syngas composition, as it is pre-
sented in Table 3.10. Since the syngas consists of H, by 83.8% and CO by 6.7%, the power
input of the CO; electrolyzer is equal to 7.5% of the PVs power output (the rest is fed to
the H,O electrolyzer). The maximum PVs power output will be used (according to the
data of PVGIS 5.1), so that the capacity of the CO; electrolyzer is estimated.

Moreover, it is assumed that the operating V. of the CO; electrolyzer is equal to
2.4V, since itranges from 1.95Vto 2.85V. According to the electrolyzer’s model in Simulink,
the Veen 0f 2.4 V corresponds to J of 82.9 mA/cm? and Pgensiry of 198.96 mW/cm?. These
assumed operating parameters are in accordance with the electrolyzer’s specifications
in Table 3.5. As soon as the required number of stacks is estimated, then the power ca-
pacity of the electrolyzer is estimated using its maximum power density (see Table 3.5),
as follows.
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Ppymax = 21.10 MW
N 21.10 x 10° mW x 7.5% 39.96 stack
= = .96 stacks
CO2 stacks 198.96 mW/cm? x 199,000 cm?/stack
~ 40 stacks
Pcoz,capacity = 40 stacks x 199,000 cm?/stack x 578.84 mW/cm?

= 4.61 MW

Therefore, the CO, electrolyzer of this thesis system consists of 40 stacks and has
a power capacity of 4.61 MW. Unfortunately, such a CO; electrolyzer could produce
1.490 x 10° molco and 2.986 x 10 moly,, according to Simulink. This CO production
was much lower than the required CO production (i.e. 20,163,502 molcp), as it was es-
timated in section 4.2. That’s why; the power split rate was increased from 7.5% to
10.2%, but the power capacity of the CO; electrolyzer remained unchanged (the new
power split rate can be seen in Figure D.7 of Appendix D). With this configuration, the
CO; electrolyzer could produce 2.019 x 10° molgg and 3.526 x 10° moly,, according
to Simulink. Table 4.4 presents the sizing data and production results of the CO; elec-
trolyzer.

Table 4.4: Sizing data and production results of the CO> electrolyzer

Parameter Value

Number of stacks 40

Power capacity 4.61 MW

CO production 2.019 x 107 molco

CO, required supply 2.019 x 107 molco,

H, production 3.526 x 10° moly,

Power input 10.2% of PV power output
Energy input 2.973 x 10 Wh

Energy efficiency [min - mean - max] 45.07% - 50.86% - 55.32%

Finally, the following Figure 4.1 presents the dynamic operation of the CO, elec-
trolyzer’s stacks. Also, the complementary Figure 4.2 presents more clearly the dynamic
operation of the CO; electrolyzer’s stacks in the interval 2000-2300. As far as the ver-
ification of the aforementioned results is concerned, the overall efficiency of the CO,
electrolyzer’s model is equal to 53.38%, which is very close to the simulation results of
Table 4.4. The overall efficiency can be estimated as follows (using the energy required
for CO; electrolysis, which is equal to 283 kJ/mol [96]):
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Neco = 2.019x10” molgo
Eout = 2.019x10° molcox283 kJ/molco = 1.5871x10° Wh
1.5871 x 10° Wh
TNoverall = —2.973 <10° Wh = 53.38%

Dynamic operation of CO2 electrolyzer's stacks
T T

1 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Simulation steps

Figure 4.1: Dynamic operation of the CO> electrolyzer’s stacks

Dynamic operation of CO2 electrolyzers' stacks, in the interval 2000 - 2300
T

N
o
1%

-5 L
2000 2050 2100 2150 2200 2250 2300
Simulation steps

Figure 4.2: Dynamic operation of the CO> electrolyzer’s stacks, in the interval 2000-2300
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4.6. H,O ELECTROLYZER

HE sizing approach of the H,O electrolyzer is similar to the sizing approach of the

CO, electrolyzer. As in the case of the CO» electrolyzer, the required electrical power
for the auxiliary equipment will not be taken into account in the estimations of this sec-
tion.

Since 10.2% of the PV power output is fed to the CO; electrolyzer, then 89.8% of the
PV power output is fed to the H, O electrolyzer (the latter power split rate can be seen in
Figure D.7 of Appendix D). Taking into account the maximum power density of the H,O
electrolyzer (see Table 3.6), 140 stacks are required for the operation of the electrolyzer
(see the following calculation).

Povmax = 21.10 MW

N 21.10 x 10° mW x 89.8% 139.8 stack
= = .0 StacCks
H20;stacks 681 mW/cm? x 199,000 cm?/stack

~ 140 stacks

However, this amount of stacks is oversized, because the H,O electrolyzer produces
2.503 x 108 moly,. Taking into account the H; production of the CO; electrolyzer (see
Table 4.4), this gives us a total H, production of 2.54 x 108 moly,, which is more than the
total required amount of H (i.e. 252,194,248 moly,). That’s why; it has been decided to
decrease the amount of stacks of the H,O electrolyzer from 140 to 100. This decision is
supported by the Figure 4.3, which shows that more than 100 stacks are barely required
for the electrolyzer’s operation. Also this Figure presents the dynamic operation of the
H,O0 electrolyzer’s stacks.

Taking into account the limit of 100 stacks in the electrolyzer’s operation, the H,O
electrolyzer could produce 2.492 x 10® moly, and 1.246x 108 molo,, according to Simuli-
nk. Adding this Hy production and the H, production of the CO, electrolyzer (see Table
4.4), the total required amount of H, (i.e. 252,194,248 moly,) is fulfilled. Also, the power
capacity of the Hy0 electrolyzer is estimated as 13.55 MW (see the following calcula-
tion). Table 4.5 presents the sizing data and production results of the H»O electrolyzer.

Pi2ocapacity = 100 stacks x 199,000 cm?/stack x 681 mW/cm?
= 13.55 MW

As far as the verification of the aforementioned results is concerned, the overall ef-
ficiency of the H,O electrolyzer’s model is equal to 75.95%, which is very close to the
simulated results. The overall efficiency can be estimated as follows (using the energy
required for H, O electrolysis, which is equal to 285.8 kJ/mol [12]):



4.7. METHANOL REACTOR AND BUFFER TANKS 81

Dynamic operation of H20 electrolyzer's stacks
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Figure 4.3: Dynamic operation of the HyO electrolyzer’s stacks (no limit in the amount of stacks with red and
limit of 100 stacks with blue)

Table 4.5: Sizing data and production results of the HO electrolyzer

Parameter Value
Number of stacks 100
Power capacity 13.55 MW
H, production 2.492 x 10% moly,
H,O required supply 2.492 x 10% moly,o
0, production 1.246 x 10® molo,
Power input 89.8% of PV power output
Energy input 2.605 x 10'° wh
Energy efficiency [min - mean - max] 75.83% - 76.52% - 81.71%
Ny, = 2.492x10° moly,
Eout = 2.492x10% moly, x285.8 kJ/moly, = 1.9784x10'° Wh
1.9784 x 10'° Wh
Noverall = —o oo = 75.95%

2.605 x 1010 Wh

4.7. METHANOL REACTOR AND BUFFER TANKS

HE components and parameters of the methanol synthesis process are estimated in
this section. Taking into account the estimation results of the above sections, the pa-
rameters 5-8 of the Table 4.1 will be estimated and optimized together, because they all
affect the methanol synthesis process. The target of this optimization is the minimiza-
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tion of the methanol converter and the buffer tanks of H, and CO.

The estimation steps are as follows:

1. As it has been mentioned in sections 3.9.3 and 3.10, the methanol synthesis pro-
cess is assumed to be a continuous process, which will be independent from the
intermittent PVs power output. This means that the methanol reactor needs to be
switched off for some time, so that some amount of H, and CO can be stored in the
buffer tanks. As soon as the stored amount is sufficient, then the methanol reactor
starts operating. Therefore, it was found that the methanol reactor needs to be
out of operation for 500 hours and in operation for 8284 hours.

2. Taking into account the required amounts of H, and CO (see section 4.2), the mo-
lar feeding rates of H, and CO can be estimated as follows:

20,163,502 molco

NR = = 2,434 molco/hour
o 8284 hours co
NR 252,194,248 moly, 30 444 I /h
— = , mo our
Ha 8284 hours He

3. At this point, the molar feeding rates of H, and CO need to be converted to vol-
umetric rates (VR and VR¢o respectively), because the last ones are necessary
for the estimation and monitoring of their buffer tanks capacity. Using the value
of R from Table 3.7 and the syngas inlet temperature and pressure from Table 3.10
in the equations 3.24 and 3.25, the volumetric feeding rates of H, and CO can be
estimated as follows:

2,434 molco/hour x 8.3145 m3 * Pa/K * mol x 498.15 K

VR =
co 69.7 x 105 Pa
= 1.446 m*/hour
VR 30,444 moly, /hour x 8.3145 m? % Pa/K * mol x 498.15 K
H, =

69.7 x 105 Pa
= 18.090 m®/hour

4. Asfar as the molar feeding rate of CO, is concerned, this is constant and estimated
as 3,451 molco,/ hour (using the same approach as in the above point 2).

5. Given the aforementioned VRco and VRy, the required buffer tanks capacities are
equal to 1,310 m® and 16,245 m3, respectively. These capacity values guarantee
that there is always enough amount of Hy and CO for the smooth operation of the
methanol reactor. Figure 4.4 presents the percentage change of the buffer tanks
capacities (given the above volumetric capacities).

6. Takinginto account the aforementioned VRco and VR, and the conversion rate of
the methanol reactor (i.e. 99%), the system could produce 1.248 x 108 molcH,0H
or 3.999 kT. This production result is very close to the production target of 4 kT/year
and the required molar production of CH30OH in Table 4.2 (i.e. 124,836,153 molcy,0n).
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Percentage change of the H2 & CO buffer tanks capacities
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Figure 4.4: Percentage change of the Hp and CO buffer tanks capacities

This production output requires a methanol converter, which consists of 75 tubes
and has a catalyst mass of 786.69 kgc,¢. The size of the methanol converter was es-
timated as follows, using the values of catalyst mass per tube (i.e. 10,468 g.,/tube)
and methanol molar production per catalyst particle (i.e. 0.01939 mol/gca¢/h) of

Table 3.10:
1.248x10® molcu,on
Neub 8284 hours
s 99% x 10,468 gcar/tube x 0.01939molcy, o1/ geat/hour
= 75 tubes
Mcatayse = 75 tubes x 10,468 gcai/tube = 786.69 kgcat

All the above sizing data and production results of the methanol converter and the
buffer tanks are summarized in Table 4.6.

4.7.1. ACTIVATION STEP OF THE METHANOL CONVERTER

In the previous section, it was estimated that the activation step of 501 is the optimum
for the operation of the methanol converter, taking into account the parameters of Table
4.6. In this subsection, the effect of changing the activation step will be presented.

Decrease of activation step
If the activation step is decreased, then the buffer tanks capacities, the tubes of the
methanol converter and the feeding rates of H, and CO will be decreased. In such a
case, less storage of CO and H; and a smaller methanol converter are required, because
the converter will operate for more time throughout the year. However, the converter’s
operation will not be smooth and continuous, because a deficit of H, and/or CO will be
present. The production rates of H, and CO are not sufficient, because they remain un-
changed (i.e. no change in the electrolyzers and PVs size). For example, Figure 4.5 shows
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Table 4.6: Sizing data and production results of the methanol converter and the buffer tanks

Parameter

Value

CH30H production

1.248 x 10° molcy,on Or
3.999 kT

H, volumetric feeding rate

18.090 m3/hour

H; molar feeding rate

30,444 moly, /hour

CO volumetric feeding rate

1.446 m3/hour

CO molar feeding rate

2,434 molco/hour

CO; molar feeding rate

3,451 molco,/hour

H, buffer tank capacity 16,245 m3
CO buffer tank capacity 1,310 m®
Activation step of methanol converter 501

Tubes of methanol converter 75 tubes

Catalyst mass of methanol converter

786.69 Kgcat

the deficit of H, in the interval 2090-2098, when the activation step decreases from 501
to 491.

Percentage change of the H2 & CO buffer tanks capacities, in the interval 2040 - 2140
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Figure 4.5: Percentage change of the Hy and CO buffer tanks capacities, in the interval 2040-2140

Increase of activation step
If the activation step is increased, then the buffer tanks capacities, the tubes of the metha-
nol converter and the feeding rates of H, and CO will be increased. In such a case, more
storage of CO and H; and a larger methanol converter are required, because the con-
verter will operate for less time throughout the year. This would cause an increase of the
capital expenditures regarding the methanol synthesis process.
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4.8. COMPRESSORS

s far as the CO and H, gases compression is concerned, 3 types of compressors are
A required, because there are 3 different streams (i.e. CO stream, H, stream produced
by the CO; electrolyzer and H; stream produced by the H, O electrolyzer). Since the mo-
lar flow rate of each stream is different, the specific energy for the compression of each
gas is also different (see section 3.9.1). The maximum molar flow rates of each stream
will be taken into account for the estimation of the power capacity of each compressor.

Therefore, the estimation steps for the sizing of the compressors are as follows:

1. According to Simulink, the maximum molar production rate of CO is equal to
1.3677 x 10* molco/hour. According to Table 3.7 and the equation 3.22, the spe-
cific energy for the compression of CO is equal to 9.1725 kJ/molco. Therefore, the
power capacity of the compressor for the CO stream can be estimated as follows:

NRco,produced,max = 1.3677 x 10* molco/hour

Pco,compycapacity = 1.3677 x 10* molco/hour x 9.1725 kJ/mol =
= 3485kW = 35kW

2. According to Simulink, the maximum molar production rate of H, (produced by
the CO» electrolyzer) is equal to 1,651 moly, /hour. According to Table 3.7 and the
equation 3.23, the specific energy for the compression of this H, stream is equal
to 9.2016 kJ/moly,. Therefore, the power capacity of the compressor for this Hy
stream can be estimated as follows:

NRH2 (from CO; el),produced,max = 1,651 m01H2 /hour
PH, (from CO; el),comp,capacity = 1,651 moly, /hour x 9.2016 kJ/mol =
= 422kW = 5KkW

3. According to Simulink, the maximum molar production rate of H, (produced by
the H0 electrolyzer) is equal to 1.2945 x 10° moly, /hour. According to Table 3.7
and the equation 3.23, the specific energy for the compression of this Hy stream is
equal to 9.3397 kJ/molg, . Therefore, the power capacity of the compressor for this
H, stream can be estimated as follows:

NRy, (from H,0 el),produced,max = 1.2945 x 10° mOIHz /hour
PH, (from H,0 eb),comp,capacity = 1.2945 x 10° moly, /hour x 9.3397 kJ/mol =
= 33584 kW =~ 336 kW

The following Table 4.7 presents the sizing data and production results for all the
compressors. As it can be seen, the total energy input of the compressors is equal to
7.070 x 102 Wh. Adding the estimated energy requirements for compression of Table
4.2, this gives us an estimated total energy requirement of 7.056 x 103 Wh. It can be
understood that both values are very close to each other.
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Table 4.7: Sizing data and production results of the compressors

Parameter Value

Power capacity of the compressor (for the CO stream) 35 kW

Power capacity of the compressor (for the H, stream

produced by the CO; electrolyzer) 5 kw

Power capacity of the compressor (for the H, stream 336 KW
produced by the H,O electrolyzer)

Total energy input for compression 7.070 x 108 Wh

4.9. COOLING UNITS

IMILARLY to the approach for the sizing of the compressors, the three types of cool-
S ing units are sized based on the maximum molar flow rates of each stream (i.e. CO
stream, H, stream produced by the CO, electrolyzer and H, stream produced by the
H,0 electrolyzer). The cooling units are sized in terms of their cooling capacity and in-
put power. The sizing approach of this section is categorized as follows:

1. As far as the sizing of the cooling unit for the CO stream, the estimation steps are
as follows:

(@) According to Simulink, the maximum molar production rate of CO is equal
to 1.3677 x 10* molco/hour

NRco,produced,max = 1.3677 x 10* molgo/hour

(b) The ratio of Voo to Vj co (i.e. volumetric flow rates of CO after and before
compression, respectively) is a constant number and equal to 0.2502, be-
cause the pressures P co and P, co are also constants (see Table 3.7). This
ratio is calculated as follows, using the equation 3.27:

1
V- 10 bar (14013)
200 _ ( ) - 02502

V1,co 69.7 bar
(c) The temperature of CO after compression (T2, co) needs to be estimated, us-
ing the equation 3.29. The values of Py co, P2,co and Ty co from Table 3.7 will
be used.
69.7 bar

Thco = ——x333.15Kx0.2502 = 5809 K
’ 10 bar

(d) The cooling capacity of the cooling unit for the CO stream can be estimated
using the equation 3.31 and NRco produced,max (s€€ the following calculation).
The temperature of CO after cooling (T3 co) is equal to the syngas inlet tem-
perature (i.e. 498.15 K) and the molar capacity of CO (Cy, co) is equal to 30.47
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J/mol*K at 600 K [109].

Qc,CO,capacity =
30.47 J/mol x K x (580.9 —498.15) K x 1.3677 x 10* molco/hour
3600 seconds/hour
= 95792 W = 96 kW

(e) The relevant input power for such a cooling unit is estimated, using the equa-
tion 3.33 and an EER value of 3 (see the following calculation):

9.6 kW
Pcool,cO,capacity = 3 = 32kw

2. As far as the sizing of the cooling unit for the H, stream (produced by the CO,
electrolyzer) is concerned, the estimation steps are similar to those of the above
point 1. The estimation for the current stream is done, based on the maximum
molar production rate of H, (produced by the CO; electrolyzer), which is equal to
1,651 moly, /hour. Also, the equations 3.25, 3.28, 3.30, 3.32 and 3.33 and the rele-
vant values of H, from Table 3.7 were used in this estimation.

Therefore, the cooling capacity of the cooling unit for the H, stream (produced
by the CO, electrolyzer) is estimated as 1.2 kW and the relevant input power is
estimated as 0.4 kW. These values were calculated as follows:

QC,H2 (from CO; el),capacity =
29.32 J/mol * K x (583.28 —498.15) K x 1,651 moly, /hour _

3600 seconds/hour
= 1,1447W = 12KkW

1.2 kw
PcoolHz (from CO; el) capacity = 3 = 04 kw

3. The sizing of the cooling unit for the H, stream (produced by the H,O electrolyzer)
is estimated exactly as the other H, stream of the above point 2. Therefore, the
cooling capacity of the cooling unit for the H, stream (produced by the H,O elec-
trolyzer) is estimated as 1.2 kW and the relevant input power is estimated as 0.4
kW. These values were calculated as follows:

QC,HZ (from  el),capacity =
29.32 J/mol * K x (592 —498.15) K x 1.2945 x 10° molHZ/hour

3600 seconds/hour
= 98,9456x10* W = 99 kW

99 kW
P cool,H2 (from CO; el),capacity = T = 33 kW
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The following Table 4.8 presents the sizing data and production results for all the
cooling units. As it can be seen, the total energy input of cooling units is equal to 6.905 x
107 Wh. Adding the estimated energy requirements for cooling of Table 4.2, this gives us
an estimated total energy requirement of 6.893 x 10’ Wh. It can be understood that both
values are very close to each other.

Table 4.8: Sizing data and production results of the cooling units

Parameter Value
Cooling capacity of the cooling unit (for the CO stream) | 9.6 kW
Input power for the cooling unit (for the CO stream) 3.2 kW
Cooling capacity of the cooling unit (for the H; stream 1.2 kW
produced by the CO; electrolyzer) )
Input power for the cooling unit (for the H, stream pro- 0.4 KW
duced by the CO; electrolyzer) )
Cooling capacity of the cooling unit (for the Hy stream 99 KW
produced by the H»O electrolyzer)

Input power for the cooling unit (for the H, stream pro- 33 KW
duced by the H,O electrolyzer)

Total energy input for cooling 6.905 x 107 Wh

4.10. DumMmp ENERGY

HE supplied energy by the PV panels to the system is equal to 30.54 GWh/year (see

Table 4.3). Unfortunately, this energy yield cannot be fully exploited by the sys-
tem. This happens, because there are cases, where the supplied energy by the PVs is
so little that the electrolyzers cannot operate even 1 stack of them and are switched off.
So, this energy cannot be exploited by the electrolyzers and needs to be dumped, be-
cause there are no batteries implemented in the system and thus this energy cannot be
stored. According to Simulink, the dump energy is equal to 1.212 x 102 Wh/year or 0.12
GWh/year. So, the dump energy accounts for 0.40% of the total input energy.

4.11. SUMMARY
N this chapter the sizing approach and production results of the proposed thesis sys-
tem were presented. The system was sized by doing an empirical analysis of the vari-
ous system parameters and not by using an optimization tool. Moreover, the system was
sized by following a backward approach, so that the system size was minimised and its
efficiency was increased.

Initially, it was estimated that the total energy requirement of the system was equal
to 30.3 GWh, so that the system could reach the production target of 4 kT of methanol.
Based on this energy requirement, it was found that the installed peak PV power for
this system is equal to 18 MWp and its maximum power output is equal to 21.10 MW.
That’s why; the required amount of DC-DC converters for this system is equal to 22 units.
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Also, the required electrical power for the auxiliary equipment is subtracted from the PVs
power output and the rest of this power is fed to the CO; electrolyzer by 10.2% and to the
H,O0 electrolyzer by 89.8% (based on the syngas composition).

According to the energy and production requirements, it was found that the power
capacity of the CO; electrolyzer is equal to 4.61 MW (consisting of 40 stacks) and its effi-
ciency ranges from 45.07% to 55.32% (due to its dynamic operation). Also, it was found
that the power capacity of the H,O electrolyzer is equal to 13.55 MW (consisting of 100
stacks) and its efficiency ranges from 75.83% to 81.71% (due to its dynamic operation).
It has to be mentioned that the number of stacks of the H,O electrolyzer is limited from
140 pieces to 100, because the produced H, was more than the necessary quantity and
more than 100 stacks were barely required for the electrolyzer’s operation.

As far as the methanol synthesis process is concerned, it was found that the methanol
reactor needs to be out of operation for 500 hours, so that some amount of CO and H,
can be stored in the buffer tanks. At the 501th simulation step, the methanol converter
starts operating and keeps running continuously until the simulation end. The converter
needs to consist of 75 tubes, which contain 786.69 kg of catalysts. Under these operat-
ing conditions, the methanol converter is able to produce 3.999 kT of methanol. If the
methanol converter was out of operation for more than 500 hours, then it would operate
for less hours, leading to an increase in its size and the size of the buffer tanks. However,
if the methanol converter was out of operation for less than 500 hours, then there would
be a deficit of H, and/or CO, leading to a non-smooth and non-continuous operation of
the converter.

Regarding the auxiliary equipment, it was found that 3 different types of compres-
sors and cooling units are required, because there are 3 different streams (i.e. CO stream,
H; stream produced by the CO; electrolyzer and H, stream produced by the H,O elec-
trolyzer). The power capacity of the compressor for the first stream is equal to 35 kW and
the cooling capacity of the cooling unit for this stream is equal to 9.6 kW. For the second
stream, the values are equal to 5 kW and 1.2 kW, respectively. For the last stream, the
values are equal to 336 kW and 99 kW, respectively.

Finally, it can be seen that the proposed system can produce almost 4 kT of methanol,
when the electrolyzers are in dynamic operation and the methanol converter operates
continuously with the use of buffer tanks. Also, the system is able to exploit 99.6% of the
PVs energy yield (i.e. dumping the rest of it).







ECONOMIC ANALYSIS

This chapter presents the economic potential of the proposed thesis system. The first
step of the system’s economic analysis is the estimation of the equipment prices (includ-
ing purchasing prices, operating costs and lifetime) and is presented in section 5.1. The
next analysis step is the estimation of the market prices of methanol, feedstocks and
dumped energy (see section 5.2). Taking into account the aforementioned prices, the
system’s capital and operational expenditures can be estimated (see sections 5.3 and 5.4,
respectively). Based on these expenditures, a cash flow analysis has been carried out and
the end-of-life net present value of the system has also been estimated (see section 5.5).
Moreover, the levelized cost of methanol has been estimated in section 5.6. Finally, the
environmental benefit of this system is mentioned in section 5.7 and the whole chapter
is summarized in section 5.8.

5.1. EQUIPMENT PRICES ESTIMATION

HIS section describes the cost areas and the required assumptions for the economic
T analysis of this thesis system. The information of this section covers the purchas-
ing prices, operating costs and lifetime of the required machinery and equipment. The
following subsections presents the cost data of each equipment.

5.1.1. PV PANELS

In December 2020, the purchasing price for mainstream c-Si PV modules was equal to
0.22 €/Wp [124]. Another cost that has to be taken into account in the estimation of the
PVs capital cost is related to the Balance of System (BoS) components. The BoS includes,
eg, mounting structures, cabling, other electrical components, infrastructure, installa-
tion work, planning, documentation, and other work. A typical cost factor for the BoS
components is equal to 0.20 €/Wp for Europe in 2019 and without any grid connection
[125].

As far as the operation and maintenance (O&M) cost of the PVs is concerned, this cost
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factor was equal to 5 €/kWp/year for Europe in 2019 [125]. This O&M price is suitable
for the PV system of this thesis (i.e. 18 MWp), because this price is related to PV systems,
whose size ranges from 10 to 50 MWp [125]. Finally, the lifetime of the PVs is equal to 25
years [125]. All the aforementioned data has been chosen for this study and is presented
in Table 5.1.

Table 5.1: Cost data for the PVs

Cost factor Value

Purchasing price of c-Si PV modules 0.22 €/Wp [124]
BoS cost 0.20 €/Wp [125]
O&M cost 5 €/kWp/year [125]
Lifetime 25 years [125]

5.1.2. DC-DC CONVERTERS

For the DC-DC converters, it is assumed that the converters cost depends on the power
rating and their cost is the same as the cost of DC-AC inverters. In 2019, the price of
DC/AC inverters was equal to 0.025 €/Wp for utility-scale projects [125]. Also, the invert-
ers lifetime is assumed to be half of the PVs lifetime (i.e. 12.5 years) [125]. The aforemen-
tioned data has been chosen for the DC/DC converters of this study and is presented in
Table 5.2.

Table 5.2: Cost data for the DC-DC converters

Cost factor Value
Purchasing price 0.025 €/Wp [125]
Lifetime 12.5 years [125]

5.1.3. COy ELECTROLYZER

The estimation of the CO; electrolyzer costs is based on the publication by Shin et al.
[126], which is related to a techno-economic assessment of a PEM CO» electrolyzer. As
it can be seen in Table 3.5, the CO» electrolyzer of this thesis system is also of PEM type.
According to this publication, the capital cost of a PEM CO, electrolyzer is equal to 550
$/kW and its BoS components cost accounts for 61% of its total cost [126]. The exchange
rate used to convert the price in EUR has been extracted by the European Central Bank
(ECB) database. According to ECB, the yearly average exchange rate EUR to USD is equal
to 1.1956 $/€ [127].

As far as the maintenance of the CO; electrolyzer is concerned, its annual O&M cost
is equal to 2.5% of its capital cost [126]. Apart from that, the membrane electrode assem-
bly (MEA) needs to be replaced every year and this job considers the cost of membrane
and catalysts for the anode and cathode [126]. The MEA replacement costs 1,180 $/ m?2
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[126]. However, the cell compartment needs to be replaced every 7 years at a cost of 15%
of the electrolyzer’s capital cost [126]. Finally, the lifetime of the CO; electrolyzer is equal
to 20 years [126]. All the aforementioned data has been chosen for the CO» electrolyzer
of this study and is presented in Table 5.3.

Table 5.3: Cost data for the CO> electrolyzer

Cost factor Value

Electrolyzer cost 460.02 €/kW [126]

BoS cost 61% of its electrolyzer cost [126]
O&M cost 2.5% per year of its capital cost [126]
MEA replacement cost 986.95 €/m? /year [126]
gi’l(ler;()?n;gzgnent replacement cost 15% of its capital cost [126]

Lifetime 20 years [126]

5.1.4. H»,O ELECTROLYZER

The estimation of the H,O electrolyzer capital costs is mainly based on the report of
Dikschas et al. issued by Fraunhofer Institute [128]. According to this report, the cost
of an AEL H,O electrolyzer was equal to 750 €/kW in 2017 [128]. As in the case of the
CO;, electrolyzer, it is assumed that the BoS components cost of the H,O electrolyzer ac-
counts for 61% of its total cost [126].

Bertuccioli et al. have estimated the O&M cost for AEL H,O electrolyzers, which is
equal to 2.2% per year of the initial capital cost for a 10 MW electrolyzer and 1.85% per
year of the initial capital cost for a 20 MW electrolyzer [129]. Therefore, the O&M cost
of the AEL H,O electrolyzer of this thesis system is assumed to be 2.08% of the initial
capital cost, since its power capacity is equal to 13.55 MW. As far as the electrolyzers
stacks replacement is concerned, this costs 50% of investment cost and needs to be done
between 60,000 and 90,000 operating hours [130]. The lifetime of AEL H»O electrolyzers
ranges from 20 to 30 years [130]. Due to the dynamic operation of HyO electrolyzer in this
thesis system, it has been decided that the stacks will be replaced every 60,000 operating
hours or 7 years (i.e. each year consists of 8,760 operating hours) and the electrolyzer’s
lifetime will be equal to 20 years. All the aforementioned data has been chosen for the
H>O electrolyzer of this study and is presented in Table 5.4.

5.1.5. METHANOL REACTOR AND BUFFER TANKS

The capital cost of the methanol reactor depends mainly on its catalyst type, which is
made of copper-zinc oxide with aluminium oxide (CuO/Zn0/Al,03), as it can be seen in
Table 3.9. That’s why; the capital cost estimation is based on the publication by Zhang et
al., which mentions some cost data for a methanol reactor with CuO/Zn0/Al,Os catalyst
[131]. According to this report, the catalyst costs 21.36 $/kg and needs to replaced every
4 years [131]. As in the case of the CO; electrolyzer, it is assumed that the BoS compo-
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Table 5.4: Cost data for the H2O electrolyzer

Cost factor Value

Electrolyzer cost 750 €/kW [128]

BoS cost 61% of its electrolyzer cost [126]

O&M cost 2.08% per year of the initial capital cost [129]

Stack replacement cost (every
60,000 operating hours or 7 years)
Lifetime 20 years [130]

50% of investment cost [130]

nents cost of the methanol reactor accounts for 61% of its total cost [126]. The annual
maintenance cost of the methanol reactor is equal to 3% of its initial capital cost and
is based on general plant maintenance standards [132]. All the aforementioned data is
presented in Table 5.5.

Table 5.5: Cost data for the methanol reactor

Cost factor Value

Catalyst cost 17.87 €/kg [131]

BoS cost 61% of its electrolyzer cost [126]
Maintenance cost 3% per year of the initial capital cost [132]
Catalyst lifetime 4 years [131]

The capital cost of the H, and CO buffer tanks is estimated, using the following equa-
tion, which is for storage tanks of floating-roof type [133] :

C, = 475xV*1 [§] (5.1)

where V is the volume of the storage tank in gallons and the cost, Cy, is calculated in
USD.

5.1.6. COMPRESSORS
The capital cost of the compressors is estimated, using the following equation [134]:

C =10g(Pcomp) +

ax (Pcomp)z] + [b X PCOmp] +c, [$] (5.2)

where Pcomp is the compressor power capacity (kW) and its cost, C, is calculated in
USD. For a centrifugal compressor (like the compressors type of this thesis system), the
coefficient a is equal to 0.03867, the coefficient b is equal to 446.7 and the coefficient c is
equal to 1.378 x 10° [134].

Finally, the annual maintenance cost of the compressors is equal to 3% of their initial
capital cost and is based on general plant maintenance standards [132]. The compres-
sors lifetime is equal to 40 years [135].
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5.1.7. COOLING UNITS

The capital cost of the cooling units, which are air-cooled chillers, is estimated according
to a technical primer issued by the Florida Power & Light Company (FPL) [136]. Accord-
ing to the FPL document, the cost of an air-cooled chiller, whose cooling capacity is lower
than 150 tons, ranges from $400 to $1,000 [136]. One ton of cooling is equal to 3.516 kW
of cooling [136]. This cost range is suitable for the cooling units of this thesis system,
because their cooling capacity does not exceed 99 kW or 28.2 tons (see Table 4.8). There-
fore, the price of 700 $/ton is chosen for the air-cooled chillers of this system.

Finally, the annual maintenance cost of the cooling units is equal to 3% of their ini-
tial capital cost and is based on general plant maintenance standards [132]. Since, this
machinery has a simple design and operation, it is assumed that its lifetime is equal to
40 years.

5.2. SALES, DUMP ENERGY AND FEEDSTOCK PRICES ESTIMA-
TION

EVENUES, energy loss and feedstock expenses have been estimated based on their

market prices. Table 5.6 presents the prices for the revenues, energy loss and feed-
stock expenses that have been used for the economic assessment of this thesis system.
Methanex (the world’s largest producer and supplier of methanol) sells methanol at the
price of 410 €/ton in Europe (according to its latest price sheet on June 22, 2021) [137].

The price of oxygen has been increased by 51% from Q1 2015 to Q1 2021 [138]. In the
1st quarter of 2021, the price of oxygen has reached 379.9 $/ton [138].

According to the latest developments on the carbon capture technology, the cap-
tured CO, can be supplied at 40 $/ton at a very high purity (up tp 99.99%) [78]. For more
information on that, please have a look at Table 3.3.

The required supply of H,O to the water electrolyzer, which is equal to 2.492 x 108
moly, o (see Table 4.5), needs to be converted in m3. Taking into account the water mo-
lar mass (i.e. 18.015 g/mol) and its density (i.e. 997 kg/m?3), the water required supply
is equal to 4,503 m3/year or 375.25 m®/month. According to Athens Water Supply and
Sewerage Company (EYDAP S.A.), the tariff for such a monthly water consumption is
equal to 0.83 €/ m? for industrial clients [139].

As it was mentioned in section 4.10, the dump energy of this thesis system is equal to
0.12 GWh/year. The cost of this energy loss can be estimated, using the PV tender tariff
in Greece. According to the PV Status Report 2019 issued by the European Union, the PV
tender tariff in Greece was equal to 0.06278 €/kWh in July 2019 [140].
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Table 5.6: Prices for revenues, dump energy and feedstock expenses

Item Price

Methanol 410 €/ton [137]
Oxygen 317.58 €/ton [138]
Captured COy 33.46 €/ton [78]
Water 0.83 €/m° [139]
Dump energy 0.06278 €/kWh [140]

5.3. CAPITAL EXPENDITURES ESTIMATION

HE estimation of the capital investment has been done using the method "Percent-
T age of Delivered-Equipment Cost", which is mentioned in the book of Peters et al
[141]. This method is commonly used for study and preliminary estimates [141]. In
this method, all the items of the total capital investment (TCI) are estimated as percent-
ages of the total delivered-equipment cost (TDEC). Therefore, the TDEC estimation is
required. However, it must be stated that the cost for land is usually not included in TCI,
because, by law, the land cannot be depreciated [141]. That’s why; the cost of land has
not be taken into account in the economic assessment of this project.

TDEC can be estimated by adding the total purchased-equipment cost (TPEC) and
its delivery cost. Usually, the delivery cost is extra and not included in TPEC, because
the equipment is quoted as f.o.b. (i.e. free on board, because the client pays the equip-
ment transport) [141]. Therefore, a delivery cost of 10% of the TPEC can be assumed for
predesign estimates [141]. The TPEC can be estimated using the equipment cost data of
section 5.1 and the sizing results of chapter 4. The following Table 5.7 presents the TPEC,
delivery cost and TDEC for the whole system of this project.

Figure 5.1 shows the cost centers’ shares of TPEC per equipment type, according to
the data of Table 5.7. As it can be seen, the most expensive equipment is the AEL H,O
electrolyzer. Also, c-Si PV modules account for 25% of TPEC and PEM CO; electrolyzer
accounts for almost 12% of TPEC. Those three types of equipment account for more than
90% of TPEC. This is reasonable, since this equipment is the core of this thesis system.

TCI is the sum of the fixed capital investment (FCI) and working capital (WC) [141].
FClI refers to the capital that is necessary for the equipment manufacture and plant con-
struction [141]. However, WC refers to the capital that is necessary for the start-up and
operation of the plant (e.g. raw materials, supplies, cash liquidity etc.) [141]. According
to the aforementioned TCI estimation method, it can be assumed that WC is equal to
15% of the TCI [141].

As far as FCI is concerned, this cost is divided into direct and indirect costs [141].
These cost factors can be determined as percentages of TDEC. Table 5.8 presents the
items of direct and indirect costs as well as their values, according to the aforementioned
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Table 5.7: Worksheet for the total equipment cost of the project

. Installed .
Equipment Capacity Unit Cost Total Cost
CB'OSSI) PV modules (including | ;o\ iy 0.42 €/Wp €7,560,000
DC-DC converters 22 MW 0.025 €/Wp € 550,000
AEL H,O electrolyzer 13.55 MW 750 €/kW €10,163,925
BoS cost for the AEL H,O elec- i 61% of the total €6,498,247
trolyzer electrolyzer cost
PEM CO; electrolyzer 4.61 MW 460.02 €/kW €2,119,573
BoS cost for the PEM CO,, elec- i 61% of the total €1,355,137
trolyzer electrolyzer cost
Methanol converter 786.69 kgcat | 17.87 €/kgcat € 14,055
BoS cost for the methanol con- | 61% of the total €8.986
verter converter cost ’
H, storage tank 16,245m° | - € 958,820
CO storage tank 1,310 m® - € 265,508
Centrifugal compressor for CO 35 KW i €128.374
stream
Centrifugal compressor for H, 5 KW i €117,125
stream (from CO electrolyzer)
Centrifugal compressor for H, 336 KW i €244.446
stream (from H, O electrolyzer)
Air-cooled chiller for CO 9.6 kW i €1,599
stream
Air-cooled chiller for H, stream 1.2 kW i €200
(from CO; electrolyzer)
Air-cooled chiller for H, stream
(from H;O electrolyzer) 99 kw i €16,485
Total purchased-equipment
cost (TPEC) - - € 30,002,479
Delivery cost - 10% of TPEC € 3,000,248
Total delivered-equipment
cost (TDEC) - - € 33,002,727

TCI estimation method. The values of these cost factors are relevant to a fluid processing
plant, since the system of this thesis handles liquids and gases.

Finally, TCI can be estimated using WC, the cost factors of Table 5.8 and TDEC. Table
5.9 presents the worksheet for the TCI estimation of this project. As it can be seen, the
TDEC of this project is equal to 33 M€, FCI is equal to 166.3 M€ and TCI is equal to
195.7 M€. So, TCI is 5.93 times higher than TDEC. According to another TCI estimation
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Cost centers shares of TPEC
Cooling units | 0.1%
Centrifugal compressors | 1.6%
Storage tanks [l 4.1%
Methanol converter (incl. BoS) | 0.1%
PEM CO2 electrolyzer (incl. BoS) [ 11.6%
AEL H20 electrolyzer (incl. BoS) [ 55.5%
DC-DC converters [l 1.8%
c-Si PV modules (incl. BoS) [N 25.2%

0% 20% 40% 60%

Figure 5.1: Cost centers shares of TPEC per equipment type

Table 5.8: List of direct and indirect costs for the estimation of fixed capital investment [141]

Cost Type | CostItem % of TDEC
Direct Delivered equipment 100
Direct Delivered equipment installation 47
Direct Instrumentation and controls (installed) | 36
Direct Piping (installed) 68
Direct Electrical systems (installed) 11
Direct Buildings 18
Direct Yard improvements 10
Dl | s s T T -
Indirect Engineering and supervision 33
Indirect Construction expenses 41
Indirect Legal expenses 4
Indirect Contractor’s fee 22
Indirect Contingency 44

method, which is called "Lang Factors for Approximation of Capital Investment", TCI is
6 times higher than TDEC for fluid processing plants [141]. We see that the proposed TCI
estimation method has a good accuracy, since the factor of TCI/TDEC is very close to the
relevant Lang factor.

5.4. OPERATIONAL EXPENDITURES ESTIMATION

T HE operational expenditures is the sum of the revenues, equipment maintenance
cost and feedstock expenses per year. The estimation of these expenditures has been
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Table 5.9: Worksheet for the total capital investment of the project

Cost Item g’n(:; T(I:)OI:ZJ | Total Cost
Total delivered-equipment cost (TDEC) 100 € 33,002,727
Delivered equipment installation 47 €15,511,282
Instrumentation and controls (installed) 36 €11,880,982
Piping (installed) 68 €22,441,854
Electrical systems (installed) 11 € 3,630,300
Buildings 18 € 5,940,491
Yard improvements 10 €3,300,273
Service facilities (installed) 70 € 23,101,909
Total direct costs (TDC) - €118,809,818
Engineering and supervision 33 € 10,890,900
Construction expenses 41 €13,531,118
Legal expenses 4 €1,320,109
Contractor’s fee 22 € 7,260,600
Contingency 44 € 14,521,200
Total indirect costs (TIC) - € 47,523,927
Fixed capital investment (FCI = TDC + TIC) | - € 166,333,745
Working Capital (WC, 15% of TCI) - €29,372,427
Total capital investment (TCI = WC + FCI) - € 195,706,172

done using the purchased-equipment cost (PEC) of Table 5.7, the equipment cost data
of section 5.1 and the sizing results of chapter 4. Table 5.10 presents the worksheet for
the estimation of the operational expenditures of this project.

As it can be seen in Table 5.10, the system generates a gross profit of € 855,535 per
year. However, it has to be noted that the annual maintenance of the system requires al-
most 2 M€ per year, while the revenues are almost 2.9 M€ per year. Looking at the main-
tenance costs of Table 5.10 in detail, we see that the most expensive maintenance jobs
are the MEA replacement of the CO; electrolyzer and the stacks replacement of the H,O
electrolyzer. This is also supported by Figure 5.2, which presents the cost centers’ shares
of TAMC per equipment type (based on the data of Table 5.10). The MEA replacement of
the CO; electrolyzer accounts for almost 40% of TAMC and the stacks replacements of
the H, O electrolyzer accounts for almost 37% of TAMC.

5.5. NPV RESULTS

F OR the estimation of the economic potential of this thesis system, a cash flow analysis
was performed, in order to determine the end-of-life net present value (NPV). This
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Table 5.10: Worksheet for the operational expenditures of the project

Annual Maintenance Unit Cost Total Cost
c-Si PV modules 5 €/kWp € 90,000
DC-DC converters replacement (every 12.5 years) 0.025 €/Wp € 44,000
AEL H,O electrolyzer 2.08% of PEC | €211,410
AEL H,0 electrolyzer stacks replacement cost (ev- 50% of PEC €725.995
ery 60,000 hours or 7 years)

PEM COy, electrolyzer 2.5% of PEC €52,989
Cell compartment replacement cost for CO, elec- 15% of PEC €45.419
trolyzer (every 7 years)

MEA replacement cost for CO; electrolyzer (every 986.95 €/m? | €785,614
year)

Methanol converter 3% of PEC €422
Methanol converter stacks replacement cost (every 17.87 €/kgear | €3,514

4 years)

Centrifugal compressors (all of them) 3% of PEC € 14,698
Air-cooled chillers (all of them) 3% of PEC €549

Total annual maintenance cost (TAMC) - € 1,974,609
Annual Feedstock Supply Unit Cost Total Cost
Water supply to the H»O electrolyzer 0.83 €/m3 €3,737
CO, captured (fed to the methanol converter and 33.46 €/ton €71.824
CO;, electrolyzer)

Total annual feedstock cost (TAFC) - € 75,561
Sales Unit Price Total Price
Methanol 410 €/ton € 1,639,525
Oxygen 317.58 €/ton | €1,266,180
Gross Revenues (GR) - € 2,905,705
Gross earnings (GE=GR-TAMC-TAFC) - € 855,535

analysis requires the discount of future cash flows in present values. The sum of all the
discounted future cash flows, in a given time period, is the NPV [142]. Therefore, the
NPV method is useful for evaluating the capital of a project, by determining whether the
investment will generate a net profit or not [142]. NPV can be estimated by the following
equation [142]:

n Ry

NPV = -
= A+

(5.3)
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Cost centers shares of TAMC

Air-cooled chillers | 0.0%
Centrifugal compressors W 0.7%
Methanol converter stacks replacement cost | 0.2%
Methanol converter |0.0%
MEA replacement cost for CO2 electrolyzer I 39.8%
Cell compartment replacement cost for CO2 electrolyzer [l 2.3%
PEM CO2 electrolyzer [ 2.7%
AEL HO electrolyzer stacks replacement cost I 36.8%
AEL H20 electrolyzer | 10.7%
DC-DC converters replacement 1l 2.2%
¢-Si PV modules [N 4.6%

0% 10% 20% 30% 40%

Figure 5.2: Cost centers shares of TAMC per equipment type

where R; is the undiscounted cash flow at a given time period, i is the discount rate
and tis the time period (i.e. up to 20 years).

Taking into account the equipment lifetime (see section 5.1), it is assumed that the
operation life of the system will be 20 years (i.e. n=20 years). Also, it is assumed that
the discount rate is equal to 10% (i.e. i=10%) [143]. The project’s depreciation is deter-
mined by the MACRS depreciation scheme over 10 years (see Table 1 in Appendix F)
[143]. Moreover, in the depreciation schedule, a salvage value of 20% will be taken into
account [143]. The salvage value is the estimated book value of all the assets after depre-
ciation at the end of project’s lifetime [144]. In other words, the salvage value of an asset
determines how much money the business expects to make, if this asset is sold at the
end of its useful life. In terms of taxes, the corporate tax in Greece is equal to 22% [145].
All the aforementioned parameters, which have been taken into account in the cash flow
analysis, are presented in Table 5.11.

Table 5.11: Parameters for cash flow analysis

Parameter Value
Project lifetime (n) 20 years
Discount rate (i) 10% [143]

MACRS depreciation scheme over 10
years [143]
Salvage value 20% [143]

Tax on corporate income 22% [145]

Depreciation scheme

As it can be seen in Table 5.10, the project will have GR of € 2,905,705 and GE of €
855,535 per year. At this part of the cash flow analysis, the earnings before tax (EBT) are
estimated by subtracting the annual depreciation from GE [146]. Therefore, taking into
account the MACRS depreciation scheme, EBT will be negative for the first 11 years of
the project’s lifetime. During this time period, the annual depreciation is higher than
GE, since FCI (i.e. € 166,333,745, in Table 5.9) is going to be depreciated in 11 years. For
the rest of the project’s lifetime, EBT will be positive, since there will be no depreciation
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for these years.

Furthermore, the net income is estimated according to EBT. If EBT is negative, then
there will be no taxable income (i.e. no taxes are applied) and the project will have a net
loss. On the other hand, if EBT is positive, then taxes will be applied at a rate of 22% and
the project will have a net profit. The undiscounted cash flow, R;, can be estimated by
adding the net income and depreciation, because depreciation is an accountable mea-
sure and not an outlay of cash [147]. It should be mentioned that R; is equal to TCI (i.e. €
195,706,172, in Table 5.9) in year 0 and equal to the sum of net income and salvage value
in year 20. As it was previously stated, salvage value is an expected cash flow at the end
of an asset’s useful life. Finally, NPV can be estimated using the R; of every year and the
equation 5.3.

Based on what mentioned above, Table 2 in Appendix F presents the cash flow anal-
ysis for this project. Figure 5.3 presents an overview of the cumulative NPV over the
project lifetime (20 years). According to the aforementioned Table and Figure, the cu-
mulative present value is equal to TCI (i.e. -195.7 M€) in year 0 and increased by 8.3%
(reaching -179.5 M€) at the end of the project lifetime. The cumulative present value
keeps increasing (see Figure 5.3), because the annual cash flows are positive (see Table
F2) and the project has a gross profit every year. In the 20" year of operation, the cu-
mulative present value is dramatically increased, because the project’s salvage value (i.e.
20%) has been included in this year’s cash flow. Although, the cumulative present value
of this project increases over its lifetime, the project’s NPV is negative and equal to -
179.5 M€. The NPV negativity shows that this investment would result in a net loss and
be economically unfeasible.

Years
4 56 7 8 91011121314151617 181920
-+ttt

- N
-— W

-175,000,000 €
-180,000,000 €
-185,000,000 €
-190,000,000 €

-195,000,000 €

Cumulative Net Present Value

-200,000,000 €

Figure 5.3: Cumulative NPV over the project lifetime (20 years)
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5.6. LCOM RESULTS

NOTHER way for the economic assessment of this project would be the estimation of

the levelized cost of methanol (LCOM). As in the case of the levelized cost of energy

(LCOE), LCOM could show the minimum required selling price of methanol, so that the

investment could break even (i.e. revenues equal costs) over its lifetime [148]. The es-

timation of the LCOM can be done identically to the estimation of the LCOE. So, LCOM
can be estimated using the following equation [149]:

oM,
Loom = ot Ximar 54)

n M
t=1 (1+r)?
where I is the total capital cost, OM; is the undiscounted operation and mainte-
nance cost at a given time period, r is the discount rate, M is the undiscounted produc-
tion of methanol at a given time period and t is the time period.

As it was mentioned in the above section 5.5, the project’s lifetime is equal to 20 years
(i.e. n=20 years). It can be assumed that the discount rate is equal to 6% [149]. Also, I
is equal to TCI (i.e. € 195,706,172), OM; is equal to the sum of TAFC and TAMC (i.e. €
2,050,170) and M is equal to 3.999 kT of methanol.

According to the aforementioned cost data and the equation 5.4, LCOM is equal to
4.44 €/kg. Taking into account the selling price of methanol (i.e. 410 €/ton, see section
5.2), the LCOM value is almost 10 times higher than the methanol’s selling price and
this would yield a lower return on capital. Therefore, it is clear that such an investment
results in a loss and is economically unfeasible.

5.7. ENVIRONMENTAL BENEFIT

HE environmental benefit of the proposed system is the recycling of CO, emissions.

Since the CO, comes from the flue gases of a cement plant, this amount of CO; is
recycled and not emitted into the atmosphere. As it has been mentioned in previous sec-
tions, 28,590,040 molco, need to be fed into the methanol reactor and 20,190,000 molco,
need to be fed into the CO; electrolyzer (see Tables 4.2 and 4.4, respectively). Therefore,
the total amount of recycled CO is equal to 2,147 tons per year (using the CO, molar
mass, 44.01 g/mol).

Based on World Bank data, the CO; emissions per capita in the European Union was
equal to 6.424 tons in 2018 [150]. Also, a typical passenger vehicle emits 4.6 tons of CO»
per year, according to the Environmental Protection Agency of USA [151]. Therefore, the
total amount of recycled CO, by the proposed system could correspond to the annual
CO; emissions of 467 passenger vehicles or 334 European citizens.

5.8. SUMMARY

HE economic potential of this thesis system was estimated and analyzed in this chap-
ter. The first step towards this analysis was the estimation of the system’s equip-
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ment prices, including purchasing prices, operating costs and lifetime. Then, the market
prices of methanol, feedstocks and dumped energy were estimated. The cost of dumped
energy was based on the PV tender tariff in Greece.

The aforementioned prices were used in the estimation of the system’s total capi-
tal investment, i.e. TCI. The TCI estimation was based on the method "Percentage of
Delivered-Equipment Cost", which is mentioned in the book of Peters et al [141]. It is
worth mentioning that the cost of land was excluded by the TCI estimation, since the
land cannot be depreciated by law [141].

According to the equipment prices and the method followed, the system’s TPEC is
equal to 30 M€ and its TDEC equals to 33 M€ (including 10% of TPEC as delivery cost).
The most expensive equipment is the H, O electrolyzer, PV modules and CO; electrolyzer
(accounting for 55.5%, 25.2% and 11.6% of TPEC, respectively).

Moreover, the system’s FCI was estimated, according to the factors for direct and in-
direct costs of Table 5.8 (following the aforementioned method). It was found that FCI is
equal to 166.3 M€. Taking into account the working capital (i.e. 15% of TCI), the system’s
TCl is equal to 195.7 M€.

As far as the system’s operational expenditures are concerned, it was found that
they are equal to almost 2 M€ per year, from which 1.97 M€ are spent for maintenance
and the rest for feedstocks supply. The most expensive maintenance jobs are the MEA
replacement of the CO, electrolyzer (i.e. 40% of TAMC) and the stacks replacement of
the H, O electrolyzer (i.e. 37% of TAMC). On the other hand, the system’s revenues are
equal to almost 2.91 M€ per year. Therefore, the system has an annual gross profit of €
855,535.

A cash flow analysis was carried out, using TCI and the parameters of Table 5.11. Ac-
cording to this analysis, it was found that the cumulative present value of this project
increases over its lifetime (i.e. 20 years). However, the project’s NPV is negative and
equal to -179.5 M€ in the 20" year of operation. Although, the cumulative present value
is increased by 8.3% at the end of the project lifetime, such an investment would result
in anet loss.

The above conclusion is also supported by the fact that LCOM is almost 10 times
higher than the methanol’s market price. LCOM is equal to 4.44 €/kg, while the metha-
nol’s market price is equal to 410 €/ton. This high difference would result in a lower
return on capital. Finally, the environmental benefit of the proposed system is the
recycling of 2,147 tons of CO; per year, although such a project would be economically
unfeasible.



CONCLUSIONS AND
RECOMMENDATIONS

This chapter presents the conclusions that can be drawn by answering the research ques-
tions, based on this thesis findings. Also, this chapter provides recommendations for
future research and development related to PtX schemes for producing methanol.

6.1. CONCLUSIONS

HE scope of this thesis was the evaluation of the techno-economic potential of a PtX
T scheme, which produces methanol, exploiting H,O and CO; electrolyzers, captured
CO,, a methanol reactor and PV panels. In such a system, it was decided that the elec-
trolyzers are in dynamic operation (i.e. under variable operating efficiency and following
the intermittent PVs power output) and the methanol reactor was in constant operation
(i.e. independent of the PVs power output). The findings of this thesis can be concluded
and summarized by answering the research questions of section 1.3, as follows:

° How can the whole process for methanol production be modelled and designed at
industrial scale, when the system is connected to renewables?

The system of this thesis has been designed according to the findings of the litera-
ture review and modelled in MATLAB/Simulink. An overview of the system config-
uration can be seen in Figure 3.2. In the following paragraphs, the way the system
has been designed and modelled is presented.

To begin with, it has been decided that the production aim of the proposed sys-
tem is equal to 4 kT/year. This production target is an example of industrial scale,
because it is the same as the production capacity of the George Olah plant (the
world’s first CO,-to-methanol plant powered by wind farms), located in Svartsengi,
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Iceland.

Based on the available literature, it has been decided that the methanol is pro-
duced through the CO, hydrogenation process. This process has been selected,
because the syngas can be fed into a commercial CuO/Zn0/Al, O3 catalyst, which
enables the high selectivity of methanol (i.e. >99% with recycle). This synthesis
process requires a methanol converter, which converts the syngas to methanol.
According to Table 3.9, the syngas should consist of CO, CO, and H.

As far as the feedstocks supply is concerned, it has been decided that the supplied
CO, will be captured from the flue gases of a cement plant. Since the captured
CO:s is fed to the methanol reactor and CO; electrolyzer, the capture of CO; from
the flue gases of natural gas and coal power plants was not selected, due to the
presence of SO, and NOy impurities in their flue gases. Such impurities reduce
the Faradaic efficiency of the CO; electrolysis process. It has been assumed that
the captured CO; is supplied by a cement plant, meeting the specifications of Ta-
ble 3.3. Also, the required amount of CO is produced via CO; electrolysis. The last
component of syngas (i.e. Hy) is produced via H,O electrolysis process, with O,
being produced as a by-product of this process.

Solar energy has been selected as the renewable energy source of the proposed
system. The PVs power output has been estimated by acquiring the relevant data
from the PVGIS platform of the EU Science Hub. It has been decided that the PVs
supply electrical energy to the electrolyzers and auxiliary equipment, as well. In
Simulink, the total required electrical power for the auxiliary equipment is sub-
tracted from the total PVs power output and the rest of this power is fed to the
electrolyzers.

Power electronics are required for regulating the current and voltage of the PVs
power output to the operating level of the system equipment. More specifically,
DC-DC converters are exploited and connected between the PVs and the rest of
the equipment. Such converters have been selected, because the PVs produce
DC voltage and the rest of the system (i.e. electrolyzers etc) runs on DC voltage,
as well. Therefore, it has been assumed that all the system’s DC-DC converters
are uniformly loaded and their operating efficiency is the same. The converters
have been modelled, based on the efficiency curve of a DC-DC MOSFET converter
(found in literature).

The system’s H,O electrolyzer has been designed by scaling up the alkaline water
electrolyzer H, IGen 300/1/25, whose performance characteristics were found in
literature. The scaling-up has been done based on the J-Ve and J-Energy Effi-
ciency curves of the electrolyzer H, IGen 300/1/25 (see subsections 3.8.4 and 3.8.6
for more information). It has also been assumed that the H,O electrolyzer of this
project has the same half-reactions and operating conditions as the electrolyzer
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H; IGen 300/1/25 has. Moreover, it has been assumed that the H,O electrolyzer
of this project consists of stacks, which are connected in parallel. Finally, Table 3.6
presents all the specifications of the system’s H,O electrolyzer.

The CO; electrolyzer of the proposed system has been designed by scaling up the
cell of an APEM CO3 electrolyzer, whose performance characteristics were found
in literature. The scaling-up has been done based on i) the J-V gy, ii) Vee-Energy
Efficiency, iii) Vey-Faradaic Efficiency of CO and iv) Ve -Faradaic Efficiency of
H, curves of the aforementioned cell (see subsections 3.7.4 and 3.7.6 for more
information). It has also been assumed that the CO, electrolyzer of this project
has the same half-reactions and operating conditions as the aforementioned cell.
Moreover, it has been assumed that the CO, electrolyzer of this project consists of
stacks, which are connected in parallel. Finally, all the specifications of the sys-
tem’s CO; electrolyzer can be seen in Table 3.5.

Based on the selected methanol synthesis process, it has been decided that a single-
stage Lurgi quasi-isothermal reactor will convert the syngas to methanol (see Table

3.9). Such a reactor can operate in the desired temperature and pressure operat-

ing ranges of Table 3.9, reaching high conversion and recycle rates. The methanol
reactor of the proposed system has been designed by scaling down the model of a
single-stage Lurgi quasi-isothermal reactor, which was found in literature (its sim-

ulation results were related to a methanol production of 90 kT/year). The scaling-

down has been done based on the following parameters of the Lurgi reactor found
in literature: i) the catalyst mass per tube, ii) the methanol production per tube, iii)

the methanol production per catalyst particle and iv) the methanol molar produc-

tion per catalyst particle (see section 3.11 for more information). It has also been
assumed that the methanol reactor of this project has the same syngas composi-

tions, conversion rate and recycle ratio as the Lurgi reactor of the literature has.

Finally, all the specifications of the system’s methanol reactor are presented in Ta-

ble 3.10.

Taking into account the feeding requirements of the system’s methanol reactor
(see Table 3.10), the electrolysis products (i.e. H» and CO) had to be further com-
pressed and cooled down. Therefore, compressors and cooling units have been
designed and modelled in Simulink, so that H, and CO can properly be fed in the
methanol reactor.

Finally, the last part of the system design and modelling is related to the power
split between the CO, and H,O electrolyzers. As it has been mentioned above,
the PVs firstly supply electrical energy to the auxiliary equipment and the rest of
the PVs power output is fed to the electrolyzers. But, it has been decided that the
power is split between the electrolyzers according to the required syngas compo-
sition (i.e. Hy : CO, : CO =83.8% : 9.5% : 6.7%, see Table 3.10). Therefore, more
power should flow to the H,O electrolyzer than to the CO, electrolyzer, because
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more H; than CO is required for the methanol synthesis. More information about
the power split is given in the sections 4.5 and 4.6.

How can the intermittent power output of PV panels be integrated in such a produc-
tion process?

The proposed system, as it has been described in the above research question,
cannot follow completely the intermittent power output of the PV panels. This is
not acceptable, because the electrolyzers do not operate in their desired efficiency
range. For example, if the PVs power output is too low, the electrolyzers may not
even exploit this power, because too many stacks will be in operation and the input
current may not be sufficient for electrolysis. In such an example, the PVs energy
output should have been stored in batteries or dumped.

That’s why; a control logic that controls the electrolyzers’ operation is required.
Such a control logic is responsible for the electrolyzers’ dynamic operation (inside
their desired efficiency range) and subsequently for the system’s operational flexi-
bility. Another scope of this control logic is the decision on whether or not the PVs
power output should be dumped. The flowchart of this control logic can be seen
in Figure 3.5.

As it can be seen in the aforementioned Figure, if the PVs power output is too low,
less stacks of the electrolyzers are required to be in operation for exploiting this
power input. Such dynamic operation is possible, because the stacks of the elec-
trolyzers are connected in parallel. However, if less than 1 stack of an electrolyzer
is required to be in operation, then the electrolyzer is off and its energy input is
dumped. It is not possible to operate only a fraction of a single stack. The number
of stacks in operation is always an integer. On the other hand, if the PVs power
output is too high, the electrolyzer can operate up to its maximum capacity and
the rest of its energy input is dumped. Therefore, this control logic ensures that
either the electrolyzers will operate in their desired efficiency range (following the
intermittent PVs power output) or not.

Contrary to the electrolyzers, it has been decided that the methanol synthesis pro-
cess is continuous, constant and independent from the intermittent power output
of the PVs. The equipment that connects the methanol reactor to the rest of the
system is the buffer tanks of CO and H,. These buffer tanks are required, because
they store the electrolysis products (i.e. CO and Hy) and ensure that the supply
of H, and CO to the methanol reactor is constant and continuous. Therefore, the
operation of the methanol reactor and the methanol production rate are constant.

Due to the implementation of the aforementioned control logic and the buffer
tanks, it is possible for the system to follow the intermittent power output of the
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PVs. This is done due to the dynamic operation of the electrolyzers and the con-
stant operation of the methanol reactor.

Finally, the system does not require any batteries, because there is no need for
electrical energy storage. The excess of energy is stored chemically in the buffer
tanks. Also, the cost of buffer tanks is lower than the cost of batteries, because
buffer tanks are a simple and economical piece of equipment.

* What is the techno-economic performance of the intermittent production process
and how can it be compared to the existing market of methanol?

As far as the production results are concerned, it has been found that the sys-
tem can produce 3.999 kT of methanol per year, requiring an energy input of 30.3
GWh/year. This production result is very close to the production target (i.e. 4
kT/year). The installed peak PV power is equal to 18 MWp and their energy yield is
equal to 30.54 GWh/year. Also, it has been found that the system exploits 99.60% of
the PVs energy yield per year and the dumped energy is equal to 121.20 MWh/year.

The system is able to exploit such a high percentage of its energy input, because
the electrolyzers can operate dynamically inside their desired efficiency range and
subsequently can follow the intermittent PVs power output. The control logic, as
it was described in the above research question, results in the efficiency ranges of
45.07-55.32% for the CO» electrolyzer and 75.83-81.71% for the H,O electrolyzer.
Therefore, a battery bank would not have such an important impact on the sys-
tem’s performance, because the system almost reaches its production target.

The consumed amount of captured CO, is equal to 2,147 tons per year and is fed
into the electrolyzer and methanol converter. This amount of CO; is recycled by
the system and not emitted into the atmosphere. This feature of the system ex-
plains its environmental benefit.

In terms of economic analysis, the system’s TPEC is equal to 30 M€ and its TDEC
equals to 33 M€ (including 10% of TPEC as delivery cost). Such high equipment
prices result in a total capital investment of 195.7 M€ (including 15% of TCI as
working capital). Also, the system’s operational expenditures are equal to almost 2
ME per year. Both types of electrolyzers affect the most the total capital and oper-
ational expenditures of the system.

According to the cash flow analysis of section 5.5, the system has an annual gross
profit of € 855,535 per year. However, this gross profit is not enough for making
this project attractive. The system’s NPV is negative and equal to -179.5 M€ at the
end of its lifetime (i.e. 20 years). That’s why; such an investment would result in a
net loss of capital.
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The economic potential of the proposed system was also assessed by estimating
the LCOM. The LCOM is equal to 4.44 €/kg, which is almost 10 times higher than
the existing market price of methanol. This shows that such an investment is char-
acterized by a lower return on capital. Therefore, the proposed system is not eco-
nomically feasible, despite its environmental benefit.

6.2. RECOMMENDATIONS FOR FUTURE RESEARCH

ECOMMENDATIONS for future research and development are made in this chapter.
The following list presents the recommendations, which are based on the results

and assumptions of this thesis.

¢ Predictions for the energy yield of the PV panels over a longer time period (e.g. 20
years) should be made. Such predictions should be based on historical data for the
weather at the selected location. A better predicted energy input could improve
the reliability of the model, because the size of the electrolyzers, methanol con-
verter, auxiliary equipment and buffer tanks could be better estimated/optimized.

¢ It could be assessed whether or not a combination of two different renewable en-
ergy sources could be a better fit for the proposed system. For example, a combi-
nation of wind turbines and PV panels could be beneficial for the system. It is well
known that PV panels generate power during the day and wind turbines produce
more power at night. The combination of both could decrease the intermittency of
their combined power generation over the whole day. Therefore, the electrolyzers
could follow their power output easier and more efficiently.

* Due to the dynamic operation of the electrolyzers, a detailed assessment of its con-
sequences to the electrolyzers should be made. The dynamic operation of the elec-
trolyzers means that the electrolyzers follow the intermittent power output of the
PVs, by adjusting the number of their stacks, which are in operation, every hour.
Therefore, it should be assessed what consequences could the hourly switching
on/off of their stacks have, in terms of overall cell structure, cell stability, mem-
brane stability, membrane degradation, damage on the catalyst, damage on the
electrodes, gas permeation etc. This assessment should be related to the selected
electrolysis technologies (i.e. alkaline water electrolysis and alkaline polymer elec-
trolyte membrane for CO; electrolysis).

* The possibility of increasing the operating pressure of the electrolyzers should be
assessed. According to Tables 3.5 and 3.6, the operating pressure of both elec-
trolyzers is 10 bar. But, the electrolysis products (i.e. H, and CO) must be fed
into the methanol reactor at a pressure of 69.7 bar (see Table 3.10). It should be as-
sessed if the selected AEL water electrolyzer and PEM CO; electrolyzer can operate
more efficiently at higher pressures. If yes, this could reduce the power demand for
further compression of H, and CO. Therefore, smaller compressors would be re-
quired and subsequently the capital and operational expenditures of the system
would be reduced.
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* The implementation of a battery bank in the system may eliminate the dumped
energy and increase the mean operating efficiency of the electrolyzers. Also, a bat-
tery bank could affect the selected efficiency ranges of operation for each elec-
trolyzer. It has been decided that the CO, electrolyzer operates in the energy ef-
ficiency range of 45-55% and the H,O electrolyzer in the energy efficiency range
of 75.83-81.90% (see Tables 3.5 and 3.6, respectively). According to Tables 4.4 and
4.5, the mean operating efficiency of the CO, electrolyzer is equal to 50.86% and
76.52% for the H,O electrolyzer. Also, the dumped energy of the system was equal
to 121.20 MWh/year. For example, a potential scenario would be that a battery
bank may result in narrower selected efficiency ranges (like 50-55% and 78-81.90%
for the CO, and H,O electrolyzers, respectively), subsequently higher mean oper-
ating efficiencies and zero dumped energy. Therefore, the benefit of a battery bank
should be assessed, in terms of the aforementioned parameters and the economic
feasibility of the system.

* Another recommendation would be the optimization of the operating energy effi-
ciency ranges for both electrolyzers. It should be estimated what are the optimal
energy efficiency ranges for the electrolyzers, in terms of capital and operational
costs of the system. For example, a range of 40-55% for the CO- electrolyzer might
be more beneficial, compared to the selected range of 45-55%, because more PVs
energy yield will be exploited and not dumped. This recommendation is related to
the implemented system, without the use of a battery bank.

* As far as the buffer tanks are concerned, their design and size have been based on
the fact that, the H, and CO gases have been treated by this thesis in accordance
with the ideal gas law (for simplicity). As it can be seen in Table 3.7, the average
compressibility factors of CO (zco) and Hy (zg2) are equal to 0.99964 and 1.0006,
respectively. Since these factors are not equal to 1, these gases cannot be consid-
ered as ideal gases. So, Hy is more compressible than ideal gases (zy2>1) and CO
is less compressible than ideal gases (zco<1). Since real gases have the property
of attraction or repulsion between different molecules, their molecules can vary
their size by being combined/stuck with other molecules (forming one thing) or
being repelled. This property affects the compressibility of H, and CO in reality
and subsequently their injection times from and to the buffer tanks. Therefore, a
detailed assessment of how such real gases must be treated and handled should
be done, taking into the aforementioned parameters and safety aspects.

 The sizing of the proposed system was done according to an empirical analysis of
the various system parameters (e.g. amount of methanol reactor’s tubes, buffer
tanks capacity, feeding rates of H, and CO to the methanol reactor, etc.). There-
fore, the system size should be optimized using a solver for mixed-integer linear
programming (including a sensitivity analysis). An optimized system size may re-
sult in lower capital and operational expenditures (making this investment more
attractive).

e The last recommendation is related to the equipment prices, which affect strongly
the capital expenditures of the proposed system. It could be assessed what would
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the influence of future equipment prices be on the system’s economic feasibility.
For example, what would the NPV and LCOM projections be, if the system lifetime
was from 2030 to 2050? It is expected that the prices of various system’s compo-
nents will be reduced by 2030 (e.g. PV panels, H,O and CO- electrolyzers). So,
based on future reduction of the capital investment, this proposed system might
be attractive.
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A. DATA ON PLANT LOCATION
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Figure A.2: Screenshot of the platform PVGIS



METHODS USED FOR THE PVGIS
CALCULATIONS

According to the PVGIS documentation, the solar radiation and PV power output are
calculated as follows [152]:

1. Calculation of solar radiation on an horizontal plane from satellite, taking into
account the cloud albedo and the clear-sky irradiance.

(a) An effective cloud albedo is calculated, using images from the METEOSAT
satellites, for the estimation of the influence of clouds on the solar radiation.

(b) The clear-sky irradiance is calculated at clear sky conditions (i.e. no clouds),
using the theory of radiative transfer in the atmosphere. Also, the concen-
trations of ozone, water vapor and aerosols (e.g. dust and particles) in the
atmosphere are taken into account, because they absorb radiation at partic-
ular wavelengths.

The method described above produces the global horizontal irradiance (G) and
beam horizontal irradiance (Gy,), measured in W/m?. Also, the following equation
shows that G is the sum of Gy, and diffuse horizontal irradiance (Gq) [153]:

G=Gp+Gy (B.1)

In terms of data validation, the estimated solar radiation by the data-set PVGIS-
SARAH has been compared with ground station measurements in various loca-
tions by a number of scientific papers. For example, it was found that the esti-
mated solar radiation by PVGIS-SARAH was 3.6% higher than the ground station
measurements for 2005 in Thessaloniki, Greece [154].

2. Calculation of solar radiation on an inclined plane
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B. METHODS USED FOR THE PVGIS CALCULATIONS

PVGIS estimates the global in-plane irradiance (G;) as the sum of beam in-plane
irradiance (Gyp,j), diffuse in-plane irradiance (Gq;) and reflected in-plane irradi-
ance (Gy;). The following equation represents the aforementioned mathematical
statement [153]:

Gi=Gpi+Ga,; +Gp (B.2)

(@) Gy, is estimated by PVGIS as a function of Gy, and the slope of the tilted sur-
face.

(b) G, is estimated by PVGIS as a function of G, ground reflectance and the slope
of the tilted surface.

(c) Gg,is estimated by PVGIS, using an anisotropic model of two components.

As far as the horizon profile is concerned, PVGIS uses built-in information (with
a resolution of 3 arc-seconds, about 90 m), for calculating the times when hills or
mountains block the sun light. In these cases, the radiation is based only on Gg ;.
However, this approach does not take into account shadows from shorter objects,
such as houses or trees.

. Calculation of real PV power output

The following factors are taken into account by PVGIS for the calculation of real PV
power output:

(@) The shallow-angle reflection describes the amount of sunlight that will be re-
flected away without being absorbed by the PV modules. For fixed plane PV
modules, the sunlight is reflected away by 2-4% due to this effect.

(b) The changes in the spectrum of the sunlight affect the PV power output and
the PV modules response, because the PV modules are sensitive to only a
specific range of wavelengths oflight. These effects are included in the PVGIS
calculations for c-Si modules.

(¢) The irradiance and module temperature affect the efficiency and power out-
put of the PV modules. The PVGIS uses these factors as follows:

P =Gy x Ax lnom X N7e1(G;, Typ) (B.3)

where A is the surface area of the PV modules and 7,4, is the nominal con-
version efficiency of the PV modules. The normalized global in-plane irradi-
ance (G;) is given by the following equation:

o __Gi
' Gisrc

(B.4)

where G stc is equal to 1000 W/m? at standard test conditions. The relative
conversion efficiency of the PV modules (1) is given by the following equa-
tion:

Nret(Gy, Tp) = 1+ k1 In(G)) + k2 In(G)? + k3 T +

! ! i i i (BS)
ks T,y In(G;) + ks T, In(G,)? + ko T}y,
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where the coefficients k; to kg for the c-Si PV modules have been estimated by
the European Solar Test Installation lab (ESTI) and are given in the following

table:

Coefficient Value for c-Si modules
k; -0.017237

ko -0.040465

ks -0.004702

ky 0.000149

ks 0.000170

ke 0.000005

The normalized module temperature (Ty, ) is given by the following equa-

tion:

Ty, = Tm— Tm,sTC

(B.6)

where T, is the module temperature and Ty, stc is the module temperature
at standard test conditions (25°C).

(d) System lossessuch aslosses in cables, power inverters, dirt on the PV modules
etc. are taken into account by PVGIS for estimating the delivered PV power.
It is recommended by PVGIS that the system losses are equal to 14%. But, in

our case the system losses were equal to 0% (see section 3.5).
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Contents

Download hourly radiation data

DC-DC Converter

CO2 Electrolyzer

H20 Electrolyzer

Compression

Cooling Units

Methanol Converter

Estimation of average efficiencies of the CO2 and H20 electrolyzers,

clear all
clc
format compact

Download hourly radiation data

% Import hourly radiation data

Data_Radiation_vl = ...
readtable(...
‘Timeseries_38.109_23.526_SA_18000kWp_crystSi_0_32deg_-2deg '...
'2016_2016.csv', 'Range’', 'A11:18795');
Data_Radiation_v2 = table2array(Data_Radiation_v1(:,[2:9]));
Data_Radiation_vi1l = ...
readtable('Timeseries_38.109_23.526_SA_18000kWp_crystSi_o_32deg_'
*-2deg_2016_2016_NO_RADIATION_COMPONENTS.csv','Range’, 'A11:C8795');
Data_Radiation_v21 = table2array(Data_Radiation_v11(:,3));
Data_Radiation_v3 = zeros(8784,10);
for i =1:8784
Data_Radiation_v3(i,1)=i; % Hours in a year [h]
end
Data_Radiation_v3 (:,[2:8])= Data_Radiation_v2(:,[1:7]);
Data_Radiation_v3 (:,9)= Data_Radiation_v21(:,1);
Column 1: Hours in a year [h]

B

% Column 2: PV power output [W]

% Column 3: Gb(i) - Direct in-plane irradiance [W/m"2]

% Column 4: Gd(i) - Diffuse in-plane irradiance [W/m"2]
% Column 5: Gr(i) - Reflected in-plane irradiance [W/m"2]
% Column 6: H_sun - Sun height [°]

% Column 7: T2m - Air temperature [°C]

% Column 8: WS1@m - Wind speed at 1@m [m/s]

% Column 9: G(i) - Global in-plane irradiance [W/m2]

32

Column 1@: PV current [A]
P_PV_out = Data_Radiation_v3 (:,[1:2]); % PV power output [W]

P_PV_out_MAX = max(Data_Radiation_v3 (:,2)); % MAX PV power output [W]
P_PV_peak = ceil((P_PV_out_MAX/(1076))); % ROUNDEDN UP PV power output [MW]

DC-DC Converter

Data_DC_DC_Eff = table2array(readtable...
('Efficiency_curve_of_DC_DC_converter.csv'));



CO2 Electrolyzer

A_C02_cell = 1000;
n_C02_cells = 199;
n_C02_stacks = 40;

% Cell area [cm”2]
% number of cells per stack [pieces]
% number of stacks [pieces]

n_C02_stacks_MAX = 40; % maximum number of stacks [pieces]
A_CO02_stack = A_CO2_cell * n_C02_cells; % Stack area [cm"2]
%for at least energy efficiency of 45%
P_density C02_MAX = 578.84; % Power density MAX [mW/cm~2]
P_density CO2_MIN = 27.25; % Power density MIN [mW/cm~2]

Data_C02_COFE = table2array(readtable (...
'C02_electrolyzer_Voltage_ COFE.csv'));
Data_C02_H2FE = table2array(readtable (...
'C02_electrolyzer_Voltage H2FE.csv'));
Data_C02_JV = table2array(readtable ('C02_electrolyzer_J_V_curve.csv'));
Data_CO2_EE = table2array(readtable ('C02_electrolyzer_ Voltage EE.csv'));

H20 Electrolyzer

A_H20_cell = 1000;
n_H20_cells = 199;
n_H20_stacks = 1;

% Cell area [cm”2]
% number of cells per stack [pieces]
% number of stacks [pieces]

n_H20_stacks_MAX = 100; % maximum number of stacks [pieces]
A_H20_stack = A_H20_cell * n_H20_cells; % Stack area [cm”2]
%for energy efficiency around 81%
P_density H20_MAX=681; % Power density MAX [mW/cm"2]
P_density H20_MIN=30; % Power density MIN [mW/cm"2]

Data_H20_IV = table2array(readtable ('H20_electrolyzer_I_V_curve.csv'));

Data_H20_JV(:,1) =
Data_H20_JV(:,2) =
Data_H20_JV(:,3) =

(Data_H20_1IV(:,1)/300)*1000; % Current density [mA/cm"2]
Data_H20_IV(:,2)/22; % Cell voltage [V]
Data_H20_JVv(:,1).*...

Data_H20_JV(:,2); % Power density [mW/cm”2]

Data_H20_EE = table2array(readtable (...
"H20_electrolyzer_Current_EE_curve.csv'));

Data_H20_EE(:,1) = (Data_H20_EE(:,1)/300)*1000; % Current density [mA/cm*2]

Compression

eff_a_comp = 0.8;
eff_mech_comp = 0.
R = 8.3145;

% CO

T1.CO = 333.15;
Z_CO = 0.99964;
k_CO = 1.4013;

P1_CO = 18;

P2_CO = 69.7;

9

ES

% Adiabatic (isentropic) efficiency of the compressor
8; % Mechanical efficiency of the compressor
% Universal gas constant [J/K*mol]

Inlet temperature of CO,

based on operating temperature of C02 electrolyzer [K]
Compressibility factor of CO at 25 Celcius

Specific heat ratio (or adiabatic coefficient) of CO
Inlet pressure of CO,

based on operating pressure of C02 electrolyzer [bar]
Outlet pressure of CO,

based on feed pressure of Lurgi reactor [bar]

E_comp_CO = ((R*T1_CO*k_C0*Z_C0)/...
((k_CO-1)*eff_a_comp*eff_mech_comp))*...
(((P2_co/P1_cO)~((k_CO-1)/k_C0))-1); % Specific energy

% for compression of CO [J/mol]



% H2

28

T1_H2_1= 333.15; Inlet temperature of H2,
based on operating temperature of C02 electrolyzer [K]
Z_H2 = 1.0006; Compressibility factor of H2 at 25 Celcius
k_H2 = 1.4054; Specific heat ratio (or adiabatic coefficient) of H2
P1_H2 = 10; % Inlet pressure of H2,
based on operating pressure of C02 and
H20 electrolyzers [bar]
Outlet pressure of H2,
% based on feed pressure of Lurgi reactor [bar]
E_comp_H2_1 = ((R*T1_H2_1*k_H2*Z_H2)/...
((k_H2-1)*eff_a_comp*eff_mech_comp))*...
(((P2_H2/P1_H2)~((k_H2-1)/k_H2))-1); % Specific energy for
% compression of H2 from CO2
% electrolyzer [J/mol]

ENIER

3 3% 3

P2_H2 = 69.7;

T1_H2_2= 338.15; % Inlet temperature of H2,
% based on operating temperature of H20 electrolyzer [K]
E_comp_H2_2 = ((R*T1_H2_2*k_H2*Z_H2)/...
((k_H2-1)*eff_a_comp*eff_mech_comp))*...
(((P2_H2/P1_H2)~((k_H2-1)/k_H2))-1); % Specific energy for compression
% of H2 from H20

o

% electrolyzer [J/mol]

Cooling Units
Cp_CO = 30.47; % Molar heat capacity of CO at 600 K, [J/mol*K]
Cp_H2 = 29.32; % Molar heat capacity of H2 at 600 K, [J/mol*K]

EER = 3; % Energy efficiency ratio of Air-Cooled chiller from Carrier, [-]

Methanol Converter

T3 = 498.15; % Inlet temperature of syngas,
% based on methanol converter specs [K]
P3 = 69.7; % Inlet pressure of syngas,

3¢

based on methanol converter specs [bar]

Estimation of average efficiencies of the CO2 and H20 electrolyzers,

based on simulation results

% C02 electrolyzers
% Faradaic efficiency for CO

Sim_Data_C02_COFE_vl=out.Sim_CO2_COFE.Data;
J=1;
for i1=1:8784
if Sim_Data_CO2_COFE_vi(i,1)>0@
Sim_Data_C02_COFE_v2(j,1)=Sim_Data_C02_COFE_v1(i,1);
Jj=j+1;
end
end

% Energy efficiency of the CO2 electrolyzer



Sim_Data_C02_EE_vl=out.Sim_CO2_EE.Data;
J=1;
for i=1:8784
if Sim_Data_CO2_EE_vi(i,1)>@
Sim_Data_C02_EE_v2(j,1)=Sim_Data_CO2_EE_v1(i,1);
j=j+1;
end
end

% Energy efficiency of the cell reaction (CO2 = CO + ©.502)

Sim_Data_C02_EE_cell_vl=out.Sim_CO2_EE_cell.Data;
3=1;
for 1=1:8784
if Sim_Data_CO02_EE_cell vi(i,1)>0
Sim_Data_C02_EE_cell_v2(j,1)=Sim_Data_C02_EE_cell_v1(i,1);
J=3+1;
end
end

% H20 electrolyzers
% Faradaic efficiency

Sim_Data_H20_FE_vl=out.Sim_H20_FE.Data;
3=1;
for 1=1:8784
if Sim_Data_H20_FE_v1(i,1)>@
Sim_Data_H20_FE_v2(j,1)=Sim_Data_H20_FE_v1(i,1);
J=3+1;
end
end

% Energy efficiency of the H20 electrolyzer

Sim_Data_H20_EE_vl=out.Sim_H20_EE.Data;
J=1;
for i=1:8784
if Sim_Data_H20_EE_v1(i,1)>0
Sim_Data_H20_EE_v2(j,1)=Sim_Data_H20_EE_v1(i,1);
J=3+1;
end
end

% Energy efficiency of the cell reaction (H20 = H2 + ©.502)

Sim_Data_H20_EE_cell_vl=out.Sim_H20_EE_cell.Data;
3=1;
for i=1:8784
if Sim_Data_H20_EE_cell vi(i,1)>0
Sim_Data_H20_EE_cell_v2(j,1)=Sim_Data_H20_EE_cell_vi1(i,1);
J=3+1;
end
end

Published with MATLAB® R2020a
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Figure D.1: Model of APE CO3 electrolyzer in Simulink
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DT :
e

PV power output1 [W]

PV power output [W]

W] > [MW]
(%] > [1

Power [MW] Vs Efficiency [%]
P_PV_peak

PV Power Output
Peak [MW]

Figure D.5: Model of DC-DC Converter in Simulink

8.4830+09)
[Wh]

w]

PV Power Output

8.3126+09

Initial power density of CO2 Electrolyzers [nW/cm*2] —

PV power output [W] PV power output1 [W] 1 PV power output! [W] PV Power Ouput for CO2 Electrolysis [W] —

Number of stacks in operation for CO2 Electrolysis [pieces] —

DC-DC Converter
PV Power Ouput for H20 Electrolysis [W] —

Total required electrical power for auxiliary equipment [W] Number of stacks in operation for H20 Electrolysis [pieces] —

Delay Initial power density of H20 Electrolyzers [nW/cm"2] —

Operation Control

Figure D.6: Model of Power Supply to Auxiliary Equipment in Simulink
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Figure D.7: Model of Control Logic in Simulink
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Figure D.8: Model of Control Logic for the CO3 electrolyzer in Simulink
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Figure D.9: Model of Control Logic for the HoO electrolyzer in Simulink






REACTION KINETICS OF THE LURGI
QUASI-ISOTHERMANL METHANOL
REACTOR

The simulation study of Chen et al. [123] is based on the steady-state kinetic model of
Bussche and Froment [122]. The reaction kinetics that take place in the reactor simula-
tion of Chen et al. [123] are presented below.

The rates of reactions 2.4 (i.e. CO, hydrogenation) and 2.5 (i.e WGS reaction) are
presented by the following equations [123]:

1 Pu,oPcuzon
klPC02PH2 (]‘ - m }3?] PCC?Z ) mol
T4 = : ( ) (E.1)

P 3
(1 +Ki P} + Ko Piyy0 + K %220) SKBeat

kch02(1 L PHZoPCO) ( mol ) 2
) .

" Koz Pu, Pco,
Ios=
skgcat

P
(1+ K1 PY2 + Ko Pyyy0 + Ks 32

In Table E.1, the parameters values and descriptions of the equations E.1 and E.2 are
presented.

In this synthesis process, there are some impurities that are also generated as side
products, based on the reactions E.3, E.4 and E.5, i.e. ethanol (CH,CH30H), propanol
(C3H70H) and methyl formate (HCOOCHj3) [123]. Based on the same simulation study;, it
is assumed that these reactions are second order and independent of temperature [123].
Their reaction constants are as follows: rz35 =9.88x 10710 rz, =1.2x107% and rz 5 =
5.714 x 10712 [123].
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2CO+4H, = CH,CH30H+ H,0O

2CO+2Hy; = HCOOCHj3

3CO+6Hy = C3H;0H+ H,O

Table E.1: Parameters values and descriptions for equations E.1 and E.2 (obtained from [123])

Parameter

Value

Reaction rate
constants, k;

36696kJkmol ! )
KT
—94765k/kmol ™! )

ky =1.07 x exp(

k2:1.22><exp( T

Equilibrium con-
stants, Ke

3066
log,o (Ke,1) = —— —10.592

3
+2.029

logy (Ke'Z) =

Adsorption con-
stants, K;

124119kJkmol !

K =6.62x 10 M ex
2 p RT

K3 =3453.8

Partial pressures,
P;

PHZO =—bar

Py, = —bar
PCOz =—bar
Pco = —bar

PCH3OH =—bar

(E.3)
(E.4)
(E.5)



ECONOMIC ANALYSIS

Table E1: MACRS depreciation scheme over 10 years [143]

Year Percentage
10.00%
18.00%
14.40%
11.52%
9.22%
7.37%
6.55%
6.55%
6.56%
6.55%
3.28%

O | | O G | W[ D] —

—
(=}

—
—
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