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Summary

CO2 emissions rate is increasing with an alarming pace during the last decades. Carbon capture and
storage could be an effective methodology for reducing CO2 emission on a short term due to its relatively
mature status. Moreover, carbon utilisation, as a closing the carbon cycle approach, is gaining significant
attention on a scientific level and on a public level. A large amount of technical possible directions for
CO2 utilisation have been identified and examined. However, the majority of these reaction pathways
are focused on the use of pure CO2, leading to a relatively high overall cost for commodity chemicals. It
would be beneficial from a cost perspective to integrate the capturing of CO2 with the utilisation and this
is the focus of this thesis.

The research described in this thesis is centred around the novel methodology to capture CO2 from
flue gases using an aqueous ammonia based solution. Instead of a conventional thermal swing process,
hydrogen is used to convert the captured CO2 (in the form of ammonium bicarbonate) towards formate. A
distillation process has been developed to basically split the ammonium formate solution in an ammonia
solution and a concentrated formic acid solution. This formic acid solution can be used as such or even
further converted via hydrogen towards formaldehyde.

It is of importance to note that this pathway has been selected based on in principal known chemical
steps but combined in an innovative manner. A theoretical (modelling) approach is combined with an
experimental part to achieve proof of principle of all the key steps, leading towards a detailed techno-
economic evaluation. A design has been made for a 100 kton of flue gas captured and utilised system.
Starting point is the capturing of CO2 from a 6 v/v % flue gas concentration with a capture efficiency of
90%. Depending on the methodology used this can lead, after hydrogenation and distillation, to a formic
acid product with a concentration between 32 - 37 % wt. It can be stated that the above described process
could be economically feasible, with payback time of 9.3 years and an interest of 8%. A final production
price of formic acid at 400e/tn making the process attractive compared to the market price of formic acid.

Sensitivity analysis is been conducted towards various parameters that may affect and influence these
production costs, such as electricity price, capital cost of the electrolyzer and lifetime of the capture plant.
The market for formic acid is relatively small, however, this thesis discusses as well the possibility of
converting the formic acid to formaldehyde, which is a very important commodity chemical. A concen-
trated formaldehyde is produced, comparable to the 37 % wt commercial product. Recommendations are
discussed for process options which can in principal lead to significant improvement towards the basic
design of the integrated capture and conversion method.
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Chapter 1

Introduction

1.1 Thesis motivation

During the last decades the subject of climate change has been extensively discussed and investigated.
Researchers along with industries are on the same track on finding and applying sustainable and
renewable solutions to limit the excessive use of fossil fuels. The demanding target of the European
Union of significant reduction of greenhouse gas emissions up to 90% by 2050 is limiting more and more
the industrial CO2 emissions. Efficient and direct measurements are considered an urgent necessity. In
order to move towards such a direction, the most efficient ways to achieve such a tremendous reduction
can be accomplished by various ways: [1]

• Improvement of the energy efficiency of already existing power plants

• Use of carbon free fuels and renewable energy, like biomass, wind and solar energy

• Carbon capture and storage (CCS)

• Carbon capture and utilization (CCU)

• Reduction of energy consumption

It is apparent that CO2 emissions are increasing in an alarming rate and the concentration of CO2 in
the atmosphere is elevating. This increase is caused mainly by anthropogenic activities during the last
decades. These activities include the extensive use of fossil fuels and the high dependence on fuels rich
in carbon, making this the main source of carbon dioxide emissions in the atmosphere. Especially during
the last couple of decades, the increase of CO2 concentration in the atmosphere is extreme and in 2019
reaches the level of 409 ppm, as can be seen in Figure 1.1. This concentration is almost 300 times more
dilute compared to regular flue gases consisting around 12% of CO2 by volume. Purification processes
are costly, making point sources a more attractive carbon source. [2]

Capturing CO2 from air has its own challenges in terms of investment, operating and energy cost. A
dilute stream of CO2 emissions when compared to a concentrated one derived from power plants, may
result to a whole different perspective of a system design. An increase of the captured CO2 derived from
industries will lead to more efficient decrease of carbon emissions in the atmosphere.

Storage of CO2 can be implemented on a short term, however, it is not a circular concept. An alternative
way to take advantage of these emissions is utilization, with the potential beneficial end use. Capturing
CO2 can be considered a viable short - term goal, and if combined with utilization, it leads to the produc-
tion of valuable end-products and chemicals. So, capturing is the first required step and conversion of
CO2 to useful products is an attractive route providing a long term solution towards a sustainable future.

This approach of producing alternative valuable end-products is studied in this thesis as a positive impact
towards the reduction of the emissions of greenhouses gases. This work aims to investigate of the different
alternative routes of CO2 products in a techno-economic perspective, taking into account the different
reaction steps taking place in every end-product. In this work utilization to production of valuable
products will be investigated and more precisely to the production of formic acid and formaldehyde.
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Figure 1.1: CO2 concentration in the atmosphere throughout the years.[3]

During the last decades due to increasing technological development, the amount of Greenhouse Gases
(GHG) emitted in the atmosphere is rapidly increasing. Carbon Capture and Storage (CCS) can be
considered a CO2 effective technology that can be used to make use of these emissions. Capturing CO2
is considered to be more effective when flue gas is derived from energy intensive industries at point
sources. Especially when compared with the diluted CO2 in air, the process of Direct Air Capture (DAC)
is challenging. For such a mature technology, three different approaches are been developed:

• Post-combustion capture (PCC): CO2 stream is removed after the combustion of fossil fuels. Such
a technology is well established, mature and already applied in industrial scale.

• Pre-combustion capture: the removal of CO2 from fossil fuels takes place before the combustion
process.

• Oxy-fuel combustion: fuel is burnt in pure oxygen instead of air and the resulting product is
almost pure CO2. It is a promising technology, but air separation is still energy intensive.

In this work a post-combustion technology is selected for capturing CO2 from flue gas. Such a system
has many advantages, such as:

• it can be applied to already existing power plants and energy intensive industries. It can also be
constructed for new infrastructure achieving high CO2 conversion and reduction

• applicable in any kind of power plant, from coal, steel and natural gas based industries

• the risk of the investment is lower compared to other technologies, due to its high maturity

1.2 Thesis scope

The focus of this thesis is to investigate on how CO2 capture and conversion could be integrated. This has
a very broad scope therefore an extensively research survey has been done to narrow down the research
questions. In this section the research questions that were posed are presented as well as the methodology
that was followed during this process.
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1.2.1 Research questions

The overall goal of this research project is the research of the alternative routes for CO2 utilization.
Analyzing the different routes, a comparison in mass, thermal and techno-economic perspective would
lead to a summarizing evaluation of the different alternatives. The direction to a specific route will be
selected for further investigation with the overall conceptual design of the process design, starting from
the capture process to the final utilization of CO2. Simulation of the process and selection and sizing of
the necessary equipment are to be determined. All the above can be translated to the following research
questions posed over this research and development project and to be fully answered are the following:

• What are the different paths of CO2 products and which routes are the most attractive?

• Can ammonia CO2 capture be integrated with CO2 utilization?

• Is it techno-economically feasible to capture CO2 with aqueous ammonia and produce concentrated
formic acid?

1.2.2 Methodology

The methodology that was followed to fully answer the posed research questions can be divided to a four
level approach. This approach includes the following: a literature survey, a process design, experimental
proof of concept and techno-economic evaluation.

1.3 Thesis outline

The structure of the report is as follows. In Chapter 2, a general description and mapping of all the
different routes and different valuable end-products are presented as well as the main strategy for the
decision of the more focused definition of this project. Additionally, all the background knowledge for
the participating chemical steps is presented. In Chapter 3 the followed method for the proposed system
is explained in detail. Both simulation parameters and conditions of the experiments are shown. Chapter
4 focuses on the results of the simulated integrated systems and on the experimental proof of concept of
the reactions.

In Chapter 5 a techno-economic analysis is performed for the evaluation of the examined integrated
systems, including a crystallization system or not. Finally, Chapter 6 presents briefly the basic results of
the study and in Chapter 7 the report concludes along with some recommendations for the project and
an alternative approache that could be useful in the overall integrated system, such as a tertiary amine,
trimethylamine.
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Chapter 2

Theory - Background knowledge

In this Chapter an overview of the background theory for this specific work is presented. This Chapter
contains all the necessary information about the capturing process and the characteristics of ammonia as
a capturing solvent. The proposed systems are presented in this Chapter, including all the participating
thermochemical steps. The theory and chemical background behind the chemical reaction steps necessary
for producing different products are also included. Moreover, an introduction of the crystallization
system and its benefits is done.

2.1 CO2 Utilization - Mapping and Evaluation of products

In this Chapter the wide variety of thermochemical pathways is described. Depending on the mar-
ket size, demand and research interest, numerous products can be investigated, such as formic acid,
methanol, syngas etc. Production of such products can also be done in an electrochemical manner and
the future potential of electrochemical conversion depends both on technical and economic aspects. A
comparison between electricity cost and market price is illustrated in Figure 2.1 and it can be seen that
formic acid and CO gather some additional advantages that will be discussed in the following paragraphs.

Figure 2.1: Comparison of market price and and energy costs. [4]

CO2 conversion reactions towards valuable end-products may take place with a change in the oxidation
state of the carbon, such as towards carbonates and polycarbonates. There can either be a change in
C-O bonds, keeping the +IV oxidation state towards production of urea, as can be seen in Figure 2.2. In
addition, reduction of carbon oxidation state may result in the production of products, such as RCOOH,
formaldehyde HCOH, methanol CH3OH and methane CH4.

It can be seen in Figure 2.2 that CO2 is in a high oxidation state (+IV), indicating a highly stable compound.
The reduction of the oxidation state of carbon has high energy requirements and such processes are
energy intensive. Based on the above, valuable products like methane and liquid hydrocarbons need a
higher amount of energy, thus alternative routes towards formic acid and formaldehyde are proposed in
this project.
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Figure 2.2: Products obtained from CO2 Utilization with the possibility to modify both the oxidation state
and functionalisation. [5]

In Figure 2.3 a potential projection of CO2 conversion routes is illustrated for short, medium and long
term solutions compared to what is being done today. It can be seen that the production of chemicals will
account for a large part of CO2 utilization. [6] So, CCU is an innovative and effective manner to produce
valuable products and replace the process design they were produced.

Figure 2.3: CO2 avoided for different routes.[7]

Different routes of CO2 utilization are investigated in this project, comparing different technologies
and different valuable end-products. In order to have an overview of the opportunities, mapping is
a necessary tool to examine each route towards end-products, as can be seen in Figure 2.4. Aqueous
ammonia is examined as a capture solvent in this work, producing bicarbonate salts.
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Thus, as base chemical for the different CO2 utilization routes, ammonium bicarbonate NH4HCO3 is
produced by a CO2 capture reaction with an aqueous ammonia solution. In this term, an analysis
of different options is investigated including ammonium formate HCOONH4, formic acid HCOOH,
formaldehyde HCHO, methanol CH3OH, methyl formate CH3COOH, ammonium oxalate (NH4)2C2O4,
ammonium carbonate (NH4)2CO3, ammonium oxide (NH4)2O, formamide HCONH2, oxalic acid C2O4H2
and oxamide (CONH2)2.

Figure 2.4: Mapping of different routes for valuable end-products.

Energy cost and market prices per kilogram of product are used for the comparison of alternative chemical
routes. In Appendix A, market prices and some chemical properties of all the referred products are
listed. In the following section a more detailed insight will be presented and after a thorough research on
different options and step reactions the overall mapping of different selections can be seen in Figure 2.5.

Figure 2.5: Mapping of reaction equations to valuable end-products.
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In Figure 2.5 a more detailed mapping of variable products is depicted. Possible chemical reactions can
be seen, highlighting the complexity for the selection due to high number of choices. Observing the
Figures 2.4 and 2.5 it can be seen that a list of products is included for the further continuation of the
research of this project. In this Chapter an overview of all the different end-products will be investigated,
as far as properties, market place and field of application are concerned. Each and every product that
participates in the step reactions is important to be investigated as for the technology involved for its
production and regarding its economic perspective. It is clear that the chemical reaction paths are infinite
and the final selection was determined also based on an existing research gap.

Figure 2.6: Amount of CO2 required to produce a product, compared to unity.

Mass balances of each investigated step process is calculated. A fair comparison can be done in a base of
CO2 used to produce a certain product, taking into account all the participating reactions. In Figure 2.6
the kg of CO2 used per kg of each product is illustrated and compared with the unity. It should be noted
that ammonium formate, formic acid and ammonium oxalate can be considered as attractive paths for
further processing.

2.1.1 Investigation of products - Market and range of applications

In this Chapter a comparison of all possible products is presented, regarding their market range and field
of applications.

1. Ammonium formate

Ammonium formate is the ammonium salt of formic acid with chemical formula HCOONH4. It is a
white solid salt with a slight odor of ammonia and can be used as a buffer in High Performance Liquid
Chromatography (HPLC) as well as with liquid chromatography-mass spectrometry (LC/MS). Addition-
ally, a lot of issues appear with the use of urea solution and in this term there is value in replacing the
aforementioned product with an alternative ammonia precursor compound like ammonium formate.
Ammonium formate appears to be thermally stable, freeze at lower temperatures, with higher ammonia
storage capacity and more selective decomposition.

From a health point of view, inhalation may cause nose and throat irritation and ingestion may cause
mouth and stomach irritation. Concerning fire risks, toxic ammonia and formic acid as products of the
salt may form in fire. [8]
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2. Formic acid

Formic acid is a product widely used as textiles, natural rubber, leather processing, pharmaceutical and
food industries. Also as a preservative and antibacterial agent in livestock feed. In addition, it can be
used in agriculture and in the production of cosmetics, disinfectants, detergents and medicines. Market
demand of formic acid can be characterized as small, around 579 kt in 2013, where 34% associated with
animal feed, 32% for leather tanning and 13% of that for textile dyeing, as can be seen in Figure 2.7. [9]
Additionally, almost 620 kton accounts for its global production in 2012, and gradually growing and
expected to reach 760 kt in 2019 with an annual growth rate of 3.8 %.

Figure 2.7: Market of formic acid.[10]

In Figure 2.8 the global market of formic acid per region is depicted. The Asia-Pacific area is dominant
in the global market distribution with high growth rates. This region is expected to remain dominant,
mainly due to animal feed and textile industries in countries like China and India.

Figure 2.8: Formic Acid market - Growth Rate by Region, 2019-2024.[11]

In general, formic acid can be considered a valuable intermediate product that can be used for the
production of other chemical products, whose market is larger and their demand is more attractive for
the industry. Such products can be formaldehyde, methanol, carbon monoxide and methyl formate as
can be seen in Figure 2.9.
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Figure 2.9: HCOOH conversion with respect to temperature. [12]

In the Figure above, an overall overview for reaction pathways to convert HCOOH to valuable products
is illustrated, considering thermal decomposition of formic acid. Such a scheme illustrates the different
reactions occurring at different ranges of conversion in accordance to reaction temperatures. So, at low
formic acid conversion only dehydrogenation takes place towards the production of CO2 (I). For higher
and intermediate conversion rates, the production of formaldehyde takes place simultaneously with the
consumption of hydrogen (II).

At full conversion of formic acid and higher temperatures, methanol is produced (III) and selectivity
towards formaldehyde decreases. Finally, at a higher temperature and still at high conversion rates,
the catalyst surface has no longer formic acid. Thus, other side reactions take place such as the dehy-
drogenation of methanol towards the production of methyl formate (IV), according to the following
equation:

2CH3OH =⇒ CHOOCH3 + 2H2 (2.1)

Table 2.1: Physical and chemical properties of organic acids compared to formic acid. [13]

Acid Formula pKa g/mol mol/kg

Formic HCOOH 3.75 46 21.7

Acetic CH3COOH 4.75 60 16.7

Propionic CH3CH2COOH 4.87 74 13.5

Butytric CH3CH2CH2COOH 4.82 88 11.7

Lactic CH3CHOHCOOH 3.86 90 11.1

Benzoic C6H5OH 4.19 122 8.2

Citric CH2(COOH)COH(COOH)CH2(COOH) 3.08 192 5.2

In Table 2.1 a comparison of organic acids with formic acid is presented, considering their pKa values,
their molecular weight and density. Formic acid is the simplest organic acid, since its R-group (R-COOH)
is a hydrogen atom. Formic acid has a lot of advantages including the lowest molecular weight and
the greatest molecular density. Thus, it can be concluded that it can result in the formation of greater
concentration of active ingredient within the same formulation space. [13]

3. Formaldehyde

Formaldehyde can be considered a versatile and vital chemical compound, manufactured on an industrial
scale and is been used in a wide range of applications in large scale industrial processes. It is used in
the production of industrial resins and in textile industry as finisher to make fabrics crease-resistant.
Additionally, formaldehyde resins have high chemical and heat resistances, making them appropriate
materials both for automotive and airplane parts. Formaldehyde is also used as an intermediate product
for the production of other chemicals, playing an important role on coating and plastics. [14]
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Figure 2.10: Application of formaldehyde in production of chemicals. [15]

Methanal (formaldehyde) is typically used in aqueous solution of 37 % wt, named as formalin. In Figure
2.10 the various uses of methanal for the production of methanal resins can be seen where the major
uses correspond to urea, melamine and phenol production. The annual production of formaldehyde
worldwide for 2012 was about 41 million tonnes and it is expected to be gradually growing up to 55
million tonnes in 2019. [16]

4. Methanol

Methanol is the simplest alcohol and typically produced by hydrogenation of CO on an industrial scale.
Methanol has a wide range of applications and can be used to produce heavy chemicals, fuels for vehicles.
Also used as an energy carrier, since it can be much easier to store such a liquid compared to hydrogen
and natural gas.

Figure 2.11: Uses of methanol. [17]
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In Figure 2.11 all the different uses of methanol are illustrated, where the largest part corresponds
to feedstock for the plastic industry. Based on that, methanol is used to make methanal that has ap-
plication in a variety of plastics as discussed in the above paragraph concerning the uses of formaldehyde.

As for its production, in 2016 it accounts for about 80 million tonnes and expected to grow up to 100
million tonnes in 2020. [18]

5. Methyl formate

Methyl formate is mainly used for the production of formamide, dimethylformamide and formic acid.
Such chemicals are vital for the further production of other useful end products. Additionally, methyl
formate is used for the manufacture of chemical derivatives, as a blowing agent for foams and as an
agricultural fumigant. Methyl formate has zero global warming potential and can also be used as a
pesticide. [19]

6. Ammonium oxalate

Ammonium oxalate is the salt of oxalic acid and ammonium, is typically used for the determination of
metal concentration and can effectively be used as a buffering reagent. Ammonium oxalate is used in
blood testing, for the prevention of coagulation of plasma. Additionally, it is applied for the manufacture
of explosive and polishing substances. [20]

7. Ammonium carbonate

Ammonium carbonate is widely known as baker’s ammonia and is used as water softener, food process-
ing aid, pH modifier, swimming pool chemical and electrolyte. Also in the manufacture of glass, paper,
soaps and detergents. Moreover, ammonium carbonate can be used as an active and emetic ingredient in
syrups relieving some of the symptoms of bronchitis and also as an ingredient for smokeless tobacco
products. [21]

8. Formamide

Formamide is a chemical compound also known as methanamide, an amide originated from formic
acid. Typically used in biochemistry and molecular biology. It is used as a chemical feedstock in large
scale applications for manufacturing sulfa drugs, pharmaceuticals, herbicides, pesticides and for the
production of hydrocyanic acid. It is also used as a softener for paper and fiber as well as a solvent for
ionic compounds, for resins and plasticizers. [22]

9. Oxalic acid

Oxalic acid can be found in a various number of vegetables, such as potatoes, cucumbers and brocolli.
However, topical or oral application for humans can be highly toxic because of its corrosive properties.
The aforementioned properties turn out to be very useful for waste water applications, thus oxalic acid is
widely used in such applications as well as in cleaning products. More particularly oxalic acid can be
used as mordant in dyeing processes, in bleaches especially for pulpwood, in baking soda and as a third
reagent in silica analysis instruments. [23]

10. Oxamide

The diamide of oxalic acid, or oxamide, can have many applications in the chemistry field both as a
finished product and as an intermediate product. It is commonly used in agriculture as a slow-release
fertilizer, as an additive for fodder, as a stabilizer and as an intermediate product for several other
end-products like diacetyl-oxamide, used in the field of detergents. Oxamide is mainly made from the
hydrolysis of cyanogen in an acetic medium, releasing nitrogen slowly and so is used as a slow-release
fertilizer. Oxamide is a white crystalline, a non-hygroscopic fertilizer containing about 32% of nitrogen
and most of it is insoluble in water at 25oC. [24]
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In this project the thermal decomposition of ammonium oxalate is investigated according to the following
reaction:

(NH4)2C2O4 =⇒ (CONH2)2 + H2O (2.2)

Based on very poor and not recent literature, the aforementioned reaction was tested at 130oC resulting
in low temperature thermal decomposition based on the proton transfer mechanism. [25], [26]
During this thesis project numerous experimental trials were conducted without any success on the
precipitated desired end product. No recent literature turned out to be helpful, so this specific route was
not investigated further.

2.2 Selection of investigated route

In Appendix A an overall listing of the alternative products that can be accomplished are illustrated,
along with their properties including their enthalpy of formation, their solubility in water and their price
per tonne.

Taking into account all the above information it is clear that the comparison of a specific route is complex
and not straight forward, since multiple factors are important for their evaluation. Thus, the decisive
parameter for the determination of the examined route is the research gap of such a system. To begin with,
the initial step of absorption can be considered as a base for the system. More specifically, the flue gas
is inserted in the system along with the ammonia-based solvent towards the production of ammonium
bicarbonate. Further to the process, high-pressure hydrogen enters for the hydrogenation of bicarbonate
to formate. Thermal decomposition of the latter results to the formation of formic acid and ammonia.

In the following Chapters the aforementioned chemical reaction steps will be translated to reactors and
operating blocks. Along with the simulation part, an experimental proof of concept is included, further
establishing the system. For the overall evaluation of the integrated system a techno-economic analysis is
presented including all capital, operating, utilities and feed costs.

Figure 2.12: Overall scheme of proposed systems.

In Figure 2.12 a representation of the proposed systems is depicted, where (a) is the absorption step, (b)
Path A without a crystallizer and (c) the proposed system including a crystallizer.
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2.3 Post-combustion CO2 Capture Methods

CO2 capture processes are established, thoroughly investigated and applied in energy intensive industries
during the last decades. CO2 can be captured in different steps of an industrial process in a power plant,
as discussed in Chapter 1.1. More specifically, before or after combustion of a fuel and by oxy-fuel
combustion. In this project post-combustion method is used with generally low driving force depending
on the type of industry. There are various categories and technologies currently available in the market
and are shortly described.

Membranes

Membranes with high selectivity can be efficiently used for the separation of gases taking advantage of
differences in chemical or physical relations and properties of the gases. Typically, membranes are widely
used for the separation of CO2 and natural gas. Membranes gather a lot of advantages, such as the lack
of moving parts, no regeneration energy, compared to amines. As for disadvantages, membranes need a
higher driving force. [27]

Adsorption

The method of adsorption incorporates a solid area that is used to separate CO2 from a gas mixture.
Widely used adsorbents are polymers, activated carbon and zeolites that are desorbed via regeneration.
Adsorption of CO2 at low pressures is not yet an economically established and mature technology to be
used in conventional large scale applications. [28]

Physical Adsorption

Physical absorption is a process where flue gas enters the absorption column in a counter current configu-
ration with the solvent. The rich out exiting, goes through a series of flash operation blocks at various
pressures. Due to low driving force, physical absorption cannot be considered as an effective method,
but it could be more effectively used in pre-combustion processes where driving force is much higher. [29]

Cryogenic process

In cryogenic processes high partial pressure of CO2 is required, making this technology suitable for
oxyfuel and pre-combustion capture processes. [29] In such a process, a series of steps are used to produce
liquefied CO2, namely compression, cooling, condensation and distillation.

Chemical absorption

Chemical absorption is the technology used in this project, where a flue gas stream enters an absorption
column in counter current with a lean solvent solution. The rich solution enters a stripping column
where CO2 is stripped off from the CO2 based on a thermal swing process. The absorption liquid that
could contain amines, such as MEA. The main challenge of this technology is the regeneration of the
solvent, which is highly energy intensive. [28] Amines are typically used but also ammonia has been
experimentally demonstrated that could be an effective method for removing CO2 from flue gas. In this
project aqueous ammonia is used as a washing solvent .

Packed Absorbers

Packed absorption columns are typically used for CO2 capturing processes and are suitable for large scale
industrial applications. Such columns are based on counter current fashion and typically their packing
material is either structured or random packing material. [30]
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Figure 2.13: Scheme of packed absorber. [31]

In Figure 2.13 a representation of a packed absorption column is depicted, where all the gaseous and
liquid inlets and outlets are illustrated. A zoom-in of the packed material is also presented, showing in
detail the principle of the absorber with the relative contact of liquid and gas streams.

Membrane contactors

Membrane contactors are considered an innovative absorber configuration that is found to gather
advantages and improvements in performance, compared to the conventional packed columns. [32] The
main principle of the membrane contactors can be seen in Figure 2.14, where a microporous membrane is
used as a non-selective barrier for the flue gas and the solvent.

Figure 2.14: Membrane contactor principle.[32]

The main advantages of a membrane contactor are: no sensitivity to motion and higher surface area
resulting to reduction of the size of the downstream equipment. Additionally, such a membrane between
the gas and the liquid phase can effectively prevent phenomena such as flooding, channeling or foaming.
[32] This is one main difference compared to typical packed absorbers, that could result to deterioration
of the efficiency of such an operating block.
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The overall scheme of the aforementioned types of absorbers is similar and can be considered as a
design decision of the project, since the final desired outcome strongly depends on the performance and
regeneration of the solvent used in the system. However, membrane contactors are not yet considered as
mature technology and may lack mostly in experience in the field.

2.4 Ammonia as a solvent

Many studies and thorough investigation on various parameters have been conducted, especially for the
mature technology of capture with amine solvents, but the disadvantages of the amine solvents promote
the further research investigation of ammonia solvents. [33] MEA is typically used in capture systems
and it is a mature and widely applied amine in existing capture plants.

On the other hand, ammonia as a solvent in a carbon capture process has many advantages when com-
pared to amine based systems. [34] However, ammonia is a volatile compound and such a characteristic
can be a disadvantage in conventional capture systems. It will be clear that ammonia as a solvent in this
proposed system is wisely chosen and its high volatility turns out to be an advantage for the development
of the integrated system that is to be examined in detail in the following Chapters. In Figure 2.15 the
phase diagram of the compound is depicted. In such a diagram of temperature and pressure, the areas of
phase changes are illustrated along with ammonia’s critical point and triple point.

Figure 2.15: Phase diagram of ammonia. [35]

Lately, aqueous ammonia as a solvent in absorption columns drives a lot of attention and a lot of research
work is conducted both in an experimental and process modelling point of view. A fair comparison can
be conducted with a typically used benchmark solvent, monoethanolamine (MEA), and investigation of
the research gap is done when compared to the case of ammonia. As far as ammonia is concerned, it is
the simplest type of amine and has some attractive characteristics as lean solvent in the absorption and
further utilization process:

• High availability and low cost of ammonia solvent

• High CO2 capture capacity

• Less corrosive to instrument

• Chemically stable system

It should be noted that the volatility of ammonia is an important parameter that has been taken into
consideration for the design of the capture system, despite its negative impact on conventional capture
systems. In Figure 2.16 the vapor pressure development is illustrated with respect to ammonia concentra-
tion at 20oC. Extrapolating the data, an ammonia solution of 40 %wt results to a vapor pressure of 106.7
kPa and can be characterised as volatile.
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Figure 2.16: Vapor pressure of aqueous ammonia at 20oC.

An innovative aspect of the system is the high weight percentage of the ammonia solvent. A study
investigated a concentration of ammonia at 28 wt%, which may imply some challenges due to the high
level of ammonia losses. [36] In this project, a higher concentrated ammonia solvent is used, at around 40
wt%.

Ammonium bicarbonate is the main product exiting the absorption column. This product itself can be
used as a fertilizer and also used for the production of valuable end-products, such as formic acid. Taking
into consideration all the above about NH3 as a capture solvent, the model that is developed for this
work is explained in detail with all the necessary assumptions. In Figure 2.17 the fraction of carbonic
acid can be seen at low pH levels. At non-acidic pH values, the CO2 and water equilibrium may shifts
towards the formation of bicarbonate and at even higher pH values to carbonate.

Figure 2.17: Fractions of carbonic acid, bicarbonate and carbonate ions at different pH values.[37]

As far as the solid formation is concerned, CO2/NH3 ratio in carbonate is 0.5, while in bicarbonate is 1.
From the above it can be concluded that bicarbonate is a much more efficient chemical compound for
CO2 absorption and CO2 carrier.

The absorption rate of CO2 is dependent on various parameters, such as ammonia and flue gas concentra-
tion, pH value and inlet’s temperature. With higher ammonia concentration and lower CO2 concentration
the absorption rate of CO2 decreases. This can also be seen in Figure 2.17 showing the carbonate dissocia-
tion, where the best pH value is illustrated. At pH values 7-9, the main product out of the absorber is
bicarbonate, while at higher pH values the carbonate is the main product. At lower pH values 4-6 the
production of carbonic acid is dominant. At ammonia mole of 0.5 and pH=9.5, the conditions facilitating
the production of bicarbonates as indicated in various studies, as can be seen in Figure 2.18. [38]
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Figure 2.18: pH value as a function of ammonia molar fraction. [38]

2.5 Ammonia losses

Ammonia is a volatile compound indicating a high percentage of loss in the gaseous top outlet of the
absorber. There are various methods for the minimization of such losses: [39]

• Introduction of an aqueous ammonia solvent in lower mass concentration. This is an effective
way to decrease ammonia slip, but it opposes the innovative part of the study which is a more
concentrated ammonia solvent for more concentrated ammonium bicarbonate in the outlet bottom
of the absorber.

• Lower operating temperature. The operating temperature of the absorber is mainly dependent on
the temperature of the ammonia solvent, since the flue gas temperature is not affecting the outlet
liquid products. A temperature range of 5-40oC is proposed and most preferably of 5-20oC, limiting
the ammonia slip in the gaseous outlet. However, a lower temperature leads to the precipitation of
ammonium bicarbonate and this should be taken into consideration. A higher L/G ratio (liquid to
gas) is promoted around 2, in order to avoid solid formation inside the absorber.

• Higher absorption pressure. This method inhibits high energy costs associated with the pre-
processing of the feeds. More specifically, higher solvent mass flow is required and higher heat
requirements. Additionally, energy needs for the mechanical compression of the flue gas are critical.

The amount of ammonia evaporating out of the absorber is significant and needs to be taken into
consideration. Minimization of these losses and maximization of the concentration of ammonium
bicarbonate, influences the final purity of formic acid. Literature showed that ammonia slip depends
slightly on the ammonia concentration in the range of high solvent concentrations 28-40 %, but it mostly
is dependent on the operating temperature.

2.6 Crystallization system

The system of capturing CO2 uses an absorber with a flue gas and ammonia temperature low tempera-
tures, preventing precipitation issues that would lead to severe maintenance problems and additional
costs. The formation of precipitating ammonium bicarbonate is minimized with methods, as presented
in the previous paragraphs. Nevertheless, solid formation downstream to the absorber could turn
out to be advantageous for the proposed system. The high concentration of ammonia promotes many
disadvantages and challenges namely the higher rate of precipitate bicarbonate. For this case a whole
different strategy is to be followed, without precipitation inside the absorber, but with crystal formation
downstream to it. [40]
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A high liquid ammonium bicarbonate is preferred. So, crystallization of the outlet of the absorber is
examined. The solid formation results to a more advantageous system: [41], [42]

• Minimization of ammonia slip in the absorber

• A more concentrated desired product and separation from the remaining liquid part. This leads to
more concentrated stream of ammonium bicarbonate

The overall scheme of the advanced capturing system is the same including the absorption column,
adding the crystallizer after the absorber. From an engineering perspective, handling solids in a packed
column is challenging and costly. Thus, the precipitation in the rich solution is limited to a crystallizer
downstream of the absorber, as can be seen in Figure 2.19. The main concept of such a system is the
reduction in mass flow of the rich out, so the solid part exiting the crystallizer is afterwards separated via
a cyclone, a solid separator. [43] The separated slurry enters a dissolution reactor and is regenerating.

Figure 2.19: Crystallizer overview. [41]

An important parameter is the temperature of the rich out stream, that needs to be cooled down to 5oC
for the easier formation of solid ammonium bicarbonate. [44] Crystallization is used as a purification
step as well as for recovery of solid materials. [45] In this work, crystallization is used for the handling
of solids that are formed within the system. In this way, even higher bicarbonate concentration can be
conducted, since there is further separation of the solid compound out of the liquids.

2.7 Ammonium bicarbonate to ammonium formate

Formates can be considered as effective hydrogen storage carriers according to recent studies. One
main aspect for hydrogen storage is the volumetric density of the formate which depends mainly on
the solubility of the salt in water. Thus, ammonium formate has such an advantage on that term due to
its high solubility even at room temperature. Recent study has shown that the produced ammonium
formate can be effectively used in a H2 battery with much higher volumetric energy compared to the
diatomic hydrogen. [46]

The transformation of CO2 to more valuable products is the main goal of this research. Formic acid
can be considered quite an attractive option, however direct hydrogenation of CO2 to formic acid is
not thermodynamically favorable. [47] Thus, a base additive as an intermediate reaction step can be
used to overcome this boundary and in this work the hydrogenation of ammonium bicarbonate is to be
investigated.

CO2(g) + H2(g) =⇒ HCOOH(l) ∆Go
298K = 32.9kJ ·mol−1 (2.3)

The investigation of the reduction of bicarbonate to formate is of great research interest, connecting
inorganic and organic chemistry, according to the following equation:

HCO−3 + H2 =⇒ HCOO− + H2O (2.4)

18



Indeed, the use of pressurized hydrogen is an important aspect of the system in order to result to high
product yields. A promising study has a 74.7% formate yield with test conditions of 23h at 70oC and 60
atm of hydrogen inlet. [48] Mild conditions of atmospheric hydrogen pressure, can also lead to a 50%
conversion. The use of heterogeneous catalysts is advantageous, since it provides ease of handling, sepa-
ration and recovery in the system. Several studies have investigated the hydrogenation of bicarbonates
towards formates with the use of pressurized hydrogen with metal catalysts. [49] The most common and
widely used catalysts are Nickel and Palladium.

Hydrogenation of bicarbonate is much easier, while that of carbonates can be limiting towards the reaction
rate. [46] Various studies promoted the efficient hydrogenation of bicarbonates towtoards high yield of
formates, especially in the case of ammonium. [50] The reaction may shift either to the production of
carbonate or bicarbonate depending on the pH value. Thus, decreasing the pH the reaction shifts towards
bicarbonates decreasing the yield of carbonates, as was investigated by several studies. [46] In general,
the main conditions that determine the final formate yield are the pressure of the initial H2, temperature
and residence time.

In this work, the hydrogenation of ammonium bicarbonate is indeed an important part of the research,
since with ammonium bicarbonate as a starting reactant, ammonium formate can be produced. Then
further thermal decomposition can result in the production of formic acid and evaporation and separation
of ammonia out of the system. In Table 2.2 the basic characteristics and properties of the participating
compounds are presented, including solubility levels and boiling points of the chemicals.

Table 2.2: Characteristics of reactant and products of reaction to formic acid.

NH4HCO3 HCOONH4 HCOOH NH3

Molar mass [g/mol] 79 63 46 17

119 (0 oC) 102 (0 oC) 900 (0 oC)
Solubility 216 (20 oC) 143 (20 oC) 1000 550 (20 oC)

in water [g/L] 248 (25 oC) 202 (40 oC) miscible 300 (40 oC)
366 (40 oC) 516 (80 oC) 150 (60 oC)

Boiling point [oC] 180 100.8 -33.34
Melting point [oC] 41.9 116 8.4 -77.73

There are a number of parameters that need to be taken into account for the design of such a reactor,
some of them are:

• Catalyst

• Hydrogen pressure

• Temperature

• Reaction time

The above are only a number of parameters that were taken into consideration. To begin with, the
selection of a catalyst can be an important aspect of the system. In Table 2.3 a brief comparison of
homogeneous over heterogeneous catalysts is presented, indicating the advantages of the latter.

Table 2.3: Comparison of catalysts

Homogeneous catalysts Heterogeneous catalysts

Popular and widely known Easier to separate

Catalyst recovery still challenging Easily recovered

Lower cost High conversion and high cost
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2.8 Ammonium formate to formic acid and ammonia

Thermal decomposition of ammonium formate results to the formation of formic acid and ammonia
based on the chemical reaction:

HCOONH4 =⇒ HCOOH + NH3 (2.5)

Stripping can be accomplished either in a packed, in a trayed column, a spray tower or a bubble column,
as can be seen in Figure 2.20. Such configurations are effectively used in industrial scale both as absorption
as well as stripping columns. In this work, a trayed stripping column is assumed due to its scalability. In
the system of the stripping column, there are widely used stripping agents. The most common are:

• steam

• air

• inert gases

• hydrocarbon gases

At this point, it should be noted that the level of recovery depends highly on the volatility of the organic
compound, in this case of ammonia. This is the main advantage of the overall conceptual design of this
particular proposed system along with the use of aqueous ammonia as absorption solvent. This property
of ammonia is its basic feature, enabling and promoting the further processing and utilization of CO2
towards the production of a valuable end-product.

Figure 2.20: Type of industrial absorbers and strippers: (a) trayed tower, (b) packed column, (c) spray
tower, (d) bubble column. [51]

The vapor pressure of water and formic acid can be seen in Figure 2.21 for a wide range of temperature
values, since thermal decomposition occurs at elevated temperatures, in a range of 120-150oC. Similar
volatilities of the referred compounds, leads to a challenging separation. Higher temperature is not
promoted for such a reaction, since ammonium formate may produce other products, like CO2 or CO or
worse decarbonization and formation of carbon.

Figure 2.21: Vapor pressure of water and formic acid. [52]
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High temperature is required for this reaction so that decomposition occurs, in a temperature range of
120-150oC. As can be seen in Figure 2.21 water and formic acid have similar behavior as far as vapor
pressure is concerned. At the examined temperature ranges water appears to be more volatile. For the
efficient separation of the compounds the appropriate pressure level should be defined, both for water
and formic acid to remain in liquid state and not evaporate out of the top of the stripper. Combinations
of pressure and temperature levels are presented in Table 2.4, for the effective separation of aqueous
solution of formic acid from ammonia solution. The above conditions should be taken into consideration
to prevent evaporation of formic acid along with ammonia in the top outlet of the stripper.

Table 2.4: Operating conditions of the stripper.

Temperature Pressure Temperature Pressure

115 oC 2 bar 135 oC 3.5 bar

120 oC 2.3 bar 140 oC 4 bar

125 oC 2.5 bar 145 oC 4.5 bar

130 oC 3 bar 150 oC 5 bar

As an initial sign for the separation of ammonia from formic acid HCOOH, the measurement of pH can
be a fair indication. In Table 2.5 the dissociation constants of formic acid are presented for the general
reaction of ionization of formic acid:

HCOOH + H2O =⇒ H3O+ + HCOO− (2.6)

Its values are at a range of 2-3.2 and pH value can be determined based on the following equation, taking
into account Ka of formic acid.

Table 2.5: Values of dissociation constants and acid strength.

Ka pKa Kb pKb

1.78 ·10−4 3.75 5.6 ·10−11 10.25

K =
[H3O+] · [HCOO−]
[H2O] · [HCOOH]

=⇒ Ka = K · [H2O] =
[H3O+] · [HCOO−]

[HCOOH]
, pH = −log10[H3O+] (2.7)

2.9 Formic Acid to Formaldehyde

Formaldehyde is industrially produced via the oxidation of methanol at high temperatures of 600oC. [53]

CH3OH +
1
2

O2 =⇒ HCHO + H2O (2.8)

Alternatively, a further step in the overall integrated system is the conversion of formic acid to the
production of formaldehyde via hydrogenation reaction:

HCOOH + H2 =⇒ HCHO + H2O (2.9)

For this work, formic acid reacts over a metal oxide catalyst. The hydrogenation reaction takes place at
mild conditions and is temperature sensitive. Both TeO2 and CeO2 as catalysts indicate a high selectivity
towards formaldehyde production. Also metal catalysts show high selectivity like Pd catalyst. [54] For a
more sustainable approach on the process design, water electrolysis can be used to derive the required
hydrogen.
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Chapter 3

Method - Simulation and Experiments

In this Chapter, all the reaction steps that take place in the overall system are investigated thoroughly. For
each one of them, an experimental proof of concept is included, namely the hydrogenation of ammonium
bicarbonate, the separation of ammonium formate to formic acid and ammonia and the hydrogenation of
formic acid to formaldehyde.

The capturing process of CO2 from flue gas with the use of an aqueous ammonia solvent will be examined,
at relatively low operating temperatures. In this system, CO2 is captured in ammonia solution producing
ammonium salts, mainly ammonium bicarbonate. As an innovative added value, a higher concentration
of ammonia is used of 40 wt%, compared to standard similar systems where aqueous solutions of
ammonia of 10-15 wt% are used. [55] In the absorption system, a looping of ammonia solvent is used to
minimize ammonia losses from the top of the absorber as outlet gas.

3.1 Modelling of absorber

In this section, modelling of the absorption column is used for the NH3-CO2-H2O in order to calculate
with accuracy the solid-liquid-vapor (SLV) equilibrium of the system. In this work, all the participating
ionic reactions of the CO2-NH3-H2O system are investigated and analyzed in detail with a focus on the
solid formation of ammonium bicarbonate. The formation of such a solid intermediate product in an
operating block is of crucial importance, since the solid production may lead to undesired phenomena,
such as clogging and high maintenance costs or even worse plant shutdown. [4] In Table 3.1 the inlet
conditions of the absorption column are presented.

Table 3.1: Inlet operating conditions.

Flue gas temperature 10 oC Flue gas flow rate 12.5 tn/h

Lean solution temperature 10 oC Lean solution flow rate 25 tn/h

Concentration of CO2 6 % v/v Concentration of NH3 40 % wt

For the process modelling, Aspen Plus ® V10.0 is used, to simulate the integrated system of CO2 capture
and Utilization. For the precise simulation of the absorber of the system a rate-based system is simulated,
by using ionic reaction as well as precipitating reactions. For the modelling of the capturing process, the
definition of the equilibrium constants Ks need to be defined for the different reactions that take place in
the absorber depending on the temperature and according to the following formula:

lnKs = A +
B
T
+ C · lnT + D · T (3.1)

As far as the kinetic reactions are concerned, data for the pre-exponential factor and the activation energy
were used for the determination of the kinetic factor according to the following formula:

Keq = k · exp(−E/R · T) (3.2)
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The most commonly used model for the simulation of a rate-based absorber is the Electrolyte NRTL
method for the properties in liquid phase and RK equation for the vapor phase. In Table 3.2 all the
involved reactions in the capturing system are presented along with their equilibrium constants.

Table 3.2: Fitting parameters for the equilibrium constant Ks for the reactions involved in the capturing
process. [56]

Equilibrium reactions
No. Chemical Reaction A B C B

1 CO2 + 2H2O⇐⇒ H3O+ + HCO−3 231.47 -12092.7 -36.78 0

2 HCO−3 + H2O⇐⇒ H3O+ + CO−2
3 216.05 -1243.7 -35.48 0

3 NH3 + HCO−3 ⇐⇒ NH2COO− + H2O -4.5834 2900 0 0

4 NH3 + H2O⇐⇒ NH+
4 + OH− -1,2566 -3335,7 1,4971 -0,0370566

5 2H2O⇐⇒ H3O+ + OH− 132,899 -13445,9 -22,4773 0

Kinetic Reactions
No. Chemical Reaction k E [cal/mol]

1 HCO−3 =⇒ CO2 + OH− 2.38 e+17 29451

2 CO2 + OH− =⇒ HCO−3 4.32 e+13 13249

3 NH3 + CO2 + H2O⇐⇒ NH2COO− + H3O+ 1.35 e+11 11585

4 NH2COO− + H3O+ ⇐⇒ NH3 + CO2 + H2O 4.75 e+20 16529

Salt Reactions
No. Chemical Reaction A B C B

1 NH4HCO3 ⇐⇒ NH+
4 + HCO−3 8.06448 -5013.76 0 0

Thus, depending on the temperature of the process, some of the reactions are more favourable compared
to some others, resulting to the shifting of the reactions either to the products or reactants. [57] The
parameters illustrated in Table 3.2 appear to have good fit with experiment data with R2>0.99. [58]

In the model described above in Table 3.2 all the participating reactions were taken into account, including
the formation of ammonium bicarbonate as the only solid compound. However, some other possible
solid formation are ammonium carbonate (NH4)2CO2 · H2O, ammonium carbamate NH2COONH4 and
ammonium sesqui-carbonate (NH4)2 · 2 NH4HCO3 according to the following reactions:

NH2COO− + NH+
4 =⇒ NH2COONH4(s) (3.3)

2NH+
4 + CO2−

3 + H2O =⇒ (NH4)2CO3 · H2O(s) (3.4)

3NH+
4 + CO2−

3 + HCO−3 =⇒ (NH4)2CO3 · NH4HCO3(s) (3.5)

Based on literature, the formation of ammonium bicarbonate is the dominant solid formed in the outlet
of the absorber. [59] Thus, for the conduction of simulation results only the formation of ammonium
bicarbonate is taken into consideration in this work. Behind that assumption, there is an explanation.
[60] Ammonia solvent absorbs CO2 forming carbamic acid NH2COOH that instantly looses its proton,
forming carbamate NH2COO-. During the process of CO2 capturing, there is change in the pH value and
the equilibrium shifts and the carbamate results to the formation of ammonia and bicarbonate.
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Simulation of absorption column

In this project aqueous ammonia is used in a temperature range of 2 to 10 oC, the so called Chilled
Ammonia Process (CAP). In such levels there is reduced ammonia slip from the absorber, but at the same
time this may facilitate precipitation of solid ammonium carbonate salts. Ammonium bicarbonate can
precipitate at low temperatures and decomposes at elevated temperatures, which is an advantageous
characteristic. [39] Also the ammonia losses coming out of the absorber are significant, thus a recovery
system is designed to minimize these losses. [61] For the capturing of CO2 a typical inlet flow of flue gas
is used with 6% v/v of CO2. The conditions of the absorber are shown in Table 3.3 as well as the resulting
outlet of the aforementioned block.

Table 3.3: Conditions of the absorber for CO2 capture with ammonia.

Calculation type Rate-based absorber Packing type Packed MELLAPAK

Flow model Mixed Number of stages 10

Absorber diameter [m] 1.5 Packing height [m] 12

In an initial step, a simple flash was used as an operating block, being a simple representation of the
system with no temperature difference throughout the absorber and not including kinetic reactions. A
simple flash proposes a complete mixing of the phases and transport properties are assumed as a simple
number, like efficiency. Therefore, a RadFrac is used instead as an absorption column. [62], [63] This
RadFrac model requires a number of inputs, such as properties of the absorbent, dimensions of the
column, packing type and column internals. The proposed system for CO2 capture with concentrated
ammonia includes an absorber represented as a RadFrac column.

Figure 3.1: Representation of the absorber of the system.

In Figure 3.1 the scheme of the modelled absorber is illustrated, where FLUEGAS and LEANIN are the
two inlets of the operating block, as can be seen in Table 4.1 and GASOUT and RICHOUT the respective
outlets of the system. In the GASOUT a percentage of NH3 is exiting the system. WATERWASH is the
water wash used to dissolve ammonia and RECOVERY is the amount of aqueous ammonia inserted
again back in the system. OUT represents the leftover ammonia that evaporates out of the system.

3.2 Hydrogenation of ammonium bicarbonate

The hydrogenation reaction is simulated in Aspen Plus ® V10.0 using a Plug Flow Reactor, taking into
account the amount of catalyst that is necessary in this reaction, as seen in Figure 3.2. This hydrogenation
is a slightly exothermic reaction and utilities for its execution is assumed to be minor. The results of the
simulated reactor indicate an attractive route, since the amount of the formate HCOO- formed is higher
than the amount of bicarbonate HCO3

- used.
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For the proof of concept, the hydrogenation of ammonium bicarbonate was investigated, where the inlet
solution of ammonium bicarbonate is inserted to a pressurized reactor, leading to the formation of the
aqueous solution of ammonium formate. Such a hydrogenation reaction is slightly exothermic, according
to the following equation:

NH4HCO3 + H2 =⇒ HCOONH4 + H2O ∆Go
298K = 5.9kJ ·mol−1 (3.6)

Figure 3.2: Simulation of pressurized reactor.

For the conduction of the experiment a thorough research of such a process was done in the following
conditions as depicted in Table 3.4. In Figure 3.3a a small scale of pressurized reactor is depicted and
used in lab of TNO, while in Figure 3.3b a larger scale is illustrated and used. In the small scale setup 10
ml of solution are inserted, while in the bigger scale 100 ml of solution can be used.

Figure 3.3: Setup for hydrogenation reaction.

After the completion of the experiment the samples are filtered from the Pd/C catalyst. The solutions then
are going through measurement methods, both HPLC and FTIR. HPLC measures formate ions HCOO-,
while FTIR is an analysis technique that with only a drop of material can identify the organic materials
contained in a solution. So, FTIR is a testing process that can within a wide range of wavenumber absorb
and/or transmit the material and indicate a peak or a valley respectively in that area within the infrared
spectrum. Those results indicating a proof of concept are presented in the following Chapter.

25



Table 3.4: Conditions of hydrogenation of ammonium bicarbonate.

Hydrogenation Reactor

Operating temperature [oC] 80

H2 pressure [bar] 20

Retention time [h] 2

Pd/C Catalyst 5 % wt

Stirring speed [rpm] 250

3.3 Thermal decomposition to formic acid and ammonia

Ammonium formate is a compound that when heated decomposes producing formic acid and ammonia
according to the following reaction:

HCOONH4 =⇒ HCOOH + NH3 (3.7)

For the simulation of the separation step, a distillation column is used to model accurately the thermal
decomposition of ammonium formate. Such a stripping column is used to imitate the separation process
of liquid formic acid in water at the bottom and gaseous ammonia at the top of the column. Stripper
columns are considered a known and mature technology, widely used in conventional capture system,
for the separation of CO2.
In this work, the same principle is used, but the main product that evaporates out is ammonia mainly,
due to its high volatility. For the simulation of the stripping column Aspen Plus ® V10.0 is used. RadFrac
is properly modelling the separation of formic acid from ammonia as can be seen in Figure 3.4.

Figure 3.4: Simulation of stripping column.

The inlet of the stripper entering the column at 130oC mainly consists of ammonium formate. At that
temperature level, thermal decomposition occurs towards the production of formic acid and ammonia.
In Table 3.5 the conditions of the stripping column are presented, indicating the pressure of the condenser
and the temperature of the reboiler.

Table 3.5: Operating conditions of stripper.

Stripper column conditions

Operating temperature [oC] 130 Condenser pressure 3 bar

Number of stages 30 Distillate rate Mass 1000 kg/hr

Partial Reboiler Kettle Reboiler Duty 100 kW
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For this chemical part, a series of experiments were conducted in a setup of the lab at higher temperatures
of 150oC for 45 minutes. In the system, 1.5M of ammonium formate were inserted and after the completion
of the experiment samples of the distillate part and the left over part, were analyzed using FTIR (Fourier
transform infrared spectroscopy) and HPLC.

Figure 3.5: Lab distillation column for decomposition of ammonium formate.

In Figure 3.5 the setup for the distillation column is depicted and used in the lab of TNO in the SPES
department. The sample is heated up to 150oC and in the right Figure the condensate part is depicted.

3.4 Hydrogenation of Formic Acid to Formaldehyde

Experiments also took place for the chemical conversion of formic acid to formaldehyde with the help
of the experienced lab staff of TNO. The examined reaction appears to have high selectivity at the
temperature range of 80-120oC. For the experimental proof of concept of the hydrogenation of formic
acid to formaldehyde, the conditions displayed in Table 3.6 were used. Two solutions of formic acid were
prepared, of 1.5M and 2.5M in watery solution and were both tested in the same conditions.

Table 3.6: Conditions of hydrogenation of formic acid to formaldehyde.

Hydrogenation Reactor II

Operating temperature [oC] 100 Retention time [h] 3

H2 pressure [bar] 20 Pd/C Catalyst 5 % wt

It should be noted that samples of formic acid and the produced ones were analyzed in HPLC in their
formate HCOO- ions, at retention time 17.6 minutes. These samples were also analyzed based on their
infrared spectrum, showing differences in their valleys throughout a wide range of wavenumbers.
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Chapter 4

Simulation Results and Experimental
Proof of Concept

In this Chapter the main results of the thesis are presented, including simulation results and experimental
proof of principle. The overall flowsheet of the system includes the capturing process, the crystallization
step, the hydrogenation of ammonium bicarbonate and lastly the separation step towards formic acid
and ammonia. Description of the integrated systems is also part of this Chapter, for the process design of
systems including a crystallizer or not. Lastly, possible heat integration in the system is investigated for a
more efficient waste heat recovery.

4.1 Integrated system without crystallization

In Figure 4.1 the overview of the integrated system is illustrated, presenting all the participating reaction
steps of the process. To begin with, the absorption column of the system has two inlets, the flue gas
entering from the bottom the column and the aqueous solvent of ammonia entering in the top of the
absorber. The system has two outlet streams, namely the gaseous outlet coming out of the top of the
absorber and the liquid rich solvent exiting the system from the bottom containing mainly ammonium
bicarbonate in liquid state.

The gaseous outlet contains high amount of ammonia and that is the reason why there is a recovery
system for this lost solvent in gaseous state. Ammonia is dissolved in fresh water and recycled back in
the absorber for minimization of the losses. This is an important step of the system, since the operating
temperature is that low to also decrease the ammonia slip. Ammonia losses are minimized and the
remaining gaseous ammonia is further washed and processed to reach ppm levels for its release to
atmosphere at allowed levels.

Figure 4.1: Overview of the integrated system.
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The main product of the absorption column is ammonium bicarbonate and analysis on its solubility is
conducted to reassure there is no solid formation inside the reactor that could damage or deteriorate
the operation of the system. High concentration of ammonia solvent leads to high concentration of
ammonium bicarbonate which is an initial indication for a final high concentration of formic acid.

Additionally, the hydrogenation of ammonium bicarbonate follows, which is one inlet of the reactor in
liquid solution at 80oC. Pressurized hydrogen is the second inlet of the reactor, assumed to be derived
from water electrolysis. In this manner, the mechanical compression of gaseous hydrogen is prevented, a
way more energy intensive process. As an alternative, pressurized hydrogen could also be derived as a
by-product from another part of a power plant.

From the process described in the previous paragraph, production of ammonium formate takes place
and is further processed. A stripping column is then used for the thermal decomposition of ammonium
formate towards formic acid and ammonia and at the same time is capable of the separation of these two
products of the system. The separated ammonia evaporated out of the top of the stripper is inserted back
to the system in the absorption column, as a regeneration of the solvent. High formic acid concentration
is achieved at 35 % wt in watery solution.

An additional step is added, where hydrogenation of the produced formic acid takes place for the
final production of formaldehyde. A pressurized catalytic reactor is used in this additional step. The
description of the integrated system constitutes an alternative system for formaldehyde production, in
already existing carbon point sources such as power generation plants or waste incinerators.

Figure 4.2: Representation of the simulated integrated system.

In Figure 4.2 the simulation of the integrated system is illustrated that was conducted in AspenPlus ®

V10.0. The overall process flowsheet can be seen, grouped in the different processes participating in the
system, starting from the capturing towards the production of the final end-product.

4.2 Integrated system with crystallization

In this section the description of the overall process design of the integrated system of CO2 capture to the
production of formic acid is investigated, including the crystallization system. A representation of the
system can be seen in Figure 4.3, where the initial step of CO2 chemical absorption, derived from flue gas,
is similar to the base case scenario that was explained in detail in Chapter 4.1.

After the production of ammonium bicarbonate at the bottom of the absorber, cooling down to 5oC
follows resulting in precipitation of the latter product. This cooling step is added in the proposed design
to take advantage of the crystallization of the solid compound. As a result, the solids are well organized
into crystals, an effective way for solid handling. The formed slurry enters a crystallizer, forming crystals
of ammonium bicarbonate that are separated from the liquid part of the stream.
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In this manner, higher concentration of ammonium bicarbonate can be achieved of approximately 47 %
wt. The slurry then proceeds to a dissolution step including a heater, that will reassure no slurry and no
solid will enter the next reactor of the system. From that point on, the reaction steps remain the same
compared to the already examined system. Hydrogenation reaction takes place at mild conditions of
80oC and 20 bar of hydrogen. The last part of separation is simulated with a stripper column operating at
150oC and the required pressure. The ammonia evaporates out and a regeneration system is included for
the recovery of ammonia back in the top of the absorber in the first step.

Figure 4.3: Overview of the integrated system, including crystallization.

In Figure 4.3 the integrated system of CO2 capture and utilization towards the production of formaldehyde
is illustrated. Additional pressurized hydrogen derived from an electrolyzer enters the system, where
hydrogenation of formic acid results to such a valuable end-product. The production of formaldehyde is
an innovative addition to this study, since its market is much bigger compared to that of formic acid. The
simulation of the integrated system described in this paragraph is conducted in AspenPlus ® V10.0 and
can be seen in Figure 4.4, where all the participating processes are depicted.

Figure 4.4: Representation of the simulated integrated system with crystallization.

For the simulation of the crystallizer AspenPlus ® V10.0 is used, to simulate the formation of the solid
compounds in the system as well as their further processing, including a cyclone for the separation of the
solid part and heating system for the regeneration of this part. The stream that is left proceeds further to
the next process step that is the hydrogenation reaction.

After simulation of the process, ammonium bicarbonate has increased in mass concentration and reaches
the high level of 47 % wt, indicating an attractive process in terms of final product concentration. This
additional operating block includes solids handling that can be challenging in an engineering point of
view and this should also be taken into account. In the following sections, a techno-economic comparison
will be conducted in these two systems that are described and finally will be critically compared, in terms
of final formic acid concentration and economic point of view.
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4.3 Simulation and experimental results

In this section the results of the simulated model are shown for the absorption column. Additionally,
experimental proof of concept is presented regarding the hydrogenation of ammonium bicarbonate and
separation of ammonium formate.

4.3.1 Ammonium bicarbonate production

The feed of the system is a flue gas stream 6 v/v % of CO2, inserting the system and the solvent consists
of 40 wt% of aqueous ammonia. In the examined system, ammonium bicarbonate is assumed to be the
only solid compound precipitating. Higher concentration of ammonia in the lean solvent of the absorber
leads to high ammonia slip. [64] The combination of high ammonia concentration and low lean loading
ratio leads to significant increase of the ammonia slip, escaping at the top of the absorber. [65] This is
mainly due to its volatility and ammonia tends to evaporate out of the absorber. European regulations, as
far as the ammonia emissions rate is concerned, are very strict because they may cause undesired harm
and health issues to the operators of the plant as well as severe environmental effects. Such regulations
constrain the ammonia emissions to a range of 20-50 ppm. [66]

Ammonia emissions from the top of the absorber are reduced by entering a water wash section, but an
additional acid wash follows helping decrease the ammonia out to acceptable levels. The investigation of
the acid wash is not part of this study, but the concentration of the ammonia stream entering the acid
wash should be relatively low in order to reduce the consumption of acid. Typically, sulfuric acid is used
that results to the formation of ammonium sulfate. [67] In Table 4.1 the results of the outlet streams are
shown including the recovery system.

Table 4.1: Molar fraction of outlets of the absorber.

FLUEGAS LEANIN RICHOUT GASOUT WATERWASH RECOVERY OUT

CO2 0.06 0 2.44e-06 5.17e-06 0 8.18e-12 1.27e-12

NH3 0 0.27 0.19 0.35 0 0.26 0.02

H2O 0 0.58 0.45 0.01 1 0.53 0

N2 0.94 0 0 0.64 0 0.001 0.98

HCO3
- 0 0 0.07 0 0 0 0

CO3
2- 0 0 0.03 0 0 0 0

NH2COO- 0 0 0.01 0 0 0 0

NH4
+ 0 0.15 0.25 0 0 0.2 0

NH4HCO3 0 0 no solid 0 0 0 0

Observing the Table 4.1 all the different ionic components are presented in the participating streams
of the absorber and the ammonia recovery system. The RICHOUT stream is the outlet of the absorber
containing ammonium bicarbonate in liquid state.

The rate-based model that is implemented can predict the performance of the absorber in an effective
and reasonable way. Some of the initial conclusions from the model are that the absorber can achieve
high CO2 absorption rates and at the same time high ammonia losses in the gaseous outlet of the system.
Thus, an overall investigation on the operating parameters and configurations of the system is necessary
to improve these factors, for example a lower solvent temperature can limit the ammonia losses of the
system.
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Solubility of ammonium bicarbonate

In Figure 4.5a the predicted solubility of ammonium bicarbonate is illustrated as function of liquid to gas
ratio (L/G), lean solvent to flue gas inlets. The molar fraction of ammonium bicarbonate is illustrated for
different ammonia concentrations, all cases at 10oC operating temperature. For the case of 40% wt, a 2.1
value of L/G is selected to reassure there is no solid formation of bicarbonate. In Figure 4.5b the solubility
is depicted as a function of different temperatures with respect to the rich CO2 loading, calculated based
on Equation 4.1. In the region below of every operation curve, ammonium bicarbonate salts remain in
liquid state, indicating the area of operation.

Figure 4.5: Operating area with respect to (a) L/G ratio, (b) ammonia concentration.

CO2 loading as well as ammonia concentration are both investigated in order to reassure that ammonium
bicarbonate exits the bottom in a liquid state and does not precipitate. The ammonia slip and losses are
weakly dependent on ammonia concentration but depend mainly on the absorber temperature.

rich CO2 loading =
[CO2] + [HCO−3 ] + [CO2−

3 ] + [NH2COO−]
[NH3] + [NH+

4 ] + [NH2COO−]
(4.1)

In Figure 4.6a the temperature of the solvent is investigated, resulting in a molar fraction profile for the
participating components in the absorber. It should be noted that this is the base case scenario that is
described in the previous paragraphs. In the plot derived from AspenPlus, it can be seen that at 10oC
there is no longer solid formation which is one main goal to prevent undesired problems in the operation
of the system, such as clogging and further additional maintenance costs.

Figure 4.6: Rich out composition with respect to (a) lean and (b) flues gas temperature.

In Figure 4.6b the components profile of the rich out of the absorber can be seen as a function of the flue
gas temperature. The effect on the composition of the outlet can be seen and it can be concluded that the
flue gas temperature has barely any effect on the rich out composition. As a result, only the temperature
of the liquid is affecting the products. [67] [68]
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In Figure 4.7a L/G ratio is illustrated with respect to different lean solvent temperatures. These values
vary from around 1 to 2 also depending on the concentration of the ammonia solution.

Figure 4.7: L/G ratio for different operating temperatures

In Figure 4.7b ammonia recovery is investigated. Water wash is used in a flash operating block for the
recovery of ammonia back in the top of the absorber. It can be seen that the higher the amount of water
solution is used, the higher the % of ammonia recovery that is achieved, even up to 99%. This though has
an impact on the concentration of ammonium bicarbonate, since it becomes more diluted and should be
further optimized as indicated in Chapter 7. From the procedure of the conceptual design of the absorber
it should be noted that the outlet bicarbonate concentration is approximately 35 % wt, preparing the
ground for the final concentration of formic acid.

4.3.2 Ammonium formate production

For this experiment both a small and a larger scale reactor are used with duplos and results are similar
leading to the same desired result. For the evaluation of the outlet solution, a calibration curve is prepared
with different concentrations of ammonium formate and all the samples were analyzed in the HPLC
setup resulting in the mass yields depicted in Figure 4.8.

Figure 4.8: Calibration curve of ammonium formate.

The outcome of the aforementioned experiments works as a proof of concept of the reaction, since it leads
to a mass yield of 87.5 % of ammonium formate. For the continuation of the experiment, the produced
ammonium formate was used and inserted to a lab distillation column for the evaporation of ammonia
and production of formic acid.
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4.3.3 Formic acid separation

The simulation of the above mentioned stripping column results in the following streams, presented
in Table 4.2. In Figure 4.9 the results of the % transmittance of the initial ammonium bicarbonate, the
distillate part and the left-over part are presented, after the completion of the experiment. It can be
concluded from the results above, it is a proof of concept of the thermal decomposition of ammonium
formate. To begin with, ammonium formate is presenting some transmittance valleys at wavelengths of
1600 and 1300 cm-1. [69] As for the formic acid sample, that corresponds to the left-over part, its curve
presents some valleys at wavelengths of 1750 and 1200 cm-1. Lastly, the distillate part, derived from the
experiment, corresponds to the ammonia produced and its peak on the absorbance curve appears to be at
wavelength of 1100 cm-1. The peaks indicated in this curve on wavelengths of 3400 cm-1 for formic acid
and ammonia and also at 1650 cm-1 for the latter, correspond to the concentration of water. [70]

Table 4.2: Stream results of the stripping column/separation step.

Mass fraction % Formic acid Ammonia CO2 Water

OUTREACT 0.3 0.11 0.02 0.56

HCOOH 0.35 0.002 6.3 e-05 0.64

VOLATILE 0.05 0.52 0.06 0.37

Figure 4.9: FTIR analysis for ammonium formate decomposition.

In Table 4.3 the analysis conducted in HPLC is seen, for both samples that were collected. HPLC can
identify formate ions at the retention time of 17.6 minutes, so the area at that peak is calculated for
both samples. As expected the area for the alkaline sample is relatively smaller compared to the acidic
sample. Normalization on the relative volume is executed and this procedure leads to the calculation of
ammonium formate towards formic acid of 57.2%, translated to evaporated ammonia.

Table 4.3: Calibration results and conversion measurement.

M mL moles pHi pHdistillate pHrest Voldistillate Volrest

1.5 200 0.3 7.5 13.1 4.1 70 115

Area
rest

Area
distil

mg/mL
rest

mg/mL
distil

mol/L
rest

mol/L
distil

moles Separation
%

3.055e+06 1216.95 84.54 0.035 1.83 0.0021 0.275 57.2
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From the above, it can be concluded that there is a proof of concept in such a production route, since
formic acid is effectively being separated from ammonia.

4.3.4 Formaldehyde production

The samples taken out of the laboratory pressurized reactor were analyzed in HPLC as for their formate
ions and in FTIR for their composition. In Table 4.4 the results of the HPLC measurements are presented.
The two solutions of formic acid were inserted in the reactor and the remaining area is filled with
pressurized hydrogen at 20 bar. Measurements of pH before and after the experiment is done, for an
initial indication of the result.

Figure 4.10: FTIR analysis for formaldehyde conversion.

Table 4.4: HPLC measurements for formaldehyde.

# 1 [FA]1.5M pH1.5M pH1.5M - After # 2 [FA]2.5M pH2.5M pH2.5M - After

1.5 2.7 6.2 2.5 2.8 6.8

In Figure 4.10 the transmittance profile can be seen, indicating the formation of formaldehyde under
the described conditions. Observing the infrared spectrum analysis it can be concluded that there is
conversion of the examined solutions of formic acid. It can seen that formaldehyde shows a valley
of transmittance at around 900 cm-1, indicating the formation of formaldehyde. [70] Additionally, at
wavemumber of 1600 cm-1

4.4 Heat Integration

Heat integration in energy systems is an important parameter that needs to be taken into consideration.
However, it should be done in a careful manner and in parts of the system that is indeed needed,
otherwise it turns out to be an additional CAPEX and utility costs added to the system. Generally, the
conditions, regarding temperature and pressure in the system are not that extreme, where the temperature
of 130oC appears to be the highest operating temperature. Further investigation of heat integration is
highly recommended for further optimization
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Chapter 5

Techno-economic analysis

In this Chapter an overall techno-economic analysis is to be conducted including all the CAPEX and
OPEX costs taking place in the process system. Such an analysis is vital so as to characterize the feasibility
of a system by calculating the annualized cost and cost of formic acid produced. A sensitivity analysis is
also conducted to evaluate the associated costs of the system.

5.1 Methodology

For the economic evaluation of the integrated system a complete procedure was followed by a combina-
tion of APEA ® V10.0 (ASPEN Process Economic Analyzer) and the Octavius methodology specifically
used for capturing systems. [71] Aspen Process Economic Analyzer is a formal databased procedure
verified against the Dutch Association of Cost Engineers (DACE) booklet. The scheme of the methodology
that is followed can be seen in Figure 5.1 with all the steps towards the economic evaluation of the system.

Figure 5.1: Methodology of economic evaluation of the project.

The economic evaluation consists of two main parts of calculation, the CAPEX and OPEX costs resulting
to the calculation of the cost of formic acid produced and the overall economic evaluation of the system.
A cash flow analysis is also conducted with a certain lifetime of the capture plant. From the above, the
predicted payback period is calculated as well as the Net Present Value (NPV).
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The capital cost for designing an integrated system includes the conceptual design of the plant, the
detailed design, the procurement step, the actual construction and operation of the power plant. [72] In
Figure 5.2 the influence of the design decisions is depicted in comparison to the costs associated with all
the participating steps for the designing of a power plant. It can be seen that the conceptual design is the
heart of a project for the determination of the overall project.

Figure 5.2: Difference between design decisions and actual cost of a system.[73]

The total equipment cost is calculated through the databased APEA and can be seen thoroughly in the
following paragraphs. For the total capital investment the Octavius methodology is followed, which is
described thoroughly in the following section. It should be noted that the economic evaluation is done
for the integrated system without the crystallization system. A comparison is further done with the
integrated system including the crystallizer that results in relatively higher concentration of formic acid,
lower capital costs and lower operating costs.

5.2 Electrolyzer cost

Hydrogen mechanical compression is an energy intensive process. For such application hydrogen derived
from high pressure electrolysis is preferred especially for practical reasons. Water electrolysis has an
electricity requirement of 50 kWh to produce 1 kg of hydrogen according to the lower heating value of
water. With an electricity cost of 0.06 e/kWh this would lead to the hydrogen cost of 3 e/kg. In Figure
5.3 the x axis represents the natural gas prices of 2016, while the y axis represents the cost of hydrogen
derived from SMR (Steam Methane Reforming). It can be seen that the cost price of hydrogen derived
from electrolysis is still almost in double levels, even in DOE (Department of Energy) target prices. [74]
Worldwide the price of hydrogen derived from SMR is between 1 - 3 e/kg, making the cost of hydrogen
through electrolysis attractive and competitive. [75]

Figure 5.3: H2 production cost at varying natural gas prices.[76]

However, having pressurized hydrogen as inlet feed in the system would result to an OPEX-based system
appear to be an unrealistic approach. Water electrolysis produces hydrogen at elevated pressures and its
cost includes the capital cost of the electrolyzer and the required electricity. In this specific work the type
of the electrolyzer is not defined, but it could be either a PEM or an alkaline electrolyzer that have the
capability of producing hydrogen at elevated pressures.
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Figure 5.4: Schematic illustration of PEM and Alkaline water electrolysis. [77]

The required pressure of hydrogen for this specific work is 20 bar and the characteristics of the available
technologies that can be utilized are presented in Table 5.1. A representation of PEM and alkaline
electrolyzers are presented in Figure 5.4.

Table 5.1: Characteristics of electrolyzers.[78]

Type of
Electrolyzer

Capacity
[Nm3/h]

Hydrogen
Pressure [bar]

Type of Ion
Transport

Hydrogen
Purity [%]

Efficiency
[%]

PEM 0.26 - 250 8 - 85 H+ 99.999 52 - 56
Alkaline 1 - 760 2 - 30 OH- 99.3 - 99.999 56 - 67

The total cost and efficiency of the electrolyzer is related to the operating voltage and the relative pressure
that is required, as can be seen in Table 5.2.

Table 5.2: Operating voltage with respect to the required pressure.[79]

Pressure [bar] Operating Voltage [eV] Gibbs Energy [kJ/mol]

1 1.229 237.1
10 1.273 245.6
30 1.294 249.69

Required: 20 1.28 247.66

The total cost associated with the production of pressurized hydrogen corresponds to the capital invest-
ment of the electrolyzer (including the stack), its operating cost and the required electricity. As for the
first, this cost is related to the capacity of the electrolyzer linked to the total amount of hydrogen that
needs to be produced. Prediction of the aforementioned costs for these two different technologies can be
seen in Figure 5.5.

The capital cost of the PEM electrolyzer was almost 2,500 e/kW in 2012, while its reduction is predicted
to be much higher compared to alkaline electrolyzers. As for the operating costs they were assumed to be
10% of the total capital investment. [79] The efficiency of the electrolyzer is calculated according to the
Lower Heating Value (LHV) of water at 60-65 %.
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Figure 5.5: Prediction of capital cost of electrolyzer. [79]

For the base case of the techno-economic analysis a capital cost of an alkaline electrolyzer of 18.6 MW
capacity is assumed to cost 650 e/kW, with an efficiency of 63.7% according to the LHV of water
electrolysis.

5.3 Total Capital Investment TIC

Total Equipment Costs TEC

The Equipment Costs are obtained from mass and energy balances from the simulations ran for the
integrated system. In such costs the following operation blocks are included: absorber, solvent make-
up, cooler for solvent make-up, cooler for flue gas, cooler for solvent, pump, heater of bicarbonate,
electrolyzer, heater of the H2, pressurized reactor, heater before separation and stripper. In Table 5.3 all
the necessary information of the aforementioned blocks are presented.

Table 5.3: Total Equipment Cost of the integrated system.

# Type of operating block Cost [k€]

1 Absorber 99
2 Cooler for make-up 45
3 Cooler for flue gas 61
4 Cooler for solvent 47
5 Pump 37
6 Heater for bicarbonate 75
7 Electrolyzer 5.2e+03
8 Heater for H2 51
9 High Pressure Reactor 200
10 Heater for separation 50
11 Stripper 85
12 Cooler for regeneration 80

Total Equipment Cost TEC 6e+03
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The overall procedure for the calculation of the total equipment costs is found to be 35.8 million e. In the
following paragraphs the equations of the Octavius methodology are to be implemented, taking into
account all the additional costs, such as engineering, piping etc.

Figure 5.6: Distribution of CAPEX of the integrated system.

In Figure 5.6 the distribution of the total equipment cost is illustrated and can be seen that the dominant
equipment costs correspond to the electrolyzer, stripper, reactor and absorber of the system, which
amount to over the 75% of the overall costs.

Total Direct Plant Cost TDPC

The TDPC incorporates Instrumentation and Controls, Piping, Electrical Equipment and Materials, Civil
works, Erection, Steel structures and painting. Thus, the aforementioned cost is calculated based on the
following equation according to the OCTAVIUS methodology: [71]

TDPC = 2.01 · TEC = 12.1 me (5.1)

Total Indirect Plant Cost TIPC

The TIPC incorporates the Yard improvements, Service facilities, Engineering, Supervision and construc-
tion and Buildings. Such cost is calculated based on the equation below:

TIPC = 0.14 · TDPC = 1.7 me (5.2)

Fixed Capital Investment FIC

The FIC can be calculated as the sum of the TIPC and the TDPC according to the following equation:

FIC = TIPC + TDPC = 13.8 me (5.3)

Following the described procedure, the total investment cost can be calculated as:

TIC =
FIC
0.8

= 17.2 me (5.4)

Annualized cost

In order to calculate the annual capital cost, the total capital investment (TIC) is multiplied by the
capital factor taking into account the discount rate i and the number of the years n, as seen in Table 5.4.

CAPEXann =
i · (i + 1)n

(i + 1)n − 1
· TIC = 1.76 me (5.5)
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Table 5.4: Parameters for the evaluation of the system.

Plant lifetime n 20 years

Interest i 8 %

Maintenance per year 2.5 %

Operating hours per year 8,000

5.4 Operating Expenditure (OPEX)

The operating costs include both the fixed (FOPEX) and the variable (VOPEX) operating costs and their
calculation is presented in detail in the following paragraphs.

5.4.1 Fixed Operating Expenditure (FOPEX)

As far as the FOPEX is concerned, such costs in a power plant can be considered to account for 2-3 % of
the capital costs according to the following formula:

FOPEX = 2.5% · CAPEXann = 0.26 me (5.6)

These fixed costs include the maintenance cost that needs to be spent during the operation of the power
plant. [80]

5.4.2 Variable Operating Expenditure (VOPEX)

The operating costs include all operating units and their relative utilities as well as the inlet feeds of
the system. This is being conducted by converting the utilities in accordance to the requirements of the
operating blocks along with the prices. In the following paragraphs all the participating utilities and feed
costs will be presented, along with some summarizing tables with the assumptions that were used.

5.4.2.1 Cost of electricity

The cost of electricity is an important parameter that influences directly the economic evaluation of the
integrated system. The price of electricity is varying during the year and also depends on the country.
For industrial use the price is assumed to be constant throughout the year and as for the latter parameter
the variability of price can be seen in Figure 5.7. [81]

Figure 5.7: Monthly Average Day-ahead Wholesale Prices in the CWE region. [81]
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The cost of electricity appears to have fluctuating values during the last years, even during the last
months of 2018. For this work, a price of 0.053 e/kWh is assumed as a representative price, neither
optimistic or pessimistic, but appropriate in order to produce realistic outcomes of the investigation.

5.4.2.2 Steam cost

Steam is typically used in chemical and power plants as a heat source for various operating blocks as a
hot utility. [73] Depending on the operating temperature and pressure, LP (Low), MP (Medium) or HP
(High) Pressure Steam needs to be used. In Table 5.5 all the parameters for the steam are defined.

Table 5.5: Characteristics of LP, MP and HP Steam. [73]

Steam LP MP HP

Pressure [bar] 6 20 40

Saturation Temperature [oC] 159 212 250

Superheat Temperature [oC] 160 300 400

Steam price [e/tn] 13.34 18.11 21.45

All the parameters presented above are necessary to define the type of steam that needs to be used in
the system, influencing the cost of the steam utilized. The saturation temperature of the steam is an
important parameter defining the type of steam required in the system. For this work, low pressure steam
is used, since temperatures within the system are not surpassing the saturation temperature of the steam.

5.4.2.3 Summarizing utilities costs

In this paragraph the summary of all the utilities cost is presented. In Table 5.6 all the participating
utilities and inlet feeds prices are displayed. CO2 inlet price in the system is assumed to be zero, since it
is a CO2 capture system where the flue gas is derived from already existing power plants, emitting all the
required amount of CO2.

Table 5.6: Utilities costs.

Price Unit Reference

Ammonia 450 e/tn [9]

Water 0.11 e/tn [82]

CO2 For free - -

Electricity 0.053 e/kWh [83]

LP Steam 13.34 e/tn [84]

Cooling Water 0.017 e/m3 [82]

Demineralised Cooling Water 0.033 e/m3 [85]

Demineralised Chilled Water 0.045 e/m3 [85]

In Table 5.7 all the participating operation blocks using utilities are presented along with their capacity
and their final total operating cost. It can be seen that the parameter that influences these costs the most
is the electricity required for the electrolyzer.
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Table 5.7: Utilities for equipment of the system.

# Type of operating block Type of Utility

1 Cooler for solvent make up Demineralised chilled water
2 Cooller for ammonia solvent Demineralised cooling water
3 Cooller for flue gas Demineralised cooling water
4 Crystallizer Cooling water
5 Crystallizer Electricity
6 Pump Electricity
7 Heater for bicarbonate LP Steam
8 Electrolyzer Electricity
9 Heater for H2 LP Steam

10 Reactor Cooling water
11 Heater for separation LP Steam
12 Stripper MP Steam, Electricity
13 Cooler for regeneration Demineralised chilled water

Total Utilities Costs 3.1 million e

The procedure that is explained in detail in the previous paragraphs, results to the production of Figure
5.8 where the distribution of CAPEX-OPEX of approximately is 70-30 % respectively. As far as the OPEX
distribution is concerned, it accounts for 40-60 % for Utilities and inlet ammonia respectively.

Figure 5.8: CAPEX and OPEX distribution.

5.5 Net Present Value NPV and Cost of Produced Formic Acid

In this Chapter the calculation of the NPV is determined, in order to define and calculate the present
value of the future cash flows, according to Equation 5.7: [86]

NPV(i, N) =
N

∑
t=1

Ct

(1 + i)t − C0 (5.7)

where Ct is the net cash flow at time period t, i is the discount rate, t the time period, N the total number
of periods and C0 the initial investment at time period 0.

The lifetime of the capture plant is assumed to be 20 years. According to the formula 5.7, all the discounted
cash flows are determined and the cumulative depreciated cash flows is illustrated in Figure 5.9. The
expected payback time of the CO2 capture plant is estimated at 9.3 years. In Figure 5.9 the cumulative
depreciated cash flows are illustrated throughout the lifetime period of the capture system.
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Figure 5.9: Net Present Value of the system throughout its lifetime.

In this paragraph also the cost of the amount of formic acid produced is to be defined taking into account
all the aforementioned costs. It can be calculated according to the following equation:

Cost of Produced Formic Acid =
CAPEXann + FOPEX + VOPEX

Produced Formic Acid
= 400e/ tn FA (5.8)

From the results that are described above it can be concluded that the total investment of the examined
capture plant is profitable and the production cost of formic acid is attractive when compared to the
market price of formic acid, which is 550-650 e/tn.

5.6 Sensitivity Analysis

In this section a sensitivity analysis of the plant is been done regarding some sensitive parameters that
affect directly and significantly the outcome of the base case scenario. The effect of these parameters is
illustrated din this section, in comparison to the market price of formic acid, highlighting the lower level
of production costs.

Capital cost of electrolyzer

The capital cost of the electrolyzer is a fluctuating value, since water electrolysis is becoming more and
more mature and demand is getting higher, reducing the cost of the electrolyzer, as discussed in Chapter
5.2.

Figure 5.10: Cost of FA with respect to the capital cost of electrolyzer.
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With various prices of either PEM or alkaline electrolyzer, the production costs are affected as can be seen
in Figure 5.10. The production cost of formic acid varries within the range of 375-440 e/tn, showing
some slight effect.

Electricity price analysis

Electricity price can fluctuate a lot and in Figure 5.11 a sensitivity analysis is presented as a function of
the production cost of formic acid. At a high cost of electricity of 0.08 e/kWh the cost of formic acid
reaches the market price levels.

Figure 5.11: Cost of FA with respect to electricity price.

An optimistic value of electricity price results to a significant decrease in the production costs of formic
acid. As discussed in Chapter 5.4.2.1 the cost of electricity changes a lot over the years and a price drop is
possible.

Lifetime of the capture integrated system

The predicted lifetime of a power plant can affect the annualized capital cost and as a result the cost of
formic acid. In Figure 5.12 this correlation is depicted. A very low expected lifetime such as 5 years is no
longer realistic for the scale of such an integrated system.

Figure 5.12: Cost of FA with respect to lifetime of the CO2 capture plant

The lifetime of the base case scenario is 20 years, making the overall scenario attractive and the in-
vestigation profitable. A lifetime period of 30 years does not affect the price of formic acid to a great
extent.
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Payback time prediction

The selection of the value of the discount rate is arbitrary and this is the main reason a sensitivity analysis
on various values is valuable.

Figure 5.13: Payback time with respect to discount rate

In Figure 5.13 the calculated payback time is depicted for various values of discount rate, starting from
an optimistic value of 5% towards a pessimistic one of 11%.

Optimistic and pessimistic scenarios

In this section an overview of an optimistic and a pessimistic scenarios can be seen in Figure 5.14 for
the different investigated parameters that affect the final production cost of formic acid. The base case
scenario that was explained in detail in the paragraphs above represents the 0.0% in the graph.

Figure 5.14: Sensitivity analysis on the investigated parameters.
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5.7 Comparison of the proposed systems

In this paragraph a comparison of the two integrated systems is depicted in Figure 5.15, indicating the
difference in CAPEX and OPEX costs. The system with crystallization appears to have lower capital
investment due to the fact that lower amount of inlet is assumed after the separation of the crystals and
the liquid products.

Figure 5.15: Comparison of integrated systems, with and without crystallizer.

To sum up, the system including crystallization appears to have lower operating and capital total costs as
well as a higher concentration of formic acid. However, the relative difference of these two integrated
system cannot be considered that significant. In that term, the integrated system without a crystallizer is
preferable, since it does not include handling of solids that may turn out to be tricky and challenging in
practice.

5.8 Cost of formaldehyde produced

In this section, the additional cost for the production of formaldehyde is investigated, including the
additional amount of pressurized hydrogen as well as the pressurized reactor. For the incorporation of
the formaldehyde production cost, the additional amount of required hydrogen is included. This is the
main CAPEX and OPEX of this chemical reaction, the capital cost of electrolyzer and the cost of electricity
for the operation of a 18 MW alkaline electrolyzer. From the above, a production cost of formaldehyde of
570 e/tn is calculated at a 35 % concentration. This production cost results to an attractive route, since
the market price of formalin is 300-500 e/tn, at similar levels of concentration (37% purity).
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Chapter 6

Conclusions

In this work, the conceptual design of a CO2 capture system is proposed with an aqueous ammonia
solvent as well as experimental verification of the thermochemical reaction steps taking place in the
proposed system. The CO2 captured is then utilized thermochemically to the production of formic acid
and further on to formaldehyde. The integrated system of the overall project is presented, with and
without a crystallization system, along with a techno-economic analysis to evaluate the feasibility of the
system. In this Chapter, the main conclusions and contributions of the project are to be described, defined
and all the research questions are to be answered thoroughly.

• What are the different paths of CO2 products and which routes are the most attractive?

CO2 utilization is driving more and more the attention in the energy field and in the worldwide energy
transition. The possible routes can be infinite and an initial limitation and definition of the research
boundaries is necessary. After thorough literature survey on absorption solvents, ammonia as an indi-
cated solvent can be very advantageous for the proposed system, since it can result to a large variety
of end-products. The main limitation applied is the selection of ammonia as solvent of the absorption
column that is used to produce ammonium bicarbonate salts in the outlet of the absorber. Ammonium
bicarbonate appears to be an attractive intermediate product that can be used for the production of
different valuable end-products, such as formic acid, methanol, formamide and oxalic acid.

In an initial step, ammonium formate and ammonium oxalate appear to be more attractive both in terms
of mass and energy balance. These products are intermediates and need further processing. In this work,
ammonium formate is studied as a carrier of formic acid and ammonia. Thermal decomposition of this
product appears to be effective and is the main subject of the work, more specifically the separation
towards formic acid and recycling of ammonia. Ammonia as a compound is very volatile, which in
conventional capture systems is a drawback, while in this work is the main driving force and necessary
aspect of the system. Its volatility makes its separation much easier, making the use of volatile solvents
an advantage towards widely used ones.

• Can ammonia CO2 capture be integrated with CO2 utilization?

CO2 capture is widely used with commercial solvents, such as MEA, ammonia and NaOH. Such con-
ventional systems consist of an absorber and a stripper, to remove CO2 gas from industrial flue gases.
Chemical absorption is used in large scale power plants and is economically attractive. Ammonia as a
solvent has many advantages, such as the cost, high availability, low regeneration energy and is much
more volatile compared to MEA. The latter feature in concentional capture systems is limiting, but in
the proposed systems of this work, this high volatility is a huge advantage of the idea. A more chilled
process at a range of temperatures 5-15oC is required in order to minimize ammonia slip out of the
absorber. An innovative added value of the system is the concentrated ammonia solvent of 30-40 %wt,
with simultaneous careful process design for the prevention of solid precipitation.

The captured CO2 can be then processed, via utilization and production of valuable chemicals and fuels.
This can be done either electrochemically or chemically to final valuable products. In this work, an
alternative case of the conventional capture system is examined. Between the absorber and the stripper
of the system there is a set of chemical reactions that are used to produce formic acid in the bottom of the
stripper. So, CO2 utilization is integrated in the capture system, highlighting a research gap that is in the
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process of been fulfilled.

In this specific system, After the production of ammonium bicarbonate, the liquid product enters a hy-
drogenation reactor, with pressurized hydrogen derived from water electrolysis, towards the production
of ammonium formate. Thermal decomposition proceeds, where ammonia and formic acid are produced.
The volatility of ammonia in this system is a major advantage of the system, since it can evaporate out of
the top of the stripper and regenerate back in the top of the absorber.

High ammonia concentration in the inlet of the absorber, results in high bicarbonate and further in
high formate concentration. These process steps lead to a relatively concentrated stream of formic
acid in watery solution. The conceptual design of the aforementioned system results to a formic acid
concentration of around 32-37 % wt. An alternative addition to the integrated system is a crystallization
system downstream to the absorber, creating crystals of ammonium bicarbonate which are further
separated from the liquid part of the stream. In this manner, a more concentrated liquid solution of
ammonium bicarbonate enters in the hydrogenation reaction. Following the same reaction steps this lead
to a final higher concentration of formic acid close to 47% wt.

• Is it techno-economically feasible to capture CO2 with aqueous ammonia and produce concen-
trated formic acid?

A techno-economic analysis of the system is conducted. Taking into account, the capital investment of
the participating blocks, the inlet feeds as well as the utilities used in the system, it appears that the
examined system including is profitable with production cost of formic acid at 400 e/tn, compared to
550-650 e/tn of the market price and a payback time of 9.3 years. A sensitivity analysis is also been
conducted for various parameters that affect the outcome of the investigation, such as electricity price,
capital cost of electrolyzer, the interest rate, the lifetime of the plant and the operating hours during a year.

An additional value in the system and the final concentration of formic acid is the introduction of a
crystallizer system. The slurry that is formed downstream of the absorber is separated from the liquid
part of the stream and higher concentration of formic acid is achieved. Due to lower mass flows in this
system, CAPEX and OPEX appear to be lower compared to the initial investigated system. However, the
incorporation of crystallization and solids handling can be challenging in real life power plants, making
the more simpler system much more attractive, realistic and applicable.

The integrated system that is the main subject of this work, appears to have some innovative chemical
steps towards the production of formic acid, indicating a research gap. The combination of the examined
steps, results to an innovative process of producing formic acid or further formaldehyde. A techno-
economic evaluation of the production of formaldehyde is roughly defined, resulting in cost of 550 e/tn
at high concentration, comparable to the one that formaldehyde is indeed been sold.

To sum up, the conceptual design of the integrated system of CO2 capture with aqueous ammonia is a
promising and attractive method of CO2 utilization to the production of formic acid. The experimental
proof of concept is an added value to the project, indicating the realisation and feasibility of the study.
The production cost of formic acid is found to be much lower compared to the market price of the end
product, indicating the research gap of the investigated system.
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Chapter 7

Recommendations

7.1 Improvements on the proposed system

Ammonia as a volatile compound results to high ammonia losses out of the absorber. A conceptual
design for water wash is studied in this study, however its further optimization is worthwhile. This is the
main disadvantage of the system, ammonia slip out of the absorber.

In the proposed systems, an aqueous solution of ammonia is examined. The resulting product of formic
acid is also in aqueous solution, resulting to a relatively low purity. Formic acid in a commercial perspec-
tive, is sold in high purities, typically at 85 %wt. It should be noted that further separation of formic acid
from water is needed, however it is a costly and energy intensive process.

The investigation of alternative organic solvents seems to be an added value to the whole process design
and also to the final purity of the product. A water-miscible organic solvent can be used with a mixture
of water and for instance methanol. Methanol has a boiling point of 64.7oC, leading to a more effective
separation step. At the operating conditions of the stripper discussed in this thesis, methanol along with
ammonia will evaporate out of the top of the absorber. In this way, an even more concentrated formic
acid solution can be achieved.

7.2 Tertiary amine solvents

In the initial proposed innovative concept, the production of formic acid from CO2 from flue gas is
investigated. This described concept can also be applied using several tertiary amines as a CO2 capture
solvent. As can be seen in Figure 7.1 similar steps as the integrated system of ammonia can be used with
tertiary amine solvents. [87]

Figure 7.1: Process flow diagram of the innovative system.

The selection of the appropriate solvent in a system is essential, as far as its absorption capacity is
concerned. Such an appropriate solvent with a high cyclic capacity may effectively result in significant
reduction of the overall dimensions of the amine based plant, since smaller flow rate is circulating in the
system.
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Table 7.1: Ammonia based solvents. [88]

Component Boiling point oC Comment
Ammonia NH3 -33 Simplest pnictogen hydride

Methylamine CH3NH2 -6.6 Simplest primary amine
Dimethylamine (CH3)2NH 7-9 Secondary amine
Trimethylamine (CH3)3N 3-7 Tertiary amine

In Table 7.1 the ammonia-based solvents are presented that can be utilized as capturing solutions.
Ammonia is the simplest amine solution consisting of three hydrogen molecules, while trimethylamine
(TMA) consists of three methyl compounds instead. All ammonia-based solvents described in Table 7.1
gather similar characteristics and advantages, compared to ammonia. They can effectively be used in
similar systems as the proposed ones, taking advantage of the volatility of such compounds. [89]

Table 7.2: Vapor pressure of ammonia and trimethylamine. [90], [91]

Gaseous component, 20oC 40% wt aqueous solution, 20oC

NH3 TMA NH3 TMA

1003 kPa 223.8 kPa 106.7 kPa 67 kPa

More particularly TMA is a tertiary amine that is less volatile compared to ammonia, as can be seen in
Table 7.2 where its vapor pressure is much lower. TMA is not a widely used capturing solvent and there is
barely any established research on its use in conventional CO2 capture systems. [90] However, its use in
a system where the captured CO2 is further utilized can be designed in an effective manner. Additionally,
its boiling point is 3 - 7oC, making its separation step much easier, compared to the ammonia system.

The CO2 capture system with trimethylamine (TMA) was not intensively studied, mainly due to its high
volatility as well as its intense fishy odor. The characteristic of volatility of a compound can be compared
in terms of its vapor pressure. In particular, vapor pressure of TMA 40% aqueous solution is 67 kPa. [92]

Figure 7.2: Vapor pressure of ammonia, TMA, DMA and MMA.

Similar to the integrated system that was described and investigated in this thesis work, trimethylamimne
can be used as an aqueous solvent. In the rich outlet of the absorber the production of the bicarbonate of
TMA takes place. Further on, hydrogenation reaction leads to the production of TMA formate. The last
step of the process is the production of formic acid as the main product and TMA is evaporated out of
the stripper and can be regenerated back to the inlet of the absorber.
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Figure 7.3: Schematic overview of integrated system via aqueous TMA solvent.

Some differences from the already examined system should be noted. First of all, the absorption column
is enclosed on top, resulting to the formation of liquid products only at the bottom of the absorber, mainly
TMA bicarbonate. TMA is indeed less volatile compared to ammonia, but practical properties of it, such
as its fishy smell, promote a closed system. Thus, TMA slip can be maximized in case of a conventional
absorber design including a gaseous outlet. Secondly, pure CO2 inlet stream is used in the absorption
column of the capturing step instead of a flue gas derived from power generation point sources. In this
way, there are no further contaminants and the system results to the production of TMA bicarbonate in
liquid state. Also in this system the formation of solids is avoided so as to prevent the formation of slurry
inside the absorber and additional maintenance costs.

Such a system has not been investigated in research level, but due to its higher boiling point it appears
to have an easier separation step from formic acid, compared to ammonia. An experimental proof of
concept has been conducted, using a laboratory distillation column with the help of the experienced lab
staff of TNO. To begin with, TMA formate is prepared carefully with the acid-base reaction of TMA and
formic acid diluted in water, based on the reaction:

(CH3)3N + HCOOH =⇒ (CH3)3NHCOOH (7.1)

Further to the experiment, the aqueous solution of formate is inserted in the distillation column at
operating temperature of 150oC and the experiment ran for over 40 minutes. The conditions and results
of the experiment are shown in Table 7.3 and the necessary analysis is being conducted with FTIR and
HPLC methods. The difference in the pH is presented, both for the distillate and the remaining part,
indicating a very basic and vary acid compound respectively. HPLC measures HCOO- ions at a certain
retention time and it can be seen that the distillate part has no such peak in that time. The area of the
remaining part indicates strongly the formate ions.

Table 7.3: Conditions of TMA experiment.

% wt mL gramine grformic acid pHi pHdistillate pHrest

5 200 22.28 7.88 7.1 12.4 3.9

Voldistillate Volrest Area
rest

Area
distil

mg/mL
rest

mol/L
rest

Separation
%

50 150 1.848e+06 - 51.14 0.48 49

Analyzing the results of the experiment it can be concluded that the thermal decomposition and sepa-
ration of TMA formate towards TMA and formic acid is effective, giving an added value to the whole
integrated system. In Figure 7.5 the transmittance profile throughout a certain wavenumber can be
seen and analyzed with FTIR method. The initial part can be seen in light blue color. After running the
experiment for half an hour, the profile of the remaining part can be seen in the orange curve. After letting
the experiment run for another 45 minutes it seems that decomposition takes place and the peaks of the
dark blue curve indicate the formation of formic acid. The yellow curve shows the formation of TMA. [70]
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Figure 7.4: distillation column for decomposition of TMA formate.

Figure 7.5: FTIR analysis for ammonium formate decomposition.

To sum up, further investigation on TMA as an indicated solvent appears to be an interesting added
value of the research study. It is less volatile compared to ammonia, making the amine losses in the
absorption step relatively low. TMA as a tertiary amine has similar chemical configuration as ammonia,
resulting in similar behavior as aqueous ammonia in the proposed system. Further investigation on the
techno-economic evaluation of the referred process design is worth doing, especially for the proposed
top-closed absorption column.
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7.3 Formate to oxalate

The formation of chemical routes towards higher carbon chains may lead to viable and valuable end-
products of C2 through catalytic decomposition of formates to oxalates. In general, the production
of multi-carbon chemicals derived initially from CO2 can be assumed to be a sustainable way to pro-
duce valuable products. In this Chapter, another important chemical route that appears to be techno-
economically attractive, as discussed in Chapter 2, is the chemical reaction of ammonium formate to
ammonium oxalate as seen in the following reaction:

2NH4COOH(l) =⇒ (NH4)2C2O4(s) + H2(g) (7.2)

The aforementioned reaction takes place at a temperature range of 310-410 oC and literature indicates the
exceeding of 360 oC towards the formation of oxalate. It is highly selective towards the production of the
solid oxalate and hydrogen by using alkali hydroxide or hydride catalysts and can also be characterized
as simple, since the two main products can be separated spontaneously. [93]

Various studies indicate the different reaction conditions, including oxalate, carbonate, carbon monoxide
and carbon dioxide, by varying the amount of the catalyst and temperature. [94], [95] The following
mechanism is proposed and followed for the thermal decomposition of formate to oxalate with the
intermediate production of carbonite CO2

2-: [96]

2HCO−2 =⇒ H2 + CO2 + CO2−
2 (7.3)

CO2−
2 + CO2 ⇐⇒ C2O2−

4 (7.4)

The use of catalyst has great effect on the final oxalate yield. [93] Ammonium oxalate appears to be an
interesting product, since it can be used as an intermediate product either for the production of oxalic
acid or tartaric acid according to the following chemical reactions respectively:

(NH4)2C2O4 + 2HCl =⇒ C2O4H2 + 2NH4Cl (7.5)

2(NH4)2C2O4 =⇒ C4H6O6 + 2(NH4)2O (7.6)

Oxalic acid can be a final product, since it has various applications, as referred in Chapter 2. Its production
requires hydrogen chloride, as can be seen in Reaction 7.5. Tartaric acid can be used as an antioxidant.
Also it can be found in many food products, such as baking powder. Additionally, its applications also
include leather tanning and in medical applications for the measurement of glucose. [97]
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Appendix
A. List of alternative products and their properties

# Chemical Formula
Density
[g/cm3]

Molar mass
[g/mol]

Melting
point [◦C]

Std enthalpy of
formation ∆H0

298K
[kJ/mol]

Solubility in
water [g/L]

(at 20oC)

Price
[e/tn]

1 Ammonium bicarbonate
NH4HCO3

1.58 79 41.9 -853.19 216 650-750

2 Ammonium formate
HCOONH4

1.26 63 116 -556.18 1.42 800-1000

3 Formic acid
HCOOH 1.22 46 8.3 -425 1000 550-650

4
Formaldehyde

CH2O 0.81 30 -92 -108.6 400 300-350

5 Methanol
CH3OH 0.79 32 -98 -238.6 1000 350

6
Methyl formate

CHOOCH3
0.98 60 -100 -362 300 2500

7 Ammonium oxalate
(NH4)2C2O4

1.5 124 70 -1243.9 45 1200-2000

8 Ammonium carbonate
NH42CO3

1.5 96 58 -938.9 10 150-250

9 Formamide
HCONH2

1.13 45 2 -257.6 Miscible 80,000

10 Oxalic acid
(COOH)2

1.9 90 190 -825.7 90-100 450-510

11 Oxamide
(CONH2)2

1.67 88 350 -237.2 Soluble 8,000

a Sodium bicarbonate
NaHCO3

2.1 84 50 -950.8 87 110

b Sodium formate
HCOONa 1.92 68 253 -666.5 970 300-450

c Sodium oxalate
Na2C2O4

2.34 134 260 -1318 37 1000

d Sodium carbonate
Na2CO3

2.54 106 851 -1130.7 300 280-290
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B. Process flow diagram for production of formic acid
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C. Process diagram for production of formic acid with crystallization
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D. Experiments in the rotovap

For this reaction an experimental test took place in a rotovap at 60-65oC. For the experiment different
solutions were prepared with ammonium formate and water and in Table 7.4 the measurement of the
pH values is illustrated for the different initial concentrations and the pH values of both the distillate/-
condensed part and the rest of the solution. The experiment itself is done in vacuum conditions and the
whole set up can be seen in Figures in Index 1.

After preparing the solutions the initial values of pH were measured in order to observe the difference in
these values after the thermal decomposition of the reactant, compared to the distillated stream and the
final product. So the portion coming out after condensation taking place is basically the ammonia that is
condensed, making the pH value high at around 9.

Experiments in the rotovap were carried out for both 64 oC and 84 oC with different concentrations of the
examined solution, ammonium formate, including 1, 1.5 and 2 M and the results of the aforementioned
reaction are gathered in Table 7.4.

Table 7.4: Measurement of pH values for the different temperatures tested.

T = 64 o C M mL moles gr pHi pHdistillate pHrest Voldistillate Volrest

1 200 0.2 12.61 6.42 9.61 5.63 60 120
1.5 200 0.3 18.91 6.44 9.79 5.46 70 115
2 200 0.4 25.22 6.4 9.85 5.4 85 110

T = 84 o C M mL moles gr pHi pHdistillate pHrest Voldistillate Volrest

1 200 0.2 12.61 6.17 9.55 5.69 170 15
1.5 200 0.3 18.91 6.20 9.61 5.63 160 20
2 200 0.4 25.22 6.37 9.8 5.57 150 30

After the completion of the experimental part, both the solutions of the rest and the distillate part have
been going through a procedure called HPLC (High Performance Liquiq Chromatography) in order to
measure the amount of formic acid that was formed during the reaction. [98] For this procedure samples
were taken and have been diluted 5 times and afterwards the concentration of the sample in formic acid
was measured. An already existing calibration line was used for the measurement of formic acid, as can
be seen in Figure 7.6.

Figure 7.6: Calibration curve for the estimation of concentration of formic acid.
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In Table 7.5 the results of the HPLC are presented and the calculation of the % conversion of the final
product is calculated. Thus, in the HPLC only the formic acid can be detected, which is obvious by
observing the areas indicated in the Table below. A correction of the amounts of ammonium formate,
formic acid and ammonia by taking into account the different amounts of volume that correspond to
each reactant and products. In this term, the final conversion is calculated as the ratio of moles of formic
acid to moles of ammonium formate, since the Reaction 3.7 has stoichiometric ratio 1:1.

Table 7.5: Calibration results and conversion measurement.

T = 64 o C Area
rest

Area
distil

mg/mL
rest

mg/mL
distil

mol/L
rest

mol/L
distil

moles Conversion
%

3.73e+05 782.9 51.6 0.12 1.12 0.0026 0.13 67.3
2.35e+05 924.8 64.9 0.14 1.41 0.0031 0.16 54.1
8.83e+05 868.8 122.2 0.13 2.65 0.0029 0.29 73.1

T = 84 o C Area
rest

Area
distil

mg/mL
rest

mg/mL
distil

mol/L
rest

mol/L
distil

moles Conversion
%

3.21e+06 1,213 444.3 0.18 9.65 0.0039 0.14 72.4
3.53e+06 1,980 488.8 0.29 10.62 0.0062 0.21 70.8
2.3e+06 5,745 318.2 0.81 6.91 0.0175 0.20 51.9
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