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Abstract 
This research seeks to increase the NH3 production and simultaneously decrease the energy 
consumption for the plasma-assisted NH3 synthesis under ambient conditions. To achieve that goal, a 
coaxial dielectric barrier discharge reactor was investigated, by studying key reactor elements. These 
elements included operational conditions such as reactant ratio and flowrate, high voltage electrode 
material, discharge gap distance and catalyst activity of a ruthenium-based catalyst. For a non-catalytic 
alumina DBD reactor, a 1N2:3H2 ratio was found to be optimal. The lowest energy consumption was 
achieved with the highest applied flowrate. High voltage electrodes of copper, aluminum and stainless 
steel were chosen to investigate. Cu performed best in terms of concentration under different applied 
voltages, then Al and lastly SS. A 1.5 mm discharge gap performed best in terms of energy 
consumption. This is likely the result of the combination of filament numbers and filament strength. 
Implementation of a 5 wt% Ru/Al2O3 catalyst gave the highest NH3 concentration (1.1 vol%) for a feed 
gas ratio 2N2:1H2. The lowest energy consumption was again achieved with the highest applied 
flowrate. 

 

  



II 
 

  



III 
 

Contents 
Abstract .................................................................................................................................. I 

1. Introduction ....................................................................................................................... 1 

1.1 Ammonia synthesis ...................................................................................................... 1 

1.2 Plasma ......................................................................................................................... 2 

1.3 Non-thermal plasma (NTP) & plasma catalysis ............................................................ 3 

1.4 Dielectric barrier discharge reactor............................................................................... 5 

1.5 Goal ............................................................................................................................. 6 

2. Experimental ..................................................................................................................... 7 

2.1 Setup & Plasma generation ......................................................................................... 7 

2.2 FTIR ............................................................................................................................. 9 

2.3 Power calculations ....................................................................................................... 9 

3. Dielectric barrier discharge reactor ...................................................................................12 

3.1 Results & Discussion ..................................................................................................12 

3.1.1 Reactant ratio & Flowrate .................................................................................................... 12 

3.1.2 Electrode material ................................................................................................................ 16 

3.1.3 Discharge gap ....................................................................................................................... 18 

3.2 Summary ....................................................................................................................19 

4. Catalytic dielectric barrier discharge reactor .....................................................................21 

4.1 Catalyst preparation ....................................................................................................21 

4.2 Results & Discussion ..................................................................................................21 

4.2.1 Reactant ratio & Flowrate .................................................................................................... 21 

4.3 Catalyst characterization .............................................................................................26 

4.3.1 SEM & EDX ............................................................................................................................ 26 

4.3.2 BET ........................................................................................................................................ 29 

4.4 Summary ....................................................................................................................29 

5. Conclusion .......................................................................................................................30 

6. Recommendations............................................................................................................31 

7. Acknowledgment ..............................................................................................................33 

8. Nomenclature ...................................................................................................................34 

9. References .......................................................................................................................35 

10. Appendix ........................................................................................................................37 

10.1 FTIR principles ..........................................................................................................37 

10.2 General procedure for plasma generation .................................................................38 

10.3 Matlab script .............................................................................................................39 

 



IV 
 

 
  



1 
 

1. Introduction 
 

1.1 Ammonia synthesis 
Nitrogen is one of the most important elements to the living organisms on earth. It is abundant in the 
earth’s atmosphere which contains 78.09% N2 [1], but N2 cannot directly be used in its current form by 
most of the living organisms except for the nitrogen fixing microorganisms. When fixated to a 
compound such as ammonia (NH3) or nitric oxide (NOX) the abundant, and in atmospheric air 
unreactive N2 can be turned into a valuable chemical. 

D.F. Bezdicek and A.C. Kennedy performed data analytics on biological and non-biological nitrogen 
fixation (NF) in 1998 [2].  Approximately 12% of the annual globes NF is accomplished by the energy-
releasing processes such as lightning, forest fires and volcanic activity. Biological nitrogen fixation 
(BNF) is responsible for 68% of the NF. Here, the conversion of atmospheric nitrogen into NH3 is 
metabolized by many prokaryotic microorganisms, who need ATP and the enzyme nitrogenase. The 
earth’s growing population is increasing, resulting in a higher demand for N-containing compounds. 
Since these natual and biological ways of NF are rather slow, artificial ways of NF were invented. These 
artificial processes cover 20% of the total NF [3]. 

The fixation of nitrogen towards ammonia is artificially done on a large scale. According to predictions 
by Shah et al, the global artificial production of ammonia will exceed 176 million tons by the end of 
2018 [4] and will only increase more, because of the fertilizing requirements to support the growing 
population [5]. NH3 is not only important as the main building block of nucleic acids, enzymes and 
proteins but it is also used as a fertilizer or as a key compound in many chemicals. It has the potential 
to become a valuable hydrogen carrier, a way to store energy and an energy source for fuel cells [6]. 

The artificial fixation of N2 into NH3 is conventionally done via the Haber-Bosch process. The 
collaborative efforts of Haber and Bosch made the high-pressure synthesis of ammonia commercially 
possible since 1913 [7]. This process converts the reactants N2 and H2 into the product NH3 (eq. 1). The 
N2 and H2 are obtained from air and via methane reforming with oxygen form air respectively. The N2 
and H2 are separated by refrigeration processes. The ammonia synthesis reaction is reversible and 
exothermic [1]. The widely used catalyst for the reaction is iron, mostly promoted with alumina and 
potassium [7]. The kinetics for this reaction favors high temperatures for higher reaction rates and 
make dissociation of the N2 molecules possible, due to the delivered dissociation energy. Nevertheless, 
high temperatures do not favor the thermodynamics taking into account the exothermic behavior 
according to Le Chatelier’s principle.  

N2 + 3 H2 ⇄ 2 NH3  ∆HR = −92.54 kJ/mol (1) 
 
The Haber-Bosch process is extremely useful, the produced ammonia is used to provide food for 
approximately 40% of the world’s population. However, it is also very energy intensive, since it 
consumes 1-2% of the world’s total energy production and emits 300 million metric tons of CO2 [8]. 
The process requires temperatures ranging from 450-600 °C and has a pressure range of 150-350 bar. 
Looking at these numbers, it can be concluded that an alternative route towards this ammonia 
production could be favorable in terms of energy consumption and environmental impact. This new 
route should be a greener process with less carbon input or powered by a renewable energy source. 
Plasma is of interest in the search for a more sustainable solution to produce the desired nitrogen 
fixated compounds. 
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As already described by Li et al. the non-thermal plasma (NTP) nitrogen fixation has a lower theoretical 
limit considering energy consumption than the Haber-Bosch process [5]. The theoretical energy 
consumption for the Haber-Bosch process is 0.48 MJ/mol, where the theoretical energy consumption 
for NTP is 0.2 MJ/mol. However, the 0.2 MJ/mol is for the NOx synthesis, but both of the numbers are 
of interest when taking into account nitrogen fixation. The lower theoretical energy consumption is 
not the only benefit of using NTP, it also has the potential to be employed for fast reactions, one-step 
synthesis and small-scale decentralized productions in remote areas. A figure adapted from Cherkasov 
et al, clearly shows this described statement [9] (Figure 1.1). 

 

Figure 1.1: Energy consumption of some nitrogen fixation processes with their theoretical limits [9]. 

1.2 Plasma 
What is plasma and why can it be so beneficial? Plasma has been regarded as the fourth state of 
matter, next in line after solid, liquid and gaseous matter. It is a reactive mixture containing free 
electrons, ions, radicals, neutrals and highly excited atoms and molecules [10]. Plasma is generated by 
ionization of gases, which takes place when a sufficient amount of electrical or thermal energy is 
supplied to a gas. It can be produced over a wide range of pressures, temperatures, with different 
electron temperatures and electron densities.  

Plasma can be divided into two main categories based on the overall temperature, low-temperature 
plasma (LTP) and high-temperature plasma (HTP). [8]. HTP has a bulk temperature reaching over 107 
K. All the species in HTP are in thermal equilibrium with each other, meaning that they all have the 
same temperature. LTP can be subdivided into thermal plasma (TP) and non-thermal plasma (NTP). All 
the species in thermal plasma are at the same temperature, about 104 K. In non-thermal plasma or 
sometimes also called non-equilibrium plasma, electrons have temperatures of around 105 K whereas 
ions and background gas could be close to room temperature (300 K). Figure 1.2 shows the plasma 
categories and their accessory temperatures.   
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1.3 Non-thermal plasma (NTP) & plasma catalysis 
For chemical conversions with high energy efficiency, non-thermal plasma is preferred over thermal 
plasma. Reaching high energy efficiency means that most of the input energy is brought into the 
reaction to overcome the activation barrier, forming the desired reaction products instead of energy 
being used to heat up the entire stream. According to Fridman et al. NTP exhibits higher selectivity 
compared to TP in plasma chemical reactions [11]. The low temperatures also prevent the need for 
quenching or intermediate cooling. This plasma is often considered to be low temperature and because 
it contains excited and ionized states of atoms, molecules and radicals not normally present at thermal 
equilibrium at ambient temperatures, it possesses reactive properties comparable to high 
temperature processes.  

The principle of plasma generation is based on free electrons that can cause an avalanche of electrons 
when they collide with other molecules. These secondary electrons are freed from the molecules 
resulting in more free electrons and ions or radicals due to collisions [11].  Dissociation, excitation and 
ionization of background gas molecules is possible when these free electrons interact with those other 
species present in the gas mixture.  

Ideally, most of the energy put into the reactor will cause free electrons to be accelerated in an electric 
field that will self-sustain the reaction by collisions. The energy will be selectively distributed into the 
reaction. However, these electrons are also responsible for the main loss mechanism of the NH3 
molecules that are produced. According to Hong et al. high densities of high-energy electrons 
contribute more to dissociating the NH3 molecules than producing them [10].  

Adding a catalyst into a plasma reactor can enhance the energy efficiency if a good synergy will be 
achieved between the catalyst and generated plasma. Plasma characteristics are altered by the 
chemical and physical properties of the catalytic surface. Vice versa the changed plasma characteristics 
can influence the surface properties of the catalyst and hereby influence the occurring catalytic 
reactions.  

Nitrogen is a very stable compound, since the triple bond between the two atoms is relatively hard to 
break. Due to the difficulty of this step, it is often considered as the rate limiting step for most N2 
converting processes. This dissociation is highly endothermic, which means it requires high energy 
input. According to Peng et al. the average energy required to break the N-N bond is 945 kJ/mol or 

Figure 1.2: Plasma categories and their accessory temperatures. 
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9.79 eV [6]. In contrast, breaking a hydrogen bond only requires 4.48 eV. Breaking the nitrogen bond 
occurs when electrons pass into the anti-bonding orbital of N2 through the d-orbital [6]. A catalyst with 
active metal such as ruthenium can help to donate the desired electrons to the anti-bonding orbitals 
of N2. When ionization of the active metal is still not possible, a promotor such as Cesium can be an 
alternative option. A visual representation of this phenomena can be found in Figure 1.3, adapted from 
Hong et al [10].  

Another benefit of using a catalyst is the fact that formed N, H and NHx radicals can also adsorb on the 
catalytic surface, enhancing the surface adsorption reactions. A catalyst can make adsorption more 
effective by lowering energy barriers and introducing active sites. Lowering the energy barrier can also 
reduce the operating temperature. The benefit of lowering the temperature is that it can prevent 
catalyst sintering or coking [12].    

The main reaction mechanism has been showed by Li. et al [5], which includes the first two steps of N2 
and H2 dissociation and stepwise addition of H or H2 to the formed NH radicals to produce ammonia. 
The N2 dissociation is seen as the rate limiting step and the NH radicals as the most important 
intermedia. The schematic mechanism looks as follows: 

N2 + e  2N + e 
H2 + e  2H + e 

N + H  NH 
NH + H  NH2 

NH + H2  NH2 + H 
NH2 + H  NH3 

NH2 + H2  NH3 + H 
 
Bond breaking of N2 can also occur via vibrationally excited nitrogen, which is produced in much higher 
densities than ions, dissociated atoms or electronically excited molecules in plasma discharge [10]. 
When nitrogen gets vibrationally excited, it possesses more energy than non-excited nitrogen, which 
contributes to overcoming the reaction barrier easier (Figure 1.4) [13]. Excitation of a N2 molecule to 
the first vibrationally excited level requires an input energy of only 0.3 eV, which corresponds to a 
temperature of 3480 K in thermal equilibrium [10]. Combining vibrationally excited N2 with a catalyst 
will be the ideal case. 

 

Figure 1.3: Electron donating behavior of a Cs-Ru/MgO catalyst [10]. 
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Figure 1.4: Schematic difference between vibrationally-excited N2 and non-excited N2 in terms of  
activation energy [13]. 

 

1.4 Dielectric barrier discharge reactor  
The ammonia synthesis will be carried out in a dielectric barrier discharge (DBD) reactor. The most 
important entities related to the DBD reactor are the high voltage electrode, the ground electrode, the 
dielectric barrier and the discharge gap. There are multiple configurations possible for designing the 
DBD reactor, but two configurations are most common, namely the planar and cylindrical 
configuration. A cylindrical configuration, or coaxial configuration, was chosen during this research. A 
schematic cylindrical DBD configuration with the accessory entities can be found in Figure 1.5.  

The breakdown voltage determines the generation of plasma which is determined by the discharge 
gap, the pressure and the gas composition, firstly discovered by Paschen [14]. In a DBD reactor, large 
currents are suppressed by a dielectric barrier present on the boundary of the discharge gap. DBD 
reactors are also called silent discharges, due to the absence of sparks.  

The dielectric material is of particular interest in the dielectric barrier discharge reactor. Common 
materials for dielectric barriers are glass, quartz or ceramics. 

The final element that needs to be mentioned is the discharge gap. The reactive species are flowing in 
the discharge gap. The thickness of the discharge gap defines the strength of the electric field together 
with the applied voltage. The discharge gap can also be filled with a catalyst when desired. 

Figure 1.5: Schematic figure of a cylindrical DBD reactor with the most important entities and the external  
power supply. 



6 
 

1.5 Goal 
Srinath’s work showed an overview of the achievements in the field of plasma catalytic ammonia 
synthesis with respect to the energy consumption in MJ per mol NH3 produced [16]. These values were 
in the range of 24 MJ/mol to 576 MJ/mol. However, the use of external heating sources or equipment 
to  compress the gas mixture and with that increase the pressure inside the reactor, were not always 
taken into account.  

The goal of this study is to achieve a low energy consumption, but a high NH3 concentration at ambient 
conditions. A cylindrical DBD reactor was chosen for this synthesis. To achieve this desired low energy 
consumption and high NH3 concentration a couple of reactor key elements will be systematically 
investigated: 

• Operational conditions: reactant ratio & flowrate 

• High voltage electrode material  

• Discharge gap distance 

• Catalyst activity  

First of all, the reactant feed will be investigated in a non-catalytic alumina DBD reactor. The optimal 
ratio in terms of energy consumption will be chosen to continue the rest of the research. With this 
ratio a variation in flowrate will be investigated. Varying the flowrate will imply a change in residence 
time when the volume of the reactor will be kept the same. After the ‘relative’ optimal flowrate has 
been found, a change in discharge gap will be investigated, by adjusting the high voltage (HV) electrode 
thickness. A change in discharge gap will change the discharge behavior, the breakdown voltage and 
the filament intensity and strength. To purely investigate the discharge gap influence, the residence 
time will be kept the same, meaning that the flowrate was adjusted to keep the same residence time 
(eq. 2). Where τ is the residence time, V the discharge zone volume and Fv the volumetric flowrate of 
the gas mixture. 

 
High voltage electrode material can also potentially change the discharge characteristics, meaning that 
a different material can result in different results regarding the ammonia production and energy 
consumption. Lastly, a ruthenium based catalyst will be implemented in the discharge zone, based on 
the paper of Mehta et al, who stated that Ru leads to relative high Turnover frequencies (TOF’s) 
especially on terrace sites of the catalyst [13].  

Investigation of these four points will lead to a potential improved DBD reactor design and operation 
for the NH3 synthesis. Chapter 3 will be dedicated to the non-catalytic DBD reactor and chapter 4 to 
the catalytic DBD reactor. Chapter 5 will give a conclusion on how the desired DBD should look like 
based on the findings of chapter 3 and 4, followed by the recommendations, acknowledgments, 
nomenclature, references and lastly the appendix.  

  

𝜏𝜏 =
𝑉𝑉
𝐹𝐹𝑣𝑣

 (2) 
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2. Experimental 
 
2.1 Setup & Plasma generation 
To produce ammonia in a DBD reactor, the setup showed in Figure 2.1 was used.  The setup can be 
divided into five sections: gas system, reactor, electrical equipment, analysis and scrubbing section. 
The gas inlet section contains the gasses nitrogen (N2), hydrogen (H2) and argon (Ar) with different 
Bronkhorst mass flow controllers.  

 

Figure 2.1: Simplified setup scheme 

After the gas inlet section, the gas (mixture) enters the reactor. The reactor consists of a tube made of 
alumina with a length of 400 mm, an inner diameter of 11 mm and an outer diameter of 15 mm.  

To vary the dielectric barrier to see the influence of the dielectric constant, another tube with the same 
length and inner diameter could be used as well. Around the tube a mesh is placed that serves as the 
ground electrode. The length of the mesh is 100 mm. 

Inside this tube a metal rod is being placed, that serves as a high voltage electrode (Figure 2.2). The 
dimensions of this rod can be varied to adjust the thickness of the discharge zone. A catalyst can be 
placed into the discharge zone of the DBD reactor. Two Swagelok Ultra-Torrs fittings were used to fit 
the reactor between the gas inlet and gas outlet pipes (Figure 2.3). One of the Ultra-Torrs was adapted 
to keep the high voltage electrode in place.   

 

Figure 2.2: Components of the reactor. The alumina tube with the ground electrode mesh, the 9 mm SS high 
voltage electrode and two Swagelok Ultra-Torrs.  

 

FTIR
Ventilation 

system

High voltage 
electrode

Ground 
electrode

Signal generator Amplifier High voltage transformer

N2

H2

Ar

 

 

 

Discharge zone

Scrubbing section
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Figure 2.3: The DBD reactor assembled between the gas inlet and gas outlet pipes.  
The ground electrode is attached in series with the capacitor. 

The power for the high voltage electrode comes from a high voltage transformer which is directly 
connected to an amplifier (Behringer Europower EP4000). The amplifier is connected to a Siglent 
SDG1025 function waveform generator (Figure 2.5). The waveform generator enables to generate a 
wave with a specified frequency and amplitude.  

The mesh around the alumina tube is grounded. The mesh is directly connected in series to a 100 nF  
capacitor. The constant capacitance enables the calculation of the delivered charge when the voltage 
is measured (eq. 3). A schematic electrical circuit is shown in Figure 2.6.  

 

Figure 2.4: Transformer and the high voltage probe. 

In this study, the voltage over the capacitor is measured with a Picotech 10:1 voltage probe (Up) (Figure 
2.4). The second probe measures the voltage across the reactor and this is a Tektronic 1000:1 high 
voltage probe (UR). Knowing the two measured voltages enables the calculation of the delivered power 
(Chapter 2.3).  

𝑄𝑄(𝑡𝑡) = 𝐶𝐶𝑝𝑝 ∙ 𝑈𝑈𝑝𝑝(𝑡𝑡) (3) 
 

Figure 2.5: Waveform generator, amplifier and scope. 
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DBD reactor

AC

UR Up

 

Figure 2.6: Simplified electrical circuit. 

The Shimadzu IRTracer-100 FTIR is applied to give insight into the amount of NH3 produced in the 
reactor. The outlet of the FTIR leads to the scrubbing section, where the gas mixture will pass through 
vessels which contain demineralized water (Figure 2.7).  

 

Figure 2.7: Scrubbing vessels filled with demi-water. 

2.2 FTIR 
The FTIR (Shimadzu IRTracer-100) works on the principle of selective infrared light absorption of 
different molecules. With Beer-Lambert’s law the concentration of certain species can be determined 
when the absorbance is known (eq. 4). 

𝐴𝐴 = 𝜀𝜀 𝑙𝑙 𝑐𝑐  (4) 
 
Where A is the absorbance, 𝜀𝜀 the molar extinction coefficient, l the characteristic path length and c the 
concentration. When calibration is done, 𝜀𝜀 𝑙𝑙 will be a constant and A can be linearly connected to 
concentration. In this case a resolution of 0.5 cm-1 was used and a linear line of the form A = 3.862·c 
was created with a R2 of 0.998.  

Ammonia will absorb IR light at approximately 957 ~ 970 cm-1 [17]. An IR absorption spectrum of NH3 
and a more detailed explanation on IR can be found in Appendix 10.1.  

2.3 Power calculations 
To see how much energy is consumed per mol ammonia formed, the energy consumption needs to be 
calculated. For this the specific energy input (SEI), molar volume and the ammonia concentration 
measured in the FTIR are needed.  
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First of all the amount of power delivered should be calculated. The amount of power depends on the 
applied frequency and the amount of energy per period delivered into the system. As mentioned 
before the energy calculation can be done, when capacitance, frequency (f), reactor voltage and 
voltage across the capacitor are known. The amount of energy can be described as the closed integral 
of reactor voltage (U(t)) and capacitor voltage (Up) multiplied by the capacitance (Cp) of the capacitor 
(eq. 5).  

𝑃𝑃 = 𝑓𝑓 ∙ 𝐸𝐸 = 𝑓𝑓 ∙ 𝐶𝐶𝑝𝑝 � 𝑈𝑈(𝑡𝑡) 𝑑𝑑𝑈𝑈𝑝𝑝
 

𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜
 (5) 

 
Plotting the capacitor voltage against the reactor voltage will give a Lissajous figure (Figure 2.8). When 
a catalyst is inserted in the discharge gap the Lissajous figure will have an almond shape (Figure 2.8, 
right). When no catalyst is present, filaments dominate resulting in a parallelogram (Figure 2.8, left). 
The general procedure for plasma generation can be found in Appendix 10.2. 

 

 

 

Not only the delivered power is critical to the calculation but also the initial volumetric flowrate (Fv,0). 
The power and initial flowrate allows to calculate the SEI in J/L (eq. 6). 

𝑆𝑆𝐸𝐸𝑆𝑆 =
power (W) ∙ 60 ( 𝑠𝑠

min)

volumetric flowrate ( 𝐿𝐿
min)

=
𝑃𝑃
𝐹𝐹𝑣𝑣,0

∙ 60 (6) 

 
The only parameters that still need to be known are the volume percentage of ammonia given by the 
FTIR and the molar volume. Vm is the molar volume based on the conditions in the FTIR, meaning 
atmospheric pressure and 25 °C.  

𝑉𝑉𝑚𝑚 =
𝑅𝑅𝑅𝑅
𝑃𝑃

=
𝐹𝐹𝑣𝑣,0

𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡,0
 (7) 

 
Equation 7 shows the definition of the molar volume. Where R is the universal gas constant of 8.3145 
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Figure 2.8: Lissajous figures of 9 mm SS, non-catalytic (left) and 
catalytic (right). Flowrate 0.06 N2 and 0.06 H2 L/min, applied 

frequency 20kHz. 
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J/mol·K. The molar volume can also give the ratio between the volumetric flowrate and the molar 
flowrate, L/s and mol/s respectively. The applied conditions result in a molar volume of 24.5 L/mol.  

 A more convenient number to work with is the volume fraction of NH3 measured, which can easily be 
deducted from the ppm amount (eq. 8). Note that volume fraction and molfraction are exactly the 
same when assuming ideal gas behavior (eq. 9).  

∅𝑁𝑁𝑁𝑁3 =
𝑛𝑛𝑝𝑝𝑝𝑝𝑚𝑚

1 ∙ 106
 (8) 

𝐹𝐹𝑣𝑣 =
𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡 𝑅𝑅𝑅𝑅
𝑃𝑃

 (9) 

 
The energy consumption (EC) is defined as the amount of energy divided by the amount of moles 
ammonia formed (J/mol NH3) (eq. 10) . 

𝐸𝐸𝐶𝐶 =
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑊𝑊)

𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝𝑛𝑛𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑑𝑑 (𝑎𝑎𝑝𝑝𝑙𝑙min)
=

𝑃𝑃 ∙ 60
𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡 ∙ ∅𝑁𝑁𝑁𝑁3

 (10) 

 
Where the total mole flow at the exit of the reactor is defined as: 𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡 = 𝐹𝐹𝑁𝑁2,0 + 𝐹𝐹𝑁𝑁2,0 − 𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡 ∙ ∅𝑁𝑁𝑁𝑁3. 
Rearranging results in a new definition of the mole flow (eq. 11). 

𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡 =
𝐹𝐹𝑁𝑁2,0 + 𝐹𝐹𝑁𝑁2,0

1 + ∅𝑁𝑁𝑁𝑁3
=

𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡,0 
1 + ∅𝑁𝑁𝑁𝑁3

 (11) 

 
Rearranging, substituting and taken into account equation 6 leads to an EC definition as stated in 
equation 12. Dividing the calculated EC by one million, leads to an EC in MJ/mol. 

𝐸𝐸𝐶𝐶 =
𝑃𝑃 ∙ 𝑉𝑉𝑚𝑚 ∙ 60 ∙ (1 + ∅𝑁𝑁𝑁𝑁3)

𝐹𝐹𝑣𝑣,0 ∙ ∅𝑁𝑁𝑁𝑁3
= 𝑆𝑆𝐸𝐸𝑆𝑆 ∙

𝑉𝑉𝑚𝑚(1 + ∅𝑁𝑁𝑁𝑁3)
∅𝑁𝑁𝑁𝑁3

 (12) 

 
The two assumptions made in this derivation are that the molar volume stays constant with a value of 
24.5 L/mol and ideal gas behavior. A constant molar volume is a very trustworthy assumption because 
the pressure and temperature at the inlet of the reactor are the same as the pressure and temperature 
in the FTIR were the volume percentage is measured. 

The total production of ammonia is defined as in equation 13. 

𝐹𝐹𝑁𝑁𝑁𝑁3 =
𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡,0 ∅𝑁𝑁𝑁𝑁3
1 + ∅𝑁𝑁𝑁𝑁3

=
𝐹𝐹𝑣𝑣,0 ∅𝑁𝑁𝑁𝑁3

𝑉𝑉𝑚𝑚(1 + ∅𝑁𝑁𝑁𝑁3)
 (13) 

 

The conversion of N2 and H2 are defined in equation 14 and 15 respectively. 

𝑋𝑋𝑁𝑁2 =
𝑁𝑁2,𝑖𝑖𝑜𝑜 − 𝑁𝑁2,𝑜𝑜𝑜𝑜𝑡𝑡 

𝑁𝑁2,𝑖𝑖𝑜𝑜
=

𝐹𝐹𝑁𝑁𝑁𝑁3
2𝐹𝐹𝑁𝑁2,0

 (14) 

𝑋𝑋𝑁𝑁2 =
𝐻𝐻2,𝑖𝑖𝑜𝑜 − 𝐻𝐻2,𝑜𝑜𝑜𝑜𝑡𝑡 

𝐻𝐻2,𝑖𝑖𝑜𝑜
=

3 𝐹𝐹𝑁𝑁𝑁𝑁3
2 𝐹𝐹𝑁𝑁2,0

 (15) 
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3. Dielectric barrier discharge reactor 

 
3.1 Results & Discussion 
3.1.1 Reactant ratio & Flowrate 
For the initial reactant ratio experiments a gas feed of 120 ml/min was chosen, which was determined 
from pretests. The ratios 3:1, 2:1, 1:1, 1:2 and 1:3 N2:H2 were tested. The flowrates for N2 and H2 are 
shown in Table 1.  

Table 1: Ratios with their accompanied flowrates of N2 and H2 with a total Fv of 120 ml. 

Ratio Flowrate N2 (ml/min) Flowrate H2 (ml/min) 
3:1 90 30 
2:1 80 40 
1:1 60 60 
1:2 40 80 
1:3 30 90 

 
Three voltages across the reactor were chosen, 7, 8 and 9 kV. 7 kV was just above the breakdown 
voltage. Below 7 kV, no plasma was generated. 9 kV was chosen as the upper boundary of the applied 
voltage range considering the stability of the DBD reactor. The focus was chosen to be on tendency 
instead of individual numbers, because of power fluctuations. 

At the start, all the concentrations as function of reactant ratio were investigated. Measured 
concentrations as function of the three applied voltages for the five ratios in Table 1 were plotted in 
Figure 3.1.  

 

Figure 3.1: Concentration against voltage for different reactant ratios. 

From Figure 3.1 can be concluded that the ratio of 1N2:3H2 results in a higher concentration for all 
applied voltages. Relative more H2 compared to N2 will result in a higher concentration for all the 
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applied voltages. A possible explanation is the fact that the ratio corresponds to the stoichiometric 
ratio of the ammonia reaction (eq. 1).  

Secondly, the power was calculated with equation 5 by integrating the Lissajous figure and together 
with the previously mentioned concentration, also the energy consumption. The calculated energy 
consumption calculated (with equation 12, in MJ/mol NH3 produced) was plotted against the applied 
voltages. Figure 3.2 shows a tendency that increasing voltage leads to increased energy consumption. 
The highest energy consumption was achieved with the ratio 3N2:1H2 and the lowest energy 
consumption when feeding 1N2:3H2, which is again the stoichiometric ratio of the ammonia synthesis 
reaction.  

 

Figure 3.2: Energy consumption against voltage for different reactant ratios. 

Gómez-Ramírez et al already reported that the feed gas ratio was an important factor and that it could 
influence the production of NH3 [18]. They also claimed that the best energy efficiency was achieved 
with the feed gas ratio equal or close to the stoichiometric ratio. Their best energy efficiency was 0.44 
g NH3/kWh with a ratio of 1N2:3H2 , 3kV applied voltage, with a total flowrate of 11.5 sccm. This means 
that their flowrate was roughly 10 times smaller than the flowrate used in this research. They used the 
ferroelectric material PZT to get the mentioned efficiency in their ferroelectric packed-bed reactor. 

Converting their energy efficiency to energy consumption resulted in a value of 139 MJ/mol NH3. 
Although they have a smaller flowrate and an additional ferroelectric material in their DBD, their claim 
is in line with the gathered results. In this research a lower energy consumption was achieved with 120 
ml/min, the same ratio, 7 kV and without additional ferroelectric material. Peng et al. additional 
explanation on the ratio was that the NH radical formation was favored in a hydrogen-rich 
environment which increased electron density and temperature [6].   

A logical next step would have been to test the ratio 1N2:4H2, however, this was not possible due to 
the limited accuracy range of the N2 mass flow controller. The N2 mass flow controller was only 
accurate at 30 ml/min or above. A possible solution would be to increase the total flowrate to 160 
ml/min. Unfortunately, due to the lack of time, this part remains to be investigated in the future.  
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Knowing concentration and taking into account equation 13 makes determination of the actual 
production of ammonia possible. These numbers were calculated in mg/h and listed in Table 2. The 
highest produced amount 19.20 mg/h was given for the ratio 1N2:3H2 at 9 kV. 

Table 2: Ammonia production in mg/h for different feed ratios. 

production 
(mg/h) 3N2:1H2 2N2:1H2 1N2:1H2 1N2:2H2 1N2:3H2 

7 kV 3.02 4.65 8.38 9.50 8.86 
8 kV 3.29 5.29 10.35 13.32 12.62 
9 kV 4.72 7.70 14.69 19.10 19.20 

 

Flowrate variations were made to see their influence. An increasing flowrate leads in general to a lower 
residence time (eq. 2). Longer residence time means that there is also more time available to react, 
hence one would say that it will be beneficial. However, an occurring known problem with the 
ammonia synthesis with plasma is the dissociation of NH3, meaning that there will also be more time 
to dissociate.  

The same voltages were used as before. As addition to the 120 ml/min known from the previous 
experiments, 160, 240, 320 and 360 ml/min were tested. The results were plotted in Figure 3.3. 

As can be clearly seen from Figure 3.3, an increasing flowrate leads to a decreasing concentration. The 
claim is applicable for all the applied volumetric flowrates and tested voltages.  

 
Figure 3.3: Concentration against voltage for different volumetric flowrates. 

Logically, the power and energy consumption was then calculated for every flowrate. This resulted in 
Figure 3.4. 
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Figure 3.4: Energy consumption against voltage for different volumetric flowrates. 

Figure 3.4 shows that an increasing flowrate leads to a decrease in energy consumption. This can be 
explained, by the fact that the SEI becomes smaller with higher flowrates. 

An interesting observation is that 120 ml/min gives the highest concentration, but gives the worst 
energy consumption. However, Peng et al [19], Gómez-Ramírez et al. [18] already mentioned that an 
increasing flowrate leads to higher energy efficiency or a lower energy consumption. The reason for 
this could be that a lower extent of NH3 decomposition was achieved when the residence time was 
shorter. 

When a larger voltage was applied, the error bars became larger. The energy consumption of the flows 
320 ml/min and 360 ml/min were very similar. Possibly a plateau value was reached, meaning that a 
flowrate bigger than 320 ml/min would not make a large difference anymore in energy consumption. 
Peng et al. concluded the same, although for higher flowrates [19]. They applied 7 kV, 10 kHz and a 
ratio of 3N2:1H2 with a Ru-based catalyst. After 5 L/min their plateau value occurred. Comparison with 
this research is not possible, due to the very diiferent conditions. However it indicates that a plateau 
value could exist. Applying equation 13, resulted in the production of ammonia in mg/h (Table 3).  

Table 3 Production of ammonia in mg/h for different flowrates. 

1N2:3H2 
production 
(mg/h) 

120 ml/min 160 ml/min 240 ml/min 320 ml/min 360 ml/min 

7 kV 8.86 9.00 10.94 10.85 10.96 
8 kV 12.62 14.08 15.56 15.74 15.70 
9 kV 19.20 22.23 23.95 24.70 25.14 

 

From Table 3, can be concluded that 360 ml at 9 kV gave the highest amount of NH3, 25.14 mg/h. The 
lowest amount was given for 120 ml at 7 kV, 8.86 mg/h. The lowest energy consumption was obtained 
at a 360 ml/min flowrate at 7 kV. 360 ml/min at 9 kV consumed 29.5% more energy per mol ammonia 
produced, compared to the 7 kV 360 ml/min case. However, the produced amount increased with 
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129.4%.  compared to the 7 kV case. The highest obtained conversion of H2 was 1.0% in case of 9 kV 
and 360 ml/min with a ratio 1N2:3H2. The accompanied N2 conversion was 1.5·10-6 %. 

 The result of Figure 3.4 gave rise to the thought of plotting concentration against SEI to see their 
dependence. Figure 3.5 showed concentration against SEI for different volumetric flowrates. As can be 
seen, independent of the flowrate, the SEI is a leading factor for increasing the NH3 concentration. In 
the low SEI range, many data points are present with a relatively low error bar, giving rise to a 
potentially linear tendency between concentration and SEI. When going beyond the 20000 J/L the 
error bars become larger. Although curve fitting may be possible, especially in the lower SEI cases, it 
may not be accurate due to the large error in the higher SEI cases. More experiments should be done 
with higher SEIs to determine if there could be a mathematical equation established between 
concentration and SEI. 

 

Figure 3.5: Concentration against SEI for different volumetric flowrates. 

3.1.2 Electrode material 
To investigate the effect of electrode material, the high voltage (HV) electrodes made from 3 different 
materials (stainless steel, copper and aluminum) were tested. Discharge gap width (1 mm), ratio and 
flowrate were held constant. The 1N2:3H2 ratio and 120 ml/min volumetric flowrate were chosen.  

The concentration against voltage was plotted in Figure 3.6 for the three HV electrode materials. 
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Figure 3.6: Concentration against voltage for three different electrode materials. 

In Figure 3.6 no clear tendency was observed. However, looking at 8 and 9 kV it seemed that Cu > Al > 
SS in terms of concentration. Looking at 7 kV it is not that clear anymore. Aluminum performs similar 
to stainless steel in that case.    

Analyzing the results of 8 and 9 kV, gave the idea that the concentration could be related to 
conductivity as the conductivity of Cu > Al > SS.  Cu has a conductivity of 6.0·107 S/m, Al 3.5·107 S/m 
and SS 1.3·106 S/m depending on the SS composition [20]. During this research AISI 316 was used with 
the mentioned conductivity.  

Another possible explanation was given by Yin et al. who previously reported in agreement with E.N. 
Eremin that the amount of NH3 formed was dependent on the work function of the metal [21]. Where 
the work function represents the minimum amount of energy that needs to be supplied to a metal 
surface to remove an electron from its surface. They reported when the work function of the metal 
increased, the ammonia production increased. Holz and Schulte came with a list of work functions for 
different elements [22]. Because stainless steel is an alloy, it is really difficult to find a work function, 
nevertheless, a value of 4.4 eV was found [23]. The same website reported a Cu work function of 4.65 
and an Al one of 4.28 eV. However, looking at the results of Figure 3.6 and taking into account previous 
results from Yin and Eremin, SS should perform better than Al. this was not observed In this research 
and further investigation is needed. 

When looking at the energy consumption for the different materials not much of a tendency can be 
seen. Figure 3.7 shows the energy consumption against voltage for the three electrode materials. The 
energy consumption of SS and Al seems roughly the same for all three voltages. For 7 and 8 kV, the 
energy consumption of Cu is slightly higher than in the case of SS and Al, although in the 9 kV this is 
not the case anymore. No clear tendency could was discovered.   
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Figure 3.7: Energy consumption against voltage for three different electrode materials. 

Fluctuations in the results can be caused by tiny differences in rod thickness. The rods were ordered 
as 9 mm rods, however, measurements showed that none of them were exactly 9 mm. Fluctuations of 
a few millimeters in the microgap can cause differences in breakdown and with that also in the 
production of ammonia. 

3.1.3 Discharge gap 
To investigate the influence of the discharge gap, the rod thickness was adapted. Increasing the 
thickness of the rod, will decrease the discharge gap width. To exclude the flowrate variations in this 
experiment, the flowrate was scaled with the volume change, meaning that the residence had to be 
constant (eq. 16). 

𝑉𝑉𝑑𝑑𝑖𝑖𝑑𝑑,7

𝐹𝐹𝑣𝑣,7
=  
𝑉𝑉𝑑𝑑𝑖𝑖𝑑𝑑,8

𝐹𝐹𝑣𝑣,8
=
𝑉𝑉𝑑𝑑𝑖𝑖𝑑𝑑,9

𝐹𝐹𝑣𝑣,9
 (16) 

 
The discharge volume of the reactor with rod X, with x is 7, 8 or 9 mm is given by equation 17. 7, 8 and 
9 mm rod thickness correspond to 2, 1.5 and 1 mm discharge gap width respectively. 

𝑉𝑉𝑑𝑑𝑖𝑖𝑑𝑑,𝑥𝑥 = ¼𝜋𝜋𝐿𝐿(𝑑𝑑112 − 𝑑𝑑𝑥𝑥2) (17) 

 
When choosing Fv,9 the conditions of the previous experiments were taken into account such that 120 
ml/min was chosen. Calculating the volumetric flowrates with the given ratio resulted in FV,8 of 172 
ml/min and Fv,7 of 216 ml/min.    

The energy consumption was plotted against the discharge gap width for three different voltages 
(Figure 3.8).  
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Figure 3.8: Energy consumption for three different rod sizes for three different voltages. 

As can be seen from Figure 3.8, for the 2 mm discharge gap, 7 and 8 kV did not give any numbers 
because there was no discharge. It was because the applied electric field was too weak in case of the 
larger gap. The energy consumption of the 2 mm discharge gap was relatively high, compared to the 1 
and 1.5 mm discharge gap, possibly because of the amount and intensity of the filaments. The energy 
consumption increases with increasing voltage. That breakdown voltage increased with gap width was 
already observed by Foruzan et al. who investigated different electrode geometries in combination 
with a PVC dielectric material [24]. Increasing air gap distance, increased the breakdown voltage. This 
is in agreement with the results in Figure 3.8, while no discharge for 7 and 8 kV at 2 mm gap width 
occurred, which could be below the breakdown voltage with this gap width. Foruzan also stated that 
a thicker dielectric barrier also increase the breakdown voltage.   

Peeters et al. investigated the number of filaments and their accompanied charge [25]. They stated 
that the average charge/filament increases with increasing discharge gap under the same voltage. 
Furthermore when a small discharge gap width was applied, more filaments could be created. Looking 
at Figure 3.8 it seemed that a discharge gap of 2 mm was unfavorable in terms of energy consumption. 
Following Peeters observations, the amount of filaments could be too low and the total amount of 
charge transferred too high, compared to the smaller discharge gaps.  

More detailed measurements should be done with the three rod sizes to give a solid conclusion on this 
matter. There should be more focus on the number of filaments and the individual filament strength. 
This should be the key to get closer to the optimal discharge gap.  

3.2 Summary 
Five feed gas reactant ratios and flowrates were investigated for a non-catalytic DBD reactor under 
different voltages. The highest concentrations were achieved with a ratio of 1N2:3H2, which is the 
stoichiometric ratio of the ammonia synthesis reaction. The lowest energy consumption was realized 
with the highest applied volumetric flowrate, which was 360 ml/min. It was observed that SEI is leading 
in increasing the NH3 concentration.  
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The cupper high voltage electrode performed better than aluminum and stainless steel, in terms of 
concentration. The energy consumption for Cu was slightly higher, compared to Al and SS. The energy 
consumption of Al and SS were approximately the same.  

The energy consumption of 1, 1.5 and 2 mm discharge gap width was investigated. 1.5 mm discharge 
gap width, gave the lowest energy consumption for all three applied voltages. 2 mm performed worst 
in case of energy consumption. 
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4. Catalytic dielectric barrier discharge reactor 
 

4.1 Catalyst preparation 
Several samples of catalysts were prepared to investigate the influence on the ammonia production. 
The catalyst consisted of support and the active metal ruthenium (Ru). Alumina (Al2O3) was chosen as 
a support, due to its mechanical strength and high thermal stability. Because of a very narrow discharge 
gap, a small particle size was desired, resulting in the advantage that more particles can be placed into 
the discharge gap. The used method for preparing the support gave a range of particle sizes differing 
approximately 100 μm in size, depending on the sieve availability.  

The range chosen was 250-355 μm. The alumina pellets were crushed using a mortar and pestle. 
MaTecK GmbH Alpha-alumina was used with a surface area of 0.18 m2/g. 

After crushing the pellets, the crushed particles were placed into the sieves. The amount of alumina 
that remained on the 250 μm sieve and under the 355 μm sieves was used as support and for further 
synthesis of the catalyst.  

The next step was preparing the precursor used for wet impregnation of the support. Peng et al. 
classified the Ru based catalyst as one with the highest catalytic activity for ammonia synthesis [26]. 
Additional promoters such as Cs or Ba were also used to ionize the N2 via transportation of electrons 
from the promoter to Ru and to the antibonding orbitals of N2, under relative low temperature and 
pressures.  

To prepare the precursor solution Ruthenium nitrosyl chloride hydrate, Ru 39.6% min from MaTecK 
GmbH, was dissolved in 7 g of demi water. The amount of precursor was chosen depending on the 
weight percentage of active material on the support. 5 wt% Ru was chosen, which resulted in 0.6313 
g Ru(NO)Cl3· x H2O to be dissolved. The prepared solution was stirred for half an hour. 

After stirring the precursor solution, 5 g of the prepared alumina support was impregnated with a well-
stirred precursor solution using a pipette. 5 g of support was weighed on a ceramic dish and the 
precursor was added to the support dropwise. After all the precursor was placed on the dish, the wet 
suspension was stirred with a spatula to make sure that every support particle was in contact with the 
precursor solution. This suspension was dried in the open air for one hour. 

After one hour of drying the dish was placed into the oven for calcination. Calcination was done for 4 
hours at 400°C for the Ru/Al2O3 catalyst. After calcination, the catalyst was collected and placed in a 
glass vessel to cool down.  

After calcination, the reduction was done in a tubular oven. The catalyst was placed into the oven on 
room temperature, and the oven was flushed for 15 minutes with N2. After flushing a mixture of 20 
ml/min Ar with 6 ml/min H2 was set into the oven. The oven was heated with 10°C/min to a final value 
of 400°C. The reduction was executed for 4 hours, which is a similar to the study of  Xie et al [27]. After 
the heating the hydrogen flow was stopped and the oven cooled down with the Ar flow. 

4.2 Results & Discussion 
4.2.1 Reactant ratio & Flowrate 
Exactly the same procedure as in the non-catalytic DBD reactor case was followed to investigate the 
influence of the Ru/Al2O3 catalyst on the ammonia production. The 1 mm discharge gap was visually 
packed with 250-355 μm Ru/Al2O3 catalysts pellet. The amount of catalyst was determined with a 
Sartorius balance with an inaccuracy of 0.01 g.  
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As before, the first thing to investigate was the reactant ratio. To make comparison with chapter 3.1.1 
possible, the volumetric flow of reactants was kept the same at 120 ml/min. The same ratios 3N2:1H2, 
2N2:1H2, 1N2:1H2, 1N2:2H2, 1N2:3H2 were used for this experiment.  

The measured concentrations against voltage were plotted for the different ratios in Figure 4.1. As can 
be seen in this figure, the concentration is increasing with increasing voltage. The highest 
concentration was given with 2N2:1H2 ratio for 9 kV, following 9 kV 1N2:1H2 and then 9 kV 3N2:1H2. It 
is clear that a higher nitrogen content is favorable to get a higher concentration for the catalytic Ru-
based ammonia reaction. 

The phenomenon that a higher N2 content would be favorable was already described by Peng et al. 
[19]. They found an optimal ratio of 3N2:1H2 at 10 kHz and 6 kV in a quartz based DBD reactor. A 
possibility that was given is that N2 has a higher chemical bond energy, meaning that it requires higher 
energy to break that bond. When feeding more N2 gas, the possibility is rising to produce more nitrogen 
active species, leading to a higher density of those active species that can much easier react with the 
active hydrogen radicals or adsorbed hydrogen species on the catalytic surface. 

However, this is partially contradictory to the findings of this research because 2N2:1H2 performed 
better than 3N2:1H2. Looking at Figure 4.1 it can also be seen that 3N2:1H2 has a different shape than 
the other ratios. Following Peng’s argumentation, it would be more likely that the 3N2:1H2 would give 
higher concentrations with the applied voltages. However when looking at Figure 4.1, this is not the 
case. 7 and 8 kV 3N2:1H2 perform the worse in terms of concentration. The 9 kV case seems more in 
line with Peng’s findings.  

Iwamoto et al. performed the NH3 synthesis on a wool-like Cu electrode [28]. They found that the ratio 
1N2:1H2 gave the highest NH3 synthesis rate at 5 kV, 50 kHz and a flowrate of 100 ml/min. After that 
the 2N2:1H2 gave the highest result.  

Comparing all these results, concluded that more nitrogen than hydrogen was favorable. The ratio may 
be dependent on the applied conditions.  
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Figure 4.1: Concentration against voltage for different ratios in case of a Ru/Al2O3 packed DBD reactor. 

After measuring the concentration of ammonia produced, the energy consumption was calculated. 
The energy consumption against voltage was plot in Figure 4.2. As can be seen is the energy 
consumption, in line with the measured concentration. The hydrogen-rich ratios, 1N2:3H2 and 1N2:2H2 
were high in energy consumption compared to the relative nitrogen-rich ratios. 1N2:3H2 has the 
highest energy consumption and 2N2:1H2 had the lowest energy consumption.  

 

 

Figure 4.2: Energy consumption against voltage for different ratios in case of a Ru/Al2O3 packed DBD reactor. 

2N2:1H2 was chosen to be close to the optimal ratio for the catalytic ammonia synthesis with the 
prepared Ru/Al2O3 catalyst. This ratio was chosen to investigate the flowrate dependence. 
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Investigation of the flowrate dependency resulted in Figure 4.3, where the concentration against 
voltage was plotted. As can be seen 120 ml at 9 kV gave the highest concentration. Again for every 
voltage, the lowest flowrate gave the highest concentration. An increasing flowrate led to a decrease 
in concentration, just as in the non-catalytic case. 

 

Figure 4.3: Concentration against voltage for five different flowrates when using Ru/Al2O3. 

The EC against voltage for all the flowrates was plotted in Figure 4.4. The graphs indicate parabolic 
behavior. In this case the 8 kV EC was higher than the 7 or 9 kV case. It can be seen that for the 9 kV 
case the energy consumption decreases with an increasing flowrate. This is in perfect agreement with 
the results obtained with the non-catalytic DBD reactor and in line with the research of Peng and 
Gómez-Ramírez [18], [19]. However when looking at 7 and 8 kV, this behavior is not so clear anymore. 
Especially 240 ml/min 7 kV and 360 ml/min 7 and 8 kV gave unexpected behavior. A repetition of the 
flowrate experiment is advised to see if this really is the tendency or that the previously mentioned 
points are odd.  
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Figure 4.4: Energy consumption against voltage for five different flowrates when using Ru/Al2O3. 

When only looking at the 9 kV results, the trend can be observed that an increasing flowrate lowers 
the EC. This is exactly the same trend as observed before with the non-catalytic DBD case. When 
looking at the SEI and concentration combined the same behavior can be seen as in the non-catalytic 
DBD case (Figure 4.5). Higher SEIs led to more deviation from linear behavior and also to larger error 
bars. 

 

Figure 4.5: Concentration against SEI for different flowrates using Ru/alumina. 

As before, taking into account concentration and flowrate, the production of ammonia for the different 
flowrates was calculated (Table 4). The maximal amount that could be produced was 58.40 mg/h, when 
using a flow of 240 ml/min and 9 kV. The highest H2 conversion achieved was 4.8% at a ratio 2N2:1H2 
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at 9 kV with a 120 ml/min flowrate. The accompanied N2 conversion with the same conditions was  
8.5·10-6 %.  

Table 4 Production of ammonia in mg/h for different flowrates. 

2N2:1H2  
production 
(mg/h) 

120 ml/min 180 ml/min 240 ml/min 300 ml/min 360 ml/min 

7 kV 12.09 8.55 9.74 7.42 7.80 
8 kV 21.57 21.87 22.48 23.62 19.10 
9 kV 53.71 53.86 58.40 55.62 53.76 

 

4.3 Catalyst characterization 
4.3.1 SEM & EDX 
Scanning electron microscopy (SEM) makes use of secondary electrons and backscattered electrons. 
The secondary electrons give topographical information and the backscattered electrons give the 
atomic number and phase differences [29]. Energy-dispersive X-ray spectroscopy (EDX) uses 
characteristic X-rays which reveal atomic composition.   

SEM pictures were obtained with a Phenom ProX Desktop SEM produced by ThermoFisher. A 5 wt% 
Ru/Al2O3 catalyst was analyzed with the SEM. The size of the support was 250-355 μm. Two samples 
were analyzed: the same Ru-catalyst before and after plasma exposure. Figure 4.6 showed the used 
Ru/Al2O3 catalyst before plasma exposure. Looking at the left picture (2300 x zoom) there is no clear 
distinction between alumina or ruthenium species. However, when zoomed in to 5700x magnification 
some brighter cubic shaped spots occur, what gave a possible indication of Ru being deposited on 
alumina.  

 

The distinction between the species could not be visibly made, therefor element mapping was 
performed. To make element mapping possible, a flat surface should be found to make it more 
accurate. The surface of Figure 4.6 appeared to be too rough to do the mapping, that is why mapping 
was done on a different place (Figure 4.7, left). Full mapping on Figure 4.7 for half an hour (30 μm scale 

Figure 4.6: Ru/Al2O3 SEM picture 2300x zoom (left), 5700x zoom (right). Sample before plasma exposure. 
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and 15 kV) showed the elements Al, O and Ru (Figure 4.7, right). This meant that indeed Ru was present 
with alumina. 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The element mapping assigned three colors to the three measured elements, blue for Al, pink for O 
and red for Ru (Figure 4.8).  

Aluminium 

 

Oxygen 

 

Ruthenium 

 
Figure 4.8: Element mapping of Figure 4.7, showing aluminum, oxygen and ruthenium present on the surface. 

Because of the low weight percentage of Ru, a combined map of the three elements together, did not 
show any Ru. The blue color of the Aluminum dominated the figure. However, when combing the O 
spectrum with the Ru spectrum a clearer vision could be seen (Figure 4.9). 

Figure 4.7: Surface where the element mapping was done (left), with the accompanied peaks 
of the elements occurring on the map (right). 



28 
 

 

Figure 4.9: Combined element map of O and Ru. 

The red places in Figure 4.9 are Ru dispersed on the alumina. What can be seen from this figure is that 
Ru looks quite dispersed on the alumina.  

The second sample was the sample after plasma exposure. Figure 4.10 showed no obvious deviation 
from Figure 4.6. Meaning that again an element mapping was supposed to be done, to see deviations 
due to plasma exposure and see the Ru. After mapping almost the same mapping as in Figure 4.8 was 
observed, meaning that the change of apparent dispersion was not observed after exposure (Figure 
4.11). 

Figure 4.10: Ru/Al2O3 SEM picture 2000x zoom (left), 4700x zoom (right). Sample after plasma exposure. 
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Aluminium 

 

Oxygen 

 

Ruthenium 

 
Figure 4.11: Element mapping of Figure 4.10, showing aluminum, oxygen and ruthenium present on the surface. 

Concluding remark, SEM and EDX did not give any indication that the catalyst was altered after plasma 
exposure. The only thing that can be concluded is that only Ru, Al and O are present as expected and 
that the Ru is likely to be dispersed.  

4.3.2 BET 
The principle of the Brunauer-Emmet-Teller (BET) method is to see how many molecules of an inert 
gas such as N2 physisorbed on the surface to form a monolayer and with that calculate the surface 
area. The BET measurement was done with a TriStar II 320 device produced by micromeritics. To 
investigate whether plasma had any influence on the surface area of the catalyst, the same catalyst as 
used for SEM pictures was used.  

Pretreatment was done, meaning flushing with N2 for 200 minutes at 220°C to remove undesired 
components and moisture that could influence the measurement.  

The measured BET surface area before plasma exposure was 1.150 m2/g. The BET area after plasma 
treatment was 1.015 m2/g. That is a very low decrease with an already low surface area.  

The total pore volume of pores less than 125.7 nm width at P/P° = 0.9843 before plasma exposure, 
was 0.003831 cm3/g. The total pore volume of pores less than 122.2 nm width at P/P° = 0.9839 after 
plasma exposure, was 0.003823 cm3/g. Hardly any difference can be observed in pore volume when 
comparing these values, especially when you consider the small deviations of particle size and relative 
pressure.  

4.4 Summary 
The influence of a 5 wt% Ru/Al2O3 was investigated. Five ratios and flowrates were tested under three 
different voltages to see the catalytic influence. The highest concentration was obtained with 2N2:1H2 
ratio. In case of the catalytic NH3 synthesis more nitrogen than hydrogen was favorable. In general a 
increasing flowrate, led to a decrease in energy consumption. What was the same as in the non-
catalytic case. Again was observed that SEI was leading obtaining a higher NH3 concentration.  

SEM and EDX were performed to see the ruthenium dispersion on the alumina before and after plasma 
exposure. Ru seemed to be dispersed over the alumina in both cases. A difference in dispersity could 
not be seen with these methods. Also BET measurements did not give any obvious findings on the 
influence of plasma exposure on the catalyst.  
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5. Conclusion 
 
This research aimed to show the possibility of synthesizing ammonia in a DBD reactor under ambient 
conditions. NTP was used with two targets: to increase the concentration and lower the energy 
consumption. A systematic approach was followed to investigate process parameters including feed 
gas ratio and flowrate, and design parameters such as high voltage electrode material, discharge gap 
distance and catalytic activity.  

The experiments on the non-catalytic DBD reactor, indicated that the feed gas ratio performed best 
with a 1N2:3H2 ratio, which is the stoichiometric ratio of the NH3 reaction. This result was in agreement 
with previous published work from Gómez-Ramírez et al [18]. The highest concentration obtained with 
the SS high voltage electrode of 9 mm was 3847 ppm at 9 kV and 120 ml/min. The lowest energy 
consumption obtained with the same electrode was 95.3 MJ/mol NH3 produced at 7 kV and 360 
ml/min. The fact that the energy consumption lowers with increasing flowrate was also in agreement 
with previous literature. The highest amount NH3 produced was 25.14 mg/h at 9 kV and 360 ml/min. It 
turned out that SEI was the leading factor to high NH3 concentrations. For lower SEIs a potential, linear 
tendency could be recognized, however more data points were needed in the high SEI range to confirm 
this observation. 

A change in HV electrode material was investigated. Cu with the highest conductivity and work 
function, gave the highest concentration, 4273 ppm at 9 kV and 120 ml/min, then Al and then SS.  This 
possibly indicated that conductivity and work function could be key factors in increasing the NH3 
production. Yin et al. [21] already found that Cu performs better than Al, however SS is debatable. It is 
very likely that this observation is due to the difference in composition. Energy consumption of these 
three materials did not give any solid conclusion or observed tendencies. Therefore, more experiments 
should be done on HV electrode material. 

Research on the discharge gap, indicated that filament number and filament intensity alter the energy 
consumption and production of ammonia. This observation was in agreement with Peeters et al. [25]. 
The 1.5 mm discharge gap performed best in terms of energy consumption.  

The influence of a 5 wt% Ru/Al2O3 catalyst on the NH3 production was investigated. A feed gas ratio of 
2N2:1H2 gave the highest concentration of NH3, 1.1 vol% for 9 kV and 120 ml/min. Relative more N2 
than H2 was desirable according to the results, what was already suggested by Peng and Iwamoto [19], 
[28], because of the increasing probability of N2 dissociation when more N2 was fed in presence of a 
catalyst. The lowest energy consumption was 28.1 MJ/mol NH3 produced for 9 kV and 360 ml/min 
what can be considered relatively low, considering literature on ambient condition ammonia plasma 
synthesis in a DBD reactor. The highest amount of NH3 produced was 58.40 mg/h at 9 kV and 240 
ml/min.  

Catalyst characterization with SEM and EDX indicated that Ru was nicely dispersed on the alumina 
support. The measured BET surface area minimally decreased after plasma exposure, what could 
indicate that plasma is not alternating the catalyst heavily when applying the experimental conditions 
of this research.  
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6. Recommendations 
 

First of all, from this study can be concluded that the discharge power is the dominating factor for the 
NTP ammonia synthesis. The NH3 concentration and energy consumption are highly sensitive to the 
power delivered. From practical point of view, it is clear that manually setting the amplifier causes 
large standard deviations. That is why a more in depth study on the discharge power should be 
conducted. Meanwhile, instead of the current power system, a digital modulated power supply could 
be used to precisely control those desired experiment parameters.  

It would be prefered to extend the experimental conditions to higher power levels, that allows 
investigation of the NH3 synthesis under higher power and voltages. Especially applying higher SEIs 
could indicate new tendencies, that could be present based on Figure 3.5. Experiments with smaller 
flowrates of  N2 would be desired. The investigation of the 1N2:4H2 ratio would be interesting.      

Further investigation on the electrode material would be desired, especially on its catalytic activity and 
the linkage to a possible occurring temperature profile. To further investigate the work function 
theory, a HV electrode with a high work function such as Pt and Au, which should enhance the 
ammonia production would be preferred.  

Another catalyst could be investigated as well, instead of the costly ruthenium. Ru is proven to be a 
good catalyst in the thermal NH3 synthesis. However, Mehta et al. proved that in case of plasma 
ammonia synthesis a catalyst that weakly binds N2 has a higher activity [13]. They provide cobalt and 
nickel as substituting candidates. Peng et al. investigated promoted Ru on mesoporous-structured Si-
MGM-41 [26]. Looking into these types of support could also be beneficial. Even as support size 
variations and variation of metal loadings.  

Another paper by Peng et al. proved that packing of only support such as MgO or a promoter such as 
Cs in combination with support and active material improved the ammonia yield [19]. They claim that 
insertion of a support, improves intensive surface discharges, which are expected to favor dissociation 
of N2 and H2, because of the increased dielectric constant compared to an empty reactor. Insertion of 
packing alters the plasma discharge. For that reason, it would be highly interesting to promote the 
currently used Ru/Al2O3 with a promoter such as Cs.  

Key factor, but also contemporaneously problem is the thermal profile of the plasma. One of the 
strengths of NTP is the non-homogenous temperature delivery inside the reactor. Problem with 
measuring temperature is the fact that thermocouples cannot be used for safety reasons. Direct 
temperature measurement is very difficult, but possible with a Fibre optic. Knowing the temperature 
profile in the reactor could provide some evidence on kinetic or thermodynamic limitations. Also 
optical emission spectroscopy (OES) measurements could be interesting, because present species, 
intermediates, electron densities and electron temperatures could be estimated.  

More reactor design parameters could be investigated, such as dielectric material, reactor geometry 
and gap distance. Note that a decrease in barrier thickness, leads to a possible decrease in mechanical 
strength, making it less practical to use.  

Higher power levels could be interesting in combination with a larger gap, to see the gap influence on 
the breakdown voltage in case of the alumina DBD reactor used in this research. This would be 
interesting with and without catalyst. Also the statement of Peeters et al. that an increase in discharge 
gap, decreases the number of filaments, but increases the amount of charge per filament could be 
investigated more thoroughly in case of this DBD reactor [25]. More insight in the number of filaments 
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and the strength of the filaments, could possibly lead to more beneficial conditions to increase the NH3 
concentration and decrease the energy consumption. 

Khoja et al. stated that in their methane dry reforming in a DBD reactor, alumina performed better 
than quartz [30]. A possible reason they gave were its high dielectric constant, reactivity and surface 
roughness compared to quartz. Substituting the alumina tube with materials with other dielectric 
constants could be noteworthy for future experiments.  

All in all, there is still plenty to investigate related to the NTP synthesis.  Most of the recommendations 
could be interesting for the synthesis of other compounds as well, instead of only looking at NH3. 
Plasma synthesis and processes will be more and more important in the future, especially during the 
energy transition. There will be no regrets when investing in future plasma research.  
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8. Nomenclature 
 

Symbol Description Unit 

∆𝐻𝐻𝑅𝑅 Reaction enthalpy J/mol 
𝑅𝑅 Temperature K 
𝐸𝐸𝑣𝑣 Vibrational energy J 
𝐸𝐸𝑎𝑎 Activation energy J 
𝐸𝐸 Electric field strength V/m 
𝑑𝑑 Distance between electrodes m 
𝑉𝑉 Voltage V 
𝑈𝑈 Reactor voltage V 
𝑈𝑈𝑑𝑑 Discharge gap voltage V 
𝑈𝑈𝑔𝑔 Gas voltage V 
𝑈𝑈𝑝𝑝 Capacitor voltage V 
𝐶𝐶𝑝𝑝 Capacitance C/V 
𝑄𝑄 Charge C 
𝜏𝜏 Residence time s 
𝐹𝐹𝑣𝑣 Volumetric flowrate L/min 
𝐹𝐹𝑣𝑣,0 Initial volumetric flowrate L/min 
𝐴𝐴 Absorbance - 
𝜀𝜀 Molar extinction coeffienct L/(mol·m) 
𝑙𝑙 Path length m 
𝑐𝑐 Concentration mol/L 

∅𝑁𝑁𝑁𝑁3 Volume fraction - 
𝑃𝑃 Power W 
𝑓𝑓 Frequency Hz 
𝐸𝐸 Energy J 
𝑆𝑆𝐸𝐸𝑆𝑆 Specific energy input J/L 
𝑅𝑅 Universal gas constant J/(mol·K) 
𝑃𝑃 Pressure Pa 
𝑉𝑉𝑚𝑚 Molar volume L/mol 
𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡,0 Initial molar flowrate mol/s 
𝐹𝐹𝑡𝑡𝑜𝑜𝑡𝑡 Mol flow mol/s 
𝑛𝑛𝑝𝑝𝑝𝑝𝑚𝑚 Amount of ppm NH3 measured ppm 
𝐸𝐸𝐶𝐶 Energy consumption MJ/(mol NH3) 
𝐹𝐹𝑁𝑁2,0 Initial molar flowrate of nitrogen mol/s 
𝐹𝐹𝑁𝑁2,0 Initial molar flowrate of hydrogen mol/s 
𝐹𝐹𝑁𝑁𝑁𝑁3 Molar flowrate of ammonia mol/s 
𝑋𝑋 Conversion - 

𝑉𝑉𝑑𝑑𝑖𝑖𝑑𝑑,𝑥𝑥 Discharge volume for electrode x L 
𝐿𝐿 Discharge length m 
𝑑𝑑𝑥𝑥 Diameter of electrode x m 
∆𝐸𝐸𝑣𝑣𝑖𝑖𝑣𝑣 Change in vibrational energy J 
ℎ Planck’s constant m2·kg/s 
𝑊𝑊 Wavenumber cm-1 
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10. Appendix  
 
10.1 FTIR principles 
The FTIR (Shimadzu IRTracer-100) works on the principle of selective infrared light absorption of 
different molecules. The range of the infrared region is 12800 ~ 10 cm-1 and can be divided in near-
infrared (high wavenumbers), mid-infrared and far-infrared region (low wavenumbers) [31]. When 
exposed to infrared (IR) light molecules absorb radiation of specific wavelengths which changes the 
dipole moment of the molecule. Furthermore, the molecules get excited by the absorption of energy 
leading to an increase of occupied energy levels.   

When a change in dipole moment occurs when changing the bond distance a specie is characterized 
as infrared active. When a bond distance is changed, but no change in dipole moment is observed a 
specie is non-infrared active. Another requirement to be IR active is that the light imposed on a 
molecule must equal a certain vibrational energy level difference with the molecules, hence only 
certain wavelengths can be absorbed by a molecule [32]. The change in vibrational energy level is equal 
to Planck’s constant (h) multiplied by the speed of light (c) and the wavenumber (W) (eq. 18). 

∆𝐸𝐸𝑣𝑣𝑖𝑖𝑣𝑣 = ℎ 𝑐𝑐 𝑊𝑊 (18) 

 
If the energy of a photon does not meet the criterion of equation 6, it will be transmitted and if a 
certain incoming photon does correspond to a certain change in energy level it will be absorbed. That 
is how the phenomena of absorbance or transmittance of light by a certain molecule occurs.  

Homonuclear diatomic molecules such as H2 and N2 are not capable of giving an infrared spectrum, 
meaning that during the ammonia synthesis with H2 and N2 only the formed NH3 can give a useful 
infrared spectrum. The transmittance and absorbance of light cannot only be very helpful to determine 
the kind of species present in the mixture but also indicate the concentration of that specie by Beer-
Lambert’s law (eq. 19). 

𝐴𝐴 = 𝜀𝜀 𝑙𝑙 𝑐𝑐  (19) 
 
Where A is the absorbance measured with IR light, 𝜀𝜀 the molar extinction coefficient, l the 
characteristic path length and c the concentration. When calibration is done, 𝜀𝜀 𝑙𝑙 will be a constant and 
A can be linearly connected to concentration. Ammonia will absorb IR light in the far-IR region at 
approximately 957 ~ 970 cm-1. An IR absorption spectrum of NH3 can be found in Figure 10.1 with the 
particular area of interest marked with a red rectangle. 
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Figure 10.1: IR absorption spectrum of ammonia [17]. 

 

10.2 General procedure for plasma generation 
Before any experiment was executed a pressure test was done to ensure no leakage of gas throughout 
the experiments. The valve after the reactor exit was closed and for a short period of time, a flow of 
0.2 L/min N2 was fed. If a constant pressure was measured for a short period of time by the pressure 
sensors coupled with the reactor, no leakage was detected.  

After the pressure test, the valve was opened again. A flow of 0.9 L/min N2 was fed to the reactor to 
flush the air from the reactor. Remaining oxygen could severely react with H2 and could cause major 
safety problems. After flushing with this N2 flow for 10 minutes a background scan was made with the 
FTIR with the same flow of 0.9 L/min. A background scan gave the opportunity to remove noise caused 
by background gas into the measuring cell from the measured IR spectrum.  

When the background scan was made the N2 flow was stopped and 0.5 L/min H2 was fed for 15 
minutes. This was to ensure again that no leakage was taken place because the H2 sensors would give 
an alarm if there was some leakage. If no alarm was given, then the reactor was ready to use for the 
planned experiments and the H2 flow was stopped. Subsequently, the desired flow could be fed to the 
reactor and the reactor was flushed with this flowrate for approximately 5 minutes until a steady 
pressure was reached. 

After the previously mentioned procedure the signal generator, amplifier, and voltage probes were 
turned on. The signal generator was installed at 20 kHz and an output voltage of 4 V peak-to-peak for 
every experiment. Note that the 4 V peak-to-peak is not the applied voltage, because the amplifier and 
transformer need to be passed before reaching the desired peak-to-peak value. 4 V peak-to-peak and 
20kHz were chosen from the beginning and variations of these values are out of the scope for this 
project. 

To start an experiment the amplifier was manually set on the desired voltage, in case of this thesis, 7, 
8 and 9 kV peak-to-peak. Remember that 7 kV peak-to-peak corresponds to 3.5 kV amplitude, 8 kV to 
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4 kV and 9 kV to 4.5 kV (Figure 10.2). Where the red wave in Figure 10.2 corresponds to the reactor 
voltage and the blue wave to the capacitor voltage. 

When the right amount of peak-to-peak voltage was reached the FTIR was used to make a spectrum 
and determine the amount of ammonia produced in ppm according. The plasma generation was run 
for approximately 10-15 minutes until a steady value of ammonia production was reached.   

10.3 Matlab script 
A Matlab script was used to determine the power input of the reactor. This script was prepared by dr. 
S. Li. 

% This function calculates the area of the lissajous figure in the 
% V,Q-diagram. The required input are the A and D variables from the 
% experimental data. The output will be the area of the figure. 
  
function output = calculate_area_lissajous(A,D) 
  
%% Convert data 
  
V = D * 1000;                                                               % Unit: 
[V] 
C = 100 * 1e-9 ;                                                            % Unit: 
[F=C/V] 
Q = 10 * A * C;                                                             % Unit: 
[C] 
  
sorted_rows = sortrows([V,Q],1); 

Figure 10.2: Peak-to-peak voltages for 7 (left), 8 (right) 
and 9 (bottom) kV respectively. 
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plot(V) 
%% Calculate total mean of each datapoint 
  
% Initialize matrix for storing averages and corresponding voltages 
average_matrix = zeros(length(sorted_rows),2); 
  
% Counter for number of samples on the same vertical line 
duplicate_sample_counter = 1; 
  
% Sum of samples on the same vertical line 
sum_sample_set = sorted_rows(1,2); 
  
for i = 2 : length(sorted_rows) 
    if sorted_rows(i,1) == sorted_rows(i-1,1) 
         
        % Add data point to sum of this vertical line 
        sum_sample_set              =   sum_sample_set + sorted_rows(i,2); 
         
        % One data point added so sample counter + 1 
        duplicate_sample_counter    =   duplicate_sample_counter + 1 ; 
     
    else    % When next sample does not lie on the same vertical line, calculate 
average of samples on this vertical line 
         
        average_sample_set          =   sum_sample_set / duplicate_sample_counter; 
         
        % Store average and voltage of the vertical line, for the amount of data 
points on the vertical line 
        average_matrix( (i-duplicate_sample_counter) : i-1 , 1) = 
ones(duplicate_sample_counter,1) * sorted_rows(i-1,1); 
        average_matrix( (i-duplicate_sample_counter) : i-1 , 2) = 
ones(duplicate_sample_counter,1) * average_sample_set; 
         
        % Reset sum and sample counter 
        sum_sample_set  = sorted_rows(i,2);  
        duplicate_sample_counter    = 1;                                     
    end 
end 
  
% Calculate average for last sample 
average_sample_set                  =   sum_sample_set / duplicate_sample_counter; 
  
% Store last average 
average_matrix( end - duplicate_sample_counter + 1 : end , 1 )  = 
ones(duplicate_sample_counter, 1) * sorted_rows(end,1); 
average_matrix( end - duplicate_sample_counter + 1 : end , 2 )  = 
ones(duplicate_sample_counter, 1) * average_sample_set; 
  
%% Reviews each data point according to criteria: Above or below average.  
  
% Sum of samples on the same vertical line for above and below average data 
% points 
% Assumption: both averages start in the same point 
sum_above_average_sample_set = average_matrix(1,2); 
sum_below_average_sample_set = average_matrix(1,2); 
  
% Counters new averages determined from the above and below average data 
% points 
above_average_counter = 0; 
below_average_counter = 0; 
  
% Counters for above and below average data points on the same vertical line 
duplicate_above_average_sample_counter = 1; 
duplicate_below_average_sample_counter = 1; 
  
% Calculate difference between data points and average for each data point 
difference_average = sorted_rows(:,2) - average_matrix(:,2); 
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% Find indices for below or above average data points 
indices_above_average = find(difference_average >= 0); 
indices_below_average = find(difference_average < 0); 
  
%% Above average data points 
  
% For-loop is based on the indices for above average data points. So note 
% that not ALL data points are included, but only the ones for above average 
% data points. 
for i = 2 : length(indices_above_average) 
    if sorted_rows(indices_above_average(i),1) == 
sorted_rows(indices_above_average(i-1),1) 
         
        % Add new data point to the sum of this vertical line 
        sum_above_average_sample_set                        =  
sum_above_average_sample_set + sorted_rows(indices_above_average(i),2); 
         
        % One data point added so sample counter + 1 
        duplicate_above_average_sample_counter  =  
duplicate_above_average_sample_counter + 1; 
  
    else    % If the above average sample does not lie on the same vertical line 
         
        % Calculate average for above average data points on this vertical 
        % line 
        above_average_sample_set = sum_above_average_sample_set / 
duplicate_above_average_sample_counter; 
         
        % Add one to the number of above averages determined 
        above_average_counter = above_average_counter + 1; 
         
        % Store the average of above average data points on this vertical line 
        % in above average matrix 
        above_average_matrix(above_average_counter,:) = [ 
sorted_rows(indices_above_average(i-1),1)     above_average_sample_set ]; 
         
        % Reset sum and sample counter 
        sum_above_average_sample_set = sorted_rows(indices_above_average(i),2); 
        duplicate_above_average_sample_counter = 1; 
    end 
end 
  
%% Below average data points 
  
% For-loop is based on the indices for below average data points. So note 
% that not ALL data points are included, but only the ones for below average 
% data points. 
for i = 2 : length(indices_below_average) 
    if sorted_rows(indices_below_average(i),1) == 
sorted_rows(indices_below_average(i-1),1) 
         
        % Add new data point to the sum of this vertical line 
        sum_below_average_sample_set                        =  
sum_below_average_sample_set + sorted_rows(indices_below_average(i),2); 
         
        % One data point added so sample counter + 1 
        duplicate_below_average_sample_counter  =  
duplicate_below_average_sample_counter + 1; 
  
    else 
        % Calculate average for below average data points on this vertical 
        % line 
        below_average_sample_set = sum_below_average_sample_set / 
duplicate_below_average_sample_counter; 
         
        % Add one to the number of above averages determined 
        below_average_counter = below_average_counter + 1; 
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        % Store the average of above average data points on this vertical line 
        % in above average matrix 
        below_average_matrix(below_average_counter,:) = [ 
sorted_rows(indices_below_average(i-1),1)     below_average_sample_set ]; 
         
        % Reset sum and sample counter 
        sum_below_average_sample_set = sorted_rows(indices_below_average(i),2); 
        duplicate_below_average_sample_counter = 1; 
    end 
end 
  
%% Add last datapoint 
  
% Calculate averages for last data point 
above_average_sample_set = sum_above_average_sample_set / 
duplicate_above_average_sample_counter; 
below_average_sample_set = sum_below_average_sample_set / 
duplicate_below_average_sample_counter; 
  
% New averages calculated so average counters + 1 
above_average_counter = above_average_counter + 1; 
below_average_counter = below_average_counter + 1;  
  
% Store new averages in matrix 
above_average_matrix(above_average_counter,:) = [ sorted_rows(end,1)        
above_average_sample_set ]; 
below_average_matrix(below_average_counter,:) = [ sorted_rows(end,1)        
below_average_sample_set ]; 
  
%% Area calculations 
  
W = [ above_average_matrix ; below_average_matrix ]; 
p = boundary(W(:,1),W(:,2)); 
x = W(:,1); 
y = W(:,2); 
area  = polyarea(x(p),y(p)); 
  
%% Define output 
  
output = area; 
  
% Define output 
freq = 20e3;                    %Hz 
Power =(area)*freq;       %W 
 end 
  
% end 
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