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Abstract 
 

Nitrogen (N) in the form of the reduced species ammonia (NH3) is an energy carrier, an essential 

component of fertilizers and a basic building block in the chemical industry. It is the world’s second 

most produced chemical and 1–2 % of the world’s annual energy supply goes to the Haber-Bosch 

process, which converts atmospheric N into NH3. N components ultimately end up in waste streams, 

for example after use of chemical products or protein degradation by organisms. They have to be 

removed at wastewater treatment plants (WWTPs), as discharging water with high N concentrations 

on surface waters may lead to eutrophication and thereby to a decrease in biodiversity.  

Conventional technologies for N removal are mostly based on biological nitrification-denitrification 

processes and require energy and a carbon source. The newly developed Anammox process is 

common for sidestream N removal and achieves a substantial energy reduction, but does not recover 

nor utilize the removed N. The PhD project From pollutant to power aims for a paradigm shift in which 

N in residual streams is no longer regarded as a pollutant, but as an energy source instead. The novel 

concept underlying the PhD project is the idea that N in waste streams can be converted into electricity 

using a solid oxide fuel cell (SOFC). Costs and energy for nitrification-denitrification processes and 

Anammox can be saved and even better, energy can be produced. The overall goal is to develop a net 

energy producing system, in which NH3 is extracted in gaseous form from high N and low carbon (C) 

waste streams through various chemical and/or physical concentration and separation steps and 

introduced into an SOFC for energy production. A NH3 mass percentage of 10 is required in the fuel 

gas in order for an SOFC to function. WWTP reject water and urine are recognized as potential sources 

of N for energy recovery due to their relatively high N concentrations of 1.5 and 6 g total ammonia 

nitrogen (TAN)/L, respectively. 

The master thesis research presented in this report focused on the technology of membrane 

distillation (MD) to determine its suitability for the gas production step within the From pollutant to 

power project. MD was selected for research because of its potentially low energy requirement, 

because the applied membranes have proved to be stable and because of promising concentration 

factors presented in literature. However, due to knowledge gaps in literature, it could not be predicted 

whether or not a 10 mass percentage NH3 fuel would be obtainable with MD for reject water and 

urine.   

In MD, the driving force for gas transport through hydrophobic, microporous membranes is a vapor 

pressure difference over the membrane pore entrances. The research objective of this study was to 

determine the influence of feed temperature and ammonia concentration on permeate quantity and 

quality in vacuum membrane distillation  for the production of an ammonia fuel gas for solid oxide 

fuel cells, and to determine the suitability of MD as technology for gas extraction within the From 

pollutant to power project. Synthetic ammonium bicarbonate (NH4HCO3) solutions were used to 

simulate (concentrated) reject water and urine in simulations and laboratory experiments. 

Simulations were carried out with the code PHREEQC in order to estimate vapor pressures in feed 

solutions and to determine which test conditions would be favorable for NH3 transport over the 

transport of other volatile components in the feed solution (H2O and CO2).  

Selected test conditions were pH 10 to exclude CO2 gas transfer and temperatures from 25–55 °C to 

maximize the NH3 fraction in the permeate gas. Feed solutions with TAN concentrations of 1.5, 12 and 

20 g/L were selected for the experiments, from which total and NH3 transmembrane fluxes were 

determined. Results of the laboratory experiments showed that it is possible to obtain a fuel gas 



quality of 10 mass percentage NH3 for low temperatures (25 – 35 °C) and a high TAN concentration 

(20 g/L). At higher temperatures and lower concentrations, permeate NH3 mass percentages were 

lower than 10. A global mass transfer coefficient including resistances in feed, membrane and 

permeate was determined. Higher resistance to mass transfer was observed at higher temperatures 

due to increased polarization effects, resulting in lower transmembrane fluxes. The effect of 

polarizations was stronger for NH3 than for H2O. The need of a preceding concentration step in case 

MD is applied for SOFC fuel production is proved, as 1.5 and 12 g TAN/L solutions did not result in a 

permeate gas quality sufficient for the gas to be fed directly to an SOFC.  

In conclusion, it was possible to create an SOFC NH3 fuel of sufficient quality on conditions of a 

preceding concentration step, basic conditions and low applied temperatures. To determine whether 

or not MD is a suitable technique within the From pollutant to power project, an overall mass and 

energy balance including results from concentration step and SOFC research must be considered. As 

low temperature ranges are favorable both in terms of energy requirement and permeate gas quality 

and energy is considered an important parameter within the project, MD might be a suitable option 

for gas production.   
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A Solid oxide fuel cells 

A1 Cell and reactions 

Solid oxide fuel cells consist of an anode, a cathode and an electrolyte that separates them. Solid 

oxide fuel cells are operated at high temperatures of about 700 °C, at which NH3 is cracked into N2 

and H2 at the anode in the presence of a nickel catalyst. At the cathode, O2 is reduced. O2- migrates 

from the cathode to the anode through the electrolyte. At the anode, it reacts with the H2 that 

resulted from cracking to form H2O and electrons.  

Anode, cathode and overall reactions are: 

Cathode reaction 

O2 reduction:  
1

2
 O2      +      2 e−       →           O2−  

 
Anode reactions 

NH3 cracking:     NH3                            →         
1

2
 N2      +     

3

2
 H2 

H2 oxidation:     H2       +         O2−    →             H2O  +      2 e−  
___________________________________________________________ 

Overall reaction 

NH3 oxidation:     NH3    +      
3

4
 O2      →         

3

2
 H2O  +      

1

2
 N2  

 
 
 

 

Solid oxide fuel cell [2] 
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A2 Initial SOFC test results 

Initial tests feeding fuel gas containing NH3 to an SOFC have been carried out within the From 

pollutant to power project. Gaseous fuels containing NH3 and H2O with NH3 mass percentages 

(defined as massNH3/masstotal) of 5, 10 and 25% have been introduced to an SOFC. Performances in 

terms of power and electrical potential are shown in the figure below, as well as the performance of 

a 100% H2 gas. The results show that SOFCs work well on the gases with 10 and 25 NH3 mass 

percentages, but not on the 5% gas.   
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B Derivations and calculations related to hydrodynamic conditions 

B1 Hydraulic diameter for spacer-filled channels formula derivation 

The derivation of the formula for hydraulic diameter calculation for spacer-filled channels is based 

on information obtained from [43-45]. 

For flow channels with periodically variable cross sections, such as spacer-filled flow channels, the 

following definition for the hydraulic diameter (dH) is generally applied: 

dh =
4 ∙ volume of flow channel

wetted surface
 

When the volume of the flow channel is defined as the volume of the flow channel without the 

spacer (Vtot) minus the volume occupied by the spacer (Vsp), and the wetted surface is defined as the 

sum of the surfaces of the flow channel (SFC) and the spacer material (Ssp), the definition can be 

written as: 

dh =
4(Vtot − Vsp)

SFC + Ssp
=

4(Vtot − Vsp)

SFC + Ssp
∙

1
Vtot

1
Vtot

=
4

(Vtot − Vsp)
Vtot

SFC
Vtot

+
Ssp

Vtot

 

Definitions of voidage (ε) and spacer specific surface (Svsp) and rewritings and combination of these 

definitions allow further elaboration of dH: 

ε =
void volume

total volume
=

Vtot − Vsp

Vtot
= 1 −

Vsp

Vtot
         →           

Vsp

Vtot
= 1 −  ε 

Svsp =
Ssp

Vsp
 

(1 − ε) ∙ Svsp =
Vsp

Vtot
∙  

Ssp

Vsp
=

Ssp

V𝑡𝑜𝑡
                      →           

Ssp

Vtot
= (1 − ε) ∙ Svsp  

The height, width and length of the flow channel are defined as h, b and l, respectively. With this 

information, dH can be written as: 

dh =
4ε

2l(h + b)
hbl

+ (1 − ε) ∙ Svsp

= dh =
4ε

2(h + b)
hb

+ (1 − ε) ∙ Svsp

 

For a flat channel, b>>h. This allows the following reduction: 

dh =
2(h + b)

hb
≈

2b

hb
=

2

h
 

Thus, dH can be written as: 

dh =
4ε

2
h

+ (1 − ε) ∙ Svsp
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In order to calculate dH, ε and Svsp have to be determined first. ε is the most important geometric 

characteristic of spacers, mathematically incorporating the mesh size, filament diameter and angle 

between filaments. From the definition given above, it can be concluded that ε can be calculated 

after determination of Vsp and Vtot. 

In the general case, a spacer with a parallelogram type mesh and filaments of different sizes is 

considered (figure below). The volume of the spacer is calculated for a mesh by: 

Vsp =
1

2
{

2πdf1
2 lm2

4
+

2πdf2
2 lm1

4
} =

π

4
(df1

2 lm2 + df2
2 lm1) 

The first term in the brackets represents the volume of the thin filament and the second the volume 

of the thick filament. The cross-sections of the filaments are assumed to be circular, with a surface of 

¼πd2. The length of the filaments in a mesh are As two of each type of filaments contributes to the 

volume in a mesh, both terms are multiplied by 2. Moreover, the terms are multiplied by the 

filament lengths in a mesh (lm). The factor ½ corrects for the fact that each filament is part of two 

adjacent meshes. 

Vtot is the product of the mesh area (Smesh) and the spacer thickness(hsp): 

Vtot = Smeshhsp 

Smesh can be calculated as: 

Smesh = lm2lm1sinθ 

In this formula, Θ is the angle between the filaments (figure below). Both ε and dH are functions of 

Θ. Since a mesh is characterized by two supplementary angles with the same sine it is irrelevant 

which angle is used. hsp is the spacer thickness and is equal to the height of the spacer-filled channel, 

but usually less than the sum of df1 and df2 because filaments can be slightly embedded in each 

other.  

Combining the formulas gives us: 

Vtot = lm2 ∗ lm1 ∗ h ∗ sinθ 

and: 

ε = 1 −
π(df1

2 lm2 + df2
2 lm1)

4 ∗ lm2 ∗ lm1 ∗ h ∗ sinθ
 

For the simplest case of a rhombic mesh (lm1 = lm2 = lm) and the filaments have equal diameters (df1 

= df2 = df), the equation can be reduced to: 

ε = 1 −
πdf

2

2 ∗ lm ∗ h ∗ sinθ
 

 

With the definition of Svsp as given previously, only Ssp is left to be defined for calculation of dH. For 

the general case, Ssp can be calculated by: 

Ssp =
1

2
{2πdf1lm2 + 2πdf2lm1} 
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Also in this formula, the factor ½ corrects for the fact that each filament is part of two adjacent 

meshes. 

For a rhombic type mesh with single size filaments, this reduces to: 

Ssp = 2πdflm 

and  

Vsp =
π

2
df

2lm 

Together, these are used for calculation of Svsp: 

Svsp =
2πdflm
π
2 df

2lm

=
4

df
 

Thus, for a rhombic type mesh, dH can be calculated as: 

dh =
4ε

2
h

+
4(1 − ε)

df

 

 

 

 

 

  

Definitions of df1, df2, lm1, lm2 and Θ 
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B2 Required cross flow velocity in experimental set-up 

The dimensions and characteristics of the used spacer and channel are given in the table below.  

Channel width (b) [m] 0.0392 

Channel height (hcavity) [m] 0.0023 

Number of spacers [-] 1 

Spacer thickness (hsp) [m] 0.0016 m 

Spacer filament thickness (df) [m] 0.00063 

Distance between filaments on a layer (lm) [m] 0.003 

Θ [rad] 1.57 

Spacer volume (Vsp) [m3] 6.99E-07 

Total volume (Vtot) [m3] 7.74E-06 

Void volume fraction (ε) [-] 9.10E-01 

Spacer surface (Ssp) [m2] 4.44E-03 

Spacer specific surface (Svsp) [1/m] 6.35E03 

Hydraulic diameter (dH) [m] 0.0025 

 

The required cross flow velocity can be recalculated from the Reynolds number, kinematic viscosity 

and hydraulic diameter: 

urequired =  
Re ∙ ν

D
=

Re ∙ ν

dh
 

With the selected Reynolds number of Re = 500, the following mean interstitial velocities were 

calculated for temperatures of 20 to 70 °C in steps of 10 °C: 

 

As the real densities and viscosities were not known, density and viscosity of water were used. Pump 

speeds for temperatures of 25, 35, 45 and 55 degrees were derived from the relation between pump 

speed and mean interstitial velocities for the temperatures of 20, 30, 40, 50, 60 and 70 °C. The 

relation between mean interstitial velocity and pump speed was derived from pump calibration.   

 

 

 

  

T [°C] µ [kg/m/s] ρ [kg/m3] Mean interstitial velocity (u) [m/s]

20 0.001002 998.2 0.199

30 0.000798 995.7 0.159

40 0.000653 992.2 0.131

50 0.000547 988.1 0.110

60 0.000467 983.2 0.094

70 0.000404 977.8 0.082
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C PHREEQC 

C1 TAN equilibrium 12 and 20 g TAN/L 
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C2 PHREEQC validation by manual calculations for the TAN equilibrium 

The Gibbs free energy change (ΔG) is the driving force that causes a system to pass from an initial 

state to a final state. ΔG is the difference between the G of the final state and the G of the initial 

state: 

ΔG = ΔGfinal - ΔGinitial  

ΔG = 0 equilibrium 

ΔG < 0  spontaneous process from initial to final (that is; spontaneous if ΔGfinal < ΔGinitial) 

The sign of ΔG depends on the enthalpy change ΔH (heat released or absorbed during process), the 

entropy change ΔS (disorder of a system) and the temperature of the system via the Gibbs-

Helmholtz equation: 

ΔG = ΔH - ΔS·T 

For a specific compound, we use the ΔG for the reaction by which that compound is formed, under 

standard conditions (i.e. T = 298 K and p = 1.0 atm). We call this the standard free energy of 

formation (ΔG0
f) 

For a chemical reaction involving reactants and products, the ΔG for the reaction can be derived. For 

a reaction: 

aA + bB  cC + dD, 

ΔG = ΔG0 + RT·LN(([C]c·[D]d/([A]a·[B]b)) = ΔG0 + RT·LN(K) 

where K is the equilibrium constant. Strictly, activities should be used instead of concentrations. 

However, in aqueous solutions with low ionic strength concentrations may be used.  

In this equation, ΔG0 is the energy that is released from or needs to be put into a chemical reaction. 

It is the difference between the standard free energies of formation of the initial and the final state 

of the reaction: 

ΔG0 = ΣΔG0
f(formed components) - ΣΔG0

f(removed components). Logically, the amounts of formed 

and removed components should be taken into account.  

In equilibrium, there is no driving force anymore as the system has reached its final state. This 

means that ΔG = 0 and therefore that ΔG0 = -RT·LN(K). 

ΔG0
R(reaction) = ΣG0

f(products) - ΣG0
f(reactants) 

ΔH0
R(reaction) = ΣH0

f(products) - ΣH0
f(reactants) 

ΔS0
R(reaction) = ΣS0

f(products) - ΣS0
f(reactants) 

The subscript f refers to the formation values (standard free energy of formation), that may be 

obtained from handbooks for most elements and compounds (e.g. Lide’s Handbook of Chemistry and 

Physics and Lange’s Handbook of Chemistry). For compounds of interest to water treatment, 

textbooks (e.g. Grady et al. 1999 and Rittman and McCarty 2001) or papers (McCarty 1975) provide 

such data with examples on how to calculate ΔG0
R(reaction). The designation, “standard” values 

mean that the values were obtained under “standard” conditions, meaning T = 298 K and p = 1.0 

atm. Molar concentrations A, B, C and D are 1.  

The values for ΔG, ΔH and ΔS without the 0 superscript mean that they pertain to “physiological” 

conditions, i.e., whatever conditions occur in the cell or externally as may be the case,  
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ΔGR(reaction) = ΣGf(products) - ΣGf(reactants) 

ΔHR(reaction) = ΣHf(products) - ΣH0
f(reactants) 

ΔS0
R(reaction) = ΣS0

f(products) - ΣS0
f(reactants) 

For a given reaction,  

aA + bB  cC + dD, 

ΔGR(reaction) = [c·Gf(C) + d·Gf(D)] – [a·Gf(A) + b·Gf(B)] 

where Gf(A) is the Gibbs free energy of formation of component A (kJ/mol A) etc.  

For the TAN equilibrium, this means:  

NH4+   NH3 + H+  

ΔG0
reaction

  is calculated at standard state or reference case (T = 298.15, p = 1 atm), and from this K = 

EXP(-ΔG0
reaction

 /(RT)) 

Assuming that enthalpy change is constant over the small temperature range we look at, values for K 

at different temperatures can be calculated as: 

LN(K2/Kref) = -ΔH0/R*(1/T2-1-Tref)  K2 = Kref * EXP(-ΔH0/R*(1/T2-1-Tref)) 

When we know K, the ratio NH3/TAN can be calculated for any pH: 

K = [NH3]*[H+]/[NH4+] and [TAN} = [NH4+] + [NH3] 

[NH4] = [TAN] – [NH3] 

K = [NH3]*[H+]/([TAN] – [NH3]) 

K*([TAN] – [NH3]) = [NH3]*[H+] 

K*[TAN] – K*[NH3] = [H+]*[NH3] 

K*[TAN] = [H+]*[NH3]+K*[NH3] 

K*[TAN] = ([H+] + K)*[NH3] 

K/([H+] + K) = [NH3]/[TAN] 

And: 

pH = -log([H+]) 

-pH = log([H+])  

[H+] = 10^(-pH) 

Therefore: 

[NH3]/[TAN] = K/(10^(-pH)+K) 

Manual calculations and PHREEQC calculations have been carried out for an ammonia solution of 1 g 

NH3/L over pH for temperatures 10 to 70 °C. Thermodynamic data used from [85]. 
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C3 PHREEQC validation by literature data and manual calculations for vapor pressures 

Vapor pressure calculations based on the SI resulted from PHREEQC simulations is validated with 

literature data for water and with manual calculations for an ammonia (NH4OH) solution.  

Water: 

For H2O, simulations for the vapor pressure of water only have been taken from CRC Handbook of 

Chemistry and Physics (David R. Lide, ed. (2005)). The H2O vapor pressure as determined from 

PHREEQC and as determined from literature differ less than 1% in the considered temperature range 

from 20 to 70 °C.  

 

 

Ammonia solution: 

Equilibrium vapor pressures have been calculated for a NH4OH solution applying Henry’s Law in 

solubility form for TAN concentrations of 1, 6, 12 and 20 g/L. As the natural pH of NH4OH is high, it is 

assumed that all TAN is present in the form of NH3.  

A reference Henry’s Law constant at a reference temperature (Tref) and an exponential relationship 

of KH = EXP(-8.09694+3917.507/T-0.00314*T) are used, which is a form derived from the Van ‘t Hoff 

equation valid over a temperature range from 0 to 40 °C (obtained from 

http://pubs.acs.org/doi/abs/10.1021/j100357a041?journalCode=jpchax).  

Tref is 298.15 K and KH at Tref is 61 M/atm.  

Differences between results from PHREEQC simulations and manual calculations differ less than 10% 

within the temperature range of 20 to 40 °C. For higher temperatures the differences become larger, 

which is explained by the fact that the used relationship between Henry’s Law constant and 

temperature is not valid anymore.  
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D Vapor pressure simulation results  

  



E Electrodialysis with bipolar membranes 
Internal results from the From pollutant to power project show that it is possible to obtain a pH of 10 

with the use of bipolar membranes in electrodialysis. The NH4HCO3 concentrations in the legend 

next to the graph refer to concentrations in the initial base stream. pH 10 has been obtained for a 

NH4HCO3 concentration of 0 g/L, which was a NaCl solution. pH increase in this solution is stronger 

than in NH4HCO3 initial base streams due to the absence of buffer capacity.  

 

 

  

7.5

8

8.5

9

9.5

10

0 50 100 150 200 250

p
H

 [
-]

Run time [min]

pH evolution over time

NH4HCO3 = 6.6 gL

NH4HCO3 = 3.3 gL

NH4HCO3 = 1 gL

NH4HCO3 = 0 gL



F Initial and final parameter values 
 

   Run time Initial demiwater volume Initial pH Initial EC Initial CTAN Final pH Final EC Final CTAN 

   [h] [g] [-] [µS/cm] [g/L] [-] [µS/cm] [g/L] 

TAN1.5 _T25 _1 1.23 650.9 10.07 13940 1.49 9.90 14360 0.95 

   _2 1.50 650.5 10.04 13760 1.67 9.84 14260 0.92 

  _T35 _1 1.50 650.5 10.09 15340 1.52 10.03 17100 0.62 

   _2 1.50 650.6 10.16 15680 1.45 10.10 17390 0.58 

  _T45 _1 1.83 1034.8 10.03 15210 1.71 9.93 17660 0.84 

   _2 1.83 1034.9 9.99 15510 1.61 9.98 17850 0.81 

  _T55 _1 1.50 645.1 10.03 45600 6.85 9.90 57900 2.49 

    _2 1.98 644.7 10.01 54500 4.11 9.86 64100 0.75 

TAN12 _T25 _1 1.50 560.0 10.04 60000 11.44 9.74 61500 7.35 

   _2 1.50 560.2 10.01 60500 10.94 9.76 62000 7.32 

  _T35 _1 1.50 1001.6 10.03 70000 14.61 9.77 74100 11.12 

   _2 1.25 930.6 9.99 65100 11.99 9.88 67600 8.82 

  _T45 _1 1.65 562.5 9.95 72900 15.09 9.69 85000 6.95 

   _2 1.50 563.0 10.08 72700 14.79 9.857 83100 7.72 

  _T55 _1 2.00 584.2 9.86 74000 15.07 9.47 95900 7.11 

    _2 2.00 564.7 10.22 76000 16.32 10.06 96300 6.36 

TAN20 _T25 _1 1.50 520.1 10.12 84800 20.11 9.86 86800 14.53 

   _2 1.50 520.0 9.99 85100 20.12 9.73 86600 14.73 

  _T35 _1 1.50 520.1 10.11 87500 24.64 9.92 93700 14.93 

   _2 1.50 520.0 10.04 88700 23.40 9.89 95600 14.04 

  _T45 _1 1.50 519.8 10.03 88800 24.45 9.79 99500 15.28 

   _2 1.50 520.0 10.06 89700 23.28 9.92 99800 16.23 

  _T55 _1 1.50 510.8 9.97 84900 24.67 9.66 100600 16.60 

    _2 1.53 517.4 9.94 86300 24.52 9.69 101400 15.49 

 


