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ABSTRACT 18 

Resource-efficient nitrogen management is of high environmental and economic interest, and 19 

manure represents the major nutrient flow in livestock-intensive regions. Ammonia 20 

stripping/scrubbing (SS) is an appealing nitrogen recovery route from manure, yet its real-life 21 

implementation has been limited thus far. In nutrient surplus regions like Flanders, treatment of the 22 

liquid fraction (LF) of (co-)digested manure typically consists of nitrification/denitrification 23 

(NDN) removing most N as nitrogen gas. Integrating SS before NDN in existing plants would 24 

expand treatment capacity and recover N while maintaining low N effluent values, yet cost 25 

estimations of this novel approach after process optimisation are not yet available. A programming 26 

model was developed and calibrated to minimise the treatment costs of this approach and find the 27 

balance between N recovery versus N removal. Four crucial operational parameters (CO2 stripping 28 

time, NH3 stripping time, temperature and NaOH addition) were optimised for 18 scenarios which 29 

were different in terms of technical set-up, influent characteristics and scrubber acid. The model 30 

shows that SS before NDN can decrease the costs by 1 to 56% under optimal conditions compared 31 



to treatment with NDN only, with 1 to 8% reduction for the LF of manure (22-29% recovered of 32 

N treated), and 11 to 56% reduction for the LF of co-digested manure (42-67% recovered of N 33 

treated), primarily dependent on resource pricing. This study shows the power of modelling for 34 

minimum-cost design and operation of manure treatment yielding savings while producing useful 35 

N recovery products with SS followed by NDN.   36 



1 INTRODUCTION  37 

Since the industrialisation of agriculture, nitrogen (N) inputs to sustain the current production levels 38 

have increased drastically leading to significant anthropogenic emissions of reactive N (Nr) and 39 

the exceedance of the ‘planetary boundaries’ [1] or safe and just Earth system boundaries [2] which 40 

stresses the importance of local tipping points associated to eutrophication, air pollution and 41 

associated health impacts in livestock-dense regions. To secure local air and water pollution 42 

standards, the Nitrates Directive (EU) 676/1991 [3] and the declaration of Nitrate Vulnerable Zones 43 

with a manure application limit of 170 kg N ha-1 y-1 are enforced limiting manure application. Hou 44 

et al. [4] reported that almost 10% of the 1.2-1.8 billion tonnes of manure produced in the EU 45 

underwent processing. However, there were significant variations among countries, with 46 

processing rates ranging from 0 to 35%. Livestock-dense regions with manure application 47 

restrictions in place and consequently an N surplus treat up to 20% of the produced manure 48 

biologically in a nitrification/denitrification (NDN) converting Nr to atmospheric dinitrogen (N2) 49 

[5]. In a typical processing facility of (co-digested) pig manure, N is treated after solid/liquid 50 

separation with a centrifuge. The resultant liquid fraction (LF) has an estimated average treatment 51 

cost between 9-14 euro per treated tonne (t) [6] and contributes to 3% of the pig production costs 52 

[7]. On the other hand, the annual demand for Nr in the form of mineral fertilisers, produced via 53 

the energy-intensive Haber-Bosch (HB) process converting atmospheric N2 to ammonia (NH3), is 54 

20 Tg N in Europe [8]. It can therefore be argued that combining NDN and HB process is an 55 

indirect manner of N recycling via the atmosphere [9]. At the global level, HB delivers 62% of the 56 

Nr input into the agri-food chain, and accounts for 1.2% of the CO2 equivalent emissions, >1% of 57 

the energy demand, 2% of the gas use [9] [10]. This considerable energy demand and carbon 58 

footprint has been cited as incentive to develop direct N recovery technologies seeking to recover, 59 

refine and/or concentrate Nr from waste streams at lower greenhouse gas emissions than the 60 

combination of NDN and HB. This is especially relevant in livestock-dense regions with a nitrogen 61 

surplus, such as Flanders and the Netherlands [11].  62 

  63 

Various treatment trains have been proposed including nutrient recovery steps from the (co-64 

digested) manure LF, including processes like for instance ultrafiltration, NH3 stripping/scrubbing 65 

(SS), chemical precipitation, etc, optionally followed by an additional effluent N polishing step 66 

with NDN. Many technologies are based on well-understood commercially available processes, 67 

yet scientific studies do not agree on their economic feasibility, where estimates depend on prices 68 



for energy and chemicals, the market value of the produced product (e.g. an ammonium sulphate 69 

solution), labour costs etc. These aspects do not only vary in terms of location, but also over time, 70 

sometimes very abruptly linked to dependence on global supply chains and geopolitical stability. 71 

N recovery has been argued to have economic potential by some authors [12] while others 72 

challenge this [13]. For the recovery of N from pig manure, De Vrieze et al. [14] found that all 73 

investigated N recovery technologies have higher net costs (Total cost – Revenue) than 74 

conventional N removal to achieve 80-90 % of influent N reduction. Brienza et al. [15] and Van 75 

Puffelen et al. [16] arrived at similar conclusions concerning the negative economic performance 76 

of N recovery technologies applied as alternative manure management. However, in contrast to LF 77 

treatment schemes including membrane filtration and precipitation, an approach of NH3 SS for N 78 

recovery and NDN for effluent polishing has been identified as the economically most promising 79 

option for N recovery maintaining good effluent quality from concentrated streams. The reason for 80 

this is that the alternatives are associated with of high capital costs and intensive maintenance, in 81 

particular when there is a focus on membrane filtration [14] [15] [17]. Furthermore, the current 82 

global economic landscape marked by increased energy and resource costs, including mineral N, 83 

may provide favourable conditions for the economic viability of N recovery technologies in 84 

comparison to conventional N removal [18]. N recovery in the form of ammonium (NH4
+) salts 85 

has the potential to facilitate the integration of manure-derived products into the mineral fertiliser 86 

market, as these products are likely to comply with the recently established RENURE (REcovered 87 

Nitrogen from manURE) products criteria. A novel initiative that seeks to determine which 88 

manure-derived products can be utilised as mineral fertilisers in Nitrate Vulnerable Zones under 89 

the same regulations as synthetic fertilisers [19]. 90 

 91 

A commercial NH3 stripping solution for LF treatment usually consists of a two-step approach. In 92 

the first stage, the CO2 stripping, the carbonate buffer is removed by transferring CO2 from the 93 

liquid phase to the ventilation air in a packed tower with open-loop gas circulation. In the second 94 

stage, the NH3 SS, the liquid phase is stripped in a packed tower with inert material to induce NH3 95 

volatilisation into the gas phase of a closed ventilation loop (Figure 1). This set-up has the 96 

advantage of lowering the buffer capacity without adding chemicals [20]. In the acid scrubber, the 97 

NH3 in the gas phase is absorbed by contacting the NH3-rich gas with an acidic solution recovering 98 

NH3 in the form of NH4
+ salts. Sulphuric acid (H2SO4) and nitric acid (HNO3) are used as 99 



conventional mineral acids [21], resulting in the production of ammonium sulphate ((NH4)2SO4, 100 

AS) ammonium nitrate (NH4NO3, AN) solutions respectively.  101 

 102 

In the past, several models have been proposed to gain insights, simulate and predict the efficiency 103 

of the stripping processes. Complex chemical processing models like ASPEN are recommended 104 

for simulation purposes but are limited in the use of simple economic feasibility calculations and 105 

process optimisation as they require numerous datasets for parametrisation [22]. Liu et al. [23] and 106 

Zou et al. [24] proposed predictive models for a stripping unit removing NH3 from the anaerobic 107 

digestate of pig manure by means of polynomial regression which were focused on parameters 108 

such as gas flow rate, dose of lime/pH, stripping time and gas-to-liquid ratio, but failed to inform 109 

on economic optimal parametrisation and underlying physio-chemical principles. On the other 110 

hand, simple calculation tools have been developed to assess the economic feasibility of the 111 

implementation of the stripping process at conventional manure treatment facilities which are 112 

directly available for the decision makers [12]. However, these calculation tools are often 113 

oversimplified and do not provide the opportunity to optimise operational parameters, nor do they 114 

consider avoided cost because of N removal in the NDN stage. Therefore, there is a need of linking 115 

biochemical, thermodynamic, and economic models to enable operational parameter optimisation 116 

and enhance the overall performance of the system. In addition to the various model proposed to 117 

optimise NH3 stripping process, NH3 stripping experiments have been performed to parameterise 118 

the effect of pH, temperature, air velocity and air-liquid ratio on NH3 volatilisation efficiency in a 119 

single unit stripping process by [12] [20] [25] [16] amongst others. The interactions between the 120 

different stages in multi-stage stripping units remain largely unexplored and experimental data 121 

from full-scale NH3 SS is limited which hinders the calibration of the dynamic mass transfer 122 

mechanisms in the proposed model. 123 

 124 

This study aims to minimise the total cost of the two-stage stripping tower in tandem with an NDN 125 

treatment by optimising its operational system parameters and thereby addressing the knowledge 126 

gaps outlined above, namely: 127 

• The existing literature on economic feasibility of N recovery from LF of manure/digestate has 128 

primarily focused on evaluating N recovery technologies, without considering the economic 129 

optimisation of the system’s process parameters. Therefore, this study will evaluate the 130 



economic performance of the replacement of conventional NDN treatment by N recovery 131 

scenario through NH3 stripping together with effluent polishing by NDN after economic 132 

process optimisation for different price scenarios.  133 

• While different NH3 stripping models exist with varying purposes, the current modelling 134 

landscape lacks tools to inform on the optimal operational parameters for various conditions. 135 

This study will provide a dedicated modelling logic linking the biochemical, thermodynamic, 136 

and economic aspects to optimise operational parameters NH3 stripping technology combined 137 

with NDN.  138 

• To the knowledge of the authors, there are no studies that perform a factorial experiment on 139 

two-stage stripping with air in a full-scale unit testing temperature, pH and type of acid. This 140 

study will present NH3 removal efficiencies for a wide range of operational parameters 141 

(temperature, pH and type of acid), while the CO2 removal efficiencies will be assessed for a 142 

range of different temperatures. Furthermore, an assessment of the quality of the recovered 143 

NH4
+ salt solutions will be conducted, taking into account the scrubbing agent used. 144 

2 MATERIAL AND METHODS 145 

2.1 Description of SS and NDN technology 146 

An economic optimisation model is created based on a full-scale two-stage SS unit and a series of 147 

calibration experiments (Figure 1). The SS process works as follows. The liquid fraction (LF) of 148 

digestate/manure enters the first-stage stripping tower via a heat exchanger, where the heat from 149 

the outgoing LF is partially recovered. In the first-stage stripping tower, recirculation gas strips LF 150 

to remove CO2 and NH3. After reducing the NH3 concentration in the recirculation gas through the 151 

NH3 absorber, a part of this gas is vented and replaced with fresh air from outside to lower the CO2 152 

concentrations. The concentration and chemical equilibria of total inorganic carbon (TIC), total 153 

ammoniacal nitrogen (TNH) and total inorganic phosphorus (TIP) affect the pH of the LF, but is 154 

mainly driven by changes in TIC concentrations. The elimination of CO2 from LF within the first-155 

stage SS tower induces a shift in the chemical equilibrium of the carbonate buffer toward the 156 

formation of CO2 as described in Eq. (2) and (3). Consequently, protons (H+) are concurrently 157 

consumed alongside the carbonate buffer, leading to an elevation in pH.  However, the energy input 158 

associated with the heat loss through air venting is high. As an alternative to the CO2 stripping, 159 

NaOH can be added before entering the second-stage stripping tower to increase the pH which 160 

facilitates, NH3 stripping in the second-stage stripping tower by shifting Eq. (1) to the right. The 161 



second-stage stripping tower follows a similar workflow as the first-stage stripping tower, but 162 

makes use of closed air recirculation preventing further CO2 stripping. After the stripping 163 

processes, the LF is further treated in an NDN unit that, that uses active aeration to provide O2 an 164 

electron acceptor for nitrification and methanol dosing for the provision of carbon source in the 165 

denitrification process.  166 

 167 

  168 

Figure 1. Schematic overview of the two-stage air-recirculation NH3 stripping process with subsequent nitrification-169 
denitrification treatment.   170 



 171 

Table 1.  Considered lumped components and chemical equilibrium coefficients [27]. 172 

173 

Lumped 

component 

Dissociation 

reaction 

Eq Dissociation constant Equation based on temperature 

TNH 𝑁𝐻4
+ ↔  𝐻+ + 𝑁𝐻3 1 𝐾𝑁𝐻4

+ =  
𝐶𝐻+ 𝐶𝑁𝐻3

 

𝐶𝑁𝐻4
+

 𝑒−
6344

𝑇+273.2 

 

TIC 

𝐶𝑂2 +  𝐻2𝑂 ↔  𝐻+ + 𝐻𝐶𝑂3
−

 2 𝐾𝐶𝑂2
=  

𝐶𝐻+  𝐶𝐻𝐶𝑂3
−

𝐶𝑂2

 
10

−356.3−0.061∗(𝑇+273.2)+
21834.4
𝑇+273.2

+126.8∗log(𝑇+273.2)−
1684915

(𝑇+273.2)2
 

𝐻𝐶𝑂3
− ↔  𝐻+ + 𝐶𝑂3

2−
 3 𝐾𝐻𝐶𝑂3

− =  
𝐶𝐻+  𝐶𝐶𝑂3

2−

𝐶𝐻𝐶𝑂3
−

 
10

−107.9−0.033∗(𝑇+273.2)+
5151.8

𝑇+273.2
−38.9∗log(𝑇+273.2)−

563713.9
(𝑇+273.2)2

 

  

TIP 

 

𝐻2𝑃𝑂4
−  ↔  𝐻+ + 𝐻𝑃𝑂4

− 

 

 

4 𝐾𝐻2𝑃𝑂4
− =  

𝐶𝐻+  𝐶𝐻𝑃𝑂4
2−

𝐶 𝐻2𝑃𝑂4
−

 

 

−0.020 ∗ (𝑇 + 273.2) −
1979.5

(𝑇 +  273.2)
+ 5.4 

 
𝐻2𝑂 ↔  𝐻+ + 𝑂𝐻− 5 𝐾𝐻2𝑂 = 𝐶𝐻+𝐶𝑂𝐻− 

10
−284.0−0.051∗(𝑇+273.2)+

13323
𝑇+273.2

+102.2∗log(𝑇+273.2)−
1119669

(𝑇+273.2)2
 



 174 

2.2 Modelling approach 175 

The economic optimisation model combines the thermodynamic, biochemical, and economic 176 

aspects. The model focuses on minimising the overall costs (OPEX and CAPEX) by changing four 177 

core operational parameters, CO2 stripping time, NH3 stripping time, temperature, and pH 178 

alteration by NaOH dosing. Modifying the pH through NaOH dosing and CO2 stripping or 179 

adjusting temperature via heating will affect costs and total N removal and consequently NDN 180 

treatment costs and revenues created. Increasing the duration of NH3 stripping has a beneficial 181 

impact on NH3 yields; however, it concomitantly reduces pH and thus NH3 stripping rate. 182 

Additionally, this decision incurs supplementary expenses related to heating, pumping, and 183 

CAPEX. The model will identify the CO2 stripping time, NH3 stripping time, temperature and 184 

NaOH addition associated to the global minimum for total costs, including energy (heating of the 185 

SS, pumps and ventilator of the SS units and aeration in NDN), capital costs (SS unit, NDN), 186 

chemicals consumption (NaOH, H2SO4/HNO3 and Methanol) minus revenue generated by AS and 187 

AN production. A detailed diagram of the relationships between the parameters can be seen in 188 

Figure 2. 189 

Figure 2. Relationship between stripping parameters and their effect on net costs. (Green lines define a positive 190 
relationship, while red lines define a negative relationship). 191 

Modelling progresses in two successive steps from thermodynamic/ chemical model to an 192 

economic model (Figure 3). The thermodynamic/ chemical model creates a dataset of possible 193 

outcomes from the SS unit for the different operational parameters by running a non-linear time-194 

step based mass transfer model with dynamic pH adjustment for a range of parameter settings. The 195 



calculated response serves as input for the actual economic optimisation through minimal cost 196 

scenario selection.  197 

 198 

Figure 3. Overview of the followed modelling logic for the selection of economic optimal operational parameters. (LC 199 
=Lumped compounds). 200 

2.2.1 Stripping model 201 

For the first-stage SS unit, the model considers mass transfer processes for both NH3 and CO2, 202 

while only NH3 volatilisation is considered for modelling the second-stage NH3 SS unit (see 203 



subsequent paragraph 1). For the latter, it is assumed that CO2 volatilisation from the LF is 204 

neglectable as the recirculated ventilation air is saturated with CO2. As several chemical equilibria 205 

affect the pH throughout the stripping processes (Table 1), the pH alters, which affects the NH3 206 

volatilisation rates. Therefore, the pH changes are calculated by means of a charge balance during 207 

the dynamic simulations (see subsequent paragraph 2).  208 

 209 

(1) The stripping rate of the volatile compounds NH3 and CO2 are limited by the NH3 and CO2 210 

dissociation constants and thermodynamic equilibria of the distribution of free NH3 and 211 

CO2 in the gas and liquid phase. To derive the logarithmic relationship of NH3 and CO2 212 

removal (i.e. liquid to gas transfer) rate as function of temperature and pH (Eq. 6 and 7), 213 

the dissociation rates of NH4
+ and HCO3

-/CO3
2- were combined into NH3 and CO2 with the 214 

Matter-Mueller equation for two-film theory [12].  215 

  216 

− ln
𝐶𝑁𝐻3 ,𝑡

𝑇

𝐶𝑁𝐻3,0
𝑇 =  

𝐶 exp (
𝐸

𝑇 + 273.2) (𝑇 + 273.2)

1 + 2.528 ∗ 10(−10+𝐷) exp (
6054

𝑇 + 273.2)  
 

 

 

(Eq. 6) 

− ln
𝐶𝐶02,𝑡

𝑇

𝐶𝐶𝑂2,0
𝑇 =  

(10−𝑝𝐻)2 𝐶 exp (
𝐸

𝑇 + 273.2)  𝑇 + 273.2

(10−𝑝𝐻)2 + 10−𝑝𝐻  𝐾𝐶𝑂2
+  𝐾𝐶𝑂2

𝐾𝐻𝐶𝑂3
−

 

(Eq. 7) 

 217 

Where 𝐶𝑖,0
𝑇  and 𝐶𝑖,𝑡

𝑇  refer to the liquid-phase concentrations of compound I (e.g. NH3 and 218 

CO2) at time 0 and temperature T; 𝐾𝐶𝑂2  and 𝐾𝐻𝐶𝑂3
− are the dissociation constants associated 219 

to the carbon buffer. C, D and E are unknown parameters that should be derived by 220 

performing a non-linear regression analysis on the data of the calibration experiments 221 

(section 2.2.4).  222 

 223 

(2) During the dynamic simulation of the system, the chemical dissociation processes are 224 

assumed to be in a steady state in comparison to the mass transfer processes as mass transfer 225 

processes occur at a slower rate than dissociation reactions. The prevailing pH in the SS 226 

unit is derived by solving the algebraic equation arising from the charge balance (electro-227 



neutrality equation, Eq. 8) which makes use of lumped components (summation of the 228 

concentration of all equilibrium forms) [27] [28]. 229 

 230 

∆ = 𝐶𝐻+ − 𝐶𝑂𝐻− +  𝐶𝑁𝐻4
+  − 𝐶𝐻𝐶𝑂3

−  − 𝐶𝐶𝑂3
2− −  𝐶 𝐻2𝑃𝑂4

− − 2 𝐶𝐻𝑃𝑂4
2− − 𝐶𝑁𝑂3

− + 𝐶 𝑍+  (Eq 8) 

 231 

The used lumped components and relative dissociation constant can be found in Table 1. 232 

The concentration change due to the mass transfer processes is linked to the lumped 233 

components resulting in a mass balance for all lumped components. The dissociation 234 

reactions are excluded from the mass balance equations as they are considered a steady 235 

state. 𝐶 𝑍+ corresponds to the concentration of positive charged compounds that are not 236 

influenced by the prevailing pH equilibrium.  237 

 238 

Substituting the equations associated with the lumped components in the electro-neutrality 239 

equation results in following equation: 240 

 241 

∆  = 𝐶𝐻+ +   
𝐶𝐻+𝐶𝑇𝑁𝐻  

𝐶𝐻+ +   𝐾𝑁𝐻4
+

−   
𝐶𝐻+  𝐶𝑇𝐼𝐶  𝐾𝐶𝑂2

𝐶𝐻+
2  +   𝐶𝐻+ 𝐾𝐶𝑂2

+  𝐾𝐶𝑂2
 𝐾𝐻𝐶𝑂3

−

− 2 
𝐶𝑇𝐼𝐶  𝐾𝐶𝑂2

 𝐾𝐻𝐶𝑂3
−

𝐶𝐻+
2 +   𝐶𝐻+  𝐾𝐶𝑂2

+  𝐾𝐶𝑂2
 𝐾𝐻𝐶𝑂3

−
−  

𝐶𝐻+𝐶𝑇𝐼𝑃  

𝐶𝐻+ +  𝐾𝐻2𝑃𝑂4
−

− 2 
𝐾𝐻2𝑃𝑂4

− 𝐶𝑇𝐼𝑃

𝐶𝐻+ +  𝐾𝐻2𝑃𝑂4
−

− 𝐶𝑁𝑂3
− + 𝐶 𝑍+  

 

 

(Eq. 9) 

 242 

The implicit equation (9) is solved for the H+ concentration by using the iteratively Newton-243 

Raphson method to locate the zero crossing [27]. 244 

 245 

2.2.2 Minimal cost scenario selection 246 

The NH3 stripping model simulations (section 2.2.1) were fed to the cost scenario model.  The 247 

objective is to minimise the overall costs (TC) associated with the treatment of 1 m3 influent (Eq. 248 

10), which is calculated by the summation of costs associated with the SS unit (𝐶𝑠) and costs 249 

incurred by NDN treatment (𝐶𝑁𝐷𝑁  ).  Eq. 11 and 17 provide the cost estimation for 𝐶𝑠 and 𝐶𝑁𝐷𝑁  250 

respectively. The stripping costs are based on the total energy consumption by pumps 251 



(𝐸𝑎,𝑏 
𝑃𝑢𝑚𝑝𝑠𝑆) and heating, which include thermal energy to compensate heat loss from convection 252 

 (𝐸
𝑎,𝑏,𝑇

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝐶𝑆 ), air ventilation  (𝐸𝑎,𝑇

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝑉𝑆 ) and unrecovered heat from outgoing manure 253 

( 𝐸𝑇

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝐼𝑆), consumption of NaOH (𝐶𝑁
𝑁𝑎𝑂𝐻) to increase the pH, counter acid consumption to 254 

capture the stripped NH3, which is calculated as a function of the NH3 yield  (𝑌𝑎,𝑏,𝑇,𝑓
𝑁𝐻3  ) and the 255 

depreciation costs of the capital costs associated with SS construction 𝐶𝑎,𝑏
𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝑠𝑡𝑟𝑖𝑝𝑝𝑒𝑟

 minus the 256 

revenue generated by the produced NH4
+ salt. The unit price for electricity energy, heat energy, 257 

counter acid use and NH4
+ salts are given by 𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑡𝑦𝐸 , 𝑃𝐻𝑒𝑎𝑡𝐸, 𝑃𝐴𝑆  𝑎𝑛𝑑 𝑃𝐶𝐴 respectively. The 258 

cost calculation depends on the choice of operational settings: CO2 stripping time (a), NH3 stripping 259 

time (b), temperature (T) and addition of NaOH (f), which are used as decision variables.  260 

 261 

 262 

𝑇𝐶 =  𝐶𝑠 +  𝐶𝑁𝐷𝑁 

 

(Eq. 10) 

 

𝐶𝑠 = ∑  [(𝐸𝑎,𝑏 
𝑃𝑢𝑚𝑝𝑠𝑆) 𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑡𝑦𝐸 +  +(𝐸

𝑎,𝑏,𝑇 

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝐶𝑆  + 𝐸𝑎,𝑇

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝑉𝑆

𝑎,𝑏,𝑇,𝑓

+  𝐸𝑇

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝐼𝑆 ) 𝑃𝐻𝑒𝑎𝑡𝐸     + 𝐶𝑓
𝑁𝑎𝑂𝐻 −  𝑌𝑎,𝑏,𝑇,𝑓

𝑁𝐻3  (𝑃𝐴𝑆 − 𝑃𝐶𝐴)  

+ 𝐶𝑎,𝑏,𝑇,𝑓
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑠𝑡𝑟𝑖𝑝𝑝𝑒𝑟

]    

 

 

 

 

 

(Eq. 11) 

  

The total thermal energy consumption of the SS unit consists of three parts (heat loss by convection, 263 

ventilation, and heat exchanger). Heat loss by convection is estimated by calculating the heat 264 

transfer coefficient over a flat plate under forced convection for the air exposed walls which is done 265 

by Eq. 12 [29].  266 

 267 



 𝐸
𝑎,𝑏,𝑇

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝐶𝑆

=  
(𝑇𝑇 − 𝑇𝑜) 𝐴 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

1

0.036 (
𝑢∞,𝑖  𝐿 𝜌𝑇

𝜇𝑇
)

4
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 𝑃𝑟𝑇

1
3 𝑘𝑇

𝑎𝑖𝑟 𝐿

+
𝐷

𝑘  ℎ𝑜𝑢𝑠𝑖𝑛𝑔 +
1

0.036 (
𝑢∞,𝑜 𝐿 𝜌𝑇

𝜇𝑇
)

4
5

 𝑃𝑟𝑇

1
3  𝑘𝑇

𝑎𝑖𝑟  𝐿

 𝑇𝑖𝑚𝑒𝑎,𝑏   

 

 

 

(Eq. 12) 

Where (𝑇𝑇 −  𝑇𝑜) equals the difference between the operating temperature and the outside 268 

temperature. For the outside temperature, we assumed the yearly average temperature in Uccle, 269 

Belgium. 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒  stands for the surface area of the installation that is in contact with the 270 

environment. 𝑢∞,𝑖 and 𝑢∞,𝑜  represent the inside and outside air speed. The characteristic length (L) 271 

along the flow equals the length of the SS unit. 𝜌, 𝜇 and  𝑘𝑎𝑖𝑟  refer to density, viscosity and thermal 272 

conductivity of air and are dependent on the Film temperature. Also the Prandtl number (𝑃𝑟) is 273 

correlated to the film temperature. The thermal conductivity and thickness of the isolated SS walls 274 

are given by 𝑘ℎ𝑜𝑢𝑠𝑖𝑛𝑔  and D respectively.  275 

 276 

In addition, a part of the heat is lost through air ventilation to lower the CO2 concentrations in the 277 

recirculation gas during the CO2 stripping phase and thus depends on the CO2 stripping time and 278 

the operating temperature (Eq. 13):  279 

 280 

 𝐸𝑎,𝑇

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝑉𝑆 =  𝑉𝑎
𝑎𝑖𝑟  𝐶𝑇

𝑎𝑖𝑟  (𝑇𝑇 −  𝑇𝑜) 

 

(Eq. 13) 

 281 

Where  𝑉𝑎
𝑎𝑖𝑟  equals the amount of air vented, which depends on CO2 stripping time (a), and 𝐶𝑇

𝑎𝑖𝑟 282 

is the heat capacity of the air.  283 

 284 

Another part of the thermal energy is lost when the LF leaves the installation. As the heat exchanger 285 

recovers a fraction of the heat energy embedded in the outgoing fraction to warm up the incoming 286 

LF with a certain efficiency (1 − 𝜀ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟), only a part of the energy requirement to reach 287 

the desired operational temperature must be provided by external energy (Eq. 14). 288 

 

 𝐸𝑇

𝐻𝑒𝑎𝑡𝑙𝑜𝑠𝑠𝐼𝑆 = (𝑇𝑇 −  𝑇𝑜) 𝐶𝑇
𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡

 (1 − 𝜀ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟)  

 

(Eq. 14) 



 

Where 𝐶𝑇
𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡

 is the heat capacity of the LF of manure (depending on the prevailing 289 

temperature). The total NH3 recovery yield (𝑌𝑎,𝑏,𝑇,𝑓
𝑁𝐻3 ) is assumed to be equal to the integrated 290 

amount of volatilised NH3 during CO2 and NH3 stripping. This assumption is considered to be valid 291 

by the authors as the SS process is a closed process whereby only a negligible amount of NH3 292 

leaves the system due to the ventilation of recirculation gas.  The NH3 yields for the different 293 

operational parameters are derived from the stripping simulation model as this is the result of a 294 

strongly non-linear process with changing pH over time.  295 

 

𝑌𝑎,𝑏,𝑇,𝑓
𝑁𝐻3 =   ∫

𝐶 exp (
𝑒
𝑇)  𝑇

1 + 2.528 ∗ 10(−𝑝𝐻𝑎,𝑇(𝑡)+𝑑) exp (
6054

𝑇 )   
 𝑑𝑡

𝑡𝑖𝑚𝑒𝑎

0

+  ∫
𝐶 exp (

𝑒
𝑇)  𝑇

1 + 2.528 ∗ 10(−𝑝𝐻𝑎,𝑏,𝑇,𝑓(𝑡)+𝑑) exp (
6054

𝑇 )  

𝑡𝑖𝑚𝑒𝑏

0

 𝑑𝑡 

 

 

(Eq. 15) 

Both energy consumption by pumps (𝐸𝑎,𝑏 
𝑃𝑢𝑚𝑝𝑠𝑆) and the depreciation costs per cubic meter LF 296 

treated (𝐶𝑎,𝑏 
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑠𝑡𝑟𝑖𝑝𝑝𝑒𝑟

) are a function of retention timea,b which depends on the selected time  for 297 

CO2 -and NH3 stripping.  298 

 299 

𝐸𝑎,𝑏 
𝑃𝑢𝑚𝑝𝑠𝑆 = 𝑈𝑒𝑛𝑒𝑟𝑔𝑦𝑆  𝑆𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔𝑇𝑖𝑚𝑒𝑎,𝑏 

 

𝐶𝑎,𝑏 
𝑐𝑎𝑝𝑖𝑡𝑎𝑙𝑆 = 𝑈𝑐𝑎𝑝𝑖𝑡𝑎𝑙_𝑆  𝑆𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔𝑇𝑖𝑚𝑒𝑎,𝑏 

 

(Eq. 16) 

Where 𝑈𝑒𝑛𝑒𝑟𝑔𝑦_𝑆𝑎𝑛𝑑  𝑈𝑐𝑎𝑝𝑖𝑡𝑎𝑙_𝑆  are the unit cost associated to energy consumption of pumps  300 

(recirculation of LF and air) and capital costs for the SS.   301 

 302 

The NDN cost is calculated based on the energy requirement for aeration 𝐸𝑎,𝑏,𝑇,𝑓
𝐴𝑒𝑟𝑎𝑡𝑖𝑜𝑛  ,  depreciation 303 

costs associated with construction 𝐶𝑎,𝑏,𝑇,𝑓
𝑐𝑎𝑝𝑖𝑡𝑎𝑙𝑁𝐷𝑁  and costs associated with the consumption of 304 

methanol 𝐶𝑎,𝑏,𝑇,𝑓
𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙  to facilitate the denitrification.  305 



 306 

𝐶𝑁𝐷𝑁 = 𝐸𝑎,𝑏,𝑇,𝑓
𝐴𝑒𝑟𝑎𝑡𝑖𝑜𝑛    𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝐸 +   𝐶𝑎,𝑏,𝑇,𝑓

𝑐𝑎𝑝𝑖𝑡𝑎𝑙𝑁𝐷𝑁  + 𝐶𝑎,𝑏,𝑇,𝑓
𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 

 

(Eq. 17) 

To calculate the aeration requirement of the NDN processing, the biological phases model was 307 

used which considers the biological processes occurring in the anoxic and aerobic phases of a 308 

typical NDN system, following the reasoning of Fabbricino and Pirozzi [30]. The algorithm makes 309 

use of the mass balance equations between input and output flows for the considered substrates and 310 

microorganisms (Supplementary materials (SM) A). The actual aeration energy is calculated based 311 

on the oxygen consumption of autotrophic and heterotrophic biomasses, yielded after 312 

parametrisation of the model, assigning influent concentrations modelled by the previous model 313 

step for the operational stripping strategies and limiting the allowed effluent concentration, divided 314 

by the aeration efficiency (Eq. 18).  315 

 316 

𝐸𝑎,𝑏,𝑇,𝑓
𝐴𝑒𝑟𝑎𝑡𝑖𝑜𝑛= 

(%  
1−𝑌𝐻

𝑌𝐻
∗𝑢𝐻∗𝑋𝐵,𝐻 V𝑎,𝑏,𝑇,𝑓+ % 

4,57−𝑌𝐴
𝑌𝐴

∗𝑢𝐴∗𝑋𝑎,𝑏,𝑇,𝑓
𝐵,𝐴

𝐴𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 

 

(Eq. 18) 

 317 

Equation system S1-S5, derived from activated sludge model (ASM), expresses constraints 318 

associated with the consumption and break-down of organic matter (Eq S1), nitrification and 319 

biomass assimilation/respiration of NH3 (Eq S2), denitrification of  NO3
- (Eq S3), and heterotrophic 320 

(Eq S4) and autotrophic (Eq S5) microorganisms growth.  321 

An additional constrain was defined to comply with the desired effluent quality characteristics for 322 

NDN processing of (co-digested) LF pig manure, namely 𝐶𝑁𝐻,𝑒 and 𝐶𝑁𝑂,𝑒  should both be equal to 323 

the values found by effluent monitoring samples characterisation.  324 

 325 

The capital costs associated with the use of the NDN tank were calculated by multiplying the 326 

required tank volume fraction 
V𝑎,𝑏,𝑇,𝑓

𝑉𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
  with the reference unit cost price 𝑈𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑐𝑎𝑝𝑖𝑡𝑎𝑙_𝑁𝐷𝑁
, while 327 

the methanol consumption was derived from the assumption that the biodegradable COD in the 328 

influent (𝐶𝑎,𝑏,𝑇,𝑓
𝐶𝑂𝐷𝑏,𝑖) plus COD provided by the methanol addition (𝐴𝑎,𝑏,𝑇,𝑓

𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙) should be at least 5 329 

times the denitrified N content (𝐶𝑎,𝑏,𝑇,𝑓
𝑇𝑁,𝑖

− 𝐶𝑎,𝑏,𝑇,𝑓
𝑇𝑁,𝑒 ).    330 



𝐶𝑎,𝑏,𝑇,𝑓
𝑐𝑎𝑝𝑖𝑡𝑎𝑙𝑁𝐷𝑁 =  𝑈𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑐𝑎𝑝𝑖𝑡𝑎𝑙_𝑁𝐷𝑁
 

V𝑎,𝑏,𝑇,𝑓

𝑉𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 

 

(Eq. 19) 

 331 

5 ∗ (𝐶𝑎,𝑏,𝑇,𝑓
𝑇𝑁,𝑖

− 𝐶𝑎,𝑏,𝑇,𝑓
𝑇𝑁,𝑒 )   ≤  𝐶𝑎,𝑏,𝑇,𝑓

𝐶𝑂𝐷𝑏,𝑖 +  𝐴𝑎,𝑏,𝑇,𝑓
𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙   ∩  𝐶𝑎,𝑏,𝑇,𝑓

𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 =  𝑃𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙
𝐴𝑎,𝑏,𝑇,𝑓

𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (Eq. 20) 

 332 

The full economic and biochemical parameterizing can be found in SM B. After the scenario cost 333 

calculation, the minimal cost scenario was selected by means of minimum selection Matlab script. 334 

 335 

2.2.3 Model scenarios 336 

In this study, we have optimised the operational settings for 18 scenarios including two inputs (i.e. 337 

LF of manure and LF of co-digested manure), three treatment trajectories (i.e. NDN, stripping (AS) 338 

+ NDN, stripping (AN) +NDN) and three market situations (low, medium and high resource prices) 339 

(Table 2). The pricing scenarios used in this study were derived from the cost prices of resource 340 

commodities during three different time periods. The first period, which represented pre-inflation 341 

conditions before the onset of significant price increases in the global economy in 2021, 342 

corresponded with the low-price scenario. The second period, which captured the price peaks 343 

observed between March and May 2022, corresponded with the high price scenario. Finally, the 344 

third period, which reflected stabilised prices at a high plateau during the end of 2022 and beginning 345 

of 2023, corresponded with the medium price scenario. The pricing scenarios were developed 346 

based on the factors contributing to price fluctuations, including ongoing complications from the 347 

COVID-19 pandemic, supply chain disruptions and geopolitical tension.  348 

 349 

NDN0-Scenarios are the default scenario where the conventional treatment practices are modelled 350 

for (co-digested) LF of manure, i.e., inserting the feedstock in NDN unit without any pre-treatment. 351 

Other scenarios simulate the optimal setting for a SS placed before an NDN tank working with 352 

different scrubbing acids H2SO4 (NDNSS_AS) and HNO3 (NDNSS_AN) to treat (co-digested) LF of 353 

manure. As it is assumed that co-digestion occurs on-site, the SS unit can make use of the excess 354 

heat originating from the combined heat and power unit associated with co-digestion which is 355 

cheaper than heating the LF by electrical heating as occurs in the scenarios involving undigested 356 

manure treatment. We assumed that there was no difference in stripping efficiency between the 357 



scenarios using a different counter acid as indicated by the results yielded in the calibration 358 

experiments (section 2.2.4). The scenario set up and the resource price assumptions for each 359 

scenario are summarised in Table 2. SM C provides an overview on the CAPEX calculation.  360 

Table 2. Overview of the main assumption of each scenario. 361 

 Scenario tree  

Input material Price level Treatment Scenario 

       

 

 NDN Scenario M-L€-NDN0 

Low Stripping-scrubbing (H2SO4) + NDN Scenario M-L€-NDNSS_AS 

 Stripping-scrubbing (HNO3) + NDN Scenario M-L€-NDNSS_AN 

  NDN Scenario M-M€-NDN0 

LF manure Medium Stripping-scrubbing (H2SO4) + NDN Scenario M-M€-NDNSS_AS 

  Stripping-scrubbing (HNO3) + NDN Scenario M-M€-NDNSS_AN 

 

 NDN Scenario M-H€-NDN0 

High Stripping-scrubbing (H2SO4) + NDN Scenario M-H€-NDNSS_AS 

 Stripping-scrubbing (HNO3) + NDN Scenario M-H€-NDNSS_AN 

 

 NDN Scenario D-L€-NDN0 

Low Stripping-scrubbing (H2SO4) + NDN Scenario D-L€-NDNSS_AS 

 Stripping-scrubbing (HNO3) + NDN Scenario D-L€-NDNSS_AN 

  NDN Scenario D-M€-NDN0 

LF co-digested 
manure Medium Stripping-scrubbing (H2SO4) + NDN Scenario D-M€-NDNSS_AS 

  Stripping-scrubbing (HNO3) + NDN Scenario D-M€-NDNSS_AN 

 

 NDN Scenario D-H€-NDN0 

High Stripping-scrubbing (H2SO4) + NDN Scenario D-H€- NDNSS_AS 

 Stripping-scrubbing (HNO3) + NDN Scenario D-H€- NDNSS_AN 

     

Material  Unit Price level 

 Low Medium High 

Electrical energya  € kWh-1 0.15 0.3 0.6 

Heat energyb € kWh-1 0.07 0.07 0.07 

NaOH-pelletsc  € t-1 600 700 800 

H2SO4 (98%)c € t-1 120 210 260 

HNO3 (60%)c € t-1 200 300 400 

AS (7.2 %N)d  € t-1 79 151 216 

AN (19.1 %N)d € t-1 210 401 573 

Methanolc  € t-1 411 667 852 

Sources: a [31]. b [32]. c Price quote of retailer d [33]. 362 

2.2.4 Experimental set-up of calibration experiments 363 

To calibrate the proposed model, batch experiments were conducted in a full-scale air stripping 364 

tower at the Bio Sterco manure processing plant in Hooglede, Belgium. The SS unit, developed by 365 

Detricon bvba (Belgium) with a capacity to process 2 m3 h-1, consists of two vertical acrylate 366 



stripping columns (2.5m x 3m x 2m) with scrubbing column (2.5m x 3m x 2.5m). Each stripping 367 

tower contains 9 spraying nozzles and is filled with pall rings as packing material. Both stripping 368 

columns receive a ventilation flow of 1,440 m3 h-1 with an air speed of 0.2 - 0.8 m s-1. The NH3-369 

rich air circulates over a scrubber column where NH3 is absorbed by a diluted counter acid solution 370 

(H2SO4 or HNO3) which generates an AS or AN solution, respectively.  371 

The performance of the first-stage stripping tower (Figure 1) and its effect on the chemical 372 

composition of the LF was evaluated by performing batch experiments at different operational 373 

temperatures (20, 35 and 50 °C) with an open ventilation loop. Samples were taken periodically 374 

(15 minutes) from liquid storage tank at the bottom of the stripping column to determine Electrical 375 

Conductivity (EC), TIC and NH4
+-N content. Each experiment was conducted with a batch of 2 m3 376 

and a constant airflow rate for 2 hours without any pH adjustments. The second-stage SS unit was 377 

evaluated by performing factorial batch experiments under different operational conditions 378 

including pH (8, 8.6, 9 and 10), temperature (20, 30, 35 and 50 °C) and counter-acid (HNO3 and 379 

H2SO4) with a closed ventilation loop. The stripping column was loaded with 2 m3 of LF and was 380 

brought to the designated temperatures. Before the LF was stripped, the loaded LF was adjusted to 381 

the desired pH values by adding 60% NaOH solution. The experiments were conducted for 2-3 382 

hours, and samples were taken every 15 minutes from a liquid storage tank at the bottom of the 383 

stripping column to analyse EC and NH4
+ content.  384 

2.2.5 Input and product characterisation 385 

A monitoring campaign for the LF of (co-digested) manure, and NDN effluent was carried out to 386 

parameterise the influent and effluent concentrations fed to the different model scenarios. The 387 

produced AN and AS were characterised to determine their compliance with RENURE and 388 

Fertilising Products Regulation (FPR) criteria and thus potential market price. All monitoring 389 

samples were collected at the Bio Sterco manure processing plant, except the LF of digestate which 390 

was sampled at the IVACO manure processing plant in Gistel. This plant is equipped with an 391 

anaerobic digester processing circa 12,500 t of manure and co-substrates. The analysed parameters 392 

included pH, EC, Dry Matter (DM), total Chemical Oxygen Demand (CODT), soluble Chemical 393 

Oxygen Demand (CODS), Biological Oxygen Demand (BOD), Total N (TN), NH4-N, NO3-N, 394 

Sulphur (S), Total Organic Carbon (TOC), Copper (Cu) and Zink (Zn). The corresponding analysis 395 

methods are described in SM D.  396 



3 RESULTS 397 

3.1 Input and product characterisation 398 

The average composition of the LF of manure, LF of co-digested manure, effluent of NDN and 399 

produced AN and AS found in this study are summarised in Table 3. The results of the LFs and 400 

effluent characterisations are used to feed the economic optimisation model, while the results of 401 

the produced AN and AS give an indication about the product quality and pricing.  402 

 403 

Table 3. Characterisation (mean ± standard deviation) on fresh weight (FW) of LF of manure, LF of co-digested 404 
manure, effluent of NDN, ammonium nitrate (AN) solution and ammonium sulphate (AS) solution. 405 

 
Unit LF of 

manure 

LF of co-

digested 

manure 

Effluent of 

NDN 

AN solution AS solution 

pH 
 

8.1 ± 0.25 8.4  ± 0.38  7.8 ± 0.21 6.5 ± 0.38  6.2  ± 0.47 

EC mS cm-1 29 ± 3   31 ± 4  27 ± 4  343 ± 21.9 286 ± 9.1 

DM g kg-1  35.6 ± 6.3 30.7 ±  5.8 13.6 ± 2.1 178 ± 13.1 298 ± 26.7 

TIC g kg-1 30.5 ± 2.3 18.3 ± 4.1 n.d. n.d. n.d. 

TOC g kg-1 n.d. n.d. n.d. <1 <1 

CODS g kg-1 13.1 ± 3.6 6.1 ± 1.3  n.d. n.d. n.d. 

CODT g kg-1 33.7  ± 4.8 22.3 ± 3.1 12.4 ± 4.5 n.d. n.d. 

BOD5 g kg-1 11.7 ± 2.1 3.4 ±  0.6 0.9 ± 0.4 n.d. n.d. 

TN g kg-1 5.3 ± 0.42 4.2 ± 0.71 0.6 ± 0.2 191 ± 27.9 72.4 ± 11.3 

NH4
+-N g kg-1 3.7 ± 0.30 2.9 ± 0.38 0.3 ± 0.1 91 ± 18.1 72.3 ± 14.2 

NO3
--N g kg-1 0.02 ± 0.01 0.06 ± 0.02 0.26 ± 0.12  96 ± 15.0 0.005 ± 0.002 

S g kg-1 n.d. n.d. n.d. 0.37 ± 0.061 83.2  ± 21.8 

Cu mg kg-1 28.7 ± 13.9 24.9  ± 6.3 23.5 ± 9.9 12.6 ± 7.3 22.1 ± 8.6 

Zn mg kg-1 52.9 ± 11.2 48.2  ± 9.1 36.4 ± 8.6 34.3 ± 12.8 55.6 ± 24.1 

 406 

3.2 Calibration tests 407 

3.2.1 NH3 stripping rate 408 

Figure 4 shows the NH3 removal efficiency obtained by the block experiment for NH3 stripping. 409 

The block experiment examined the effect of pH (8, 8.6, 9 and 10), temperature (20, 30, 35 and 410 

50°C) and scrubber acid (HNO3 and H2SO4) on the NH3 stripping rate. For a constant temperature 411 

(30 °C) and air flow rate (1,440 m3 h-1), the removal efficiencies significantly improved from 27% 412 

to 40% for a pH elevation from 8 to 10. However, from the pH value of 9, a reduced efficiency 413 

increase is observed, and a stagnant phase of maximal efficiency is reached from a pH of 9.2 414 



onwards. For higher temperature values, this trend already started to occur at lower pH values. As 415 

temperature influences both the free NH3 fraction (𝛿NH3) and 𝐾𝐿,𝑁𝐻3, it strongly affects the NH3 416 

removal rate. A temperature alteration from 20°C to 30°C enhanced the stripping rate from 20% to 417 

52% for a pH of 8, while the same temperature alteration enhanced the stripping rate from 29% to 418 

69% at a pH of 9. It can be observed that the interplay between temperature and pH is crucial to 419 

derive the stripping rate in an accurate manner. However, there was no difference in removal rates 420 

observed between the different counter acid. 421 

 422 

A nonlinear multivariate regression was conducted on equation 6 with unknown parameters C, D 423 

and E to reveal the relation between the slopes of linear regressions and both pH and temperature. 424 

C, D and E were estimated to 638, -4116 and -0.8 respectively. The nonlinear multivariate 425 

regression analysis showed a high correlation coefficient (R= 0.99). The regressed NH3 stripping 426 

rate in function of pH and temperature based on the calibrated equation 6 is shown in Figure 4C. 427 

The results of the CO2 stripping calibration tests can be found in SM E. 428 



  429 

 430 

 431 

Figure 4. Regressed NH3 removal efficiency based on two film model for different pH and temperatures. The 432 
experimental results are represented by the plotted dots. A) NH3 removal efficiency in function of temperature B) 433 
NH3 removal efficiency in function of pH C) NH3 removal efficiency in function of temperature and pH. 434 

3.3 Optimisation modelling 435 

3.3.1 Technical results of the scenarios 436 

Figure 5 presents, per scenario, the optimal operational parameters to reach the minimal costs, the 437 

amount of N recovered, amount of energy used per compartment, methanol and counter acid 438 



consumption. Results show that, when a SS unit is included, a higher fraction of N was recovered 439 

when processing the LF of co-digested manure (1.57-2.40 kg N t-1) as compared to the LF of 440 

manure (1.03-1.34 kg N t-1). This is due to the higher stripping temperatures applied for LF of co-441 

digested manure (50°C vs 40-50 °C), as in the co-digestion scenarios energy prices are decoupled 442 

from the market price and the model therefore operates the SS at high temperatures and uses a 443 

longer retention time in the CO2 stripping (85-185m vs 25-30m). Furthermore, NDN processing of 444 

LF originating from co-digested manure requires a larger input of methanol to sustain the 445 

denitrification process (Eq. 15) as compared to LF of manure, resulting in additional avoided cost 446 

when stripping a large fraction of N. When increasing the revenue from NH4
+ salt (𝑌𝑐,𝑛,𝑇,𝑁

𝑁𝐻3  (𝑃𝐴𝑆 −447 

𝑃𝐶𝐴)) production incrementally from 1.1 to 3 € kg-1 N because of higher resource pricing, the 448 

amount of recovered N gradually increased from 1.57 to 2.40 kg N t-1 for co-digested manure. This 449 

was realised by prolonging the CO2 stripping time (85m to 185m) and NH3 stripping time (40 to 450 

70m) as elevated electrical energy prices did not strongly affect this economic balance of these 451 

scenarios. 452 

 453 

For the treatment of the LF of manure, removing a large quantity of the carbonate buffer to increase 454 

the pH is solely economically favourable compared to NaOH-addition when energy prices are low 455 

due to significant heat losses associated with CO2 stripping. Therefore, the model adds NaOH in 456 

the medium (2.6 kg t-1) and high (3.4-3.8 kg t-1) pricing scenarios to achieve the desired pH 457 

increment. Additionally, lower operational temperatures were recorded for the higher pricing 458 

scenarios (40-46°C) as compared to low pricing scenarios (50°C) due to elevated costs associated 459 

with heat losses during SS processes. However, at lower operational temperatures, similar N 460 

recovery can still be achieved between scenarios, by increasing the operational pH through the 461 

addition of NaOH, which compensates for the reduced NH3 volatilisation at lower temperatures.  462 

Between 0.01 and 0.26 kg more N is recovered when using HNO3 as compared to H2SO4 as a 463 

counter acid in the medium and high pricing scenario, due to higher profit margins on the produced 464 

NH4
+ salt. For the low pricing scenario, H2SO4 seemed to be the more profitable counter acid.   465 



 466 

Figure 5. Technological results for the different sub-scenarios, calculated for the treatment of 1 t LF of manure/co-467 
digestate. The colour scale represents the normalise results per parameter. Colours indicates weighted result per 468 
technological characteristic. *98% H2SO4 for SSAS and 60% HNO3 for SSAN 469 

When comparing the difference in energy consumption between scenarios, the on-site energy 470 

consumption of scenarios including SS is clearly higher (24.9-68.7 kWh t-1) than non-stripping 471 

scenarios (14.1-17.8 kWh t-1) as adding the energetically intensive SS process leads to an increased 472 

overall energy consumption (Figure 5). The energy required to process LF of co-digested manure 473 

using the treatment line of SS followed by NDN (42.8-68.7 kWh t-1) is greater than the energy 474 

needed for processing the LF of manure through SS followed by NDN (24.9-33.5 kWh t-1). This 475 

can be attributed to lower-priced heat energy that makes higher N recovery through prolonged 476 

stripping times and elevated operational temperatures the preferred option. Scenarios with an 477 

elevated N recovery in the form of NH4
+ salt were associated higher energy consumption. This 478 

improved N removal also reduced the amount of N reaching the NDN unit, but this alone could not 479 

fully offset elevated energy consumption in the stripping unit. Furthermore, it's worth considering 480 

that producing 1 kg of mineral N through the HB process consumes 9.5 kWh [34], which can be 481 

saved when N is recovered by SS. 482 

  483 



3.3.2 Economic results of the scenario 484 

 485 

Figure 6 shows the economic results of the different modelled scenarios. Optimal use of the SS 486 

unit decreased the overall processing costs compared to the conventional scenario by 1% to 56 % 487 

depending on the scenario considered.  488 

 489 

 490 



 491 

Figure 6. Economic results for the different sub-scenarios, calculated for the treatment of 1 t LF of (co-digested) 492 
manure.  Each triplet includes the three treatment scenarios: NDN0  (left), NDNSS_AS (middle), NDNSS_AN  (right). 493 
From left to right the triplets are shown according to a pricing scenarios (low, medium and high). The upper row 494 
contains scenarios involving the treatment of LF of pig manure, while the bottom row shows the scenarios involving 495 
co-digested LF of pig manure.  496 

When using the conventional treatment scenario, the processing costs of one t of LF of manure 497 

ranges from 10.1 to 21.1 € t-1 treated depending on the pricing of the resources, which includes 498 

capital cost of the NDN plant (5.4 € t-1), costs associated with the purchase of methanol (2.0 – 5.0 499 

€ t-1) and aeration costs (2.8 – 10.7 € t-1).  The model does not consider the cost associated with 500 

sludge and effluent disposal, as the authors presumed that the cost variation between scenarios is 501 

insignificant due to the relatively minor difference in sludge production related to N removal 502 

(ranging between 1.0 – 2.2 kg volatile suspended solids t-1). The change in overall costs is thus 503 

solely due to a change in capital costs of the installation, consumption of energy and consumables 504 

and NH4
+ salt yield. Scenarios involving manure treatment via SS with SA followed by NDN are 505 

characterised by additional costs associated with the installation (1.4 – 1.7 € t-1) and operation (3.4 506 

– 9.9 € t-1) of an SS unit. However, when considering the avoided costs associated with further 507 

treatment in an NDN tank (-3.9 – -8.5 € t-1) and income of mineral N fertiliser purchase (-1.2 – -508 

3.2 € t-1), the output indicates that the stripping scenario is slightly more economical than no N 509 

recovery (1 – 4%). Especially, the margin between NH4
+ salt revenue and counter acid costs makes 510 

the SS unit a cost-reducing investment when recovering a large fraction of mineral N compared to 511 

the baseline scenario. As the profit margin between AN and its counter acid is even higher than AS 512 

and its counter acid (for the medium and high pricing scenario), the overall costs for scenarios M-513 

M€-NDNSS_AN and M-H€-NDNSS_AN are even further reduced (5 – 8%).  514 

 515 

The overall costs of co-digested manure LF processing through conventional NDN (12.0 – 23.9 € 516 

t-1) are similar to the overall processing costs of manure LF (10.1 - 21.1 € t-1) in the different pricing 517 

scenarios, while the magnitude of elements contributing to the overall costs strongly differs. Costs 518 

associated with LF of co-digested manure processing mainly originate from the consumption of 519 

methanol (4.6 – 11.3 € t-1) due to the low COD:N ratio after digestion. Therefore, there is a high 520 

economic potential for N recovery from the LF of co-digested manure which in combination with 521 

lower heat energy prices resulted in higher N recovery through elevated temperatures and longer 522 

NH3 and CO2 stripping times. Therefore, costs associated with the infrastructure of the SS unit in 523 



scenario D-X-NDNSS_AS were elevated (2.5 – 5.4 € t-1) as compared to scenarios M-X-NDNSS_AS, 524 

while operational costs remained quasi the same (3.1 – 8.9 € t-1). However, the effect on avoided 525 

costs was more distinct: NDN tank (-5.5 – -19.1 € t-1) and income of mineral N fertiliser purchase 526 

(-1.7 – -7.2 € t-1), which resulted in an overall reduction of 12 to 50% when implementing a SS 527 

unit with H2SO4 as counter acid. When using HNO3 as counter acid the overall costs could be even 528 

lower (11 – 56%), because the higher profit margin between AN and its counter acid for the 529 

medium and high pricing scenarios allows to recover additional N units at higher marginal costs. 530 

The costs analysis per kg-N-1 processed can be found in SM F. 531 

4 DISCUSSION 532 

4.1 Calibration experiments 533 

Over the last decades, experiments to access the removal rates of NH3 stripping technology have 534 

been performed on laboratory, pilot and full-scale. The removal rates found during our experiment 535 

were similar to the removal rates found by other studies; Brienza et al. [15] found a NH3 stripping 536 

efficiency of 22% while evaluating a pilot installation processing LF of digestate at low 537 

temperature (25°C) and low pH (8.0) with an average retention time of 2 hours, Baldi et al. [35] 538 

reached a removal efficiency of 62% when performing a stripping trial on digestate for 2 hours at 539 

a temperature of 48°C and an increased pH 9.5 by adding NaOH, Pintucci et al. [36] performed 540 

NH3 stripping at low pH (7.8) and high temperature (55-65°C) and achieved a NH3-removal 541 

between 28 and 46% depending on the temperature. Liu et al. [12] obtained a set of hourly NH3-542 

removal rates (8%; 15%, 30%, 53% and 57%) for different air flow rates (60, 120, 240, 600 and 543 

840 m3 h-1 m3) when stripping urine at a temperature of 50°C and a pH of 10. These removal rates 544 

are at high air flow rates slightly higher than the NH3-removal efficiency found in this study. This 545 

could be due to the higher COD content in manure than urine which jeopardised the NH3 546 

volatilisation rate by binding NH4
+ to OM [15]. As Liu et al. [12] showed that further increasing 547 

the airflow rate above 600 m3 h-1 m-3 could hardly enhance NH3-removal rates. Therefore, we can 548 

assume that the airflow was not limiting the stripping efficiency in our study. The similarity of our 549 

results to those of other studies suggests that our calibration set is both reliable and applicable to a 550 

wider range of scenarios. 551 



4.2 Economic performance  552 

The economic viability of N recovery via a pathway including a NH3 stripping technology is often 553 

questioned as conventional reactive N removal by NDN in waste streams as N2 and refixed via HB 554 

seems to be the economic superior option for the treatment of LF of (co-digested) manure. De 555 

Vrieze et al. [14] found that the costs associated to NDN equal 10.95 € t-1 manure or 2.32 € kg-N-556 

1 processed, while the treatment scenario containing SS followed by NDN had an elevated 557 

treatment cost of 16.51 or 3.51 € kg-N-1 processed. Brienza et al. [15] found that a combined system 558 

of NH4
+ recovery through NH3 stripping and an aerated constructed wetland (17.1 € t-1 LF of 559 

digestate, 3.71 € kg-N-1 processed) to achieve 90% N removal was economically undesirable 560 

compared to N removal from digestate by NDN (16.0 € t-1 processed, 3.40 € kg-N-1 processed). 561 

Menkveld and Broeders [37] achieved a total N removal of 85% on an SS digestate at a cost of 562 

2.47 € kg-N-1 processed. Bolzonella et al. [17] provided a techno-economic assessment of a 563 

stripping system recovering less than 40% of the influent digestate N indicating a processing cost 564 

of 3.77 € kg-N-1 processed. The existing literature has so far focused on evaluating and monitoring 565 

new nutrient recovery technologies and concepts, without considering the economic optimisation 566 

of the system’s process parameters. As a result, the economic performance of nutrient recovery 567 

may have been underestimated, leaving potential for further improvement. In our study, we 568 

demonstrate that an economically optimised two-step process involving N recovery followed by 569 

NDN to remove 90% of N embedded in LF of manure (9.92 € t-1 processed, 2.02 € kg-N-1 570 

processed) or LF of co-digested manure (9.66 € t-1 processed, 2.54 € kg-N-1 processed) can result 571 

in superior economic performance compared to the conventional treatment of LF of manure (10.09 572 

€ t-1 processed, 2.06 € kg-N-1 processed) and LF of co-digested manure (11.98 € t-1 processed, 3.23 573 

€ kg-N-1 processed), even under low pricing scenarios. The net cost reduction achieved under a low 574 

resource price market is only 1-12% and under the high price scenario 4-56%. This is because 575 

under circumstances of higher resource prices N recovery through SS becomes even more 576 

economically advantageous as the increased operational expenditures are more than offset by the 577 

corresponding increase in revenues from sales of AS and AN. This is especially the case when 578 

processing LF of co-digested manure, because the energy costs are decoupled from higher market 579 

values for chemicals.  580 

 581 

To calculate the net costs of the proposed N recovery pathway, it was assumed that the produced 582 

AS and AN solution could be sold according to the current N fertilisation prices. This can be 583 



assumed as the produced NH4
+ solutions comply with the quality criteria for manure-derived 584 

RENURE products and liquid inorganic macronutrient fertiliser set by European FPR [19]. The 585 

concentration of TOC stays well below the prescribed 1%, while being in line with the minimum 586 

required TN content (Table 4). In addition, the AS and AN solutions are both in line with the 587 

maximal TOC:TN and the mineral N:TN ratio. The concentrations of the hazardous elements Cu 588 

and Zn in the NH4
+ solutions are also far below the RENURE and FPR requirements. Hence, it can 589 

be inferred that the AS and AN solutions produced during the SS process can be considered as 590 

equivalents of mineral N, thereby confirming this pricing assumption [38]. 591 

Table 4. Composition requirements for the different fertilisers products defined by the Fertilising Product Regulation 592 
(EU) 1009/2019 and Joint Research Centre (JRC) RENURE products [19]. 593 

Fertiliser type  

TN  

(g kg-1 FW)  

TOC  

(g kg-1 FW)  

TOC:TN  mineral-Nl:TN 

(% )  

Cu  

(mg kg-1 

DW)  

Zn  

(mg kg-1 

DW)  

PFC 1(C)(I)(b)(i)   

(Fertilising Product 

Regulation)  

≥ 50  ≤ 10      ≤ 600   ≤ 1500  

RENURE product (JRC)      ≤ 3*  ≥ 90*  ≤ 300  ≤ 800  

AS solution  72 <1 <0.1 100 22.1 55.6 

AN solution  191 <1 <0.1 100 12.6 34.3 

*RENURE products should either comply with TOC:TN ratio or NH4-N:TN ratio threshold. 594 

4.3 Process optimisation model  595 

Based on the results simulated with the proposed model, useful insights could be gained in optimal 596 

SS operations. When interpreting the results, one should be careful as our study and model is based 597 

on several assumptions and has some limitations. Firstly, the model was calibrated by performing 598 

stripping experiments on a commercial SS plant focussing on some specific aspects (CO2 stripping 599 

time, NH3 stripping time, temperature, and NaOH-addition) of the operations. The plant processing 600 

optimisation can be improved by including a wider set of parameters. Dimensioning and 601 

operational parameters related to gas mass transfer (e.g. gas/liquid speed and ratio) influence the 602 

transfer of volatile elements, thus are key for further improvement [39]. In addition, reactors can 603 

also differ in heat exchange properties through altered isolation material, wall thickness, air contact 604 

surface area and capital costs because of a different construction philosophy [40]. This means that 605 

the found optimal CO2 stripping time, NH3 stripping time, temperature and NaOH dosing are 606 

specific for the installation under study. However, our modelling logic can serve as example for 607 

the optimisation of other configurations by adapting the parameters accordingly. Furthermore, we 608 



used simplified assumptions to model the scrubbing unit by presuming that all stripped NH3 is 609 

captured from the recirculation gas, implying that the scrubbing unit is working optimally and no 610 

accumulation of NH3 occurs in the returning gas to the stripping unit which would negatively affect 611 

the stripping rate. As we found that the NH3 concentration in the recirculation gas did not exceed 612 

2 ppm, the authors concluded that the drawn assumption was valid for the tested situation. 613 

However, when the scrubbing process makes use of weak acid such as citric acid or a biological 614 

acidification process, a higher scrubber pH is expected which limits the scrubber efficiency and 615 

leads to a non-optimal NH3-removal [41]. This would cause NH3 accumulation in the recirculation 616 

gas, compromising the NH3 volatilization rate in the stripping unit [42]. Therefore, a more 617 

advanced scrubbing process simulation should be added when other than strong counter acids are 618 

used.  619 

 620 

To estimate the costs associated with NDN treatment a steady state ASM model was used, therefore 621 

the model excludes dynamic microbiological interactions from modelling but rather focuses on 622 

simple approach to estimate aeration and SRT requirement to achieve the desired effluent 623 

concentration [43]. Therefore, the model does not consider seasonality which can have a strong 624 

influence on the ASM parameterisation. We opted to model the optimal operational parameters for 625 

the average temperature found for Flanders. However, different results can be expected for summer 626 

and winter conditions. The pricing by the ASM model only considered the conventional NDN 627 

processes, whereas processes such as nitritation/denitritation and partial nitritation/anammox were 628 

excluded. Both nitritation/denitritation and nitritation/anammox could benefit from the elevated 629 

temperatures of the LF fraction after stripping. As these processes are characterised with reduced 630 

aeration requirements (0.8-2 kWh kg-N-1 vs 4 kwh kg-N-1), the implementation of this alternative 631 

treatment route could be considered in the future [44].   632 

5 CONCLUSIONS 633 

This paper presents a model to minimise the costs associated with LF treatment via two-stage 634 

stripping in tandem with NDN by optimising four operational system parameters, including CO2 635 

stripping time, NH3 stripping time, temperature, and NaOH-addition, for 12 new scenarios which 636 

were compared to 6 default scenarios. Lower treatment costs were realised compared to the 637 

conventional scenarios for all cases including an optimised SS unit. For the SS scenarios processing 638 

the LF of manure, the net costs decreased from 1 to 8% compared to the conventional N removal 639 



scenario mainly depending on resource pricing, while for LF of co-digested manure processing a 640 

reduction between 11 and 56 % was found. The results of the technical analysis indicated that 641 

optimal operational parameters strongly vary according to the prevailing economic scenery, 642 

influent and mineral acid. High energy prices push the system to low temperatures and CO2 643 

stripping times to reduce heat losses, while large quantities of NaOH are added to maintain N 644 

recovery efficiency. When lower-priced heat energy is available, the model opts to further strip 645 

NH3 at high temperature (50°C) and maintain long CO2 and NH3 stripping times. This research 646 

enhanced understanding of the performance of a two-stage SS unit followed by NDN treatment 647 

and illustrates the importance of operating with an optimal operational management of the SS unit 648 

to increase economic viability.  649 
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