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HIGHLIGHTS 
• Acid use in an acid air scrubber predicts the ammonia removal of an air scrubber. 
• Nitrogen balance of process and discharge water in an air scrubber predicts ammonia removal of an air scrubber. 
• Long-term monitoring of acid use and/or the nitrogen balance can validate the ammonia reduction of an air scrubber. 
• The two validation methods can support local authorities in granting environmental permits and enforcement. 

ABSTRACT. Ensured ammonia reduction by novel technologies and guaranteed low ammonia emission from livestock 
houses is essential for the granting and monitoring of legal permits. This study focuses on methods to underpin the long-
term effectiveness of an air scrubber and was done in a commercial poultry house. The measured ammonia removal by an 
air scrubber with ammonia sensors (method 1) was compared to the acid use for ammonia binding (method 2) and the 
nitrogen balance over the process water (method 3). Also, the effect of the length of the time period used for the comparison 
was evaluated, as was the effect of the spatial variation of the ammonia concentration in the house. The overall weekly data 
showed a clear linear relation between method 1 on the one hand and methods 2 and 3 on the other hand, with regression 
coefficients close to 1 and a variation of +/- 20% on a 4-weekly basis. The 4-weekly data showed a clearly reduced variation 
compared to weekly data, due to leveling out of the impact of irregular time events like acid dosage and water discharge. 
The barn emission assessed by method 1 was significantly (12%) influenced by the spatial aerial concentration differences 
of ammonia in the house. Taking this into account, method 2 overestimated the emission reduction of method 1 with 16.8% 
and method 3 was in good agreement with method 1. For method 2, a revised value for acid use per kg of ammonia binding 
needs to be substantiated in further research. Possible measurement errors influenced calculated ammonia removal with a 
maximum of +/-2%, but the relative effect on remaining emissions was larger with +/- 15% for method 3. This study shows 
that monitoring acid use and/or the nitrogen balance can validate the ammonia reduction of air scrubbers and the remaining 
ammonia emission and support local authorities in granting environmental permits and their enforcement. 
Keywords. Acid, Air scrubber, Ammonia, Nitrogen balance, Poultry. 

erial nitrogen losses from agriculture can lead to 
nitrogen deposition in nature areas, resulting in 
loss of biodiversity, eutrophication, and pollution 
of drinking water (de Vries et al., 2021). The ma-

jority (87%) of the total yearly ammonia emission in the 

Netherlands in 2021 (122 million kg of ammonia), was 
caused by agriculture, of which 54% originated from cat-
tle/dairy production, followed by pigs (17%) and poultry 
(11%) (CBS, 2023). In many European countries, measures 
have been taken to decrease ammonia and, thus, nitrogen 
emissions from livestock buildings (Melse et al., 2009). Ex-
amples of techniques and management measures used for 
poultry houses to reduce ammonia emissions are drying of 
manure on belts (both inside and outside the house), manure 
removal by belts, air scrubbers, and heat exchangers (San-
tonja et al., 2017; Shepperd et al., 2017; Van der Heyden et 
al., 2015; Hahne, 2022). 

Measurement protocols are developed by research insti-
tutes, and these are used to validate the actual emission from 
housing systems with emission reduction techniques in prac-
tice (Melse et al., 2009). In measurement protocols for air 
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scrubbers, in some cases, besides the gaseous reduction of 
ammonia concentration, the nitrogen balance over the pro-
cess water has to be monitored. For example, the German 
test institute for livestock technology (DLG) requires system 
approval that at least 70% of the reduced gaseous ammonia 
must be retrieved in the process water (DLG, 2022). 

When emission reduction systems are applied in commer-
cial livestock production, the actual emission can deviate by 
more than 25% from the measured emission during an offi-
cial test (Dekock et al., 2009). The nutrient content of the 
diet and the type of bedding, which are generally not pre-
scribed in emission reduction systems – are known to affect 
the ammonia emission, respectively, up to 37% (Rahman et 
al., 2012) and 47% (Van Harn et al., 2012). Also, the stock-
ing density affects the ammonia emission per bird (Mendes 
et al., 2012). These could be reasons why Van Bruggen and 
Geertjes (2019) found that manure from poultry houses with 
low emission techniques, such as frequent manure removal 
with manure belts and manure drying techniques in the poul-
try house, did not, in all cases, result in the expected higher 
nitrogen content of the manure. This raised doubts about the 
effectiveness of the technologies to reduce ammonia emis-
sion. 

The ammonia removal efficiency of air scrubbers - as 
commonly assessed under both controlled test as well as 
practical farm conditions by measuring the aerial ammonia 
concentration before and after passing the scrubber - is typ-
ically 80% or higher for acid air scrubbers when managed 
according to guidelines (Melse, 2009; Hadlocon et al., 
2014; Mostafa et al., 2020). However, it is known that some 
pollutants as aerosols, can pass through the air scrubber 
(Aarnink et al., 2011). These aerosols can contain droplets 
from the recirculated acid process water, and therefore ni-
trogen dissolved in these aerosols can be lost from the sys-
tem without noticing this in the measured gas concentration 
of the outgoing air. Especially at high ventilation rates, mi-
cron sized particles are less effectively separated than big-
ger waterdrops (Brouwers et al., 2012). This could happen 
under normal practical conditions, but especially when so-
called droplet catchers are not properly designed or in-
stalled. Earlier studies showed that between 82.1% and 97% 
of the expected nitrogen was found in the acid process water 
(DLG, 2016a,b). Especially the lower retrieval number/val-
ues could indicate that more nitrogen/ammonia is lost from 
the system than measured by the aerial ammonia sensors.  

Also, a lack of maintenance resulting in downtime for 
pumps and other technical parts can influence the effective-
ness of the ammonia scrubbers (Melse, 2009). In response 
to these operating failures, additional measurements (of pH 
and conductivity of the process water and air pressure drop 
over the filter) and control and data logging systems were 
introduced and implemented at farms in the Netherlands 
(Infomil, 2018). This data can be used by local authorities 
to validate the environmental permits of farmers. However, 
these additional measurements are all related to parameters 
describing the conditions of the air scrubber process, not the 
ammonia emission itself or the reduction achieved. So, the 
real ammonia emission or ammonia reduction is still  
 

unknown, and downtime will affect the real environmental 
emissions. 

In the Netherlands, this has resulted in a broad debate 
about the effectiveness of ammonia-reducing techniques in 
the entire animal husbandry, with impacts on the validity of, 
for example, environmental permits for livestock farms and 
the legal underpinning of national emission factors. So, there 
is an urgent need for reliable and robust barn mitigation tech-
niques that ensure ammonia reduction effectiveness (Sutton 
et al., 2015). 

In this paper, we focus on technological methods to un-
derpin the effectiveness of air scrubber technology under 
commercial livestock circumstances, with a poultry housing 
system as an example. The measured ammonia emission re-
duction, or ammonia removal by air scrubber technology, 
was compared to the acid use for binding ammonia in the 
process water and the nitrogen balance of the process water. 
This was done for a poultry house with an ECO Air Care 
ventilation system. 

ECO Air Care is a new technology for ventilation of poul-
try houses (that combines preheating or cooling of all ingo-
ing air) and acid scrubbing of all outgoing air and consists of 
one or more air treatment units. Similar technology, where 
air scrubbing and heat recovery are combined, was tested in 
a laboratory pilot by Krommweh and Büscher (2021) and 
was also described by Deeken et al. (2023) with the idea that 
the heat recovery can compensate for increased operating 
costs due to the exhaust air purification system. 

In this study, the poultry house had four air treatment 
units. The goal of this study was to compare three different 
methods for determining the ammonia removal by an air 
scrubber system under commercial livestock conditions. The 
three methods, including their sensors and equipment, were 
relatively cheap and could easily be applied in commercial 
situations, enabling multiple year monitoring. The three 
methods are: 

1. The ammonia removal based on the ammonia concen-
trations in the ingoing and outgoing air flow of the air 
treatment unit. 

2. The ammonia removal based on the acid use for the 
chemical reaction between ammonia and dissolved 
sulfuric acid. 

3. The ammonia removal based on the increased nitrogen 
concentration of the process and discharged water (ni-
trogen balance). 

Secondly, the effect of the length of the time period used 
for the balances was evaluated. These periods should be long 
enough to level out the effect of the dynamics of acid dosing 
and process water discharge from the system; in this study, 
a one week period and a four-week period were evaluated. 
Thirdly, the effect of spatial variation on the ammonia con-
centration in the house and consequently the number of air 
treatment units where ammonia concentrations were meas-
ured for method 1 was evaluated; we compared the effects 
of measuring on 1 and 2 air treatment units. Finally, a sensi-
tivity analysis was done to assess the effect of measurement 
errors on both the ammonia removal and the remaining am-
monia emission for all three methods.  
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MATERIALS AND METHODS 
POULTRY HOUSE DESCRIPTION AND  
ANIMAL PRODUCTION 

The poultry house had 18,500 broiler breeder places and 
was located in Hoogeloon, The Netherlands. The dimensions 
of the house were 105 x 24 m. In the house (see fig. 1 for 
plan view and figs. 2 and 3 for a cross section) there were 
two rows of laying nests. Next to these nests, wooden slats 
were positioned on both sides over the full length of the 
house. Under these slats, the manure was stored in a pit dur-
ing the entire production period of 40 weeks. A scratching 
area (also used for foraging and dustbathing by the birds) is 
present over the entire floor area except under the nests and 
the slats. Above the slats and in the scratching area, there is 

a drinking system, feeding pans for the roosters, and feeding 
lines for the hens. The stocking density was 7.3 birds per m2 
at the start of the flock. Table 1 presents some characteristics 
of the animal production of the flock during which the re-
search was done, reflecting a good production flock for 
broiler breeders (Ross, 2016). 

Table 1. Main production characteristics of the birds during the
experimental flock. 

Number of animals at start of the flock 18,500 
Breed Ross 308 

Average feed intake (g/day per bird) 157 
Egg production @ 60 weeks (eggs per hen housed) 204 

Relative number of floor eggs 0.4% 
Cumulative mortality at 60 weeks 2.7% 

Figure 1. Plan view of the poultry house with the four air treatment units: M = position of measuring fan, N = position of nozzle for spraying 
process water, W = section of the unit where process water is sprayed, A = ammonia concentration sensor. Cross sections B-B’ with the air inlet 
system and C-C’ with the air outlet system are presented in figures 2 and 3. PVC tubes for return water between the units, water treatment, and
silo are left out of this plan view.  

 

 
Figure 2. Cross section of the experimental house (B-B’ in fig. 1). The arrows indicate the incoming fresh airflow, which is cooled in the summer 
and heated in winter due to the heat exchange in the air treatment unit; “Nest” indicates the laying nests; MS = manure storage; SA = scratching 
area with litter; SF = slatted floor. 

 

 
Figure 3. Cross section of the experimental house (C-C’ in fig. 1). The arrows indicate the outgoing airflow with gaseous water vapor, ammonia
and particulate matter: M = position of measuring fan, N = position of nozzle for spraying process water, and A = ammonia concentration sensor.
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VENTILATION AND AIR SCRUBBER SYSTEM 
Ventilation and air scrubbing were realized with an ECO 

Air Care system (Vencomatic, Eersel, the Netherlands), that 
was placed next to the poultry house. This system arranged 
all inlet and outlet ventilation flows of the house, there were 
no other air inlets or fans (see fig. 1 for a plan view). It con-
sisted of four air treatment units that conditioned the ingoing 
air and scrubbed the outgoing air. Each unit had a maximum 
ventilation capacity of 30,000 m3/h. The central water treat-
ment system consisted of a sedimentation tank (25.3 m³), 
a 'clean water' tank (with a volume between 10.7 and 
15.7 m³), an acid storage and dosing unit, and a silo for sat-
urated process water (90 m³). The air treatment units were 
connected to the central water treatment unit by 2 PVC tubes 
in the ground for supply and return of process water (volume 
3.0 m3); the return water from the units was first collected in 
a collection pit (volume between 3.7 and 4.2 m3) and from 
there pumped into the sedimentation tank. The total amount 
of process water in the system varied between 42.3 and 
47.6 m3. This variation was a result of the evaporation of 
process water or the condensation of water vapor in the pro-
cess water. When the water level in the clean water tank 
reached below 10.7 m3, tap water was added to the system.  

The first function of the air treatment units was to ex-
change energy between the outgoing and incoming air ac-
cording to the counterflow heat exchange principle. This air 
treatment unit is the successor of the heat exchanger de-
scribed by Bokkers et al. (2010), whose maximum thermal 
efficiency was determined at 85% by Goselink and Ramirez 
(2019). The ventilation rate of all four air treatment units was 
the same because they were controlled in parallel. 

The second function of the air treatment units was to cool 
the ingoing air under warm outside conditions. The incom-
ing air is cooled based on indirect evaporative cooling (Kabl, 
2015). In order to cool the ingoing air, process water was 
sprayed in the outgoing exhaust air (at location N in figs. 1 
and 3; continuously) and in the air treatment unit (per unit at 
2 locations W in fig. 1; 1 minute per 5 minutes, alternating 
between the two locations). At locations designated 
‘W,’ process water was sprayed with a volume of 11 L s-1 
and relatively low pressure (2 bar), which limits the for-
mation of small droplets compared to the use of high-pres-
sure water nozzles. This spraying wetted the outside of the 
heat exchanger panels, creating an exchange surface be-
tween outgoing air and the wet surface for evaporation. The 
cooling reduced the temperature of the ingoing air to 23°C 
or lower, also under outside conditions of 30°C or more. Af-
ter the sprayer sections, the exhaust air traveled at least 4 m 
through the air treatment unit, resulting in this remaining part 
of the heat exchanger functioning as a droplet remover to 
prevent the emission of small droplets. 

Because of indirect evaporative cooling, the ECO Air 
Care system has a substantial lower ventilation capacity, 
maximum 6.3 m3 h-1 per bird, as compared to the two times 
higher ventilation capacity for conventional ventilation sys-
tems for broiler breeders in the Netherlands. The fresh con-
ditioned air was distributed in the house with perforated air 
tubes above both rows of nests, as shown in figure 2. The 
exhaust air was sucked away through four openings in the 
roof (one per unit) in the center of the house, as shown in 

figure 3. Tubes over the roof for both ingoing and outgoing 
air connected the air treatment units to the house. 

The third function of the units was to reduce ammonia 
emissions. The ammonia reducing principle of the ECO Air 
Care system was based on the use of acid in the process wa-
ter, similar to the principle used in conventional acid air 
scrubbers (Melse and Willers, 2017; Van der Heyden et al., 
2015). The wet outside of the heat exchange panels created 
a large exchange surface area for ammonia to dissolve in the 
process water. 

Sulfuric acid was added to the process water, forming am-
monium sulfate when bound with gaseous ammonia. The 
conductivity of the process water was measured with a Jumo 
CTI-500 conductivity sensor in the central water supply 
from the clean water tank towards the ECO Air Care units, 
and this indicated the concentration of ammonium sulfate. 
When this concentration reached a maximum level (EC 
value of 200 mS cm-1), process water was discharged from 
the clean water tank into a silo, and tap water was added to 
the system. The excess condensation water, due to the cool-
ing of outgoing air in the air treatment units, was also dis-
charged to the silo by opening a valve, resulting in part of 
the waterflow towards the units flowing into the silo. 

The pH of the process water was measured with a Jumo 
pH sensor (Article number 00300151) to control the acidity 
of the process water in the central water supply to the ECO 
Air Care units. The signal from this sensor was used to con-
trol the dosing pump, which added sulfuric acid to the pro-
cess water. In this study, the pH was set at 3.0. The acid 
pump was activated when the pH level reached a value of 
3.1, and stopped when the measured pH value of the process 
water was 2.9. The 98% concentrated sulfuric acid was 
stored in a 1,000 L vessel, and the acid was dosed into the 
process water with a dosing pump (Etatron PKX0102801). 

MEASUREMENTS AND DATA PROCESSING 
Research was done during four periods, each spanning 

four weeks, and spread out over the year to cover different 
climatic conditions due to seasonal changes. All these peri-
ods (see table 2) were during one flock that lasted a total of 
40 weeks (from March to December 2022). The average out-
side temperature per period ranged from 4.1°C to 19.5°C, 
while the inside temperature was relatively constant between 
22.6°C and 24.9°C (see table 2). All collected data were re-
trieved from sensors belonging to the control system of the 
installed air scrubbing/ventilation system; no specific re-
search sensors were installed. 

Method 1: Gaseous Ammonia Concentrations  
and Ventilation Rate 

Gaseous ammonia concentration was measured with a 
Dräger Polytron C300 sensing head with an integrated 
NH3-AL electrochemical ammonia sensor. The range of the 
sensor was 0-100 ppm. According to Melse et al. (2016), the 
detection limit of this sensor is 0.23 ppm. The accuracy is 
± 0.11 ppm for the range of 0-1 ppm, and ± 0.17 ppm (equiv-
alent to 0.12 mg/m³) for the range of 1-11 ppm. According 
to Melse et al. (2016), the Drӓger sensor was found to be 
equivalent to the reference method described by Ogink et al. 
(2017) for ammonia concentrations > 1 ppm, and the Drӓger 
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sensor is applicable for indicative measurements for ammo-
nia concentrations < 1 ppm. 

The ammonia sensors were initially only placed in the ex-
haust air flow of air treatment unit 2 (indicated with A in 
figs. 1 and 3), assuming this concentration was representa-
tive of air treatment units 1, 3, and 4. The first ammonia sen-
sor was placed in the tube at the roof of the house, 2 meters 
before the air enters the air treatment unit, this was directly 
behind the position of the measuring fan (location M in fig. 
1, estimated accuracy +/- 2% of measured value with air ve-
locity > 0.4 m/s), which was present in the outgoing flow of 
all units. With these measuring fans, the ventilation rate was 
determined according to the measuring protocol which is 
used in the Netherlands to determine emissions from live-
stock housing systems (Ogink et al., 2017). The second am-
monia sensor measured the ammonia concentration of the 
outgoing air after passing air treatment unit 2 before it en-
tered the environment. During measurement period 4, two 
additional ammonia sensors were placed in the outgoing air 
flow of air treatment unit 4. Mean values of both ammonia 
concentrations and ventilation rates were logged every 
5 minutes. All ammonia sensors were calibrated by the fac-
tory at the start and after period 4; the measuring fans were 
calibrated in a wind tunnel (Appendix 1). 

The ammonia sensor measured the concentration in ppm. 
Converting the concentration in ppm to mg m-3 was done 
with equation 1: 

 3
3

 *  NH
NH

normal

Cp M
Cg

V
=  (1) 

where 
CgNH3 = the ammonia concentration in g m-3 
CpNH3 = the ammonia concentration in ppm 
M = the molar mass of ammonia (17.03 g mol-1) 
Vnormal = the specific molar volume in m3 mol-1. 
Vnormal was calculated with equation 2: 
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where 
R = the gas constant (8.314 J K-1 mol-1) 
T = the air temperature in kelvin 
p = the ambient pressure in Pa. 
To calculate Vnormal, an average temperature of 295 K and 

an average pressure of 101,325 Pa (sea level) were used. 
The ammonia reduction per period of 1 and 4 weeks was 

calculated with equation 3: 

 
( )

( )

3 3 i3
1

1 i 2 i 3 i 4
1000φ φ φ φ *  
12

,

n

NH ,gas NH ,i NH
i

, , , ,i

R Cghouse Cexhaust

v v v v

=
= −

× + + +


 (3) 

where 
RNH3,gas = the cumulative ammonia removal in kg 
CghouseNH3 = the ammonia concentration in the air before 

passing the air treatment unit in g m-3 
CexhaustNH3 = the ammonia concentration after passing 

the air treatment unit in g m-3 
φv1-4 = the ventilation flow of air treatment unit 1 until 

4 in m3 h-1 
i = a 5 minute time interval 
n = 2016 when calculating weekly values and 8064 when 

calculating 4-weekly/period average values. 
The emission removal efficiency based on gaseous am-

monia concentration measurements was calculated with 
equation 4: 
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where 
ηNH3 = the ammonia removal efficiency in% 
CgexhaustNH3,i = the ammonia concentration after passing 

the air treatment unit in g m-3 
CghouseNH3,i = the ammonia concentration in the air be-

fore passing the air treatment unit in g m-3. 
The concentration of ammonia in the fresh inlet air was 

assumed to be 0. 

Method 2: Sulfuric Acid Usage 
The level of liquid in the sulfuric acid storage was meas-

ured automatically with a wireless FMCW radar sensor 
placed on top of the storage vessel (type WLR05-2G, pro-
ducer Staal Instruments; accuracy of +/- 10 L) and logged 
once every hour. The change in height was used to calculate 
the acid use in liters per day. 

The theoretical binding capacity of sulfuric acid (98% 
concentrated) is 1.5 L to capture 1 kg of ammonia (NH3) in 
air scrubbers (Melse and Willers, 2017) and was calculated 
with equation 5. 

Table 2. Start and end dates of each 28-day period, including inside and outside climatic conditions. 
Period 1 2 3 4 

Start date 8-4-2022 1-7-2022 14-9-2022 21-11-2022 
End date 5-5-2022 28-7-2022 11-10-2022 18-12-2022 

Mean outside temperature (°C) 11.9 19.5 12.3 4.1 
Mean outside relative humidity (%) 62 67 82 85 

Mean inside temperature (°C) 23.0 24.9 23.6 22.6 
Mean inside relative humidity (%) 46 52 50 47 

Units with ammonia sensors  unit 2 unit 2 unit 2 units 2 and 4 



766  JOURNAL OF THE ASABE 

 ( )3
1

*1 5  
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where 
RNH3,acid = the cumulative ammonia reduction in kg 
AUj = the daily acid use in L 
j = represents each day 
n = 7 when calculating weekly values and 28 when calcu-

lating 4-weekly cumulative values. 

Method 3: Nitrogen Content of the Process  
Water and Volume of the Discharged Water 

The conductivity of the process water was continuously 
measured with a Jumo CTI-500 conductivity sensor (accu-
racy +/- 0.5% of measured value) in the central water supply 
from the clean water basin to the air treatment units; mean 
values over 5 minute intervals were logged. In a preliminary 
study, the relation between the conductivity and the nitrogen 
content of the process water was determined (see Appendix 
2) and is given in equation 6. 

 
5 3 3 20 390 * 0 670 *

0 225* 1 03
NC . E EC . E EC

. EC .
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+ −
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where 
CN = the nitrogen content of the process water (kg L-1) 
EC = the conductivity (mS cm-1). 
When the water level in the central water treatment 

reached a certain height, the water discharge valve was 
opened, water was automatically discharged into the silo, 
and the volume was measured with a flow meter (JUMO 
flowTRANS US W01, accuracy +/- 2.0% of the measured 
value). The level of the water in the clean water tank and the 
collection pit were measured with a water level meter (type 
PS3208, producer IFM, accuracy ≤ 0.2% of the measured 
value). 

The cumulative amount of ammonia that was captured in 
the process water was calculated using equation 7: 
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where 
RNH3,water = the cumulative ammonia removal captured in 

the process water in kg 
A = the conversion factor from nitrogen to ammonia 

based on the molecular weight (1.214 kg kg-1) 
CN,n = the nitrogen concentration in the process water in 

kg L-1 at the end of a period (n was 2016 when calculating 
weekly values and 8064 when calculating 4-week average 
values) 

CN,0 = the nitrogen concentration in the process water in 
kg L-1 at the start of a period 

VPW,n = the volume of the process water in L at the end of 
a period 

VPW,0 = the volume of the process water in L at the start 
of a period 

CN,k = the nitrogen concentration in kg L-1 at moment of 
water discharge 

DWk = the amount of discharged water in L into the silo 
at moment k 

m = the number of discharge moments varying between 
0 and 9, depending on the selected period. 

Statistical and Sensitivity Analysis 
Logged data from 5-minute intervals—including concen-

trations (air and liquid), ventilation rates, electrical conductiv-
ity, and volumes of clean and process water—and hourly val-
ues for acid volume were used in Equations 1-7 to calculate 
weekly and period means (with MS Excel). These results are 
presented in tables and graphs. Linear models with intercept 
zero between RNH3,gas (as a dependent or predicted variable), 
and RNH3,acid and RNH3,water (x-variables) were made in 
R (R Core Team, 2022) with RStudio version 2023.06.0+421. 
The weekly data points were assumed to be time-independent. 

Additionally, a sensitivity analysis was done on the da-
taset of period 4 (for method 1, data from units 2 and 4 were 
used) by de- and increasing each individual measurement 
(CghouseNH3, CexhaustNH3, φv1-4, AUj, CN,n, CN,0, VPW,n, VPW,0, 
CN,k, DWk) with the given sensor accuracies, and calculating 
the effect on the emission reduction (RNH3,gas, RNH3,acid, 
RNH3,water) and on the remaining ammonia emission. The re-
maining emission based on method 1 was calculated as fol-
lows: 
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where AENH3,gas = the ammonia emission based on the am-
monia concentration in the exhaust air in kg. 

To determine the remaining ammonia emission based on 
methods 2 and 3, first the ammonia production in the house 
was calculated (using the ammonia sensors in the house and 
the ventilation flow, analogous to method 1), and the calcu-
lated ammonia reductions were subtracted (eqs. 9 and 10): 
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where AENH3,acid = the ammonia emission based on the am-
monia production in the house minus the amount of ammo-
nia binding based on the acid use in kg. 
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where AENH3,water = the ammonia emission based on the am-
monia production in the house minus the amount of ammo-
nia measured in the process and discharge water in kg. 

RESULTS AND DISCUSSION 
AMMONIA CONCENTRATIONS AND OF  
AMMONIA REMOVAL EFFICIENCY 

Table 3 shows the results of the ammonia concentration 
measurements before and after passing air treatment unit 2 
for the 4 periods. The weekly mean ammonia concentration 
in the house ranged between 17.39 and 33.93 mg m-3. These 
concentrations were quite stable and were in the same range 
as reported by Ellen et al. (2021). The ammonia concentra-
tion in the outgoing air was (excluding two weeks, see be-
low) between 0.37 and 5.86 mg m-3. 

In week 3 of period 3, there was a very low reduction of 
ammonia (40%); this was caused by a failure in the acid 
pump, resulting in no acid being dosed into the process water 
and the pH of the process water rising from 3.0 up to 7.8 
within a few days. Also, in week 3 of period 4, there was a 
decrease in ammonia removal efficiency (72%); this was 
caused by an empty acid storage vessel (a too late replace-
ment), resulting in no acid being dosed into the system for 
three days. However, all results are used in the comparison 
of the three methods in this study because periods with lower 
ammonia removal efficiency will occur in reality and do not 
influence the comparison of the three methods. 

The ammonia removal efficiency of the system was ap-
proximately 90% during the periods when the acid dosing 
system was working properly, as expected for acid air scrub-
bers (Melse, 2009; Hadlocon et al., 2014; Mostafa et al., 
2020). This is also in line with an earlier study on a similar 
ventilation system and air scrubber system, where the reduc-
tion of ammonia was somewhat lower, with 77%. This can 
be explained by the somewhat higher pH value of 5.0 in the 
process water in that study (Goselink et al., 2023).    

Table 4 shows the sulfuric acid use (AU) in the four peri-
ods. The total amount of acid used per period was of the 

same magnitude (between 930 and 1640 L), but the weekly 
data (excluding the two weeks without acid supply - weeks 
3 of period 3 and 4) show relatively more variation in acid 
use, varying from 170 (period 1 week 2) to 410 (period 2 
week 1) liters used per week. 

Figure 4 shows the daily acid use for period 1; daily val-
ues ranged between 0 and 90 L d-1, which is even a relatively 
bigger variation than on a weekly basis. On 24 April 2022, a 
lot of acid was dosed into the system, so much so that on 25 
April 2022, no acid dosing was needed. 

NITROGEN CONTENT OF THE PROCESS  
AND DISCHARGED WATER 

Table 5 shows the concentration of nitrogen in the process 
water at the start (2.6 to 38.1 g L-1) and end of each week 
(4.7 to 40.9 g L-1), as well as the volume of the process water 
present, varying from 42.3 m3 (in period 2 week 3) to 
47.6 m3 at the end of period 4. From these data, the calcu-
lated amount of ammonia that was absorbed in the process 
water is also shown in the table, as well as the amount of 
water that was discharged from the system with correspond-
ing nitrogen and ammonia masses. 

In period 1, there was no discharge of water; this was at 
the start of the flock, and the process water was not yet sat-
urated with nitrogen (bound as ammonium sulfate). The in-
crease in nitrogen mass in the process water during period 1 
was 432 kg, corresponding to 524 kg of ammonia. 

At the end of warm period 2, the nitrogen concentration 
in the discharged water was highest at 40.9 g L-1; this was 
due to the evaporation of process water for indirect evapora-
tive cooling in the air treatment units during this period. In 
the other cooler periods, the nitrogen concentrations in the 
discharged water were lower, indicating less water evapora-
tion or even vapor condensation in the air treatment units; 
consequently, the volume of process water increased, acti-
vating the water to be discharged. Table 5 also shows that 
the water discharge was not activated in all weeks; for ex-
ample, in period 3, the water discharge only occurred in 
weeks 3 and 4. 

Table 3. Mean 4 weekly (wk1-4), weekly (week 1-4), and overall (period 1-4) ammonia concentrations in the house and exhaust, scrubbing
efficiency, and ventilation rate measured on air treatment unit 2 for method 1.  

  Period 1  Period 2   
  wk1-4  week 1 week 2 week 3 week 4  wk1-4  week 1 week 2 week 3 week 4   

Cghouse NH3 (mg m-3)  24.61 19.24 23.40 29.11 26.70  20.82 23.57 21.56 17.39 20.75   
Cgexhaust NH3 (mg m-3)  0.92 0.37 0.65 1.59 1.07  2.09 4.10 1.65 1.41 1.21   

ηNH3(%)  96% 98% 97% 95% 96%  90% 83% 92% 92% 94%   
ϕv (m3 h-1)  41652 37878 41612 42140 44978  80367 71515 82115 83563 81371   

  Period 3  Period 4  Period  
1-4   wk1-4  week 1 week 2 week 3 week 4  wk1-4  week 1 week 2 week 3 week 4  

Cghouse NH3 (mg m-3)  23.12 24.14 22.42 23.13 22.78  29.54 27.01 28.49 28.96 33.93  25.10 
Cgexhaust NH3 (mg m-3)  5.45 0.97 1.08 13.87 5.86  3.34 0.81 0.71 8.21 3.62  3.45 

ηNH3(%)  76% 96% 95% 40% 74%  89% 97% 97% 72% 89%  86% 
ϕv (m3 h-1)  54699 55507 53221 54151 53979  40441 45695 40730 41686 32945  52077 

 
Table 4. Mean 4- weekly (wk 1-4), weekly (week 1-4), and overall (period 1-4) acid use in the 4 periods.  

  Period 1  Period 2   
  wk1-4  week 1 week 2 week 3 week 4  wk1-4  week 1 week 2 week 3 week 4   

AU (L)  930 190 170 290 280  1640 410 330 280 620   
  Period 3  Period 4  Period  

1-4   wk1-4  week 1 week 2 week 3 week 4  wk1-4  week 1 week 2 week 3 week 4  
AU (L)  980 320 290 110 260  1081 340 288 184 269  4631 
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COMPARISON OF THE THREE METHODS 
For the comparison of the three methods, we assumed that 

method 1, which initially measured only on unit 2, is the gold 
standard as it is based on the reference method for assessing 
emissions from housing systems (Ogink et al., 2017). 

Table 6 shows that the four-week average of the RNH3,acid 
varied between 97% and 120% of RNH3,gas and RNH3,water var-
ied between 77% and 98% of RNH3,gas. Over all 4 periods, 
RNH3,acid and RNH3,water amounted to 3087 and 2656 kg, re-
spectively, being 104.7 and 90.1% of RNH3,gas (2948 kg). So, 
based on all data, method 2 gives a small (about 5%) over-
estimation and method 3 a small (about 10%) underestima-
tion as compared to the initial reference method 1, with 
roughly a variation of +/- 20% per four week period. 

Figure 5 shows the graphical relation between the weekly 
cumulative ammonia removal for the 3 methods (data from 
table 6). The shown regression lines were forced to go 
through the (0, 0) point in the graph, as we deemed this logic 
based on the physical and chemical background of the three 
methods. 

Figure 5 shows that both methods 2 and 3 have predictive 
values for the ammonia emission reduction as measured by 
method 1. Details of the regression lines are presented in ta-
ble 7.  

RNH3,acid was generally higher than RNH3,gas, as indicated 
by the regression coefficient for the weekly estimated am-
monia removal based on the acid use (method 2) that was 
0.900 and significantly different from y=x. Figure 5 clearly 
shows that the outlier at 400 kg greatly influenced this result 

Figure 4. Total daily acid use in period 1. 

Table 5. Mean 4- weekly (wk 1-4), weekly (week 1-4), and overall (period 1-4) nitrogen concentrations, process water volumes, increase in nitrogen
content of the process water, and the volume and nitrogen content of the discharged water in the 4 periods (- indicates there is no value).  

  Period 1  Period 2   
  wk1-4  week 1 week 2 week 3 week 4  wk1-4  week 1 week 2 week 3 week 4   

CN,0 (g L-1)  2.6 2.6 4.7 7.3 10.2  29.7 29.7 32.5 34.9 38.1   
CN,n (g L-1)  12.5 4.7 7.3 10.2 12.5  40.9 32.5 34.9 38.1 40.9   
VPW,0 (m3)  43.0 43.0 43.0 42.3 43.3  43.5 43.5 42.9 43.5 43.3   
VPW,n (m3)  43.2 42.9 42.3 43.3 43.2  43.4 42.9 43.5 43.3 43.4   

Increase N mass in process water (kg)  432 91 109 134 98  479 101 122 132 124   
Increase ammonia mass in process water (kg)  524 110 132 163 119  581 122 148 161 151   

 DW (L)  0 0 0 0 0  9000 2700 0 0 6300   
CN,k (g L-1)  - - - - -  41 31 - - 45   

Mass of ammonia in discharged water (kg)  0 0 0 0 0  449 102 0 0 347   
  Period 3  Period 4  Period  

1-4   wk1-4  week 1 week 2 week 3 week 4  wk1-4  week 1 week 2 week 3 week 4  
CN,0 (g L-1)  12.3 12.3 15.6 17.5 18.5  31.2 31.2 32.5 35.6 35.0  18.9 
CN,n (g L-1)  19.2 15.6 17.5 18.5 19.2  33.6 32.5 35.6 35.0 33.6  24.5 
VPW,0 (m3)  43.2 43.2 43.5 44.4 43.1  44.2 44.2 44.0 43.8 45.2  43.5 
VPW,n (m3)  42.7 43.5 44.4 43.1 42.7  47.6 44.0 43.8 45.2 47.6  44.1 

Increase N mass in process water (kg)  287 148 96 20 23  224 53 130 23 17  1421 
Increase ammonia mass in process water (kg)  349 180 117 24 28  272 64 158 28 21  1726 

DW (L)  6300 0 0 1800 4500  8100 3600 0 0 4500  23400 
CN,k (g L-1)  19 - - 19 19  34 34 - - 35  40 

Mass of ammonia in discharged water (kg)  142 0 0 41 101  339 148 0 0 191  930 

Table 6. Mean 4-weekly (wk1-4), weekly (week 1-4), and overall (period 1-4) cumulative ammonia removal and relative ammonia removal
compared to method 1 for methods 1, 2, and 3 in the 4 periods.  

  Period 1  Period 2   
  wk1-4  week 1 week 2 week 3 week 4  wk1-4  week 1 week 2 week 3 week 4   

R NH3,gas (kg)  642 (100%) 114 150 190 188  962 (100%) 227 264 214 257   
R NH3,acid (kg)  620 (97%) 127 113 193 187  1093 (120%) 273 220 187 413   
R NH3,water (kg)  524 (82%) 110 132 163 119  1030 (98%) 224 148 161 498   

  Period 3  Period 4  Period  
1-4   wk1-4  week 1 week 2 week 3 week 4  wk1-4  week 1 week 2 week 3 week 4  

R NH3,gas (kg)  641 (100%) 215  189 84 153  702 (100%) 229 161 148 164  2948 (100%) 
R NH3,acid (kg)  653 (102%) 213 193 73 173  721 (103%) 227 192 123 179  3087 (104.7%) 
R NH3,water (kg)  491 (77%) 180 117 64 130  610 (87%) 212 158 28 212  2656 (90.1%) 
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as the estimation error of this data point weighed quadrati-
cally in the regression; leaving out this data point changed 
the regression coefficient to 0.992 (with higher R2 and lower 
residual error) and was not significantly different from y=x. 
Leaving out this data point is not correct from the mass bal-
ance perspective. Based on the mass balance of four periods, 
a regression coefficient of 0.955 is expected (the inverse of 
104.7% as compared to RNH3,gas). Despite the overestimation, 
RNH3,acid (method 2), had a good linear correlation with 
RNH3,gas (method 1 – measuring only on unit 2) with a regres-
sion coefficient close to 1. 

RNH3,water was generally lower than RNH3,gas, as indicated 
by the regression coefficient for the weekly estimated am-
monia removal based on the nitrogen balance of the process 
water (method 3) that was 0.897, which was not significantly 
different from y=x. Figure 5 clearly shows that the outlier at 
500 kg greatly influenced this result as the estimation error 
of this data point weighed quadratically in the regression; 
leaving out this data point changed the regression coefficient 
to 1.166 (with higher R2 and lower residual error) and was 
significantly larger than y=x. Leaving out of this data point 
is not correct from the mass balance perspective. Based on 
the mass balance of 4 periods, a regression coefficient of 
1.110 is expected (the inverse of 90.1% as compared to 
RNH3,gas), which means that method 3 (RNH3,water) underesti-
mated the ammonia removal as compared to method 1 when 
measuring aerial ammonia concentrations only at unit 2. De-
spite the underestimation RNH3,water had a good linear corre-
lation with RNH3,gas, with a regression coefficient close to 1. 

COMPARISON OF WEEKLY VERSUS 4-WEEKLY PERIODS 
The data on the weekly variation in acid use (shown in 

fig. 4) and the nitrogen balance of the process and discharge 
water (table 5, fig. 5) shows considerable variation due to 
irregular time events like acid dosage and water discharge. 
For example: In week 3 of period 4, there is hardly any am-
monia removal based on method 3 (28 kg), while for meth-
ods 1 and 2, this was 148 and 123 kg in this week, respec-
tively. However, in week 4 of period 4 this seems to be partly 
compensated, where method 3 removes 212 kg ammonia, 
and methods 1 and 2 show lower amounts with 164 and 
179 kg. Something similar happened in weeks 1 to 3 of pe-
riod 2: the ammonia removal based on method 3 was rela-
tively low compared to methods 1 and 2. However, in 
week 4 of period 4, this seems to be compensated, where 
method 3 removed 498 kg ammonia, and methods 1 and 2 
lower amounts with 257 and 413 kg. Table 6 shows that 
RNH3,acid and RNH3,water over 4-week instead of weekly time 
intervals clearly reduced the variation in the data for meth-
ods 2 and 3. 

A possible explanation is that the process water was not 
always homogeneously mixed and that the location where 
the pH and EC were measured was not representative of the 
total volume of the process water. This can, for example, be 
caused by the sedimentation and floatation of certain com-
ponents in the central water treatment. This could give an 
overestimation or underestimation of the pH and/or nitrogen 
content of the process water. Methods 2 and 3 are both prone 
to this. The effect of this nonhomogeneous mixing of the 
process water had a relatively bigger effect on weekly values 

            
Figure 5. Cumulative weekly ammonia removal according to method 2 (acid use; left) and method 3 (N-balance of the process water; right) against
method 1 (aerial ammonia concentrations; y-axis). Measurement points (dots) and regression lines are shown for all four periods and four weeks
(solid line), excluding the outliers at 400 kg and 500 kg (dashed line). The dotted line represents y=x. 

Table 7. Numerical results of the linear regression of RNH3,gas with data of all weeks (16 data points) and without data of period 2, week 4: regression
coefficient with standard error and the t-value for its difference from 1.000, as well as the R2 adjusted and the residual standard error.[a] 

Variable 
(method) 

No. Data 
Points 

Coefficient 
(s.e.) t-value 

R2  
Adjusted 

Res. St. Error 
(kg) 

RNH3,acid (2) 16 0.900 (0.051)  1.96 * 0.952 41.8 
RNH3,acid (2) 15 0.992 (0.035)  0.23  0.981 24.9 
RNH3,water (3) 16 0.897 (0.105)  0.98  0.820 80.8 
RNH3,water (3) 15 1.166 (0.087)  1.91 * 0.923 51.3 

[a] Significancy: * p<0.05. 
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than on 4-weekly values because the impact of discharged 
nitrogen into the silo became more important for the total 
nitrogen balance. 

COMPARISON OF MEASURING AMMONIA 
CONCENTRATION ON 1 VERSUS 2 UNITS 

Table 8 shows the results of method 1 in period 4 for units 
2 and 4. In period 4, we noticed a substantial spatial variation 
in ammonia concentration in the house; the air in unit 2 had 
a higher house concentration of ammonia (29.54 g m-3) than 
in unit 4 (22.94 g m-3). This spatial variation in source 
strength combined with the non-perfect mixing of air in live-
stock buildings, and the effect on emission measurements 
has been reported before (Van Buggenhout et al., 2009). By 
combining (averaging) the concentration measurements of 
both units 2 and 4, the ammonia reduction by method 1 
(RNH3,gas) for whole period 4 changed from 702 kg to 617 kg 
(12% lower), which is a considerable change. This amount 
was 104 kg lower and 7 kg higher than the ammonia reduc-
tion by methods 2 (RNH3,acid) and 3 (RNH3,water), respectively. 

We expect that the spatial variation in ammonia concen-
trations also occurred in periods 1 to 3 and contributed to the 
differences in estimated ammonia reduction between the 
methods. This result shows (again) the need to take good 
care of spatial variation in ammonia concentrations in live-
stock houses when calculating absolute emissions and emis-
sion reductions. 

Table 8 shows that method 2 (RNH3,acid) overestimated the 
emission reduction even more than in the previous compari-
son (increasing from 104.7% in table 6 to 116.8%). This 
could be explained by the possibility that the acid also reacts 
with other chemical components in the process water—such 
as alkanoic odor components—causing this method to over-
estimate the actual ammonia removal. Another possibility is 
that small drops of water are emitted from the system, which 
causes losses of acid and ammonia dissolved in these small 
droplets (Brouwers et al., 2012); these ammonia losses are 
not detected by the gaseous ammonia concentration meas-
urements.  

Table 8 also shows that the underestimation of method 3 
(RNH3,water) reduced to 98.9% (what was 90.1% in table 6). 
For this period, methods 1 and 3 were in good agreement, 
and the small difference indicates that the emission of small 
droplets, causing non observed losses of nitrogen from the 
system, were small. 

Although methods 1 and 3 were in good agreement, the 
assumed relationship between the ammonium sulfate con-
centration and the conductivity of the process water as re-
ported in Appendix 2 also needs attention. The relationship 
between the conductivity and the nitrogen content of the pro-
cess water that is used in this research was determined with 
clean water. But the actual process water also contained 
other chemical components and dust particles, which could 
influence the conductivity and therefore affect the nitrogen 
balance. The relation between the EC and the ammonium-
sulfate content should in the future also be determined in 
‘dirty’ process water from the units. 

SENSITIVITY ANALYSIS ON AMMONIA  
REDUCTION AND REMAINING EMISSION 

The effect of possible measurement errors (given by the 
accuracy of the sensors used) on the calculated emission re-
duction and remaining ammonia emission is presented in ta-
ble 9. 

The effect of measurement errors on the ammonia re-
moval of method 1 (RNH3gas) was relatively small (max. 
2.0%); the biggest influence was observed by a measurement 
error on the ventilation rate, giving a possible variation in 
ammonia removal between 604 and 629 kg. However, on the 
remaining ammonia emission according to method 1 
(AENH3,gas), a possible measurement error on the ammonia 
concentration in the house had obviously no effect on the 
remaining emission. 

As discussed, the ammonia removal by binding ammonia 
with acid (RNH3,acid) was higher than according to method 1, 
even higher than the calculated production of ammonia in the 
house, resulting in a negative remaining ammonia emission. 
For this reason, the measurement errors had a very large rel-
ative effect (up to 43 and 49%) on the calculated remaining 

Table 8. Mean 4-weekly (wk1-4), weekly (week 1-4) ammonia concentrations measured on air treatment units 2 and 4 in period 4, and the 
calculated effect on the cumulative ammonia removal of the system according to method 1, in comparison to the ammonia removal of methods 2 
and 3.  

   wk1-4    week 1 week 2 week 3 week 4 
Unit 2 CghouseNH3 (mg m-3) 29.54   27.01 28.49 28.96 33.93 

CgexhaustNH3 (mg m-3) 3.34  0.81 0.71 8.21 3.62 
ηNH3(%) 89%  97% 97% 72% 89% 
ϕv (m3 h-1) 40441  45695 40730 41686 32945 

R NH3,gas(kg) 702  229 161 148 164 
Unit 4 CgexhaustNH3 (mg m-3) 22.94   20.34 20.96 22.69 27.84 

CghouseNH3 (mg m-3) 3.23  0.93 0.87 7.96 3.17 
ηNH3(%) 86%  95% 96% 65% 89% 
ϕv (m3 h-1) 40441  45695 40730 41686 32945 

R NH3,gas (kg) 531  170 118 107 136 
Mean of  

unit 2 and 4 
CgexhaustNH3 (mg m-3) 26.24   23.67 24.72 25.83 30.88 
CghouseNH3 (mg m-3) 3.29  0.87 0.79 8.08 3.39 

ηNH3(%) 87%  96% 97% 69% 89% 
ϕv (m3 h-1) 40441  45695 40730 41686 32945 

R NH3,gas (kg) 617  200 140 128 150 
 R NH3,acid (kg) 721  227 192 123 179 
 Relative to R NH3,gas (%) 116.8  113.5 137.1 96.1 119.3 
 RNH3,water (kg) 610   212 158 28 212 
 Relative to RNH3,gas (%) 98.9  106 112.9 21.9 141.3 
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ammonia emission. When a revised value for acid use per kg 
of ammonia binding (eq. 5) can be substantiated by further 
research, method 2 can be valuable and used without result-
ing in physically impossible negative emission values. 

Also, the effect of measurement errors on the ammonia 
removal of method 3 (RNH3,water) was relatively small (max. 
1.6%). The relative effect on the calculated remaining emis-
sions was much larger, up to 15%, due to an error in the ven-
tilation rate sensor (φv1-4). This can be explained by the high 
level of ammonia removal by the air scrubber system and the 
relatively low remaining emissions. Although there is varia-
tion in the calculated remaining emissions for method 3 
(AENH3,water), ranging from 81 to 109 kg, the values are all of 
the same magnitude and most likely provide a fair indication 
of the actual remaining ammonia emissions. 

Based on these findings, an emission monitoring system 
for livestock houses with air scrubbers, based on method 2 
(with revised acid use per kg of ammonia binding) or 
method 3 is proposed. Such a monitoring system is deemed 
to be technically and economically feasible, can be relatively 
easily controlled and enforced, and also takes into account 
periods where the scrubber technology is not working as ef-
ficiently as expected. The resulting yearly net emission of 
ammonia can be used to validate the environmental permit 
of farmers and prevent higher emissions to the environment 
than allowed. 

This work as a whole was carried out in close collabora-
tion between the Vencomatic Group and Wageningen Uni-
versity. This public-private cooperation fits in with the trend 
and societal and legal need that companies take responsibil-
ity for the proper functioning of their systems and, conse-
quently, the long-term realized emission reduction. 

CONCLUSION 
The ammonia emission reduction by the air scrubber sys-

tem, under commercial livestock circumstances, is com-
pared on a 1 weekly and 4 weekly basis with three methods: 
aerial ammonia concentration measurements (method 1), 
acid use (method 2), and process water measurements 

(method 3). The overall weekly data showed a good linear 
relationship between the methods, with regression coeffi-
cients close to 1 and a variation of +/- 20% based on a four 
week period. The 4-weekly data showed a clearly reduced 
variation compared to the weekly data due to leveling out the 
impact of the scrubbing process-related events like acid dos-
age and water discharge. The result of method 1 was signif-
icantly (12%) influenced by spatial concentration differ-
ences of ammonia in the house. Taking this into account, 
method 2 overestimated the emission reduction of method 1 
with 16.8%, and method 3 was in good agreement with 
method 1. For method 2, a revised value for acid use per kg 
of ammonia binding needs to be substantiated in further re-
search. Possible measurement errors influenced the calcu-
lated ammonia removal by +/- 2%, but the relative effect on 
remaining emissions was bigger, up to +/- 15% for method 3. 

This study shows that monitoring acid use and/or the ni-
trogen balance can validate the ammonia reduction of air 
scrubber technologies under regular commercial circum-
stances. Also, these methods can give insight into the re-
maining emissions and thereby support local authorities in 
granting environmental permits and enforcing them. 
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Table 9. Emission reductions (RNH3) and remaining emission (AENH3) in kg and the relative change of these values for the three methods, variable 
values (values based on data from period 4 and for method 1 data of both units 2 and 4) and the sensor accuracy. 

Method Variable 
Mean  
Value Accuracy 

 
Range 
(kg) 

Relative  
Change 

(%)  
Range 
(kg) 

Relative  
Change 

(%) 
1     RNH3,gas   AENH3,gas 

Cghouse (mg m-3) 26.2 +/-0.12 mg m-3  614 / 620 +/- 0.6%  89 / 89 +/- 0.0% 
Cgexhaust (mg m-3) 3.3 +/-0.12 mg m-3  620 / 614 +/- 0.5%  86 / 93 +/- 3.6% 

 ϕv (m3 h-1) 40441 +/- 2.0%  604 / 629 +/- 2.0%  88 / 91 +/- 2.0% 
2     RNH3,acid  AENH3,acid 

Cghouse (mg m-3) 26.2 +/-0.12 mg m-3  721 / 721 +/- 0.0%  -12 / -19 +/- 22% 
 ϕv (m3 h-1) 40441 +/- 2.0%  721 / 721  +/- 0.0%  -23 / 5  +/- 49% 

         
AU (L) 1081 +/-10 L  714 / 727 +/- 0.9%  -9 / -22  +/- 43% 

3     RNH3,water  AENH3,water 
Cghouse mg m-3) 26.2 +/-0.12 mg m-3  610 / 610 +/- 0.0%  92 / 98 +/-3.4% 

 ϕv (m3 h-1) 40441 +/- 2.0%  610 / 610 +/- 0.0%  81 / 109 +/- 15% 
CN,0 (g L-1) 31.2 +/- 0.5%  619 / 602  +/- 1.4%  87 / 103 +/- 8.8% 
CN,n (g L-1) 33.6 +/- 0.5%  601 / 620 +/- 1.6%  105 / 85 +/- 10.2% 
VPW,0 (m3) 44.2 +/- 0.2%  614 / 607 +/- 0.5%  92 / 98 +/- 3.5% 
VPW,n (m3) 47.6 +/- 0.2%  606 / 614 +/- 0.6%  99 / 91  +/- 4.1% 
DW (L) 8100 +/- 2.0%  604 / 617 +/- 1.1%  102 / 88 +/- 7.1% 
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APPENDIX 1 
CALIBRATION OF AMMONIA SENSORS  
AND MEASURING FANS 

The ammonia sensors were tested after the test period, 
and the results are shown in table A1. The results show that 
the maximum deviation was -3.8% for the sensor used at the 
exhaust of unit 4, meaning that the real emission would be 
somewhat higher. The other sensors overestimated the con-
centration with circa 1%. These calibration data were not 
used for correction of the data presented in this paper. 

The measuring fan, as built into the tubes used in this 
study, was calibrated in a wind tunnel test. The results are 
shown in figure A1. 

APPENDIX 2 
RESULTS OF A PRELIMINARY STUDY ON THE  
RELATION BETWEEN CONDUCTIVITY AND  
NITROGEN CONTENT OF THE PROCESS WATER 

The maximum solubility of ammonium sulfate in water is 
744 g kg-1 at a temperature of 20°C (Lide, 2006), but no con-
ductivity was known so far for this concentration. To verify 
this solubility and to determine the conductivity, ammonium 
sulfate was dissolved in steps of 1 g in 100 mL demi water 
at a temperature of 20°C until the ammonium sulfate no 
longer dissolved. During this experiment, the conductivity 
was measured every step with a Hanna HI98192 conductiv-
ity sensor. 

Table A1. Calibration result of the four ammonia sensors after the test round when 100 ppm test gas and outside air (close to 0 ppm) was presented
to the sensors. 

   Test Gas (100 ppm)  Outside Air (close to 0 ppm) 

Sensor Variable  
Signal  

(V) 

Measured Ammonia  
Concentration 

(ppm)  
Signal 

(V) 

Measured Ammonia  
Concentration 

(ppm) 
Unit 2 – house CghouseNH3  10.10 101.0  < 0.05 < 0.5 

Unit 2 – exhaust CexhaustNH3  10.09 100.9  < 0.05 < 0.5 
Unit 4 – house CghouseNH3  10.10 101.0  < 0.05 < 0.5 

Unit 4 - exhaust CexhaustNH3  9.61 96.1  < 0.05 < 0.5 

 
Figure A1. Relationship between the rotation frequency (RPM) of measuring fan in a tube of 1135 mm and ventilation flow rate as determined in 
wind tunnel. 
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The maximum solvability of ammonium sulfate was de-
termined in a laboratory test. The experiment showed that 
765 g of ammonium sulfate can be dissolved in 1 L of demi 
water, with a measured conductivity of 299 mS cm-1. After 
this point ammonium sulfate did not dissolve anymore. 

With the relation shown in figure A3, the concentration 
of ammonium sulfate was converted into the concentration 

of nitrogen. The conversion factor from ammonium sulfate 
(NH4)2SO4—containing 2 nitrogen atoms per molecule—
to nitrogen N was done based on their molecular weights, 
which were 132 and 14, respectively. 

 ( )4 42
2*14  *Mass of 
132

Mass of N NH SO=  (A1) 

  

  
Figure A2. Relation between the concentration of ammonium sulfate and the conductivity of the process water; regression line through the dots
representing measurements after stepwise increase of the concentration. 

 

 
Figure A3. Regression lines to predict the ammonium sulfate (black solid line; left axis) and nitrogen concentration (dotted line; right axis) in 
process water based on the conductivity. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


