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Abstract 

Microbial growth in the water injection system is a well-known problem with severe 
operational and financial consequences for the petroleum industry, including micro-
biologically influenced corrosion (MIC), reduced injectivity, reservoir plugging, 
production downtime, and extensive repair costs. Monitoring of system microbiolo-
gy is required in any mitigation strategy, enabling operators to apply and adjust 
countermeasures properly and in due time. In previous studies [1] [2], DNA staining 
technology with SYBR Green dye was evaluated to have a sufficient detection limit 
and automation potential for real-time detection of microbial activity in the Saudi 
Aramco injection seawater. In this study, technical requirements and design solu-
tions were defined, and an autonomous microbe sensor (AMS) prototype was con-
structed, tested and optimized in the laboratory, and validated in the field for auto-
mated detection of microorganisms in the harsh Saudi Arabia desert environment 
and injection seawater. The AMS prototype was able to monitor and follow the gen-
eral microbial status in the system, including detection of periods with increased mi-
crobial growth or decreased microbial numbers following biocide injection. The in-
field AMS detection limit was 105 cells/mL. The long-term field testing also identified 
the areas for technical improvement and optimization for further development of a 
more robust and better performing commercial microbial sensing device. 
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1. Introduction 

Microbial growth in oil and gas production systems is a well-recognized problem with 
severe operational and financial consequences to the global oil industry. For water in-
jection systems, the growth of microorganisms and the formation of biofilm on the 
pipeline’s inner surfaces and process equipment led to an array of challenges, including 
biofouling, injectivity loss, reservoir plugging, and microbiologically influenced corro-
sion (MIC) [3] [4]. A critical cornerstone in any effective mitigation strategy is the rou-
tine surveillance of the system microbiology, enabling operators to apply and adjust 
countermeasures accordingly. 

Saudi Arabian Oil Company (Saudi Aramco) has the largest water injection system 
in the world. The overall objective of the study is to develop an online and real-time 
microbial monitoring technology for the company’s injection seawater system and re-
motely located injection wells. In the proof of concept study [1], five single-analyte 
methods were evaluated in the laboratory setup for the suitability of automation for de-
tection of microbial activity in the Saudi Aramco injection seawater. Staining of cells 
with DNA binding fluorescent dyes (PicoGreen and SYBR Green) [5]-[8] followed by 
quantification of fluorescence signals was identified as a reliable and promising sin-
gle-analyte method for automated, online determination of microbial cell abundance in 
the injection seawater system. 

DNA staining technology for bacterial quantification was then evaluated for detec-
tion limit, automation potential, and temperature stability for the construction of au-
tomated sensor prototype [2]. DNA staining with SYBR Green dye was determined to 
be better suited for online and real-time monitoring of microbial activity [8] [9], with a 
detection limit of 2 × 103 cells/mL under the optimized laboratory conditions [2]. 

The objective of the current study is to define the technical requirements and design 
solutions, construct an autonomous microbe sensor (AMS) prototype, test and validate 
AMS in the laboratory and field for automated detection of microorganisms in Saudi 
Aramco’s injection seawater, and identify the areas for technical improvement and op-
timization for further adaption to a commercial microbial sensing device. 

2. Experimental Approaches 

The AMS prototype was designed to autonomously detect microorganisms in injection 
seawater. The prototype was controlled by an automated timer, which turns on an in-
dustrial panel computer with customized LabVIEW software [10]. The software con-
trols the sensor operation and equipment shut down following measurements. 

2.1. Technical Requirements and Design Solutions of AMS Prototype 

The schematic drawing of the AMS prototype is illustrated in Figure 1. The prototype 
strives to be automated for approximately 30 days after which the containers with the 
reagents, SYBR Green I, cleaning agent, and rinsing water, will need replacement. The 
sensor prototype design, technical requirements and solution, and automated mea-
surement processes are described in detail next. 
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Figure 1. Schematic overview of the AMS prototype. 

 
Sampling interphase and flow  
The sensor prototype is connected to the Saudi Aramco seawater injection system by 

a push-in connector (Figure 1(a)), which allows easy connection and replacement of 
the tube that transfers seawater from the pipelines to the prototype.  

The pressure of Saudi Aramco injection seawater sidestream entering the prototype 
is reduced to below 10 bar. A pressure regulator (Figure 1(b)), downstream of the 
push-in connecter further reduces the pressure to 0.5 bar, ensuring a stable flow into 
the sampling chamber (Figure 1(d)). Air entrance into the sampling chamber is mini-
mized by a restrictor (Figure 1(c)), with a reduced diameter compared to the entrance 
tubing. 

A relatively high flow rate through the sampling chamber is maintained to ensure 
that fresh samples are available at all times. A 5-mL motor driven syringe (Figure 1(e)), 
draws a precise volume of injection seawater from the sampling chamber at selected 
time points for analysis. 

Automated mixing of reagents  
In addition to sampling, the automated 5-mL syringe also controls liquid transporta-

tion and mixing of reagents in the sensor prototype. An accurate volume of SYBR 
Green dye (Figure 1(g)) is drawn by a high accuracy injection valve (Figure 1(f)) di-
rectly into sample stream. The sample and the dye are then mixed with the automated 
syringe in a mixing chamber (Figure 1(h)), and incubated before the mixture is 
pumped into a flow cell (Figure 1(i)), with a Z-shaped light path specifically designed 
for fluorescence detection and reducing background interference. 
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Fluorescence reading and output 
A light-emitting diode lamp (Figure 1(j)), with an excitation wavelength of 490 nm 

was applied as a light source because of its low warm-up time and energy demand. The 
light entering and emitted from the flow cell was controlled by optical filters to ensure 
high quality fluorescence readings without background interference. Fluorescence 
emitted at 520 nm was detected with a robust spectrometer (Figure 1(j)). The fluores-
cence detector has a permanent alignment of the optical design and no need for grating 
adjustment so that the detector can be automatically operated without supervision. 

The measured fluorescence signal is automatically converted to a readable digital 
output, and stored in an lmv file. The file can be accessed from a computer connected 
to the sensor prototype, and imported or copied into Excel for analysis. The computer 
also has a user interphase for hardware control and monitoring of the signal output. 

Flushing of system following analysis 
After each sample analysis, the system is applied with chemical cleaning agent 

(Figure 1(k)) to prevent biofouling of sensor equipment, then rinsed with sterile dis-
tilled water (Figure 1(l)) to thoroughly flush out traces of chemical reagents prior to 
the next sample analysis. The system cleaning and rinsing are accomplished by the 
8-port valve (Figure 1(V2)) and automated syringe. 

2.2. Construction of the AMS Prototype 

The AMS prototype was constructed with robust components for equipment functio-
nality and durability in the challenging Saudi Arabia dessert environment and opera-
tion conditions of seawater injection system (salinity, pH, temperatures, biocides and 
particles) [2]. 

Equipment and tubing material 
The sensor prototype is cased in a protective dust-free box to protect components 

from wind, rain and dust (Figure 1(m)). The box size and doors are designed to allow 
manual operation, inspections and replacement of reagents. 

Polytetrafluoroethylene polymer tubing is selected because it has good resistance to-
ward most organic and inorganic compounds, can be easily and efficiently cleaned by 
flushing, and preserves the form and diameter over long-time repetitive usage. The se-
lection of diameter is a balance between minimizing consumption of cleaning and 
rinsing agent and tear on the motor in the motor-driven syringe. 

Hardware and software 
The implemented hardware has been selected carefully to ensure reliability, stability 

and robustness of the sensor prototype. The software LabVIEW [10] is used to pro-
gramming the user interphase and control of hardware. 

No temperature control is incorporated in the sensor prototype for proof-of-concept 
testing due to high energy demand from air-conditioning. Therefore, the prototype is 
programmed to shut down automatically when temperature outside the sensor is above 
40˚C.  

Power supply 
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The sensor prototype is connected to a 230 V AC power supply. The power demands 
during standby are limited as only a fan and a timer are turned on. During sensor oper-
ation, the power consumption of the prototype components is 280 W in total, including 
syringe pump, valves, computer, and spectrometer. The components will only be 
turned on when needed to economize the power demand. 

2.3. Laboratory and Field Validation of the AMS Prototype 

The constructed AMS prototype underwent thorough laboratory testing, with a focus 
on the detection limit and automated measurements. Following the laboratory valida-
tion, the AMS prototype was installed and operated in Saudi Aramco’s injection seawa-
ter system for short-term calibration and validation (9 days) and long-term field testing 
(4 months). The field testing provides information about the equipment durability, 
technology performance under field conditions, and future design improvement for 
commercialization. The flow diagram summarizes the experimental approaches in la-
boratory and field validation of the AMS prototype (Figure 2). 

3. Results and Discussion 
3.1. Laboratory Optimization and Validation of the AMS Prototype 
3.1.1. Optimization for the AMS Prototype Detection Limit 
The initial tests with the AMS prototype showed that optimizations of the sensitivity 
were needed to reach the desired detection limits. The sample and SYBR Green dye in- 
 

 
Figure 2. Flow diagram of experimental approaches in laboratory and field validation of the AMS 
prototype. 
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cubation time, fluorescence detection time, and dye concentration and dosing volume 
were optimized. 

1) Sample and Dye Incubation Time 
The fluorescence signal is triggered when the SYBR Green binds to DNA. The detec-

tion limit may therefore be improved by allowing more time for the dye to penetrate 
the microbial cells and bind to the less readily accessible intracellular DNA [5] [11] 
[12]. Replicas of a sample were stained for 10 - 60 minutes before the fluorescence sig-
nal was measured (Figure 3). The detected fluorescence signal illustrated that the de-
tection limit can be improved by increasing the dye incubation time. A very long incu-
bation time is, however, not desirable for a fast-track method. The gain was evaluated 
to be the highest when the sample was incubated for 40 minutes. Therefore, the opti-
mized sample and dye incubation time is 40 minutes. 

2) Fluorescence Detection Time 
A counter inside the detector detects all the fluorescence emitted at a specified wave-

length in a given time period. The sensitivity may therefore be improved by increasing 
the time period over which the detector is counting (the integration time). The fluores-
cence signal intensity significantly increased when the fluorescence detection time was 
increased (Figure 4). Approximately 106 bacteria yielded a fluorescence signal intensity 
of 3700 and 46,000 with a detection time of 10 and 240 seconds, respectively. Therefore, 
the detection time of 240 seconds was applied to increase the fluorescence signal inten-
sity, and thereby the sensitivity. 

3) SYBR Green Dye Concentration and Dosing Volume 
Lower cell numbers could be detected when the amount of SYBR Green dye was in-

creased [7] [9], however, the increased dye concentration also resulted in an increased 
fluorescence background. The best AMS prototype performance was achieved with 0.4 
µL dye per 4 mL of seawater sample.  

The optimized dye concentration, incubation time and fluorescence signal detection 
time were all incorporated in the AMS software, and the new settings were tested by  
 

 
Figure 3. The fluorescence signal intensity (arbitrary units) increases when SYBR Green is al-
lowed more time to penetrate the microbial cells. 
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Figure 4. The fluorescence signal intensity (arbitrary units) can be increased by increasing the 
fluorescence detection time. Two samples were measured for 240 seconds and the higher fluo-
rescence signal is reproducible. 
 
automated test runs. The results from the automated test runs were less consistent than 
the results from test runs where the samples were added manually. By thorough troub-
leshooting it was determined that the fluctuating automated results were caused by in-
complete staining due to inconsistent dye dosing. Consistent fluorescence readings 
during automated test runs was achieved by increasing the dye volume applied for fill-
ing the dosage loop on the valve from 1 μL to 10 μL. 

3.1.2. AMS Detection Limit of Microorganisms 
The detection limit of the AMS prototype was determined by measuring fluorescence 
from sterile filtered seawater (salinity 5.5%) spiked with sulfate-reducing bacteria 
(SRB). During the automated operation, the fluorescence signal intensity from 8 × 104 
cell/mL was well above the background signal intensity (Figure 5). Extrapolation of the 
detected fluorescence values suggests that the AMS prototype can detect down to 2 × 
104 cell/mL under controlled laboratory conditions. 

3.1.3. Validation of Automated Measurements of Microorganisms 
The AMS prototype was validated by automated measurements of the fluorescence sig-
nal intensity (Figure 6, red squares) combined with 4,6-diamindino-2-phenylindole 
(DAPI) counting [13]-[15] at selected time points (Figure 6, green triangles). The AMS 
prototype was detecting the fluorescence signal of microorganisms in tap water for 24 
hours, before nutrients, salts and a bacterial inoculum were added (black line). The mi-
crobial density increased rapidly following the spiking, and the maximum capacity of 
the detector was reached after 39 and 42 hours (data not shown). To lower the microbi-
al numbers, the supply bottle containing the high microbial density was replaced with 
sterile water (blue line), and the microbial numbers in the sampling chamber decreased 
correspondingly. A good correlation between AMS fluorescence signal intensity and 
cell numbers determined by direct DAPI counting was established. 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

10 60 120 240 240

Fl
uo

re
sc

en
ce

 si
gn

al
 in

te
ns

ity
 (a

.u
.)

Fluorescence detection time (seconds)



M. A. Al-Moniee et al. 
 

88 

 
Figure 5. Automated detection of fluorescence signal intensity (arbitrary units) in the AMS pro-
totype correlated linearly with DAPI counts of SRB spiked in sterile filtered seawater (salinity 
5.5%). 
 

 
Figure 6. Automated detection of fluorescence signal intensity (arbitrary units) from microor-
ganisms with the AMS prototype (red squares) before and following manipulations in cell num-
bers (green triangle). 
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3.2. Short-Term Calibration and Validation of the AMS  
Prototype in Seawater System 

3.2.1. Installation of the AMS Prototype and Field Conditions 
The AMS prototype was connected to a sidestream of the internally coated seawater 
shipping line in a water supply plant for short-term calibration and validation. The 
pressure of injection seawater was adjusted with two valves, one upstream the AMS and 
one inside the AMS. These valves ensured continuous flow through the AMS sampling 
chamber. 

The AMS was programmed to automatically turn on and collect a sample from the 
sampling chamber every three hour for sample measurement. The AMS prototype was 
also programmed to automatically shut down to protect the electrical equipment, if the 
humidity is below 5% or above 95%, or if the temperature is above 40˚C. Temperatures 
above 35˚C also have negative effect on SYBR Green staining reaction [2] [6] [8]. Dur-
ing the short-term field testing, the temperature and humidity were 13˚C to 34˚C and 
5% to 70%, respectively, both within the acceptable range for both electrical equipment 
and the DNA staining technology. 

3.2.2. Fluorescence Signal Measurements 
Three different intensity values of fluorescence signals are detected by the AMS proto-
type: 
 Intensity Value Sample Water: Background signals without stain. The signal of the 

non stained water sample is measured to detect whether auto-fluorescent chemical 
components are present in the injection water. 

 Intensity Value Zero Point: Electrical background signal from stained sample with-
out excitation light turned on. 

 Average Intensity Value: Signal from the stained sample with excitation light turned 
on. The signal depends on the amount of DNA in the sample. 

The fluorescence signals detected from all the samples during the short-term field 
trial are shown in Figure 7. The electrical background signal (red diamonds) was very 
stable throughout the period, with the exception of three nights during which the tem-
perature was very low. The electric background signal of the AMS detector decreased 
when temperatures were below 17˚C. The temperature dependent background readings 
illustrated that it is important to subtract the zero-point background reading from the 
sample fluorescence reading to compare the biomass in different samples. 

The signal from the stained water samples (blue diamonds) was the highest in value 
detected. The fluorescence from non stained samples (green diamonds) were higher 
than the electrical background signal and generally increased when microorganisms 
was present in the sample water, corresponding to increased light scattering [16]-[18] 
and auto-fluorescence from proteins produced by the microorganisms [17]-[20]. 

3.2.3. Validation of the AMS Prototype Measurements under Field Conditions 
The fluorescence intensity emitted from a stained sample in the AMS depends on the 
amount of DNA present in the sample, which in turn, depends on the cell size and the  
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Figure 7. Measurements of the fluorescence signal intensity (arbitrary units) of Saudi Aramco’s 
injection seawater during the 9-day field calibration and validation by the AMS prototype. Back-
ground signals and signals from stained seawater samples were measured. 
 
metabolic status of the cell, as an actively dividing cell contains more DNA than a dying 
cell [21]-[23]. Therefore, the fluorescence intensity from the AMS prototype was cali-
brated with microorganisms from Saudi Aramco’s injection seawater to get the most 
accurate conversion of the AMS fluorescence signal to the more commonly applied unit 
cells/mL. The conversion was achieved through the correlation of AMS fluorescence 
signal with actual cell numbers determined by direct DAPI staining and microscopy 
counting. 

The AMS prototype was calibrated with a serial dilution of microorganisms in Saudi 
Aramco’s injection seawater. A good linear correlation was achieved when the microbi-
al numbers were plotted against the AMS fluorescence signal intensity (Figure 8). 

Based on the calibration curve, the fluorescence signal detected by the AMS proto-
type can be converted to cell numbers per mL seawater. The formula for the conversion 
of the AMS fluorescence signal to cells per mL is as follows: 

1 AMS Fluorescense Signal 520Number of cells mL
0.0007

− −
=              (1) 

where,  

AMS Fluorescence Signal Average Intensity Value Intensity Value Zero Point= −  (2) 

If the AMS fluorescence signal value is below 520, then the output from Equation (1) 
will be negative, and the AMS signal is below the detection limit, which is approx-
imately 105 cells/mL, determined by DAPI staining. 

The detection limit of the AMS depends on the amount of fluorescence emitted from 
a cell, which in turn depends on cell size [21]-[23]. The cells from the Saudi Aramco 
injection seawater were very small (Figure 9(a)), compared to the cells applied for de-
termination of the detection limit in the laboratories (Figure 9(b) and Figure 9(c)).  
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Figure 8. Correlation between the AMS fluorescence signal intensity (arbitrary units) and cell 
numbers in the analyzed injection seawater samples determined by DAPI staining and micro-
scopy counting. 
 

 
(a)                   (b)                    (c) 

Figure 9. Image of microbial cells stained with DAPI from (a) Saudi Aramco injection seawater, 
(b) Danish seawater amended with SRB and salinity, and (c) Danish tap water. The cells present 
in Saudi Aramco injection seawater were generally much smaller than the microorganisms ap-
plied for calibration of the AMS in Denmark. 
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Therefore, the detection limit (105 cells/mL) was slightly higher than the detection 
limit observed in the laboratory validation (2 × 104 cells/mL). 

Overall, a good correlation was established between the cell numbers detected by the 
AMS and DAPI counting (Figure 10). The cell numbers obtained were above 105 
cells/mL, and the lowest value was detected the day following a biocide batch treatment 
(SA seawater QUU#4-1), where the AMS signal was below the detection limit.  

In conclusion, the AMS is evaluated to give a good measure of the microbial cell 
numbers present in Saudi Aramco injection seawater. The detection limit of 105 cell/mL 
does, however, mean that the AMS signal is expected to be below the detection limit in 
periods with good microbial control. 

3.2.4. Evaluation of the AMS Applicability for Saudi  
Aramco’s Injection Seawater 

The cell numbers detected in the Saudi Aramco injection seawater varied from below 
the detection limit (BDL) to approximately 2 × 106/mL (Figure 11). The data points 
were slightly scattered, but generally they deviated with less than a factor of 10 during 
the field testing. On February 17 (marked by blue line), the sidestream line was short-
ened with the goal to reduce the amount of iron particles entering the AMS, resulting in 
much less scattered data points from the AMS. This observation showed that the origi-
nal scattering of the signal was most likely caused by iron particles in the system. 

 

 
Figure 10. The microbial numbers were quantified by the AMS prototype and DAPI staining. The samples analyzed 
were obtained from the AMS sampling chamber (SA seawater QUU#4, 1-4), SA pond seawater, and seawater con-
centrated by centrifugation (centrifuged seawater 1-2). 
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Figure 11. The fluorescence signal intensity (arbitrary units) detected in Saudi Aramco’s injection seawater by 
the AMS prototype was converted to cell/mL and plotted against the sampling time. 

 
After the scattering was reduced, a gradual increase in the amount of biomass in the 

seawater injection could be detected over time, reaching a cell density of ~106/mL. Fur-
thermore, in the beginning of the field validation period, the AMS signal was frequently 
below the detection limit (red diamonds), which indicated that cell numbers were lower 
during this period and close to 105 cells/mL. The overall pattern thereby suggested an 
increase in the cell numbers throughout the 9-day field validation period, from ~105 
cells/mL to 106 cells/mL, which corresponded extremely well with the biocide dosage 
regime, as the system received biocide on February 12 and 20 in the evening. Based on 
these observations, the DNA staining technology is applicable for detection of critical 
levels of microorganisms and microbial growth under Saudi Aramco’s injection seawa-
ter system. 

3.3. Long-Term Field Testing of the AMS Prototype 

Following the initial field validation, the AMS prototype was programmed to automat-
ically sample each day at 6 a.m., 3 p.m. and 10 p.m. and analyze the injection water for 
4 months (February 21 to June 24, 2013) under regular inspection and maintenance. 
The AMS was also programmed to automatically turn off to protect the electronics if 
external temperatures are above 40˚C. 

Throughout the test period, the signal output from the AMS prototype could be 
viewed in real time on the instrument screen. Furthermore, the compiled data could 
subsequently be exported from the system to provide an overview of the microbial 
growth in the system throughout the entire monitoring period (Figure 12). Good mi-
crobial control was achieved following the biocide treatment on February 20, as the  
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Figure 12. Overview of microbial cell numbers detected by the AMS prototype in Saudi Aram-
co’s seawater from February 12 to June 24, 2013. 
 
high microbial numbers deceased to below the detection limit (red diamonds) within 
30 hours following biocide injection. The microbial numbers reached high levels again 
on March 17 to 21 followed by a long period until mid-May with good microbial con-
trol. The detection of high microbial numbers followed by periods with good microbial 
control illustrates that the AMS prototype can be applied to survey when the microbial 
numbers reaches above 105 cells/mL, and evaluate microbial treatment strategies.  

From mid-May and until June 24, the number of microorganisms was more fre-
quently above the detection limit of 105 cells/mL, suggesting that the elevated tempera-
tures during the summer season increased the microbial activity and growth. In addi-
tion, the cell numbers detected during this period showed a diurnal pattern with high 
levels being detected in the morning and lower values in the evening. The higher 
morning reading was probably caused by a fast temperature increase in Saudi Arabia 
after sunrise at around 6a.m. If the temperature reaches 37˚C and continues to increase 
while the fluorescence measurements are being conducted (7 to 7:30 a.m.), the back-
ground fluorescence intensity increases (Figure 13), resulting in an overestimation of 
the microbial numbers in the 6 a.m. measurements (Figure 12, blue diamonds with a 
red perimeter) [2]. It should be noted that the AMS measurements are reliable at high 
temperatures if the temperature is constant. A temperature correction factor could 
most likely have been developed if the temperature had been measured simultaneously 
with the fluorescence detections. 

The fluorescence signal intensity in samples with a low microbial load decreased to 
fluorescence signal intensities lower than the background fluorescence measurements 
detected during the field validation period. The low fluorescence intensity was sus-
pected to be caused by iron precipitation in the flow cell, which interfered with fluores-
cence readings [16] [17]. The microbial numbers detected in the seawater shipping lane 
by the AMS may therefore have been somewhat underestimated from the end February 
and onwards. These field testing experiences emphasizes the need for incorporation of 
an internal standard control, and the need for developing an improved cleaning proce-
dure, to minimize the interference of iron precipitation on fluorescence measurement. 

The long-term field test proved that the AMS was able to operate autonomously for 
detecting the microbial status in Saudi Aramco’s injection seawater. Good correlation  



M. A. Al-Moniee et al. 
 

95 

 
Figure 13. Temperature inside the AMS plotted as a function of the background fluorescence intensity in arbi-
trary units (zero-point intensity values) detected by the AMS. The scattered values above 4,550 are all 6 a.m. mea-
surements. 

 
between the AMS prototype fluorescence signal and cell numbers in Saudi Aramco’s 
seawater has been established, which enabled the conversion of the AMS fluorescence 
signal output to cell numbers (cells/mL). The AMS detected changes in the microbial 
numbers, caused by increasing microbial growth (e.g., following system shutdown or 
during the warmer summer season) or immediate biomass decrease following biocide 
injection in the system. Overall, the AMS showed the system to be under good microbi-
al control, with cell levels ranging from less than 105 to 106/mL. 

3.4. Identified Challenges under Field Conditions 

The field testing of the AMS prototype identified areas where improvements can be 
made for the next generation of AMS. Below, observed challenges for the AMS opera-
tion under field conditions are described and suggestions for AMS design improve-
ments and/or actions to overcome the challenges are proposed. 

3.4.1. High Levels of Particles 
Saudi Aramco’s injection seawater from the coated line contained surprisingly high 
amounts of iron particles (ochre) for being a coated pipeline (Figure 14). This was un-
expected as low particle counts previously had been reported from the seawater injec-
tion system [2]. It was suspected that the sidestream line was contributing to the high 
ochre load into the AMS sampling chamber, and the main interference from iron par-
ticles was alleviated by simply shortening the sidestream line. 

The iron particles pose a severe threat to the AMS prototype functionality as precipi-
tations inside the flow cell may interfere with fluorescence detection by impairing exci- 
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Figure 14. Iron particles were observed in the sampling chamber. 

 
tation and emission light paths. No signs of fluorescence signal fading were observed 
during the 9-day field validation. During the long-term field testing period the fluores-
cence counts were, however, up to 200 to 300 counts lower than the background counts 
detected during the AMS lab validation. These lower counts were likely caused by iron 
precipitations on the glass surfaces inside the flow cell, and the microbial cell numbers 
detected by the AMS prototype during the long-term field testing period may have been 
somewhat underestimated. 

The iron particles also challenge the AMS sampling system as it can precipitate and 
cause blockage of the tubing and valves. Likewise, the larger biofilm aggregates may 
cause blockage. No blockage was observed during the 9-day field validation although 
iron particles and large biofilm fragment were observed. Tube blockage was, however, 
observed two times during the long-term AMS prototype testing; in one case the dye 
dosage system had been blocked, and in another case the supply line to the sampling 
chamber had been blocked. 

The precipitation of iron and accumulation of larger biofilm aggregates can challenge 
equipment durability. Preventive measures (e.g., dimensions of equipment and auto-
mated cleaning procedures) and a more thorough surveillance of equipment functio-
nality (e.g., automated internal calibration) should therefore be considered when the 
next generation AMS device is constructed. 

Suggested actions for the next generation AMS: 
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1) Optimization of cleaning procedures: The internal AMS cleaning procedure 
should be optimized to minimize the risk of fouling from both biofilm and iron pre-
cipitation. For instance, the formation of iron precipitations may be minimized by 
including acid rinsing in the AMS cleaning program.  

2) Incorporation of an internal control: By incorporating an internal standard con-
trol, the operator will be able to identify whether the AMS is operating reliably. The 
internal control could furthermore contribute to assessing whether cleaning of the 
AMS flow cell is functioning as intended.  

3) Optimization of fluorescence detection procedure and software: The AMS pro-
totype data points were slightly scattered, and this could partially have been caused 
by the presence of biofilm fragments, as this will lead to a nonuniform distribution 
of cells within the water sample. The sampling procedure and software should be 
optimized in the next generation AMS device to minimize the scattering of data 
points caused by uneven cell distribution. 

3.4.2. Sensitivity and Detection Limit 
The DNA staining technology and procedure in the AMS prototype can successfully 
detect when the microbial load in Saudi Aramco’s injection seawater reaches a critical 
level, and it can be applied to determine whether microbial control measures effectively 
lowers the microbial numbers.  

The current AMS version successfully detected periods with increasing cell numbers 
in seawater system (Figure 12), with a detection limit of 105cells/mL. Though this is a 
very low detection limit, it is higher than the detection limit observed under laboratory 
conditions. Furthermore, the increase in the AMS signal intensity when cell numbers 
increased were lower than the corresponding values observed during the laboratory va-
lidation. While the AMS sensitivity is generally high, these observations suggest that the 
instrument sensitivity may be even further improved. 

Suggested actions for the next generation AMS: 
1) Optimization of cleaning procedures and incorporation of an internal control: 

During the long-term field testing, the sensitivity of the AMS prototype may have 
been decreased by precipitation of iron particles inside the AMS flow cell. The AMS 
operation should therefore be optimized by improved cleaning and inclusion of an 
internal standard control.  

2) Optimization of hardware and software settings: The sensitivity of the AMS may, 
to a limited extent, be improved by decreasing the bleaching during fluorescence 
detections and by optimizing the AMS hardware such as flow cell. 

3.4.3. Temperature 
High temperatures were expected in the desert environment, and to avoid damaging 
electrical components, the AMS prototype was programmed not to initiate measure-
ments if external temperatures were above 40˚C. During the winter season, no temper-
ature-related challenges were noticed, however, in May and June, 48% and 92% of the 3 
p.m. measurements were cancelled, respectively, due to high ambient temperatures. 
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During the summer months in Saudi Arabia, AMS readings in the daytime are there-
fore an obstacle.  

Another identified issue relates to temperature fluctuations taking place during the 
AMS signal readings. The background fluorescence intensity is decreased by tempera-
tures below 17˚C and increased by temperatures above 37˚C, resulting in an underes-
timation or an overestimation of the microbial numbers, respectively. 

Suggested actions for the next generation AMS: 
1) Incorporation of temperature correction factor: The ambient temperature should 

be measured simultaneously with the fluorescence measurements so that a temper-
ature correction factor could be developed to correct for the temperature influence 
on the background fluorescence intensity.  

2) Optimization of sampling time: It is recommended to consider preventive meas-
ures to avoid large temperature fluctuations during measurements, e.g., by optimiz-
ing the sampling time according to sunrise and shading.  

4. Conclusions 

An AMS prototype for automatic online monitoring of microbial biomass in Saudi 
Aramco’s seawater injection systems was successfully developed, constructed and expe-
rimentally validated. 
1) The DNA staining technology was successfully optimized and simplified to facilitate 

robust and reliable automation. 
2) Robust technical solutions and hardware components allowed AMS prototype op-

eration in the harsh Saudi Arabian desert environment. 
3) The AMS prototype was experimentally tested and validated at laboratories with 

automatic sampling, DNA staining, and analysis of microbial biomass in high salin-
ity seawater samples. 

4) The AMS prototype was also successfully installed, tested, and validated at a seawa-
ter supply plant. The linear relationship of fluorescence signal and microbial num-
bers in the injection water was determined by parallel DAPI analysis, which enables 
the conversion of AMS fluorescence signal output to cell numbers (cells/mL). The 
infield AMS prototype detection limit was 105 cells/mL. 

5) The AMS prototype was operated for four consecutive months under Saudi Aramco 
field conditions, with automated daily monitoring of microbial cell levels in the si-
destream of seawater shipping line. The AMS prototype was able to monitor and 
follow the general microbial status in the system, including detection of periods with 
increased microbial growth or decreased microbial numbers following biocide in-
jection. 

5. Further Improvement and Way Forward 

The field testing of the AMS prototype has identified the areas for technical improve-
ment and optimization for the further development of a more robust and better per-
forming commercial AMS. Some of the improvement areas are: 
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 Improve cleaning procedures to minimize biofouling and iron precipitations. 
 Incorporate an internal standard control for calibration of the fluorescence signal 

and validation AMS functionality. 
 Improve detection sensitivity through application of other detector hardware and/or 

software modifications. 
 Redesign the AMS software interphase, layout and data output for easy data inter-

pretation by field personnel. 
 Incorporate a solar power system for operating the equipment at remote locations. 
 Investigate equipment temperature tolerance, and develop a temperature correction 

factor to correct for variation in detector background measurements at tempera-
tures below 17˚C and above 37˚C. 
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