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Continuous analysis of the microbiological load in water is still today a scarcely applied 

concept. Microbiological problems have been present in various scales in the process 

industry, but in conjunction with circular economy, the reuse of waters without 

considering the microbiological aspect indirectly contributes to the rise of problematic 

situations. While taking on to measures of reducing microbial activity, continuous 

analysis aids monitoring the effects at a high resolution. 

ATP measurement is a sensitive method that is based on a chemiluminescent reaction, 

which can be used to directly determine the level of active microbes in water. The 

applicability of continuous ATP analysis is studied in this thesis by practical test periods 

in a municipal water network with low microbial activity, and the raw water system of a 

power plant with severe microbiological challenges, along with conducting antimicrobial 

measures. With low ATP concentrations, fluctuations were minimal in the municipal 

water network considering negligible measurement errors. The waters analyzed at the 

power plant were in turn at the other extreme, challenging the upper limit of the 

measurement range. The results provided valuable information and a new 

understanding of how process dynamics can affect the microbiological status and at 

which pace or delay. 

Keywords:  water quality, process hygiene, microbial control, on-line measurement, 

adenosine triphosphate, culture-independent analysis 
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1 Introduction 

The microbiological quality of water has become increasingly more important due to the 

growing trend of circular economy, which can entail growing microbiological challenges 

as nutrients and microbes accumulate, affecting occupational health and safety and 

product hygiene. Microbiological fouling can affect processes negatively, even lead to a 

shut-down; however, there are ways to prevent this from happening. 

For several years, Teollisuuden Vesi Oy (TeVe Water) has applied intracellular adenosine 

triphosphate (cATP) measurement to investigate areas for improvement in water 

systems and to identify various challenging situations caused by microbiological factors. 

ATP measurement as a fast method provides important up-to-date information to 

support decision-making. The method has been successfully applied for mapping of risk 

sites, bracketing of sampling points, monitoring of renovation works in municipal water 

networks, and verification of the effectiveness of shock chlorination. The amount of cATP 

describing the total microbial level cannot specifically indicate the presence of different 

species but can often give rapid information about changes in total microbial level to 

choose the right measures at the right time. A series of comparative measurement has 

verified that cATP results are in the vast majority of practical cases directly proportional 

to total microbial levels measured by DNA-based methods. 

One of the weaknesses of ATP measurement so far has been the lack of automation. In 

processes requiring regular monitoring, sampling and analysis have implied manual 

work and, despite its ease, achieving a comprehensive time resolution in dynamic 

processes has been problematic. Utilizing continuous analysis allows for longer-term 

monitoring of objects of interest. Potential applications include water quality assurance, 

risk management related to the recycling of various process waters and methods for 

controlling microbiology by dosing of biocides. By combining continuous sampling, 

manual measurements, and process control measures, it is possible to achieve a 

comprehensive level of microbiological control to the process. 

Continuous (on-line) microbiological measurement is currently a little researched and 

applied area. Microbiological activity occurs everywhere in different magnitudes in all 

processes. Several different methods for measuring microbiological status exist, the 

most traditional of which are based on cultivation (culture-dependent methods). 

Culture-dependent methods are still demanded by the authorities to follow the microbial 

status. Cultivation has its disadvantages, from being microbe specific to showing 
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difficulties to capture the total population; therefore, culture-independent methods 

serve as a better alternative (Figure 1). Typical methods are flow cytometry, quantitative 

polymerase chain reaction, and ATP measurement (see Chapter 3). Continuous 

microbiological measurement in general and, especially in the form of ATP, is still hardly 

applied for industrial processes.  

In this thesis, the applicability of continuous measurement of ATP is investigated based 

on tests in a regional water distribution system and at the raw water system of a power 

plant. In addition, part of the work has also been learning the operation of the analyzer 

from scratch and specializing in its use. 

 

 

Figure 1. Generalization of the microbial population captured by different methods. 
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2 Process microbiology 

2.1 Relevance of monitoring microbiological status of processes 

Various industries, such as pharmaceutical, food processing, water distribution, energy, 

pulp and paper, and manufacturing, recognize the importance of microbiological issues 

(European Pharmaceutical Review, 2017; Maukonen et al., 2003; Bajpai, 2015a; Allen, 

Edberg & Reasoner, 2004; Rao, 2015). Monitoring of microbial activity is directly used to 

track microbial growth, determine hotspots, pinpoint differences in nutrient availability, 

and confirm treatment efficacy. 

In process control, monitoring of microbiological status works as an early warning 

system for identifying fouling of the process environment. Raw water quality is affected 

by seasonal and weather variations, which imply variations in microbial load. Ignoring 

microbial problems could lead to negative outcomes in processes or products at the stage 

of consumption (Hawronskyj & Holah, 1997). Maintaining a system by microbial control 

works best at the initial stages of microbial growth (Bajpai, 2015b). A process that has 

reached a difficult microbiological state may require unnecessarily costly measures to 

restore its normal state. Microbial effects can cause problems in several ways, described 

in more detail in Chapter 2.3, which include clogging, reduced efficiency in heat 

exchangers, system degradation, and corrosion. Combatting biofouling often begins too 

late and is done wrong due to the lack of an early warning system and, is observed at the 

latest from the worsened product or water quality, where typically disinfection is carried 

out instead of sufficient cleaning, leading to the dead biomass in the system providing 

suitable conditions for regrowth (Strathmann et al. 2013). A high microbial load also 

indicates the risk for occupational safety, which is detailed further in Chapter 2.2, as 

presence of legionella or hydrogen sulfide at prominent levels causes a higher risk for 

exposure leading to serious health effects. 

As most processes rely on water, there is often room for improvement regarding water 

usage. Production processes using water are directly exposed to microbial contaminants, 

risking the contamination of products depending on the microbial status of the water 

and the overall system. The growing concept of circular economy further increases the 

relevance of microbial monitoring, as companies are becoming more motivated to reuse 

process waters as much as possible, especially when there is an economic advantage to 

reducing water intake and wastewater discharge (Sachidananda, Webb & Rahimifard, 
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2016). However, problems will arise if the accumulation of microbes, nutrients, and 

other compounds is not considered when waters and raw materials are re-used. If it is 

possible to reuse process waters, with or without treatment, monitoring of the 

microbiological status can be used as a tool to determine to what extent waters could be 

recirculated and when and how much make-up water is required, along with other 

control measures. The effectiveness of clean-in-place (CIP) processes can be monitored 

from rinse waters and savings in water and chemical usage can be made when sufficient 

cleaning has occurred (Hach, 2019). Figure 2 illustrates the thought process of how by-

products, waste, and fouling can be handled. Finding value in by-products and waste 

while obtaining a better functioning and more sustainable process also motivates waste 

management when it also may include economic opportunities. In conjunction with 

finding ways of utilizing and managing by-products, waste, and fouling, the 

microbiological aspect should be considered as well.  

 

Figure 2. Flow diagram to decide an appropriate path for managing waste, by-products, 

and fouling (Goode, Christian & Fryer, 2016). 
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2.2 Microbial growth in different environments and its implications  

Microorganisms are organisms of microscopic size that are present in three domains: 

bacteria, archaea, and eukaryotes (Figure 3). Eukaryotes have a cell nucleus, with 

bacteria and archaea lacking it (Gupta, Gupta & Singh, 2017). Chemical and physical 

circumstances determine which microbes can grow in a certain environment, depending 

on microbial growth requirements, and overall requires humid conditions. Nutrients 

that affect microbial growth are macronutrients carbon, nitrogen, oxygen, sulfur, 

phosphorous, potassium, and magnesium, and micronutrients iron, manganese, copper, 

cobalt, zinc, and nickel (Madigan et al., 2010). The most commonly occurring element in 

cells is carbon, originating either from organic matter (heterotrophs) or carbon dioxide 

(autotrophs). Nitrogen is necessary for compounds such as amino acids, 

deoxyribonucleic acid (DNA), and ribonucleic acid (RNA). Phosphorous is a compound 

required for the phospholipids in the cell wall, the bonds between nucleic acids, and 

adenosine triphosphate (ATP). Aerobic microbes require oxygen for growth, while 

anaerobes do not. The presence or absence of oxygen can both be obligate or facultative 

for aerobes and anaerobes. Obligate aerobes require oxygen, while facultative aerobes 

use oxygen but transfer to the use of other electron acceptors (most commonly nitrate) 

if oxygen runs out. Similarly, obligate anaerobes do not tolerate oxygen, while 

aerotolerant anaerobes can survive in the presence of oxygen. (Singh & Satyanarayana, 

2017)  

The energy metabolism of microbes is based on various redox (reduction-oxidation) 

reactions, with carbon being the oxidized element (electron donor) when present, e.g., 

carbohydrates, but other compounds such as ammonium (nitrification) or reduced 

sulfur compounds can also be oxidized. The reducing element is the electron acceptor, 

where in aerobic conditions reducing oxygen is the most energy-efficient, while in 

oxygen-depleted and anaerobic conditions, bacteria must settle on reducing nitrate, 

ferric iron, sulfate, and carbon dioxide. In the absence of electron acceptors, an anaerobic 

process called fermentation occurs where organic compounds are broken down and 

used as electron acceptors (Kadner & Rogers, 2022).  

Microbes have specific preferences for physical conditions such as temperature, water 

potential, pH, oxygen content, light content, and osmotic conditions. They can be 

classified by their optimum temperature range, as psychrophiles (0-20 °C), mesophiles 

(20-40 °C), and thermophiles (>45 °C). As a rule of thumb, microbial growth of some kind 

occurs from 10 to 60 °C. Temperatures over 60 °C reduce the risks but do not eliminate 
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them. Numerous microbes favor a pH between 6.5 and 7.5 (neutrophilic). Acidophiles 

require acidic and alkaliphiles alkaline conditions, respectively. Different microbes 

tolerate or require different amounts of salt concentrations (osmotic conditions) and 

likewise regarding light content. (Madigan et al., 2010; Banerjee, 2021)  

 

Figure 3. Phylogenetic tree of the three domains: bacteria, archaea, and eukaryotes 

(Madigan et al., 2010). 

 

Microbes are ubiquitous and, from a human perspective, range from vitally important to 

seriously harmful (Gupta, Gupta & Singh, 2017). They have a significant role in balancing 

the ecosystem of the earth by cycling nutrients such as carbon, oxygen, and nitrogen 

where, e.g., cyanobacteria contribute to oxygen production through photosynthesis 

(Singh & Satyanarayana, 2017). However, increased total microbial levels increase the 

risk for the presence of pathogens at considerable levels. From an industrial perspective, 

microbes can cause problems by inhibiting processes or contaminating the products 

resulting from said processes, which is problematic, especially with products requiring 

high hygiene. Microbes are though utilized in industrial applications, e.g., wastewater 

treatment, production of enzymes, antibiotics, alcohol, and bioreactors for various 

purposes such as fermentation, metal leaching, and methane production (Kaksonen, 

2018; Singh & Satyanarayana, 2017). Escherichia coli (E. coli) and Enterococcus spp. are 

gastrointestinal bacteria that are generally considered to point towards fecal 

contamination from raw waters (Valvira, 2020). Simultaneously, E. coli is industrially 

used to produce synthetic insulin and is necessary for humans by production of vitamin 

K (Sargen, 2020).  
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A wide variety of spore-forming bacteria, most of which represent bacilli and clostridia, 

can grow in both aerobic or anaerobic conditions while also being thermophilic, 

mesophilic, or psychrophilic, depending on the specific bacteria (Remize, 2017). Thus, 

they are difficult to eliminate by adjusting the temperature or oxygen content. In addition, 

sporulation occurs when nutrients are low or conditions otherwise unsuitable and 

spores are resistant to temperature, radiation, and oxygen-depleted conditions and 

contain low levels of ATP (Madigan et al., 2010).  However, the endospores reactivate 

and return to a vegetative state when conditions are suitable again.  

Most microorganisms found in the food and processing industry are harmless, while, e.g., 

Listeria monocytogenes (L. monocytogenes), Bacillus cereus (B. cereus), and Clostridium 

perfringens (C. perfringens) are considered harmful (Maukonen et al., 2003). C. 

perfringens is a spore-forming bacterium that grows in oxygen-depleted conditions, and 

likewise tolerates elevated temperatures, dryness, and nutrient depletion (Yao, 

Annamaraju, 2021). It is often related to foodborne diseases from cooking meat, poultry, 

and fish due to the spores activating at elevated temperatures and may further grow to 

unwanted levels when cooled slowly (Ruokavirasto, 2021). Bacteria within the B. cereus 

group are spore-forming bacteria and common foodborne pathogens that can grow in 

wide ranges of temperature and pH (El-Arabi & Griffiths, 2021).  

Sulfate-reducing bacteria cause biocorrosion or microbially induced corrosion (MIC), 

which are often found in biofilms, described in more detail in Chapter 2.3. Hydrogen 

sulfide is the product of sulfate reduction, which is highly corrosive due to low pH. Other 

types of microorganisms associated with biocorrosion are, e.g., sulfur-oxidizing bacteria 

(SOB), slime-forming bacteria, acid-producing bacteria, iron-reducing bacteria, iron-

oxidizing bacteria, and methanogens, while it should be noted that biocorrosion occurs 

in communities with a wide variety of microbes (Telegdi, Shaban & Trif, 2017).  

The abundance of microbes in process equipment and material flows risks the carry-over 

of microbes to the end product. Package materials for foods obviously require high levels 

of purity. Pulp is often used as a packaging material for foods and, thus, the level of 

microbiological contaminants and especially pathogens need to be minimized. Unwanted 

contaminants in non-food products such as wellness and hygiene products are typically 

Pseudomonas spp., Burkholderia spp., and Enterobacteriaceae spp., which can cause 

product spoilage but also entail health risks (Cunningham-Oakes et al., 2019). 
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In addition to productional aspects, processes with high microbial loads indicate risks to 

occupational health and safety. Along with the risk of exposure to harmful fluids and 

gases from leakages as well as sudden failure of equipment due to corroded materials 

from biofouling, legionella and hydrogen sulfide are the main concerns regarding 

occupational health and safety due to microbial activity. 

Legionella is a bacterium found typically in warm waters. Over 50 species have been 

discovered, the most common of which is Legionella pneumophila regarding 

pathogenicity. Exposure to the bacteria can cause Legionnaire’s disease or Pontiac fever, 

leading to severe symptoms and, at worst, death (by Legionnaire’s disease). (National 

Academies of Sciences, Engineering, and Medicine, 2020) Conditions favorable for 

biofilms and the presence of protozoa increase the probability of legionella growth. A 

well-maintained and engineered water system can still experience growth due to “dead 

ends” where flows tend to be little to none (Bartram et al., 2007). Legionella is contracted 

through inhaling aerosols, i.e., breathing in water particles containing legionella (CDC, 

2021). Thus, it is contracted when reaching the respiratory tract, not the gastrointestinal 

tract. Concentrations of legionella overall are serious at 100 000 ME/ml, whilst a 10 000 

ME/ml concentration is still considerable but less severe, where monitoring of the 

situation is still recommended. However, no absolute limit can be determined as to which 

levels are safe, but the level of risk goes hand in hand with the concentrations. As part of 

total legionella species, the risk levels are obviously higher at lower concentrations for 

the pathogenic Legionella pneumophila. At normal operation, depending on the process, 

considerable levels in waters may not directly entail high risks, but during maintenance 

works, such as pressure cleaning of surfaces in basins or tanks, respiratory protective 

gear is required, as aerosols spread from biofilms which then again contain high 

concentrations of bacteria. Water containing elevated levels of microbes circulating in 

cooling towers could also increase the risk of spreading legionella around the area 

(Bartram et al. 2007). 

Hydrogen sulfide (H2S) is a naturally occurring gas, which also is a by-product in 

industrial processes such as petroleum refining, wastewater treatment, agricultural silos, 

textile manufacturing, pulp and paper processing, food processing, and mining 

(Occupational Safety and Health Administration, 2021a). On a microbial level, sulfate-

reducing bacteria (SRB) produce H2S, which happens in oxygen-depleted areas, where 

the SRB reduce sulfate for their energy metabolism. While its corrosive nature causes 

problems in process equipment, hydrogen sulfide is also a health threat. As in small 
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concentrations (< 2 ppm), H2S is not hazardous, but when buildup in closed spaces 

occurs, the effects may be detrimental when released and exposed to. Mild to moderate 

symptoms can be experienced at 2-50 ppm, whilst concentrations over 100 ppm lead to 

severe symptoms, at worst lethal, depending on the concentration and time for exposure 

(Occupational Safety and Health Administration, 2021b).  

 

2.3 Fouling phenomena 

The accumulation of dirt, biomass, biofilms, or slime, i.e., biofouling, may worsen the 

functioning of processes in different ways and cause higher friction on surfaces, along 

with a reduction of the cross-sectional area in tubes, heat exchangers and filters. This 

leads to a pressure drop to be compensated for by the pumps maintaining the pressure 

to work harder, i.e., consume more electricity, or reduced production if not compensated. 

The type of material has an effect on the amount of biomass adhered on surfaces, i.e., 

influencing bacterial growth (Niquette, Servais & Savoir, 2000). The best, but not the 

most practical measure, would be to inhibit fouling in the first place. Quoting Bajpai, 

(2015b), “It is much easier and significantly less expensive to keep a clean system clean 

than to stop a dirty system getting dirtier”. One possibility is sacrificing short-term 

production capacity for a well-maintained system, which can function for longer periods 

without a larger shutdown or unexpected shutdowns. The other possibility is to achieve 

a higher production capacity with a higher risk of unexpected shutdowns which may last 

longer when unpredictable. 

A biofilm (Figure 4) is a complex formed by microbes, consisting of bacteria, algae, fungi, 

and protozoa adhered onto a surface and with an extracellular structure, consisting of 

polysaccharides, proteins, and water (Buckman, 2017; Bartram et al., 2007). Biofilms 

provide a protective layer for microorganisms to grow in and, thus, biocide or other 

treatment efficacy is reduced (Keevil et al., 1989). In otherwise oxygen-rich conditions, 

biofilms contain an anaerobic zone offering the possibility for the growth of anaerobic 

bacteria. Biofilm formation and growth are caused by nutrients, corrosion, warm 

temperatures, and stagnant parts in water systems, while corresponding conditions also 

apply for legionella (Bartram et al., 2007). Thus, biofilms grow especially in places with 

low flow velocities due to low shear forces on surfaces. Parts of developed biofilms can 

separate due to forces in water flows and can travel along with flows, which is why dead 

anaerobic microbes can be captured by qPCR in locations with otherwise oxygen-present 
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conditions. The corrosive mechanisms of a biofilm are summarized in Figure 5 (Li, 

Whitfield & Van Vliet, 2013). The anaerobic zone in biofilms can, for instance, cause the 

production of hydrogen sulfide due to the presence of sulfate-reducing bacteria, which 

in contact with ferrous iron cause iron sulfide corrosion products.  

 

Figure 4. Biofilm formation (Whiteley, 2022). 

 

 

Figure 5. Mechanics of corrosion by biofilms: (A) formation of anaerobic zone, (B) 

concentration of corrosive chemicals, (C) concentration of ferrous ions, (D) electron 

conduction away from surface, (E) creation of differential aeration zones, (F) binding of 

corrosion promoters, (G) disruption of passivating film (Li, Whitfield & Van Vliet, 2013). 

 

Water is a generally used coolant in various industrial water systems and further can be 

recirculated with the use of cooling towers (Rao, 2015). While other phenomena can 

cause tube failure, cooling systems with biofouling can cause corrosion in condensers or 
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heat exchangers, causing leaks and contamination to the clean side of the water system 

which can be monitored from electrical conductivity (EC) measurements, depending on 

the quality of cooling water (Howell & Saxon, 2005).  

In heat exchangers, accumulation on surfaces leads to lower heat transfer due to a lower 

residence time and higher thermal resistance (Goode, Christian & Fryer, 2016). In turn, 

if the pressure drop is not compensated, the volumetric flow will drop. In heat exchange 

processes where fouling occurs, consumption of cooling/heating medium increases to 

reach expected heat exchange. Processes with parallel heat exchanger setups or with the 

possibility to bypass a heat exchanger can perform a rapid cleaning without a shutdown 

of the process, if allowed temperature regions are not exceeded. However, this is highly 

dependent on the process in question and the significance of the heat exchanger in that 

process. Thermal conductivity describes the ability of a material to conduct heat, where 

a lower value equals higher thermal resistance. For comparison, the thermal 

conductivity for a biofilm is around 0.6 
W

m K
 , lower than typical forms of calcium scaling 

(Buckman, 2017), while thermal conductivities of heat transfer materials range from 20 

to 250 
W

m K
 (Engineering ToolBox, 2009). However, the order of magnitude for the 

thickness of the biofilm may be lower than the heat transfer material, implying lower 

heat resistance. 

Biofilm forming is a fouling phenomenon in reverse osmosis membranes which leads to 

microbial contamination of the permeate. A biofilm forms gradually when microbes 

adhere to the membrane surface and begin to reproduce when nutrients are available. 

Other types of fouling, which are more easily dealt with compared to biofilm forming, 

include inorganic fouling (deposition of minerals, scaling), organic fouling (deposition of 

organic products such as dissolved humic acids, oil, grease), particle and colloid fouling 

(deposition of clay, silt, debris, silica, and particulate humic substances). Biofilms on 

membrane surfaces increase the membrane resistance, which practically means 

decreased permeate production, increased energy consumption, and pressure loss over 

the membrane. These factors also reflect economically, while additionally equipment 

lifetime decreases, cleaning and replacing parts must be done more frequently. 

(Flemming, 1997) Inorganic fouling can be combatted with antiscalants but can be 

problematic regarding biofouling when antiscalants often are phosphorous based. 

Biofilm and slime forming have caused challenges in paper and pulp drying machines 

throughout history. As for productional matters, product quality may be compromised 
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physically by biofilm clumps causing unwanted holes in paper or pulp, while also being 

microbially contaminated. Microbial growth is inevitable, as process waters contain 

uttermost ideal conditions based on process temperatures, nutrients, and oxygen 

content. A few dollars per ton of produced paper is used for countermeasures, 

meanwhile, disruptions in production, e.g., sheet breaks, can cause substantially higher 

costs. (Klahre & Flemming, 2000) The usual countermeasures are biocides, enzymes, 

biodispersants, frequent steam boilouts, and high process temperatures, e.g., in water 

circulations (Bajpai, 2015b). In some cases, competing non-slime-forming 

microorganisms have been used to control slime-forming bacteria. 

 

2.4 Antimicrobial treatments and microbe control 

As for controlling microbial behavior in processes, there are no one-size-fits-all solutions 

due to microbes responding differently to countermeasures and restrictions regarding 

suitability depending on individual process types. In Chapter 2.2, the chemical and 

physical requirements for microbial growth were briefly described. By understanding 

the overall favorable conditions for microbes and certain microbes, these conditions 

could be altered according to them to inhibit growth and biofilm formation, while not 

affecting the process negatively. Typical process parameters that could affect microbial 

growth conditions are pressure, temperature, pH, mass flow, and recirculation. Elevating 

process water temperatures to e.g., 60 °C can also reduce growth. As many factors 

contribute to microbial growth, the control should also consider all the contributing 

factors. 

Before relying excessively on biocides, it should be investigated if the amount of 

nutrients could be reduced through operational changes. As the main limiting factor for 

microbes is nutrient availability (Moreira et al. 2015), an understanding of where 

nutrients arise and how they affect processes is required. Otherwise, different water 

treatment methods removing essential nutrients for microbial growth could be an option. 

In membrane processes such as reverse osmosis, nitrogen originally in the form of 

ammonium can pass to the permeate side as ammonia and serve as a nutrient in further 

locations. Ammonium, in turn, does not pass the membrane as easily, and by decreasing 

the pH, the share of ammonium to ammonia increases (Emerson et al., 1975). A practical 

example of this is found in Chapter 5.5.3.  Regarding main nutrients, phosphorous is often 
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considered as the limiting nutrient, e.g., algae growth, as carbon is generally abundant, 

while air is a source of nitrogen (Aldstadt III, Bootsma & Ammerman, 2010).  

Many industrial applications use steel or PVC pipes which are prone to biofilms. Although, 

with surface engineering, this problem can be alleviated (Moreira et al., 2015). The flow 

velocity, which depends on the pipe diameter and volumetric flow, plays a part in biofilm 

growth, where higher velocities cause higher shear forces that cause separation of 

biofilms and inhibit adhesion of bacteria. However, it should be noted that increased flow 

velocity results in higher mass transfer of nutrients, but at sufficiently high velocities the 

effect of shear forces outweighs the effect of increased mass transfer (Grant & Bott, 2005). 

In closed systems, disinfection alone is not an ideal measure for reaching adequate 

microbiological control if nutrients remain in the system, allowing regrowth (Figure 6). 

Either the nutrients must be discharged, or the mass balance of nutrients must be 

controlled so that more nutrients leave than enter the system. 

 

Figure 6. Representation of the cycle of disinfection and microbial regrowth (Nocker et 

al. 2021). 

 

Physical procedures such as filtration, circulating sponge rubber balls, and oscillating 

tubes can be used to reduce biofilm formation and, thus, reduce microbial levels, but can 

carry practical limitations depending on the application (Bott, 1998). Filtration methods 
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in cooling tower circulations can be used to limit biofouling (Meesters, Van Groenestijn 

& Gerritse 2003). Accumulation on filters should then be handled appropriately at 

certain intervals. Pigging includes inserting a “pig” or scraper into pipelines, cleaning the 

surfaces physically. Ultrafiltration removes suspended solids, bacteria, and viruses to a 

certain degree, whereas dissolved elements pass through. Ultra-high-temperature (UHT) 

processing is conducted to combat spores in, e.g., dairy products, along with other 

various products as well.  

Biocides are used to combat growth by killing or inhibiting the growth of micro-

organisms and can be divided into oxidizing and non-oxidizing biocides. Oxidizing 

biocides are rapid and effective by oxidizing the cell structure of microbes, while non-

oxidizing biocides depending on the type operate in different ways e.g., interfering with 

cell reproduction, inhibiting respiration, or breaking the cell wall (Bajpai, 2015b).  

Chlorine is a commonly used biocide that is effective and economical as it oxidizes the 

cell structure and interferes with the production of adenosine triphosphate, which is 

necessary for cell respiration and metabolism (Bajpai, 2015b). Although great 

disinfection capabilities, harmful disinfection by-products can form. The chlorine 

amount that needs to be added to control the microbial growth is also determined by the 

pH, meaning a higher pH requires more chlorine, and vice versa, a lower pH requires a 

lower chlorine dose (Keevil et al., 1989). A three-fold dose is roughly needed to reach the 

same effect at a one-unit pH increase. Typical chlorine-containing compounds used as 

biocide are chlorine gas Cl2, sodium- or calcium hypochlorite, and chlorine dioxide which 

all have slight advantages depending on the application and the type of target microbes. 

Monochloramine can be used as a longer-lasting disinfectant to maintain drinking water 

quality in distribution systems.  

Ozonation is an effective antimicrobial treatment method as ozone is a strong oxidizer, 

although, it is costly and an energy-intensive method (Sustainable Sanitation and Water 

Management Toolbox, 2020). 

Dosing of biocides can be carried out in several ways e.g., continuous, intermittent, or 

shock dosing (Bott, 1998). Continuous dosing in low doses suits maintaining a system in 

which microbial status is in control. It can also be considered when presence of biocide 

at a certain concentration is not detrimental regarding the application, or when the 

benefits outweigh the disadvantages. Shock dosing suits applications where biocide may 

be detrimental in prolonged amounts and a rapid effect is desired. Intermittent dosage 
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can be effective when organisms that can switch between aerobic and anaerobic 

metabolism become fatigued when are constantly forced to switch between these (Rao, 

2015). Based on a study by Grant & Bott (2005), an incorrect biocide dosage strategy can 

even encourage biofilm growth. Dosage should be carefully considered since biocides 

can be hazardous for people and the environment. Also, from an economic aspect, 

excessive doses are unnecessary. Thus, monitoring microbial activity could be used to 

aid the dosage of biocides and, e.g., aid timing of shock dosing. High chlorine levels can 

also harm other water treatment processes, e.g., degrading ion exchange resins in ion 

exchangers (Dupont, 2019).  

Ultraviolet (UV) treatment is a cost-effective and easily operated method, which inhibits 

microbes from growing by destroying their DNA without physically adding any 

substance or altering properties of the water, thus, being a safe method (Bolton & Cotton, 

2011). UV light is ranging in the wavelengths 200-400 nm. However, the effects cannot 

be observed instantly due to the microbes not dying instantly. For the UV light to 

successfully disinfect, the turbidity should not be too high for allowing the UV waves to 

pass through and a reasonable residence time is required so that the water is exposed 

for a sufficiently long time. With its lack of residual disinfection capacity, the UV could be 

placed at an already existing circulation in large systems where water circulates back to 

its source. For this to work, the circulation time must be shorter than the bacterial 

doubling time. Small-scale laboratory tests investigating the effects of UV treatment are 

found in Chapter 5.1.  
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3 Methods to measure process microbiology 

3.1 Cultivation 

Cultivation is a traditional offline laboratory method used to identify the presence and 

level of specific microbes. The method is based on growing microorganisms by placing a 

sample in a nutrient-containing medium, letting microbes present in the sample 

reproduce and, thereby, determining the microbial levels, which can be done with 

varying methods with their own advantages and drawbacks (Madigan et al., 2010). 

Cultivation, however, works with varying success. Since all microorganisms grow and 

survive in different conditions, the results may vary when conditions and parameters in 

the culture affect heavily what types of microorganisms are favored for survival and 

growth (Allen, Edberg & Reasoner, 2004). Many samplings and measurements with 

different conditions can be made, implying a more time-consuming and heavier 

workload. In addition, the accuracy is further worsened when generally only a small 

fraction of the total population in a sample may be captured (Su et al, 2012; Nappier et 

al., 2017), leaving possible contamination undetected, which from OHS (occupational 

health and safety) and product hygiene perspectives can be potentially dangerous. Along 

with that, samples may contain viable but not culturable (VBNC) organisms that are alive 

but unable to reproduce for various reasons (Oliver, 2005), resulting in false negative 

results.  

Cultivation results are obtained within 24-48 hours, from which the conclusion can be 

drawn that this method is unable to detect rapid changes in microbial activity and the 

water for different end uses has already been consumed before detection. Some culture 

methods for cultivating specific species are even slower for obtaining results. Case in 

point, legionella culturing requires several days at minimum and, additionally, is 

challenging with the risk of growth of competing microorganisms and the presence of 

VBNC cells (Whiley & Taylor, 2016). 

 

3.2 Quantitative polymerase chain reaction (qPCR) 

The quantitative polymerase chain reaction (qPCR) is a DNA-based culture-independent 

method that can be utilized to measure microbial concentrations, with the possibility to 

differentiate the type of microbes and taxonomic levels by their DNA. It offers a high 



Rasmus Jansson  Methods to measure process microbiology  

 

17 
 

coverage of microbial activity by also including VBNC organisms and bacterial spores in 

the result. Besides, because dead cells still contain DNA, the difference between dead and 

alive cells can be distinguished with pretreatment. The qPCR method is a suitable tool 

for thoroughly and rapidly monitoring microbial activity by offering results in 2-6 hours 

(Espy et al., 2006).  

The operating principle is to artificially replicate a target DNA from an extracted sample 

by using the enzyme DNA polymerase and two primers to determine the target amplicon. 

A target DNA is multiplied in a chain reaction with the polymerase enzyme and, thus, the 

concentration in the sample can be determined with backwards calculation. The process 

begins with denaturing (heating) to separate the sample DNA strands. Next, the sample 

is cooled allowing primers to attach to the DNA strands, which determine what part of 

the DNA is to be amplified. The process is repeated. The temperature is controlled with 

a thermocycler and the amount of DNA doubles with every cycle. Every amplified double-

strand DNA appears as a strong fluorescence, which is measured by a fluorometer. When 

sufficient cycles have run, the amount of fluorescence can be related to the amount of 

DNA proportional to the number of cycles. Series of 10-fold dilutions of the sample are 

performed to verify accurate results. 

 

3.3 Flow cytometry (FCM) 

Flow cytometry is a method based on measuring the light scattering and absorption 

behavior of a sample flowing through a light (Figure 7). The nature of the output can be 

used to distinguish diverse types of microorganisms depending on their size, shape, and 

density. The light output is captured as forward scatter (light passing through in the 

forward direction) and side scatter (light in the perpendicular direction). By combining 

the forward- and side scatter data, the size and granularity of cells can be observed, as 

well as the number of these cells. The forward scatter is proportional to the size, while 

the side scatter indicates granularity. With the size and granularity data, populations and 

characteristics can be identified in the sample. (Macey, 2007) In addition, by fluorophore 

staining of cells, different phenotypes can be observed as different wavelengths, i.e., 

distinct colors. Flow cytometry can be used as a continuous monitoring method for total 

cell concentration while offering quick results (Hammes et al., 2008). 
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Figure 7. The flow cytometry process illustrated (Creative Diagnostics, 2021). 

 

3.4 Methods to follow biofilms 

Biofilm monitoring methods are widely used in the paper industry. As biofilms form on 

surfaces, the formation and effect of biocide dosing can be followed with various 

continuous measurements. The methods have varying detection limits, why each method 

should be chosen according to the application (Bajpai, 2015a). Light measurements 

through a glass surface can determine the biofilm deposit. Biofilms can cause changes in 

signals for the following mentioned properties: turbidity, intensity of sound, 

wavelengths, mechanical resonance frequencies, electrical capacitance, light refraction, 

pressure drop, thermal resistance, and optical input signals that are being modified into 

acoustic output signals (Janknecht and Melo, 2003). 

Klahre and Flemming (2000) proposed a differential turbidity method, where light 

scattering is compared between two glasses, one of which is regularly cleaned. 

Strathmann et al. (2013) studied the use of an in situ sensor utilizing light scattering, 

fluorescence, refraction and transmission, where biofilm accumulation was measured by 

fluorescence, and inorganic deposits, which were measured with light scattering, did not 

inhibit the biofilm measurement. The fluorescence of nicotinamide adenine dinucleotide 

was measured for representing the activity in the biofilm. 
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3.5 Adenosine triphosphate (ATP) 

The focal compound and methods in this thesis are based on adenosine triphosphate 

(ATP). All organisms, ranging from bacteria to humans, capture and store energy in the 

form of ATP, a necessary compound for cell metabolism (Singh & Satyanarayana, 2017). 

Thus, the amount of cellular ATP is proportional to living matter. ATP is a compound that 

comprises ribonucleoside adenosine (adenine + ribose), and three phosphates bonded 

to each other (Figure 8). The third phosphate in ATP is highly unstable and releases 

energy when the phosphoanhydride bond is broken through hydrolysis, yielding 

adenosine diphosphate (ADP), an inorganic phosphate (Pi) and energy. ADP can further 

decompose to adenosine monophosphate, releasing another phosphate and energy.  

𝐴TP + H2O → ADP + Pi + energy 

ATP + H2O → AMP + PPi + energy 

The reactions release over 30 kJ/mol of energy per reaction due to the 

phosphoanhydride bonds in the ATP molecule. However, the bond supplied between the 

phosphate and ribonucleoside adenosine in AMP is an ester bond that, when broken, 

roughly releases only half of the prior reactions. Thus, the reactions in ATP and ADP 

hydrolysis are far more economical from an energy point of view. (Madigan et al. 2010) 

 

Figure 8. Chemical structure for adenosine triphosphate. 

 

Measuring ATP levels in water systems give a relatively fast and clear result of the 

amount of microbial activity in water. However, ATP measurements cannot give 

information about the type of microbes that are present, where more thorough analytic 
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methods that analyze DNA, such as qPCR, are needed. Spores contain lower amounts of 

ATP, which can result in them being underrepresented (Bajpai, 2015a). 

 

3.5.1 ATP assay 

Manual ATP assay is carried out in this thesis with LuminUltra’s QuenchGone Aqueous 

(QGA) test kit (Figure 9), a 2nd generation ATP test method. The procedure is based on 

filtering cells from a 20-50 ml water sample with a filter-equipped syringe, followed by 

disrupting cell membranes and extracting the ATP by chemical lysis by adding 1 ml 

UltraLyse 7 in the syringe, extracting the content in a 9 ml UltraLute Dilution tube. The 

solution is pipetted 100 µl into a test tube, as well as 100 µl of Luminase reagent (firefly 

enzyme luciferase). The final solution is then inserted into a luminometer, which gives a 

reading in the unit of relative light units (RLU). The RLU level is proportional to the 

concentration of cellular ATP in the sample (pg ATP/ml), which can be observed from 

equation (1): 

(1)      𝑐𝐴𝑇𝑃(pg ATP/ml) =
𝑅𝐿𝑈𝑐𝐴𝑇𝑃

𝑅𝐿𝑈𝐴𝑇𝑃1

10 000(pg ATP)

𝑉𝑠(ml)
 

where 𝑅𝐿𝑈𝑐𝐴𝑇𝑃 is the amount of RLU of the sample, 𝑅𝐿𝑈𝐴𝑇𝑃1 is the control RLU and 𝑉𝑠 

the amount of water filtered. Multiplying the result in the unit pg ATP/ml with 103 gives 

an approximation of cells/ml or ME (microbial equivalents)/ml, as 1 pg ATP/ml 

correlates to roughly the ATP amount in 103 E. coli cells. The control RLU functions as a 

calibration parameter and is determined by the condition of the reagent. For consistency, 

a new control RLU reading must be performed each day if the same bottle of Luminase 

is used, and when a new bottle is put into use. When the control RLU falls below 5 000, 

the reagent is no longer viable for use. For purer waters, filtering more than 50 ml may 

be necessary for obtaining reasonable readings. (LuminUltra, 2016a) 
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Figure 9. Luminultra ATP kit (Hach, 2022a). 

 

The reaction between ATP, oxygen, and luciferin with luciferase yields AMP, two 

phosphates, oxyluciferin, and light (which ATP is proportional to). 

ATP + O2 + luciferin

Mg++

luciferase
→       AMP + PPi + oxyluciferin + light 

ATP occurs in different forms in a sample. Since intracellular ATP is an indicator of the 

actual microbial activity in a sample, measuring the total ATP gives an overestimation of 

the active microbes. Extra-cellular (free) ATP ranges from dead cells to various chemicals 

bound to ATP as shown in Figure 10. 
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Figure 10. ATP content of a biological sample (Luminultra, 2016b). 

 

Traditional ATP measurements are sampled by swabbing, which applies for surfaces, 

where a certain area is swabbed. However, process surfaces may not be obtainable for 

swabbing during runtime. Yet, swabbing has been used in fluids which is somewhat 

dubious, as dipping a swab in a fluid only samples a small portion of the sample and can 

capture biomass clumps, biofilms, or flocks in the water with varying success, making it 

an unreliable method for determining concentrations and changes in ATP (Hach, 2019). 

The traditional and “2nd generation” method both utilize the same chemiluminescent 

reaction but differ in the way the sample is collected and prepared. A surface swab 

sample gives somewhat more of a semi-quantitative result, as it is not possible to 

determine the concentration of ATP, whereas the 2nd generation method provides ATP 

concentration thanks to the known amount of filtered sample, making it a quantitative 

result that can be correlated with other measurements, e.g., colony forming units (CFU) 

or heterotrophic plate counts (HPC) (Hach, 2019). However, these points do not exclude 

the fact that there may be applications where swab samples are more suitable. 

 

3.5.2 Areas of use 

ATP measurements have been used in the food industry (dairy, meat, beverage) 

(Hawronskyj & Holah, 1997; Vilar et al. 2008; Hach, 2019). The cleaning effectiveness 

can also be judged by the ATP levels of rinse water in clean-in-place (CIP) processes. In 

the pulp and paper industry, ATP has been mainly monitored in paper machine water 

circulations (Bajpai, 2015a). 
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ATP testing has been used to monitor ballast water treatment in ships to ensure that 

microbial levels are sufficiently low before discharge (Curto et al., 2018) and in 

monitoring active biomass in activated carbon filters (Magic-Knezev & Van Der Kooij, 

2004). Biomass health and activity in membrane bioreactors can be determined by 

measuring ATP (Schoeles, Verheyen & Brook-Carter, 2016). 

Waterworks have been implementing ATP measurements to monitor the microbial 

quality of produced drinking water and the possible changes along with water 

distribution (Delahaye et al. 2003). A municipal waterwork Norrvatten in Solna, Sweden, 

implements on-line ATP measurement in its water network along with on-line flow 

cytometry and an on-line particle counter combined and uses these successfully as an 

early warning system for contaminated waters (Norrvatten, 2021).  

A power plant in the US uses on-line ATP measurement to monitor biocide effectiveness 

and improve dosing strategy in cooling waters with varying microbial amounts due to 

rain and agricultural runoff. It was discovered that intermittent biocide dosing did not 

have a longer lasting effect as microbial levels rose shortly after interrupting the biocide 

feed. Thus, the plant changed the dosage to be continuous and thereafter are trying out 

different biocides and determining with the data provided from continuous ATP analysis, 

which are the most cost-effective. (Promega, 2019) 

Nocker et al. (2021) studied bacterial regrowth with on-line ATP analysis in a cooling 

water system of a steel manufacturing plant along with intermittent monochloramine 

dosing. 

In Orange County, California, on-line ATP measurement in a pilot study has successfully 

been implemented in monitoring treatment of potable reuse waters from wastewater 

treatment. The treated wastewater is treated with microfiltration, reverse osmosis (RO), 

UV disinfection and hydrogen peroxide, which is then used for groundwater 

replenishment. With the difference from typical ATP measurement, free ATP of the RO 

feed and permeate (product) was measured instead of cATP to monitor the removal of 

dissolved molecules in water. The goal was to demonstrate a high log removal value 

(LRV) with ATP measurement to better represent the removal of bacteria, viruses, and 

other contaminants instead of measuring conductivity or total organic carbon (TOC). As 

total dissolved solids or TOC measuring usually can demonstrate 1 to 2 logs of removal, 

the average log removal value with free ATP was three. (Hach, 2021a) 
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4 On-line ATP 

The operating principle for the HACH EZ7300 on-line analyzer differs from the earlier 

described manual ATP assay. The intracellular ATP (cATP) concentration is calculated 

from the difference between total ATP and free ATP. First, the free ATP is measured 

without treatment. Secondly, total ATP is measured after a breakdown of all cells present 

in the sample by ultrasonic lysis with an ultrasonic probe. Luciferin (Promega ATP 

Water-Glo reagent) is added to each sample where a photomultiplier tube measures the 

light emitted in the unit of relative light units (RLU). One complete analysis (free+total 

ATP) consumes ~0.1 ml of reagent. With a linear function depending on calibration 

factors, RLUs are converted into the unit pg ATP/ml. The reasoning for the choice of this 

analyzer was the mere fact that it was one of the two commercially available on-line ATP 

analyzers at the point of acquisition, with a lower limit of detection.  

Although manual ATP measurements have become more frequently used, on-line 

analysis is still a little studied and applied subject, apart from previously mentioned 

examples of recent cases in Chapter 3.5.2. While frequent ATP measurements can be 

carried out manually, too frequent measurements can cause a heavy workload, or on the 

contrary, possible spikes of contaminants can remain undetected if fewer measurements 

with longer timespans are carried out. Thus, monitoring ATP levels with an on-line 

analyzer offer a low cost of analysis relative to many results in applications where 

frequent measurements are necessary. Monitoring ATP levels brings long-term benefits 

when biological changes are detected, leading to a better understanding of process 

control and, e.g., biocide dosage. Appropriate microbiological control in the long term 

should be reflected economically by saving on biocide costs, having a better functioning 

process with less fouling, and a reduced risk of corrosion.  

 

4.1 General specifications 

A standard 230 V AC, 50 Hz electrical outlet is required for powering the analyzer. The 

operating temperature is 10 to 23 °C with a ±4 °C deviation and is intended for indoor 

use only. Instrument air is required for purging air for the internal space if set in radical 

industrial conditions (corrosive gases, fumes). The dimensions for the analyzer are 

688x460x340 mm (height, width, depth), as seen in Figure 11. A stand for the analyzer 

was constructed to ease transportation from place to place, as it is not supposed to be 
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installed as a stationary unit anywhere in the first place. The height and depth of the 

analyzer with the stand are 893 mm and 590 mm, respectively. 

 

 

Figure 11. General dimensional drawing of the analyzer (Hach, 2021b). 

 

The Hach EZ7300 ATP analyzer (Figure 12) is supplied with two external sample channel 

valves, making it a dual-channel device that allows the analysis of two samples from 

pressurized (max. 3 bar) sources alternately. It enables measuring the difference in ATP 

levels before and after a process step, or the effect of antimicrobial treatment in that 

process step. Additionally, the analyzer features a grab sample channel that allows for 

analysis of samples at atmospheric pressure, which could be used to reduce the workload 

e.g., in a laboratory or used for miscellaneous samples. The grab sample method can also 

be used in continuous mode in case with applications that suit better instead of using a 

pressurized sample source. Sampling frequency can be chosen depending on the 
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application. As for monitoring processes with long time constants, a lower frequency 

may be sufficient. If results are used for process control or a process is known for rapid 

changes, more frequent measurements are necessary. The maximum sampling 

frequency is roughly 7 measurements per hour. 

The analyzer is supplied with a Modbus TCP/IP connection, which enables remote 

control and monitoring of results.  

The analyzer has an acclimatized chamber, where the reagent (luciferin) is stored at 4 °C, 

and a reaction chamber that is controlled at 36 °C to maintain steady conditions for the 

reaction. When the reagent is stored consistently at this optimal temperature, the 

condition is promised to preserve for up to a year. 

Cell lysis is achieved with ultrasonic treatment. Ultrasonication produces ultrasonic 

waves (> 20 kHz), causing cavitation in liquids in the form of microbubbles which 

pressure fluctuations cause cells to burst. The sonication intensity can be adjusted with 

the voltage, between 0-36 V. The default voltage is 15 V, and has from the beginning been 

increased to 20 V. It is necessary to increase the voltage if no difference between the free 

and the total ATP is achieved, i.e., physical factors inhibiting cavitation causing 

incomplete lysis. However, according to the supplier, the voltage cannot be too high 

regarding the lysis of cells for the analysis but running at a higher voltage for a longer 

period decreases the lifetime of the ultrasonic probe. The probe is although a 

consumable, a component that needs to be replaced from time to time. 

The analyzer features a cleaning program that is used to prevent fouling of internal tubes 

and parts by using 1 M hydrochloric acid to prevent inorganic fouling and 1 M sodium 

hydroxide to prevent organic fouling. 
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Figure 12. External panel (upper) and internal parts (lower) of the analyzer (Hach, 

2022b). 

 

The default range for measuring ATP is 0.5-200 pg/ml with the standard range two-point 

calibration solution at 0 and 100 pg/ml. The analyzer is supposed to be able to measure 

low concentrations, with a lower limit of detection at 0.05 pg ATP/ml when executing 

two-point calibration with REF1 and REF2 solutions at 0 and 10 pg/ml, respectively. 

According to the manufacturer, ideal RLU values at 0 pg/ml and 200 pg/ml range from 

100-500 and 300 000-500 000, respectively. 
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The interferences for analysis are high concentrations of mercury (II), copper (II), zinc 

(II), cadmium (II) and iron (II) ions, salt concentrations over 1 g/l, and pH exceeding the 

range of 5.5-8. These parameters are highly unlikely regarding clean waters, except for 

power plant condensates or make-up water, which are alkaline on purpose. If the 

interference causing parameters do not vary, results are still comparable. However, 

measuring two process steps with notably differing pH or ion concentrations should be 

taken into consideration when analyzing results. Likewise, other notable changes in 

physical parameters between process steps are necessary to acknowledge. 

 

4.2 Specific remarks 

Practical restrictions are present, where too far distances of a measured process can lead 

to the sample undergoing changes on a microbial level during the transport of the sample 

to the device. This, however, was solved with a Sentry adjustable back pressure regulator 

that functions simultaneously as a pressure regulator and a relief valve, allowing 

continuous bypass-flow of the sample line for both channels and lowering the pressure 

of the sample line, as the pressure to the analyzer should not exceed 3 bar. The 

backpressure regulator can be set at which pressure the bypass is opened.  The bypass-

flow does not though totally exclude the formation of biofilms inside the sample tubes 

but reduces it by inhibiting the sample flow from stagnating. In addition, the first analysis 

step consists of a sample line flushing period, which duration can be customized 

depending on application and sample line length.  

Rough filters (Swagelok Tee-type filter) with 440 μm pores were installed on both 

channels to protect the analyzer from larger particles or solid matter. The filters should 

not interfere with the assay as the pore size is roughly hundredfold compared to a 

general microbe size and if no larger scale accumulation occurs. Otherwise, the tubing 

(mostly ¼” outer diameter) would allow the presence of particle matter, but the outer 

diameter of the sample tube from the sonication vessel again is 1/16” (1.6 mm) with the 

inner diameter obviously even narrower. If blockage occurs, no sample at all is 

transported to the reaction chamber. The filters carry the risk of causing contamination 

of the samples over time and should be cleaned regularly. However, it is a compromise 

that must be made. It will be investigated if fouling occurs on the filters during these 

following test periods with varying conditions. The filters can be removed easily if 

necessary. 
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5 Trial phases 

5.1 Investigation of UV-treated water 

River water was collected to investigate the effects of UV-light treatment on 

microorganisms present in the water, which was then compared with non-UV-treated 

water. The water turbidity was high (50 NTU), typical for springtime. Thus, the water 

was chemically treated to reach lower turbidity level (< 10 NTU) for the UV beam to have 

a greater effect. How the UV affected the water along with the time (approx. 0 h, 2 h, 4 h, 

8 h, 20 h, 26 h, 36 h) was investigated, to see how the ATP level changes after UV 

treatment known to cause damage to cellular DNA but to retain cell integrity for a certain 

period. ATP level was compared with manual measurements to qPCR measurement with 

and without propidium monoazide (PMA) treatment which is used to distinguish 

between dead and alive cells. 

As seen in Figure 13, ATP levels mildly decreased with time for both UV treated, and non-

UV treated water. UV treated water reached consistently slightly lower concentrations 

of ATP, however, only a minimal amount. On a logarithmic scale, the change is marginal. 

It is highly probable that the UV did not inflict a sufficient radiation dose that was 

required due to a too short residence time in the UV, i.e., water flowing too quickly 

through the lamp. qPCR results achieved higher results overall to ATP, and a larger 

difference between the non-UV and UV treated water. For the non-UV treated water, 

dead+alive (non-PMA) and alive (PMA) results were generally similar. Higher difference 

between dead and alive cells was observed for the UV treated water, especially at the 

beginning of the experiment.  
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Figure 13. qPCR and ATP results of coagulated river water without UV treatment (blue) 

and with UV treatment (purple). NT = No treatment, UV = UV treatment. 

 

To further evaluate the effect of UV treatment, another study, where drinking water was 

spiked with an inoculum and passed through the UV light with a considerably lower flow 

rate (Figure 14), was carried out. The results, in this case, indicated that when UV 

treatment was not applied, microbes started to grow, while UV treatment caused a slow 

decrease in microbe levels with time. This was both observed with ATP and qPCR but at 

different magnitudes. 
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Figure 14. qPCR and ATP results of spiked drinking water without UV treatment (blue) 

and with UV treatment (purple). NT = No treatment, UV = UV treatment. 

 

5.2 ATP measurements at a pulp mill 

A preliminary study was carried out at UPM Pietarsaari pulp mill to investigate the 

relevance of the on-line ATP experimental phase at the mill. Several compartments and 

various stages of the water treatment of the mill were analyzed with manual ATP assay. 

The water treatment underwent mechanical screening (raw water basin), filtration 

(filtered water), chemical treatment, humus filtration, and ion exchange. A substantial 

portion of the filtered water was used for washing processes and as cooling water. 

Chemically treated water was also used for washing processes, the pulping process, and 

seal water. Water after the ion exchange (make-up water) was used for boiler water. Raw 

water samples were taken from the raw water basin and filtered water from the filtered 

water basin. Chemically treated water was taken from the clean water basin. Later, raw 

water samples were also taken directly from the lake before screening. The waters are 

arranged from left to right in ascending order of purity after each treatment stage or the 

type of water used in processes, e.g., waters from the heat-exchanger backwash and 

warm water used filtered water and closed cooling system water was make-up water. 

Normally, chlorine dioxide was fed into the raw water basin and in the seal water. As for 

the first month of taking samples representing the blueish staples in Figure 15, no 

chlorine treatment was used due to a leakage in the chlorine system. At each water 
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treatment step, beginning from the raw water around 1 000 000 ME/ml, the cATP 

decreased with the make-up water reaching 1 000 ME/ml levels. Levels during chlorine 

dioxide did not affect cATP levels overall, but seal water cATP levels were generally 

lower to chemically treated water after chlorination. The first measurement of the closed 

cooling system contained high cATP levels, which decreased over by a logarithm when 

water turnover was increased in the system by intermittent make-up water intake. Slight 

seasonal variations could have affected results as water temperatures mainly rose 

towards the end of the summer. However, no on-line ATP testing was conducted at this 

site. 

 

Figure 15. ATP measurements of different waters at the mill. Blueish staples represent 

no chlorine treatment, while chlorine is fed in the green staples.  

 

5.3 Preliminary on-line analyzer tests 

When the analyzer was up and running after doing practical installations, preliminary 

testing in Mäntsälä was done to become familiar with operating principles, software, and 

other details, and to detect potential problem situations before the actual test periods. 

The first test with non-chlorinated municipal tap water with a duration of five days was 

measured with one channel, as the other channel was not ready for use at that time. Past 

data give an ATP range of 1-5 pg/ml = 1000-5000 ME/ml for this non-chlorinated 

  

   

     

      

       

         

          

 
  
 
 

                                                                                        



Rasmus Jansson  Trial phases  

 

33 
 

municipal tap water. Measurements showed some fluctuations, but a noticeable pattern 

was still observed (Figure 16). ATP levels rose during the night and, thereafter, 

descended rapidly in the morning, which suggested that when water consumption 

decreased, water flows decreased or became stagnant. However, it was uncertain 

whether this phenomenon was caused at a regional level or within the property, or a 

combination of both. In addition, smaller-scale intraday fluctuations were also observed. 

Validation measurements were carried out with manual ATP assay. The manual 

measurements went well in line with the on-line measurements.  

 

Figure 16. On-line ATP measurements of municipal tap water. 

 

After the arrival of necessary parts for channel two, measurements of the same tap water 

were made with both channels, with the difference that Channel 1 had a sample tube of 

1 m, while Channel 2 had a 100 m sample tube to investigate if sample tube length affects 

microbial levels. The concern of this, however, is alleviated in the short term due to the 

backpressure regulators that offer a steady bypass flow through the sample lines before 

the analyzer. During the test period, cATP from Channel 2 showed slight numerical 

tendency for increase (numerical difference of ~10 % with p-value of 0.07). Even though 

the increase was not significant, the effect of the tube length should be kept in mind 

during longer test periods. In the long run, changes can occur due to the mere fact that 

the longer sample tube implies more surface area and, thus, is more prone to microbes 

adhering to the surface. Likewise, as with the previous experiment, the manual 

measurements went hand in hand with on-line measurements (Figure 17). This test was 
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short-lived due to practical time-schedule matters and the one-day break between 

measurements due to an unknown malfunction.  

 

Figure 17. On-line ATP measurements with different sample tube lengths. 

 

5.4 On-line ATP test period at Turun Vesihuolto 

Turun Vesihuolto distributes drinking water to the city of Turku, which has roughly 

200 000 inhabitants with a total daily usage of 60 million liters. The water production 

and purification are operated by Turun Seudun Vesi. The process begins by pumping 

water from a river to a pretreatment facility where pathogens and solids, such as clay, 

are removed. The water produced is artificial groundwater, as it continues through 

infiltration basins trickling through an esker, whereafter the water is pumped from wells 

to a water tank. Disinfection in the form of monochloramine is done to ensure that the 

quality is maintained when distributed. (Turun Vesihuolto, 2021) 

The first test period of the on-line ATP analyzer was conducted at a water tower in the 

city of Turku (Figure 18). The water tower in this case is a type, where all water flowing 

through the tower flows through the upper basin. The tower is located near the city 

center, and most of the water is distributed around the city center. The test period 

investigated if changes in microbial activity occur in the in- and outflowing streams from 

the tower. If in- and outflows remain constant, the water on the surface may stagnate 

whilst turnover occurs at the bottom of the basin. If differences between the in- and 
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outflows occur, the stagnated water with higher ATP levels on the surface could travel 

further in the system. The microbial quality of the water based on previous manual 

measurements is excellent (< 0.05 pg/ml), which challenged the lower limit of detection 

of the analyzer (0.05 pg/ml). Manual measurements were carried out periodically to 

validate the accuracy of the analyzer along with free and total chlorine measurements, 

thus, it is investigated if chlorine levels or the change in chlorine levels affect ATP levels. 

The 250 ml reagent bottle allowed approximately 4 measurements per hour during the 

one-month period test period. 

 

Figure 18. The Hach EZ7300 setup. 
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5.4.1 Results 

The lower limit of detection of the on-line analyzer according to the manufacturer is 0.05 

pg/ml (50 ME/ml), which caused challenges for the measurement with the water in 

question. On a regular basis, with the current calibration factors at that time, the on-line 

analysis overestimated the manually measured cATP levels almost by a logarithm 

(Figure 19). The manual measurements ranged roughly between 20-90 ME/ml level, 

while on-line cATP measurements averaged around 240 ME/ml, not counting results 

under 100 ME/ml. In spite of this discrepancy, the hypothesis is that the analyzer should 

detect spikes and variations in cATP concentrations while knowing what typical levels 

are compared to manual measurements. Some changes between in- and out-flows were 

observed, with marginally higher levels in the outflowing water, with few instances 

where inflowing levels were higher. The level 100 ME/ml (2x to the limit by the 

manufacturer) was chosen as a safety margin, as the general trend in on-line 

measurements were over 100 ME/ml (later confirmed by increasing the sonication 

intensity). The results under this limit are considered as uncertain. Surprisingly, the 

outflowing water generally gave an increased number of results (353/1305 

measurements) below the 100 ME/ml limit compared to the inflowing water (134/1300 

measurements). These outliers with lower readings occasionally appeared, supposedly 

caused by incomplete lysis of the cells, which raised the question of the need to adjust 

sonication intensity. 

After three weeks of measurement (Feb 2nd, 2022) the flow rate was observed to be 

slightly lower, which raised suspicion of accumulation of impurities. The valves from the 

sample source were opened slightly more after the observation and additionally, the 

sonication intensity was increased with the suspicion that the sonication process failed 

to achieve complete lysis of the cells. After these changes, the results became more 

consistent (Figure 20). This indirectly implies that results prior to this change turned out 

more inconsistent. Nevertheless, based on the results obtained with the Mäntsälä 

municipal network where an order of magnitude higher ATP levels were measured using 

the prior sonication level, it is likely that the sonication process would have still achieved 

proper lysis at elevated microbial levels if these occurred during the test period. Prior to 

increasing the voltage, results between the general trendline and the detection limit 

were questionable as these also reduced after the increase. After the increase in voltage, 

cATP levels increased slightly as compared to the prior results. Apparently, some ATP 

was in fact extracted from the water. 
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Comparison of free and total ATP results was in this case not reasonable as free ATP 

concentrations remained always near or under the limit of detection. 

 

Figure 19. The first half of on-line cATP measurements and manual cATP measurements. 

 

 

Figure 20. The second half of on-line cATP measurements and manual cATP 

measurements. 

 

Otherwise, the daily pattern in Turku appeared different from that in previous non-

chlorinated water (Chapter 5.3), which was clearly cyclical. During Jan 14th-18th, no 

  

   

     

      

 
  
 
 

      

     

                 

                

  

   

     

      

 
  
 
 

      

     

                 

                



Rasmus Jansson  Trial phases  

 

38 
 

cleanings were made due to practical reasons, which in turn provided an opportunity to 

investigate the effect of cleaning. Nevertheless, no changes in ATP levels occurred after 

the cleaning. Otherwise, cleaning cycles were executed at the same timepoint with 

manual measurements.  

Regarding manual measurements (Table 1), mean values and standard deviations for 

inflows were 33 ME/ml and 21 ME/ml, respectively, while for outflows were 40 ME/ml 

and 12 ME/ml, respectively. Thus, during this test period, the inflowing water mainly 

consisted of lower ATP levels, although with larger variations. For the inflowing water, 

total and free chlorine levels were 0.48-0.73 mg/l and 0.01-0.10 mg/l, respectively, while 

for the outflowing water 0.44-0.56 mg/l and 0.01-0.05 mg/l, respectively. In conclusion, 

there was a slight decrease in total chlorine in outflowing water constantly, while free 

chlorine levels were mostly at the same level. Day-to-day fluctuations were minor, with 

the exception that the inflowing total chlorine was elevated twice in a row from the 

typical 0.5 mg/l, with a larger difference from the outflowing total chlorine (Figure 21). 

 

Table 1. Manual measurements of cATP, free and total chlorine 

 Inflow  Outflow 

Property 

cATP 

(ME/ml) 

Cl free 

(mg/ml) 

Cl tot 

(mg/ml) 

 cATP 

(ME/ml) 

Cl free 

(mg/ml) 

Cl tot 

(mg/ml) 

Mean 33.3 0.03 0.54  40.2 0.03 0.49 

SD 20.6 0.02 0.07  11.8 0.01 0.03 

Min 17.0 0.01 0.48  20.4 0.01 0.44 

Max 95.6 0.10 0.73  63.7 0.05 0.56 
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Figure 21. Free and total chlorine levels. 

 

What would have been interesting to see for the sake of investigation would be the 

detection of sudden changes in ATP levels to demonstrate the importance of on-line 

microbial monitoring. Although, the results from this test period assure the steady 

quality of the water from a microbiological standpoint, which also serves as useful 

information for the future. Still, only limited conclusions can be drawn from such a brief 

period, which could be agreed within the timetable and purpose of this thesis. 

This test period showed greater differences in ATP levels between the manual and on-

line methods. While keeping in mind that the same chemiluminescent reaction is used in 

both methods, cell lysis and cATP calculation are although different. In this case, the un-

lysed (free ATP) measurements were well below the limit of detection which led to the 

lysed (total ATP) roughly equaling the cATP, as it is the difference between total and free 

ATP. Thus, the detection of some free ATP naturally would decrease the cATP. Calculating 

the raw RLU values with factory calibration values for the standard range, 99 % of the 

results remained under the limit of detection. 

At such low levels, even a small contaminant results in an abrupt spike, which at that 

point does not still lead to any concern. Two spikes arose at separate times for the 

duration of one measurement exclusively at both times, both with the inflowing water, 

close to midnight. One spike in the outflowing water was found. Whether these were 

actual spikes or measurement errors remains unknown. 
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As the water pH remained steadily around 8.0-8.5 based on historical results through 

2020-2021, it should be noted that the pH exceeded slightly the recommended range of 

5.5–8.0, which could theoretically cause interferences in the assay. 

At the end of the 1-month test period, it could be clearly observed that the sample tube 

for channel 1 (outflowing) experienced discoloration compared to channel 2 (inflowing) 

sample tube (Figure 22), which seemed interesting as it would indicate that more 

impurities were present in the outflowing sample, which could also interfere with the 

assay, especially at such low ATP levels. Additionally, after the test period, the filters 

were examined visually. Both filters had equally experienced light discoloration, 

although with no blockage in the pores (Figure 23). At the end of the test period, the 

analyzer reagent condition resulted in an acceptable value of ~120 000 RLUs measured 

with the Luminultra Photonmaster.  

 

 

Figure 22. Inflowing sample tube (upper) and outflowing sample tube (lower). 

 

 

Figure 23. Pre-filters after the test period, with a clean filter (with smaller pore size) at 

right for reference. 
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5.5 On-line ATP test period at Vantaan Energia 

The Martinlaakso power plant, which is a combined heat and power plant (CHP), consists 

of a biomass boiler commissioned in 2019 and a coal boiler in occasional use. 

Considerable microbiological challenges had arisen in the raw water system of the plant 

since the commissioning of the biomass boiler, which was possibly caused by the 

increase in nutrients in the system. In January 2022, it was noticed that microbiological 

challenges, including larvae, arose in the raw water system and ion exchangers. The 

situation was reminiscent of the summer of 2021 when both effective chlorination and 

resin replacement in cation exchangers were undertaken as a matter of urgency to 

combat similar microbiological problems (Figure 24).  

 

Figure 24. Microscopic photo of a larva from 2021. 

 

In this case, on-line ATP measurement provided an opportunity to measure the water 

before and after sand filtration (Figure 25), as the sand filters were suspected to be a 

hotspot for biological activity due to a considerable drop in the pH value over the filters. 

The pH change indicated remarkable microbial activity, as there was no chemical 

treatment or other obvious reason for the decrease in pH. Water was pumped from the 

raw water basin to the sand filter, thus the sample before the sand filter represented the 
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raw water. Before the on-line ATP test period, cATP levels were measured before and 

after chlorination and washing of sand filters, while direct effects on cATP levels did not 

occur. 

 

Figure 25. The analyzer setup. 

 

The continuous ATP measurement consisted of a three-week period of monitoring the 

baseline to gain knowledge of typical variations and behaviors of the system before 

introducing biocides or other antimicrobial measures. Next, the introduction of biocide 

was monitored. The reduction of ammonium nitrogen in flue gas condensate RO 

permeate was planned to be one of the antimicrobial measures but was conducted in 

multiple short periods due to practical limitations, thus, the effects of this could not be 

reliably determined. Due to the complex raw water system with multiple circulations, 

the effects of antimicrobial treatments could not be expected to be immediately observed. 

Monitoring the situation by microbiological measurements was necessary to be able to 
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draw conclusions on the effectiveness of the measures taken and the necessary measures 

following up. 

The ambient temperature where the analyzer was placed was fairly high, which seemed 

to reduce the cooling efficiency of the reagent cooler. Based on the analyzer’s 

temperature measurement, the cooling block reached a temperature of 6 to 9 °C 

depending on the ambient temperature. Thus, the condition of the reagent was validated 

at times. Regardless of fluctuating and slightly elevated reagent storage temperatures, 

the reagent condition remained intact during the whole test period. 

 

5.5.1 Raw water system and water treatment 

The raw water system of the plant is illustrated in Figure 26. Treated flue gas 

condensates from the biomass boiler were used as the main source of raw water, with 

the municipal water supply being a secondary source. Make-up water production 

consisted of sand filtration and ion exchange. Raw water from the raw water basin 

circulated through open cooling towers, which could introduce undesired species into 

the water system, and which also in this case were the most probable source of 

contamination source.  

 

Figure 26. Simplified flow diagram of the raw water system. 
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The flue gas condensate treatment process of the biomass boiler is illustrated in Figure 

27. The flue gas from the biomass boiler was scrubbed with water which concentrates 

circulating back into the scrubber. The concentrate bleeds back into the furnace. Wet flue 

gas continuing from the scrubber was then condensed and the condensate was directed 

into a CO2-removal column, which raises the pH of the condensate. Iron chloride was fed 

as a precipitation chemical and sodium hydroxide to control the pH of the precipitation, 

followed by ultrafiltration (UF) of the precipitate. The UF permeate was cooled and fed 

to RO1 (CCRO) from where the RO1 permeate flowed to the second RO. Concentrates 

from ultrafiltration and RO1 were directed to the reject tank which supplied the water 

for the flue gas scrubber. RO2 concentrate was directed to the drain, with the possibility 

to feed it back to RO1. 

 

 

Figure 27. Simplified flow diagram of flue gas condensate treatment process. 

 

5.5.2 Phosphate 

Trisodium phosphate was fed to the boiler water of the biomass boiler. During the test 

period, it was discovered that phosphate ultimately ended up in the raw water due to 

continuous boiler blowdown. Another phosphate source was the auxiliary boiler, which 

had intermittent blowdowns, but constant phosphate feed. Based on the dosage pumps 

and their stroke setting which were identical, phosphate was fed equally as much to the 

boiler and auxiliary boiler. Data regarding amounts of phosphate fed through the years 
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were not available, but the order history of the chemical gave rough estimates. In recent 

years, phosphate consumption increased rapidly. The monthly trisodium phosphate 

consumption amounted to roughly 1.5 kg/month, considering one month downtime 

during the year. Based on this, elemental phosphorous was continuously fed 0.4 g/h. 

Thus, the phosphorous concentrations were sufficient for supporting microbial growth, 

along with considering the existing nutrients, especially in the sand filters. While the 

elimination of phosphate in the raw water system is a necessary measure for the future, 

measures to redirect or reduce phosphate-containing waters were not possible during 

the test period. 

 

5.5.3 Reduction of ammonium nitrogen concentrations 

Flue gas condensates contained a considerable amount of nitrogen in the form of 

ammonium. At elevated pH prevailing in the water, nitrogen passed as gaseous ammonia 

through the RO membrane and finally ended up in the raw water basin. The relation 

between ammonium and ammonia as a function of pH at 26 °C is illustrated in Figure 28, 

in addition, the share of ammonia also increases with temperature (Emerson et al., 1975). 

The feed water temperature to the RO2 was around 25 °C. Ammonium is a soluble ion 

and thus should not pass the RO membrane, i.e., end up in the concentrate. The source of 

ammonium was the selective non-catalytic reaction (SNCR), where urea is fed into the 

boiler to reduce NOx emissions. A phenomenon called ammonia slip occurs to a varying 

degree as the reaction is never complete and where carry-over of non-reacted urea is 

transferred into the flue gas. 
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Figure 28. NH3 and NH4+ as the function of pH at 26 °C (Emerson et al., 1975). 

 

During the first weeks (March 3rd to 22nd), the ammonium removal of the RO2 was 

naturally more efficient (~80 %), as the system ran on a lower pH due to the 

precipitation tank pH measurement calibration being slightly off, causing a lesser 

demand of sodium hydroxide as the measurement overestimated the pH. The following 

test was done during this period.  

The pH reduction of the RO2 feed was tested by feeding sulfuric acid from the already 

existing but not used antiscalant feed system. The appropriate concentration of sulfuric 

acid was determined based on the flow range of the dosing pump. The flow range for the 

dosing pump, however, was flexible, ranging from 6 ml/h to 6 l/h, which allowed the use 

of higher concentrations of sulfuric acid which were later needed. The dosage control of 

the pump was based on maintaining a certain concentration and was set carefully, as the 

pH of the feed water also fluctuated, why it was necessary to closely monitor pH. A test 

was conducted to ensure sufficient reduction of pH with a 5 % sulfuric acid solution and 

thereby used to find out indicative dosage parameters. The acid seemed to mix well as 

no fluctuations in pH occurred, while the feed water underwent filtration and pumping 

after the acid was injected. Slight uncertainty of the actual pH values remained as pH 

values were read from the continuous measurement which later was found to be in the 

need of calibration, however, the changes during that test were comparable. 
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Assuming that pH levels are the same in the beginning as when the initial acid dosage 

normalized, a pH decrease from 8.8 to 8.3 was achieved with a 2 l/h dosing (Table 2). 

The pH of the permeate, which usually was higher than the feed, now decreased from the 

feed pH at a 3 l/h dosing, indicating that the permeate ammonium concentration could 

also decrease. Concentrate ammonium measurements were probably slightly more 

inaccurate as the samples had to be diluted to fit the measuring range. 

Table 2. Pre-test with feeding 5 % sulfuric acid in RO2 feed water 

Time Acid feed Feed Permeate Concentrate Feed Permeate 

 

l/h NH4-N mg/l NH4-N mg/l NH4-N mg/l pH pH 

13:04 0.0 12.0 2.37 126.5 8.7 

 
14:02 0.0 13.8 2.61 140.0 8.8 9.4 

14:29 2.6 12.9 1.45 152.5 8.3 

 
14:41 2.6 12.5 1.51 162.5 8.3 8.5 

14:52 3.0 11.8 1.33 155.0 8.2 8.0 

15:08 0.0 12.7 2.59 160.0 8.8 9.3 

 

The operation of the flue gas condensate treatment changed after calibrating several pH 

measurements which control the sodium hydroxide dosing in the scrubber, condenser, 

and the precipitation tank. After calibration on March 23rd, the sodium hydroxide 

demand increased and, thus, the whole system operated at a higher pH, requiring even 

more sulfuric acid to achieve a sufficient drop in pH from the prior tests. The pH of RO2 

feed and permeate returned to the level at which they have generally been, over 9 and 

over 10, respectively. The actual demand for sulfuric acid to achieve a pH reduction from 

9 to 8 increased remarkably, to 3-5 l/h of 20 % sulfuric acid depending on ammonium 

content. 

A critical point was observed at feed pH 8.2, where permeate pH changed rapidly to the 

upside (> 9) when feed pH ranged around and over 8.2, and likewise decreased under 8 

when feed pH was slightly below 8.2. Case in point, a 90 % ammonium nitrogen removal 

was achieved with feed pH 8.2 and permeate pH 7.4, while an 80 % removal was typical 
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at feed pH 8.4 and permeate pH 9.1. Based on this, the difference between permeate and 

feed pH in-between measurements was used as an indicator of NH4+ removal, assuming 

that when permeate pH was higher, more ammonia passed the membrane. Flue gas 

ammonia varied strongly, thus it was challenging to maintain a situation where permeate 

pH was equal to or lower than feed pH. At some points, a reasonable acid feed was 

achieved but could later result in the permeate pH rising if ammonium concentrations 

were to rise and vice versa.  

 

5.5.4 Process dynamics and other changes during the test period 

After the first week of continuous ATP monitoring, the prefilters were inspected and 

whilst the prefilter for the sample line before sand filter was clean by eye, the prefilter 

after sand filter experienced obvious accumulation of organic matter (Figure 29). 

Although, this indicates that more solid matter is found after the sand filter which affects 

results regardless of the use of prefilters are used. After the discovery, the use of 

prefilters was stopped. If ATP-levels were to decrease, filters with significant 

accumulation can possibly distort results and inhibit flow to the analyzer. 

 

Figure 29. Prefilter with accumulated organic matter. 
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From March 9th onwards, as the coal boiler was down, the make-up water consumption 

decreased while production was maintained, leading to the make-up water tank flowing 

over back to the raw water basin, purifying the raw water based on electrical 

conductivity (EC) measurements. On March 14th, the RO2 feed pH suddenly decreased, 

as well as ammonium nitrogen concentrations for the next two days when measured. It 

was discovered that urea feed in the boiler SNCR was suspended for 8 hours followed by 

a lower feed rate for a couple of days, as ammonia slip reduced and in turn resulted in 

lower ammonium nitrogen levels in the flue gas condensate. Simultaneously, the boiler 

chemistry changed as peat was introduced into the fuel mix. During that week, further 

measurements could not be made due to a lack of healthy personnel. Thus, it could not 

be confirmed that ammonium concentrations remained low throughout the rest of the 

week. However, the flue gas ammonia (Figure 31), which serves as an indicative estimate 

of ammonium in the flue gas condensate, began rising to regular levels towards the end 

of the week. Measurements on the following week confirmed that ammonium 

concentrations reverted to regular levels with also higher flue gas ammonia.  

The ammonium nitrogen concentrations in the RO2 permeate also rose after the 

calibration of the pH measurements in the flue gas treatment system on March 23rd, as 

described in the previous section. 

Biocide was introduced on March 24th, aiming for a modest initial concentration of 3 ppm. 

With a water flow of 40 m3/h (11 l/s), the equivalent biocide dosage is 33 mg/s (120 

g/h). The biocide was fed into the suction of the cooling circulation pump with the idea 

that the biocide would reach as many locations as possible in the raw water system. On 

March 25th, the dosage was increased to 4-5 ppm. Occasional shock dosing with a 

duration of 0.5 to 1 hour was done with a four-fold dose (~16 ppm). After one week of 

biocide dosing, the dosage was increased to 8 ppm on March 31st. The dosage overall was 

modest, as recommendations of the manufacturer for continuous dosing in industrial 

cooling systems were 25-100 ppm for control of microorganisms, depending on the 

degree of fouling in the system.  

During March 27th and April 2nd, the coal boiler was running. Starting the boiler increased 

water consumption through various flushes at the plant. 

Sulfuric acid was continuously fed in the RO2 feed water from March 30th to April 1st to 

reduce ammonium nitrogen levels but remained short-lived due to practical restrictions 

in the equipment which could not be addressed at such short notice. 
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During the last week of measurements, washing of sand filters was performed on April 

6th. Flushing was performed in several repetitions, including a sodium hypochlorite 

treatment. During the sand washing procedure, municipal water intake to the ion 

exchangers was taken from a separate line, leading to the raw water basin overflowing 

with RO2 permeate due to low raw water consumption. 

Overflow of the raw water basin occurred at 90-95 % levels when water consumption 

was low and treated flue gas condensates were abundant (Figure 30). 

 

Figure 30. Raw water basin level. 

 

The changes in flue gas ammonia seemed to have a connection with the RO2 feed 

ammonium nitrogen, which was generally higher during the second half of the test 

period (Figure 31). While the ammonia slip measures a concentration, however, the flue 

gas flow is not considered here which is also a changing factor. The flue gas ammonia 

measurement was faulty from April 4th onwards.  
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Figure 31. Flue gas ammonia slip with RO2 feed ammonium nitrogen measurements. 

 

The pH of the RO2 feed water and permeate varied during the test period, being generally 

higher after March 23rd (Figure 32). 

 

Figure 32. Daily averages of RO2 feed pH (red) and permeate pH (blue) during the test 

period. 
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5.5.5 Results 

ATP was measured continuously before and after the sand filter. If not otherwise 

specified, “after” and “before” measurements denote measurements after and before the 

sand filter, respectively. From the beginning of the measurement period to March 11th, 

2022, the measurement cycle was set as: CH1 analysis (after sand filter), waiting time, 

CH2 analysis (before sand filter), followed by a cleaning cycle with CH1 sample water 

used for flushing. From March 11th onwards, the cycle was changed to: CH1 analysis 

(before sand filter), waiting time, CH2 analysis (after sand filter), followed by a cleaning 

cycle with CH1 sample water used for flushing, as the water before the sand filter based 

on measurements and observation by eye was a better alternative for flush water 

because of fewer fluctuations in quality. Also, when there was no cleaning between CH1 

and CH2 analysis, choosing the higher quality water for CH1 would be a better alternative. 

The typical variation in results for before and after sand filter did not change, proving 

that the order of measuring in-between cleaning did not affect results. The frequency of 

measurement was set to one measurement of both channels every hour. 

During the baseline monitoring (March 3rd-23rd), continuous cATP measurements before 

the sand filter were ranging from the order of magnitudes 10 000 to 100 000 ME/ml. 

Manual measurements tracked the same levels with a slight underestimation (Figure 34). 

Higher fluctuations and levels were observed in the continuous measurement after the 

sand filter. The fact that the results fluctuated after the sand filter indicates that 

considerable activity was present with occasional flocks or larvae probably separating 

from the sand bed. Whether flocks or larvae were included in the sample and the 

complete lysis of them were possible could also be the reason for fluctuations. 

Measurements of free ATP occasionally exceeded total ATP resulting in an ineligible 

result (around 9 % for after measurements). If the microbial load showed high 

heterogeneousness, measurement of free ATP and total ATP could be carried out from 

waters with a different microbial level, affecting the calculation of cATP. The highest total 

ATP concentrations after the sand filter (around 7 % of measurements) exceeded the 

upper limit of the measurement range, resulting in a reading of 999 999 (max value) for 

the photomultiplier tube (PMT). This reading converts to ~400 000 ME/ml, which 

exceeds the recommended range of the manufacturer. The dark count, which describes 

the prevailing RLU measured by the PMT before the sample and reagent is fed into the 

reaction chamber before each measurement of free and total ATP was registered. Slight 

spikes in dark count readings occasionally emerged as the PMT detected irregular values, 
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which indicated that matter remained in the reaction chamber. High dark count values 

before a measurement often went hand in hand with maxed out RLU’s. The removal of 

prefilters increased both the dark count values and maxed-out RLU values. To better 

differentiate individual measurements of cATP, the before and after measurements are 

also presented separately (Figure 35, Figure 36).  

During the eventful period (March 9th-20th) full of process variations, the gap between 

free and total ATP tapered down on March 13th. While total ATP levels remained constant, 

the free ATP had simultaneously risen (Figure 37), indicating the share of dead cells to 

alive cells increased. Similar levels remained until a sudden drop of both total and free 

ATP on March 18th, which probably was caused by a high intake of municipal water into 

the raw water basin also resulting in a short elevation in EC (Figure 33).  In addition, due 

to the lack of healthy personnel, manual ATP measurements could not be carried out 

during that week (March 14th to 20th) and measures could not be introduced either which 

led to the initial monitoring phase being prolonged. Furthermore, cATP concentrations 

from the continuous measurement showed a small decrease to around a 10 000 ME/ml 

level during that week but returned to slightly below previous levels. After March 14th, 

free ATP before sand filters slightly inflected over compared to after sand filter (Figure 

39), possibly implying that the share of dead cells was increasing in the water circulation 

or remaining in the sand bed, whilst total ATP remained generally higher after the sand 

filter.  

Biocide was introduced on March 24th. During that time, there was still roughly a one-

unit drop in pH over the sand filters. Noticeable changes in ATP did not happen until 

March 27th, when on-line cATP concentrations decreased by a logarithm. In conjunction 

with this event, municipal water intake was at elevated levels which could further speed 

up the effect of the biocide. The suspicion that high municipal water intake alone caused 

decreased cATP levels was ruled out when even higher intake was occurring at the 

beginning of the monitoring period between March 2nd and 13th, without effects on cATP. 

After the initial drop in cATP, the levels settled slightly higher, while manually measured 

ATP in the raw water basin and after the cooling tower remained below levels before and 

after the sand filter. Spikes on lesser occasions occurred also in the after measurement 

after introducing biocide. The number of larvae observed in the sight glass of the sand 

filter started gradually decreasing during the following weeks of biocide dosing. Overall, 

the cATP levels before sand filter during biocide ranged between the order of 

magnitudes 1 000 and 10 000 ME/ml. It is worthwhile noting that the flue gas condensate 
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treatment returned to normal operation (i.e., more ammonia carry-over) and the 

ammonia slip rose around the same time period as biocide was introduced. Raw water 

ammonia concentrations were higher on the second half compared to the beginning 

(Table 3). Total ATP levels before and after were practically consecutive throughout the 

test period, with the difference of spikes in the after measurements which also reduced 

after introducing the biocide (Figure 40).   

 

Figure 33. Municipal water intake, biocide dosage and other events coupled with 

continuous cATP measurement before sand filter. 

 

 

Figure 34. Continuous cATP measurements and manual cATP measurements. 
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Figure 35. Continuous cATP measurement before sand filter. 

 

 

Figure 36. Continuous cATP measurement after sand filter. 
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Figure 37. Free and total ATP before sand filter. 

 

 

Figure 38. Free and total ATP after sand filter. 
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Figure 39. Free ATP levels before and after sand filter.  

 

 

Figure 40. Total ATP levels before and after sand filter. 

 

During the sand filter flush, on-line measurement had to be paused due to the 

depressurization of sand filters, depicting the break in the graphs. Flush waters were 

highly turbid and contained roughly 110 000 ME/ml of cATP while decreasing to 40 000 

ME/ml after hypochlorite treatment. Even though the raw water basin was full and 

overflowing with RO2 permeate with relatively low microbial levels (~700 ME/ml) for 
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roughly six hours, the ATP levels in the raw water basin did not reduce. Before the sand 

wash, the pH difference over the filters was only 0.3 thanks to the effect of ongoing 

biocide dosing, however, after the sand wash, the pH difference became non-existent. 

After the sand filters were taken back into use, cATP levels remained slightly elevated 

possibly due to released residue from the sand filters re-entering the raw water 

circulation, as it was not possible to perform a backwash of the filters (inlet nozzles 

located below the sand bed). qPCR assays were carried out to distinguish the difference 

between bacteria levels (black staples) and eukaryotes (brown staples), along with PMA 

treatment to differentiate dead+alive (non-PMA) and alive (PMA) cells (Figure 41). 

Cation exchanger and sand filter flush samples are not directly comparable, as the cation 

exchanger sample was taken two days (April 4th) before the sand filter flush, and the 

cation exchanger had not been in operation for several days. During the first flush, PMA 

and non-PMA bacteria and eukaryotes were at the same level, i.e., the majority of 

microbes were alive in that sample. The second flush, after the hypochlorite treatment, 

showed greater differences in dead and alive levels both for bacteria and eukaryotes and 

higher non-PMA bacterial levels than the first flush. The levels between the cation 

exchanger and 1st sand filter flush show similar levels, despite the flush water from the 

sand filter being highly turbid, and the cation exchanger sample representing water after 

the sand filter at normal operating conditions (non-turbid). Manual cATP measurements 

underestimated qPCR results. 

 

Figure 41. qPCR results from water samples from cation exchanger and sand filter 

flushes, with and without PMA. 
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The share of free ATP to total ATP shows the stress experienced by microbial cells 

regardless of the ATP levels. The stress level was around 30-40 % at high municipal 

water intake, while the raw water basin did not overflow (Figure 42). On March 13th, the 

stress level rose to 70-80 % when the raw water basin started flowing over and 

municipal water intake stopped, i.e., mainly using treated flue gas condensate. 

Additionally, ammonia levels in the treated flue gas were naturally low. Surprisingly 

enough, while cATP levels decreased with biocide, similar stress levels were not 

achieved, although, remained elevated on average. 

 

Figure 42. The share of free ATP to total ATP before the sand filter. 

 

The effects in ATP by reducing ammonium nitrogen levels in the RO2 permeate could not 

be proved as the antiscalant system (used to feed the acid) control was based on feeding 

a concentration, thus could not be left unmonitored and would have required 24/7 

monitoring to maintain stable pH in permeate as flue gas ammonia was fluctuating, 

causing the change in the required acid amount. However, the reduction of ammonium 

nitrogen carry-over by pH reduction proved to be successful and can lead to the 

development of an appropriate system to implement it. 
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5.5.6 Chemical results 

Due to the highly variable amounts of ammonium nitrogen in the flue gas condensate, 

the ratios of the levels between waters should rather be considered when comparing 

individual measurements between time points. Ammonium nitrogen concentrations in 

the RO2 feed (last step in the flue gas condensate treatment) during the test period were 

5.0-33 mg/l, of which roughly 50 % remained in the permeate if operating at usual 

operating conditions (March 23rd onwards).  

At the beginning of the test period, only a fraction of ammonium nitrogen was remaining 

after the sand filters from the concentrations measured from the raw water basin (Table 

3). After the introduction of biocide and achievement of lower ATP levels, the ammonium 

concentrations after the sand filters regardless of the amount were equal to 

concentrations in the raw water. In addition, ammonium concentrations in the raw water 

were overall higher during the second half of the test period. 
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Table 3. Ammonium nitrogen concentrations 

Date   
RO2 
Feed 

RO2 
Permeate 

Raw 
water 
basin 

After 
sand 
filter 

  
RO2 

Ammonium 
removal 

Comment 

  
NH4-N (mg/l)  % 

 
3.3. 

 
> 12 2.9 

    

 
4.3. 

 
> 12 2.6 0.12 

   

 
8.3. 

 
> 12 4.5 0.28 < 0.015 

   

15.3. 
 

4.9 0.49 
   

91 Low ammonia slip and 
naturally lower pH on March 
15th and 16th  16.3. 

 
4.7 0.48 0.20 0.087 

 
90 

22.3. 
 

> 12 2.9 0.72 
    

22.3. 
 

21 > 2.0 
    

Momentary sulfuric acid feed 

22.3. 
 

18 2.0 
   

89 Momentary sulfuric acid feed 

23.3. 
 

24 11 
   

59 Calibration of pH electrodes, 
process returned to baseline 
as in previous fall 24.3. 

 
33 > 12 

    

28.3. 
 

8.4 4.1 
   

55 

28.3. 
 

5.7 < 1.0 1.8 
   

Momentary sulfuric acid feed 

30.3. 
   

3.0 3.2 
  

Continuous sulfuric acid feed 
between March 30th and April 
1st  31.3. 

 
20 3.9 < 1.0 < 1.0 

 
82 

1.4.   16 1.6 2.0 2.0   91 

4.4.    3.3 3.5   
 

 

Measurements were commissioned of pH, total nitrogen, ammonium nitrogen, total 

phosphorous, phosphate-phosphorous, sulphate, silicon and non-purgeable organic 

carbon (NPOC) of RO1 and RO2 fractions, before and after pH reduction in the RO2 feed 

(Table 4). Ammonium nitrogen concentrations in the RO2 permeate decrease with 

lowering the pH with feeding sulfuric acid. During sulfuric acid feed, the majority of 

sulphate ions remained in the concentrate, with a small fraction (0.8 mg/l) remaining in 

the permeate. 
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Table 4. Accredited measurements of flue gas condensate treatment RO fractions 

Date Property Unit RO1 Feed RO2 Feed RO2 

Permeate 

RO2 

Concentrate 

10.3. 

pH - 8.1 8.5 9.3 8.0 

Tot-N mg/l 37 12 2.1 120 

NH4-N mg/l 37 11 2.2 120 

1.4. 

pH - 8.6 7.8 7.1 7.8 

Tot-N mg/l 61 21 2.1 240 

NH4-N mg/l 61 20 2.0 250 

              

10.3. 
Tot-P mg/l < 0.005 0.01 < 0.005 0.017 

PO4-P mg/l < 0.003 < 0.003 < 0.003 < 0.003 

1.4. 
Tot-P mg/l < 0.005 < 0.005 < 0.005 0.02 

PO4-P mg/l < 0.003 < 0.003 < 0.003 < 0.003 
       

10.3. 

SO42- mg/l 0.8 < 0.3 < 0.3 < 0.3 

Si (sol.) mg/l 0.03 < 0.02 < 0.02 0.05 

NPOC mg/l < 0.5 < 0.5 < 0.5 < 0.5 

1.4. 

SO42- mg/l 0.8 < 0.3 0.8 500 

Si (sol.) mg/l < 0.02 < 0.02 < 0.02 < 0.02 

NPOC mg/l < 0.5 < 0.5 < 0.5 1 
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Measurements of nitrogen and phosphorous (Table 5) show the nutrient level in the raw 

water system and that nitrification occurred. 

 

Table 5. Accredited measurements of raw water (March 10th) 

Property Unit Raw water basin Raw water after 

cooling tower 

pH 
 

7.4 - 

Tot-N mg/l 1.8 1.0 

NH4-N mg/l 0.47 0.046 

NO3-N mg/l 1.1 0.92 

NO2-N mg/l 0.084 0.027 
    

Tot-P µg/l 6.0 - 

PO4-P µg/l 3.3 - 

COD(Mn) mg/l < 1.0 - 
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6 Discussion 

Microbial monitoring generally requires aseptic conditions to provide reproduceable 

steady and reliable results. If this requirement is not respected in practical protocols, the 

results are generally affected. In continuous monitoring, it is not possible to maintain 

sterile conditions as samples flow through the same tubes and vessels. The second-best 

thing is to prevent larger-scale fouling with acidic and alkalic cleaning cycles. However, 

the automatic cleaning program was not in working order when the analyzer was 

supplied. This forced the starting of the cleaning cycle on the spot as often as possible, 

which is in no way practical in the long term and defeats the purpose of on-line 

monitoring. As no recommendations about the frequency of cleaning cycles were 

provided by the manufacturer, a daily cleaning frequency was pursued whenever 

practically possible, in the sense of reasonableness. On one hand, cleaner waters cause 

less fouling, needing less frequent cleanings, but on the other hand, measurement of 

waters with low microbial activity (= low cATP) is more sensitive to minor changes and 

may show relatively higher background readings, if cleaned less. During the end of the 

Turun Vesihuolto test period, the automatic cleaning program was fixed. At Vantaan 

Energia, cleaning cycles were executed after one measurement cycle of each channel.  

Concerns for distorted results arise due to the risk of detection reagent condition 

deteriorating over time, giving lower results, while simultaneously, the possibility of 

fouling/contamination, in turn, results in higher readings. One idea that was put into use 

was to measure a control RLU reading of the analyzer reagent with a control solution 

when taken into use, and again when the reagent was close to running out. Obtaining 

exactly reproduceable values is slightly troublesome, which is why determining the 

reagent condition with this method demands steady working procedures as the RLU 

decreases rapidly with time from adding the reagent to the control solution. Reagent 

deterioration is, thus, ruled out when investigating how fouling affects results, as the 

basis of the analysis (analyzer reagent and RLU measurement) is the same in manual and 

continuous ATP methods.  

The control RLU values for the reagent at the end of Turun Vesihuolto test period reached 

the same levels (~120 000) as the new reagent taken into use at Vantaan Energia, which 

affirms (with this method) that reagent deterioration did not occur. At Vantaan Energia, 

the reagent cooler did not reach a sufficient cooling effect to reach 4 °C but ranged 

between 6 and 9 °C depending on the ambient temperature, although, the reagent 
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condition was still intact at the end of the test period despite non-ideal temperature 

conditions. Placement of the analyzer must be carefully considered in the future, as 

prolonged elevated ambient temperatures can induce reagent deterioration. In that case, 

if ventilation cannot be improved, the analyzer must be placed farther from the sample 

source to a space with more suitable conditions, implying longer sample lines. 

While the analysis as such is the same, samples are processed in different ways in manual 

and continuous measurement of ATP. A main difference is cell lysis, which is chemical in 

the manual method used in this thesis, and physical in the on-line analysis. Additionally, 

cATP is directly measured in the manual method, while the difference between total and 

free ATP is measured in the continuous method. If free ATP is low or under the detection 

limit (the case at Turku), the rest of the ATP is considered as cellular ATP compared to 

the total ATP. Apart from the manual measurement, even more information and an 

additional dimension was gained from the free and total ATP measurement from the on-

line measurement with higher microbial levels at Vantaan Energia. Not only is the change 

in cATP a subject of interest, but the change in total or free ATP, especially when the free 

and total ATP or the share of free to total ATP are visualized. For instance, there were 

situations where free ATP concentrations increased while the total ATP remained 

elevated and, thus, the cellular ATP had to decrease. In addition, there were instances 

where cellular ATP concentrations were the same at different levels of free and total ATP, 

which is possible as long as the difference between them is equal. While manual assay 

methods which use the same differential method exist, the filtration and chemical lysis 

method is much simpler and more practical.  

The effect of pH on the assay for the analyzer has not been investigated. While manual 

methods have mitigated the effect of pH with the use of buffer solutions in ATP test kits, 

the analyzer method measures the water as is. While at Vantaan Energia, the pH of raw 

water at the beginning of the test period was around 6.5, and closer to 8 near the end, a 

change in the difference between on-line and manual measurements was not observed. 

The calibration factors should be critically considered when analyzing results depending 

on the application. While the calibration factors matter most when monitoring results in 

real-time, the raw RLU values can be converted to ATP using any calibration factors 

afterwards.  

The outliers in Turun Vesihuolto test period raise questions about the sonication 

working properly (or the adjustment of it) at low ATP concentrations. When compared 
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to the short preliminary test period with considerably higher ATP levels, no such outliers 

appeared in the same manner. Increasing the sonication intensity during the test period 

instantly gave more consistent results. Although low and steady cATP concentrations 

were achieved, the seasonal aspect lacked in this test period which took place during 

winter, implying low water temperatures. Continuous measurements during the 

summer could bring more unique behavior in ATP levels in contrast to a test period 

during winter. 

At Vantaan Energia, along with measures done to reduce ATP levels, it was difficult to be 

certain and draw conclusions about the effect of different measures in an environment 

amidst complex circulations with high retention times, surrounded by multiple changing 

factors that can affect microbe activity either positively or negatively. The convenience 

of continuous ATP measurement became apparent in a situation where many process 

changes took place, but it was not possible to do manual measurements for a week and 

a half due to a lack of healthy personnel. Biocide dosage turned out to be the only 

concrete antimicrobial measure that could be conducted. With modest concentrations, 

the effect of the biocide was observed with a delay but was able to stabilize and reduce 

the microbial levels even in a system with such severe fouling. While it was predictable 

that a small biocide dosage would not have a great or immediate effect, especially on 

biofilms, the microbial activity in the raw water circulation reduced along with the 

number of larvae observed. In addition, a slight seasonal variation occurred, from late 

winter to early spring, implying slightly warmer weather and more sunlight directly 

reaching the cooling tower. The start-up of a boiler caused high water consumption, i.e., 

turnover, due to various flushing activity. Where water turnover had a great effect on 

stress levels of microbial cells (share of free to total ATP), high water turnover (meaning 

high water intake) and high biocide dose are not economically feasible. Thus, nutrient 

restriction and limiting nutrient accumulation with a modest biocide dose and 

intermittent blowdowns are the most rational solutions for maintaining a well-kept 

system. 
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7 Conclusion 

The Hach EZ7300 ATP analyzer was tested at both extremes of its measuring range, with 

microbially ultra-pure water and highly microbially active water along with an effort to 

tame the challenging situation. Rapid changes in the ultra-pure water were not found in 

line with manual measurements, concluding that the microbiological quality of the water 

remained intact. High and changing concentrations (10 000-100 000 ME/ml) in the 

power plant raw water system could be handled as well, whilst facing occasional 

complications with changing sample matrix during analysis, which time span was in 

minute scale. The behavior of microbial levels could now be monitored rapidly when 

introducing antimicrobial measures. Based on these tests, continuous measurement can 

be applied well without concern to waters between these two extremes with the Hach 

EZ7300.  

Under normal circumstances, the required human workload for the analyzer depends 

solely on reagent consumption (measurement frequency) and cleaning chemical 

consumption (fouling potential of measured water), along with occasional routine 

checks for good practice. 

In addition to standalone monitoring and quality assurance, e.g., monitoring fouling of 

critical process equipment, control and optimization of biocide dosage or other 

parameters affecting microbiology (water turnover, make-up water intake) are possible 

options for future applications, where operators can utilize the data from the 

measurement to make the right decisions proactively to avoid larger problems. In water 

distribution networks, even well-maintained, continuous monitoring at the extremities 

of the networks could be worthwhile and necessary, or locations close to network 

renovations to ensure that the microbiological quality is maintained during and after the 

renovations. 

Obtaining results of microbiological activity at a comprehensive time resolution 

provided valuable information and a new understanding of how process dynamics can 

affect the microbiological status and at which pace or delay. Notable changes are possible 

to capture with manual measurements, but not necessarily when they have occurred or 

what they are caused by, or whether they belong to typical variations. The more closed 

water systems and water reuse are incorporated in industries, the more continuous 

microbiological monitoring gains relevance and, thus, plays a part in reaching a 

sustainable future.
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8 Summary in Swedish - Svensk sammanfattning 

Tillämpningspotential av on-line ATP-analysator för processkontroll 

Adenosintrifosfat (ATP) är en förening som förekommer i alla levande celler och är 

nödvändig för cellmetabolism och således lämpar sig för att mäta allmänna nivån av 

mikrobiologisk aktivitet i vatten. ATP-mätning beskriver den totala nivån av levande 

mikrober och är en snabb metod som ger viktig och aktuell information för att stödja 

beslutsfattande. Medan metoden inte kan differentiera olika arter, är det dock möjligt att 

utföra rätta åtgärder vid rätt tidpunkt då man känner till den totala nivån eller dess 

förändring. Potentiella tillämpningar inkluderar vattenkvalitetssäkring, mikrobiologisk 

kontroll, dosering av biocider och riskhantering relaterad till återvinning av olika 

processvatten. För dynamiska processer krävande regelbunden övervakning kräver 

provtagning och analys manuellt arbete och trots dess enkelhet är det problematiskt att 

uppnå en heltäckande tidsupplösning. I denna avhandling undersöks lämpligheten av 

kontinuerlig analys av ATP för att uppnå en heltäckande nivå av mikrobiologisk kontroll 

i olika situationer med hjälp av manuella mätningar och eventuella 

processkontrollåtgärder.  

Mikrobiologisk aktivitet uppkommer överallt såsom i alla processer i olik 

storleksordning. Övervakning av mikrobiologisk status fungerar som ett tidigt 

varningssystem för att identifiera kontaminerade vatten eller biologisk nedsmutsning av 

processutrustning. Råvattenkvaliteten påverkas av årstids- och vädervariationer, vilket 

leder till variationer i mikrobiell belastning. Återvinning och återanvändning av material 

och processvatten ökar mikrobiologiska risker. Mikrobiella effekter kan orsaka problem 

på flera sätt, till exempel täppning, minskad effektivitet i värmeväxlare, korrosion samt 

störningar i produktionsprocesser. En hög mikrobiell belastning indikerar också risker 

inom arbetssäkerhet eftersom förekomst av legionella eller svavelväte i framträdande 

nivåer orsakar högre risk för exponering som leder till allvarliga hälsoeffekter.  

Mikrobiologisk tillväxt kräver näring och lämpliga förhållanden, där kol, kväve, fosfor, 

svavel, syre och mineraler är främst viktiga (Madigan et al., 2010). Förhållanden 

beroende av temperatur, pH, syrebehov och osmotiskt tryck är mikrobspecifikt. 

Mikrobiologisk nedsmutsning är oftast relaterat till biofilmer, som bildas på ytor. En 

biofilm består av ett komplex bestående av bakterier, alger, svampar och protozoer med 

en extracellulär struktur bestående av polysackarider, proteiner och vatten (Buckman, 
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2017). Biofilmer ger ett skyddande lager för mikroorganismer att växa i och därmed 

minskar effekten av biocider eller andra behandlingar. Under annars syrerika 

förhållanden innehåller biofilmer en anaerob zon som ger möjlighet för anaeroba 

bakterier att växa. Korrosion kan uppkomma i kontakt med metallytor på grund av 

korrosivt svavelväte som produkt från de sulfatreducerande bakteriernas 

ämnesomsättning. 

Det finns flera olika metoder att mäta mikrobiologisk status varav de mest traditionella 

baserar sig på odling (kulturberoende metoder). Mätningar ålagda av myndigheterna 

baserar sig fortfarande på kulturberoende metoder. Problematiskt med odling är att det 

kan ge varierande och underrepresenterande resultat då mikrober överlever och 

reproducerar i olika tillstånd beroende på bland annat temperatur och typ av näring som 

är tillgänglig. Ytterligare finns det ofta svårigheter att fånga hela populationen från ett 

prov och dessutom kan vissa mikrober vara levande men skadade vilket leder till att de 

inte inkluderas i resultatet då de är förhindrade att reproducera (Oliver, 2005). Därför 

lyckas man med icke-kulturberoende metoder att få en bättre bild av den totala 

populationen. Typiska metoder är flödescytometri, kvantitativ polymeras kedjereaktion, 

och ATP-mätning.  

Kontinuerlig mikrobiologisk mätning i allmänhet och speciellt i form av ATP är 

fortfarande knappt tillämpat inom industrin. Metoden baserar sig på att mäta ljus i 

enheten RLU (Relative light unit) som produceras mellan reaktionen för ATP och 

reagensen luciferin, där mängden ljus är proportionellt med ATP-koncentrationen. 

Vattnet mäts först i sitt befintliga skick, vilket ger den extracellulära ATP som består 

bland annat av död biomassa och upplöst ATP. Som följande mäts den totala ATP efter 

att vattnet undergår lysering med ultraljudvågor, vilket orsakar bristning av 

cellmembranen. Skillnaden mellan totala och extracellulära ATP motsvarar således 

cellulärt ATP. Den manuella ATP-metoden baserar sig på samma reaktion, medan provet 

behandlas på ett annat sätt, där cellerna i stället filtreras ur provet och sedan undergår 

kemisk lysering. Mikrobiologiska mätningar är känsliga och kan påverkas även av 

mindre störningar och därmed krävs egentligen sterila labbförhållanden för att nå 

reproducerbara och jämförbara resultat. Med kontinuerlig mätning är det dock omöjligt, 

eftersom provvatten strömmar genom samma rör och kärl. Minskning av nedsmutsning 

och kontaminering av interna ytor hanteras med syra- och basrengöringscykler mellan 

mätningar, där frekvensen beror mycket på vilken typ av kvalitet av vatten det är fråga 

om. 
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Första testperioden avlagdes i ett vattentorn i Åbo, där det in- och utströmmande vattnet 

i tornet mättes. Den mikrobiologiska kvaliteten av vattnet som analyserats var oerhört 

bra, vilket dels gav upphov till problemet att analysens detektionsgräns kom emot. 

Detektionsgränsen är 0,05 pg ATP/ml, eller alternativt 50 celler/ml. Manuella mätningar 

gav ofta resultat under denna gräns, medan kontinuerliga mätningar överskattade dels 

resultaten delvis p.g.a. kalibreringsparametrarna, men lyckades att bevisa att inga större 

fluktuationer inträffade. En viss del av mätningarna misslyckades, p.g.a. effekten för 

lysning av celler var för låg. Detta åtgärdades innan den sista provveckan med att höja 

spänningen för ultraljudssonden.  

Den andra testperioden utfördes vid ett kraftverk där in- och utströmmande vattnet 

mättes från sandfiltren, som var det första steget i tillskottsvattnets produktion. Hela 

råvattensystemets biologiska status var svår. Testperioden inkluderade introducering 

av biocid som antimikrobiell åtgärd. Begränsning av kvävegenomträngning över 

membranen i det andra omvänd osmos-steget i rökgaskondensatsrengöringen med att 

sänka pH i kondensatet planerades vara en åtgärd, men misslyckades p.g.a. praktiska 

begränsningar i systemet. Analysatorn lyckades mestadels mäta rimliga resultat trots att 

eventuella icke-homogena prov möjligen fångades med. I vissa fall, speciellt efter 

sandfiltren, uppkom större variationer i mätningarna, som troligtvis berodde på att 

organisk materia eller flockar emellanåt frigjordes ur sandbädden. Detta ledde också till 

att i vissa mätningar var extracellulära ATP högre än totala ATP, vilket ledde till ett 

olämpligt resultat. Effekten av biocid och andra processvariationer återspeglades i 

ändrade ATP-koncentrationer. 

Analysatorn lyckades mäta rimliga resultat både under låga och höga koncentrationer 

inom dess mätområde. Fortfarande är det nödvändigt att emellanåt jämföra resultaten 

mellan kontinuerliga och manuella mätningar. Kontinuerlig mikrobiologisk mätning blir 

mera relevant ju mer slutna kretsar och återanvändning av vatten införs inom industrier. 
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10  Appendix 

10.1 Drinking water quality targets and requirements 

At the moment, microbial testing of drinking water set by the authorities in Finland still 

relies on cultivation. Quality of raw water, amount of useful nutrients e.g., phosphorus, 

nitrogen, organic matter, water treatment type, network structure and condition, the 

dosage of disinfectants, water temperature, and residence time affect microbial growth. 

Typical microbiological contaminants caused by fecal contaminants in drinking water 

are gastrointestinal bacteria such as Enterococcus spp. and E. coli, with a limit of 0 

CFU/100 ml. A high share of both can imply recent contamination, mainly caused by 

wastewaters. If enterococci numbers are high compared to E. coli, the contamination can 

be less recent or from animal feces, as enterococci tend to tolerate stress caused by 

environmental conditions better than E. coli. However, E. coli is used as the main 

indicator for gastrointestinal microbial contamination as it mainly reproduces in 

intestinal or similar environments (anaerobia and high nutrient level), while other 

coliform forming species such as Citrobacter spp, Klebsiella spp, and Enterobacter spp, 

reproduce also in other environments. In general, E. coli does not reproduce in natural 

waters or drinking water distribution systems, but growth in biofilms, however, is 

possible (Buse et al., 2014). Any kind of contamination requires rapid measures such as 

introducing or increasing the dosage of disinfectants, flushing the distribution network, 

or effective chlorination. Along with that, consumers must be informed and instructed to 

boil the water before consumption. (Valvira, 2020) 

The following cases describe the microbiological quality targets for drinking water. 

C. perfringens is a sulfite-reducing bacteria, a spore that tolerates disinfectants and stress 

caused by environmental factors well. It is an indicator of contamination originating 

from human or animal feces. It should be monitored when surface water is used as raw 

water or when surface water can affect the groundwater, which applies to artificial 

groundwater. The prevalence leads to the same measures as when E. coli and enterococci 

are present, as described earlier. The target for C. perfringens is 0 CFU/100 ml. Coliform 

bacteria, such as species in genera Escherichia, Citrobacter, Enterobacter, Klebsiella, 

Serratia and Rahnella, except E. coli, can originate from other environments than human 

or animal intestines, and consequently, their presence cannot directly indicate fecal 

contamination. Thus, it still indicates some form of outside environmental contamination, 
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poor turnover, bacterial growth, or insufficient water treatment. A waterwork must 

enhance its water treatment if coliform bacteria are regularly found. The target for these 

is 0 CFU/100 ml. The heterotrophic plate count is a method that strives to estimate the 

number of yeasts, fungi, aerobic and heterotrophic bacteria, thus, it does not specify the 

microbes that are present but is meant to represent the general abundance of microbes 

under certain conditions. For HPC, no abnormal changes are set as a target. (Valvira, 

2020) 

The Finnish authorities have used WHO guidelines for drinking water quality as a basis 

for the chemical quality targets and requirements for drinking water, which are briefly 

summarized in Table 6 and Table 7, respectively. 
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Table 6. Chemical quality requirements (Valvira, 2020) 

Property Amount Unit Reasoning and occurrence 

Arsenic < 10 μg/l 
Carcinogenic. Can end up in waters from the use of wood 
preservatives, refining copper from sulfide ores, and fossil fuels. High 
concentrations at certain geological areas. 

Benzene < 1 μg/l Carcinogenic. Fuel or chemical leak. 

Boron < 1 mg/l 
In high concentrations causes digestion problems. Naturally found in 
freshwaters as sodium- and calcium borate. Industrial or municipal 
wastewaters. 

1,2-dichlorethane < 3 μg/l 
Carcinogenic. Highly volatile and dissolves in ground waters when in 
contact with soil. 

Mercury < 1 μg/l 
Toxic. Air pollution and waste waters from industry, use of fossil fuels, 
mining. 

Fluoride < 1.5 mg/l 
In high concentrations detrimental for teeth and bones. Naturally 
occurring in small concentrations. 

Nitrate < 50 mg/l 
Can cause methemoglobinemia. Possible carcinogen when converted 
to nitrite. Can end up in raw waters from fertilizers as well as from 
dissolved and oxidized nitrogen compounds. 

Selenium < 10 μg/l Toxic in high concentrations. Found in lesser amounts in soils. 

Cyanide < 50 μg/l Toxic. Inhibits cellular respiration. Industrial waste waters. 

Tetra- and 
trichloroethene 

combined 
< 10 μg/l 

Tetrachloroethene causes liver and kidney damage and affects the 
central nervous system. Trichloroethene carcinogenic. 
Contaminations from chemical laundries and textile industry. 

Pesticides < 0.1 μg/l Varying toxicity. Eroded into surface waters from fields, orchards. 

Pesticides 
combined 

< 0.5 μg/l Varying toxicity. 

Uranium < 30 μg/l 
Chemically toxic for kidneys. In substantial amounts harmful as a 
radioactive compound. Geographically varying amounts in bedrock. 

Bromate < 10 μg/l Possible carcinogen. Bromide containing ozonated waters. 

Trihalomethane 
total 

< 100 μg/l 
Unknown effects. Possible carcinogen. Disinfection of humus rich 
drinking water with free chlorine (to a less extent with chloramine and 
chlorine dioxide). 

pH < 9.5   Causing irritation and gastrointestinal issues. 

Acrylamide < 0.1 μg/l 
Possible carcinogen. Impurity in polyacrylamide-based flocculation 
aids. 

Epichlorohydrin < 0.1 μg/l 
Possible carcinogen. Coagulant aids, epoxy coatings, ion-exchange 
resins. 

Vinyl chloride < 0.5 μg/l Carcinogenic. Transports rapidly through soil into ground waters.  

Polycyclic aromatic 
hydrocarbons total 

< 0.1 μg/l 
Carcinogenic. Creosote oil, which is used as a wood preservative and 
in water pipeline bitumen coatings. 

Benzopyrene < 0.01 μg/l Carcinogenic.  

Antimony < 5 μg/l 
Health effects unknown. Naturally present in lesser amounts in fresh 
waters. May end up in waters from antimonite mixture used as a solder 
in building pipelines. 

Cadmium < 5 μg/l 
Toxic. Carcinogenic when inhaled. Naturally present in small 
concentrations. May end up in waters from municipal- and industrial 
waste waters or fertilizers. 

Chromium < 50 μg/l 

Carcinogenic when inhaled [Cr (VI)]. May end up in waters from waste 
waters from metal-, leather- and glass industries. Chromium can 
dissolve from properties' water appliances or water treatment 
chemicals. 

Copper < 2 mg/l 
Causing irritation and nausea. Warm water, stagnated waters, 
dissolved from properties' water appliances. 

Lead < 10 μg/l 
Toxic. Detrimental for bones, nerve system and cognitive 
development. Industrial pollution.  

Nickel < 20 μg/l 
Possible allergen. Carcinogenic when inhaled. Geological areas rich in 
nickel containing minerals. Industrial wastewaters, properties' water 
appliances. 

Nitrite < 0.5 mg/l 
Possible carcinogen. Reduced nitrate, chloramine disinfection, 
incompletely oxidized nitrogen compounds. 
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Table 7. Chemical quality targets (Valvira, 2020) 

Property Amount Unit Reasoning and occurrence 

Aluminum < 200 μg/l 
Toxic. High concentrations cause pitting corrosion in copper 
pipes and precipitate. Acidity of waters and soil increases the 
solubility of aluminum. 

Ammonium < 0.5 mg/l 

Indicates disinfection effectiveness as it reacts with chlorine. 
Ammonium can oxidize and turn into nitrate and nitrite. 
Breakdown of nitrogen containing organic matter, fertilizers, 
and waste waters. 

Odor and 
taste 

No abnormal changes Chlorine. 

CODMn < 5 mg/l 
Amount of organic matter able to oxidize. Higher 
concentrations allow for more microbial growth further in 
distribution systems. Naturally occurring humus. 

Chloride < 250 mg/l 
Corrosion in high concentrations. Naturally occurring and from 
waste waters or road salting. 

Manganese < 50 μg/l 
Neurotoxic. Unwanted odor and taste, deposition forming. 
Naturally occurring in ground- and surface waters. 

Sodium < 200 mg/l 
Limiting sodium intake from water. Raw waters or water 
treatment chemicals (sodium carbonate, sodium hydroxide, ion 
exchange regeneration salt). 

TOC < 4 mg/l 
Amount of organic matter based on organic carbon. Alternative 
to CODMn. Naturally occurring humus. 

pH 6.5 – 9.5   
Corrosion of materials when acidic. Possible negative health 
effects at high pH mainly due to the chemicals causing alkalinity 
and depending on water usage. Alkali chemicals. 

Iron < 200 μg/l 
Rust forming, unwanted taste. High concentrations cause 
gastrointestinal irritation. Naturally in ground waters and 
humus. Iron salts used as coagulant in water treatment. 

Conductivity < 2500 μS/cm Reduced risk for corrosion. Total amount of soluble minerals. 

Turbidity < 1 NTU 
Indicator of water treatment effectiveness. Heavy metals, 
pesticides, organic chlorine compounds and bacteria may 
adhere to solids. Caused by clay, iron, or colloidal compounds. 

Sulphate < 250 mg/l 
Laxative at high concentrations. Causes corrosion. When 
aluminum sulphate is used in surface water treatment. 

Color No abnormal changes 
Esthetic factor. Less colored water gives fewer toxic substances 
from chlorination. Humus, iron, manganese affect color. 

 


