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Abstract 
This thesis describes under which conditions and what operation window it is possible to use 

CO2 to inhibit scaling in open recirculating cooling water systems. Since scaling reduces the 

cooling capacity, it is a large problem in such systems. Although many treatment strategies 

exist, it is not possible to provide full control against scaling. In combination with increasing 

environmental legislation there is commitment to develop greener alternatives. Such an 

alternative could be the use of CO2 to regulate pH. In order to be an economically viable 

method, the required amount of CO2 to inhibit scale formation should not be excessively high, 

it must stay dissolved throughout the cooling system, and may not result in enhanced 

corrosion rates. To assess these constrains an Aspen Plus model has been constructed, which  

provides similar scale predictions as commercial available software. An extensive literature 

review has showed that the saturation index is most suited for scale prediction and the Larson-

Skold and Riddick index are the indices most suited for corrosion predictions. 

In this thesis, scale control is based on bringing CaCO3 (calcite) to equilibrium. Compared to 

H2SO4, much more CO2 was required to reach this equilibrium. The maximum amount of CO2 

dosing that maintains dissolved is 0.4-0.8 g/kg cooling water, which makes it possible to reach 

a concentration factor in the range of 2.5-4.5. This would result in a yearly CO2 consumption of 

0.2-0.9 kton/MW cooling capacity. Since the pCO2 in the flue gas is too low, these amounts 

cannot be added via flue gas, making this strategy not likely to be economically viable. 

In combination with other treatment chemicals, the system can operate at a pH above 7 which 

reduces the CO2 dosing requirements significantly. In this case a concentration factor of at 

least 11 can be reached. In theory, the required amounts could be added by flue gas, making 

this strategy more likely to be economically viable. This thesis describes another novel and 

promising treatment strategy. In this method, scale forming anions and cations are removed 

by making use of the supersaturation of salts, caused by CO2 stripping over the cooling tower. 

Since the system can operate around a pH of 7, the required amount of CO2 is reduced 

significantly and it is consequently possible to use flue gas as the source of CO2.  In the tested 

scenarios the concentration factor does not have a significant impact on the required CO2 

dosing up to a concentration factor of 26. This implies that the concentration factor that can 

be obtained is probably not limited by the risk of scaling. In this method Cl- ions are only 

removed via the purge and are therefore likely to limit the concentration factor. 

It is well known that H2CO3 and HCO3
- could enhance corrosion rates significantly. In 

demineralized waters, corrosion rates could be enhanced by a factor 12 compared to a H2SO4-

based scale control strategy. Due to the higher hardness, the formation of a protective film is 

more likely in cooling water systems, which reduces the corrosion rates. Relevant corrosion 

indices even show decreased corrosion rates for CO2-based scale control strategies, which is in 

line with findings in literature. This difference is likely to be caused by the ambivalent behavior 

of HCO3
-. In the presence of a protective film, HCO3

- could reduce corrosion rates by stabilizing 

it, where in its absence it could enhance corrosion rates significantly. Regulating the pH below 

7 with CO2 results into large H2CO3 concentrations, which makes its questionable whether 

HCO3
- provides sufficient protection. It is therefore concluded that the corrosiveness is not 

likely to increase by CO2 dosing, when the system operates at a pH above 7. 
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1 Introduction 
Cooling water systems (CWS) are widely used to remove heat from processes or equipment in 

industry. In these systems the formation of scales on the surface of the heat exchanger is large 

problem. It lowers the heat transfer efficiency, increases the pumping costs and result in the 

need of frequent system cleaning and the consequent loss of production capacity [1, 2]. 

Although, scale inhibition techniques have improved tremendously in the past six decades [3], 

continuous improvement is necessary due to tightening environmental legislation and 

increasing financial incentivizes [1].  

An environmentally friendly method to reduce the scaling tendency is the use of CO2 instead of 

HNO3 and H2SO4 to reduce the pH of the cooling water. Under supervision of professor 

Boesten; Van Zadelhoff [4], Hacking [5], and Koeslag [6] investigated the application of CO2 as a 

method to regulate the pH in these systems. The goal of this thesis is to determine under 

which conditions and in what operation window CO2 can be applied to inhibit scale formation 

in cooling water systems. In order to reach this goal the following research questions and sub 

questions are formulated: 

 What are the conditions in which CO2 could be used to inhibit scaling? 

o What are the effects of CO2 dosing on the scaling tendency compared to H2SO4 

dosing? 

o How much CO2 is required to inhibit scaling in cooling water systems? 

o Under what conditions could the required amount of CO2 be added to cooling 

water from pure gas and flue gas? 

 What are the effects of CO2 dosing to inhibit scale formation on the corrosion 

tendency of cooling water compared with H2SO4 dosing? 

o Could the risk of enhanced corrosion rates for CO2-based scale control 

strategies be neglected based on the relative corrosiveness of CO2 to O2? 

o What is the prediction of corrosion indices on the corrosion tendency of 

cooling water for H2SO4 and CO2 based scale control strategies? 

In the theory section, the problem is addressed in more detail by providing an introduction on 

cooling water systems, heat transfer, deposit formation and deposit prevention. Subsequently, 

a theoretical background on the use of CO2 to inhibit scale formation and a state of the art is 

provided. The use of CO2 to inhibit scale formation in cooling water systems may not result in 

increased corrosion rates. Therefore, the corrosive properties are discussed in more detail as 

well. In the water industry indices are widely used to predict the scaling and corrosion 

tendency of water. The most common indices are reviewed and based this review 

recommendations regarding their use will provided. Based on the methods provided in the 

theory section, the ability of CO2 to inhibit scaling in open recirculation cooling water systems 

will be assessed in an Aspen Plus model.  
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2 Theory 

2.1 Cooling water systems 
Three types of cooling water systems can be distinguished. Systems that withdraw water from 

water bodies and discharge it after use at elevated temperatures are called once-through 

systems. In recirculating cooling systems, water is recycled multiple times by cooling down the 

same water before reuse. The latter system can be divided into closed and open systems. In a 

closed water system, water is cooled down by exchanging heat with another fluid. In an open 

recirculating system, water is heated up in the heat exchangers and cooled down by 

evaporating a fraction of the water in a cooling tower [7].  

Once-through systems withdraw 30-50 times more water than recirculating water systems [8]. 

Therefore, they require the availability of large amounts of water at low temperatures, e.g. 

lakes and rivers [7]. Because recirculating cooling water systems save fresh water and reduce 

thermal pollution compared to once-through systems, open recirculating systems are most 

commonly used [8, 9]. A process flow diagram of a simplified recirculating cooling water 

system is shown in Figure 1. This thesis will focus on open recirculating systems, which will be 

for remainder of thesis referred to as cooling systems. 

The flow rate in cooling systems depends on the amount of heat that needs to be dissipated 

and the allowed temperature increase of the cooling water. In order to avoid severe fouling 

and corrosion, the heat exchanger’s surface temperature is of critical concern. The 

recommended design temperature of cooling water at wall of the heat exchanger is around 

50-60 °C and its practical maximum is around 70 °C [10, 11]. The Dutch Water Research 

Institute (KWR) states maximum water temperature that is reached at the surface of the heat 

exchanger is around 50 °C in a typical cooling system [12]. In order to satisfy this requirement, 

Figure 1: Process flow diagram of a simplified open circulating cooling water system 
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the temperature increase of cooling water over the heat exchanger is most often limited to 10 

°C.  

In the cooling tower, water is cooled down by evaporation of water. Since only water 

evaporates, the minerals are left behind. This results in an increased concentration of minerals 

in the cooling water. The mineral concentration is limited by water losses and blowdown. 

Blowdown is the intentional removal of water to limit the mineral concentration. Aside this, 

water is lost due to windage, drift, and leaks. Water that is splashed or blown out the sides of 

the cooling tower is called windage. Drift is defined as droplets of water entrained in the air 

that leave at the top of the cooling tower [7]. For calculation purposes, blowdown is in this 

thesis defined as all non-evaporative water losses, caused by windage, drift, leaks, and 

intentional blowdown. Makeup water (MU) is added to the system to compensate for the 

water losses, caused by evaporation and blowdown. The ratio between blowdown and 

makeup is defined as the concentration factor (CF), also referred to as cycles of concentration 

in literature [7]. 

 

𝐶𝐹 =  
𝑀𝑈

𝐵𝐷
  

 

 

(1) 
 

Where  CF = concentration factor [-] 

 MU = Flowrate makeup water  [kg/h] 

BD = Non-evaporative losses in [kg/h] 

Since the mass flow of MU is much less than the mass flow of recirculating cooling water, the 

mineral concentration in the blowdown is assumed to be equal to the concentration of the 

circulating cooling water. Under the assumption that no salt precipitates, a CF of 3 means 

therefore that the concentration in the circulation cooling water is three times higher than the 

concentration in the MU. In order to limit water usage, a high CF is desired. More importantly, 

via BD costly treatment chemicals are removed from the system and before BD can be 

discharged into water bodies the concentration of these chemicals has be to reduced 

significantly. A high CF and consequently low BD decreases the loss of these chemicals and 

results in savings on the water treatment program [13]. The downside of a high CF are the 

resulting high concentrations of dissolved and suspended solids, which could cause more 

severe fouling and corrosion [14].  
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Therefore, CF is chemically limited due to the tendency of suspended and dissolved 

compounds to corrode and deposit at higher concentrations [7]. An example of pipe with 

severe scaling is shown in Figure 2. Due to leaks, windage, and drift The CF is physically limited 

to 5-10 for older towers and 50-100 for newer towers due to windage, drift and leakage [7].  

2.2 Heat transfer 
The function of the cooling systems is to cool down chemical processes, which takes place in 

the heat exchanger. The rate of heat transfer in a heat exchanger depends on the heat transfer 

coefficient, heat transfer area and the log mean temperature difference and is calculated by 

equation (2).  

𝑄 = 𝑈 × 𝐴 × 𝛥𝑇𝑚  
 (2)  

 

𝑈 =
1

𝑅𝑇
  (3) 

𝑅𝑇 = 𝑟1 + 𝑟2 + 𝑟3 + 𝑟4 + 𝑟5  (4) 
 

∆𝑇𝑚 =
(𝑇1−𝑡2)−(𝑇2−𝑡1)

𝑙𝑛
(𝑇1−𝑡2)

(𝑇2−𝑡1)

  

 

(5) 

Where Q = heat transferred per unit time [W] 

 U = Overall heat-transfer coefficient [W/m2 °C] 

A = heat transfer area [m2] 

 ΔTm = the mean temperature difference [°C] 

RT = Total heat flow resistance [m2 °C/W] 

rn = heat resistance of the process-side film, process-side fouling, exchanger tube 

wall, water-side fouling, water-side film [m2 °C/W] 

T1 =hot fluid temperature, inlet [°C] 

T2 =hot fluid temperature , outlet [°C] 

t1 =cold fluid (CW)  temperature, inlet [°C] 

t2 =cold fluid (CW) temperature, outlet [°C] 

  

Figure 2: Cross section of a pipe with severe scaling  [7] 

 



 

6 

The heat transfer coefficient represents how well heat is transferred and is the reciprocal of 

the heat resistance. As can be seen in Table 1 the thermal conductivity of foulants is 

significantly lower than the conductivity of construction metals [11]. During its operation, the 

heat resistance of the heat exchanger may increase by the formation of such deposits which 

reduces the performance of the heat exchanger significantly [15, 16]. This results in the 

tendency of oversizing equipment, maintenance, fluid treatment, additional hardware, 

additional fuel consumption, and loss of production capacity [1, 2, 16]. The costs that are 

associated with these phenomena are estimated to be around 0.25% of the gross domestic 

product of industrialized countries [16, 17]. Due to increasing environmental awareness and 

increasing energy costs this phenomenon has received increasing attention in the past few 

years [1, 18].  

 

 

 

 

 

 

 

 

 

2.3 Deposit formation 
Deposit formation on heat exchangers has been studied for many decades, however its 

mechanism is still not fully understood [16]. Three main types of fouling can be distinguished: 

scaling, deposition fouling and growth of biological matter [15, 16]. The growth of biological 

matter, scaling and corrosion are highly interrelated. Living organisms can accumulate by 

attaching themselves to scale deposits or on surfaces in the back-eddy currents caused by such 

deposits. In turn, these organisms produces gases which cause corrosion [19]. The occurrence 

of the three types of fouling are highly interrelated with each other. It is therefore important 

to diminish the formation of scale, on which this thesis will focus.  

 Table 1: Conductivity of several foulants and metals [11] 

Material 
Thermal conductivity 

[W/m*K] 

Biofilm 0.6 

Carbon 1.6 

Calcium sulfate 0.74 

Calcium carbonate 2.19 

Magnesium carbonate 0.43 

Copper 400 

Brass 114 

Monel 23 

Titanium 21 

Mild Steel 27.6 

Figure 3: The different types of nucleation [11] 
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Scaling, also known as crystallization fouling, is defined as the undesired precipitation and 

crystal growth at a surface which is in contact with water [7]. Three sequential stages in this 

process can be distinguished. The occurrence of supersaturation is a prerequisite for formation 

of crystals. This is followed by respectively the nucleation and growth of crystals [11]. As 

shown in Figure 3, three types of nucleation can be distinguished, homogenous, 

heterogeneous and secondary. Since for homogenous nucleation high superstations are 

required, it is much more likely that secondary nucleation or heterogeneous nucleation is 

responsible for scale formation in cooling water systems [11]. Near the rough metallic surface 

of the heat exchanger, the water velocity is low and the temperature is high. Due to these 

conditions, the heat exchangers’ surface is an ideal nucleation site for inverse soluble salts, 

such as CaCO3, leading to the formation of scale [7]. The degree of scaling is influenced by 

many factors, including the water composition, pH, velocity, water temperature, the 

temperature of the surface and the Reynolds number. 

As said, supersaturation is a prerequisite for the occurrence of crystallization and thus fouling 

[11]. By definition, this is the case when product of the activities of ions involved is higher than 

the solubility product (KSP), i.e. saturation ratio (SR) above 1. Equation (7) shows how the 

saturation ratio is calculated [20]. The term saturation index (SI) is often used in literature, 

which is the logarithm of the saturation ratio.  

𝑆𝐼 = log 𝑆𝑅  
 

(6) 

𝑆𝑅 =  
𝑎1×𝑎2

𝐾𝑆𝑃
   

 
(7) 

𝑎𝑖 = 𝑓𝑖 × 𝐶𝑖  
 

(8)   

Where SR =Saturation  ratio 

  SR<1, The solution is undersatured and scale formation is not possible 

  SR=1, the solution is in equilibrium and no scale will form or dissolve 

  SR>1, the solution is supersatured and scale formation is possible 

SI =Saturation  index 

  SI<0, The solution is undersatured and scale formation is not possible 

  SI=0, the solution is in equilibrium and no scale will form or dissolve 

  SI>0, the solution is supersatured and scale formation is possible 

 ai = activity of species I [-] 

 fi = activity coefficient of species I [-] 

 Ci = concentration of species I [mol/L] 
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The solubility product is not static but a function of several factors, such as temperature, pH, 

and ionic strength [7]. The solubility of certain salts increases with the temperature, while 

others are less soluble at higher temperatures. The latter ones, the so-called inverse soluble 

salts, form a threat in cooling water systems, because they have the tendency to forms scales 

at places where the temperature is the highest, i.e. the heat exchanger. A list of several scale 

froming salts with their solubility is provided in Table 2[11, 21, 22]. The salts that contain 

carbonates and sulfates in combination with calcium and magnesium are the most 

encountered scales [7]. The solubility of many salts are influenced by the pH as well. The 

addition of acid reduces or increases the solubility of pH sensitive salts [7] and will 

consequently influence the scaling potential of salts. 

Table 2: Several salts with their solubillity [11, 21, 22] 

Substance Formula Ksp at 25 °C 

Calcite CaCO3 3.31 x 10-9 
Aragonite CaCO3 4.613 x 10-9 
Siderite FeCO3 1.288 x 10-11 

Portlandite Ca(OH)2 5.5 x 10-6 

Brucite Mg(OH)2 5.61 x10-12 
Calcium phosphate Ca3(PO4)2 2.07 x 10-33 

Anhydrate CaSO4 4.37 x 10-5 
Gypsum CaSO4 •H2O 2.63 x 10-5 
Iorn (II) hydroxide Fe(OH)2 4.87 x 10-17 

Magnesium carbonate MgCO3 6.82 x 10-6 
Magnesium hydroxide Mg(OH)2 2.0 x 10-13 

Magnesium phosphate Mg3(PO4)2 1.04 x 10-24 

 

Supersaturation is often calculated by dividing the product of the concentrations of the species 

by the solubility product. This assumes an activity coefficient of 1, which is only the case in 

ideal solutions. The activity coefficient can be estimated by the Debye-Hückel equation, which 

is only valid for low concentrations. For more complex brines, more sophisticated models 

should be used, such as the electrolyte NRTL activity coefficient model and Pitzer model. 

log 𝑓𝑖 =  
𝐴𝑍2√𝐼

1+𝐼
+ 0.1𝑍2𝐼  

 

(9) 
 

𝐼 =
1

2
∑ 𝐶𝑖𝑍𝑖

2  
 (10) 

 
Where  fi = activity coefficient of species I [-] 

A = Debey-Hückel constant 

 Ci = concentration of species I [mol/L] 

Z = charge of the ion [-] 

I = Ionic strength  [mol/L] 

2.4 Deposit formation prevention 
There are many other possible treatments to reduce scaling in heat exchangers. Minimizing 

the concentration factor is for example an effective way to reduce the scaling potential of the 

cooling water. Since this would increase water intake, it is not possible for many locations. 
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Moreover, depending on the water quality it cannot provide full control against scaling [7]. 

Moreover, higher CF result in less blow down of valuable treatment chemicals and reduces the 

water treatment costs [13]. To increase the solubility of scale forming salts, hydrochloric acid, 

nitric acid and sulfuric acid are often applied to reduce the pH in cooling water systems. It is 

critical to control the addition of these acids very carefully. The addition of too less acid results 

in rapid scale formation, and overdosing could result in severe corrosion [7]. Moreover, the 

downside of sulfuric acid is the increased sulfate concentration, which could result in the 

formation of calcium sulfate scaling, which can only be removed mechanically. Hydrochloric 

acid results in an increase concentration of chloride ion, which could lead to more corrosion [7, 

23]. Another method is the use of nucleation and crystal growth inhibitors which makes it 

possible to operate in supersaturated conditions and consequently diminish the effects of 

scaling. The downside of these chemicals is that their presence in discharged cooling water is 

potentially harmful to the environment and it is therefore required to remove these chemicals 

before discharge in water bodies. Due to increasing environmental concerns and tightening 

legislation, their usage is becoming limited [2, 14, 16, 24]. This has led to development of 

“green antiscalants” which are readily biodegradable. This property results in the requirement 

of high dosing rates. Although considerable progress has been made in the development of 

such chemicals, their use in the field is still limited [2]. Another approach is the application of 

water softening which reduces the presence of salts in cooling water systems. The drawback of 

this method is that it requires expensive equipment and intensive maintenance [25].  

Aside from economic and environmental aspects there is another reason that current 

treatment programs are not satisfactory. The conditions in every heat exchanger present in 

the cooling system are different, resulting in different optimal scale and corrosion inhibition 

programs for each heat exchanger. Since the water composition is more or less uniform 

throughout the cooling system, current treatment programs cannot be optimized for individual 

heat exchangers. Therefore, it is not possible to provide full control against scaling and 

corrosion in a cooling water system. 

 

2.5 Carbon dioxide in water 
When CO2 is brought into contact with water, it dissolves in water. The dissolved CO2 reacts 

with water to form carbonic acid. In this equilibrium, the vast majority remains dissolved CO2 

[26]. The sum of the CO2 and H2CO3 concentrations is often referred to as free CO2.  When 

water absorbs CO2, it becomes more acidic due to the dissociation of carbonic acid into 

bicarbonate and a proton. In turn, the bicarbonate is in equilibrium with the carbonate 

concentration. An overview of these equilibrium reactions is shown in Table 3 [27]. Based 

these properties CO2 can be used to adjust the pH and consequently inhibit scaling. 
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Table 3: Key chemical reactions occurring in aqueous CO2 solution and corresponding equilibrium expressions 
[27] 

Name Reaction Equilibrium expression  

Dissolution of carbon 
dioxide 

𝐶𝑂2(𝑔) ↔ 𝐶𝑂2(𝑎𝑞)  𝐻𝑠𝑜𝑙(𝐶𝑂2) =
1

𝐾𝑠𝑜𝑙
=

𝑝𝐶𝑂2

𝐶𝑐𝑜2

  
(11) 

 

Carbon dioxide 
hydration 

𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3  𝐾ℎ𝑦𝑑 =
𝐶𝐻2𝐶𝑂3

𝐶𝐻2𝑂𝐶𝐶𝑂2

  
(12) 

 

Carbonic acid 
dissociation 

𝐻2𝐶𝑂3  ↔ 𝐻+ + 𝐻𝐶𝑂3
−  𝐾𝑐𝑎 =

𝐶𝐻+𝐶𝐻𝐶𝑂3
−

𝐶𝐻2𝐶𝑂3

  
(13) 

 

Bicarbonate anion 
dissociation 

𝐻𝐶𝑂3
−  ↔ 𝐻+ + 𝐶𝑂3

2−  
 

𝐾𝑏𝑖 =
𝐶𝐻+𝐶

𝐶𝑂3
2−

𝐶𝐻𝐶𝑂3
−

  (14) 

Water dissociation 𝐻2𝑂 ↔ 𝐻+ + 𝑂𝐻−  
 

𝐾𝑤𝑎 =
𝐶

𝐻+𝐶
𝑂𝐻+

𝐶𝐻2𝑂
  (15) 

 

Table 4: Equilibrium constants for chemical reactions in table 3 [28-30] 

Reaction Equilibrium constant  

Dissolution of 
carbon dioxide 

 

𝐾𝑠𝑜𝑙 = 14.46 𝑥 10−(2.27+5.65 𝑥 10−3𝑥 𝑇𝑓−8.06 𝑥 10−6 𝑥 𝑇𝑓
2+0.075 𝑥 𝐼)    

 

(16) 

Carbon dioxide 
hydration 

 
𝐾ℎ𝑦 = 2.58 𝑥 10−3  

 

(17) 

Carbonic acid 
dissociation 

𝐾𝑐𝑎 = 387.6𝑥10−(6.41−1.59𝑥10−3𝑥𝑇𝑓+8.52𝑥10−6𝑥𝑇𝑓
2−3.07𝑥10−5𝑥 𝑝𝐶𝑂2−0.477𝑥𝐼0.5+0.12𝑥𝐼)  

 
(18) 

Bicarbonate 
anion 
dissociation 

𝐾𝑏𝑖 = 10−(10.61−4.97𝑥10−3𝑥 𝑇𝑓+1.33𝑥10−5𝑥 𝑇𝑓
2−2.62𝑥10−5𝑥 𝑝−1.66𝑥𝐼0.5+0.346 𝑥 )   

 
(19) 

Water 
dissociation 

𝐾𝑤𝑎 = 10−(29.39−0.07375𝑥 𝑇𝑘+7.479𝑥10−5𝑥 𝑇𝑘
2)  

 
(20) 

 

Where: Hsol(CO2)   =Henry coefficient [m3*atm/kmol] 

CcomponentX =Concentration component X [kmol/m3] 

Tf  = Temperature [°F] 

Tk  = Temperature [K] 

pco2  = CO2 partial pressure [psi] 

I  =Ionic strength [mol/L], see  (10) 

Since these reactions are equilibrium reactions, the distribution of the different carbonate 

forms depend on the pH of the solution, which is shown in Figure 4 and Figure 5 for resp. a 

constant amount of carbonate species and constant pCO2 pressure  [21, 27]. An increase of the 

CO2 concentration shifts the equilibria of reaction (12), (13), and (14) to the right, which 

decreases the pH. This ability of CO2, to decrease pH and thereby increase the solubility of 

scale forming salts, is the basis of this research.  The relationships in Table 3 and Table 4show 

the parameters that determine to which extent water is able to absorb CO2. These parameters 

show that CO2 becomes less soluble with an increase in temperature and ionic strength and 

that an increase of the pco2 increases its possible concentration.  
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2.6 State of the Art 
It is claimed that the application of CO2 to reduce the scaling tendency of cooling water is 

impracticable, because it is stripped in the cooling tower [7]. This might be the reason that 

limited amount of research is conducted on this topic. In this section, the state of the art is 

provided by an overview of available scientific, commercial and patent literature. 

 Corporate information  2.6.1

Air Liquide [31] and Nalco [32] both presented the results of their research on the application 

of CO2 to regulate the pH in cooling water systems in resp. 2009 and 2013. They both mention 

several advantages of CO2 over a mineral acid, e.g. H2SO4. These include that it is not harmful 

to the environment, safe to handle, preservers the alkalinity, results in lower overall costs, and 

no problems with overdosing. They claim that CO2 is not widely used because it strips in the 

cooling tower, and may form vapor pockets in the headers and heat exchangers.  

Nalco [32] modeled the effects of CO2 in a cooling systems and concluded that the mineral acid 

consumption can be reduced by 70% and that it may be possible to avoid any consumption. Air 

Liquide [31] performed a trail using CO2 to regulate the pH of cooling water at a power plant. 

Based on this trial, they claim that alkalinity increased significantly and that the pH control was 

outstanding. Using CO2 to control the pH below 8.0 was found to be uneconomical. In their 

trail, they found that the corrosion rates for mild steel and admiralty brass were significantly 

reduced and they were even able to eliminate the dosing of the corrosion inhibitors.  On the 

other hand, the scaling concerns increased due the increased carbonate concentration. At 

present, Air Liquide offers a treatment program, ASPALTM COOL, that uses CO2 to eliminate 

scale in cooling water systems [33].   

  

Figure 4: Carbonic species concentrations as 
function of pH for a CO2-saturaton aqueous 
solution pc = 1 bar, 25 °C, 1 wt-% NaCl [27] 

Figure 5: Distribution of carbonate species as function of pH 
with a constant total CO2 concentration of 10

-3
 mol/L at 1 

atm and 25 °C. In this graph H2CO3
*
 is defined as the sum of 

the H2CO3 and CO2 concentration [21] 
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 Academic literature 2.6.2

One of the earliest works describing the use of CO2  to reduce the scaling tendency of water, 

was published in 1971 by Ellis et al. They show that CO2 is able to reduce the pH of sea water 

and consequently the scaling tendency of that water heat exchangers [34]. Hollerback and 

Krauss [35] mention that the buffering capacity of CO2 makes it virtually impossible to create 

highly acidic and corrosive mixtures, as illustrated by Figure 6[11]. Ever since, several other 

papers have described the usage of CO2 to diminish or remove scaling in heat exchangers as 

well [36-38]. None of these papers mentions however specifically the usage of CO2 in cooling 

water systems to diminish scaling.  

 Patent literature 2.6.3

A German patent published in 1971 is one of the earliest describing the use of CO2 in cooling 

water systems. It describes that CO2 is introduced in cooling water by contacting it with flue 

gas in the cooling tower. In this method neither flue gas nor the make-up water needs to be 

pretreated [39]. To the best of the authors knowledge this section provides an overview of the 

patent literature that has been published in this field in English ever since.  

Several patents describe the use of other chemicals next to CO2 to reduce the scale formation 

in cooling water systems. In 1985, Goeldner [40] mentions that the use of CO2 is not 

economical because the required pH values are too low, the concentration of free CO2 is too 

high to prevent corrosive conditions, and CO2 is lost in the cooling tower. He claims that a 

threshold chemical can only reduce scale formation to a limited degree. Therefore he suggests 

to use CO2 together with other scale control additives which results in a synergistic effect: 

drastically lower scale formation than with threshold chemicals alone and relatively low CO2 

concentrations. In 1994, Thevissen [41] describes the use of CO2 together with other treatment 

chemicals as well. Compared to systems in which treatment chemicals with or without pH 

regulating mineral acids were used the overall performance of systems using CO2 was 

surprisingly better. At equal pH and scale inhibitor concentrations, less scaling and corrosion 

occurred when CO2 was used instead of H2SO4 to regulate the pH. This makes it possible to 

reach a higher CF with the same of amount of treatment chemicals or use a lower dosing. His 

experiments were performed in a pH range of 7-9 and alkalinity in the range of 500-1000 mg/L 

expressed as CaCO3. Hermans [42] described in 2014 explicitly the use of mineral acids next to 

CO2 to maintain such a pH that no scaling occurs in the cooling water system. The addition of 

mineral acid lowers the pH in the entire cooling water system, while CO2 can be used to 

provide an optimization of the pH for line segments upstream of the cooling tower. In this way 

corrosion in the piping system is avoided while preventing scaling in heat exchangers by 

Figure 6: The change in pH with added acid (CO2 
and H2SO4) [11] 
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addition of CO2 at specific locations. By controlling the pH with mineral acids, the risk of scaling 

on the packing in cooling tower is reduced and less CO2 is needed compared to methods which 

solely use CO2. Duearte [25] patented the use of a decarbonation system, which is claimed to 

make it possible to recycle CO2 and to reduce the risk of scale formation on the packing.  

Aside from using other treatment chemicals next to CO2, patents describe methods to remove 

scale-forming ions. Derham [13] refers in 1990 to the usage of a conventional multi-media 

filter to maintain a sufficiently low level of suspended solids, usually 0-2 ppm. The filter is 

located in a by-pass and handles a flow of about 1% of the recirculating water. By using the 

aforementioned and by softening a part of the make-up water, he claims that the blowdown 

could be reduced to zero. Steffens [43] reported in 2003 the combined use of ionization, 

filtration, and CO2  to reduce scale and biofilm formation. CO2 is used to optimize the pH for 

the ionization process and the filter is used to remove e.g. biomass and scale. Gurney et al. 

[44] patented in 2014 the use of a reverse osmosis (RO) unit in combination with acidic gas to 

reduce scaling. Before the coolant is introduced to the reverse osmosis unit, it is filtered 

preferably by an ultrafiltration or a carbon filter unit. By placing it in the recirculating stream, a 

higher CF can be obtained. Moreover, by placing it in the loop, is that it does not have to 

respond to variations in the make-up water. This would have led to a significant overdesign of 

the RO unit. Another advantage is that it removes biological microorganisms. When it is placed 

after the heat exchanger, it operates most efficiently. Although Brady et al. focus in their 

patent published in 2015, on the control mechanism and points where CO2 can be injected, it is 

worth mentioning that they mention the use of RO as well. CO2 can be absorbed in the basin of 

the cooling tower, in the cooling tower itself, or in the RO unit. The patent mentions that the 

reverse osmosis filtration unit can either used to remove salts from the make-up water or the 

recirculation water. To remove unwanted particulates from the flue gas it mentions the use of 

filter consisting out of e.g.  cordierite, silicon carbide, or ceramic fiber filter core [45]. 

Several patents claim that use of CO2 could reduce the biological activity by inducing gas 

bubble trauma [46], scavenging the nutrients such Ca2+ and Mg2+ ions by HCO3
-, and 

introduction of SO2 which is introduced when flue gas is used as an source of CO2, acts as an 

biocide [41] 

Brooks [47] mentions in 1984 that the loss of CO2 can be reduced by the addition of quaternary 

ammonium compounds. In contrary to their own expectations, Rigaud et al. [48] mention in 

their patent, which was published in 2007, that very little CO2 desorbs in the cooling tower. It 

is claimed that in case no acid was added, less CO2 desorbed in the cooling tower. The 

replacement of all mineral acids by CO2 provides surprisingly good results and their method 

allows eliminating the use of chemical additives completely.  

 

2.7 CO2 corrosion 
Although many articles and patents mention that CO2 could reduce the scaling tendency [31, 

34], it is known that CO2 can be more corrosive than mineral acids [49]. It is therefore 

important to assess the impact of CO2 on the corrosion rate in cooling water systems. Firstly, 
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the concepts of corrosion are introduced, which is followed by the effects of CO2 on the 

corrosion process. 

In the GE Water Handbook [7], corrosion is defined as the destruction of a metal by chemical 

or electrochemical reaction with its environment. Most types of corrosion can be classified as 

an redox reaction, where the actual corrosion occurs at the anode, where metal is oxidized and 

consequently dissolves. A common anodic reaction is reaction (21). 

𝐹𝑒 →  Fe2+ + 2𝑒−  - 0.44 V (21) 

The oxidation reaction only occurs when there is a difference in electric potential, which 

results in a current flow between the anodic and cathodic site. Reactions (22) and (23) are the 

primary cathodic reactions in a cooling water system [7]. 

𝑂2 + 2 𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−  0.40V (22) 

2H+ + 2e− → 2H2     0 V  (23) 

The problems that are associated with this phenomenon are the failure of equipment, 

resulting in replacement and downtime costs, and less obviously a decreased heat transfer 

efficiency due fouling in the heat exchanger [7].  

Based on its mechanism and morphology multiple types of corrosion can be distinguished. In 

case the anodic and cathodic sites are continuously moving, corrosion will be uniform. Other 

types of corrosion, where corrosion occurs only locally, are often more problematic. This type 

of corrosion includes galvanic, crevice, pitting, intergranular, dealloying, and stress corrosion. 

Erosion-corrosion is corrosion that is caused by the flow of a liquid, e.g. water, which cannot 

be classified under uniform or localized corrosion [7, 50].  

 Passivity 2.7.1

Almost all metals have a thin protective corrosion product film on their surface. Some of these 

films provide a superior corrosion protection, which can be explained by passivity. Revie and 

Uhlig state two definitions of passivity [51]:  

Definition 1:  A metal is passive if it substantially resists corrosion in a given environment 

resulting from marked anodic polarization. 

Definition 2: A metal is passive if it substantially resists corrosion in a given environment 

despite a marked thermodynamic tendency to react. 

Metals and alloys under definition 1 show a tendency to polarize anodically and consequently 

approach the open-circuit cathode potential and exhibit potentials near those of the noble 

metals Examples this type of metals and alloys include chromium, nickel, molybdenum, 

titanium, zirconium, stainless steels [51].  
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Figure 7 shows a schematic and idealized anodic polarization curve for passive metal, 

according to definition 1 [52]. In this figure three regions can be identified, the active, passive 

and transpassive region. In the active region current density, i.e. corrosion rate, increases for 

an increase in electric potential. At a certain point the critical current density ic, at passivation 

potential Ep, is reached above which passivation takes place and the corrosion rate is reduced 

significantly [52].  Therefore, metals that have very low passivation currents are used in alloys 

to passivate materials [53].  

Since there is no charge accumulation, the corrosion rate is determined by the intersection of 

the anodic and cathodic polarization curves. Figure 7 shows that for a material the exhibits 

passivation three scenarios can be distinguished. Line A intersects the anodic polarization 

curve in the active region and therefore a high corrosion rates are obtained. Line B intersects 

the anodic polarization curve in both the passive and active regions, resulting in unstable 

conditions. The anodic polarization curve is crossed in its passive region by line C, and 

consequently low corrosion rates are obtained. Only ions that have an oxidizing capacity and 

that are readily reduced could serve as passivators. In the transpassive region, breakdown of 

the protective film occurs and increasing corrosion rates can be distinguished [52].  Examples 

of ions that could act as passivators are CrO4
2- and NO2

- [51] . A more thorough discussion on 

the passive film, can be found in Appendix II 

For cooling water systems, chromates are the most efficient corrosion inhibitors. Due to the 

increased Cl- and SO4
2- concentrations a relatively high chromate concentration is required to 

prevent pitting. Since chromates are toxic, numerous non-toxic alternatives have been 

developed, such as phosphoric acids and formulations containing mixtures of azoles and water 

soluble phosphates [51].  

Figure 7: Intersection of three possible cathodic polarization 
curves with the anodic polarization curve.  The intersections 
depend on the overvoltage (o.v.) of the  cathodic areas 
(differing cathodic reaction rates) [53] 
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 Pourbaix diagrams 2.7.2

Pourbaix diagrams, also known as potential-pH diagrams help to identify the occurrence of 

corrosion, passivation, and immunity. These diagrams show the three major zones as function 

of electric potential and pH [53]. Pourbaix diagrams are a valuable tool to predict corrosion, 

because they provide a guide under which conditions a protective film can be formed that 

result in passivity (definition 1 and definition 2). It should be noted that the protectiveness of 

the film is a kinetic consideration which depends on the nature of the passive film [52].  

 Figure 8 [52] shows a simplified pourbaix diagram for the Fe-H2O system. Another zone that 

these diagrams show is the transpassive region, which lies above line A. In this region, 

evolution of oxygen and possibly increased corrosion rates are observed [52]. The direction of 

the lines in the pourbaix diagrams is depended on the type of reactions that occur. In case no 

H+ or OH- are involved the line will be parallel with the pH axis and it will be parallel to the 

potential axis in case no charge separations are involved. In case both charge separation or H+ 

or OH- are involved, the line will not be parallel to either axis.  

 Effects of CO2 on mild steel corrosion 2.7.3

It is known that dissolved CO2 can result in serious corrosion problems. Although corrosion-

resistant alloys, e.g. many stainless steels, and other iron or nickel-based alloys that withstand 

CO2 corrosion exist, due to cost considerations corrosion sensitive mild steel is widely used in 

cooling water systems [27, 54]. In this section, the effects CO2 on the corrosion rate on these 

steels will be addressed more thoroughly.  

Table 5 provides an overview of the possible electrochemical reactions behind mild steel 

corrosion in aqueous CO2 solutions [27], for convenience its list some reactions which have 

already been mentioned as well. At the anode iron is oxidized to ferrous iron, shown by 

reaction (21), which is the main reaction behind aqueous CO2 corrosion of mild steels. The rate 

of this reaction is not depended on mass transfer nor a strong function of strong function of 

pH and CO2 concentration, while the temperature does have an impact on the reaction rate.  In 

general, however, the reaction rate is limited by the cathodic reaction rate [27].  

Figure 8: Simplified Pourbaix diagram for the Fe-H2O 
system [53] 
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Table 5: Possible electrochemical reactions behind mild steel corrosion in aqueous CO2 solutions [27] 

Name Reaction   

Anodic dissolution (oxidation) of iron  𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−  -0.44 V (21) 

Cathodic hydrogen evolution by reduction of 
dissociated (free) hydrogen ions 

2𝐻+ + 2𝑒− → 𝐻2  0 V (23) 

Cathodic hydrogen evolution by reduction of 
water 

2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−   -0.83 V (24) 

Cathodic hydrogen evolution by reduction of 
carbonic acid 

2𝐻2𝐶𝑂3 + 2𝑒− → 𝐻2 + 2 𝐻𝐶𝑂3
−   0 V (25) 

Cathodic hydrogen evolution by reduction of 
bicarbonate ion  

2 𝐻𝐶𝑂3
− +  2𝑒− → 𝐻2 +  𝐶𝑂3

2−   0 V 
(26) 

   
 

Reaction (23) is the main cathodic reaction in the presence of strong mineral acids, which 

almost fully dissociate. Obviously, this reaction is very pH dependent. This would result in very 

high corrosion rates at low pH, if the reaction was not to be mass transfer limited. Mild steel 

corrosion is relatively limited in a pH range of 4-6, while in the presence of CO2 significant 

corrosion occurs [27].  

The presence of H2CO3 causes these enhanced corrosion rates, for which two mechanisms are 

provided [27]. At the cathodic site, hydrogen ions are consumed by reaction (23). Since this 

reaction is diffusion limited [27] the concentration of hydrogen ions is lower at the surface 

compared to the bulk. Due to the weak acidic properties, H2CO3 has the ability to provide 

additional H+ near the surface, which subsequently enhances the reaction rate of reaction (23). 

This mechanism is called the “buffering effect”. De Waard and Milliams [55] postulated in 1975 

that the enhanced corrosion rates could be explained by the “direct” reduction of H2CO3. This 

explanation entails that molecules absorb at the surface and are directly reduced via reaction 

(25). This reaction is thermodynamically equivalent to reaction (23), however it is claimed to 

be much faster.  

At a pH-range 6-9, the concentration the concentration HCO3
- is relatively high. The direct 

reduction, reaction (26), is claimed to be another pathway for pathway for hydrogen evolution, 

which is again thermodynamically equivalent to the other reactions. Its rate is claimed to be 

faster than the direct reduction of water, it is however slower than the direct substitution of 

carbonic acid [27]. Han et al. [56] demonstrated that HCO3
- is an active corrosion species and 

plays a role in the corrosion process of bare steel surfaces in ambient CO2 saturated solutions 

at pH 6-8.  

Although direct reduction theory gained wide acceptance, a recent research published in 2015 

by Tran et al. [57] showed that the enhanced corrosion rates are explained by the “buffering 

effect” of carbonic acid and the effects of direct reduction were negligible. They did not 

mention whether the direct reduction of HCO3
- could be neglected as well.  

Regardless the exact mechanism via which mechanism HCO3
- could enhance the corrosion 

rates, the role of HCO3
-
 on the corrosion tendency is ambiguous and its role is still under 

debate [58]. Based on the theories in previous paragraphs one might conclude that HCO3
- 

enhances the corrosion rates. In contrast to this, a higher HCO3
- concentration is in the water 
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treatment industry regarded to result in lower corrosion rates [59-61], which is illustrated by 

the scaling and corrosion indices discussed in section 2.9. This discrepancy might be explained 

by the work of Thomas and Davies [62]. They mention that above a critical concentration, an 

increasing HCO3
- inhibits the breakdown of a protective film, whereas Han et al. [56] studied 

the effects of bicarbonate concentration on bare steel surfaces. Thus, in the presence of a 

protective film HCO3
- is claimed to be protective. The concentrations above which HCO3 is 

claimed to be protective are in the range of 0.025 to 0.10 mol/L [22, 62]  

 Impact of CO2 on the passivity   2.7.4

As shown in in Figure 9, a FeCO3 layer could be formed under certain conditions in a system 

where CO2 is present [63]. This is caused by the corrosion process, which results in high Fe2+ 

concentrations near the surface and the increased CO3
2- concentrations due to presence of CO2 

[52]. Especially at high pH, the solubility of FeCO3 is easily exceeded [64].  

 

By forming a diffusion barrier, the FeCO3 layer can slow down the corrosion rate (passivation 

by definition 2). Moreover, it can protect the metal by so-called coverage of the surface, which 

slows the anodic dissolution down [65]. At places where FeCO3 adheres to the surface, no 

corrosion is noticed [52]. Han et al. [64] observed that when the FeCO3 becomes more dense, 

spontaneous passivation was achieved as evidenced by the increased open circuit potential 

(definition 1). X-ray diffraction and scanning electron microscopy showed that the film consists 

of FeCO3 before and after passivation. Grazing incidence X-Ray diffraction showed however the 

formation of a minor amount of Fe3O4. Moreover, TEM/EDX analysis showed an increased 

oxygen content at steel surface, which indicates that this layer is an iron oxide. Based on these 

observations, Han et al. [64] propose a mechanism responsible for passivation. It is proposed 

that it occurs because the layer hinders the replenishment of protons, which are consumed by 

Figure 9: Pourbaix diagram for Fe-O2-CO2-H2O system at 
25 °C, considering the phases ferrihydrate, siderite, and 
Fe(OH)2. The phases are based on total CO2 concentration 
of 10

-2
 mol/L and and for an activity of dissolved Fe ions 

of 10
-6
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corrosion at the steel surface. This leads to a higher pH underneath the FeCO3 layer. At a 

certain point the critical pH for iron oxide formation is exceed and a passivation Fe3O4 phase is 

formed by the following reaction [64]. 

3 𝐹𝑒(𝑠) + 4 𝐻2𝑂 (𝑎𝑞) → 𝐹𝑒3𝑂4(𝑠) + 8𝐻+ + 8 𝑒−  ( 27) 

 

The formation of such a FeCO3 layer could therefore lead to protection against CO2 corrosion 

[27]. The protectiveness of this layer FeCO3 depends on many parameters. In general it could 

be said, that the formation of a protective FeCO3 scale is less likely at pH values below 6.0 and 

below 50 °C, high flow rates, a Ca2+ concentration above 100 ppm, and in the presence of an 

excess amount of oxygen. This could lead to the formation of other less dense and more 

porous byproducts [66]. It is therefore not possible to exclude the risk of enhanced corrosion 

due to CO2 based on the formation of FeCO3. A more detailed review on the impact of these 

parameters on the formation is provided in Appendix III.  

 

2.8 Corrosion in the presence of O2 and CO2 
As pointed forward in the previous sections, corrosion of both O2 and CO2 can play a role in the 

cathodic reactions. The effects of both O2 and CO2 on the corrosion rate have been subject of 

considerable controversy for several decades, which could be explained by complexity of the 

corrosion process [67]. In this field, limited amount of research is conducted [68], especially in 

cooling water systems, where the pH and pO2 are respectively in the range of 6-9, and around 

0.2 atm. This might be explained by the fact that CO2 corrosion research is focused on the 

corrosion in oil and gas pipelines, which contains regularly no or limited amounts of oxygen 

and the pH is often below 6.  

In 1942, Skaperdas and Uhlig [69] researched the effects CO2, O2 and combinations of both, at 

60 °C and 90 °C on the corrosion rates of mild steel. The tests were conducted at pH values 

ranging from 4.8-6.9. At these temperatures, they found that solutions containing both equal 

molar conditions CO2 and O2 the contribution of O2 to the corrosion rate was respectively 6-10 

and 5-7 times higher than the corrosiveness of CO2. They explain this by looking at reactions 

(22) and (25). From these reactions, it follows that oxygen consumes four times as much 

electrons per mole. Based on this explanation one could expect to corrosiveness of O2 1-4 

times as high. Therefore, another factor should play a role. Both reactions are so fast that they 

are mass transfer limited. In order for reaction (25) to occur a finite amount CO2 must be 

present to provide the acid needed to overcome the hydrogen overvoltage. Due to the 

presence of this concentration there will less driving force for the diffusion of CO2. This could 

explain that in equal molar conditions the corrosion of oxygen should be more than four times 

as high. Song et al. [70] came to similar conclusions in 2002. They claim that the CO2 has little 

effect on the corrosion rate when its pressure is less than the oxygen pressure. Their model 

reveals that the effects of CO2 on the corrosion rates is only significant when the CO2 pressure 

is substantially higher than the oxygen pressure.  
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Skaperdas and Uhlig [69] furthermore found that the corrosion rate of a solution that contains 

both CO2 and O2 solution was higher than the sum of individual corrosion rates in equal 

concentrations. Corrosion caused by O2 results in the built up of a protective corrosion product 

layer, which is not present with CO2 corrosion. Therefore, the enhanced corrosion rates in CO2 

and O2 solution might be caused by the influence of CO2 on the formation of such a protective 

layer. This is in line with the observations of Skaperds and Uhlig which indicate that at high O2 

concentrations compared to CO2, a protective film was still formed and corrosion rate was 

hardly influenced [69]. A study by McInttire confirms this hypothesis. He suggests that the 

addition of CO2 results in a catalytic system in which CO2 dissolves iron form the passive or 

prepassive layer [67].  

 

2.9 Scaling and corrosion indices 
Scaling and corrosion indices provide an indication whether scaling or corrosion might occur. 

Over time many different indices have been developed. Most of the scaling and corrosion 

indices discussed below provide an estimation based on thermodynamic equilibria. These 

indices are sometimes criticized because they indicate if scale is likely to form after infinite 

period of time. Since the induction time of e.g. CaCO3 several orders of magnitude lower, in 

the order of minutes, than the residence time in an open recirculation cooling water systems 

these indices are claimed to be useful [71].  

Many scaling and corrosion are calculated based ion concentrations expressed as mg/L as 

CaCO3, which may be viewed as an inconvenient unit to use. This unit has historically been 

used, because all ions are reduced to a common chemical equivalent weight, which simplifies 

calculations. A clear explanation of this unit and other common units used in water chemistry 

is provided in “Chapter 40 – Expression Of Analytical Results” of the GE Handbook of Industrial 

Water Treatment [7]. 

 Langelier saturation index (LSI) 2.9.1

In 1936 the Langelier Saturation Index (LSI)[72] was developed by Langelier. This index is a 

useful to provide an indication whether cooling water has the tendency to dissolve or 

precipitate calcium carbonate.  

𝐿𝑆𝐼 = 𝑝𝐻 − 𝑝𝐻𝑠  
 

(28) 

 

𝑝𝐻𝑠 = (9.3 + 𝐴 + 𝐵) − (𝐶 + 𝐷)  
 

(29) 

𝐴 =
𝑙𝑜𝑔(𝑇𝐷𝑆)−1 

10
  (30) 

𝐵 =  −13.12 𝑥 log(𝑇 + 273.15) + 34.55  
 

(31) 

𝐶 = log(𝐶𝑎2+) −  0.4  
 

(32) 

𝐷 = log(𝐴𝑙𝑘)  (33) 
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Where:   

TDS   Total dissolved solids [mg/L] 
T Temperature [°C] 
Ca2+ Concentration calcium ions [mg/L as CaCO3] 
Alk Total alkalinity [mg/L as CaCO3] 
 

 LSI > 0 indicates the oversaturation of CaCO3 and scaling might occur 

 LSI < 0 indicates that water is undersaturated regarding CaCO3 and corrosion might 

occur 

If the LSI is negative, there is no potential to scale and water will tend to dissolve the CaCO3 

layer. In case the LSI is positive, there is a tendency of CaCO3 scale formation. A LSI of 2.5 is 

approximately equivalent to a calcite saturation index (CSI) of 150 and is therefore extremely 

scale forming [73]. In cases where the LSI is close to zero, there is some risk of either/both 

scale and corrosion [73]. It mentioned that LSI in the range of 0.1 to 0.5 [74] and 0.0 to 0.2 [75] 

provides satisfactory corrosion protection and does at the same time not lead to excessive 

scaling at elevated temperatures  

As discussed in section 2.7, a uniform nonporous scale could provide protection against 

corrosion. Under the assumption that CaCO3 provides such a protective layer, it has been used 

to provide an indication on the corrosiveness of water. Several researches showed that there 

was a relationship between the LSI and corrosion. Frayne [73] states that a LSI of -2.5 is 

extremely corrosive and other researches showed that waters with a less negative LSI are less 

corrosive [74].   

The LSI provides relatively simple estimation of the corrosion and scaling tendency of water 

and it should be mentioned that a lot of other factors play a role in the corrosion process that 

the LSI does not take into account [73]. Therefore, waters with different qualities could have 

the same LSI value. Waters with different pH, Ca2+-hardness, and alkalinity could have the 

same LSI, but have different corrosivity. The buffer capacity and the oxygen concentration of 

the water and the thickness, composition, and crystalline state of deposits all affect the 

protectiveness of the CaCO3. Moreover, due to e.g. algae and colloidal silica, CaCO3 could 

precipitate on them instead of the steel surface and corrosion could still occur. Moreover, it 

has been shown that this layer does not stop electron receptor molecules from migration to 

the pipe wall. Hence the handbook of the American Water Works Association states that 

corrosion control should not be based on the precipitation of CaCO3 [59].  

 Ryzner Stability Index (RSI) 2.9.2

The Ryznar stability index (RSI) is based on the pH of saturation of CaCO3 as well [76]. It was 

intended to serve as a more quantitative index compared to the LSI. This index was derived 

from the LSI by observing actual water conditions [73]. Muller-Steinhagen and Branch [77] 

showed that the RSI can predict scaling for CaCO3 concentrations which are well below the 

saturation concentration. This is obviously not in accordance with our understanding of 

crystallization kinetics. They conclude that the RSI should always be used with another 

saturation index (LSI, SI) and that preference should be given to saturation indices in situations 
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where the RSI predicts scaling for sub-saturated conditions. A RSI value between 5.8-6.0 is 

recommended without the use treatment chemicals [75]. Just like the LSI, the RSI provides an 

indication on the corrosion tendency based on the assumption that CaCO3 forms a protective 

layer. It is therefore advised not to use this index for corrosion control.  

𝑅𝑆𝐼 = 2𝑝𝐻𝑠 − 𝑝𝐻  (34) 

 

 A RSI<6 indicates a scale forming tendency of the cooling water. The scaling tendency 

increases proportionately as the index decreases[74]. 

 RSI >7 indicates that probably no protective film will be formed. 

 At RSI >8 mild steel corrosion becomes a serious problem [73, 74]. 

 

 Practical Scaling Index (PSI) 2.9.3

Since some CaCO3 scale indices proved to be ineffective and inaccurate in concentrated cooling 

tower water at pH levels above 7.5 Puckorious developed a new index: the Puckorius or 

Practical Scaling Index (PSI) [78], which tries to solve two limitations of the LSI and RSI. These 

indices do not take two critical parameters into account: the buffering capacity of the water, 

and the maximum quantity of precipitate that can form in bringing water to equilibrium [73].  

In cased water has a high calcium contraction, but a low alkalinity and a low buffering capacity, 

the solubility of CaCO3 could still be exceeded. As a consequence a rapid decrease of the pH 

could be observed, which could be explained by reaction (13) and (14).  Since a limited amount 

of carbonate was present before precipitation, even a small decrease in the carbonate 

concentration will significantly decrease the ion activity product. Thus, the water has the 

driving force, but not the capacity and ability to maintain the pH as CaCO3 precipitates [73]. By 

using the pHalk instead of pHs the limitations of the LSI and RSI are reduced.  

This index is based on case studies and has been verified in several operating systems. 

Puckorius [78] claims that it provides a more accurate estimation of CaCO3 scaling tendencies 

than the LSI and RSI in a pH range 7.5-9+. The interpretation of the PSI is equal to RSI, values 

between 5.8-6.0 are recommended to prevent excessive scaling and corrosion. Kumar et al. 

[79] found that the PSI provided a better corrosion prediction than the RSI and LSI. Just like the 

LSI and RSI, the PSI provides an indication on the corrosion tendency based on the assumption 

that CaCO3 forms a protective layer. It is therefore advised not to use this index for corrosion 

control.  

𝑃𝑆𝐼 = 2𝑝𝐻𝑠 − 𝑝𝐻𝑒𝑞 
 

(35) 

 

𝑝𝐻𝑎𝑙𝑘 = 1.465 𝑥 log 10[ 𝐴𝑙𝑘] + 4.54  
 

(36) 

 
[𝐴𝑙𝑘] = [𝐻𝐶𝑂3

−] +  2[𝐶𝑂3
2−] + [𝑂𝐻−]  

 
(37) 
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 Aggressiveness Index (AI) 2.9.4

The aggressiveness index (AI) is based on the solubility of calcium carbonate and has been 

used as a measure of the attack of water on asbestos-cement pipes. It is a simplification of the 

LSI, it uses an average temperature and ionic strength factors [80]. Since the AI suffers from 

the same assumption regarding corrosion as the LSI, it should not be used for corrosion 

control. 

𝐴𝐼 = 𝑝𝐻 + log10(𝐴𝑙𝑘 𝑥 𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠) (38) 
Where: 

Alk Total alkalinity  [mg/L as CaCO3] 
Hardness Calcium harness [as mg/L CaCO3] 
 

 AI ≤ 10, highly aggressive 

 10<AI<12, Moderately aggressive  

 AI>12, nonaggressive 

 Larson-skold index (LSKI) 2.9.5

The Larsson-skold index (LSKI) is an index that provides an indication of the corrosiveness of 

water towards mild steel. This index is based on the evaluation of actual corrosion rates and 

the type of attack on mild steel lines transporting Great Lakes waters [73]. The index is based 

on tests conducted with air saturated waters at room temperature with, for cooling water 

systems, low velocities of 0.03-0.3 m/s and with a pH controlled by CO2 between 6.8-8.3 [60]. 

𝐿𝑆𝐾𝐼 =
[𝐶𝑙−]+[𝑆𝑂4

2−]

[𝐻𝐶𝑂3
−]+[ 𝐶𝑂3

2−]
  (39) 

 

Where: 

[Cl-] Chloride concentration [mg/L as CaCO3] 
[SO4

-] Sulfate concentration  [mg/L as CaCO3] 
[HCO3

-] Bicarbonate concentration [mg/L as CaCO3] 
[CO3

2-] Carbonate concentration [mg/L as CaCO3] 
 

As can be seen in equation (39) the LSKI a ratio between corrosion enhancing chloride and 

sulfate ions and the alkalinity in the form of bicarbonate and carbonate ions [73].  

 At LSKI <0.8 chlorides and sulfate will probably not interfere with natural film 

formation 

 At LSKI between 0.8-1.2 chlorides and sulfates may interfere with natural film 

formation and higher corrosion rates could be observed. 

 LSKI >1.2 a higher tendency towards localized corrosion should be expected as the 

index increases. 

Again, it should be noted that this index is based on Great Lakes waters. Waters with low or 

very high alkalinities goes beyond the range of the original data and could therefore this index 
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cannot be used for these waters. The index is a proven tool for predicting the aggressiveness 

of one-through cooling waters [73]. Singley et al. [81] state that the LSKI can be used for 

waters with TDS content in range of 240-1000 mg/L. This indicator is used by the KWR for 

corrosion predictions [12]. 

 Stiff-Davis Stability Index (SDSI) 2.9.6

The Stiff-Davis Stability Index (SDSI) is developed to overcome the shortcomings of the LSI. Stiff 

and Davis [82]  try to include the effects ionic strength by incorporating an experimentally 

determined K-value. Since SDSI takes the common ion effects into account, it will predict a 

lower scaling tendency for given water conditions and chemistry compared to the LSI. This 

difference increases with an increase in ionic strength [83]. It is recommended to use the SDSI 

instead of the LSI above above a TDS concentration of 10 g/L [84] .    

SDSI =  pH − pHs  
 

(40) 

𝑝𝐻𝑠 = 𝑝[𝐶𝑎] + 𝑝[𝐻𝐶𝑂3
−] + 𝐾  

 
(41) 

𝐾 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓𝑖𝑜𝑛𝑖𝑐 𝑠𝑡𝑟𝑒𝑛𝑔ℎ𝑡, see  Figure 10  [85] 
 

(42) 

 SDSI > 0 indicates a tendency towards scaling 

 SDSI < 0 indicates a tendency towards corrosion 

 Momentary excess (ME) and Calcium Carbonate Precipitation Potential 2.9.7

(CCCP) 

Most indices indicate whether scale is likely to form. The Momentary Excess (ME) and Calcium 

Carbonate Precipitation Potential (CCPP) are on the hand used to indicate the quantity of scale 

that might form. The ME describes the amount CaCO3 that must precipitate to reach 

equilibrium [86].  

(𝐶𝑎2+ − 𝑋)(𝐶𝑂3
2− − 𝑋) = 𝐾𝑠𝑝  (43) 

 

Figure 10: Empirical constant K for SDSI  [85] 
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With simple algebra, equation (43) can be rewritten to equation (44). 

𝑋 =  −
−([𝐶𝑎2+]+[𝐶𝑂3

2−])+ √([𝐶𝑎2+]+[𝐶𝑂3
2−])

2
−4([𝐶𝑎2+][𝐶𝑂3

2−]−𝐾𝑠𝑝)

2
  

 

(44) 

 

The downside of the ME is that it does not take into a possible pH change when precipitation 

occurs and the consequent change in solubility [71]. The CCPP is based thermodynamic 

equilibria and does take the pH shifts into account. 

 

 Riddick Index 2.9.8

Riddick empirically developed an index that takes several factors contributing to corrosion into 

account. These include, dissolved oxygen, chloride ion, non-carbonate hardness and the 

mitigating effect of silica [87]. The advantage of this index is that it introduces new factors 

compared with the previous described indices. It is shown that the index provides good 

estimates for soft waters of the eastern seaboard of the United States. On the other hand, it 

did not perform well on harder waters from the middle of the US [88]. 

 

𝑅𝐼 =
75

𝐴𝑙𝑘
[𝐶𝑂2 +

1

2
(𝐻𝑎𝑟𝑑 − 𝐴𝑙𝑘) + 𝐶𝑙− + 2𝑁𝑂3

−] (
10

𝑆𝑖𝑂2
)(

𝐷𝑂+2

𝑆𝑎𝑡.𝐷𝑂
)  (45) 

 

Where  

CO2 Free CO2 Concentration [mg/L] 
Hard Hardness in mg/L as CaCO3] 
Alk Alkalinity mg/L as CaCO3 
Cl- Concentration [mg/L] 
DO Dissolved oxygen  [mg/L] 
Sat.DO Oxygen saturation at atmospheric pressure [mg/L] 
SiO2 Concentration in [mg/L] 
NO3

- Concentration in [mg/L] 
 

 0-5: extremely non-corrosive 

 6-25 non-corrosive 

 26-50 moderately corrosive 

 51-75: corrosive 

 75-100: very corrosive 

 101+: extremely corrosive 
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 Saturation index (SI) 2.9.9

Although the above described indices are still commonly used, it is possible with today’s 

computational power to predict scaling by using the SI. This index has already been introduced 

in section 2.3. The major advantage of the SI over simple indices, such as the LSI and RSI, is 

that a wide variety of conditions, such as temperature, pH, ionic strength, common ion effects, 

ion paring, and various inhibitors are taken into account [89]. That is the reason scale 

predicting software packages such as, AquaCalc, Phreeqc, OLI, WaterCylce use the SI as the 

primary index [22].  

Furguson [71] provides a good example of the effects of ion paring. Suppose two waters having 

the same ion activity, however one has a high sulfate concentration and the other a high 

chloride concentration. The water with a high sulfate concentration will have a lower calcium 

concentration due to a higher degree of ion paring. As can be seen in Figure 11 the predicted 

LSI will be approximately the same, while taking ion paring into account different saturation 

values will be obtained. This effect increases the apparent solubility of compound by reducing 

the availability of reactants, e.g. sulfate reduces the availability of calcium ions, which 

increases the apparent solubility of CaCO3 [91]. In order to avoid excessive scale formation 

Ferguson recommends a maximum CSI of 0.40 [75].  

 

Figure 11: LSI values with and without taking ion paring into account [71] 
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 Recommended use of scaling and corrosion indices 2.9.10

In the previous sections, several scaling and corrosion indices have been described. With 

today’s computational power it is possible to use SI instead of more simple indices such as the 

LSI. The SI is proven to be more accurate than these simple indices. It is therefore advised to 

use the SI when possible to calculate the scaling tendency. In operation, it is however unlikely 

that all the data required to calculate the SI are available. In such cases, the so-called simple 

indices could be useful for providing an indication whether cooling water has a scaling or 

corrosion tendency. It is recommended to the use of the combination of LSI, RSI, and PSI to 

provide an indication of the scaling tendency. These indices complement each other. The LSI 

should be included, because it is derived from theoretical expressions. The RSI is an empirical 

index, which provides a quantitative indication about the amount of scale that could be 

formed as well. A major limitation of this index is that it could predict scaling where based on 

thermodynamics no scaling can occur. The PSI is developed for cooling water systems. It uses a 

pH based on the alkalinity of water. In case CO2 is dosed to the cooling the pH decreases, while 

the alkalinity remains the same. The PSI therefore provides the same value, while the 

properties of cooling water are significantly different. Unfortunately, it is not possible to 

exclude corrosion based on the formation of CaCO3. It is therefore not advised to use the 

indices that are based on the assumption that CaCO3 provides a protective layer. Table 6 

provides an overview regarding the use of scaling and corrosion indices.  

Table 6: Recommendations regarding the use of scaling and corrosion indices 

Index Scale prediction Corrosion prediction  

LSI In actual operation  Not recommended 
RSI In actual operation Not recommended 
PSI In actual operation Not recommended 
AI Not recommended Not recommended  
CCCP Not recommended Not recommended 
ME Not recommended Not recommended 
LSKI N/A Preferred 
SDSI In actual operation, at high ionic strength Not recommended 
RI N/A Preferred 
SI Preferred   Not recommended 
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3 Experimental 
French Creek’s waterCycle software has been the industry standard for simulating cooling 

water systems. This expensive software is not available at University of Groningen. The United 

States Geological Survey developed an open source software program, PHREEQC, which 

became the standard for geothermal and hydrological calculations within the academic world. 

This software has however not been used on a large scale for simulation cooling water 

systems. Van Lier et al. [92] claim in their presentation on a Dutch water conference that 

PHREEQC is able on simulate industrial cooling water systems. The downside of this software is 

the difficulty in use. Therefore, they have developed a user-friendly graphical user interface for 

PHREEQC, which is called PHREEQXCEL. 

Since PHREEQC does not have flow sheeting possibilities, a more extensive software package, 

Aspen Plus v8.6 (Aspen), is used to simulate a cooling water system in this research. Aspen is a 

software package that is widely used in the process industry to design and evaluate new 

processes. It is able to provide the information necessary to evaluate the effects of CO2 in 

cooling water system. Van Zadelhof [4] states in his mater thesis that his experimental 

observations were in line with the results form Aspen. In this section it is discussed how the 

Aspen model was constructed and how this model is used to evaluate the ability of CO2 to 

inhibit scaling and its impact on the corrosion tendency.  

3.1 Aspen model 
A cooling water system as shown in Figure 12 was modeled in Aspen. It has four main 

constituents, a cooling tower, a pump, CO2 absorber, and a heat exchanger. The cooling tower 

was simulated by three flash vessels in which air was equilibrated with cooling water. The 

modeled cooling water system has a cooling capacity of 800 kW. The cooling water 

temperature increase over heat exchangers should be between 5-8 °C, which results in a 

cooling water mass flow rate 100 ton/h. A ton is in this thesis defined as 103 kg.  Since the mass 

flow rate of water through the cooling tower should be equal to the mass flow rate of air 

through the cooling tower [22] the flow rate of air is set to 100 ton/h as well. The air has at the 

inlet a temperature of 15 °C and a relative humidity of 88%.  
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Equation (46) was used to calculate the cooling tower efficiency. The aforementioned 

conditions result in a cooling tower efficiency of 70%, which is in line with the common range 

of 70-75%. The Twb is the temperature a wet surface will have in environment, which is a 

function of the RH and To. By using a psychometric chart the Twb and can be determined. Table 

7 summarizes the properties of the cooling water system which has been simulated in Aspen. 

 

𝜇 =
𝑇𝑖−𝑇0

𝑇𝑖−𝑇𝑤𝑏
∗ 100%  

(46) 

 

Where  μ = cooling water efficiency [%] 

 Ti = inlet temperature of water to tower [°C] 

 To = outlet temperature of water to the tower [°C] 

 Twb =wet bulb temperature of air [°C] 

Table 7: Properties of the modeled cooling water system 

Cooling tower efficiency  [%] 70 
Mass flow cold air  [ton/h] 100 
Mass flow cooled water  [ton/h] 100 
Tair  [°C] 15 
RHair  [%] 88 
Tcw  [°C] 18 
Heat duty Heat exchanger  [kW] 800 
Evaporative water losses [kg/h] 865 
 

Figure 12: Process flow diagram of the modelled cooling water system 



 

31 

Table 8 lists the air composition that is used in the model. Safari et al. [93] show in their 

research that CO2 in the water and air are not in equilibrium with air, when water exits the 

cooling tower. This finding is in line with statements in the patent of [48] where surprisingly 

limited CO2 desorbs. In normal operating cooling systems, i.e. no pH control via CO2 addition, 

the CO2 concentration in water exiting the tower is equivalent when it would be in equilibrium 

with a gas with a CO2 concentration of 800 ppm instead of the average atmospheric CO2 of 

around 400 ppm. It would therefore be a conservative assumption to assume that cooling 

water at the outlet of the cooling tower is in these simulations in equilibrium with a CO2 gas 

concentration of 800 ppm. Other gases in air such as, argon and neon are assumed to have no 

impact and are therefore neglected. 

 Table 8: The air composition used in the simulations 

O2  [mole-%] 20.8 
CO2  [ppm] 800 
H2O  [mole-%] 1.49 
N2  [mole-%] Remainder to 100% 
 

The 2016 yearly average water composition of the river Maas at measurement station Heel 

(The Netherlands) was used as make-up water. The used water composition and key 

properties are shown in Table 9 [94]. Constituents which have a concentration in the range of 

µg/L or lower are assumed to have no significant influence on the water chemistry and are 

therefore neglected.  

   Table 9: Make-up water composition and its key properties [94] 

pH [-] 7.76 
Harndess  (mmol/L) 2.09 
bicarbonate  (mg/L) 186 
Free carbon dioxide  (mg/l) 5.14 
Chloride (mg/L) 44.6 
Silicate  (mg/L) 6.01 
Sulfate  (mg/L) 49.6 
Nitrate  (mg/L) 13.3 
Calcium  (mg/L) 65.9 
Kalium  (mg/L) 4.37 
Magnesium  (mg/L) 7.66 
Natrium  (mg/L) 30.7 
Oxygen  (mg/L) 8.64 
Orthophosphate (mg/L) 0.44 
 

 

A lot of chemical reactions occur in an electrolyte system. Due to computational constrains not 

all of these reactions can be incorporated in the model. Reactions (47)-(76) are included in the 

model. This selection is based on the reactions that are included in PHREEQXCEL. All other 

chemical reactions are assumed to be insignificant and are therefore neglected.  
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Unless otherwise stated, the precipitation reactions are defined as dissociation reactions 

instead of salt precipitation reactions in Aspen. This makes it possible to determine the degree 

of supersaturation of a salt. In case salt precipitation reactions were selected, Aspen would 

calculate the thermodynamic equilibrium, i.e. salts precipitate above saturation. This implies 

that no super saturation ratios above one will be calculated.  

Supersaturations are of particular interest because they show the thermodynamic driving 

force and most treatment chemical are specified up to which supersaturation ratio they are 

effective. Another reason to use dissociation reactions is that multiple salts could be 

supersaturated. All the supersaturated salts will have a thermodynamic driving force to 

precipitate. In case multiple salts containing the same ions could be formed, e.g. CaCO3 or 

CaMg(CO3)2, Aspen will determine the precipitation of these salts based on the most stable 

state, i.e. thermodynamics. In reality, kinetics will determine the ratio between the precipitate 

of different salts. For these reasons, other software packages such as PHREEQXCEL and Water 

cycle use super saturation ratios as well. 

In Appendix V the Aspen Input file of the described model can be found. This file can be used 

to open the described model in Aspen plus.  
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2𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝑂𝐻−  (47) 

𝐶𝑂2 + 2𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝐻𝐶𝑂3
−  (48) 

𝐻𝐶𝑂3
− +  𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝐶𝑂3

2−  (49) 

𝐻2𝑆𝑂4 +  𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝐻𝑆𝑂4
−  (50) 

𝐻𝑆𝑂4
− + 𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝑆𝑂4

2−  (51) 

𝐻𝐶𝑙 +  𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝐶𝑙−  (52) 

𝐻𝑁𝑂3 + 𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝑁𝑂3
−  (53) 

𝐶𝑎𝑂𝐻+ ↔ 𝐶𝑎2 +  𝑂𝐻−  (54) 

𝑀𝑔𝑂𝐻+ ↔ 𝑀𝑔2+ + 𝑂𝐻−  (55) 

𝐶𝑎2+ + 𝐻𝐶𝑂3
−  ↔ 𝐶𝑎𝐻𝐶𝑂3

+  (56) 

𝑀𝑔2+ + 𝐻𝐶𝑂3
−  ↔ 𝑀𝑔𝐻𝐶𝑂3

+  (57) 

𝑁𝑎+ + 𝐶𝑂3
2− ↔ 𝑁𝑎𝐶𝑂3

−  (58) 

𝑁𝑎+ + 𝑆𝑂4
2− ↔ 𝑁𝑎𝑆𝑂4

2−  (59) 

𝐾+ + 𝑆𝑂4
2− ↔ 𝐾𝑆𝑂4

2−  (60) 

𝑃𝑂4
3− + 𝐻3𝑂+ ↔ 𝐻𝑃𝑂4

2− + 𝐻2𝑂  (61) 

𝐻𝑃𝑂4
2− +  𝐻3𝑂+ ↔ 𝐻2𝑃𝑂4

−+ 𝐻2𝑂  (62) 

𝑆𝑖𝑂2 + 2𝐻2𝑂 ↔ 𝐻4𝑆𝑖𝑂4  (63) 

𝐻4𝑆𝐼𝑂4 + 𝐻2𝑂 ↔ 𝐻3𝑆𝐼𝑂4
− + 𝐻3𝑂+  (64) 

𝐻3𝑆𝐼𝑂4
− + 𝐻2𝑂 ↔ 𝐻2𝑆𝐼𝑂4

2− + 𝐻3𝑂+  (65) 

𝐻2𝑆𝐼𝑂4
2− + 𝐻2𝑂 ↔ 𝐻𝑆𝐼𝑂4

3− + 𝐻3𝑂+  (66) 

𝐻𝑆𝐼𝑂4
3− + 𝐻2𝑂 ↔ 𝑆𝐼𝑂4

4− + 𝐻3𝑂+  (67) 

𝐶𝑎𝐶𝑂3 ↔ 𝐶𝑎2+ + 𝐶𝑂3
2−  (68) 

𝑀𝑔𝐶𝑂3 ↔ 𝑀𝑔2+ +  𝐶𝑂3
2−  (69) 

𝑁𝑎𝐻𝐶𝑂3 ↔ 𝑁𝑎+ +  𝐻𝐶𝑂3
−  (70) 

𝑀𝑔𝑂𝐻2 ↔ 𝑀𝑔𝑂𝐻+ + 𝑂𝐻−  (71) 

𝑁𝑎𝑂𝐻 ↔ 𝑁𝑎+ + 𝑂𝐻−  (72) 

𝑁𝑎𝐶𝑙 ↔ 𝑁𝑎+ + 𝐶𝑙−  (73) 

𝑀𝑔𝑆𝑂4 ↔ 𝑀𝑔2+ + 𝑆𝑂4
2−  (74) 

𝐶𝑎𝑆𝑂4 ↔ 𝐶𝑎2+ + 𝑆𝑂4
2−  (75) 

2𝐶𝑎𝑆𝑂4 ∙
1

2
 𝐻2𝑂 ↔ 2 𝐶𝑎2+ + 2 𝑆𝑂4

2− +  𝐻2𝑂  (76) 
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In the electrolyte system, described by reactions (47)-(76), a large variety of interactions and 

phenomena exist. Aside physical and chemical molecule-molecule interactions, ionic reactions 

and interactions (molecule-ion and ion-ion) occur in this system. Several models, such as the 

Electrolyte NRTL Activity Coefficient Model, the Bromley-Ptitzer Activity Coefficient Model and 

the Pitzer Activity Coefficient Model, have been developed to describe such systems [95]. It 

lays outside the scope of this work to review these models in detail. The reader is referred to 

Aspen Help – Electrolyte Models [95] for more detailed information regarding these models. 

For this simulation, the Electrolyte NRTL model is chosen as the property method because it 

can handle electrolyte systems of any strength, multiple dissolved gasses, and it is valid in low-

to-moderate pressure regions [95].  

All the databanks on which the University of Groningen has a license have been selected. 

Although these databanks contain many property parameters for many components, some 

parameters for the component MgOH+ were not present and were estimated by Aspen based 

on group-contribution [96]. 

Aspen requires flows to be electroneutral. Due to Aspen calculation algorithms a minor 

discrepancy between the total charge of cations and anions could occur, which is normally 

within the margin of error. Due water is recirculation in this model, this error could increase 

every circulation resulting in major discrepancies. In order to prevent this, the charge is 

balanced at one place in the loop by a chargebalance block. This block enforces 

electroneutrality by modifying the mole flows of ions. This block steers the system to converge 

in the right direction, i.e. allow the system to converge to a state where the ions entering the 

block are already balanced and has therefore no impact on the final solution.     
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3.2 Simulations 
The described Aspen model was used to the determine the CO2 absorption capacity, to 

determine the impact of CO2 compared to H2SO4 on the alkalinity, pH, and pHeq, to determine 

how much CO2 is required to inhibit scaling under various conditions, and to assess the impact 

of CO2 on the corrosion tendency. Theses assessments were made by analyzing the water 

characteristics at three different points in the cooling system, which are shown in Figure 13. 

Point 1 is situated after the cooling tower, point 2 after CO2 injection, and point 3 after heat 

exchanger. At point 1 cooling water is in equilibrium with air as consequence of aeriation in 

cooling tower. At point 2 the water has absorbed CO2, and at point three the water 

temperature is raised due the heat exchanger. These points do not consider the film 

temperature, while scaling and corrosion take place at the surface of the heat exchanger. It is 

therefore important to assess these conditions as well. It is not possible to assess these 

conditions in Aspen. Therefore, the whole cooling water stream has to be heated to the 

temperatures that are expected in the film of the heat exchanger. In case this water would be 

recirculated, it would not represent a realistic cooling water system anymore. Hence, the 

water stream is duplicated at point 3 and heated to 50, 60, and 70 °C at point 4.  

 

 CO2 absorption capacity 3.2.1

As discussed in section 2.5 the temperature, pressure, and ionic strength are the main 

parameters that influence the CO2 solubility. During its operation the conditions in the cooling 

water system will vary significantly and consequently the CO2 solubility. The amount of CO2 

that is required to reduce the scaling tendency should not exceed its solubility throughout the 

whole system, which could otherwise lead to excessive scaling or to the formation of 

Figure 13: Overview of the modeled CWS with measurement points 
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undesired vapor pockets. It is therefore important to determine how much CO2 can be 

absorbed and maintained in solution by the cooling water at worst-case conditions. 

The worst-case conditions are present at the place with the lowest pressure and highest 

temperature. The highest temperatures can be found near the surface of the heat exchangers, 

where temperatures are in the range of 50-70 °C. Since cooling water is in contact with air the 

minimum pressure in the system is 1.0 atm. Higher pressures would result in higher pumping 

costs and are therefore not desired. Hence, the worst-case conditions for the CO2 solubility are 

50-70 °C and 1.0 atm.  

The maximum amount that can be absorbed at worst-case conditions is determined by 

bringing cooling water into contact with an excess amount pure CO2 which is equilibrated at 70 

°C and 1 atm, which is shown in Figure 14. The difference in mass flow between the entering 

and exiting pure CO2 is the amount that can absorbed at 70 °C and 1 atm. The same procedure 

will be performed 50 °C and 60 °C. 

As stated in many patents flue gas could be used as source for CO2 as well. The CO2 

concentration in flue gas lays, depending on its origin, between 8.6-14 mole-% [97]. Aside CO2, 

flue gas consists from N2,  O2, NOx, SOx, and H2S as well. The impact of these components and 

flue gas temperature are discussed in the works of Hacking [5] and Koeslag [6]. In this report 

the CO2 concentration in flue gas is assumed to be 10 mole-% and the remainder being 

nitrogen. This assumption is valid because the concentrations of NOx and SOx in flue gas are in 

the order of ppm and could lead to the formation of HNO3 and H2SO4, which would only be 

beneficial. In the presence of CO2, H2S could reduce the corrosion rates by the formation of 

passive FeS layer [98]. 

To determine the amount that can be absorbed from flue gas a similar procedure as with pure 

gas is followed. In this scenario, however there are two constraints which could limit the 

Figure 14: Flowsheet used to determine the maximum amount of CO2 
that can be dosed 
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absorption capacity. Flue gas was equilibrated with cooling water at 20 °C with a partial CO2 

pressure of 0.1 atm. Once absorbed CO2 must stay dissolved at  worst-case conditions, 50-70 

°C and 1 atm. Hence, the maximum amount of CO2 that can be added via flue gas is 

determined by maximum amount of either constraints posed by both equilibria. The 

temperature of cooling water varies significantly over time. Moreover, by bringing cooling 

water into contact with flue gas, its temperature might increase with 0.7-1.5 °C [6]. Therefore, 

temperature at which cooling water equilibrates with flue gas is set to 20 °C instead of 18 °C.  

 

 Impact of CO2 dosing on the scaling tendency compared with H2SO4 3.2.2

The impact of CO2 addition on the (equilibrium) pH, alkalinity, and scaling tendency was 

compared with H2SO4. The Impact of CO2 dosing on the scaling tendency is compared with 

H2SO4. This was done by determining the effect of CO2 and H2SO4 dosing on the pH, alkalinity, 

and equilibrium pH. The equilibrium pH is the pH at which the SI for calcite (CSI) is zero. Table 

10 shows the conditions for which CO2 and H2SO4 are compared. In specified range, 107 and 38 

data points for resp. CO2 and H2SO4 are taken. The required amount of CO2 and H2SO4 was 

estimated by linearizing the between two data points. The used CF was 5.7, which is in the 

common range of 4.0-6.0 for acid dosed cooling systems. In order to compare the effects of 

acid dosing only, point 1 and 2 were compared with each other under the assumption that the 

effects of pressure increase can be neglected. The temperature at these points was 18 °C. 

  

Table 10: conditions at which the simulations are performed 

CO2 dosing range [g/kg CW] 0.00-400  
H2SO4 (100 %) dosing range [g/kg CW] 0.00-0.00175  
CF [-] 5.7 
Cooling water temperature [°C] 18  
 

 Required amount of CO2 to reach equilibrium 3.2.3

The effect of temperature and CF on the required amount of CO2 to reach equilibrium is 

calculated in the same manner as discussed in section 3.2.2. It should be noted that in practice 

cooling water systems could be operated with a CSI of 0.4 without the use of treatment 

chemicals [71]. Therefore, the required CO2 dosing would be lower in reality. It is however 

chosen to use a CSI of zero to prove that CO2 is able to reach equilibrium. Patents have 

described several possibilities in which CO2 can be used to regulate the pH. One of those 

methods is the use of CO2 in combination with scaling inhibitors. The use of such treatment 

chemicals make it possible to work with solutions in which calcite is 140 times oversaturated, 

i.e. a CSI of 2.15 [71]. Therefore, it was determined how much CO2 is required to reach both a 

CSI of 2.15 and zero for different CF and temperatures. It is hereby assumed that CO2 has no 

impact on the effectiveness of treatment chemicals. 

In contrast to systems where H2SO4 is used, the pH is expected to show a significant increase 

over the cooling tower. Consequently, salts may be undersaturated before entering the 

cooling tower and supersaturated when exiting the cooling tower. In this way scaling will not 
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occur in the heat exchanger, however it has the tendency to precipitate in or after the cooling 

tower. Van Zadelhoff [4] observed this in his research, where he found minute solid particles in 

the basin after the cooling tower. At first sight this might seem undesirable, it could however 

be used beneficially. By creating a very large surface on which salts can crystalize it is possible  

to remove scale forming anions and cations from the cooling water. This is expected to reduce 

the required CO2 to inhibit scaling significantly. Although other patents have described the 

removal of solid particles to reduce the required amount of CO2 to inhibit scaling [13], this 

method has not been described before. The novelty of this method is that it removes scale 

forming anions and cations by using of the supersaturation of salts, caused by CO2 stripping 

over the cooling tower. In this way the scaling forming cations an anions are not only removed 

from the system by the purge, but via this method as well. For remainder of this thesis, this 

method is referred to as precipitate removal.  

At present, it is unknown how much precipitate can be removed via this method. Therefore 

the effects of the removal 1.0 wt-% and 2.5 wt-% of total calcite supersaturation were 

investigated. This was simulated by defining reaction 24 as a salt reaction. Consequently, 

Aspen let CaCO3 (calcite) precipitate until no supersaturation was present. Before the point 

where CO2 was added 1.0 wt-% and 2.5 wt-% of the precipitate was removed from the 

recirculation flow. While other salts might be supersaturated after the cooling tower, calcite is 

assumed to have the largest impact and the other salts are therefore neglected.  

Table 11: Overview evaluated treatment strategies with the conditions at which they are performed 

Method  Only CO2 
Combined with 
treatment 
chemicals 

1.0 wt-% 
Precipitate 
removal  

2.5  wt-% 
precipitate 
removal 

CO2 dosing range  [g/kg CW] 0.0-650 0.0-650 0.0-15 0.0-15 
CF  [-] 2.6-11.3 2.6-11.3 2.6-26 2.6-26 
Cooling water 
temperature 

[°C] 18-70 18-70 18-70 18-70 

CSI [-] 0 2.15 0 0 

 Impact of CO2 corrosion 3.2.4

Literature research indicated that the addition of CO2 might result in extra corrosion. Corrosion 

depends on many variables and is therefore very difficult to predict. The first step in assessing 

the impact of the corrosion rates was comparing the CO2 i.e. H2CO3 and HCO3
- concentrations 

present in cooling water for CO2-based scale control strategies with the H2SO4-based scale 

control strategy. In case these concentrations are not significantly higher for the CO2 based 

control strategies, the risk of enhanced corrosion rates could be neglected.  

 

In case the CO2 and HCO3
- concentrations are significantly higher, the resulting risk on 

enhanced corrosion rates was assessed via two different methods. The fist method was based 

on the work of Skaperdas and Uhlig [69]. They showed that oxygen is 6-10 times as corrosive 

as CO2 in equimolar concentrations at 60 °C. When both O2 and CO2 were present, the 

corrosion rates were found to be 1.1 to 1.4 times has high as what would be expected on the 

individual contributions. Based on the ratios provided by Skaperdas and Uhlig, it could be 

calculated whether the corrosiveness of cooling water is significantly higher for treatment 
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programs using CO2 compared with the H2SO4 based program. This is done by using equation 

(77) in which the RC is calculated based on worst-case conditions. This assumes the highest 

impact corrosiveness of CO2 compared to O2. If the relative corrosiveness (RC) is still not 

significantly higher for CO2 based scaling treatment programs, it is possible to neglect the 

impact of CO2.   

 

𝑅𝐶 =
([𝐶𝑂2 ]𝑇+6∗[𝑂2 ])𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑒𝑦

([𝐶𝑂2]𝑇+6∗[𝑂2 ])𝐻2𝑆𝑂4
  (77) 

 

Where: RC = Relative corrosiveness of the treatment strategies to the H2SO4 based 

strategy 

 [CO2]T = Total CO2 concentration [mol/L] 

 [O2] =  O2 concentration [mol/L] 

  

The concentrations that are present at 60 °C when the system operates at a CF 5.7 and acid is 

dosed untill the CSI reaches the required level to inhibit scale, are used in equation (77). This 

temperature was chosen because Sakperdas and Uhlig [69] determined their ratios at this 

temperature and it lays in the range of temperatures expected at the heat exchanger’s surface.  

 

Another method to assess the risk of extra corrosion is the use of corrosion indicators. In 

section 2.9 several corrosion indices have been described. Most of them are based on the 

assumption that a supersaturation of CaCO3 results in the formation of a protective layer, 

which is shown to be incorrect. It is therefore advised by the AWWA not to use such indices. 

Since the LSKI and RI are not based on this assumption, they are believed to provide a reliable 

indication of the corrosion risk. Moreover, both indices take the effects of both CO2 and O2 on 

the corrosion tendency into account. For the RI this is directly visible from equation (45). The 

LSKI is developed using air saturated waters in which the pH was regulated by CO2 dosing. The 

LSKI and RI values are calculated for each control strategy at which acid is dosed untill the CSI 

reaches the required level in the bulk at temperature of 25 °C and a CF 5.7.  
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4 Results and discussion 

4.1 CO2 compared with H2SO4 
Figure 17 shows that the addition of CO2 decreases the pH. The relationship between CO2 

dosing on the pH shows some remarkable differences  compared with H2SO4 dosing, which is 

shown in Figure 15. The most noticeable distinction is the amount of acid that is required to 

reach the same pH value. Several orders of magnitude more CO2 is required to reduce the pH 

to same levels as H2SO4. As Figure 19 shows, the pH required to reach a CSI of zero is much 

lower for systems where CO2 is used. Another noticeable difference is the high sensitivity to 

more H2SO4 dosing at a certain pH point. These differences could not only be explained by the 

fact that CO2, i.e. carbonic acid, is a weaker acid than H2SO4.  

As Figure 17 shows, the pH after the cooling tower is not influenced in this model by the 

addition of CO2. This is caused by the stripping of high amounts of CO2 in the cooling tower due 

to the formation of new equilibrium between the CO2 concentration in the cooling water and 

its concentration in air. Therefore, at each circulation CO2 must be added once again, which is 

not the case with H2SO4 dosing. Although it should be mentioned that in case of H2SO4 dosing, 

the pH increases over the cooling tower as well. An explanation for this is the stripping of 

relatively small amounts CO2, which is formed by reaction (78). Obviously, the extent to which 

this happens is much smaller than for CO2.   

𝐻2𝑆𝑂4 + 𝐶𝑂3
2− ↔ 𝐻2𝑂 + 𝐶𝑂2 + 𝑆𝑂4

2−   (78) 
 

Figure 18 shows another explanation for the relatively high CO2 consumption. In contrast to 

H2SO4, the dosing of CO2 does not decrease the alkalinity of the system. Therefore, buffering 

capacity remains intact, requiring a higher dosage of acid to lower the pH. Due to its alkalinity 

destroying properties, a marginal addition of H2SO4 results in a steep pH decrease once the 

alkalinity is destroyed which is shown in Figure 6 and Figure 17. As a consequence, these 

results indicate that an overfeed of H2SO4 might result in severe corrosion. These findings are 

in line with statements found in literature [11, 31, 32, 48].  

Similar to the findings described by Thevissen [41], Figure 19 shows that the pH for which the 

CSI is zero, is much lower for CO2-dosed systems. This is a consequence of the maintained 

alkalinity, which leads to a higher CO3
2- concentration and a higher solubility product 

compared with a H2SO4 dosed system. Therefore, a much lower pH is needed to prevent CaCO3 

precipitation. This provides another explanation for the high amounts of CO2 that are required. 
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Figure 4 and Figure 5show the distribution of the carbonate species as function of the pH at 

resp. a constant total CO2 concentration or a constant pCO2. In these figures, the pH is regulated 

with a strong mineral acid, while in this work the pH is regulated by CO2. The resulting 

distribution of the carbonate species for a CF of 5.7 is shown in Figure 20. It shows that in 

order to reduce the pH below 7, a significant increase in the CO2 concentration is observed. 

This could be explained by the tendency of carbonate species to shift the equilibrium towards 

H2CO3/CO2 at lower pH, as shown in Figure 5. In order to reduce the pH further, this tendency 

must be counteracted, by shifting the equilibrium of reaction (13) to the right, which requires 

high CO2 concentrations. Based on these observations, it could be concluded that the pH 

cannot efficiently be reduced by CO2 dosing below a pH 7. 

   

 

Figure 17: Impact of CO2 dosing on the pH of cooling 
water at a CF of 5.7 at a temperature of 18 °C 
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Figure 18: Alkalinity change as result of acid dosing 
(CO2 or H2SO4) to cooling water at a CF of 5.7 and a 
temperature of 18 °C 
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Figure 19: pH at equilibrium as function of CF at 18 
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4.2 Ability to use CO2 with different scale control strategies 
Table 12shows the maximum amount of CO2 that can be dosed to inhibit scale formation. This 

is the amount that maintains dissolved at worst case conditions in the cooling system, i.e. 1 

atm and film temperatures in the range of 50-70 °C. The amount that can be dosed decreases 

drastically with increasing temperatures at heat exchanger’s surface. The maximum amount of 

CO2 that can be added using flue gas as source for CO2 does not depend on the temperature at 

the heat exchanger’s surface. Hence the use of flue gas is CO2 limited by the conditions at 

which flue gas and cooling water are equilibrated. These data indicate that more CO2 can be 

dissolved with increasing CF i.e. ionic strength. An explanation for this is that at higher CF, the 

pH increases and more CO2 reacts to HCO3
- and ultimately to CO3

2-, which results in higher 

amounts of CO2 that can be added. 

It is important to note that the maximal amount of CO2 that can be absorbed form flue gas, 

which is depicted in Table 12.,, may be impractical to reach. In order to obtain these amounts, 

the total cooling water flow should be brought into equilibrium with flue gas, which might 

result in unacceptable temperature increases of the cooling water and the flue gas 

temperature could become too low exit to chimney. Moreover, the residence time and flue 

gas flow required to reach equilibrium might result in unacceptable equipment size. It might 

be more realistic to bring a part of the cooling water into contact with a part of the flue gas, 

e.g. 10 wt-%. This has as an obvious consequence that the amount that can be absorbed will 

decrease by approximately a factor 10. The effects of these potential constraints should be 

taken into account in further research.  
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Table 12: Maximum amount of CO2 dosing that maintains dissolved at worst case conditions 

 CO2 absorbed  [g/kg cw] 

CF [-] Pure gas at 50 °C Pure gas at 60 °C Pure gas at 70 °C Flue gas at 70 °C 

10.3 0.87 0.70 0.55 0.26 

8.3 0.83 0.66 0.52 0.23 

5.5 0.79 0.62 0.48 0.19 

3.5 0.77 0.60 0.45 0.17 

2.6 0.76 0.59 0.45 0.16 

 

It is known that calcite (CaCO3) is the most common scale in cooling water systems [31]. 

Therefore, scale control is based on brining the CSI to zero in this thesis. Table 13 shows the SI 

of multiple scale forming salts when cooling water is conditioned by CO2 to a CSI of zero at 25 

°C and CF of 5.7. These are all undersaturated when calcite is brought to equilibrium, i.e. a SI of 

zero. Although not all scale forming salts listed Table 2 are taken into account in this 

comparison, it still provides an indication that scale formation is inhibited when the CSI is zero. 

It is therefore believed that it is justified to control scaling by bringing the CSI to zero. Table 13 

shows CaCO3 in the form of aragonite, which has a lower solubility than calcite and should not 

be confused with each other.   

Table 13: SI of multiple salts when the SI is regulated to zero by CO2 dosing at a CF 5.7 and 25 °C 

Magnesite Brucite Gypsum Bassanite Anhydrite Aragonite Magnesium sulfate 

MgCO3 Mg(OH)2 CaSO4:2H2O CaSO4:0.5H2O CaSO4 CaCO3 MgSO4 

-0.83 -7.3 -1.0 -1.8 -1.2 -0.20 -11 

 

 Ability of CO2 to reduce scaling tendency 4.2.1

Table 14 shows the required amount CO2 to reach a CSI of zero, i.e. reach equilibrium for 

calcite, at different temperatures and CF. It should be noted that in practice, cooling water 

systems could be operated with a CSI of 0.4 without the use of treatment chemicals [75], 

which would reduce the quantity of CO2 needed. In accordance with theory, the required 

amount increases with temperature and CF. At temperatures above 50 °C and CF 7.4, it was 

not possible to bring calcite in equilibrium within the maximum CO2 dosing of 6.0 g/kg cw used 

in these simulations.  
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Table 14: Required CO2 dosing to reach a CSI of zero for multiple CF and temperatures 

 Required amount of CO2  [g/kg cw] 

 CF 18 °C 25 °C 50 °C 60 °C 70 °C 

2.6 0.10 0.12 0.22 0.30 0.42 

3.6 0.22 0.26 0.49 0.67 0.93 

4.7 0.41 0.47 0.89 1.2 1.7 

5.7 0.64 0.74 1.4 1.9 2.7 

7.4 1.2 1.40 2.6 3.6 
 

8.9 2.1 2.5 4.6 
  

10.2 2.5 2.8    

11.3 3.11 3.59    

 

Table 15: Equilibrium pH for CO2 dosing for multiple CF and temperatures 

 
pHea [-] 

CF 18 °C 25 °C 50 °C 60 °C 70 °C 

2.6 6.9 6.8 6.4 6.3 6.2 

3.6 6.7 6.6 6.2 6.1 5.9 

4.7 6.5 6.5 6.1 5.9 5.8 

5.7 6.4 6.3 5.9 5.8 5.6 

7.4 6.2 6.2 5.8 5.6 
 

8.9 6.1 6.0 5.6 
  

10.2 6.0 6.0 
   

11.3 6.0 5.9    

 

The results of Table 12 and Table 14 are combined in Figure 21. It clearly shows one of the 

drawbacks of CO2. At higher temperatures relatively much CO2 is required to prevent scaling, 

while it is less soluble in water, which maximizes CF at which the system can operate. The 

simulations show that for film temperatures of 50 °C and 70 °C at 1.0 atm it is possible to reach 

CF of resp. approximately 4.5 and 2.5. In order to reach higher CF by solely using CO2, the 

minimum system pressure must be increased, which is from an economic perspective not 

desirable due to higher pumping costs. Although this limits the CF at which the system can be 

operated to 2.5-4.5, it does prevent the use of expensive and harmful treatment chemicals.  
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Even at low CF, 2.5-4.5, large amounts of CO2 are required to inhibit scaling. This is because the 

pHeq-values that are required to inhibit scaling are below 7, which is shown in Table 15. This is 

in line with the findings of Thevissen [41] who found that pH values below 7 are required to 

inhibit scale with solely CO2 dosing. Although no specific numbers are mentioned, it is claimed 

by others as well that excessive amounts of CO2 are required to inhibit scale formation when 

only CO2 is used [31, 40]. It is therefore questionable whether the benefits of not using 

treatment chemicals outweigh the costs associated with CO2. Assuming a maximum 

temperature of 50 °C, it can be calculated with the data in, that a cooling system operating in 

this CF range requires an annual CO2 dosing of 0.2-0.9 kton/MW cooling capacity. As Figure 21 

shows, the required amounts of CO2 cannot be added via flue gas. Based on these findings it is 

unlikely that the use of CO2 without the combination of other methods is economically viable.  

It was assumed that CO2 strips over the cooling tower to an amount, which is in equilibrium 

with pCO2 of 0.080 bar. This assumption was based on literature indicating that CO2 was not in 

equilibrium with the atmospheric concentration of around 400 ppm [93], and a field study that 

for a normal operation cooling tower it was found to be around 800 ppm [92]. Without 

providing quantitative data a patent, which describes the use of CO2 to inhibit scaling, even 

claims that surprisingly small amounts of CO2 desorbs over the cooling tower [48]. It is 

therefore possible that the CO2 concentration exiting the cooling tower is much higher than 

the concentration assumed in this work. If this would be the case, much less CO2 would be 

required to inhibit scale formation, making the use of solely CO2 more appealing. It is therefore 

important to assess this assumption in future work. Moreover, patent literature describes the 

use of a decarbonation system to recycle the dosed CO2 [31]¸which could result in significant 

savings on the CO2 consumption, making its use more appealing as well.  

Figure 21: The quantity of CO2 needed to reach equilibrium for CaCO3 (calcite) as function of the CF together 
with the maximum amount of CO2 that can be dosed at worst case conditions 
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 Scale inhibition by the combined use of CO2 and treatment chemicals 4.2.2

Several patents describe the use of CO2 in combination with several treatment chemicals. By 

using these chemicals, CSI values of 2.15 can be reached without scaling [71]. Table 17 shows 

that it possible to operate the cooling system above a pH of 7 with the use of treatment 

chemicals, which reduces the required CO2 dosing significantly. As illustrated in Table 16 and 

Figure 22, significantly less CO2 is required than without treatment chemicals. It is therefore 

theoretically possible to reach a CF above 11.3 by using CO2 from flue gas. Based on these 

observations, it can be concluded that it is highly desired to operate CO2 dosed systems above 

a pH of 7. Other methods, such as the use of mineral acids next to CO2 are described to limit 

the CO2 consumption as well [31, 42]. As can de deduced from Figure 19 the use of mineral 

acids next to CO2 will result in higher pHeq. Therefore, aside that the pH reduction is largely 

caused the addition of mineral acid, the use of CO2 is limited because it can reduce the pH 

more efficiently at higher pH. 

Table 16: Amount of CO2 required to reach a CSI of  2.15 for multiple  temperatures and CF 

Required amount of CO2  [g/kg cw] 

CF 18 °C 25  °C 50  °C 60  °C 70  °C 

2.6 0.00 0.00 0.00 0.00 0.00 

3.6 0.00 0.00 0.01 0.01 0.01 

4.7 0.01 0.01 0.02 0.03 0.03 

5.7 0.02 0.03 0.04 0.04 0.05 

7.5 0.06 0.06 0.07 0.08 0.09 

8.9 0.11 0.11 0.13 0.14 0.16 

10.2 0.12 0.12 0.14 0.16 0.18 

11.3 0.14 0.15 0.17 0.19 0.21 

Table 17: Equilibrium pH for CO2 dosing in combination with treatment chemicals for multiple CF and 
temperatures 

pH at CSI 2.15 [-] 

CF 18 °C 25 °C 50 °C 60 °C 70 °C 

2.6 8.3 

3.6 8.3 8.2 8.0 

4.7 8.6 8.7 8.2 8.1 7.9 

5.7 8.4 8.5 8.1 7.9 7.8 

7.4 8.2 8.4 7.9 7.7 7.6 

8.9 8.0 8.2 7.6 7.6 7.4 

10.2 8.0 8.2 7.7 7.6 7.4 

11.3 7.9 8.1 7.6 7.5 7.4 
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Figure 22: Required CO2 dosing in combination with treatment chemicals and the maximum amount CO2 dosing 
that can be dosed via flue gas 

 

 Scale inhibition by using CO2  in combination with precipitate removal 4.2.3

This novel treatment strategy has not been described in patent literature explicitly. It uses the 

pH increase over the cooling towers as the result of CO2 stripping, which is generally regarded 

as the major disadvantage [7]. By creating a very large surface area on which the 

supersaturation could precipitate, the concentration of scale forming anions and cations can 

be reduced. The concentration of these ions is in that case not only limited by the by the purge 

but by this method as well. 

The effects of 1.0 wt-% and 2.5 wt-% precipitate removal are shown in Table 18 and Table 19. 

The required CO2 dosing is significantly reduced when precipitate is removed. For all the 

simulated CF and temperatures, the required amount of CO2 could be absorbed from flue gas. 

This is a direct consequence of the precipitate removal, which reduces the concentration of 

scale forming anions and cations significantly. Therefore, a higher pH is satisfactory to inhibit 

scaling and consequently less CO2 is required. 

Perhaps one of the most striking observations from Figure 23 and Figure 24 is the insignificant 

impact of the CF on required amount of CO2 to reach equilibrium. This is explained by the 

relative high amounts of scale forming anions and cations that are removed via precipitate 

removal compared to the purge. At decreasing precipitate removal perentages, the relative 

impact of the purge on the required level of CO2 dosing increases. This implies that there is a 

point where the CF does have a significant impact on the required amount of CO2 dosing. For 

the removal percentages in this thesis, this point is not reached. This method is able to reach 

very high CF with relatively low amounts CO2 and therefore has a very high potential. 
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At present, it is unknown what percentage of the supersaturation could be removed by this 

novel method. This would depend on the kinetics of the crystallization process. At a precipitate 

removal fraction of 1.0 wt-% and 2.5 wt-% the supersaturation of the cooling tower is 

respectively 8.5 and 4.0. Whether these removal percentages are realistic depends on how 

much surface area is required to remove these percentages within the average residence time 

of cooling water in the basin. 

 

Table 18:  Required amount of CO2 to reach a CSI of zero with 1.0 wt-% precipitate removal for multiple CF and 
temperatures 

 

Table 19: Required amount of CO2 to reach a CSI of zero with 2.5 wt-% precipitate removal for multiple CF and 
temperatures 

 Amount of CO2 required [g/kg cw] 

CF 18 °C 25 °C 50 °C 60 °C 70 °C 

3.6 0.027 0.028 0.038 0.043 0.050 

5.7 0.026 0.028 0.038 0.042 0.049 

11.3 0.027 0.028 0.037 0.041 0.048 

15.7 0.027 0.028 0.037 0.041 0.048 

26.2 0.027 0.027 0.036 0.041 0.047 

 

  

 Amount of CO2 required [g/kg cw] 

CF 18 °C 25 °C 50 °C 60 °C 70 °C 

3.6 0.068 0.070 0.090 0.10 0.12 

5.7 0.071 0.073 0.093 
  

11.3 0.071 0.074 0.098 0.11 0.13 

15.7 0.072 0.074 0.093 0.11 0.13 

26.2 0.068 0.070 0.090 0.10 0.12 
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Table 20: pH at equilibrium for several CF and temperatures with 1.0  wt-% precipitate removal  

 pHeq 

CF 18 °C 25 °C 50 °C 60 °C 70 °C 

3.6 7.4 7.3 6.9 6.8 6.6 

5.7 7.4 7.3 6.9 6.8 6.6 

11.3 7.3 7.2 6.9 
  

15.7 7.3 7.2 6.9 6.7 6.6 

26.2 7.4 7.3 6.9 6.8 6.6 

 

Table 21: pH at equilibrium for several CF and temperatures with 2.5 wt-% removal via precipitation 

 pHeq 

CF 18 °C 25 °C 50 °C 60 °C 70 °C 

3.6 7.6 7.5 7.4 7.4 7.4 

5.7 7.5 7.5 7.4 7.4 7.4 

11.3 7.5 7.4 7.4 7.4 7.4 

15.7 7.5 7.4 7.4 7.4 7.4 

26.2 7.6 7.5 7.4 7.4 7.4 
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Figure 23: The required amount  of CO2 to reach as CSI of zero with 2.5 wt-% precipitate removal 
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4.3 Impact on corrosion 
Literature research indicated that CO2 could enhance corrosion rates significantly. Figure 25 

shows that the concentrations of the carbonate species for the different scale control 

strategies. For all treatment programs using CO2 except in combination with other treatment 

chemicals, the CO2 concentration is significantly higher compared with the system in which 

H2SO4 is dosed. These increased concentrations could result in enhanced corrosion rates, 

which is assessed by the relative corrosiveness and by the relevant corrosion indices.  

  

Figure 24: The required amount of CO2 to reach as CSI of zero with 1.0  wt-% precipitate removal 
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 Impact assessment based on relative corrosiveness of CO2 to O2  4.3.1

Skapersdas and Uhlig [69] showed that O2 is 6-10 times more corrosive than CO2 at equimolar 

concentrations. Moreover they state the total corrosion in the presence of both CO2 and O2 is 

1.1-1.4 times as high as the sum of the individual contributions of both species.   

Table 22: The RC, O2 concentration, and total CO2 concentration ratio for different treatment strategies at 25 °C 
and a CF of 5.7  

treatment strategy 
O2 concentration  

[mmo/L] 

Total CO2 
concentration  

[mmol/L] 

RC 
[-] 

H2SO4 dosing 0.296 1.06 1.0 

CO2 dosing 0.296 32.5 12 

CO2 dosing with 1.0 wt-%  precipitate  
removal 

0.297 4.41 2.2 

CO2 dosing  with 2.5 wt-% precipitate 
removal 

0.297 2.79 1.6 

CO2 in combination with other 
treatment chemicals 

0.296 0.379 0.76 

 

Based on the relative corrosiveness and the total CO2 and O2 concentration shown in Table 22, 

it could be reasoned that the contribution of CO2 on the corrosion process already plays a 

significant role in a treatment program based on H2SO4. Since the O2 concentration remains 

stable and total CO2 concentration is increasing for most of the CO2 based control strategies, 

this would imply total corrosion rate could increase drastically for these strategies. It is 

therefore not possible to exclude the risk of CO2 corrosion based on these observations. 

Figure 25: Effects of the different treatment strategies on the CO2, HCO3
-
, and CO3

2-
 concentrations when the CSI is 

regulated to the required level to inhibit scaling at 25 °C and a CF of 5.7 
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 Corrosion assessment based corrosion indices 4.3.2

Figure 26 and Figure 27 show the effects of the different scale control strategies as function of 

the CF on the RI and LSKI. Both the RI and LSKI indicate that corrosion tendency for control 

strategies that use CO2 is significantly less than when H2SO4 is used. Please note that the lines, 

which show the LSKI for CO2 dosing and CO2 dosing in combination with treatment chemicals, 

are on top of each other.  

Scale control strategies that use CO2 to regulate the CSI to 0 or 2.15 show for the whole tested 

CF-range a LSKI below 0.8. This implies chlorides and sulfates will probably not interfere with 

the formation of a protective film. Whereas, the use H2SO4 shows LSKI values far above 1.2, 

which indicates a high tendency towards localized corrosion. It should be noted that the LSKI 

was developed in pH range of 6.8-8.3 [60]. Table 15 shows that the pHeq, for the treatment 

strategy solely using CO2 dosing, is well below this range. Care should therefore be taken with 

the interpretation of these results. As can be seen in Figure 20, below the valid pH range of the 

LSKI, the concentration of CO2 relative to HCO3
- increases sharply. It is therefore questionable 

whether the LSKI can be extrapolated can be used in this pH range. Due to increased CO2 

concentrations, it is likely that the corrosion tendency is underestimated for this treatment 

strategy.  

Although, to a much lesser extent compared to H2SO4, the scenario in which CO2 is combined 

with precipitated removal, a high tendency towards localized corrosion is found as well. While 

the SO4
2- and Cl- concentrations remain more or less equal, the alkalinity is reduced due to the 

precipitation of CaCO3
2-. Hence, the LSKI will indicate a higher tendency towards localized 

corrosion.  

These simulations are based on the assumption that only calcite precipitates. In reality, it is 

very likely that CaSO4, and CaSO4:2H20 are supersaturated and will have the tendency to 

precipitate when CO2 is stripped as well. Consequently, the SO4
- concentration could be 

significantly lower than the calculated concentration in the simulations. Since the LSKI is a 

function of the SO4
- concentration it is likely that it is overestimated for the treatment 

strategies where filtration is applied. Unlike SO4
-, Cl— is not removed via precipitation, because 

the solubility of NaCl is very high. Since chloride is known to enhance corrosion [51], its 

concentration is likely to limit the CF that could be reached.  

It has been shown that the RI performed less for relatively hard waters [88] . Since this is the 

case for cooling water, it should be taken into account with the interpretation of the results. It 

is however believed that the RI could still be used to provide a general trend. The RI provides 

similar outcomes as the LSKI, it indicates that for all strategies using CO2 the water is extremely 

non-corrosive whereas the use of H2SO4 results in non-corrosive at a CF of 3.6 till corrosive 

waters at a CF of 11.  

Overall, the LSKI and RI indicate a lower corrosion tendency for treatment programs using CO2 

compared with H2SO4. Once again, it should be noted that corrosion is a highly complex 

process and corrosion indices do not take into account many factors that play a role in this 

process. They can therefore only provide an indication on the corrosiveness of the simulated 

water compositions. Consequently, it is not possible to fully exclude the risk on enhanced 
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corrosion rates. However, these findings are in line with the findings of Nalco [32] and the 

patent of Thevissen [41] which showed that use of CO2 to regulated the pH resulted in less 

corrosion compared to H2SO4.  

Table 23: LSKI for several treatment strategies with a CSI regulated to the required level to inhibit scaling at 25 °C 

CF H2SO4 
Solely 

CO2 
CO2 with treatment 

chemicals 
Precipitate removal 

1.0 wt-% 
Precipitate removal 

2.5 wt-% 

2.6 
 

0.74 
   

3.6 15 0.75 
 

2.0 3.0 

4.7 
 

0.75 0.75 
  

5.7 26 0.76 0.76 3.3 5.0 

7.5 
 

0.76 0.76 
  

8.9 
 

0.76 0.76 
  

10 
 

0.77 0.77 
  

11 57 0.77 0.77 6.9 11 

16 
   

8.2 113 

26 
   

15 25 

 

Table 24: RI for several treatment strategies with a CSI  regulated to the required level to inhibit scaling at 25 °C 

CF H2SO4 
Solely 

CO2 
CO2 with treatment 

chemicals 
Precipitate removal 

1.0 wt-% 
Precipitate removal 

2.5 wt-% 

2.6 
 

1.7 
   

3.6 15 1.5 
 

2.5 3.7 

4.7 
 

1.4 0.67 
  

5.7 15 1.3 0.56 2.6 3.9 

7.5 
 

1.3 0.43 
  

8.9 
 

1.4 0.35 
  

10 
 

1.3 0.31 
  

11 17 1.3 0.28 2.6 4.1 

16 
   

2.0 3.1 

26 
   

1.7 3.1 
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 Overall corrosion assessment 4.3.3

Scale control strategies based on CO2 results in increased concentrations of H2CO3, HCO3
-, and 

CO3
2- in cooling water. Based on the relative corrosiveness of CO2 to O2 one might expect 

increasing corrosion rates with increasing CO2 concentration, while corrosion indices and 

Figure 27: LSKI as function of the CF for each scale treatment strategy with a  CSI regulated to the required level 
to inhibit scaling at 25 °C 
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literature suggest the opposite. An explanation for these seemingly contradictive results can 

be found in the conditions in which these experiments have performed and the role of HCO3
-.  

Skaperdas and Uhlig [69] determined the relative corrosiveness of O2 and CO2 in demineralized 

water, i.e. very soft water, while the cooling water is relatively hard. It is widely recognized 

that soft water is much more corrosive than hard water, which is caused by the formation of a 

diffusion barrier film [51]. In combination with the knowledge that HCO3
- might provide might 

provide protection against corrosion by stabilizing this layer [62], it could reduce the corrosion 

rates significantly. In case such a layer is not present or to lesser extent, as was case in the 

work of Skaperdas and Uhilg, HCO3
- is found to enhance corrosion rates significantly [27]. It is 

therefore reasoned that in the presence of a protective film, CO2 dosing reduces the corrosion 

rates, while in case such a film is not present corrosion rates are significantly enhances.  

Skaperdas and Unlig [69] performed their research in a pH 4-7 and based the relative 

corrosiveness on the total CO2 concentration. As can be seen in Figure 20, the CO2 

concentration relative to HCO3
- increases sharply below a pH of 7. In combination with the 

knowledge that HCO3
- and CO3

2- might provide protection against corrosion, the impact of CO2 

might be much less at higher pH values. Figure 25 shows that this is the case for all treatment 

strategies except, the one based on solely CO2. For this control strategy, the relative CO2 

concentration towards HCO3
-
 is that high, that is questionable whether the potential protective 

properties of HCO3
- can compensate for the aggressiveness of the CO2 concentration.  

It should be noted that the role of HCO3
- in the corrosion is still under debate [58]. As stated in 

section 2.7.3, HCO3
- might enhance the corrosion rates as well. An explanation for these 

different views could be that at a certain threshold concertation several anions, including 

HCO3
- undergo a transition from aggressive behavior to inhibitive behavior, where HCO3

- 

stabilizes the passive film [62]. This threshold concentration is claimed to be in the order of 10-

1 mol/L [58, 62]. This is above the bulk concentrations, encountered in the simulated system, 

which lays in the range of 10-2-10-1 mol/L. As a result of the corrosion reactions (22) and (23) it 

is very likely that pH in the film is higher than in the bulk. Consequently, the HCO3
- 

concentration could increase to above the threshold concentration. It is therefore required to 

conduct more research to assess the impact of HCO3
-. 

Conditions in cooling water varies significantly over time (day/night and seasons), which could 

result in a fluctuating scaling and corrosion tendency of cooling water. Especially in light that a 

protective layer is required to reduce the risk on corrosion, it is important to assess under 

what conditions a protective layer is formed and how a corrosive tendency influences the 

breakdown and protectiveness of such a layer. In section 2.7.4 it was discussed that a FeCO3 

could be a protective layer. It was however not possible to determine whether in the 

conditions present in a cooling system could result in the formation of such a protective FeCO3. 

Although many uncertainties remain regarding the CO2 corrosion, it can be deduced form the 

previous paragraphs that the corrosion rates in CO2-based scale control strategies are not likely 

to increase, especially when the system is operated with a pH above 7.  
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5 Validation 
Aspen is an extensive software package that is widely used in the chemical industry. All data 

that Aspen contains is based on scientific research, and may therefore be regarded as 

validated. However, the outcomes of the model are dependent on user-specified interactions 

and it is therefore required to validate the whole model. There are multiple ways to validate 

this model, which could be done by expert opinion, comparison with literature data, 

comparing the results with other software, or a by pilot scale cooling water system. The most 

rigorous way would be the use of pilot scale cooling water system. Such water systems have 

been described by Chien et al. [99], and in the NEN-ISO 16784-1:2008 norm.  

By using a pilot scale cooling tower, it is difficult to determine the impact of just one variable. 

Therefore, the Aspen model is validated with PHREEQXCEL. Van Lier et al. [92] have showed 

that this open source package provides reasonably similar SI-values compared with 

French creek water cycle, which is the current standard in the cooling water conditioning 

industry. The RUG has no license for French Creek Water Cycle and no comparison can be 

made with that software package.  

The Aspen model is validated by comparing four extreme scenarios with PHREEQXCEL, which 

are listed in Table 25. The pH and multiple SI-values of untreated cooling water are 

compared in each scenario.   

Table 25: Four scenarios which are used to validate the Aspen model with PHREEQXCEL 

Scenario  1  2  3  4  

CF [-]  2.6  2.6  10.3  10.3  
Temperature [ºC]  18  70  18  70  

Location 
Exit cooling 
tower 

Surface heat 
exchanger 

Exit cooling 
tower 

Surface heat 
exchanger 

 

Figure 28 shows that the calculated pH values by Aspen and PHREEQXCEL are in reasonable 

agreement with each other and show similar trends. Although the pH in the Aspen model is 

more sensitive to temperature variation, both models show a decrease in pH as the 

temperature increases. An increase in the CF increases the pH in both models as well. Figure 

32 to Figure 31 illustrate that both models show an increasing SI for increasing CF and 

temperatures. Although Aspen shows a higher sensitivity towards changes in temperature and 

CF both models provide fairly similar values, and more importantly, predict similar trends. It is 

concluded that Aspen model provides a reasonable indication of the scaling tendency and 

inherently the composition of cooling water. An exception is the predication CaMg(CO3)2 for 

which Aspen shows a significant deviation. No reference has been found that this salt causes 

problems in cooling water systems and cooling water experts have never experienced this 

scale [12]. It is believed that this deviation does not have an impact on the validity of the 

model, and this salt is therefore omitted in the graphs. 

It should be noted that both models are based on thermodynamic equilibria and do not take 

kinetic considerations into account. It is therefore required to determine to what extent 

thermodynamic equilibrium is reached.  
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Figure 28: Calculated pH values by PHREEQXCEL and 
Aspen of cooling water exiting the cooling tower and 
at the surface of the heat exchanger for a system 
operation with a CF 2.6 and 10.3 
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Figure 31: Calculated SI values by PHREEQXCEL and 
Aspen for several salts at 70 °C and a CF of 2.6 
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Figure 29: Calculated SI values by PHREEQXCEL and 
Aspen for several salts at 70 °C and a CF of 10.3 
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Figure 30: Calculated SI values by PHREEQXCEL and 
Aspen for several salts at 18 °C and a CF of 2.6  
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Figure 32: Calculated SI values by PHREEQXCEL and 
Aspen for several salts at 18 °C and a CF of 10.3 
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6 Conclusion 
A comparison with PHREEQXCEL showed similar trends for untreated cooling water. It is 

therefore believed that the Aspen model is able to predict the scaling tendency and other 

properties of cooling water accurately. All the investigated salts were understatured for calcite 

being in equilibrium. It is therefore justified to base scale control by focusing on calcite. 

Compared to H2SO4, very large amounts of CO2 are required to inhibit scaling. The simulations 

showed that it was possible to use CO2 up to at least a CF of 7 to inhibit scale. This requires 

pressures up to 8 bar to maintain the CO2 dissolved throughout the cooling system, which 

results in increased pumping costs. To avoid these costs, the CF is limited to 2.5-4.5. At these 

CF values, a yearly CO2 dosing of 0.2-0.9 kton/MW cooling capacity is required to inhibit scale 

formation. Since pCO2 in flue gas is too low, these high amounts cannot be added via flue gas. 

The high CO2 dosing requirements are partially caused due to the need to regulate the pH to 

values well below 7 where CO2 cannot efficiently reduce the pH. The use of additional 

measures, that reduce the CO2 consumption, are required to make its use economically viable. 

In practice, less CO2 might be stripped from the cooling tower than what was assumed in this 

model, which lowers the CO2 dosing requirements. It is therefore recommended to develop 

more insight in the degree of stripping over the cooling tower. 

The use of treatment chemicals makes it possible to operate at higher supersaturation, which 

in turn makes it possible to operate in a higher pH range and consequently reduce the CO2 

dosing requirements. In this scenario, it possible to reach at least a CF of 11 for which the 

required CO2 can theoretically be added via flue gas. 

In this work, a novel and very promising method has been described. Scale forming anions and 

cations are removed by making use of the supersaturation of salts, caused by CO2 stripping 

over the cooling tower. Therefore a higher pH is sufficient to inhibit scaling and consequently 

lowers the CO2 dosing requirements significantly, which makes it possible to use flue gas as a 

source of CO2. In case 1.0 and 2.5 wt-% of this supersaturation could be removed, the CF does 

not have a significant impact on the required CO2 dosing up to at least a CF 26. This implies 

that the CF that can be obtained is probably not limited by the risk of scaling, but by corrosion 

or physical limitations. Since it is unlikely that chloride ions are removed via this method, the 

CF is likely to be limited by the increase of the chloride concentration. It should be noted, that 

is unknown whether the kinetics of crystallization are sufficiently fast to reach these removal 

percentages.  
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It is well known that CO2 could enhance the corrosion rates significantly. Corrosion is very 

difficult to predict as it is influenced by many variables. Corrosion indices indicate that 

corrosion rates are expected to decrease for CO2 based treatment strategies. This might be 

explained by the increased HCO3
- concentrations, which may stabilize a protective film. When 

the pH is regulated below 7 by CO2, the relative H2CO3 concentration to HCO3
- increases to 

such an extent that it is questionable whether the increased HCO3
- concentration will provide 

sufficient protection towards to compensate for increased corrosiveness. In case such a 

protective film is not or partially present, HCO3
- is expected to contribute to the corrosion 

process. This could lead to significantly enhanced corrosion compared to H2SO4 treatment 

programs. It is therefore concluded that CO2 could only be used in the presence of a protective 

film. To exclude the corrosion risks, more research is required which should provide more 

insight in the factors influencing CO2 corrosion in cooling water systems. 
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7 Recommendations 
In this thesis several assumptions are made, and limitations and opportunities have been 

identified. In the following paragraphs, these are discussed in more detail. 

One of the major concerns of using CO2 is the risk of enhanced corrosion rates. It has been 

concluded that under certain conditions corrosion rates might decrease, while in others it 

could increase significantly. In light of the fluctuating conditions in cooling water systems, it is 

important determine the impact of CO2 on the corrosion rate in various conditions and its 

sensitivity towards fluctuation. The most rigorous way to assess this would be the use of a pilot 

scale cooling water system. Such water systems have been described by Chien et al. [99], and 

in the NEN-ISO 16784-1:2008 norm. It is however, advised to start with lab scale corrosion 

experiments in which the contribution of CO2 to the corrosion process and the parameters 

influencing it, are determined for conditions present in cooling water systems, e.g. pH in the 

range of 6-9 and an appropriate water hardness. The corrosion rates could be determined by 

coupon immersion tests. Since these are time consuming advised to use electrochemical 

techniques as well, which have been described extensively in the work of Silverman [100].  

In this thesis, it was assumed that cooling water exiting the cooling tower had a CO2 

concentration which is in equilibrium with a pCO2 of 800 ppm. Since the mass transfer rates 

might not be sufficiently fast, in reality even less CO2 might strip in the cooling tower. This will 

influence the viability of using CO2 significantly. Moreover, it will influence the supersaturation 

of salts after the cooling tower. This will have an impact on the percentage of scale forming 

anions and cations that can be removed from the cooling water via the novel method 

described in this thesis. Safari et al. [93] modeled the effects of CO2 stripping on the pH of 

recirculation cooling water, which might provide a starting point in determining how much CO2 

is stripped.  

This thesis has shown that using supersaturation, caused by CO2 stripping over the cooling 

tower, to remove precipitate is very promising method. For this method the effects of 1.0 and 

2.5 wt-% precipitate removal were investigated. This range is relatively small and it is 

recommended to study the effects for a wider range, which could provide an indication on the 

minimum required precipitate removal percentage to have a significant effect. At present it is 

unknown whether the kinetics of crystallization are sufficiently fast and if these removal 

percentages are realistic. It is therefore advised to determine how and to which extent the 

supersaturation could be removed in practice.  
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Given a certain pCO2 in flue gas, the amount of CO2 that can be absorbed from this gas might be 

constrained by the temperature increase of the cooling water, temperature decrease of flue 

gas, and the size of the absorption column. Since the economic viability might depend on the 

possibility to use flue gas, it is advised to assess whether and how the required amounts of CO2 

can be absorbed from flue gas while satisfying these constraints. A potential method , that has 

not yet been described in patent literature, is bringing a part of the cooling water and flue gas 

counter currently into contact with each other.  

Since CO2 strips in the cooling tower programs it can, in contrast to other treatment chemicals, 

be used  to optimize water properties for individual heat exchangers or in situ cleaning. This is 

very appealing method to reduce the scaling problems, it is therefore advised to further 

investigate these possibilities. 
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9.2 Appendix  II: The passive film 
It is generally recognized that a film is responsible for the passive properties of certain metals 

and alloys. The structure and properties of film that result in its passive properties is however 

still under debate [52]. The oxide-film theory and the adsorption theory are two commonly 

expressed viewpoints in this topic [51]. 

The oxide-film theory entails that the passive film (both definition 1 or 2) acts as a diffusion 

barrier consisting of reaction products [51]. The adsorption theory states that metals that are 

passive (definition 1)  as an result of the chemisorbed oxygen at the surface. This displaces the 

adsorbed water molecules at the surface, which inhibits the anodic dissolution rate that 

involves hydration of metal ions [51]. Frankenthal [101] showed in his research that a layer 

with a thickness of less than one oxygen atom per surface atom has already an passivating 

effect. It is therefore suggested that such a layer does not primarily acts as an diffusion layer. 

There is a general consensus that metals that are only passive by definition 2 are passive 

because of a diffusion-barrier. Examples of such barriers are visible lead sulfate films and iron 

fluoride films. On the other hand there has been an extended debate and discussion 

concerning the mechanism of passivity by definition 1. The films that cause this type of 

passivity are usually 2-3 nm thick. Most metals that show passivity by definition 1 are usually 

transition metals, which contain electron vacancies or uncoupled electrons in the d shells of 

the atom. Since oxygen atoms have uncoupled electrons as well, these metals have a high 

affinity for oxygen. Metal atoms tend to remain in their lattice and therefore favor adsorption 

of oxygen over the formation of metal oxides, which require the metal to leave the lattice. 

Therefore it has high energies of adsorption corresponding to chemical-bond formation, and 

hence such films are called chemisorbed [51]. This supports the theory of adsorption 
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9.3 Appendix III: Parameters that influence the formation of 

protective FeCO3 layer CO2  
There are multiple parameters that influence the formation of a protective FeCO3 layer. 

Several of these are discussed in this section. 

9.3.1.1 Effect of pH 

At low pH, the concentrations of hydrogen ions, carbonic acid, bicarbonate ions which are 

mainly responsible for the cathodic reactions, are relatively large. This results in higher 

corrosion rates at lower pH, while at higher pH values a protective film might form that 

reduces the corrosion rate, which is shown in Figure 33 [27]. From this figure it can be 

observed that the influence of pH is more pronounced at higher temperatures, at which 

solubility of FeCO3 is diminished.  

Figure 33: Effect of pH on CO2 corrosion rate of mild steel 
measured at 20C (pCO2 = 1 bar) and 80C (pCO2 = 0.5 bar), 3 wt % 
NaCl, using rotating cylinder flow with outer diameter (OD) of 10 
mm at 1000 rpm. The error bars represent typical variations see 
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Figure 34 [102] shows that at higher pH values, the time to reach passivation is reduced. Han 

et al. explain this by the higher Fe2+ concentration that is required at lower pH, which takes 

more time to accumulate. Experiments were performed under stagnant conditions. It is 

questionable whether Fe2+ ions can accumulate in cooling water systems. Figure 34 clearly 

indicates that the open circuit potential tend to increase at higher pH values [102], which 

indicates better corrosion protection. Li et al [65] concluded in their work that a bulk pH in the 

range of 6.0-7.8  provided a protective layer, which reduced the corrosion rate and therefore 

the suggest a “threshold” pH of 6.0. It seems questionable that they advise this threshold pH, 

since in order to achieve film formation they had to add a significant amount of Fe2+ to 

solutions with a pH below 7.1. Moreover, they noticed that at pH values below 7.1 the FeCO3 

film was less densely packed, while still providing low corrosion rates. For this effect no 

explanation was provided in their work. It seems plausible that although that the surface film 

inhibited uniform attack, localized attack occurred. This is supported by the work of Sun et al. 

[103], who states that localized corrosion can occur when the FeCO3 supersaturation ratios are 

between 1-3.   

9.3.1.2 Effect of temperature 

All processes that are in involved in corrosion are accelerated at higher temperatures. Based 

on this one could reason that the corrosion rates are enhanced at higher temperatures, which 

is true for low pH, when a protective FeCO3 does not form. Above a pH of 5 FeCO3 could 

precipitate and form a protective layer. The precipitation is accelerated by higher 

temperatures as well, resulting in a reduction of the corrosion rates  [27, 104]. In Figure 35 the 

effects of temperature on the corrosion rate is plotted.  Figure 35 shows that at low 

temperatures the corrosion rate at the different pH are more or less the same. At low 

temperatures an unprotective FeCO3 layer if formed due the slow kinetics [27], only above 60 

°C  are believed to be protective .   

Figure 34: The open circuit potential history during 
spontaneous passivation at pH = 7.1–8.0, T = 80 ◦C, PCO2 = 0.53 
bar, [NaCl] = 1 wt.%, ω = 0 rpm [50]. 
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9.3.1.3 Effect of flow 

In theory, CO2 corrosion of mild steel can be affected by flow in two ways, through mass 

transfer and via mechanical means. In turbulent flow conditions the mass transfer of corroding 

species is enhanced, which could enhance the corrosion rate. The role of mass transfer in the 

CO2 corrosion process is however rather limited, since its rate is reaction limited i.e. not 

diffusion limited, above a pH of 4, which is shown in Figure 7  [27, 105]. Large stresses, in the 

order of megapascals, are needed to detach a protective FeCO3 layer or inhibitor film. Since 

the shear stress caused by flow vary from  a few pascals in single phase flows to a few 

thousand pascal in slug flow, the mechanical effects of flow play a secondary role as well [27, 

105].  It should be noted that flow does play a role at boundary conditions. In case FeCO3 is 

under saturated, high flow rates may enhance breakdown of this layer both by mass transfer 

and mechanical means. Moreover, flow could interfere with the formation of  FeCO3 at low 

supersaturations and low temperatures [27, 105].   

9.3.1.4 Localized corrosion 

Localized corrosion occurs in a zone between full coverage where low corrosion rates are 

obtained and no coverage with high corrosion rates, and is also referred to as the ‘gray zone’ 

[98]. Although the process of localized corrosion is less understood that uniform corrosion 

[98], it is well known that damage of passive films could lead to severe localized corrosion 

[102]. This is the result of the galvanic effect. The scale covered surface is more positive than 

the surface of bare pit, resulting in high corrosion rates. It seems that  defining this zone is a 

difficult task, since there are many combinations of environmental and metallurgical 

parameters that influence this process. There is however a single parameter that provides 

good predictions whether localized attack is likely: ferrous carbonate supersaturation. When 

the bulk concentration of FeCO3 is between 0.5-2.0, there is a risk of localized attack [98]. Sun 

claims that a supersaturation levels between 0.3-3.0 should be avoided to prevent localized 

corrosion [103].  

9.3.1.5 Effect of other salts 

In the previous paragraphs the role of Fe2+ on the corrosion rate is discussed thoroughly, aside 

from this component high concentrations of Ca2+ can be present depending on the CF and 

Figure 35: The effect of temperature on CO2 corrosion rate 
of mild steel measured at pH 4 and pH 6.6, 1 wt % NaCl, 
using rotating cylinder flow with an OD of 10 mm at 1000 
rpm. Note: In these atmospheric experiments pCO2 
decreased with temperature; e.g., at 20C it was almost 1 bar 
while at 80C it was approximately 0.5 bar. The error bars 
represent typical variations seen in the experiments. The 
dotted lines are added to indicate trends [21] 
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hardness of the make-up water [106]. The work of Esmaeely et al. [107] discusses the effects 

of the presence of Ca2+ ions on the FeCO3 formation at for pCO2 pressures of 0.05 MPa at 

stagnant conditions at pH 6.6. They found that Ca2+ concentrations lower than 100 ppm did 

not affect the properties of the FeCO3 layer. Higher concentrations however changed the 

properties significantly, the non-protective CaCO3 interfered with the formation of the 

protective FeCO3. 




