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Abstract: Scaling is one of the common problems in circulating cooling water systems,
which can significantly affect the cooling efficiency of equipment in severe cases. At
present, the problem of scaling is usually controlled by adding water treatment agents.
However, taking the external cooling system of the synchronous condenser in an ultra-high-
voltage converter station as an example, due to the lack of scientific understanding of scale
inhibitors, there is often a problem of excessive dosing, resulting in unsatisfactory scale
inhibition effects and difficulties in wastewater treatment and discharge. In addition, the
extensive use of phosphorus-containing agents has led to the enrichment of phosphorus
elements in water bodies. Therefore, the optimal amount of AS-582 scale inhibitor used
in the converter station with the best scale inhibition effect was determined through
static calcium carbonate deposition experiments, with the scale inhibition rate of 91.4% at
90 mg/L. And the scale inhibition mechanism was explored, where the lattice distortion
mechanism and threshold effect play important roles. The AS-582 scale inhibitor was
mixed with two green scale inhibitors, PASP and PESA, to obtain a phosphorus reduction
formula that combined excellent scale inhibition performance and low phosphorus content.
When using the optimal composite scale inhibitor of n(AS-582):n(PASP):n(PESA) = 4:1:1,
the scale inhibition rate is 91.8% and the phosphorus content is reduced by one-third. The
effectiveness of the formula was tested using dynamic circulating water experimental
equipment under practical application conditions, proving its practical value.

Keywords: recirculating cooling water system; scaling resistance performance; phosphorus
content; dynamic corrosion and scale inhibition experiment

1. Introduction
Freshwater resources, as a fundamental natural resource, play a critical role in main-

taining ecological stability and are considered a strategic economic asset for nations [1].
With the rapid advancement of the global economy, the demand for industrial water is
steadily rising. This trend is particularly pronounced in China, where industrial water
accounts for nearly half of all non-agricultural water consumption [2]. Cooling water
constitutes a significant portion of industrial water usage, making it essential to enhance
the efficiency of industrial cooling water utilization. Synchronous condensers are vital
reactive power compensation devices in ultra-high-voltage direct current (UHVDC) trans-
mission systems, and their operational stability directly impacts the stability of the power
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grid [3,4]. As power systems continue to expand in scale and complexity, the capacity
of individual synchronous condensers has increased accordingly [5]. However, large-
capacity synchronous condensers generate substantial heat during operation, and if not
promptly cooled, overheating may occur, potentially resulting in shutdowns [6]. Taking
the external cooling water system of a UHVDC converter station’s synchronous condenser
as an example, this system uses an open-loop recirculating cooling method. While this
approach significantly improves water resource utilization, it also causes increasing ion
concentration in the cooling water due to successive cycles, eventually reaching supersat-
uration and forming insoluble salts. These salts then deposit on the surfaces within the
cooling system, resulting in scale formation [7,8]. The presence of scales severely impairs
the cooling efficiency of the external cooling water system, diminishing the condenser’s
cooling efficacy.

The main methods for addressing scaling in recirculating cooling water systems in-
clude chemical treatment methods [9,10], magnetization and electromagnetic methods [11],
ultrasonic methods [12], and electrochemical descaling [13,14]. Among these, the addition
of scale inhibitors is considered the most economical and efficient solution and is widely
used in various recirculating cooling water systems. Currently, the converter station em-
ploys AS-582 as its scale inhibitor due to its low cost, good scale inhibition performance,
and relatively low phosphonate content (6.0%) [15]. However, due to the lack of a precise
understanding of optimal dosing requirements, over-dosing or frequent dosing often oc-
curs, resulting in suboptimal scale inhibition and challenges in wastewater treatment and
discharge. Additionally, the excessive use of AS-582 can lead to phosphorus accumulation,
potentially triggering the overgrowth of bacteria and algae, which adversely affects the
cooling water system’s performance and further degrades water quality. Wastewater man-
agement is a critical factor in achieving green and sustainable practices [16]. Thus, reducing
or eliminating phosphorus in recirculating cooling systems is essential, and the use of
green polymer-based scale inhibitors presents an effective solution. Artificially synthesized
polyaspartic acid (PASP) and polyepoxysuccinic acid (PESA) are the most typical green
polymer scale inhibitors, which contain a large number of carboxyl and ether groups in
the structure. They can achieve scale inhibition by chelating calcium ions or inducing
the lattice distortion of calcium carbonate crystals. At the same time, they have excellent
environmental friendliness and biodegradability [17,18]. However, green polymer scale
inhibitors usually have the disadvantage that their scale inhibition performance is greatly
affected by calcium ion concentration or temperature. When added alone, it is often difficult
to adapt to practical applications under complex conditions [19–21]. Compared to one
single scale inhibitor, there is usually a synergistic effect between composite scale inhibitors,
which can effectively inhibit the formation of scale [22]. In addition, combining efficient
scale inhibitors suitable for complex environments with green polymer scale inhibitors
can effectively reduce the phosphorus content in water caused by scale inhibitors while
ensuring scale inhibition performance. Long et al. developed an efficient and environmen-
tally friendly composite scale inhibitor using PESA and sodium carboxymethyl cellulose
(CMC-Na) as raw materials [23]. After adding it to water, the CaCO3 scale undergoes lattice
distortion, resulting in a decrease in grain size and crystallinity, achieving the purpose of
scale inhibition. Ou et al. investigated the synergistic effect of sodium gluconate (SG) and
2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC) in inhibiting the formation of CaCO3.
While effectively reducing the phosphate content of the scale inhibitor, the particular inhi-
bition mechanism of CaCO3 scaling was completely different from PBTC [24]. Because SG
can recognize positively charged calcium ions and react with them to form stable soluble
calcium complexes, they slow down the germination rate of CaCO3 scaling by 4.3 times.



Water 2025, 17, 415 3 of 14

In addition, most of the current evaluations of the scale inhibition performance of
scale inhibitors are still in the static experimental stage, making it difficult to determine
the performance of scale inhibitors under complex water quality and dynamic circulation
conditions. In this study, performance tests were initially conducted on the AS-582 scale
inhibitor currently used at the converter station, along with two green polymer-based
inhibitors (PESA and PASP), to determine the optimal dosage for maximum scaling preven-
tion and to investigate their inhibition mechanisms, mainly including the lattice distortion
and the threshold effect. Next, a mixed inhibitor was formulated by combining AS-582
with PESA and PASP, exploring the optimal ratio to achieve effective scaling inhibition
while reducing the phosphorus content of the inhibitor. Finally, dynamic circulating water
experimental equipment was employed in the laboratory to simulate real-world conditions,
assessing both the corrosion inhibition and scaling resistance performance of the reduced
phosphorus formulation as well as its effectiveness in lowering phosphorus levels in the
cooling water system.

2. Experiment
2.1. Instruments and Reagents

Instruments: D8 Advance X-ray diffractometer (Bruker, Berlin, Germany), S-4800
scanning electron microscope (Hitachi, Tokyo, Japan).

Reagents: anhydrous calcium chloride (analytical grade, Tianjin Heowns, Tian-
jin, China); disodium ethylenediaminetetraacetate dihydrate (analytical grade, Tianjin
Heowns); disodium tetraborate decahydrate (analytical grade, Tianjin Heowns); cal-
cium carboxylate (analytical grade, Tianjin Heowns); potassium chloride (analytical
grade, Tianjin Heowns); calcium hydroxide (analytical grade, Tianjin Jiangtian Chem-
ical, Tianjin, China); potassium hydroxide (analytical grade, Tianjin Jiangtian Chem-
ical); sodium bicarbonate (analytical grade, Tianjin Jiangtian Chemical); polyaspar-
tic acid (PASP, C4H5NO3M(C4H4NO3M)m(C4H4NO3M)nC4H4NO3M2, molecular mass
1000~5000 Da, 90%, Shandong Yousuo Chemical, Linyi, China); polyepoxysuccinic acid
(PESA, HO(C4H2O5M2)nH, molecular mass 400~1500 Da, 90%, Shandong Yousuo Chemi-
cal); AS-582 scale inhibitor solution (Acrylic Acid-2-Acrylamido-2-Methylpropane Sulfonic
Acid Copolymer (AA/AMPS), 1-Hydroxy Ethylidene-1,1-Diphosphonic Acid (HEDP),
2-Phosphonobutane-1,2,4-Tricarboxylic Acid (PBTCA), solid content 12.8%, Shandong
Zhongjiang, Jinan, China).

The Preparation of Calcium Carboxylate Indicator: weigh 0.2 g of calcium carboxylate
powder, mix and grind evenly with 100 g of potassium chloride, and store in a ground-glass
stoppered bottle.

The Preparation of EDTA Solution: weigh 3.7224 g of disodium ethylenediaminete-
traacetate dihydrate, dissolve in deionized water in a beaker, and transfer to a 1000 mL
volumetric flask for constant volume.

2.2. Static Scale Inhibition Experiment

Using the static calcium carbonate deposition method, experiments were conducted
with deionized water and the make-up water from the cooling system of the converter
station’s synchronous condenser (hereafter referred to as “make-up water”) as test waters.
We added 250 mL of test water to a 500 mL volumetric flask and used a burette to add a
certain volume of calcium chloride standard solution. A specified amount of scale inhibitor
solution was added and thoroughly mixed. Then, we added 20 mL borax buffer solution
(3.8 g/L). Slowly, we added a certain volume of sodium bicarbonate standard solution using
a burette (shake while adding). We diluted this with water to the mark and shook well. The
concentration of Ca2+ was 220 mg/L and the concentration of HCO3

− was 732 mg/L. The
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pH of the test solution was ~9. The flasks were incubated in a water bath at 80 ◦C for 10 h.
After this incubation period, the upper clear solution was filtered while hot, and an aliquot
of the filtrate was taken. The calcium carboxylate indicator and buffer solution (200 g/L
KOH solution) were then added to the filtrate. The remaining Ca2+ concentration in the
filtrate was measured using EDTA complexometric titration. The scale inhibition rate was
calculated using the following formula:

ηs =
C1 − C0

C2 − C0
× 100% (1)

where ηs is the scale inhibition rate (%), C0 is the concentration of Ca2+ in the filtrate
without the scale inhibitor (mg/L), C1 is the concentration of Ca2+ in the filtrate with the
scale inhibitor (mg/L), and C2 is the initial concentration of Ca2+ in the prepared water
sample (mg/L).

All values related to the dosage of scale inhibitors are the solid mass of scale inhibitors.

2.3. Dynamic Scale Inhibition and Corrosion Inhibition Test

The dynamic circulating water experimental apparatus, as shown in Figure 1, was used
to simulate the actual operating process of the external cooling system of a synchronous
condenser in a laboratory. By adding CuCl2 and NaHCO3 to groundwater (total alkalinity
43.5 mg/L, calcium hardness 102.5 mg/L, and total hardness 142.5 mg/L), the water quality
of the external cooling system of synchronous condenser (total alkalinity 115.5 mg/L,
calcium hardness 154.4 mg/L, and total hardness 191.5 mg/L) was simulated. During
the dynamic cycle, the cooling water continuously evaporated and concentrated, and the
conductivity (i.e., ion concentration) increased. The apparatus was equipped with probes
that monitored parameters such as conductivity, the thermal resistance of scale, and the
corrosion rate of carbon steel.
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Figure 1. Schematic diagram of the dynamic circulating water experimental apparatus.

3. Results and Discussion
3.1. Performance Testing of AS-582 as a Scale Inhibitor

In previous studies, the scale inhibition performance of AS-582 was briefly evaluated,
but the scale inhibition performance under different water quality conditions and the scale
inhibition mechanism were lacking [15]. Therefore, using deionized water and the cooling
water supplement from the converter station synchronous condenser (hereinafter referred
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to as “supplement water”) as experimental water, static calcium carbonate deposition tests
were conducted on the scale inhibitor AS-582 at various dosages. The scale inhibition
performance is shown in Figure 2.

Water 2025, 17, x FOR PEER REVIEW 5 of 14 
 

 

3. Results and Discussion 

3.1. Performance Testing of AS-582 as a Scale Inhibitor 

In previous studies, the scale inhibition performance of AS-582 was briefly evaluated, 

but the scale inhibition performance under different water quality conditions and the scale 

inhibition mechanism were lacking [15]. Therefore, using deionized water and the cooling 

water supplement from the converter station synchronous condenser (hereinafter referred 

to as “supplement water”) as experimental water, static calcium carbonate deposition 

tests were conducted on the scale inhibitor AS-582 at various dosages. The scale inhibition 

performance is shown in Figure 2. 

 

Figure 2. Variation in scale inhibition rate with dosage in two water samples. 

As shown in Figure 2, the scale inhibition performance of the inhibitor AS-582 does 

not exhibit significant differences between the deionized water sample and the supple-

ment water sample, with both curves displaying a similar trend. When the dosage is low 

(1–15 mg/L), the scale inhibition rate increases rapidly with the increase in dosage. In the 

deionized water sample, the scale inhibition rate rises from 47.9% to 68.9%, while in the 

make-up water sample, it increases from 46.4% to 67.8%. As the dosage is further in-

creased (15–90 mg/L), the growth of the scale inhibition rate slows down. At the dosage 

of 90 mg/L, the scale inhibition rates reach the maximum values of 91.4% and 89.1% for 

the two water samples, respectively. When the dosage exceeds 90 mg/L, the scale inhibi-

tion rates first remain stable with the increase in scale inhibitor dosage and then decrease 

when the dosage is too high. The rapid response of the scale inhibition effect to the dosage 

and the ability to maintain stability around the optimal dosage indicate the existence of a 

significant “threshold effect” [25]. The mechanism of scale inhibitors is to affect crystal 

nucleation and hinder crystal growth by adsorbing on heterogeneous nucleation centers 

or active sites of calcium carbonate crystals [26,27]. Therefore, adding trace amounts of 

scale inhibitors can significantly reduce the precipitation of calcium carbonate scale. How-

ever, due to the limited number of nucleation centers or active sites, the scale inhibition 

effect no longer improves when the dosage reaches the optimal level. And when the dos-

age exceeds a certain value, the scale inhibition effect will actually decrease, which is con-

sistent with the phenomenon of the excessive addition of scale inhibitors with the unsat-

isfactory scale inhibition effect that occurs in the converter station. This may be due to the 

limited adsorption sites on the crystal surface. When excessive scale inhibitors are added, 
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As shown in Figure 2, the scale inhibition performance of the inhibitor AS-582 does
not exhibit significant differences between the deionized water sample and the supplement
water sample, with both curves displaying a similar trend. When the dosage is low
(1–15 mg/L), the scale inhibition rate increases rapidly with the increase in dosage. In
the deionized water sample, the scale inhibition rate rises from 47.9% to 68.9%, while in
the make-up water sample, it increases from 46.4% to 67.8%. As the dosage is further
increased (15–90 mg/L), the growth of the scale inhibition rate slows down. At the dosage
of 90 mg/L, the scale inhibition rates reach the maximum values of 91.4% and 89.1% for the
two water samples, respectively. When the dosage exceeds 90 mg/L, the scale inhibition
rates first remain stable with the increase in scale inhibitor dosage and then decrease when
the dosage is too high. The rapid response of the scale inhibition effect to the dosage
and the ability to maintain stability around the optimal dosage indicate the existence of
a significant “threshold effect” [25]. The mechanism of scale inhibitors is to affect crystal
nucleation and hinder crystal growth by adsorbing on heterogeneous nucleation centers or
active sites of calcium carbonate crystals [26,27]. Therefore, adding trace amounts of scale
inhibitors can significantly reduce the precipitation of calcium carbonate scale. However,
due to the limited number of nucleation centers or active sites, the scale inhibition effect
no longer improves when the dosage reaches the optimal level. And when the dosage
exceeds a certain value, the scale inhibition effect will actually decrease, which is consistent
with the phenomenon of the excessive addition of scale inhibitors with the unsatisfactory
scale inhibition effect that occurs in the converter station. This may be due to the limited
adsorption sites on the crystal surface. When excessive scale inhibitors are added, the
excess scale inhibitor molecules present in the water will alter the properties of the aqueous
solution and the crystallization behavior of CaCO3, leading to the occurrence of side
reactions and an increase in precipitation. Therefore, when using scale inhibitors, the
dosage should be accurately controlled to achieve the most ideal scale inhibition effect to
reduce the dosage and cost.
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3.2. Analysis of AS-582 Scale Inhibition Mechanism

Calcium carbonate has three common crystalline forms: calcite, aragonite, and vaterite.
From a thermodynamic stability perspective, calcite is the most stable, while vaterite, which
exists in a metastable state, is the least stable, and aragonite lies in between [28]. Therefore,
when the crystal form of calcium carbonate scale is mainly cubic calcite or strip-shaped
aragonite, its structure is compact and its texture is hard. When the main crystal form of
calcium carbonate scale is vaterite, its structure is loose and porous, and it is difficult to
grow. These irregular spherical crystals are often suspended in water [20]. After conducting
static calcium carbonate deposition tests, the calcium carbonate scales were collected and
characterized for their phase composition and microstructure using X-ray diffraction (XRD)
and scanning electron microscopy (SEM).

Figure 3 shows the XRD patterns of the calcium carbonate scales obtained under
different inhibitor dosages. In the XRD pattern of the calcium carbonate scale obtained
without any inhibitor, peaks at 29.56◦, 47.66◦, and 48.62◦ can be attributed to the (1 0 4),
(0 1 8), and (1 1 6) planes of the calcite crystalline form. Additionally, peaks at 26.42◦,
27.38◦, and 46.08◦ can be attributed to the aragonite crystalline form, indicating that the
scale primarily consists of calcite, with a small amount of aragonite present [29]. After the
addition of the scale inhibitor, the XRD pattern of the calcium carbonate scale exhibited
significant changes, with diffraction peaks at 25.02◦, 27.22◦, and 32.88◦ corresponding to
the (0 1 1), (1 2 0), and (2 1 1) planes of the vaterite crystalline form. It is also observed that
as the dosage of the scale inhibitor increases, the intensity of the calcite peaks gradually
weakens, while the intensity of the vaterite peaks gradually strengthens [30].
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To further clarify the phase composition of calcium carbonate scale samples at different
dosing amounts of the scale inhibitor, a simple, quick, and less error-prone quantitative
analysis method was referenced [31]. Specifically, the relative content of each phase in the
calcium carbonate scale was estimated based on the peak values of specific crystal planes
in the XRD spectra. The quantitative calculation Formulas (2) and (3) are applicable for the
calcite (C)-aragonite (A) system, while Formulas (4) and (5) are applicable for the calcite
(C)-vaterite (V) system.

C% = IC/(IC + 3.5530IA) × 100% (2)

A% = IA/(IA + 0.2874IC) × 100% (3)

C% = IC/(IC + 10.0058IV) × 100% (4)

V% = IV/(IV + 0.1025IC) × 100% (5)

The calculation results are shown in Table 1.

Table 1. Relative content of each phase in calcium carbonate scale samples at different dosing amounts
of scale inhibitor.

Dosing
(mg/L)

Calcite
(wt.%)

Aragonite
(wt.%)

Vaterite
(wt.%)

Others
(wt.%)

0 81.6 18.1 – 0.3
5 24.6 – 74.9 0.5

10 12.9 – 86.9 0.3
15 10.7 – 89.1 0.2

Based on Table 1, it can be observed that in the blank group without the addition
of a scale inhibitor, the primary crystalline form of calcium carbonate is calcite, which
constitutes as much as 81.6%, while aragonite accounts for 18.1%. After the addition of the
AS-582 scale inhibitor, the relative content of calcite significantly decreases and aragonite
essentially disappears, while the relative content of vaterite notably increases. At dosage of
15 mg/L of the scale inhibitor, the relative content of vaterite reaches 89.1%.

The SEM images in Figure 4a,b reveal that the calcium carbonate scale obtained
without the addition of a scale inhibitor primarily consists of regular, densely packed
hexagonal structures, measuring between 10 and 20 µm. This is characteristic of the calcite
structure. Once calcium carbonate nucleates and grows in the form in the circulating
water system, its hardness and smooth surface firmly adhere to the walls, making removal
difficult [29]. Additionally, a few granular and elongated structures can be observed,
corroborating the presence of a small amount of aragonite as indicated by the XRD. In
contrast, the morphology of the calcium carbonate scale under the condition of adding
15 mg/L of scale inhibitor is shown in Figure 4c,d. It is almost impossible to observe the
hexagonal structure, mainly consisting of irregular, small-volume, and loosely packed
ellipsoidal structures, which are typical of vaterite structures [30].

According to the lattice distortion theory, scale inhibitor molecules can selectively ad-
sorb on the active sites of crystals, hindering the growth and “dissolution recrystallization”
of metastable vaterite, ultimately leading to its transformation into stable calcite, and form-
ing loose structured calcium carbonate particles mainly composed of vaterite. In addition,
the phosphonic acid, carboxylic acid and other functional groups present in AS-582 scale
inhibitor bond with Ca2+ to form stable soluble chelate molecules, thereby increasing the
solubility of Ca2+ in water and hindering the precipitation of calcium carbonate.
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3.3. Testing of Scale Inhibition Performance of PESA and PASP

Using deionized water as the experimental medium, static calcium carbonate deposi-
tion tests were conducted for the green polymer scale inhibitors PESA and PASP at varying
dosages. The results of the scale inhibition performance are presented in Figure 5. The
trends observed for the scale inhibition performance of both green polymer inhibitors are
similar to that of AS-582, characterized by an initial rapid increase followed by a gradual
flattening, and finally a decreasing trend at excessive dosage. For PASP, the scale inhibition
rate curve displays a relatively gentle slope, with a peak inhibition rate of 46.9% occurring
at a dosage of 40 mg/L. In contrast, PESA exhibits a more pronounced increase in the scale
inhibition rate within the low dosage range of 1–10 mg/L, rising from 13.3% at 1 mg/L to
64.0% at 15 mg/L. As the dosage continues to increase, the rate of scale inhibition growth
slows, reaching a maximum of 72.3% at a dosage of 30 mg/L. It is noteworthy that both
PESA and PASP have a significant “threshold effect”, and the maximum scale inhibition
rate does not exceed 80%, far lower than the 91.4% of AS-582. Overall, the scale inhibition
effectiveness can be ranked as follows: AS-582 > PESA > PASP.

The XRD spectra of calcium carbonate scale samples obtained after adding the
two green polymer scale inhibitors are shown in Figure 6, with a dosage of 100 mg/L
for both inhibitors. In the XRD patterns of the two calcium carbonate scale samples, the
peak intensity corresponding to the calcite crystal phase is relatively weakened, particularly
in the calcium carbonate scale sample obtained after adding PESA, where the calcite crystal
phase is nearly absent. This indicates that both green polymer scale inhibitors exhibit a
scale inhibition mechanism similar to AS-582, namely the lattice distortion mechanism. By
mixing these three inhibitors, it is expected to produce a synergistic effect to achieve better
scale inhibition while reducing phosphorus content in water.
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Figure 6. XRD patterns of calcium carbonate scale samples obtained after the addition of two green
polymer scale inhibitors.

3.4. Scale Inhibition Performance Testing of Mixed Inhibitors

Using the currently employed AS-582 as the main component, two green polymer
scale inhibitors, PESA and PASP, were formulated as auxiliary components in varying
ratios to create mixed-scale inhibitors. The scale inhibition effectiveness was tested in the
make-up water, with results shown in Table 2.
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Table 2. Scale inhibition performance of various inhibitors at different addition amounts.

AS-582
(mg/L)

PASP
(mg/L)

PESA
(mg/L)

Formulation
Ratios

Scale Inhibition
Rate (%)

90 0 0 1:0:0 92.3
90 45 0 2:1:0 89.7
90 0 45 2:0:1 89.2
80 10 0 8:1:0 91.3
80 0 10 8:0:1 90.2
80 5 5 16:1:1 91.3
60 15 15 4:1:1 91.8
45 45 0 1:1:0 90.2
45 27.5 27.5 2:1:1 85.5
30 30 30 1:1:1 83.9

When the addition of AS-582 was maintained at an optimal dosage of 90 mg/L for scale
inhibition, the scale inhibition rates decreased to varying degrees upon the addition of PASP
and PESA. This indicates that the occurrence of the “threshold effect” is directly related
to the total amount of scale inhibition functional groups present in the water. Therefore,
the total addition of the mixed-scale inhibitors was controlled at 90 mg/L. For the mixed
scale inhibitors, the optimal ratio for achieving the best scale inhibition effect was found
to be n(AS-582):n(PASP):n(PESA) = 4:1:1, resulting in a scale inhibition rate of 91.8%. This
suggests that by employing mixed-scale inhibitors, it is possible to achieve a reduction in
phosphorus content in water by one-third while ensuring effective scale inhibition.

3.5. Dynamic Corrosion Inhibition and Scale Inhibition Experiments with Phosphorus
Content Detection

In addition to excellent scale inhibition performance, the ability to provide effective
corrosion inhibition in a circulating cooling water system is another important indicator
for evaluating the rationality of water treatment chemical addition schemes. Therefore,
dynamic circulating water experimental equipment was used to test the changes in fouling
thermal resistance and the carbon steel corrosion rate under three conditions: no addition
of corrosion scale inhibitors, the addition of 90 mg/L AS-582, and the addition of 90 mg/L
mixed corrosion scale inhibitors (n(AS-582):n(PASP):n(PESA) = 4:1:1, referred to as the
phosphorus reduction formulation) at ion concentrations of 6–15 times (concentration
multiples, a conductivity of 1200–3000 µS/cm). The results are shown in Figure 7.

In terms of scale inhibition, the fouling thermal resistance did not show significant
changes with increasing ion concentration, regardless of whether corrosion scale inhibitors
were added. Compared to the scenario without any corrosion scale inhibitors, the fouling
thermal resistance slightly decreased by about 5.0 × 10−5 m2·K/W after adding 90 mg/L
of AS-582. In contrast, the addition of 90 mg/L of the phosphorus reduction formula-
tion resulted in a significant decrease in fouling thermal resistance, approximately by
1.3 × 10−4 m2·K/W, which is only two-thirds of that observed without corrosion scale
inhibitors. This indicates that the phosphorus reduction formulation exhibits superior scale
inhibition performance in the simulated environment compared to the single formulation.
In terms of corrosion inhibition, the carbon steel corrosion rate increased with rising ion
concentrations, regardless of whether corrosion scale inhibitors were added. However, after
adding corrosion scale inhibitors, the carbon steel corrosion rates at various ion concentra-
tions decreased to some extent compared to the scenario without any addition. Notably,
the phosphorus reduction formulation demonstrated a more significant effect, indicating
that it can provide better corrosion inhibition in the simulated environment.
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To assess the effectiveness of the phosphorus reduction formulation in reducing
phosphorus content in water bodies, the phosphorus levels in different water samples were
measured, as shown in Table 3. Sample 1 corresponds to the onsite water sample from the
external cooling system of the synchronous condenser (which has been using AS-582 for
an extended period), while Sample 2 is the water sample concentrated thirteen times in
the dynamic circulating water experimental equipment (initially treated with 90 mg/L of
the phosphorus reduction formulation). Compared to Sample 1, both organic phosphorus
and total phosphorus levels in Sample 2 showed a significant decrease, indicating that
the rational use of the phosphorus reduction formulation can effectively alleviate the
accumulation of phosphorus in the external cooling system of the synchronous condenser.

Table 3. Phosphorus content of each water sample (measured as PO4
3−) (mg/L).

Number Total Phosphorus Organic Phosphorus Orthophosphorus

1 6.0 5.7 0.4
2 2.3 2.1 0.2

4. Conclusions
The static calcium carbonate deposition experiments determined that AS-582 exhibits

optimal scale inhibition performance at an addition amount of 90 mg/L, achieving a scale
inhibition rate of 91.4%. With the addition of AS-582, the nucleation and “dissolution-
recrystallization” of calcium carbonate crystals in the circulating cooling water system
are inhibited, and the scale changes from calcite to the loose and porous small vaterite,
thereby achieving the goal of scale inhibition. Furthermore, the optimal ratio for the
combined use of AS-582 with the green polymer scale inhibitors PESA and PASP was
identified as n(AS-582):n(PASP):n(PESA) = 4:1:1. Finally, dynamic corrosion inhibition
and scale inhibition experiments demonstrated that the phosphorus reduction formulation
can maintain excellent corrosion inhibition and scale inhibition effects under conditions
close to practical applications, effectively reducing phosphorus content in the water of
the external cooling system of the synchronous condenser. This not only helps ensure
the safe and reliable operation of the synchronous condenser and the power grid but also
aids in preventing water eutrophication, protecting water resources, and promoting the
coordinated development of green industries.
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