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Abstract 

For the first time, an accurate quantitative survey of macrofouling in the underground water 

intake tunnel of the Vladivostok combined heat and power plant (CHP-2) was carried out 

using laser technologies to develop a strategy for protecting the seawater cooling system 

from biological damage. In the tunnel biofouling, 91 species of invertebrates belonging 

to various taxonomic groups were found. The maximum development of macrofouling was 

established in the lower part of the water intake tunnel with the dominance of the Pacific 

mussel Mytilus trossulus. In the fouling of the tunnel upper part, a quantitative predomi-

nance of attached polychaete worms of the genus Hydroides was noted. For the concrete 

sections of the tunnel, the maximum values of the mass of silt biodeposits were recorded, 

while the steel sections were characterized by calcareous biodeposits. It was noted that  

the total raw biomass of tunnel macrofouling was 35–50 times greater than the biomass of 

macrofouling organisms. This difference indicates the predominant role of meiobenthos 

and microperiphyton organisms in the formation of the fouling community. The differences 

in the species richness and quantitative indicators of fouling of the tunnel in 2015 compared 

to 2001 are shown. Thus, the macrofouling estimation of the water intake tunnel of  

the Vladivostok CHP-2 allows concluding about the need for a comprehensive strategy 

for protecting the cooling system from marine fouling. Such a strategy is assumed to com-

bine physical methods and other technological methods. 

Keywords: macrofouling, water intake tunnel, polychaete worms, different feet crusta-
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Аннотация 

Впервые проведена точная количественная съемка макрообрастания подземного водо-

заборного туннеля ВТЭЦ-2 с применением лазерных технологий для разработки стра-

тегии защиты от биологических повреждений системы охлаждения морской водой. 

В составе биообрастания туннеля обнаружен 91 вид беспозвоночных, принадлежа-

щих к различным таксономическим группам. Установлено максимальное развитие 

макрообрастания в нижней части водозаборного туннеля с доминированием тихооке-

анской мидии Mytilus trossulus. В обрастании верхней части туннеля отмечено коли-

чественное преобладание прикрепленных многощетинковых червей рода Hydroides. 

На бетонных участках туннеля зарегистрированы максимальные значения массы или-

стых биоотложений, в то время как для стальных участков были характерны извест-

ковые биоотложения. Отмечено, что общая сырая биомасса макрообрастания тун-

неля больше биомассы макрообрастателей в 35–50 раз. Это разница свидетельствует 

о преобладающей роли организмов мейобентоса и микроперифитона в формировании 

сообщества обрастания. Показаны различия видового богатства и количественных 

показателей обрастания туннеля в 2015 г. по сравнению с 2001 г. Таким образом, про-

веденная оценка макрообрастания водозаборного туннеля ВТЭЦ-2 позволяет сделать 

вывод о необходимости комплексной стратегии защиты системы охлаждения от мор-

ского обрастания, заключающейся в сочетании физических методов и других техно-

логических приемов.  

Ключевые слова: макрообрастание, водозаборный туннель, многощетинковые черви, 

разноногие раки, двустворчатые моллюски, биомасса, лазерные технологии 
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Introduction 

The proliferation of fouling communities in the techno-ecosystems of cooling 

ponds of power plants gives rise to a variety of biological disturbances that 

impinge upon the operational efficacy of the equipment. Marine fouling includes 

a wide variety of organisms capable of attaching to the hard surface of underwater 

substrates. The aforementioned fouling agents can be classified into two main catego-

ries: microfouling (bacteria, protozoa, microscopic fungi and microalgae that form bio-

films or mucus) and macrofouling (seaweeds, bivalves, such as oysters and mussels, 

crustaceans, bryozoans, hydroids and ascidians). The most significant challenges are 

observed in the cooling systems of industrial facilities, which include power plant 

intakes [1–3]. Estimated financial impact of the combined effects of waterway foul-

ing and marine biodamage is estimated to be in the millions of dollars 1). In recent 

decades, a notable trend has been observed in industrialised countries to relocate 

combined heat and power plants and industrial facilities to the coastline. To illus-

trate, in the United States, over one-third of all power plants are situated in close 

proximity to the sea shore. In the 1970s, the average daily intake of seawater 

by these stations already amounted to the billions of litres 2). 

Techno-ecosystems of power plants with seawater cooling systems have been 

studied quite intensively in recent decades in the world practice [4, 5], though it is 

notable that such studies are not frequently conducted in Russia (or the former 

USSR) [6]. In addition to macrofouling, changes in the quantitative structure of 

phytoplankton (as the initial link in the trophic network) were detected when pass-

ing through the cooling system of the power plant. The microalgae community of 

the waterway exhibited a high abundance of benthic forms under an anomalous 

lengthening of the summer and autumn vegetation season [7]. 

Previous works on this problem are covered in detail in monograph [8], which 

focuses on the study of cooling ponds in power plants, with a case study of 

the Vladivostok combined heat and power plant (CHP-2) (hereinafter referred to 

as the Vladivostok CHP-2). The data on the composition, quantitative distribution 

and distinctive formation of fouling communities on different substrates in the cool-

ing system were obtained. On the basis of the research into the biological features 

of main macrofouling species, recommendations were developed regarding the ad-

justment of tunnel heat treatment terms and the depth of water intake installation. 

In 2015, the research team of the A.V. Zhirmunsky Institute of Marine Biology 

of the Far Eastern Branch of the Russian Academy of Sciences (currently NSCMB 

FEB RAS), together with specialists from Far Eastern Federal University, continued 

comprehensive long-term studies of the fouling community of the Vladivostok CHP-2 

water intake tunnel. This is stipulated by the inefficiency of annual heat treatment 

of tunnels and manual cleaning of fouling during the dewatering process. A period 

of 14 years has elapsed from the initial survey of the marine techno-ecosystem 

1) WHOI, 1952. Marine Fouling and Its Prevention. Menasha: George Banta Publishing Co.,

388 p. doi:10.1575/1912/191

2) Young, C.-S., 1971. Thermal Discharges into the Coastal Waters of Southern California. Los

Angeles, 30 p. Available at: https://ftp.sccwrp.org/pub/download/DOCUMENTS/

TechnicalReports/0003_ ThermalDischarges.pdf [Accessed: 24 November 2024].
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of the Vladivostok CHP-2 to the present study. During this time, regular thermal 

treatment and mechanical fouling cleaning in conjunction with tunnel dewatering 

have been conducted. In this regard, it was necessary to re-examine the species 

composition of the fouling of a water intake tunnel with different hydrodynamic 

conditions in different parts of the tunnel, with the aim of obtaining accurate data 

on the quantitative distribution of macrofouling. 

Thus, the objective of this study is to accurately assess the distribution of 

macrofouling organisms in the Vladivostok CHP-2 water intake tunnel using a laser 

rangefinder. To the best of our knowledge, such tools have not previously been 

employed in the study of biofouling of water intake tunnels in power plants. 

Material and methods 

The water intake tunnel of the Vladivostok CHP-2 starts in the water intake 

basin in Sukhoputnaya Bay of Ussuri Bay and consists of a 250 m long steel pipe 

with an inner diameter of 1.5 m (Fig. 1, c, d; Fig. 2, a), which extends to a 970 m 

long concrete underground tunnel with an inner diameter of 2 m (Fig. 1, d; 

Fig. 2, b–f). The tunnel runs in hard rock beneath a Vladivostok neighbourhood 

and also ends with a steel pipe with an internal diameter of 1.5 m exiting the power 

plant site (Fig. 1, с, d). The vertical distance between the pumping station and 

the power plant is 42 m. Water from the pumping station is fed into the tunnel via 

four rotating steel meshes with a mesh diameter of 3 mm. The water flow velocity 

in the tunnel is 2 m/s, the whole cycle of water passing through the tunnel is 

about 2 min. Water temperature increases by 5–6 °C when passing through the CHP 

cooling system [6]. Heated seawater is discharged from the CHP into the River 

Obyasneniya and further into the Zolotoy Rog Bay apex. 

Macrofouling samples were collected on 5 May 2015 during the tunnel de-

watering from a 10 × 10 cm area that had been previously marked with a steel frame 

(Fig. 2, a–f). Samples were taken with a 10 cm blade scraper from the bottom, side 

and top of the pipe in three repetitions. The distance between sampling points was 

measured using a Leica DISTO A8 laser rangefinder, a modern professional model 

with an integrated digital viewfinder that permits measurements to be taken even 

when the laser point is not visible when directed at the measurement object. 

The inbuilt tilt sensor extends the scope of application of the instrument signifi-

cantly as it can be used to measure inclination and horizontal position, to perform 

indirect measurements in cases when one of the measurement points does not 

reflect the laser beam. 

Quantitative data on total raw biomass were obtained by weighing sample bags 

and further conversion to specific gravity. This approach encompasses all elements 

that enter the sampler including silt deposits which are typically excluded from 

laboratory treatment and discharged via drainage systems during the washing 

of samples. This method makes it possible to take into account the mass not only 

of macrofouling but also of biodeposits present on the substrate, as well as microp-

eriphyton, detritus and faecal lumps of fouling organisms. Samples were processed 

in the IBM FEB RAS Laboratory of Ecology of Shelf Communities according to 

the generally accepted methodology [8]. 
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F i g .  1 .  Map-scheme of the study area and the structure of the water intake of 

the combined heat and power plant (CHP-2) in Vladivostok: a – map of the study area; 

b – scheme of the location of the water intake and water movement on the map: A – Su-

khoputnaya Bay, B – pumping station, C – concrete tunnel, D – CHP-2, E – discharge 

channel; c, d – scheme of the structure of the water intake tunnel and plan-scheme of 

the material sampling route: I – steel pipe, II – concrete pipe. The arrows indicate the di-

rection of water movement in the tunnel and beyond it, the squares are stations of macro-

fouling sampling (1–11) 
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F i g .  2 .  The sampling process and general view of fouling of the water intake tunnel of 

CHP-2 in its different sections: a – beginning of the tunnel inspection, b – fouling by sessile 

polychaete worms of the genus Hydroides, c – test cleaning of the wall to assess the fouling 

intensity, d – mussel fouling, e – continuous mussel fouling of the tunnel, f – oyster fouling 

on the tunnel bottom 

Species identification was carried out by I.L. Alalykina, Research Associate 

(polychaetes), and N.L. Demchenko, Research Associate (amphipods), of the above 

mentioned laboratory. Digital maps of distribution of biofouling quantitative char-

acteristics inside the tunnel were constructed by N.L. Demchenko, Research Asso-

ciate, using Surfer cartographic package for data modeling and analysis, creation of 

three-dimensional maps and models and their visualisation. 
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Results 

An inspection of the CHP-2 water intake tunnel revealed a gradual decrease 

in the amount of fouling on the tunnel walls from st. 1 to st. 10 (Fig. 1, с). The gen-

eral pattern of fouling in the tunnel appeared to be focal with the Pacific mussel 

Mytilus trossulus (A. Gould, 1850) and the giant oyster Magallana gigas (Thun-

berg, 1793) predominating. The initial sections of the water pipeline, constructed 

from steel, display a range of intensities of mussel fouling. The length of the mussel 

flaps is less than 30 mm, indicating that the fouling is approximately 15 to 17 months 

old. As the distance from the intake and pumping station increases, the intensity 

of the mussel fouling decreases, and the fouling community becomes dominated 

by the oyster (Fig. 2, d – f). 

The taxonomic composition of tunnel fouling in 2015 was characterised by 

a fairly high diversity of invertebrates (Fig. 3, b). Fig. 4 shows the distribution 

dynamics of total raw fouling biomass along the tunnel. Raw fouling biomass 

tends to increase at the beginning of the tunnel on the concrete substrate. 

The biomass decreases sharply in the middle of the tunnel and increases again 

on the steel substrate at the end of the tunnel. 

In contrast to the pattern of distribution of total raw biomass of macrofouling 

in the tunnel, the indices of total biomass of fouling organisms after desktop pro-

cessing of samples exhibit a slightly different trend (Fig. 4). Therefore, the maxi-

mum value of total biomass is recorded at the beginning of the tunnel at st. 1, 

after which it decreases significantly, reaches a plateau, and then exhibits a slight 

increase at st. 10. In contrast, the relationship between total raw biomass and 

the other variables is inverse. The biomass of bivalves is dominated by that of 

the mussel, with the oyster representing the second-largest group. The mussel is 

the dominant species in the lower part of the tunnel, while the oyster exhibits 

a competitive advantage at several stations in the middle part of the tunnel. 

F i g .  3 .  Taxonomic composition of fouling of the CHP-2 water intake 

tunnel in 2001 (a) and in 2015 (b)  
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F i g .  4 .  Distribution dynamics of total biomass (a) and 

total raw biomass (b, с) of macrofouling of the water intake 

tunnel of CHP-2 in different years: a, b – 2015, c – 2001 
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A significant discrepancy has been observed between the raw sample biomass 

and the macrofouling biomass, with a ratio of these values ranging from 35 to 50 

(Fig. 4, a, b). This suggests that meiobenthos and microperiphyton (and their by-

products) play a significant role in the formation of the community of organisms. 

The influx of clean seawater creates optimal conditions for their proliferation, facil-

itating their establishment among the macroorganisms of the tunnel fouling com-

munity. In previous studies, the quantitative role of meiofauna and microperiphyton 

in the intake tunnels of power plants with seawater cooling was not taken into ac-

count. 

The data obtained made it possible to estimate the distribution of macrofouling 

of different tunnel sections, biomass and settlement density of background-forming 

species (Fig. 5). Different feet crustaceans predominate in settlement density along 

almost the entire length of the tunnel, with the exception of st. 10. A comparable 

trend is evident in the case of bivalves with regard to biomass. 

F i g .  5 .  Distribution diagram of groups of organisms that provide maximum density 

and biomass in the biofouling community of the CHP-2 water intake tunnel: biomass B 

of Amphipoda (a) and Bivalvia (b), total macrofouling biomass Btot (c), density D of 

Amphipoda (d) and Bivalvia (e), total macrofouling density Dtot (f). The red arrows in-

dicate the water flow 
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Discussion 

A comparison of the taxonomic composition of the Vladivostok CHP-2 tunnel 

macrofouling for 2001 and 2015 showed that the total number of species increased 

by almost a third over the 14 years, with 63 and 91 species, respectively (Fig. 3). 

The prevalence of the most abundant macrofouling species exhibits a general trend, 

with bivalve mollusks, polychaete worms and different feet crustaceans demon-

strating the greatest species diversity. Concurrently, the number of polychaete spe-

cies exhibited a fourfold increase in 2015 relative to the 2001 survey data. The ratio 

of other groups of fouling species remained relatively constant. 

In 2001, an increase in total raw biomass at the beginning of the tunnel, as 

in 2015, was not observed. However, a notable increase was recorded in the turning 

area at the last stations as well as in the zone of increased flow turbulence, specifi-

cally the transition from the steel pipe to the concrete tunnel and vice versa. 

The results of the assessment indicate the focal character of distribution of 

macrofouling organisms in the Vladivostok CHP-2 water intake tunnel. Such a mo-

saic in the distribution of quantitative abundance of fouling was observed both 

in 2001 [8] and in 2015. Main accumulations of background-forming fouling spe-

cies are observed in different hydrodynamic conditions of the tunnel sections, 

namely, in the areas of tunnel bending (turning) under conditions of increased tur-

bulence. A notable decrease in fouling biomass was observed in the central section 

of the tunnel, with a subsequent increase on the steel substrate at the end of 

the tunnel. This phenomenon can be attributed to the narrowing of the passage, 

increased flow turbulence in this section and a reduction in siltation. The cross-

sectional area of the steel pipe is 25% smaller than that of the concrete tunnel.  

It is in the transition areas that the greatest difference in the quantitative indicators 

of the fouling community was observed. 

The spatial distribution of fouling organisms on the inner side of the tunnel is 

related to the peculiarities of water movement, which is one of the main factors 

determining the distribution of animals on natural and man-made substrates [8]. 

It is notable that microvortex motions, otherwise known as microscale turbulence, 

occupy a distinctive position in this context. Despite the relatively simple geometry 

of the Vladivostok CHP-2 water intake tunnel, the water motion within it exhibits 

a complex pattern. This includes the formation of areas of local concentration of 

tangential stresses, whirlpool zones and transverse circulations, which give rise to 

a corkscrew-like motion. This is well illustrated in the figure scheme presented 

in monograph [8]. 

A more precise estimation of the quantitative macrofouling of the intake tunnel 

using a laser rangefinder revealed a greater degree of fouling in the tunnel in 2015 

compared to the findings of the 2001 study. In 2001, oyster fouling in the tunnel 

was observed to occur only sporadically. By 2015, however, the fouling community 

had become a continuous settlement of giant oysters. This community does not 

lend itself well to physical cleaning methods because oysters are more resistant 

to elevated water temperatures and oxygen-free abiotic conditions. A particular 

threat to the tunnel's techno-ecosystem is the climax bivalve mollusk community 

involving the Pacific mussel. The removal of the mollusks could potentially lead to 
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a disruption in the stable operation of the cooling system. At the time of the 2015 

works, the risk of the mussel and oyster flaps falling into the condenser tubes was 

considerable. Given the flow capacity in the Vladivostok CHP-2 tunnel, mussel 

flaps can break off unimpeded, and this probability increases as the mollusks grow. 

The 2015 research findings suggest that the regular thermal treatment of the 

power plant tunnels is not an efficacious approach. Even if such substantial fouling 

is eradicated through thermal treatment, the aggregation of vast quantities of inert 

detritus (the shells of mollusks and barnacles, and the calcareous structures of 

tubeworms) can result in an increase in surface irregularities, thereby facilitating 

the recurrence of fouling. 

In order to minimise the risks of biodamage to the power plant cooling system 

as a result of fouling by fouling organisms, it is necessary to implement an inte-

grated strategy combining physical protection methods and other technological 

implementations. Such methods include the utilisation of fully environmentally 

sound contemporary techniques, such as self-polishing antifouling coatings [9]. 

The efficacy of such coatings is contingent upon the minimisation of adhesion be-

tween the fouling agent and the surface, which is achieved through the utilisation 

of low surface energy and elastic modulus. The method of pulse supply of 35% 

hydrogen peroxide and iron salts [6] or ozonation of water during the period of 

mass settlement of mollusks can also be employed. The method can be easily 

automated, obviating the need for human intervention. 

It is pertinent to highlight the recent development of a ground stand, a con-

trolled water flow facility, which can be utilised for the assessment and validation 

of the characteristics of protective coatings on substrates under examination, 

including antifouling and anti-corrosion coatings [10]. Semi-autonomous robots 

for laser technology of surface cleaning, currently under development by research-

ers at Institute of Automation and Control Processes FEB RAS, have the potential 

to be employed as environmentally sound methods to protect structures operating 

in aquatic environments from biofouling 3) [11, 12]. The robotised complex of laser 

cleaning of underwater surfaces of ships and offshore structures, which allows 

to remove biofouling, can also be used for cleaning of CHP water intakes from bio-

fouling [13, 14]. Furthermore, Chinese specialists are currently implementing 

a shock-wave method to eliminate mussel fouling, which has been demonstrated 

to have an excellent antifouling effect on the cooling system surfaces [15]. 

It is imperative that, concurrently with the application of antifouling coatings, 

the operational parameters of the power plant are adjusted during the period of in-

tensive macrofouling organism settlement which spans from May to September. 

They consist of continuous operation of each cooling system tunnel for no more 

than two months during the specified season. Following this, a shutdown and 

dewatering period of one to two weeks is initiated to eradicate macrofouling 

3 ) Kulchin, Yu.N., 2020. [Development of Research of Laser Technologies and their Practical 

Applications in the Russian Far East]. Lazer-Inform, (10), pp. 1–11 (in Russian). 
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at the earliest stages of community formation. The proposed technique has the poten-
tial to replace the costly heat treatment process, although it can be employed in con-
junction with the latter to minimise the time required for CHP tunnel maintenance. 
It is possible to continue this practice during winter months without heat treatment 
application. 

Conclusion 
For the first time, a quantitative survey of macrofouling in the underground 

water intake tunnel of the Vladivostok CHP-2 was carried out using laser technolo-
gies. A macrofouling community was identified as being present throughout the inner 
surface of the tunnel, exhibiting a predominantly focal distribution. In the tunnel 
fouling, 91 species of invertebrates belonging to various taxonomic groups were 
found. The most prevalent species among them in terms of density were representa-
tives of the crustacean order Amphipoda, while in terms of biomass, the bivalve 
mollusks Mytilus trossulus and Magallana gigas were most abundant. The greatest 
degree of macrofouling development in the lower part of the intake tunnel, with 
a quantitative prevalence of M. trossulus, was identified. Additionally, a notable 
prevalence of attached polychaete worms with their hard calcareous structures was 
observed in the upper part of the water intake. 

The degree of tunnel fouling was found to be higher in 2015 than in 2001, 
and significant differences were identified in species composition and quantity. 
Under conditions of increased turbulence, the main accumulations of background-
forming macrofouling species were observed in the area of the steel pipe bending. 
The waterway steel sections exhibited the highest biomass of hard deposits, 
whereas the concrete sections were characterised by a quantitative dominance 
of silt biodeposits. 

A notable discrepancy was observed in the quantitative indices of total raw bio-
mass of tunnel macrofouling and macrofouling biomass (with a ratio of 35 to 50 ti- 
mes). In light of the findings, recommendations are put forth for the development 
of environmentally sound physical methods of protection of power plant cooling 
systems from marine fouling in conjunction with other technological approaches. 
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