Environmental Pollution from Nuclear Power Plants: Modelling for the Khmelnytskyi Nuclear Power Plant (Ukraine)
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Abstract: It is known that there is emission of radionuclides during normal operation of nuclear power plants. The paper analyses sources of radioactivity and environmental pollution for the case study of Khmelnytskyi nuclear power plant in Ukraine. Based on the radionuclides concentrations in air emissions, the highest concentrations are found for Nitrogen-16, Krypton-83m, Argon-41, Tritium, and Xenon-131m. Among non-radioactive chemicals, only nitrogen dioxide concentration in the air is found to be below the permissible limit. The highest concentrations of suspended particles in the air near the Khmelnytskyi power plant were measured in the range 3.4–7.7 mg/m3. Up to 90% of non-radioactive air emissions are generated in the boiler room. The main contribution to the gas-aerosol emission of Khmelnytskyi nuclear power plant is made by inert radioactive gases, which do not directly migrate in ecosystem along food chain. The expected contribution of iodine radioisotopes and activated corrosion products to the total emission is very small. Crop contamination with aerosol radionuclides from nuclear power plant is analysed. Contamination of agricultural products with aerosol radionuclides in case of maximal projected accident at Khmelnytskyi nuclear power plant (Ukraine) is calculated.
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1. Instruction
Reliable electricity sources are necessary in modern world [1] to maintain critical infrastructure [2, 3]. Heat power plants generate most of electricity in many countries. Despite many efforts intended to improve their operation [4-7] (because their efficiency has both economic and ecological effect [8, 9]), there are still many environmental issues. Under this circumstance, nuclear power becomes the priority electricity source for many countries. However, nuclear power plants also emit environmental pollution like any other industry [6]. There are gaseous, liquid, and solid emissions from nuclear power plants. Obviously, such emissions include radioactive elements [10]. According to the energy strategies of many countries, construction of more nuclear power plants is planned. 
In Ukraine, more nuclear units at existing nuclear power plants are projected with the total capacity of up to 22 GW [11]. Similar strategies are accepted in USA, China, India, and many other countries [12-16]. National safety, including reliable energy supply, is always of the highest priority. But, environmental risks should not be underestimated. There are studies [17, 18] revealing radionuclides emission from nuclear power plants. Radionuclides can be disseminated and precipitated at large areas leading to soil and crop pollution. Modelling of radionuclide emission for the Fukushima nuclear power plant was done by Leelőssy et al. [19]. Morino et al. [20] have found 22% of cesium‐137 and 13% of iodine‐131 distributed over 500,000 km2 area after the Fukushima accident. Other studies [21-24] also reported about long distances of radionuclides dissemination from nuclear power plants. Besides, impact on humans and environmental issues resulting from air emissions of nuclear power plants are analysed in [25]. There is a research [26] dedicated to the nuclear power contribution to climate protection due to decreased gaseous emissions in comparison to energy production from fossil fuels. Eisma et al. [27] have revealed that methane isotope 14CH4 is emitted from nuclear power plants in higher amounts than generally assumed (known sources: pressurized and boiling water reactors). Also, there is a risk of transboundary transferring of radionuclides. Kim et al. [28] have calculated effective dose to Korea considering all China's nuclear power plants. The results showed that the effective dose should be expected to increase to 1.1E-08 Sv/year, about a 500-fold increase from the 2000 level and a 2.6-fold increase from the 2010 level. One of the most common radionuclides emitted from nuclear power plants is xenon [29], but other elements are also important to measure.
This research analyzes radionuclides dissemination from nuclear power plant for the case study of Khmelnytskyi nuclear power plant in Ukraine. The objectives of this study are as follows: assessment of radionuclides and non-radioactive chemicals concentration in the air near Khmelnytskyi nuclear power plant; modeling of agricultural products contamination during the maximal projected accident at Khmelnytskyi nuclear power plant.
2. Materials and methods
[bookmark: page2]Radionuclides emission from Khmelnytskyi nuclear power plant (Netishyn, Khmelnytskyi region, Ukraine) was measured in the laboratory of the Department of Environmental Protection at the power plant aforementioned. Air pollution at the area of the power plant was analysed using high-altitude radio-sensing of the atmosphere. Air emissions from the turbine condenser ejectors was registered at Shepetivka research station, some 25 km from Khmelnytskyi nuclear power plant. The concentration of radionuclides was measured by radiometers RAC-02, РГГ-03, РГБ-101-01, РГБ-101-02 combined in Automatic System of Radiological Control. The results used in this paper are average for 2014-2016 years. Besides, contamination of agricultural products with aerosol radionuclides for a maximal projected accident at Khmelnytskyi nuclear power plant was calculated based on radionuclides emission and sedimentation. 
Radionuclides concentrations in agricultural products were calculated in following way [30]:
q = qa + qr, 						 		(1)
where qa is direct intake of radionuclides to the plant from atmosphere; qr is intake of radionuclides to the plant through roots.
We can define qa as follows:
qa = (0.25/ρ)·r·c·V·t,							(2)
where ρ is the amount of aboveground plant biomass, kg/m2; r is the ratio of radionuclide concentration in the commercial and aboveground part of plant (average 0.1); c is average annual radionuclide concentration in atmosphere (Bq/m3); V is the rate of radionuclide sedimentation (m/s); t is the time passed since the beginning of growing season (s).
Thus, qr can be defined as follows:
qr = (1/m)·cs·k,								(3)
where m is the mass of soil layer of 1 m2 square, where radionuclide uptake occurs, (average 300 kg/m2); cs is soil contamination with radionuclide, Bq/m2; k is the factor of radionuclide accumulation in plant, can be obtained from [31].
Radionuclide concentration in atmosphere (c) and soil contamination with radionuclide (cs) can be assessed according to the methodology presented in [32] and based on the Gaussian air pollutant dispersion and sedimentation equations. The input data include: 
· category of stability – F;
· wind velocity – 1 m/s;
· distance from the nuclear power plant – 2–25 km;
· soil roughness – 10-100 cm;
· altitude of layer mixing – 200 m;
· season – summer;
· [bookmark: _GoBack]rate of aerosol sedimentation – 0.001 m/s.
3. Results
3.1. 	The Sources of Radionuclides Emission from the Khmelnytskyi Nuclear Power Plant.
For a typical nuclear power plant, radionuclides can be found in products of nuclear fuel decomposition, activation products, and products of constructions corrosion [22]. Even if a nuclear power plant operates as usual, some fission products can be transferred into the heat carrier if damage of the fuel element coverage happens [10]. One of the main fission products in the heat carrier of the primary circuit is Tritium (around 12 years half-life). It is a radioactive isotope of hydrogen [11]. Tritium is generated in the reactor of a nuclear power plant as a result of following processes: i) radioactive decay of nuclear fuel; ii) combination of the neutron and deuterium nuclei; iii) interactions of the fast neutrons and reactor constructions; iv) boric acid activation in the heat carrier of the primary circuit. Water leakages from the first circuit into the water tanks can lead to tritium emission from the water of the first circuit. The dissolved fission and activation products are extracted from the heat carrier using ion exchange. This results in the ion-exchange resin generation in water treatment equipment [26]. These resins are periodically replaced, which leads to solid and liquid radioactive waste generation. Leakages from the steam generator of the primary circuit lead to radioactive pollution of water in the secondary circuit. There are also gaseous emissions generated in the primary circuit: aerosols, tritium water vapour, noble gases, and many other gases [22]. When the reactor is stopped for a revision, the pressure of the cooling system is decreased, the reactor lid is removed, and some fuel elements are moved to the storage pool. When removing spent fuel elements, air emissions and liquid radioactive waste may be generated in the storage pool, construction revision mine, and revision mine of protecting pipes. Radioactive aerosols are emitted into the air mainly from the following equipment: i) ventilation tubes of the reactor (emission height is over 100 m); ii) turbine ejector [11]. Such aerosols contain short-lived radionuclides (up to 3 hours half-life) and long-lived radionuclides (over 3 hours half-life) [11]. The half-life influences the consequences for the human and exposure time. The radioactive aerosols may be inhaled with air or consumed along with water and food. The data on radionuclides emission from the ventilation tubes of Khmelnytskyi nuclear power plant (average in 2010-2015 years) can be found in Table 1.
Table 1. Average pollution with radionuclides from the Khmelnytskyi nuclear power plant [33]
	Isotope
	Half-life
	Emission
	Isotope
	Half-life
	Emission

	 
	time
	[Ci/day]
	 
	time
	[Ci/day]

	Antimony-129
	4.4 h
	1.25×10^(-8)
	Niobium-101
	7.1 s
	3.04×
×10^(-8)

	Argon-41
	1.82 h
	1.05
	Nitrogen-16
	7.13 s
	2.14

	Barium-137 m
	2.552 m 
	1.02×10^(-5)
	Nitrogen-17
	4.17 s
	2.98×10^(-4)

	Bromine-83
	2.39 h
	3.34×10^(-6)
	Potassium-42
	12.36 h
	1.00×10^(-5)

	Carbon-14
	5730 y
	1.12×10^(-7)
	Praziodim-144m
	7.2 m 
	1.62×
×10^(-11)

	Cerium-143
	33.0 h
	2.36×10^(-8)
	Rhodium-103m
	56.11 m 
	1.87×10^(-7)

	Cesium-137
	30.20 y
	2.74×10^(-6)
	Rubidium-88
	17.8 m 
	7.96×10^(-2)

	Chrome-51
	27.7 d
	6.72×10^(-8)
	Ruthenium-103
	39.25 d
	2.06×
×10^(-9)

	Cobalt-60
	5.27 h
	4.68×10^(-9)
	Selenium-83
	22.4 m 
	2.76×10^(-8)

	Ferrum-55 
	2.68 y
	2.34×10^(-9)
	Sodium-24
	14.97 h
	3.34×10^(-7)

	Iodine-131
	8.01 d
	1.91×10^(-4)
	Strontium-89
	50.62 d
	3.68×10^(-8)

	Ittree-90
	64.26 h
	4.12×10^(-11)
	Technetium-101
	14.2 m 
	9.84×
×10^(-7)

	Krypton-83m
	1.83 h
	2.66
	Tellurium-129m
	33.6 d
	1.55×
×10^(-10)

	Lanthanum-141
	3.92 h
	2.14×10^(-7)
	Tin-130
	3.7 m 
	9.44×10^(-8)

	Manganese-54
	312.2 d
	1.66×10^(-9)
	Tritium
	12.33 y
	3.22×10^(-1)

	Molybdenum-99
	66.02 h
	5.88×10^(-10)
	Xenon-131m
	11.97 d
	8.28

	Niobium-95m
	3.61 d
	8.04×10^(-11)
	Zirconium-95
	64.02 d
	4.76×10^(-7)


Suspended aerosol particles may also emit into the air during transferring the ash and dust. The concentration depends on the surface and meteorological parameters. The highest concentrations of suspended particles in the air near the Khmelnytskyi power plant were measured in the range 3.4–7.7 mg/m3 (Netishyn, 4 km to the north from the plant) and 1.65 mg/m3 (Komarivka, 5 km to the east from the plant) [33].
3.2. 	Non-Radioactive Emissions of the Khmelnytskyi Nuclear Power Plant
Non-radioactive emissions may be released into the atmosphere by the objects and the equipment generating harmful gases during technological processes. At the Khmelnytskyi nuclear power plant, up to 90% of non-radioactive air emissions are generated in the boiler room [33]. Emissions from other sources are low due to the low capacity of gas treatment equipment. Concentrations of some chemicals measured in the air (just over the surface) near the Khmelnytskyi nuclear power plant may be seen in Table 2.
Table 2. The maximum concentrations of some chemicals measured in the air near the Khmelnytskyi nuclear power plant [33].
	Chemical
	Limit, [mg/m3]
	Concentration at the border of the protection area [mg/m3]

	abrasive-metal dust
	0.4
	< 0.01

	ash
	0.15
	0.015

	butyl acetate
	0.1
	0.05

	carbon monoxide
	5
	0.03

	inorganic dust
	0.3
	0.05

	nitrogen dioxide
	0.2
	0.21

	sawdust
	0.1
	< 0.01

	sulphur dioxide
	0.5
	0.22

	toluene
	0.6
	< 0.05


At the Khmelnytsjyi nuclear power plant, the monitoring of meteorological and aerial characteristics of the atmosphere is carried out in order to assess the impact of air emissions. These parameters directly influence the radionuclides transportation. Some meteorological parameters reduce the air self-cleaning mechanisms and contribute to the chemicals accumulation in the air. These parameters are as following: temperature stratification of the atmosphere, the velocity and the direction of wind; regime of precipitation, clouds and fogs formation [23].
3.3. 	Crop Contamination With Aerosol Radionuclides From Nuclear Power Plant
The level of radioactive contamination of crop products and its influence on elements of food chain (animals and humans) are determined by the following [22]: total amount of radionuclides released into the environment; the nature of these radionuclides dissemination; physicochemical properties of radionuclides; properties of contaminated soil and plants.
The main contribution to the gas-aerosol emission of Khmelnytskyi nuclear power plant is made by inert radioactive gases, which do not directly migrate in ecosystem along food chain. The expected contribution of iodine radioisotopes and activated corrosion products to the total emission is very small. Many of these radionuclides have several hours half-life. When considering radionuclides migration in ecosystems, a primary attention should be given to radioisotopes of so-called biogenic chemical elements. To assess the consequences of impact, the estimation of possible values of the territory contamination with radionuclides should be one of the main criteria along with data on soil and climatic conditions of the territory, features of agricultural manufacturing, etc.
A lot of radionuclides emitted into the atmosphere create aerosols and fall to the earth surface as rain, fog, and snow under the influence of gravitation. The sedimentation of radionuclides on the surface of plants also occurs on days without precipitation. Sometimes dry sedimentation is quite high (depends on the atmosphere conditions). The contact of radioactive aerosols with plant surface leads to their accumulation in above-ground parts of the plant. The retention of radioactive aerosols and their subsequent transformation depend on following factors [22]: density of phytomass per area, plant species, aerosol particles size, humidity before and after precipitation, etc. Immediately after the sedimentation, the process of removing of radioactive particles from the plant surface begins. The maximal excretion of radionuclides from plants occurs as early as the first day. An average elimination half-time of different meadow-grassland up to 70-90% of losses occur within the first 7-10 days [26]. The average half-life of meadow-grassland plants is longer and ranges from 7 to 17 days [26]. In the case of continuous precipitation, the contribution of this process to the total contamination of plants is determined by the intensity of sedimentation of radioactive substances. The intensity of radionuclides sedimentation at the expected emission level is very low (for example, it is 10-10 Bq/(m2∙s) for 137Cs) and therefore plant contamination is also very low. Under continuous precipitation, the soil surface is constantly contaminated by radioactive substances precipitated from the atmosphere. Some radionuclides are directly accumulated by soil surface and others are delayed by plants. The process of nuclides removal from plants is very dynamic. Within few weeks after the emission, radionuclides almost completely move to the soil surface and are included in the subsequent migration processes in the ecosystem. These processes include vertical/horizontal migration of radionuclides and their intake by plants. The driving forces that cause radionuclide migration in soils are as follows [34]: filtration of atmospheric precipitation deep into the soil, capillary water flow to the surface as a result of evaporation, thermal transfer of moisture due to the temperature gradient, water flows on the soil surface, diffusion of free and adsorbed ions, radionuclides transfer by migrating colloidal particles and plant roots, sorption and desorption by soil substance. The intensity of migration depends very much on the physico-chemical properties of radionuclides and the soil conditions. For example, radionuclides 137Cs and 90Sr behave in completely different way under the same conditions [17]. More than 90% of cesium radionuclides emitted due to Chornobyl disaster are found in the upper five-centimeter layer of undisturbed soils [11]. Strontium radionuclides are more mobile. It is now disseminated at 40 cm depth [11] due to the vertical migration. In special exclusion zone around Chornobyl nuclear power plant, maximal concentrations of strontium radionuclides in some sands are found at depths of more than one meter [11]. Taking into account the fact that groundwater in Chornobyl region is mainly located at a depth of more than three meters, we can conclude that vertical migration slightly contributes to the radionuclides transferring to the groundwater and further dissemination in open water reservoirs. Even if radionuclides migrate to water objects, their subsequent horizontal migration is very slow due to low groundwater velocity.
The soil has a high capacity of radionuclides absorption and limits their spatial dissemination and plants intake by roots [34]. The root system of plants acts as a selective barrier preventing the movement of biologically inert radioactive elements to the above-ground phytomass. Thus, only biologically mobile radionuclides should be taken into account when considering the root path of nuclides. On the one hand, the sorption of radionuclides by soil restricts their flow to plants. On the other hand, this process forces the radionuclides to retain in the soil for a long time being a source for plants. The intensity of radionuclides transfer to the plants depends on many factors. These include agrochemical properties of soil, physico-chemical properties of radionuclides, biological characteristics of plants, etc. [34].
There are several ways of radionuclides intake by the human body with food (Fig. 1) [11].
[image: ]
Fig.1. Main ways of radionuclides intake by human body along with food
One of these ways is the chain: arable land – plants – food products. The intensity of radionuclide migration along this chain is primarily determined by soil type, crop type, physico-chemical properties of radionuclides, and contamination density of soil surface. The highest contamination of plants is found for sod-podzolic soils (especially soils with light granulometric composition) [35]. Low contamination is found for grey forest soils, while the lowest – for black soil (chornozem). Another way of radionuclides intake by human with food is related to the following chain: feed – animal – animal products – human.
Basically, radionuclides can get into the animal through their respiratory system, gastrointestinal tract or through skin surface. The potential contribution of these ways to contamination of final products is different. If cattle are at the pasture during radioactive sedimentation, then the factor of radionuclide intake is as follows: 1000 for digestive system, 1 for respiratory organs, and 0.0001 for skin surface [36].
For the region under consideration, there is another important way of radioactive cesium intake by human body. These are mushrooms, berries and wild animal meat. Ways of radionuclides intake associated with water use in Khmelnytskyi region are not important for several reasons: water from open reservoirs is not used for drinking; there is no commercial fishery; irrigation is not used in agriculture.
Therefore, in terms of migration mobility, the most critical part in Khmelnytskyi region is the chain: feed – animal – milk.
For each nuclear power plant, modelling of different emergencies caused by safety failures or personnel errors is obligatory. Accidents can produce some radionuclide emission. The critical path of radionuclide migration (both for early and the following phases of accident) would be the chain: pasture – animal – animal products – human. The contamination of agricultural products during the maximal projected accident at Khmelnytskyi nuclear power plant is calculated according to equations (1–3) and presented in Table 3.
Table 3. Maximum contamination of agricultural products with aerosol radionuclides when modelling maximum accident at the Khmelnytskyi nuclear power plant (Bq/kg).
	Radionuclide
	Distance from the Khmelnytskyi nuclear power plant, km

	
	2
	4
	6
	10
	15
	20
	25

	Bread

	Sr90
	550.0
	280.0
	150.0
	91.0
	60.0
	41.0
	29.0

	Cs137
	690.0
	350.0
	190.0
	110.0
	74.0
	50.0
	36.0

	I131
	740.0
	340.0
	160.0
	84.0
	51.0
	34.0
	25.0

	Milk

	Sr90
	62.0
	31.0
	17.0
	10.0
	6.7
	4.5
	3.2

	Cs137
	490.0
	250.0
	140.0
	81.0
	53.0
	36.0
	26.0

	I131
	7200.0
	3300.0
	1600.0
	820.0
	490.0
	330.0
	240.0

	Meat

	Sr90
	18.0
	9.0
	4.9
	2.9
	1.9
	1.3
	0.9

	Cs137
	1300.0
	670.0
	370.0
	220.0
	140.0
	96.0
	69.0

	I131
	6400.0
	2900.0
	1400.0
	730.0
	440.0
	300.0
	220.0

	Vegetables

	Sr90
	770.0
	390.0
	220.0
	130.0
	83.0
	57.0
	40.0

	Cs137
	960.0
	490.0
	270.0
	160.0
	100.0
	70.0
	50.0

	I131
	12000.0
	5500.0
	2600.0
	1400.0
	820.0
	550.0
	410.0

	Fruits (apples, pears)

	Sr90
	19.0
	9.6
	5.3
	3.1
	2.0
	1.4
	1.0

	Cs137
	24.0
	12.0
	6.5
	3.9
	2.5
	1.7
	1.2

	I131
	300.0
	140.0
	66.0
	34.0
	21.0
	14.0
	10.0


As can be seen from the Table 3, main attention should be given to iodine nuclide I131. The highest concentrations of selected radionuclides in agricultural products are found in vegetables and meat. The contamination level is significantly lower than the estimates given above if urgent measures are done in time.
4. Conclusion
[bookmark: page4]Nuclear power plants generate air emissions from the basic and supplementary equipment. Air emissions may contain radionuclides and non-radioactive aerosols causing environmental risks and harmful effects on the human. Majority of the sources of air emission operate periodically. Therefore, the total emission is relatively small. The chemicals concentration in the air near the Khmelnytskyi nuclear power plant are found to be below the Ukrainian limits. Only nitrogen dioxide concentration is found to slightly exceed the limit. The highest concentrations are measured for Argon-41, Nitrogen-16, Xenon-131m, Tritium, and Krypton-83m radionuclides. In case of a projected accident, the concentrations of radionuclides in different agricultural products are found to be very high even at the distance of 20 km and more from power plant. Therefore, people living at the territories, where pollution from nuclear power plants may occur, have to know the rules of behaviour in emergency situations. Despite the low level of air pollution during usual exploitation, the environmental risks of nuclear power plant operation have to be thoroughly assessed. The results obtained may be used when assessing environmental performance of nuclear power plants. Besides, the data on pollution of agricultural products with radionuclides is crucial for providing environmental safety
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