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EFFICIENCY ANALYSIS OF THE AEROTHERMOPRESSOR 
APPLICATION FOR INTERCOOLING BETWEEN COMPRESSOR 

STAGES BY USING CFD MODEL 
 
 
 
Abstract: A study of the aerothermopressor operation for air intercooling between the stages of a multistage 
compressor as part of a modern gas turbine (LMS100 brand from General Electric) was carried out in the 
article. A calculation method has been developed using numerical modeling for the evaporation of fine water 
droplets in the air flow. The main characteristics of the two-phase flow at the aerothermopressor outlet have 
been determined. It has been found that jet apparatus provides efficient atomization of the liquid, and hence, 
more efficient isothermal compression process in a high-pressure compressor. The aerothermopressor 
applying allowed to reduce the temperature of the compressed air between the compressor stages to 50-70°C. 
Such a decrease in temperature under the thermo-gas-dynamic compression conditions allowed to increase 
the pressure at the aerothermopressor outlet up to 12-28 kPa (4-9%). 

Keywords: Pressure Increase, Two-Phase Flow, Gas Turbine. 

 
Introduction 
General Electric has brought into commercial operation the first modern LMS100 gas turbine with a 
nominal capacity of almost 100 MW using air intercooling technology in 2005. This gas turbine 
provides the highest efficiency in an open circuit to date. A special feature of the LMS100 is the use of 
intercooling within the air compression section of the compressor. Today it is the only mass-produced 
unit of this type in the world. The use of intercooling in the LMS100 made it possible to increase the air 
pressure degree up to cπ = 40, while the efficiency was eη  = 45.5% [1]. 

An increase in the ambient temperature (inlet air temperature) irreversibly leads to an increase in the 
specific air volume, a decrease in density and an increase in the mass air flow, which leads to an 
increase in the compressive work in the compressor and, accordingly, an increase in power 
consumption, and this in turn leads to a decrease in the output turbine power and a drop in the 
efficiency of the plant as a whole.  
 
Brief analysis of recent publications 
It is known that an increase in the external temperature for each 1°C leads to a decrease in the output 
power of the gas turbine plant by 0.5% [2, 3]. There are a number of technologies available to improve 
the efficiency of the air compression process in multistage compressors. Particular attention is paid to 
cycles with water or steam injection along the path of the compressor section of gas turbine engines to 
humidify the working fluid [4, 5] and reduce the temperature. 
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An alternative way to inject water into the air flow between the compressors is to use an 
aerothermopressor (Fig. 1a). The apparatus belongs to the type of jet devices and consists of the 
following main elements [6]: 

1) a confuser (designed to accelerate the air flow to a speed close to the sound speed); 
2) a nozzle (designed to inject water into the flow); 
3) an evaporation chamber (the process of thermo-gas-dynamic compression is taken place); 
4) a diffuser (designed to equalize the flow, reduce the velocity and increase the pressure of the flow). 

The advantages of using the aerothermopressor include the following: 
– increasing the pressure and cooling of the working fluid will reduce the compression work in the 

compressor; 
– ensuring effective atomization and humidification of liquid (water) between compressor stages; 
– reduction of the additional work of the compressor during the evaporation of water droplets in 

the flow path during compression; 
– an increase in the amount of the working fluid in the cycle. 

If the optimal geometric parameters were selected, the rational organization of thermophysical 
processes in the flow path of the aerothermopressor could be possible. These parameters include: 
evaporation chamber diameter, relative length of the evaporation chamber, confuser convergent angle, 
diffuser divergent angle, distance between the water injection point and the evaporation chamber 
inlet. The correct selection of these parameters will ensure the evaporation of the water amount  
(80-85%) in the aerothermopressor and the additional evaporation of remaining water (15-20%) in 
the flow path of the high-pressure compressor. In this case, the water droplets diameter entering the 
compressor will not exceed 20 μm [7]. 
The choice of such optimal geometric parameters of the aerothermopressor, as well as the 
determination of the characteristics and injection mode (flow velocity; average, maximum and 
minimum droplet diameters; inlet air temperature; relative water flow rate, air pressure and air flow 
rate) (Fig. 1b) should be carried out according to the results of an experimental study of working 
processes and in numerical modeling [6, 7]. 
 
   a)                                                                                                                                      b) 

             
FIGURE 1. 3D model of the aerothermopressor (a) and the main inlet parameters of the airflow and water injection (b) 

 
Object, subject, and methods of research 
To carry out numerical modeling, the finite volume method was applied, which is implemented in the 
ANSYS Fluent software package. The Eulerian-Lagrangian approach was used to simulate the 
interaction of injected water droplets and air flow. A two-parameter k-ε Realizable turbulence model 
from the RANS group of models was used to investigate the behavior of the air flow [8, 9]. Discrete 
Phase Model was used to simulate the movement of water droplets. 
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To analyze the gas turbine cycle, the well-known calculation methods were used [10-12]. The 
calculation of the gas turbine cycles was carried out for the degrees of pressure increase cπ  = 12-40, 
while in the circuits, instead of an air cooler (surface or contact with nozzle injection), it was proposed 
to install the aerothermopressor. 
 
Study results and their discussion 
At the first stage of the study, a simulation of a "dry" aerothermopressor was carried out (without 
water injection into the evaporation chamber). It was found that the decrease in the air flow pressure 
(Fig. 2) due to friction losses was dryР∆ = 15 kPa (5%). 

At the second stage of the study, an aerothermopressor was simulated with water injection into the 
flow part (at the evaporation chamber inlet). 
The increase in total pressure as a result of thermogasdynamic compression (Fig. 2) was atpP∆ = 

2.8 kPa (2.1%) relative to the inlet pressure. It should be noted that the cyclic air cooling in the 
aerothermopressor is atpT∆ = 135 K (Fig. 2), from the initial temperature 1atpT = 473 K (200°C) to the 
outlet temperature 2atpT = 340 K (67°C). 

 

 
FIGURE 2. Dependences of the flow main characteristics: total pressure Patp, flow velocity watp, flow temperature Tatp 
on the length of the aerothermopressor flow part Latp 

 
The dispersion of water droplets at the evaporation chamber inlet was pδ  = 3-30 μm. The distribution 

of sprayed water droplets in the flowing part of the aerothermopressor has been given: for incomplete 
evaporation, with obtaining smaller droplets at the outlet of the diffuser part of the 
aerothermopressor ( wG = 0.156 kg/s) (Fig. 3). 

As this chart illustrates (Fig. 4) the use of the aerothermopressor made it possible to reduce the air 
temperature between the compressor stages by 2atpt = 50-70°C, that is, up to 50-110°C. 
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FIGURE 3. Dispersion distribution of sprayed water δp in the flow path of the aerothermopressor for incomplete 
evaporation, with obtaining smaller droplets at the outlet of the diffuser part of the apparatus (gw = 10%) 

 
Such a decrease in temperature under thermo-gas-dynamic compression conditions made it possible 
to increase the pressure by atpP∆ = 12-28 kPa, that is, up to 4-9% (Fig. 4). Contact air cooling by using 

the aerothermopressor allowed to reduce the compressor compression work by 2.5-3.0%. 
 

 
FIGURE 4. Dependences of the outlet air temperature (t2atp), the relative water flow rate (gw) and the relative 
pressure increase at the aerothermopressor outlet (ΔPatp) on the total compressor pressure increase Σπc 

 
The amount of water injected into the aerothermopressor can exceed the value required for 
evaporation in the evaporation chamber (up to 10% relative to the amount of air). This solution will 
allow to obtain evaporation during compression in a high-pressure compressor and, as a consequence, 
bring the compression process closer to isothermal with the lowest value of the work in compression. 
Thus, the use of the aerothermopressor can be an alternative to the traditional contact cooling of 
compressed air when injected by nozzles. 
The simulation of gas turbine plant operation by using the developed software package to calculate of 
gas turbine cycles showed the following efficiency from the aerothermopressor using to provide 
intercooling of cyclic air. Injected water after evaporation is an additional working fluid, the increase 
of which, in turn, makes it possible to increase the gas turbine specific power. A decrease in the 
compressor operation and a simultaneous increase in the amount of the working fluid in the cycle 
makes it possible to increase the efficiency GTP by cη∆ = 0.01-0.02 (1-2%). In this case, the specific 
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fuel consumption will decrease by eg∆ = 5-10 g/(kW∙h). At the same time,  the gas turbine specific 
power is increased by sN∆ = 5-30 kW/(kg/s), which is 3-10% (Fig. 5). The simulation of the gas 
turbine operation was carried out for the range of degrees of pressure increase in compressor stages 
of the gas turbine cπ = 12-42, which are typical for the operation mode according to the classical cycle. 

 

 
FIGURE 5. Dependences of specific power output (Ns), specific fuel consumption (ge) and efficiency (ηe) on the total 
compression ratio (Σπc) in compressors for the simple cycle, the complex cycle with a surface air cooler (SC) and the 
complex cycle with an aerothermopressor (ATP) 

 
Conclusion 
The paper analyzes the efficiency of using an aerothermopressor for contact cooling of compressed air 
in the LMS100 gas turbine circuits. Aerothermopressor provides effective fine atomization of water, 
and hence, a more efficient compression process in the high-pressure compressor. 
It has been determined that the aerothermopressor allows to increase the air pressure between the 
compressor stages by 4-9%, as a result of which the compression work in the compressor stages 
decreases; increase the amount of the working fluid in the cycle by wg = 2-4%, and, as a consequence, 
increase the specific power of the gas turbine by 3-10%. 
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IMPROVING THE ENVIRONMENTAL SAFETY OF COAL-FIRED 
THERMAL POWER PLANTS BY USING FLY ASH IN RECYCLING 

TECHNOLOGY 
 
 
 
Abstract: The paper presents the results of hydrothermal zeolitization of fly ash from hard coal combustion in 
one of the Polish power plants and possible further applications of zeolites. The synthesis was carried out using 
various NaOH fly ash mass ratio and the effect of NaOH concentration in the activating solution on 
composition of synthesized sample was tested. The present work proves the benefits from development of fly 
ash utilization and further opportunities in the use of zeolites. There exist the need for research to expand 
options to reduce harmful impact derived from energy production. 

Keywords coal fly ash, utilization, thermal power plants, fusion-hydrothermal treatment process, removal, 
zeolite 

 
Introduction 
Coal is one of the most widely use type of energy carrier. Despite efforts it is impossible to completely 
eliminate the demand of using coal in power plants. Great example on this field can be Poland where there 
is no other opportunity caused by insufficiently diversified sources of energy. In this case, it is necessary 
to take into account the need to eliminate harmful factors arising in the processes of coal combustion. 
Fly ash is a combustion by-product constituting about 60-88% of total combustion residues from coal-
fired power plants. To meet increasingly stringent limits for air pollution, the power industry has 
progressively improved its coal firing technology. Circulating fluidized-bed combustion, as an 
advanced and clean coal technology, allows solid fuels with wide range of qualities and sizes to be 
burnt at lower temperature (800-950°C) with high combustion efficiency, which results in 
considerably reduction in NOx emission compared to pulverized coal combustion [1]. Around 90-95% 
SO2 reduction can also be achieved by injecting limestone in the furnace to capture the sulphur in the 
coal. Given all these environmental and economic benefits, circulating fluidized-bed combustion has 
been growing steadily all over the world since its commercialization in the late 1970s [1], resulting in 
large amount of waste fly ash discharge. Although a portion of the generated fly ash is used as fillers in 
brick manufacturing and road or dam construction, a significant amount is still disposed in land-fills or 
ash ponds with serious environmental consequences.  
Thus, there exist the need for research and development to expand options for fly ash utilization as this 
will result in higher utilization rates and ameliorate the harmful environmental impacts of its disposal. 
 
Brief analysis of recent publications 
The emission of coal fly ash increases annually. The main factors of the technogenic impact of thermal 
power facilities on the level of atmospheric air pollution include the type of fuel, technologies for 
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cleaning emissions, the height of chimneys, climatic conditions of atmospheric dispersion, and the 
nature of the terrain (Fig. 1). Thermal power plants operating on fossil fuels are most "responsible" for 
the greenhouse effect and acid precipitation, since the technology of electricity production is 
associated with the conversion of almost all of the spent material resources and the vast majority of 
fuel energy into waste released into the environment. One of the reasons for the increased indicators 
of environmental pollution is the use of low-quality coal at TPPs with high ash content. 
 

 
FIGURE 1. The main factors of technogenic impact of industrial heat power facilities on the level of atmospheric air 
pollution 

 
As a result of coal combustion, the main share of technogenic carbon is emitted into the atmosphere in 
the form of CO2, about 50% SO2, 35% NOx and fly ash. An equally significant factor in the impact of 
coal-fired thermal power plants on the environment are emissions from fuel storage systems, its 
transportation, dust preparation and ash removal [2]. Pollution of the soil around coal-fired thermal 
power plants occurs due to the spread of pulverized ash by the wind, as well as due to the infiltration 
of its components through the soil into groundwater. Ash, due to its physical and chemical 
characteristics, is the cause of the formation of increased dust content in the air. Atmospheric aerosol 
is one of the main pollutants that affect the urban environment and human health, and it directly or 
indirectly causes haze, photochemical smog, acid rain, and other climate changes. If not properly 
disposed of, it can cause water and soil pollution, disrupt ecological cycles and pose environmental 
hazards (Fig. 2). 
According to the European standard EN 450–1, coal fly ash is a fine grained, loose material, which is 
predominantly composed of spherical aluminosilicate glass particles, formed as a result of coal 
burning. Coal fly ash contains heavy metals, polycyclic aromatic hydrocarbons, silica, and other toxic 
substances [3].  
Fly ashes essentially consists of SiO2 and Al2O3 (in both amorphous and crystalline form) [4], which 
have great similarity with the composition of zeolites, a valuable material widely applied in many 
fields related to radioactive waste management, petroleum refining, purification of gases, agriculture 
etc. Table 1 presents the typical chemical compositions of fly ash. 
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FIGURE 2. The effects of thermal power plants on the environment 

 

TABLE 1. Typical composition of fly ash from different coals 

Component Bituminous, % Sub-bituminous, % Lignite, % 

SiO2 20-60 40-60 15-45 

Al2O3 5-35 20-30 10-25 

Fe2O3 10-40 4-10 4-15 

CaO 1-12 5-30 15-40 

MgO 0- 5 1-6 3-10 

SO3 0-4 0-2 0-10 

Na2O 0-4 0-2 0-6 

K2O 0-3 0-4 0-4 

LOI 0-15 0-3 0-5 

 
The elements found in fly ash exhibit a wide range of toxic effects on humans, terrestrial and aquatic 
organisms, and plants. A number of these elements are bioaccumulative, including arsenic, chromium, 
lead, mercury, nickel and zinc. Elderly people, children and patients with chronic respiratory or 
ardiovascular diseases are most at risk from air pollution because they are more susceptible to the 
damage caused by pollutants. Prolonged exposure to air pollution can cause ischemic stroke and other 
cerebrovascular diseases (Fig. 3). 
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FIGURE 3. Health effects of coal ash 

 
Understanding the physical, chemical and mineralogical properties of coal fly ash is important, as 
these properties influence its subsequent use and disposal. The specific properties depend on the type 
of coal used, the combustion conditions, and the collector setup, among other factors. Fly ash normally 
occurs as fine, powdery particles with an average size of less than 20 μm, bulk density ranging from 
0.54 g/cm3 to 0.86 g/cm3, surface area varying from 170 m2/kg to 1000 m2/kg band light texture. The 
color of fly ash is dependent on the content of unburned carbon left in ash, varying from yellow to grey 
to black [5]. The particle shape of fly ash also varies with the different combustion conditions applied.  
Carbon capture, utilization and storage is one of the proposed technologies for reducing global 
CO2 emissions, and it presents many opportunities for fly ash utilization. The use of cheaply available 
fly ash in various parts value chain could help reduce these costs while decreasing the environmental 
risks associated with fly ash disposal. In some cases, it might be possible to use the carbonated fly ash 
as a construction material or additive. All of which improve the economics of the capture process 
while benefiting the overall environmental impact of these processes. A schematic of the pathways for 
utilization and application of fly ash in is provided in Figure 4 [6-8].  

 

 
FIGURE 4. Pathways for fly ash application 
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Recently, intensive efforts were made to promote the recycling of fly ash through zeolitization. 
Synthesis of zeolites, as one of the effective uses for coal fly ash, is gaining more attention,  due to the 
compositional similarity between fly ash and zeolites. Zeolites are microporous crystalline 
aluminosilicates with three-dimensional framework structures. Due to the high thermal and good 
dimensional stability, they have attracted a particular attention as catalysts in acid-mediated reactions 
[9]. Zeolite has broad application prospects due to its potential molecular sieving, high specific surface 
area, and good thermal and chemical stability. Zeolite is a kind of aluminosilicate molecular sieve 
crystal with uniform pores, and its skeleton contains Al, Si, and O. These structural features provides a 
various characteristics for zeolites, of absorption selectivity, high specific surface and high ion 
exchange capacity [10]. Zeolites have been widely used for air pollution control due to their excellent 
performance.  
Ever since the first study conducted by Holler and Wirsching [11], many methods and process have 
been proposed for zeolite synthesis using fly ash and all those aim at the digestion of Si – Al containing 
insoluble glass phase and crystalline phases such as mullite and quartz and subsequent crystallization 
of zeolite [12]. Simple hydrothermal process was most commonly used for direct synthesis of zeolites, 
where fly ash mixed with in alkaline solutions such as sodium hydroxide with different concentration 
at temperature from 80°C to 200°C for up to 96 hours. However, this method usually leads to a low 
conversion (<75%) leaving a significant amount of fly ash residual in the products. In comparison, a 
two-step synthesis method proposed by Shigemoto et al. [13], where an alkali fusion stage is 
introduced prior to the hydrothermal treatment, demonstrated significant improvement on 
zeolitization process and high crystalline zeolite products were produce.  
One of the effective methods for the synthesis of zeolites is the use of microwave radiation. The 
microwave method uses microwaves in a hydrothermal process. Microwaves promote zeolite 
synthesis at an earlier stage by stimulating the dissolution of SiO2 and Al2O3 from fly ash and 
shortening its reaction time. However, this will delay the formation of zeolite in the middle and late 
stages. Therefore, the use of microwaves in the earlier hydrothermal process can effectively shorten 
the reaction time for the synthesis of zeolite from fly ash [14]. 
 
Object, subject, and methods of research 
The object of research: The object of research is fly ash from hard coal combustion in one of the Polish 
power plants. 
The subject of research is the methods of the synthesis was carried out using various NaOH fly ash 
mass ratio and the effect of NaOH concentration in the activating solution on composition of 
synthesized sample was tested. 
Methods of research: The morphology and chemical composition in the micro-area of the main mineral 
components of the tested materials was determined using a scanning microscope (SEM). The FEI 
Quanta 250 FEG scanning microscope was used, equipped with a chemical composition analysis 
system based on radiation energy dispersion X-ray – EDS by EDAX. 
 
Study results and their discussion 
The studied fly ash is dominated by oxides of SiO2 and Al2O3, and the main phase components are 
mullite, quartz and hematite and a significant proportion of amorphous matter (glass and unburned 
organic matter) – Table 2. 
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TABLE 2. Elemental analysis of coal fly ash in wt% 

Component Bituminous, % 

SiO2 49.73 

Al2O3 29.57 

Fe2O3 7.15 

CaO 4.65 

MgO 3.19 

Na2O 1.39 

K2O 2.86 

LOI* 7 

*Loss on ignition 

 
Fly ash is a material that is heterogeneous in terms of its phase and chemical composition. The 
presence of oxide minerals – Al2O3, Fe2O3, MgO, CaO was established in the mineral composition of 
bottom ash; silicates and aluminosilicates – with island, ring, chain, layered and spatial structure. In 
terms of phase composition, the ashes are also agglomerates of various nature. Fly ash was examined 
using scanning electron microscopy (SEM). Micromorphology observation reveals that the fly ash 
particles are predominantly spherical in shape and consist of solid spheres, cenospheres, irregular-
shaped debris and porous unburnt carbon (see Fig. 5). 
 

            
FIGURE 5. Micromorphology fly ash 

 
The process was carried out at a NaOH/fly ash ratio (g) of 1.4:1.0; 1.8:1.0. Fly ash activation was 
carried out by the melting method using NaOH as an activator. The mixed sample was separately 
calcined at high temperatures (550-850°С) in air for 1 h. After cooling to room temperature, the 
resulting solid product was crushed, mixed separately with 50-120 mL of H2O, and kept for 12 h under 
stirring. The solid-liquid mixture was kept without stirring at a temperature of 60-95°C for 6-24 hours. 
The resulting solid was cooled to room temperature, collected, and washed until a pH of 8-9 was 
reached. Finally, the resulting solid was dried overnight at 105°C. The morphology of the crystalline 
products was studied using a Phillips XL 30 scanning electron microscope (SEM) – Figure 6. 
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FIGURE 6. Zeolite material 

 
Grain morphology of the products after synthesis, revealed in the electron microscope observations, 
confirms the new phases.  
 
Conclusions 
In the studied fly ash, originating from the hard coal combustion, the dominant chemical components 
were SiO2 and Al2O3, while the main phase components were mullite, quartz and hematite, and the 
significant share of an amorphous substance (glass and unburnt organic substance). The products of 
hydrothermal synthesis with the highest content of zeolite phases (NaOH/fly ash ratio (g) of 1.4:1.0) 
were examined with SEM (Fig. 5). The spherical particles from input sample of fly ash were totally or 
partially dissolved and transformed into zeolite phases. Some of them were formed on the residuum 
surface. The results obtained in this study encourage the author to scale up the synthesis in order to 
obtain more zeolite material. This material will be used in research to produce an adsorbent, as well as 
an additive to degraded soils to retain water and as a nutrient carrier for plants. 
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FORECASTING DAY-AHEAD OF POWER GENERATION FROM 
PHOTOVOLTAIC STATIONS AND USE WEATHER APPS 

 
 
 
Abstract: This article presents the results of research on the influence of meteorological parameters on the 
amount of electricity generated by photovoltaic plants. The dependences of the amount of energy generated by 
the photovoltaic station on the time of generation and the length of daylight, the average daily temperature 
and the number of clear hours during the day are given. We proposed to use cloud level coefficients to reflect 
changes in solar insolation. Based on the obtained data, a new mathematical model of the daily forecast of 
electricity generation of photovoltaic stations is created. Weather forecast applications are recommended to 
determine the input parameters of the forecast model. 

Keywords: photovoltaic station, forecasting, apps weather forecast, energy efficiency, level of cloudiness, 
duration of daylight. 

 
Introduction 
Solar energy increases it`s impact on countries' energy systems by creating total installed power 
capacity of photovoltaic stations (PVS), but beside reducing the emissions of coal-fired power plants 
[1] and increasing the share of "green generation" in energy balance, the problems appear with 
balancing of energy regimes. Changes in the expected level of outturn of electricity generated into the 
electricity grid from renewable energy sources (RES) due to weather disasters and anomalies have 
already led to several accidents, power outages of some parts of consumers. It is important for power 
system managers to have accurate forecast data on changes in the amount of generation by 
photovoltaic and wind power plants, so that in case of their discrepancy, they can be quickly replaced 
by shunting power capacity. The problem can be partially resolved by building of new storage systems 
(hydro storage stations, Tesla Powerpack, Demand Side Management), introduction of fines for 
imbalances in electricity generation by renewable energy sources, as well as new rules of electricity in 
Ukraine. These innovations stimulate the study of changes in the generation of electricity of 
photovoltaic stations from the array of meteorological parameters, as well as to apply predictive 
generation models for a specific region with high accuracy. A set of input data for the mathematical 
model can be obtained from PVS monitoring systems, weather applications that forecast the weather 
and offer a large base of archival data of meteorological parameters. Synthesis of input data, 
mathematical forecasting model and program or environment (Matlab Simulink, LabView, Phyton) will 
allow to get the value of PVS generation with acceptable accuracy. 
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Literature review 
Methods of forecasting of power generation by photovoltaic stations are presented in the publications 
[3-5], and their choice depends on the time range and the possibility of using statistics, ARIMA models, 
numerical weather prediction (NWP). These models are quite complex, expensive and are rarely used 
in local photovoltaic power plants. This study search new relationship between the output 
characteristics of the system and input factors. 
The goal of this paper is to develop and testing a model for forecasting the electricity production and 
increase the reliability. 
A photovoltaic stations that generates power electricity to the grid is a complex and dynamic system, 
and its parameters depend on solar radiation, temperature, and grid voltage:  

PV PV PVP N FF U I= ⋅ ⋅                                                                          (1) 
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where:  
N  – number of photovoltaic modules;  
FF  – coefficient (full factor); 
Iβ  – photopanel current at standard parameters;  

βE  – solar insolation, W/m2;     

KI  – short circuit current;       

ik  – current-temperature coefficient, А/°С; 

0T  – temperature on the sensor of the photomodule at ambient temperature 20°С, solar insolation 
800 W/m2 and wind speed 1 m/s;  

XU  – no-load voltage;  

Uk  – voltage-temperature coefficient, V/°С; 

PVT  – the actual temperature on the sensor of the photomodule, °С;  

iT  – ambient temperature, °С. 

Full factor  is the determined base on the results obtained in the previus iteration: 

MPP MPP

X K

U IFF
U I

=                                                                                  (5) 

where:  

MPPU  – voltage when searching for maximum power (МРРТ – Maximum power point tracker);  

MPPI  – current at MPPT. 

The use of inverters with additional functions will help to make autonomous decisions to improve 
network stability, maintain power quality and provide ancillary services to reduce imbalances in the 
system. When the grid frequency or mains voltage does not meet the permissible values according to the 
standard, the inverters unplug the PVS from the mains, but by changing the level of real output power of 
the system (by limiting active power or regulating reactive power) you can change the level of generation, 
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that is, to reduce its value in case of excess in the power system or in case of fines for imbalances. This can 
be done with reactive power compensation functions or dynamic reactive power control [2].  
Depending on the location of PVS, not only the magnitude of insolation changes, but also the typical 
daily irradiance patterns and cloud cover of daytime (clear sky, instantaneous cloud change, foggy day 
with limited generation input, high variability due to rapid cloud cover changes), and photoelectric 
power generation changes need to balance with the power system [3].  
Ukraine has joined the requirements of many countries to collect PVS electricity generation forecasts 
with a power capacity of more than 1 MW for resolving of the variability and uncertainty of 
photovoltaic power generation. Methods and statistical models, as well as time intervals are described 
in [3, 4]. Compensation for imbalances in electricity generation in February 2021 will be about 1%, 
and in the summer months will increase the amount of generation and the range of changes in this 
percentage. The influence of photomodule temperature, shading, degradation, inverter power, system 
age are presented in [4, 5], so the determination of the coefficients of influence on the generation for 
specific photovoltaic systems require detailed study.  
 
Problem formulation 
Most weather forecast applications do not show the amount of solar insolation required to calculate 
power, and the cloud level is difficult to apply without additional mathematical apparatus. In addition, 
most PVS do not have SCADA and online solar insolation monitoring systems. Finding an available set 
of input parameters and selecting weights for output power is important for predicting the amount of 
PVS electricity generated. 
Using a new mathematical model of the dependence of the amount of electricity on the level of 
cloudiness and forecast power, we obtain a forecast of generation for a local source 
 
Results and Discussions 
The results of this study based on statistical data on the amount of electricity production from photovoltaic 
plants «Poberezhia» and «Tlumach» (Ivano-Frankivsk region in Ukraine) for the period between April 
2020 and April 2021. All calculations are made for a power of 1 kW. Meteorological data from the 
Meteoblue server, Solcast and the WetterRadar information website were also used [6, 7, 9], which allows 
the Excel interface to extract data for the project and use it in the LabVIEW virtual devices [8].  
 

 
FIGURE 1. Example of information about cloudiness and temperature in the forecast application [7] 
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The amount of electricity produced by PVS on any day of the year 
iGW  depends on the length of 

daylight and the amount of solar electricity that enters the photomodule. The generation curve can be 
described using the harmonic function (1), as well as using the normal distribution function (2) using 
equation (1)-(2). 
The amount of electricity generated by the PPS on any day of the year is determined by formula: 

0 1 2sin( )
iG GW W k a k bδ ϕ= K ± ±                                                               (6) 

where:  

0GW  – maximum value of the amount of electricity generated by the PPS per day according to 
statistics, kWh; 

δ  – coefficient of generation time, which characterizes the dependence of the increase in the 
duration of daylight on the amount of generated electricity of PPS; 

ϕ  – the value that takes into account the beginning of the reference (the day of increasing of the 
duration of daylight);  

1k  – coefficient that characterizes the level of cloudiness (relative number of sunny hours) of a 
given day and depends on meteorological data; 

2k  – coefficient that characterizes the temperature of a given day and depends on meteorological 
data; 

a, b – variables; 
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Define variables for a given graph, where: µ = 179 – mathematical expectation at value MW = 3.6 kW; 

mean 1
2

MAXGW
σ

π
= = 0.1108; 1k , 2k  – weights, which take into account deviations from the nominal 

parameters when changing solar insolation (cloudiness a) and temperature b.  
Let's make a graph of the dependence of the amount of generated electricity PVS from the day of the 
year using the normal distribution function. The December Solstice can happen on December 20, 21, 
22 (beginning of the curve, point X = 178.8). Every day the value “x” increases by 0.0011. 
 

W, the amount of electricity 
generated, kW 

 
FIGURE 2. Dependences of the amount of electricity generated by the harmonic function and the function of normal 
distribution from the day of the year 

Time 
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Figure 3 shows an example of a change in the power of the solar system in 1 kW during one day. Due to 
the increase in the length of the daylight and the amount of solar insolation, the total amount of 
electricity produced by the PVS increases as a result. When the clouds shade the solar panels, the power 
of the system drops sharply, respectively, after the cloud cover disappears, the power increases again. 
 
  a)                                                                                                               b) 

 
FIGURE 3. Graph of the dependence of the amount of electricity generated by PPS in January and May for sunny day 
(a) and partly cloudy day (b) 

 
Figure 4 shows the correspondence of the constructed graph of dependence of the produced electricity 
of FES during the day (kWh) for April 2021 with the graph constructed according to the forecast data 
according to the forecast "day ahead" and according to the available values of meteorological data.  
 

 
FIGURE 4. Graphs of PPS electricity generation and projected generation values during the day of April 2021 

 
For the daily forecast use weights of cloudiness and deviation of temperature from nominal for half-
hour or hour time intervals: 

( )δ ϕ= K ± ±∑
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where: 

1 2,T T  – local times for sunrises, sunsets;  

IFORP  – forecasteted maximum power of the PVS for the i-th day of the year, kW.  

These power values are possible for a clear day, and in cloudy weather the power will decrease, and it 
is found by applying the weights 1k , 2k .  

The length of daylight varies during the year depending on the location of the FES, the zenith angle of 
the Sun at sunrise/sunset, latitude, angle of solar inclination and affects the start and stop of energy 
generation, and therefore the total amount of electricity generated during the day. 
We compare the prediction of the trimetric (harmonic) function and the function of the normal 
distribution function. For January 2021, the forecast model on the normal distribution curve gives 
better accuracy.  

 
FIGURE 5. Illustration of the daily change in the variances of the electricity generation forecast 

 
The variance in the forecast parameters "day ahead" ( 1σ , 3σ ) and "real data" ( 2σ , 4σ ) are actually 
equal, but more accurately shows the dependences of the harmonic function for February. 

1 24.52 4.6σ σ= < =∑ ∑  

We use LabVIEW virtual instrument technologies and graphical programming environments to obtain 
input parameters (Fig. 6).  

 
FIGURE 6. Block diagram of the monitoring system 
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The monitoring and forecasting system has three voltage sensors CV3-1000 and four current type 
current sensors with analog output ATA 2502. The NI USB-6210 supports 16 analog inputs with 16-bit 
resolution [8]. 
The software uses subroutines of standard digital signal processing algorithms (fast Fourier 
transform, rms determination, etc.), visualization of information and writing to a file on the computer 
hard disk in binary format tdms. 
The combination of the forecasting system with the monitoring system makes it possible to obtain 
updated parameters in real time and adjust hourly forecasts. This will reduce technological losses at 
photovoltaic plants and increase the owner's profit. 
 
Conclusions 
This article analyzes the possibility of using weather forecast applications to determine the amount of 
electricity generated by photovoltaic plants. These forecasting tools based on historical measurements 
will help to more easily calculate the projected amount of electricity generated, which will increase the 
efficiency of their use compared to complex and expensive forecasting applications. 
The accuracy of this forecasting method depends on the term and amount of data and increases with 
the refinement of data in less than a day. 
The forecasting accuracy for the winter months increases due to small changes in values with low 
generation. Accuracy in the summer months is highly dependent on the weather and requires 
consideration of "clear sky time coefficients". 
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PERSPECTIVES OF USING MICROWAVE HEATING OF PETROLEUM 
PRODUCTS IN THE TANK 

 
 
 
Abstract: The problem of optimizing the heating of petroleum products when draining from railway tanks using 
microwave heating is considered. It is established that microwave heating can significantly simplify the 
technological scheme, eliminating all processes and apparatuses associated with the preparation of the coolant. It 
is determined that currently existing patents and technical solutions proposed for the use of microwave heating 
for heating petroleum products assume that microwave energy falls on the free surface of the liquid. It is argued 
that the disadvantage of such schemes is a significant unevenness of heating due to the fact that microwave energy 
quickly fades out when moving deep into the tank. It is noted that when heated from the surface of the liquid in the 
tank, the distance from the source to the drain hole is quite large, as a result of which it is impossible to effectively 
use microwave heating. A method for solving this problem is proposed, which consists in installing a microwave 
device inside a hollow pipe, which is directly connected to the upper hatch in preparation for pumping and is 
immersed in the oil product to a depth that correlates with the depth of penetration of the microwave field in a 
particular product. The depth of penetration of microwave energy into the oil product under study – fuel oil-is 
estimated, on the basis of which it is recommended to set the distance from the emitter to the drain hole. It is 
argued that it is advisable to model microwave heating on the basis of the differential equation of thermal 
conductivity, taking into account internal heat sources. A mathematical model describing the heating of a volume 
of highly viscous petroleum products as a process of thermal conductivity in an unlimited array under the action of 
microwave radiation is presented. On the example of fuel oil, calculations were made using the finite difference 
method, which showed the temperature distribution in the array at different points in time. 

Keywords: microwave energy, temperature, thermal conductivity, penetration depth, power, oil product 
drain, tank 

 
Introduction 
When creating resource-saving and energy-saving, environmentally friendly technologies, the use of 
microwave radiation is one of the most promising areas. Heating in a microwave field is characterized 
by high speed and high efficiency. The use of microwave energy instead of the heat carriers currently 
used in most industrial installations can significantly simplify the technological scheme, eliminating all 
processes and apparatuses associated with the preparation of the heat carrier, as well as harmful 
emissions into the atmosphere. Conducting research related to determining the optimization of the 
effect of microwave radiation on the course of a number of chemical and petrochemical processes is an 
important and relevant direction for intensifying these processes, both at the laboratory level and on 
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an industrial scale. One of the applications of microwave heating is the heating of high-viscosity oils, 
which provides a significant reduction in the viscosity of the product. The actual task of transporting 
viscous petroleum products is to unload them from storage tanks or transport them, for example, from 
railway tanks. Draining is carried out using several methods: a more fluid solvent, by heating the 
product with saturated water vapor, using microwave installations, by the circulation method using 
coil heaters, as well as modifications and combinations of these methods. Heating the product with 
saturated open water vapor is not possible for some products that do not allow waterlogging, for 
example, fuel oil, because as a result of waterlogging, the efficiency of fuel oil combustion in boiler 
furnaces decreases. In addition, Steam that does not mix well with fuel oil, as well as boiling water that 
condenses from Steam, foams the product on cold fuel oil, which can lead to the release of the product 
into the hatch. It is considered promising to use the energy of the microwave field, but the 
disadvantage of this method is uneven heating, also associated with the low thermal conductivity of 
the product and the almost complete absence of convection of petroleum products in the tank. 
 
Analysis of existing research 
To develop the method of microwave heating of oil, the thermal effects and temperature fields in the 
product are studied. The research [1] is aimed at improving the efficiency of heat transfer of viscous 
oil and solving the problems of uneven temperature distribution and energy absorption during oil 
heating in an oil reservoir. The temperature distribution of petroleum products is more balanced 
under the combined influence of heating sources. The results of this study can provide a theoretical 
basis for studying the law of heat transfer in the process of combined steam heating of oil tanks and 
microwave heating. In [2], the features of heating petroleum products in a microwave field are 
considered and the basic theory of effective heating is presented. At the same time, it is necessary to 
avoid overheating of oil in its local areas [3], which increases the risk of explosion. Akagi and Kato [4] 
studied the effect of the convective heat transfer coefficient on heat exchange and temperature 
distribution during heating of viscous oil. Wei and others [5], Makanyang and others [6], Hu [7], Zhu 
and others [8] investigated the change in the characteristics of the temperature field and flow rate by 
numerical modeling methods and obtained the characteristics of the heating process of petroleum 
products. The developed microwave heating technologies are characterized by high intensity and 
efficiency. These advantages make it possible to use microwave heating when drying food products, 
reducing the viscosity of oil, separating the emulsification of oil and water, etc. [9, 10]. According to the 
analysis of the temperature field of viscous oil, an uneven distribution of the microwave field in the oil 
tank will cause regional differences in the distribution of the temperature field. From the point of view 
of analyzing the heat transfer process [1], during microwave heating, oil molecules move rapidly and 
begin to quickly penetrate other areas. Macroscopically, a hot oil product transfers energy to a region 
with a lower temperature due to thermal conductivity. At the same time the effect of thermal 
conductivity is decisive in comparison with natural convection. It was determined [1, 11, 12] that 
microwave energy is intensively absorbed by a viscous petroleum product. Analysis of literature data 
shows that the method of microwave heating of oil tankers is feasible and it is advisable to study it for 
further application in industry. However, there is a need to conduct analytical and experimental 
studies of the process of heating petroleum products in a microwave field to solve certain problems, 
one of which is the intensification of draining high-viscosity petroleum products from railway tanks. 
 
Analytical study of the process of microwave heating of high-viscosity petroleum 
products 
To describe the heating process of a cylindrical tank with petroleum products exposed to high-
frequency electromagnetic radiation, the equation of thermal conductivity in cylindrical coordinates is 
applied in [13]. The analysis of the work allows us to conclude that the proposed method of 
mathematical modeling of microwave heating of petroleum products can be taken as a basis. Modeling 
of microwave heating of high-viscosity petroleum products should be carried out on the basis of the 
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differential equation of thermal conductivity, taking into account internal heat sources. However, it is 
impossible to use the proposed results directly, since this paper considers the process of heating a 
large volume, which cannot be described by cylindrical coordinates. 
The mathematical model of heating petroleum products in a tank from the action of a microwave 
source is based on the assumption that heat propagation is carried out in an unlimited array during 
thermal conductivity under conditions of internal energy sources. Assuming that the thermophysical 
properties are constant and the power of the microwave field is determined by the action of internal 
heat sources ,vq  the differential equation of thermal conductivity takes the following form: 
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         (1) 

where: 
a  – coefficient of thermal conductivity;  
ρ  – density of the petroleum product;  

рc  – heat capacity. 

The conditions for unambiguity are as follows: 
– petroleum product represents an unlimited array; 
– the initial temperature distribution of the array is uniform. 

The problem was solved in spherical coordinates, for which the Laplace operator 2 ,∇  provided that 
the temperature changes only along the radius r, has the following form: 
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 where 2 2 2r x y z= K K  (The origin is placed in the volume 

under consideration). 
The finite difference method was used to calculate temperatures. 
The following values of physical characteristics were used in the calculations: ρ = 950 kg/m3, рc = 3 

KJ/(kg·K), L = 300 KJ/kg, λ = 0.125 V/(m·K) [13]. According to [14], for fuel oil, the relative 
permittivity ε'= 3.5-4.5 and penetration depth tgδ = 0.013-0.03, this is typical for dielectrics, which 
absorb microwave energy quite efficiently. 
When modeling the microwave heating of petroleum products for this scheme, it is necessary to 
estimate the distance from the microwave emitter to the drain hole. Since the microwave radiation 
must be almost completely absorbed, it was necessary to estimate the penetration depth, which, in 
turn, depends on the absorption coefficient: 

π πα ε δ
λ

−
−

      = ⋅ K − = ⋅ K − =         ⋅   

1/2 1/2
2 2 1

2
0

2 1 2 1' 1 tg 1 4.5 1 0.03 1 2.45 m
2 212.24 10

           (3) 

then the penetration depth: 
1 1 0.20

2 2 2.45α
∆ = = =

⋅
 m           (4) 

At this distance, the flow of electromagnetic energy will decrease by e times. We assume the distance 
to the drain hole equal to one and a half values of Δ – 30 cm. 
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When performing calculations, it was assumed that at the initial stage no draining is carried out, the 
stationary volume of petroleum product (fuel oil) is heated. When the fuel oil temperature reaches 
60°С (recommended for draining) near the drain hole, its pumping begins. At the same time, streams 
of unheated product begin to approach the emitter. The heating process can continue until the oil 
drops to the level of the drain hole. There are recommendations [15], according to which when the 
volume of heated material exceeds 20 m3 and the ambient temperature is below 10°С, it is advisable to 
use microwave installations with a capacity of at least 50 kW. In contrast to these recommendations, 
when installing the magnetron at a low height relative to the drain hole, the power of the magnetron 
can be significantly reduced, since there is no need to heat the entire volume of petroleum product. 
Fuel oil temperatures were calculated at a distance from 0 cm (microwave energy source) to 30 cm 
(drain hole). In Figure 1 shows the temperature field in the oil product for different time intervals. 
 

 
FIGURE 1. Calculated change in the temperature of fuel oil in the tank during microwave heating: 1 – τ = 1 min,  
2 – τ = 10 min, 3 – τ = 65 min, 4 – τ = 116 min 

 
The temperature of fuel oil increases over time, and the front of the heated area expands. After 65 
minutes, this front reaches the drain hole, but the oil temperature is insufficient to start the pumping 
process. From Figure 1 it can be seen that the fuel oil temperature of 60°С at the drain hole will be 
reached in 116 minutes. To increase the flow rate, ensuring that the required temperature is reached 
at the drain hole of 60°С, you can install a magnetron of greater power, for example, 15 kW. Then the 
consumption will increase to 0.93 kg/s. 
When developing a device for microwave heating, the following should be taken into account [15]: the 
volume of product in tanks can vary widely, and, accordingly, the load resistance (heated volume) 
changes, so it becomes necessary to coordinate the latter with the microwave generator in order to 
avoid damage to the magnetron, which must be reliably protected from load mismatch. 
 
Analysis of the applicability of microwave heating to the intensification  
of draining high-viscosity petroleum products 
Existing patents and technical solutions proposed for the use of microwave heating for heating 
petroleum products assume that microwave energy falls on the free surface of the liquid. An example 
of such a circuit solution is shown in [15]. In this patent, the subject of the invention is an emitter in 
the form of a directional antenna installed obliquely to the surface of a thickened or frozen petroleum 
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product, while the transmitting line is equipped with an additional direct waveguide installed between 
the waveguide break and the cover-screen. The design provides for heating the product in the tank by 
a stream of microwave radiation formed at an acute angle to the product in the opposite direction 
from the internal stairs, which increases the efficiency of heating the product, the reliability of the 
magnetron and the microwave generator as a whole.  
The disadvantage of such schemes is that the microwave energy falling on the surface of the oil 
product quickly fades due to its conversion into heat when moving deep into the tank. As shown 
above, the penetration depth for fuel oil is 20 cm, and this value is comparable to the penetration 
depth of other high-viscosity petroleum products. Since the diameter of the railway tank is 3 M, it is 
clear that at a relatively short distance from the surface, the oil product will not be heated. This 
problem is partially solved in [16]. To ensure more uniform heating, it provides for the extraction of 
cold oil product from the bottom part of the tank, heating it in an external heat exchanger and feeding 
the heated oil product by means of a pump to the bottom part of the tank using nozzles, the use of 
preheated oil product on the initial cold oil product extraction cycle, and continuous circulation of oil 
product. Microwave heating [17] of heavy oil shows that the viscosity is significantly reduced, which 
ensures a significant intensification of its inflow. The specific nature of the volume absorption of 
microwave energy is also expressed in the fact that it is difficult to ensure the uniformity of heating, 
especially for large volumes. It is proposed to use high-power magnetrons to ensure the mobility of 
layers far from the source. However, the distance from the source to the drain hole is quite large, 
which does not allow efficient use of the features of microwave energy conversion by dielectric 
materials. Therefore, one of the tasks of this work was to find the ability to place the radiation source 
in close proximity to the drain hole. The problem was made easier by the fact that the tank refueling 
Hatch is located directly above the drain hole. Therefore, it is possible to lower the radiator through 
the hatch to the drain hole. To do this, you can make a hollow pipe that can be connected to the upper 
hatch, and in which the microwave device will be located. As calculations have shown, the output 
power of the magnetron should be at least 3 kW. Then a water cooling system must be provided to 
cool the anode block of the magnetron. A magnetron is placed in a hollow pipe, the emitter of which 
comes out of the base of the pipe and is located directly above the drain hole. The air channel also 
contains the main components of the microwave device: a high-voltage capacitor and transformer, 
control system elements. Schematically, the location of a removable air pipe for a microwave device in 
a railway tank is shown in Figure 2.  

 
FIGURE 2. Diagram of the longitudinal section of a tank with a microwave device: 1 – channel for the device of the 
magnetron control system and the magnetron cooling system, 2 – air Channel, 3 – tank with petroleum product,  
4 – microwave energy emitter, 5 – outlet, 6 – petroleum product 
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To avoid contact with petroleum products, it is proposed to cover the electromagnetic energy emitter 
with a radio-transparent cap. Thus, the method of microwave heating of oil in the immediate vicinity 
of the drain hole can be practically implemented using the proposed scheme. With this location of the 
source (Fig. 2) relative to the drain hole, heating, and, accordingly, a decrease in the viscosity of the oil 
product, will be observed in the drain zone, which can significantly intensify the process and reduce 
energy costs for heating. 
 
Conclusions 
An analytical study of the process of microwave heating of petroleum products is carried out on the 
example of fuel oil. It is obtained that the temperature of fuel oil increases over time, and the front of 
the heated region expands. For an initial temperature of 20°С after 65 minutes. the hot front reaches 
the drain hole, but the oil temperature is not sufficient to start the pumping process. Under the 
specified conditions (initial temperature 20°С, magnetron output power 3 kW, relative permittivity  
ε'= 4.5 and loss angle tangent tgδ = 0.03), the fuel oil temperature of 60°C at the drain hole will be 
reached in 116 minutes. To increase the flow rate, ensuring that the required temperature is reached 
at the drain hole of 60°С, you can install a magnetron of greater power, for example, 15 kW. In this 
case, the consumption will increase to 0.93 KG/s. 
The circuit solution for a microwave device allows you to place the radiation source in close proximity 
to the drain hole. It is suggested to place the microwave device in a hollow pipe that can be connected 
to the upper hatch. The microwave energy emitter comes out of the lower base of the pipe and is 
located directly above the drain at a distance of 1.5 penetration depth. With this location of the source 
relative to the drain hole, heating, and, accordingly, a decrease in the viscosity of the oil product, will 
be observed in the drain zone, which can significantly intensify the process and reduce energy costs 
for heating. 
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