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ABSTRACT: Limited adoption of solar energy in the Northwestern region of Russia is associated with insufficient
data on annual solar radiation indicators and on the potential of solar collectors for water heating. The study aims
to evaluate the potential of solar water heating for domestic use in Northwestern Russia, using Tyumen city as the
case. In this region, the number of cloudy days ranges from 5% to 50%, with cloud cover increasing in winter. New
data on the total solar radiation, availability duration, and cloud cover have been collected. Solar irradiance could
reach 900 MJ/m? during summer months, while decreasing to 50-150 MJ/m? significantly in winter. Notably, the solar
radiation demonstrates predictable and stable characteristics between the hours of 9 a.m. and 3 p.m. Consequently,
the heating system is equipped with a gas-supplied boiler as the primary heat source, with the solar collector being
the secondary clean energy source to meet the demand of a residential house. A is designed to compensate for the
heat losses in the evening and at night. The results of unmatching energy demand and production highlight the need
for a water tank for energy storage to facilitate a wider use of solar power. The peak thermal energy requirement for
domestic hot water (DHW) occurs in January, amounting to 6046.8 MJ. In summer, from May to August, the thermal
energy produced by solar collectors is not utilized due to the lack of heating load. The annual data indicate that the solar
collectors contribute approximately 14% of the total heat required for DHW.

KEYWORDS: Alternative energy; clean energy; cloudiness; domestic hot water; economic evaluation; hybrid solar
systems; solar collector

1 Introduction

The energy sector is currently moving toward reducing carbon dioxide (CO,) emissions and the use of
renewable energy sources. Utilization of solar energy is one of the most prominent contemporary trends.
The solar energy potential at the Earth’s surface is estimated to range from 2 to 7 kWh. Solar enables the
capture of solar radiation and its conversion either into electric energy via photovoltaic (PV) technology, or
into thermal energy transferred to a working fluid. The use of solar collectors enables the supply of thermal
energy to consumers without the environmental pollution associated with combustion by-products. The
utilization of solar energy offers several advantages, including long-term sustainability without resource
depletion, negligible carbon dioxide (CO,) emissions during operation, and independence from geopolitical
and military conflicts. However, several technical and environmental limitations complicate the practical
implementation of solar energy systems. Intermittency caused by cloud cover and the absence of solar
radiation during nighttime are among the primary challenges affecting the utilization of solar energy as a
clean energy source [1]. Various approaches to mitigating these challenges have been explored through the
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integration of solar energy systems with other energy resources across various solar technologies. Al-Kayiem
et al. [2] presented a review of the hybrid solar desalination systems. Gitan and Al-Kayiem [3] investigated
hybrid solar drying through integration with a biomass burner, whereas Yassen et al. [4] reported on hybrid
solar drying systems incorporating an evacuated tube solar collector.

Hybrid solar power generation has attracted considerable research interest. Nallakaruppan et al. [5]
presented a comprehensive review on advances in solar energy integration and the hybrid system manage-
ment aimed at achieving a sustainable energy future. Bhayo et al. [6] developed and assessed a multifunction
hybrid solar-hydro-battery-pump hydro storage approach for power generation, energy storage, and smart
irrigation applications. They introduced a solar power hybrid system that utilizes the rain-harvested water
and is managed and controlled by IoT and mobile monitoring and control. More recently, Anvari et al. [7]
reviewed and compared the hybrid solar-biomass-energy storage systems for power generation. Their
review synthesized insights into three strategic pillars: (a) technological integration and system design,
encompassing advanced energy storage solutions; (b) advanced control strategies, including Al-enabled
energy management and control; and (c) sustainability assessment based on life cycle analysis and socio-
economic metrics. The authors proposed a roadmap encompassing smart grids, the circular economy, and
region-specific deployment strategies to support resilient, cost-effective, and environmentally sustainable
energy systems.

In the building sector, as well as small-scale industry, heating and domestic hot water supply are
of critical concern to energy planners and the real estate sector. Challenged associated with heating in
buildings and small industries arise from technical and logistical limitations in connecting to the central
heating network and the high cost of electricity supplied through the grid. Research findings and practical
implementations have demonstrated the successful performance of integrated solar heating systems with
other energy resources for space heating and domestic hot water production. Mambetsheripova et al. [8] and
Zhao et al. [9] believe that solar energy could serve as an alternative solution to the energy challenges in the
southern regions of Western Siberia, Russia. Mussard [10] and Tsvetkov et al. [11] reported that solar energy
availability is influenced by geographical latitude and average sky cover.

In the southern regions of Western Siberia, Russia, connection to the central heating network faces both
technical and financial challenges. Direct solar heating has been identified in the literature as an alternative;
however, it has not yet been systematically evaluated or demonstrated. The utilization of solar energy in
the region remains limited, particularly for small-scale and industrial heating applications. Therefore, the
objectives of this study are to analyze solar energy availability in Tyumen, selected as the study area, and to
evaluate the performance of the hybrid solar-gas boiler heating system for a residential building.

The literature assessment highlights two primary research questions. First, what are the specific
characteristics of solar energy utilization in the southern regions of Western Siberia? Second, since the solar
heating system for such harsh weather conditions is not sufficient, is it possible to adopt an integrated solar
and gas-fired boiler to develop a feasible and sufficient hybrid heating system for Western Siberia, Russia?

The objective of the study is to propose and evaluate the potential of solar energy for domestic integrated
water heating in the southern regions of Western Siberia, subjected to the cloud cover. The paper introduced a
solar-gas burner hybrid residential heating system relevant for the extreme continental climate characterized
by cold winters, with average January temperatures of —21°C to —19°C, and summers, with average July
temperatures of +20°C to +22°C. The large annual and daily temperature fluctuations are considered. The
methodology part provides maps depicting solar irradiance levels, the duration of sunny days and cloud cover
in the study area. Calculation formulas are provided to estimate the amount of solar thermal energy incident
on both horizontal surfaces and surfaces inclined relative to the horizon, considering the cloud cover. As the
southern regions of Western Siberia are mostly cloudy, one of the objectives of the study is to evaluate the
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influence of cloud cover on the proposed heating system. The research work incorporates monthly variations
in solar irradiance and includes a procedure predicting heat gain on a solar panel with a tilt angle of 70° in
Tyumen that supports the design of a domestic heating plant of the designated family house. The results of
the work are significant and novel as they provide a guide and fundamental data that support the initiative
for solar energy utilization in Southwestern Siberia, Russia.

The results and discussion part shows the temporal variations in solar insolation in the southern regions
of Western Siberia using the city of Tyumen as the case study. Two options are considered: with and without
cloud cover. The cumulative values of direct and diffuse solar insolation per square meter incident on a
collector located at different inclination angles to the horizon are shown to identify the best orientation
for a roof-mounted collector. The uneven heat output of a solar collector and the thermal energy required
for space heating and hot water supply of a residential house located in the considered climatic conditions
are estimated.

2 Methodology

The proposed system is designed for water heating applications. The generated thermal energy is then
used to supply domestic hot water and space heating for a single-family residential house. The methodology
describes the system, the weather conditions in the selected region, and the mathematical procedure to
produce the results.

The Proposed Hybrid Heating System

The proposed hybrid heating system consists of a solar water heating collector (SWHC) networked and
integrated with a gas-fired boiler unit serving as an auxiliary heat source. A schematic representation of
the proposed system is presented in Fig. 1. Heating systems operating without a gas-fired boiler have been
proposed; however, under extreme continental climatic conditions characterized by cold winters and warm
summers, these systems are not economically feasible. This is primarily attributed to the relatively low cost
of natural gas in Russia, combined with capital expenditures and the low annual utilization factor of the
installed equipment.

Sun

Hot water

House

Solar water heater
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Figure 1: The outlines of the proposed hybrid solar-gas boiler water heating system

The investigated residential building is a single-family house occupied by four residents and located
in the Tyumen region. The conditioned floor area is 118 m*. The design domestic hot water consumption is
105 L/day. The specific heat demand of the building is 95 W/m?. The system design includes the installation
of four solar collectors to supply domestic hot water.
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Different procedures for calculating the amount of solar insolation have been compared. The shadow
method is based on measuring shadows that are projected onto the ground from objects such as trees and
buildings. Shadows are measured at different times of the day to determine at what time the most intense
solar radiation falls on a piece of land. This method is simple and affordable, but it does not consider the
influence of clouds and other factors that may affect the duration of the isolation. The weather data analysis
method uses meteorological data, such as the amount of solar radiation that falls on a piece of land during
the day. The data is collected with special instruments and analyzed by computer programs. This method is
more accurate than the shadow method, but it requires special equipment and expertise to use it. The second
method is used in the research work.

The calculation of solar heat energy for a horizontal surface could be performed by the formula proposed
by Nesovic et al. [12]:
Dhor IhorAk
C + C
2 200
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where d,, denotes the number of cloudless days in a month, d,; represents the number of cloudy days
per month; A; is the percentage of solar radiation absorbed by the solar collector surface. $"°7, D', and
1"’ denote the direct, diffuse and total solar radiation incident on a horizontal surface, under cloudy-sky
conditions, respectively (M]/m?*); whereas Slor 1ot and Do represent the corresponding direct, diffuse
and total solar radiation for cloudy-sky conditions (MJ/m?). The required data to solve . (1) and obtain the
monthly results are derived from Figs. 2-4.

The spatial distribution of solar radiation across the territory of Russia is highly non-uniform, ranging
approximately 100 to 200 W/m? [10,13]. Fig. 2, provided by [14], illustrates the solar insulation levels as
measured and reported by meteorological services. However, as noted by Aleksandrova et al. [15], the solar
flux level is influenced not only by latitude and longitude but also exhibits pronounced seasonal variability
throughout the year.
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Figure 2: Insolation level across Russia kWh/m?/day [14]
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Figure 3: Solar duration in Russia [10]

The annual sunshine duration is an essential parameter to be considered when planning to utilize solar
collectors [13,16]. Hence, Fig. 3 as reported by Mussard [10] is employed in this study. In addition to latitude
and longitude, local topography exerts a significant influence on sunshine duration; in mountainous regions,
the amount of solar radiation reaching the Earth’s surface is reduced.

Cloud cover also significantly affects the amount of solar radiation reaching the Earth’s surface, as these
regions are frequently influenced by cyclonic activity. It should be noted that the study area is located in the
southern part of Western Siberia, Russia, where the average annual cloudiness is estimated at 7-8 oktas, as
illustrated in Fig. 4.
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Figure 4: Total cloud cover of the Russian Federation [17]

However, according to Gladenko et al. [I18], even in the arctic regions of northern Russia, where
centralized electricity and heat supply systems are absent, solar energy can potentially be used to provide
both electricity and heat to the local population. However, the reliability and economic feasibility of such
energy supply systems remain subjects of ongoing debate.
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When estimating solar radiation incident on an inclined surface, including the tilt angle of the solar
collector, the solar altitude angle, h, the solar azimuths, and the projections of the normal surface relative to
the cardinal directions, ¥; and the orientation to the cardinal directions [19]. The conversion factor of direct
solar radiation from a horizontal to an inclined surface could be determined using the conversion factor
defined in Eq. (2) [1,20].

k=cos<x+[w:| sin 2)
tgh

The total heat energy input to the solar panel is then given by:

1+ cosa N 1" A sin®
2 200

I}wax =k Zshor + Dhor . (3)

3 Results and Discussion

One of the primary objectives of this study is to conduct a detailed analysis of the solar energy potential
under both clear-sky and cloudy weather conditions. The discussion then proceeds with the evaluation of
the proposed integrated solar-gas boiler domestic water heating (DWH) system.

3.1 Analysis of Solar Potential

Figs. 5-8 present the measured solar radiation and cloud cover data for the city of Tyumen obtained
from the Tyumen Meteorological Stations with respect to the time of the day [21]. Fig. 5 illustrates the total
daily solar radiation incident on a horizontal surface under clear-sky conditions and under average cloud
cover. The results indicate that cloud cover reduces solar insolation by approximately 20%-25%, highlighting
the necessity of accounting for cloud cover in the design of solar heating systems in the southern regions of
Western Siberia.
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Figure 5: Solar insolation in Tyumen, MJ/m?. (The figure was generated using data obtained from the local meteoro-
logical department)
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Figure 6: Monthly distribution of cloudy and cloudless days. (The figure was generated by the authors using data
obtained from the local meteorological department)
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Figure 7: Total solar radiation. (The figure was generated by the authors using data obtained from the local
meteorological department)
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Fig. 6 illustrates the monthly distribution of cloudy days in Tyumen throughout the year. The highest
cloud occurrence is observed in November, December, and January, with approximately 14 cloudy days per
month. In contrast, the period from March to September exhibits fewer than five cloudy days per month.
Overall, the distribution of cloudy days is highly non-uniform, with significantly higher frequencies during
the winter season.

Fig. 7 presents the monthly distribution of the solar energy measured on a horizontal surface in Tyumen.
The data are reported for both clear-sky conditions and average cloud cover. The highest monthly average
solar energy values are observed on a horizontal surface in May, June, and July. Under clear-sky conditions,
the average solar energy during these three months reaches approximately 900 MJ/m?, while under average
cloud cover it decreases to around 600 MJ/m?*. However, referring to the observed number of cloudy days
in Fig. 6, only approximately three cloudy days occur during those three months. This analysis suggests a
high solar energy potential during May-July and indicates favorable conditions for solar energy utilization
from April to mid-August.

The detailed hourly analysis of measured solar energy for a month is presented in Fig. 8. The actual
cloud cover is explicitly considered to reduce uncertainties in the estimation of solar radiation for the
implementation of solar-based projects in Tyumen. The Tyumen region experiences approximately 77 cloudy
days per year, the majority of which occur during the winter season. The data from the Tyumen metrological
station indicate pronounced seasonal variability in solar energy distribution. Summer months exhibit the
highest solar availability, followed by a sharp decline in March compared to July, with values decreasing
by almost twice as much. In January, solar energy levels are approximately an order of magnitude lower.
In June, the solar energy availability is approximately 14 times greater than in December, as confirmed by
calculations. Consequently, it is unreasonable to rely solely on solar collectors to meet the heating demand,
since most panels would remain underutilized during the summer and the transitional seasons due to low
heating requirements. Therefore, it is economically feasible to incorporate a peak heat source.

The results of the calculations of the total solar radiation incident on one square meter of the solar
collector surface are presented in Table 1. Both the orientation of the panel to the cardinal directions and the
tilt angle are also considered [2].

Table 1: Total solar radiation (MJ/m?) incident on a surface inclined at 70°

Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.

North 60 104 188 415 608 681 637 502 182 107 52 37
North-East 62 132 284 414 591 658 617 491 296 139 58 37
East 8 165 331 459 689 862 629 538 339 168 76 43
South-East 92 186 361 487 663 723 683 566 365 184 86 54
South 98 194 364 483 651 707 669 557 364 187 88 51
Southwest 96 192 362 485 659 719 678 563 365 185 85 48
West 8 166 331 458 635 699 658 537 338 167 76 44

North-West 63 136 294 426 607 675 633 506 306 142 58 37

Fig. 9 presents the combined direct and diffuse solar insolation per square meter incident on a collector
inclined at 70° and oriented southwest (MJ/m?) [22]. The results of this study on the seasonal variability of
solar insolation and the influence of cloud cover are consistent with the findings reported for other climatic
regions. However, similar investigations have not previously been conducted for the southern regions of
Western Siberia.
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Figure 9: Average total solar insolation values

3.2 Analysis of the Proposed Solar-Assisted SWH System

Two types of solar collectors are commonly used in heat supply systems: flat-plate and vacuum tube
collectors [23]. A comparison of their technical performance indicators is summarized in Table 2. The
comparison presented in Table 2 supports the selection of tubular vacuum collectors for the studied location.
Solar radiation exhibits significant daily variability. Fig. 9 illustrates the number of sunlight hours in January,
which significantly reduces, resulting in a marked decrease in available solar energy.

Table 2: Comparison of flat-plate and vacuum collectors

Tubular vacuum Flat-plate highly selective

Advantages
Low external heat losses
Operates at temperatures down to minus 35°C.
Heating water to the parameters of a high-temperature
heating system: 120°C-160°C.
Heat generation under high cloud cover and low light
conditions.
Easy to install and assemble, with low installation costs.
Insignificant wind load.
High productivity for temperate latitudes and cold
climates (Radwan et al. [24]).

Non-specialized clearing of snow.
High productivity in summer and
for southern latitudes (Singh
etal. [25]). Lower capital
investment.

Disadvantages

The surface needs to be cleared of snow.
High capital investment.

External heat losses at low outdoor
temperatures. Low productivity in
winter. Vast windage area.
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Daily variations in the domestic hot water supply load, combined with fluctuations in solar energy
availability, require compensation for the periods when heating load exceeds solar generation. This variability
is illustrated in Fig. 10, which compares hot water consumption with the corresponding solar-generated hot
water. The observed mismatch indicates the necessity for incorporating thermal energy storage [26].
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Figure 10: Hourly average of daily heat generation and hot water consumption demonstrating variability

The design of an individual heating system should ensure coordination between the operation of the
heating and domestic hot water supply system and the heat generation units. A peak heat source must
be provided, which is activated when the water temperature in the accumulator tank drops below the
predetermined set value.

The schematic of the individual heating system, presented in Fig. 11, incorporates both conventional
and alternative energy sources. Any standard boiler can serve as a conventional heat source; in this study, a
gas boiler is proposed. For the solar heating component, underfloor heating is recommended as a primary
distribution method.

This engineering design enables water heating through both the solar collector system and the boiler
circuit. A special accumulator tank serves as both a heat exchanger and a thermal storage unit. The tank
smooths the mismatch between peak heat consumption and peak heat generation from the solar collector
during the daytime operation.

Based on the calculations of the domestic hot water (DHW) energy demand for a detached house
occupied by a four-person household and the corresponding solar energy accumulation, the system requires
4 solar collector panels. Evacuated tube collectors are capable of meeting domestic hot water demand for
approximately seven months per year, as illustrated in Fig. 12.

The heating season in the city of Tyumen extends approximately 223 days from October to April. During
this period, the solar collector system primarily provides the domestic hot water load. Surplus thermal energy
generated by solar collectors in March, April, and September can be used to partially cover heating demand.
Monthly calculations of the heat production and consumption are shown in Fig. 13. However, solar collectors
alone are insufficient to meet the space heating load, so a peak heat source is demanded.
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Figure 11: Schematic diagram of the proposed standalone heat supply unit
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Figure 13: Heating and DHW load supply by solar collectors installed in Tyumen city

Based on the required thermal energy for space heating and domestic hot water (DHW) and the energy
supplied by the solar collectors, the boiler heat contribution is determined and summarized in Table 3. The
maximum DHW heat demand occurs in January, reaching 6046.8 M]. During the summer period, from May
to August, thermal energy generated by solar collectors is not used due to the absence of heating load and
increased solar insolation, which is also reported by Singh et al. [25]. Table 3 indicates that the solar collector
system provides 14% of the heat energy consumption.

Table 3: Thermal energy supplied to the heating and DHW system from different heat sources

Amount of heat to supply Energy generated b Amount of heat from
Month the DHW ag\flﬂl; eating load solargc}:)lglectors (M]}), the boiler (M])
January 6046.75 116.36 5931.48
February 5392.14 270.67 5122.55
March 4483.81 581.56 3903.34
April 2985.14 877.57 2108.66
May 888.68 1067.34 -
June 349.03 1196.29 -
July 360.63 1172.32 -
August 360.63 842.98 -
September 94731 538.93 409.47
October 3307.88 305.73 3003.24
November 4497.66 158.46 4340.29
December 5644.85 87.54 5558.4
Total 35,264.5 7215.75 30,3774
annually

The analysis results of the proposed heating system and hot water supply system confirm the feasibility
of integrating solar collectors along with a conventional hot-water boiler in the southern regions of Western
Siberia. Future solar energy policies will be characterized by their integration into broader sustainable
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development strategies [27] and climate action initiatives, focused on specific decarbonization targets and
energy security.

4 Conclusion

Cloud cover is to be considered when determining the number of heating units required to meet the
thermal demands when constructing and operating the solar collector-based heating systems. In Tyumen,
located in the southern region of Western Siberia, the number of cloudy days ranges from 5% to 50%,
and with the increase in cloud cover increase in winter. The total solar radiation can reach 900 MJ/m? in
summer, disregarding cloud cover and the collector inclination, but decreases to 50-150 M]J/m? in winter.
Therefore, it is inefficient to meet the heating load through equipment utilized within a limited period of
time, given the associated high capital costs. Daily solar radiation is relatively predictable and stable between
09:00 a.m. and 03:00 p.m. in percentage correlation with the total daily radiation. Consequently, the heating
system is equipped with an accumulator tank so as to compensate for the heat reduction during the evening
and nighttime.

For northern cities with pitched roof buildings and the optimal collector inclination, it is recommended
to install solar panels at a tilt angle of 70° facing southwest. The chosen position makes it possible to increase
the captured heat energy by up to 35% compared with the horizontal installation. The recommendation
is limited to the latitude and longitude of southern Western Siberia and cannot be applicable to locations
outside the geographic region in question.

The design of an individual heating system should incorporate a primary (peak) heat source and an
automated control system to activate it when the temperature in the accumulator tank drops below the set
values. In this case, solar collectors can fully meet the hot water supply demand. The use of an automated
heating system with a peak boiler is particularly relevant for facilities located in regions with an extreme
continental climate.

The introduced hybrid solar-gas boiler heating system can fully meet domestic hot water (DHW)
demand and allow scheduled maintenance of the heat distribution network from September to August. Being
feasible, electricity costs for driving network pumps in summer can be reduced, allowing a smaller-diameter
heat network pipeline.

Acknowledgement: The authors acknowledge Industrial University of Tyumen for the technical support during the
research and for the financial support to publish the paper.

Funding Statement: The authors received no specific funding for this study.

Author Contributions: Conceptualization, Polina A. Tretyakova and Anna A. Menshikova; methodology, Alexey P.
Belkin; software, Alexander A. Rumyantsev; validation, Polina A. Tretyakova, Anna A. Menshikova and Alexey P.
Belkin; formal analysis, Alexander A. Rumyantsev; investigation, Alexey P. Belkin; resources, Anna A. Menshikova;
data curation, Anna A. Menshikova; writing—original draft preparation, Alexey P. Belkin; writing—review and
editing, Alexander A. Rumyantsev; visualization, Polina A. Tretyakova; supervision, Polina A. Tretyakova; project
administration, Alexey P. Belkin; funding acquisition, Anna A. Menshikova. All authors reviewed the results and
approved the final version of the manuscript.

Availability of Data and Materials: The data that support the findings of this study are available from the Correspond-
ing Author, P. A. Tretyakova, upon reasonable request.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest to report regarding the present study.



14 Energy Eng. 2026;123(4):15
Nomenclature
Definition

o The canting, or tilting, angle of the solar collector

h Solar altitude

¥ The azimuths of the sun

¥; The projections of the normal to the inclined surface with regard to the orientation to the

cardinal directions

k The conversion factor of direct solar radiation from a horizontal surface to an inclined surface

e The total heat input to the solar panel

DHW Amount of heat to supply the DHW and heating load

Thor Total solar radiation reaching the horizontal surface with regard to cloudiness, MJ/m?

Schor Direct solar radiation reaching the horizontal surface for clear sky, MJ/m*

Ichor Total solar radiation reaching the horizontal surface for clear sky, MJ/m?

Dchor Diffuse solar radiation reaching the horizontal surface for clear sky, MJ/m?
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