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Abstract

:

In winter, for our own safety, as well as for the comfort of the user, we are obliged to remove or mitigate the defects related to the accumulation of snow and ice on flat surfaces, such as: pavements, stairs, driveways, parking lots, roofs, squares, or sports fields. Snow and ice from these surfaces can be removed by a variety of methods. Chemical, mechanical, or heating methods are most often used. Mechanical and manual methods cannot always be used. They also often do not allow the complete removal of snow and ice from the surface. In chemical methods, the chemicals used can have a negative impact on the environment and the surface itself. Heating external surfaces using electric heating cables or liquid-filled pipes is one of the safest and most effective ways to remove snow and ice from the available methods. The article presents a technical concept of a car park heating system with the use of various heating systems. The main thesis of the work is the possibility of using heating systems to maintain the quality of external parking spaces in winter. The authors tried to prove that it is possible to use a number of heating systems based on commonly known energy carriers for this purpose. The concept was made for the conditions prevailing in Poland. The systems were compared in financial and ecological terms. The following systems were analyzed: electric heating, heating with the use of a heat pump with a vertical ground heat exchanger, and liquid heating with various heat sources (including heat from the district heating network, hard coal boiler, biomass boiler, fuel oil boiler, natural gas boiler). From a cognitive point of view, it was interesting to examine whether the proposed installation with a heat pump is technically feasible and economically and ecologically justified.
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1. Introduction


The accumulation of snow and ice on outdoor surfaces in winter is a messy phenomenon. This may affect the usability of a given surface, the quality of use, but also safety. In some cases, snow and ice can damage the surface, disabling it completely. In the event of using sports facilities in winter, appropriate conditions must be ensured. In the case of football fields, strict requirements in this matter are issued by International Federation of Association Football (FIFA) and Union of European Football Associations (UEFA). It is important to ensure good conditions for the grass to grow, which in the event of an update minimizes the risk of injury. It is also important that the condition of the pitch turf does not adversely affect the course of the sports event [1,2]. In the case of roofs, it is important that the snow does not damage the structure under its weight, which seriously affects safety. The use of parking lots or squares is much easier and safer when the surface is free of snow and ice [3,4].



Snow and ice from these surfaces can be removed by a variety of methods. Chemical, mechanical or heating methods are most often used. Mechanical and manual methods cannot always be used. They also often do not allow the complete removal of snow and ice from the surface. In chemical methods, the chemicals used can have a negative impact on the environment and the surface itself. Heating external surfaces using electric heating cables or liquid-filled pipes is one of the safest and most effective ways to remove snow and ice from the available methods [5,6,7,8,9]. There are many types of outdoor heating systems. The basic division results from the type of energy carrier. There are two basic systems powered by electricity and liquid. In electric heating systems, the heating element is a resistance wire. In the second arrangement, the heating system consists of pipes that are filled with liquid. Both solutions are extremely effective, durable, and environmentally friendly. Each of them fulfills its tasks, which are aimed at accelerating the melting of snow and ice, drying of the surface, and keeping the surface and soil temperature as constant as possible, regardless of the prevailing external conditions. The final choice of the type of heating installation depends on the investor, and it is influenced by economic and ecological factors. In this publication several ways of heating the parking lot for passenger cars are analyzed. Electric heating and liquid heating systems were selected. Seven heat sources were analyzed in liquid systems, including: system heat, a hard coal boiler, a pellet boiler, a fuel oil boiler, a natural gas condensing boiler and a heat pump. For financial reasons, it is good for the designed installation to be economical in the long term. This aspect is important for the entity responsible for financing the installation. However, special attention should be paid to the ecological aspect. The heating installation should meet the applicable gas emissions standards, and thus meet the expectations of the residents. According to the current observations and practices, the selection of economic technologies limiting the emission of gaseous pollutants into the atmosphere requires political support from the government, basic technology protection and community involvement [10,11,12]. Each of the analyzed systems is characterized by different operating costs and environmental impacts. The authors tried to choose the most optimal option in financial and environmental terms [13,14,15].




2. Description of Possible Heating Solutions


The heating system enables the heating under many types of surfaces, such as paving stones, asphalt, concrete, cobblestones, natural stone, ground, pitch turf. The method of installation of the heating system results directly from the type and purpose of the heated surface. Installation can be carried out on the entire heated area or strategically, e.g., in the most frequently used places. Often used, steep driveways to garages should be fully heated for safety reasons. However, in the case of moderate use, usually private, it is enough to heat only a part of the surface, e.g., two lanes on which the vehicle moves. Likewise, consider heating a car park or other vehicle space. If it is a strategically important or very frequently used object, the installation should be made so that the designated places where vehicles move and parking spaces are visible in all weather conditions. In this case, it is a good idea to install a heating system under the entire surface of the yard.



The main task of the heating installation is to protect against icing and snow. For proper operation, each heating system must be equipped with a control module, which should enable the installation to be turned on before the deterioration of weather conditions, precipitation, or icing. In extreme situations, with heavy snowfall and very cold temperatures, the system may not function effectively. The energy consumption or the time needed for the system to function properly may be too high. In such a situation, the heating system can support the work of the relevant services responsible for the object.



2.1. Electric Heating Systems


Resistance wire heating elements are used in electric heating systems. The wires are placed under the heating surface. They should be insulated against moisture and have high resistance to mechanical damage. They are powered with the voltage of 240 or 400 V.



Electric systems use variable-resistance or constant-resistance cables. Variable-resistance cables adjust the heating power to external conditions, but their lifetime is shorter than that of constant-resistance cables. Heating mats can also be used instead of heating cables. The heating mat consists of a system of wires laid on a special glass fiber mesh. Their advantage is the ease and speed of assembly [4,16].



Proper operation of each heating installation is possible thanks to the automation system. Such a system consists, among others, of sensors measuring the temperature of outside air, heated ground, heating cable and humidity of the heated surface. The entire system is connected to a power supply and control station. The electric heating system is relatively convenient and easy to install.



The heating power of the system depends on, among others, climatic conditions, purposes, and location of the heated surface, as well as individual needs. For the climatic conditions prevailing in Poland (temperate zone with a temperate warm transitional climate), it can generally be assumed that the unit heating power of an surface is from 200 to 400 W/m2 [16].




2.2. Liquid Heating Systems


Liquid heating systems use heat pipes filled with antifreeze, e.g., water-glycol mixture. They are installed in loops similar to electrical installations. Heating cables are installed in loose soil layers, e.g., in a layer of sand mixed with concrete. Directly on the surface prepared in this way, the outer layer is made, e.g., paving stones, asphalt or another, depending on the requirements. The thickness of all layers above the conductor should not exceed 25 cm when covering the conductors with soil, or 10 cm when using a sand layer. It is recommended that the layer finished with stone slabs be 6 cm thick if the pipes are laid in concrete mortar. Figure 1 shows a cross-section of the heating system for the surface made of paving blocks [5].



In liquid systems, one of the necessary elements are circulation pumps that force the flow of the heating medium in the installation. The system together with the heat source (e.g., a boiler for the selected fuel) forms a closed system in which the working medium flows. As in the case of the electrical system, the proper operation of the installation is possible thanks to the automation system. Based on the data from the soil and air temperature and humidity sensors, the control system selects the appropriate operating parameters for the circulation pump and the mixing system.



The wealth of technical solutions in the field of heating systems allows to select an appropriate heat source taking into account location conditions, availability of energy carriers, ecological and economic aspects. The most popular energy sources include: electricity, district heating, solid fuel boilers, including coal and biomass, fuel oil boilers, gas boilers, and heat pumps.



External surface heating systems do not require high operating temperatures, so an interesting solution is the use of low-temperature heat sources [16,17,18]. In such systems, it may be economically justified to use heat pumps, where the lower heat source may be ground, water or air. Thanks to the use of a heat pump with a ground heat exchanger, it is possible to increase financial and ecological efficiency compared to solutions with a conventional heat source [19,20].



In the next part of the work, the technical concept and comparative economic analysis of various car park heating systems for passenger cars are presented. The systems powered by system heat, fuel in the form of hard coal, biomass, heating oil, natural gas, and a heat pump with ground exchanger were analyzed.





3. Description of the Car Park Heating System


The conceptual design was made for a parking lot located in Poland, in climate zone III. According to PN-EN 12831 standard, the design outdoor temperature in winter is −20 °C [21]. Heated parking lot area is 2900 m2. Seven variants of heat systems were considered:




	
electric heating, electricity supply,



	
liquid heating powered by system heat from the district heating network,



	
liquid heating powered by a hard coal boiler,



	
liquid heating powered by a biomass boiler,



	
liquid heating powered by a heating oil boiler,



	
liquid heating powered by a natural gas condensing boiler,



	
liquid heating powered by a heat pump with a vertical ground exchanger.








In an electrical system, the heating element will be a resistance wire. In each liquid system, according to the manufacturers’ data, the horizontal heat exchanger will be made of PEX pipe laid in Tichelmann’s system [22,23]. On the basis of literature information, the unit power of the heating system (Qj) was assumed to be 210 W/m2 [3,24]. For the variant with a heat pump, the vertical exchanger will be made in the form of boreholes 150 m deep [25,26]. The boreholes will contain U-shaped bent polyethylene pipes. The pipes constitute a supply and return line. The boreholes will be made in close proximity to the parking lot. The probes will be placed in a cohesive and moist soil, which will allow for heat extraction at the level of 50 W/m. The distance between the wells will be no less than 6 m, so the wells should not interact with each other [27].



The heat flow to the heating loops was calculated according to formula [28]:


  Q =  Q j  · A , kW  



(1)




where Qj denotes unit installation power, in W/m2, and A is the heated area, m2.



Based on simple calculations of the required heat flux and technical data available in manufacturers’ catalogs, sample devices were selected for each variant. Figure 2 shows block diagrams of analyzed solutions. Table 1 presents preliminary data for the design concept under consideration, and gives average energy prices in Poland. For electricity, the average price for a two-zone tariff is given. The prices were converted from the Polish currency (PLN) to the US dollar ($) at the current rate of 3.80 PLN/$.



The amount of heat that the heat pump takes from the ground is calculated from formula [28]:


   Q k  =    Q  PC   ·   SCOP − 1     SCOP   , kW  



(2)




where QPC—heat pump heating power, kW and SCOP—seasonal coefficient of performance.



The ground exchangers have been designed as vertical. The lenght of the ground heat exchanger was calculated from formula [28,29]:


  L =    Q k     q e    ,  m 2   



(3)




where qe—efficiency of heat absorption from the ground, W/m.



The vertical ground exchanger will be made in the form of 150 m deep probes. The number of probes was calculated from the formula:


  n =  L  150   ,  



(4)







Table 2 shows the calculation data and parameters of the proposed heat pump. Seasonal heating capacity factor SCOP was determined on the basis of guidelines for the design, construction, and acceptance of heat pump installations [20,30,31].




4. Assessment of the Economic and Ecological Efficiency of the Installation


The economic and ecological effectiveness of the analyzed solution has been assessed [20,32]. Table 3 presents investment outlays for individual heating systems According to the information available in the literature and obtained from contractors, it can be assumed that on the example of a heat pump installation, the cost of purchasing a pump is approximately 45% of all expenses. The implementation of the lower and upper heat source accounts for about 35% of all costs. The remaining elements of the installation account for approximately 20% of the total costs [33]. The costs of the remaining systems were estimated on the basis of offers received from at least two manufacturers of a given heating system. Table 4 presents the unit pollution emissions of individual heating systems [34,35,36]. For electric and district heating, pollutant emissions have been assumed for the conditions prevailing in Poland, where about 75% of the electricity and heat is generated in boilers powered by hard coal or lignite. Calculations of the assessment of economic and ecological efficiency were made for the period of installation operation from 400 h to 1400 h per year, after 20 years of operation. One of the final results of the efficiency and environmental assessment was to calculate and compare the costs of heat production with a heat pump and other heating systems, as well as emissions of harmful gaseous and dust pollutants.



Figure 3 shows the operating costs of the systems as a function of the system operation time from 400 to 1400 h over 20 years of operation. Operating costs include the purchase and assembly costs of the installation, fuel consumption costs, and inspection and service costs. Based on historical data on inflation and the average cost of servicing equipment, it was assumed that the total operating costs will increase by 5% each year. The graph shows that as the operating time increases during the year, a heat pump installation (VII) becomes more and more cost-effective compared to other systems. In the entire operation range, only installation III, i.e., liquid heating powered by a hard coal boiler, is the cheapest in operation compared to other systems. The electrical installation (I), despite the smallest investment outlay, turns out to be the most expensive installation in operation compared to the other systems.



Figure 4 shows a diagram of the CO2 emission of individual heating systems for an operating time of the installation from 400 to 1400 h during 20 years of use. The installation with a heat pump (VII), thanks to the high efficiency of heat production during the entire heating period, is characterized by the lowest CO2 emissions. The least ecological system is liquid heating powered by a fuel oil boiler (V), where CO2 emissions are almost five times higher than those of a heat pump. In the case of biomass installations, zero CO2 emissions can be assumed. This is due to the fact that plants emit as much CO2 in the combustion process as they take in the process of photosynthesis [37,38,39].



Figure 5 shows a graph of NOX emissions of individual heating systems for an operating time of 400 to 1400 h over 20 years of use. Heat pump heating systems (VII) have the lowest NOX emissions among the other heating systems. The highest concentrations can be observed in liquid heating systems supplied with district heating (II), hard coal-fired boiler (III) and electric heating (I). This is due to the high consumption rate of fossil fuels in the heating and power industry in Poland [35].



Figure 6 shows the graph of SO2 emission of individual heating systems for the system operation time from 400 to 1400 h during 20 years of use. Sulphur compounds are emitted during the combustion of solid fuels as well as heating oil. The emissions depend, among other things, on the quality of the fuel used. The highest values can be observed in liquid heating systems powered by a hard coal boiler (III), electric heating systems (I) and liquid heating systems powered by system heat from the heating network (II). The liquid heating systems powered by a natural gas boiler (VI), biomass (IV) and fuel oil (V) are characterized by the lowest and almost zero emission of SO2 among other heating systems, which results directly from the fuel used [37,40].



Figure 7 shows a graph of PM2.5 and PM10 dust emissions from individual heating systems with operating times from 400 to 1400 h over 20 years of use. The highest dust emission values can be observed in liquid heating systems powered by a hard coal (III) boiler, which results from the lack of dedusting devices in this type of installations. Dust emission in the electric heating (I) and district heating (II) installations is also high. As in the case of other pollutants, it results from the use of fossil fuels in the energy production process in Poland [35,36]. In other systems, it is several dozen times lower. The lowest dust emission occurs in liquid heating systems powered by a natural gas (VI) and fuel oil (V) boiler, which results directly from the characteristics of fuel.



The above results do not give a clear answer on the nuisance of the installation, as it depends on the specific pollutant to be taken into account. One solution to this issue may be to use the AQI (air quality index) to develop weights for the analyzed pollutants due to their impact on air quality [41,42]. Table 5 lists indicators of individual pollutants according to AQI coefficient.



AQI’s shareholding shows that SO2 and dust have the greatest impact on the external environment and human health, while to a lesser extent CO2 and NOx. It is possible to carry out a general statement of the impact of the analyzed pollutants on the human environment based on AQI and to draw general conclusions for particular installation alternatives. Figure 8 shows the global emission of the analyzed pollutants, taking into account the AQI shares for individual heating systems for the installation operation time from 400 to 1400 h during 20 years of use.



The global emission for each heating system has been calculated based on the formula:


    AQI  n  = ∑   AQI  i  ·  E i   



(5)




where AQIi is the share of analyzed pollution (based on Table 5), and Ei the emission of the analysed pollution (based on Table 4)



Analyzing the global emission factor in Figure 8, it can be concluded that the liquid heating system powered by a hard coal (III) boiler has by far the least beneficial impact on humans. Behind it there is an electric heating system (I) and a liquid heating system powered by system heat (II). In case of variant II, a reduction of more than 20% in relation to variant III can be observed. The least human impact was achieved by the variant of liquid heating system powered by a natural gas boiler (VI). In this case, a reduction of more than 95% of the human impact can be observed in relation to variant III.



An important factor in choosing the best option is the financial aspect. For this purpose, the share of the costs of individual installations in relation to the total costs of all installations was determined. On this basis, indicators were determined which of the installations requires the highest investment outlays. In the same way indicators for AQI impact were determined. The indicators are in the range from 0.00 to 1.00. Indicators close to 0 mean that the installation is characterized by low costs or emission of pollutants compared to other installations. The higher the indicator the higher the cost or emission of pollutants. The binding emission standards in Poland are established on the basis of restrictive European Union standards. Despite the strict standards, each of the proposed installations is possible and legal. Therefore, it was subjectively assumed that the ecological and economic indicators would be equally important. On this basis the global indicator was determined as the arithmetic mean of the financial indicator and AQI. The calculated indicators are shown in Figure 9. Under the climatic conditions of the parking lot heating system, each year there is an average of 40 days (960 h) with snowfall and 80 days (1920 h) with frosts. It was assumed that the operating time of the installation equal to 1000 h will be the most reliable among all the considered ones



Given the global indicator combining both human impact and installation costs, if such an assumption can be accepted, the most appropriate solution seems to be installation number VI (liquid heating powered by a natural gas boiler), which coincides with the previous conclusion of the analysis of only the adverse human impact factors based on the AQI indicator. Just behind the installation with the natural gas boiler is the installation with the biomass boiler (IV) and heat pump (VII). The least advantageous seems to be installation I (electric heating), where all indicators are at high levels. In financial terms, installation III (heating with hard coal boiler) is the cheapest. However, taking into account the high emission of pollutants, this variant turns out to be one of the worst among the others.




5. Conclusions


Heating systems for parking lots or other outdoor areas can be used in places where there is significant precipitation and temperatures remain well below 0 °C for a longer period of time. The application of the heating system for external surfaces allows to keep the surface free of snow and ice, and thus enables safe and comfortable use. It is particularly important in the case of surfaces with a significant gradient, where unfavorable weather conditions may make it difficult or completely impossible to move around.



This publication presents the results of technical analysis of the concept of a parking lot heating system using seven heating systems. Analysed system of electric heating, liquid heating supplied with heat from the heating network, liquid heating with coal boiler, liquid heating with biomass boiler, liquid heating with oil boiler, liquid heating with natural gas boiler, liquid heating with heat pump with vertical ground exchanger. It was assumed that the installation is located in Poland where is a temperate zone with a temperate warm transitional climate. Installation will operate for 20 years.



The results of the economic and ecological analysis are presented. All variants are compared against each other. From a cognitive point of view, it was interesting to examine whether the proposed installation is technically and economically feasible. Calculations of the economic and ecological efficiency assessment were made for the time of use of the installation during the heating season from 400 h to 1400 h.



According to the observations and practices to date, the occurrence of technology reducing the emission of carbon dioxide and other pollutants into the atmosphere requires political support from the government, basic protection of the technology and a broad participation of residents [10,11,12]. It is necessary to consider policies and regulations to support residents in changing the awareness of low-carbon technology in their neighborhood, which is the main goal of activities aimed at convincing also the political sphere to take action in this area. In order to promote the implementation of green technologies in the low-carbon development strategy at the neighbourhood level, the policy requires that innovations include new solutions and ensure their effective implementation [43]. Moreover, the environmental policy encourages citizens to take parity actions, by engaging in daily life activities for a more sustainable environment [44]. Elaborate administrative mechanisms facilitate scientific decisions in favour of solutions supporting sustainable development. Therefore, the formulation of policies encourages the consolidation of residents’ actions. The lifestyle of the residents contributes to shaping gentle interactions between the economy, society, culture, politics, and ecology. Therefore, their participation provides an effective way to achieve the intended goals. Participation of residents in building low-emission districts means to mobilize residents to improve the quality of life [45,46,47].



On the basis of the analyses carried out, it can be seen that the cheapest to buy is the electrical installation (variant I). However, taking into account energy costs, the installation turns out to be the most expensive to operate. The most expensive to buy is the installation with a heat pump (variant VII). Taking into account the operating costs in the long term and the ecological aspect, this type of installation turns out to be one of the cheapest and most ecological. In terms of purchase and operation, the installation with a hard coal boiler is the cheapest (variant III). However, taking into account the high emission of pollutants, it is the worst installation among the others.



The lowest emission of pollutants is characteristic of an installation with a condensing boiler fired with natural gas. It is also one of the cheapest installations in terms of operation. Considering both these factors, and taking into account the initial assumptions, it is the best installation of all. The above information is applicable in places where the weather conditions in winter are similar to those in Poland. In warmer places, the use of heated external surfaces may not have raison d’etre. It can be assumed that the proposed installations are applicable in many countries with similar or colder climates. However, the authors are aware that the final conclusions may vary depending on the available heating systems on the local market, energy prices, ecological and economic indicators as well as the shape and size of the parking lot. This work can serve as a signpost which will help to choose the optimal solution from the ecological and economic point of view.
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Figure 1. Cross section of the heating system: 1—outside surface, 2—sand and cement, 3—heating pipes, 4—hardened ground, 5—temperature and humidity sensor. 
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Figure 2. Schematic diagram of parking lot heating with: I—electricity, II—district heating network, III—hard coal boiler, IV—biomass boiler, V—fuel oil boiler, VI—condensing gas boiler, VII—heat pump with ground heat exchanger. 
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Figure 3. Chart of the operating costs of individual heating systems for an operating time of 400 to 1400 h over 20 years of use, where: I—electric heating power supply, II—liquid heating supplied from the district heating network, III—liquid heating powered by a hard coal boiler, IV—liquid heating powered by a biomass boiler, V—liquid heating with fuel oil boiler, VI—liquid heating powered by a natural gas boiler, VII—liquid heating powered by a ground source heat pump. 
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Figure 4. CO2 emissions of individual heating systems for an operating time of 400 to 1400 h over a 20-year period, where: I—electric heating power supply, II—liquid heating supplied from the district heating network, III—liquid heating powered by a hard coal boiler, IV—liquid heating powered by a biomass boiler, V—liquid heating with fuel oil boiler, VI—liquid heating powered by a natural gas boiler, VII—liquid heating powered by a ground source heat pump. 
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Figure 5. NOX emission of individual heating systems for an operating time of 400 to 1400 h over 20 years of use, where: I—electric heating power supply, II—liquid heating supplied from the district heating network, III—liquid heating powered by a hard coal boiler, IV—liquid heating powered by a biomass boiler, V—liquid heating with fuel oil boiler, VI—liquid heating powered by a natural gas boiler, VII—liquid heating powered by a ground source heat pump. 
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Figure 6. SO2 emission of individual heating systems for the system operation time of 400 to 1400 h during 20 years of use, where: I—electric heating power supply, II—liquid heating supplied from the district heating network, III—liquid heating powered by a hard coal boiler, IV—liquid heating powered by a biomass boiler, V—liquid heating with fuel oil boiler, VI—liquid heating powered by a natural gas boiler, VII—liquid heating powered by a ground source heat pump. 
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Figure 7. PM2.5 and PM10 dust emissions of individual heating systems for an operating time of 400 to 1400 h over 20 years of use, where: I—electric heating power supply, II—liquid heating supplied from the district heating network, III—liquid heating powered by a hard coal boiler, IV—liquid heating powered by a biomass boiler, V—liquid heating with fuel oil boiler, VI—liquid heating powered by a natural gas boiler, VII—liquid heating powered by a ground source heat pump. 
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Figure 8. Global emission of the analyzed pollutants, taking into account the AQI shares for individual heating systems, for the installation operation time of 400 to 1400 h over 20 years of use, where: I—electric heating power supply, II—liquid heating supplied from the district heating network, III—liquid heating powered by a hard coal boiler, IV—liquid heating powered by a biomass boiler, V—liquid heating with fuel oil boiler, VI—liquid heating powered by a natural gas boiler, VII—liquid heating powered by a ground source heat pump. 
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Figure 9. The AQI share, financial share of individual installations and the total impact of both factors as a global share for the installation operating time of 1000 h over 20 years of use, where: I—electric heating power supply, II—liquid heating supplied from the district heating network, III—liquid heating powered by a hard coal boiler, IV—liquid heating powered by a biomass boiler, V—liquid heating with fuel oil boiler, VI—liquid heating powered by a natural gas boiler, VII—liquid heating powered by a ground source heat pump. 
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Table 1. Preliminary data.
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Name

	
Details






	
heated surface A, m2

	
2900




	
unit installation power Qj, W/m2

	
210




	
heat flow to the heating loops Q, kW

	
610




	
electricity

	
energy cost, $/kWh

	
0.13




	
system heat

	
energy cost, $/kWh

	
0.06




	
hard coal

	
energy cost, $/kWh

	
0.03




	
energy value, kWh/kg

	
7.22




	
efficiency, %

	
85.0




	
biomass-pellet

	
energy cost, $/kWh

	
0.04




	
energy value, kWh/kg

	
5.28




	
efficiency, %

	
85.0




	
fuel oil

	
energy cost, $/kWh

	
0.09




	
energy value, kWh/l

	
10.2




	
efficiency, %

	
95.0




	
natural gas

	
energy cost, $/kWh

	
0.05




	
energy value, kWh/m3

	
9.86




	
efficiency, %

	
98.0











[image: Table] 





Table 2. Summary of calculation data for the analyzed heat pump solution.
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	Name.
	Details





	heat flow to the heating loops Q, kW
	610



	selected heat pump
	2× Viessmann Vitocal 300G PRO 302.C230



	workplace B/B, °C/°C
	5/10



	heating power QPC, kW
	2 × 305



	power consumption of the heat pump P, kW
	2 × 35.9



	seasonal coefficient of performance SCOP
	3.9



	amount of heat to be taken from the ground Qk, kW
	454



	length of the vertical heat exchanger L, m
	9072



	amount of drillings n
	61
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Table 3. Investment expenditure on individual heating systems.
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	Heating system
	Components
	Total Capital Expenditure (Kin), $





	electric heating power supply (I)
	electric heating elements with complete accessories, control system and automatics
	66,685



	liquid heating supplied from the district heating network (II)
	heating junction, liquid pipe system, other elements of the system: heat exchanger, pipelines, fittings, automation system, labour and system start-up
	95,265



	liquid heating powered by a hard coal boiler (III)
	coal boiler, liquid pipe system, other elements of the system: heat exchanger, pipelines, fittings, automation system, labour and system start-up
	107,173



	liquid heating powered by a biomass boiler (IV)
	biomass boiler, liquid pipe system, other elements of the system: heat exchanger, pipelines, fittings, automation system, labour and system start-up
	119,081



	liquid heating with fuel oil boiler (V)
	fuel oil boiler, liquid pipe system, other elements of the system: heat exchanger, pipelines, fittings, automation system, labour and system start-up
	100,028



	liquid heating powered by a natural gas boiler (VI)
	natural gas boiler, liquid pipe system, other elements of the system: heat exchanger, pipelines, fittings, automation system, labour and system start-up
	100,028



	liquid heating powered by a ground source heat pump (VII)
	heat pump, lower and upper heat source, other system components: heat exchanger, pipelines, fittings, automation system, labour and system start-up
	345,900
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Table 4. Specific emissions from individual heating systems.
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Heating System

	
Specific Emissions of Pollutants




	
CO2,

kg/kWh

	
NOX,

g/kWh

	
SO2,

g/kWh

	
dust,

g/kWh






	
electric heating power supply (I)

	
228

	
0.24

	
2.21

	
1.44




	
liquid heating supplied from the district heating network (II)

	
260

	
0.27

	
2.54

	
1.65




	
liquid heating powered by a hard coal boiler (III)

	
280

	
0.30

	
2.79

	
1.82




	
liquid heating powered by a biomass boiler (IV)

	
270

	
0.23

	
0.03

	
0.24




	
liquid heating with fuel oil boiler (V)

	
299

	
0.22

	
0.13

	
0.04




	
liquid heating powered by a natural gas boiler (VI)

	
218

	
0.17

	
0.000008

	
0.00005




	
liquid heating powered by a ground source heat pump (VII)

	
60

	
0.06

	
0.58

	
0.38
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Table 5. Shares of analyzed pollutants according to AQI coefficient.
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Share of Contaminants by AQI






	
CO2

	
NOX

	
SO2

	
PM2.5/10




	
0.198

	
0.157

	
0.354

	
0.291
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