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Abstract

:

Generating energy from renewable sources is becoming more and more popular and widespread. Air source heat pumps are one of the most popular types of heat pumps due to the general availability of a heat source and relatively low investment costs. The aim of the paper was to investigate the impact of the use of air heat pumps on the improvement of energy efficiency of Silesian Botanical Garden facilities in Poland. Year-round numerical analyses of energy consumption were carried out with the use of IDA ICE software, based on data received from the facility administrator. Different variants of the boiler room configuration including air-to-water heat pumps were analysed. The results showed that implementation of heat pumps led to significant decrease of energy consumption in the building and reduction of values of Primary Energy and CO2 emission.






Keywords:


Silesian Botanical Garden; renewable energy sources; air heat pump; energy simulation












1. Introduction


The increase in the use of renewable energy sources is now becoming a necessity due to compliance with the regulations on the limitation of pollutant emissions caused by the combustion of fossil fuels, but are also due to the need to ensure one’s own energy needs, including heating for buildings. As 75% of EU greenhouse gas emissions come from energy use and production, decarbonising the energy sector plays a key role in achieving EU climate neutrality [1]. The Polish energy market relies mainly on fossil fuels, primarily on coal. Fossil fuels represented 84% of energy generation sources in 2020, which are one of the highest indicators in Europe. At the same time, the share of renewable energy is one of the lowest in the EU, and the share of renewable energy sources in the energy mix is only 15% [2].



The European Union, wishing to meet the assumptions of the international Paris Agreement [3] and assuming the introduction of measures to reduce greenhouse gas emissions, introduced a package of political initiatives called the European Green Deal [4]. The ultimate goal of this strategy is to achieve climate neutrality by 2050. Achieving this goal requires the Member States of the European Union to undergo a socio-economic transformation. EU Member States are required to submit national plans outlining and reporting on their activities to achieve energy and climate goals, such as the reduction of greenhouse gas emissions, use of renewable energy, improvement of energy efficiency and electricity interconnections. The first reporting period covers the period of 2021–2030. Buildings are the largest consumers of energy in Europe. It was estimated that in Poland, buildings account for 38% of the total energy consumption and 33% of energy-related emissions [5]. Therefore, the efforts to reduce emissions and increase energy efficiency should be intensified, with a special emphasis on the building sector.



Poland can achieve the above-mentioned goals, provided that, i.a., such actions are implemented, including a reduction of 80% of consumption of non-renewable Primary Energy in buildings by 2050. This action should be the result of improving the energy efficiency of buildings and increasing the share of energy from renewable sources. In addition, the share of heat from renewable sources should reach 23% (in the power generation sector 32%) in 2030. Continued decarbonisation of heating and cooling in the coming years should result in at least 80% reduction in CO2 emission in 2050 compared to the 2016 level. In addition, by 2030, buildings located in individually heated cities should have their coal systems replaced by system heat, gas and biomass (e.g., pellets). This should occur by 2040 for buildings in rural areas. In the longer term, other renewable energy sources will be used and the electrification of heating will continue. These activities are also included in the Energy Policy of Poland until 2040 [6].



As of 1 January 2020, there are approximately 14.2 million buildings in Poland, of which almost 40% are single-family residential buildings, and less than 30% are public buildings, according to the long-term building renovation strategy [7]. A significant part of these buildings is characterized by low energy efficiency and will require thermal modernisation in the coming years. The strategy assumes an average annual rate of thermal modernisation at the level of approximately 3.8%, assuming that by 2050, 65% of buildings will achieve a Primary Energy of no more than 50 kWh/m2/year. According to the data of the Central Emission Register of Buildings in Poland, among the declarations submitted by October 2022 regarding the type of heat source in buildings, solid fuel boilers and gas boilers had the largest share, accounting for 33% and 24%, respectively, while heat pumps accounted for just over 2% [8]. However, the share of heat pumps used to heat newly constructed buildings is significantly higher.



Wider implementation of renewable energy sources such as heat pumps, also in older buildings, is an important element on the path to decarbonisation [9]. In Poland, an intensive increase in the number of heat pumps has been observed for several years. In particular, compressor heat pumps to heat buildings and to prepare domestic hot water, has become more popular. The increase in interest in heat pumps was significant, and has more than doubled, and is due to increases in the prices of energy carriers and fuels calculated year on year. It was also encouraged by financial support in the form of subsidies for efficient heat pumps under the “Clean Air” [10] and “My heat” [11] programs, or due to thermo-modernisation relief support which consists of deducting the expenses incurred for the implementation of the thermo-modernisation project from income (revenue). The popularity of renewable heat sources is also growing due to the increase in environmental awareness and the high comfort of operating these systems. When heat pumps are installed as the only heat source in the building, they do not emit any air pollutants, and hybrid heat pumps, for example, cooperate with a gas boiler, which allows for a significant reduction of emissions [12]. The energy and economic performance of the combined system are highly influenced by the control strategies implemented and by the objective functions adopted [13]. Hybrid heat pumps, i.e., heat pumps combined with complementary technologies, are transitional solutions towards full decarbonisation.



Heat pumps with a ground heat exchanger as a heat source are characterized by higher efficiency coefficients than air-to-water heat pumps [14,15,16]. Ground-source heat pumps also demand slightly less power than air-to-water heat pumps [14,17]. Air-to-water heat pumps may, in some cases, underperform the manufacturer’s laboratory test results [18]. Nevertheless, air-to-water heat pumps are very popular. In Poland, in the first quarter of 2022, there was an increase of over 130% in air-to-water heat pump sales, while the increase in ground source heat pumps was 45% [19]. Significant advantages are the ease of installation and the lack of investment costs related to the construction of the heat source installation. In the case of a ground heat exchanger, the installation costs constitute a significant part of the investment costs of the entire heating installation.



The benefits of using heat pumps are particularly evident when the replacement of the heat source is a part of the deep renovation process, which also includes improved thermal insulation and heat recovery, allowing for the reduction of peak power required by heat pumps [20]. Further enhancement of energy efficiency and reducing the payback period when using heat pumps also depends on appropriate design and control optimization [21,22].



The cooperation of heat pumps with photovoltaic installations [23], which supply electricity to the compressor drive, is justifiable. Installations that enable the storage of generated electricity [24,25] and heat [26,27] have an additional advantage. Analyses conducted for Polish conditions [28] showed significant economic and ecological benefits of heating with heat pumps. Plenty of research presenting the results of case studies with heat pumps was carried out for single-family houses [14,23,24,26,29]; fewer results apply to larger buildings as well as public buildings [30,31,32].



The paper analyses a building belonging to the Silesian Botanical Garden (SBG), which is a public utility building that fulfils many functions. SBG is located in the south of Poland, in the area of Silesia, in the commune of Mikołów. The building houses offices, educational rooms, as well as a restaurant with kitchen facilities. Currently, the use of renewable heat sources is limited to four solar collectors preparing domestic hot water. Previously conducted analyses [33] indicate the possibility of a photovoltaic (PV) installation or a local wind turbine.



This research extends the use of renewable energy sources in the existing SBG building with the modernisation of the heat source through the application of a heat pump. Due to the poor thermal properties of the ground, semi-solid silt and sandy loams without groundwater [34], as well as a limited area free from shading plants that limit the possibility of regeneration of the ground in the summer, the ground heat pump was abandoned in favour of an air-to-water heat pump.



To determine the legitimacy of using air heat pumps, simulation analyses were carried out for the local outdoor climate. IDA ICE simulation tool was used to analyse the operation of heat pumps under dynamic climatic conditions, which had previously been successfully used in many analyses of heat pump operation [35,36,37,38]. In order to reduce the investment costs, no changes were made to the existing heat distribution system in the building.




2. Analysed Building


The energy analyses were carried for the building of the Centre for Ecological and Environmental Education (CEEE), on the area called Sośnia Góra (former military areas). It belongs to the Silesian Botanical Garden complex in Mikołów, Poland. The building was constructed in 2010. It is oriented towards the north-east. The building area is 1058 m2 and its cubature is 3540 m3. Figure 1 shows the view of the building.



The building consists of 52 rooms for various purposes. The part of the building with 22 rooms, i.e., offices, storage rooms, server room and boiler room, is a one-story building with a room height of 2.6 m. The second part of the building has 28 rooms, i.e., an audio-visual room, conference room, library, social rooms, kitchen, canteen, cold storage room, food processing rooms, cloakrooms and toilets (with a room height of 3.6 m), is located underground in the converted former bunker building. Both parts of the building are connected by two staircases of 8.86 m height. At the top of the staircases, there are exits to the terrace and the lookout tower. The share of windows in the building envelope is 5%. The heat transfer coefficients of external partitions are the following: external wall: 0.25 W/m2K; roof: 0.19 W/m2K; floor: 0.52 W/m2K; windows: 1.9 W/m2K.



The building is equipped with a conventional gas boiler room. It consists of a gas boiler with a capacity of 32 kW and two hot water tanks, each with a capacity of 750 L. The building is also equipped with four flat solar collectors with dimensions of 2.38 m (height) × 1.06 m (width) and an absorber area of 2.32 m2. The building is equipped with a two-pipe central heating installation with parameters of 70/50 °C, which is supplied from the gas boiler room. Plate water radiators are used as heating elements. The building has a domestic hot water and circulation installation. Domestic hot water preparation takes place in hot water tanks located in the boiler room and then water is supplied to the sanitary facilities. The audio-visual room and canteen are equipped with a mechanical ventilation air supply and an exhaust system. The air is prepared in air handling units with heat recovery and water heaters. Ventilation air is supplied to the library, kitchen and kitchen facilities by two supply air handling units and exhausted by duct fans. The air from the cloakrooms and toilets is removed by duct fans. In offices, air is supplied through window diffusers and removed by duct fans. The values of the ventilation air volume flow rate were adopted based on the number of occupants in the rooms.




3. Energy Analyses Methodology


The energy analyses were carried out in the IDA ICE (Indoor Climate and Energy) 4.8 software [39]. The calculations were carried out for the period of the whole year with the use of climate data for Katowice, located 21 km from the building [40]. The actual geometry of the building and all rooms, as well as the construction of building partitions were implemented in accordance with the construction documentation of the facility. Figure 2 shows the floor plan of the building and Figure 3 presents the 3D model of the building, created with IDA ICE software.



3.1. Adopted Assumptions for Energy Simulations


In the numerical model of the building, typical values of thermal bridge values were taken into account. Wind dependent infiltration of the building was assumed with three air changes per hour at a pressure difference of 50 Pa.



The actual values of internal heat gains from occupants, electronic equipment, radiators and air conditioners were implemented based on the data received from the building administrator. The number of occupants and the type of their work (sitting/moving) were assumed. For the audio-visual room, conference room, library and canteen, half the number of users from the maximum range was assumed, e.g., for the range of 0–60 occupants, 30 occupants were taken into account. In total, there were 128 occupants in the building. For the seated people, the value of the MET coefficient was assumed equal to 1, and for the people physically active (in the kitchen and in the social room), MET was equal to 2. The days and hours of the occupants’ presence in the building were assumed in accordance with the obtained data. On weekends and public holidays, it was assumed that there were no people in the building, except for the following rooms: kitchen, scullery and canteen, as the restaurant is open every day. The total power of electronic equipment was set for all devices in a given room. The total output of electronic equipment in the entire building was 67.74 kW. The schedule of using the equipment was adopted in accordance with the schedule of the occupants present in a given room. In the server room and food processing rooms, the operating times of the devices were assumed as 24 h/day throughout the year. The power of luminaires were assumed as a total value for a given room. The maximum lighting output in the building was 21.72 kW. Most of the luminaires consisted of fluorescent lamps, and only three rooms were equipped with LED lighting. Lighting control was adopted in accordance with the assumed setpoint (minimum 100 Lux, maximum 10,000 Lux daylight in the room). The schedule for the use of lighting was adopted in accordance with the occupants’ schedule. For rooms not intended for permanent residence of people (corridors, toilets and utility rooms), irregular lighting operation times during the day, for a total of 2 h/day, were assumed. In the case of electronic equipment and lighting, it was assumed that they were fully used for 50% of the intended time in a given room, with half of them in use for the remaining 50% of the time. Panel water radiators with a total maximum power of 44.43 kW were implemented in 39 rooms. The heating capacity of individual radiators, their geometry, number and location in the rooms, as well as the supply and return water temperature, were adopted in accordance with the sanitary installation documentation and the data obtained from the building administrator. Cooling units (wall air-conditioners) of a total cooling capacity of 25.7 kW were implemented in eight rooms. The operation of radiators and air conditioners was controlled by proportional controllers.



The indoor air temperature setpoints were adopted according to the purpose of the rooms. For rooms intended for permanent residence of people and toilets, the value of the indoor air temperature was set equal to 20 °C, while for staircases it was equal to 8 °C. The average daily domestic heat water consumption was assumed in the amount of 7 l/per occupant and day in accordance with [41]. Consumption of domestic hot water was assumed to occur between 06:00 and 20:00 (end of restaurant operation). For weekends and holidays, half of the consumption was assumed, as only the restaurant was open. For the heating system, a distribution heat loss of 4% was assumed. For the domestic hot water system, a heat loss of 0.5 W/m2 of the room area was assumed. It was assumed that 25% of the heat loss was released to the rooms. The values of ventilation air volume flow rate were determined in accordance with the sanitary installation documentation. It was assumed that the air supplied to the audio-visual room, library, canteen, kitchen and kitchen facilities was provided by four supply-exhaust air handling units with heat recovery in the form of a cross-flow heat exchanger and a water heater. The total value of supply air volume flow rate was 7189 m3/h and the total value of exhaust air volume flow was 6195 m3/h. In the offices, the air was supplied through the window diffusers. They were simulated in the form of a fixed schedule of windows opening controlled by a PI regulator. In the toilets, the air was supplied through the contact grilles in the doors. In the offices and toilets, a mechanical exhaust system was used in a form of three exhaust air handling units. In the supply-exhaust and supply air handling units, the efficiency of heat recovery in the heat exchanger was set as 60%, the pressure of the supply fan was 600 Pa and the pressure of the exhaust fan was 400 Pa. The energy loss in the ventilation system was assumed as 1 W/m2 with 25% of the heat loss being released to the rooms.



The configuration of boiler room was developed in the ESBO (Early Stage Building Optimalization) module of the IDA ICE software. The total heat output of the gas boiler, the total capacity and shape factor of hot water tanks, as well as the dimensions, absorber area and deviation (25% in the vertical and 15% in the south direction) of the solar collectors were applied. The heating system control was adopted in accordance with the heating curve set in the actual building.




3.2. Calculation Variants


The dynamic energy analyses were carried out for the entire period of the calendar year for four variants: three basic variants, Variant 1, 2 and 3, which differed in the boiler room configuration and the fourth variant, Variant 3*, which was modification of Variant 3 and consisted in additional thermal insulation of external walls. Hydraulic diagrams of all calculation variants are presented in Figure 4, Figure 5 and Figure 6.



Variant 1 represented the existing conventional gas boiler room consisting of a gas boiler with an output of 32 kW and two hot water storage tanks of 750 litres each. The installation was complemented by four flat solar collectors with dimensions of 2.38 m (height) × 1.06 m (width) and an absorber surface of 2.32 m2 each. The heating circuit was operated by a gas boiler and the circulation pump was activated depending on the heating temperature setpoint. Domestic hot water preparation was primarily carried out by a solar installation. If necessary, priority was given to domestic water heating over space heating by a separate circulation pump charging a hot water tank with an internal heat exchanger.



Variant 2 represented existing conventional gas boiler plant complemented by one air-to-water compressor heat pump with an output of 30 kW. The COP value of the heat pump was 3.6 (A7/W40). The heat pump charged the buffer tank operating in accordance with the weather-controlled space heating temperature setpoint. The return of the heating circuit was connected directly to the parallel buffer tank in order to keep the heat pump temperature as low as possible and to avoid the heat pump’s running time being adversely affected by the gas boiler. The buffer tank was used for optimal hydraulic separation of the heat pump from the heating circuit, ensuring the necessary minimum flow rate through the heat pump and storing heat until the defrosting process of the heat pump. In addition, the capacity of the buffer tank functioned as a heat storage during periods when heat pump did not operate and during power failures. At the supply of the heating circuit, the gas boiler was separated by an additional hydraulic clutch. By an additional mixing system, the supply temperature was raised to the level required in the heating circuit. If necessary, priority was given to domestic water heating over space heating by the heat pump or the gas boiler.



Variant 3 represented existing conventional gas boiler room complemented by two air-to-water compressor heat pumps with a total output of 60 kW. The COP value of the heat pump was 3.6 (A7/W40). In comparison to Variant 2, this variant was complemented by an additional parallel-installed heat pump. Each unit was equipped its own circulation pump. Both heat pumps loaded the buffer tank operating in accordance with the weather-controlled space heating temperature setpoint.



Variant 3* took into account the assumptions of Variant 3 and additionally introduced lower values of heat transfer coefficients of building envelope and building elements, according to the current Polish requirements [42]. The aim of this variant was to analyse possible extra energy savings resulting from implementing better thermal insulation of the building.



The variant in which only heat pumps were used instead of a gas boiler was also analysed. However, in order to limit investment costs, the analyses were carried out for the existing heating system in the form of panel radiators without changing them to underfloor heating. Therefore, in the winter period, there were problems with obtaining the indoor air temperature setpoint in some of the rooms as they were excessively cooled. For this reason, this variant was not taken into account.




3.3. Analysed Parameters and Calculations Methodology


In the course of year-round dynamic simulations, the values of following parameters were calculated by the IDA ICE software:




	
heat demand for the entire building, including heat losses through the building envelope and thermal bridges, internal partitions, windows (in winter), infiltration air and mechanical air supplied by air handling units and heat losses from sanitary installations, as well as heat gains of occupants, electronic equipment, lighting and windows (in summer);



	
monthly heating energy consumption for space heating and preparation of domestic hot water, and cooling energy consumption;



	
monthly utilized free energy in a building from heat recovery in air handling units and from solar collectors;



	
monthly electric energy consumption for lighting, electronic equipment, air conditioners, auxiliary devices and heat pump compressor;



	
monthly fuel gas consumption for each calculation variant.








For all variants the calculations of Primary Energy were carried out in accordance with Equations (1)–(6), presented in [43].


EP = Qp/Af, kWh/m2/year



(1)




where:




	
Qp—annual demand for non-renewable Primary Energy for technical systems, kWh/year



	
Af—area of rooms with regulated air temperature, m2










Qp = Qp,H + Qp,W + Qp,C + Qp,L, kWh/year



(2)




where:




	
Qp,H—annual demand for non-renewable Primary Energy for the heating system, kWh/year



	
Qp,W—annual demand for non-renewable Primary Energy for the preparation of domestic hot water, kWh/year



	
Qp,C—annual demand for non-renewable Primary Energy for the cooling system, kWh/year



	
Qp,L—annual demand for non-renewable Primary Energy for the lighting installation, kWh/year










Qp,H = Qf,H · wH + Eel,aux,H · wel, kWh/year



(3)






Qp,W = Qf,W · wW + Eel,aux,W · wel, kWh/year



(4)






Qp,C = Qf,C · wC + Eel,aux,C · wel, kWh/year



(5)






Qp,L = Qf,L · wel, kWh/year



(6)




where:




	
Qf,H—annual demand for final energy supplied to the building for the heating system, kWh/year



	
Qf,W—annual demand for final energy supplied to the building for preparation of domestic hot water, kWh/year



	
Qf,C—annual demand for final energy supplied to the building for the cooling system, kWh/year



	
Qf,L—annual demand for final energy supplied to the building for the lighting installation, kWh/year



	
wi—non-renewable Primary Energy input factor for production and delivery of:




	
energy for the heating system (wH factor, for gas equal 1.1), -



	
energy for preparation of domestic hot water (wW factor, for gas equal 1.1), -



	
energy for the cooling system (wC factor), -



	
electrical energy (wel factor, for system power grid equal 3), -








	
Eel,aux,H—annual demand for auxiliary final energy supplied to the building for the heating system, kWh/year



	
Eel,aux,W—annual demand for auxiliary final energy supplied to the building for preparation of domestic hot water, kWh/year



	
Eel,aux,C—annual demand for auxiliary final energy supplied to the building for the cooling system, kWh/year








Calculations of CO2 emission were carried out for each variant in accordance with the Equation (7). The value of CO2 emission factor for the gas boiler was assumed to be equal 0.23 kg/kWh [44].


CO2 emission [kg] = fuel gas consumption [kWh] × CO2 emission factor [kg/kWh]



(7)









4. Results and Discussion


Dynamic simulations carried out in this research document the energy performance of the SBG building during the whole year of operation. The current state of the building, represented by Variant 1 was compared to the performance of the building equipped with one heat pump (Variant 2) and two heat pumps (Variant 3). Moreover, the impact of additional thermal insulation was analysed in Variant 3*. The analysis presented in this section includes the building’s heat balance to better understand the functioning of the building through the course of the whole year. This section also presents possible CO2 emission reduction as well as analysis of the necessary local electricity production from photovoltaic installation in order to fulfil the actual requirements of Primary Energy limit value.



4.1. Heat Balance of the CEEE’s Building


The total year-round heat losses in the building amounted to 248,677 kWh, and heat gains amount to 151,330 kWh. The monthly distribution of heat losses and gains of the building is presented in Figure 7. The heat balance includes heat losses through building partitions and for heating ventilation air, as well as heat gains from electronic equipment, lighting and occupants. The year-round heat losses through external partitions and thermal bridges amounted to 70,808 kWh. The heat losses for heating the infiltration air amounted to 103,078 kWh, and the heat required for the supply air in the mechanical ventilation system was 64,826 kWh. The year-round heat gains through internal partitions amounted to 92 kWh, from electronic equipment to 64,781 kWh, from lighting to 14,847 kWh and from occupants to 47,809 kWh. The heat balance also includes heat losses and gains through windows due to radiation and penetration through the window frame. In the winter period (January–March, November–December), heat losses through the windows amounted to 10,791 kWh, while in the summer and transitional periods (April–October), the heat gains through the windows amounted to 23,619 kWh. In addition, the heat balance includes heat losses of the heating, domestic hot water and ventilation systems, which amounted to 1057 kWh.



Heat gains in the building were mainly influenced by electronic equipment, occupants and lighting, which accounted for 91% of total value of heat gains. These values depended on the assumed operation schedule adopted on the basis of data received from the building administrator. The specificity of many rooms in the building allows the assumption that they are not regularly occupied, which in fact may lead to a significant reduction in the use of electronic equipment and lighting in comparison to the adopted assumptions.




4.2. Heating and Cooling Energy Consumption in the CEEE’s Building


The year-round distribution of heating and cooling energy consumption in the CEEE’s building is presented in Figure 8. It accounts for the energy required for heating of the rooms by room panel radiators and heaters in air handling units, for the domestic hot water system, as well as for cooling in the form of cooling energy supplied to rooms by air conditioners. The total amount of heat supplied from the boiler room to the room radiators (taking into account heat generation and distribution losses) was equal to 128,446 kWh. The total amount of heat supplied to the heaters in the air handling units was 54,431 kWh. The total amount of heat supplied to the domestic hot water system was 23,626 kWh. The total amount of cooling supplied by air conditioners in the rooms was 25,349 kWh.



The highest heat consumption occurred in the winter period, while in the summer period (June–August), there was no heat supplied from the boiler room for heating purposes. In this period, the share of cooling energy was the biggest. The value of energy for purposes of domestic heat water preparation was maintained at a constant level, but during summer period, it was provided mainly by solar collectors and only supplemented by the gas boiler. The occurrence of cooling energy during the transition and winter periods is noteworthy. This was related to the significant gains of internal heat, which led to the increase of the indoor air temperature and triggered the air conditioners controller in order to meet the indoor air temperature setpoint.




4.3. Utilized Free Energy in the CEEE’s Building


The CEEE’s building currently uses solar energy from collectors and recovers heat from the exhausted ventilation air. The year-round consumption of utilized free heat from the solar installation and heat recovery in the heat exchangers of the air handling units is presented in Figure 9. The total value of heat obtained from the solar collectors was 5374 kWh and from the heat exchangers in the ventilation system 114,481 kWh. The total value of free energy utilized in the building was 119,856 kWh.



The value of recovered heat resulted from the use of four air handling units with heat recovery in the form of cross-flow heat exchangers. The year-round distribution of utilized free energy shows that the most heat in heat exchangers in air handling units was recovered in the winter, and the least in the summer. The inverse relationship occurs in the case of solar collectors, which supplied the most heat to the solar installation in summer, and the least in winter. The value of utilized free energy contributed to the decrease of heating energy consumption in the building.




4.4. Electric Energy Consumption in the CEEE’s Building


The year-round distribution of electric energy consumption by the building for the needs of electronic equipment, lighting, air conditioners and HVAC auxiliary energy (fans and circulation pumps) is presented in Figure 10. Total energy consumption by electronic equipment was 64,781 kWh, by lighting 14,847 kWh, by air conditioners 8450 kWh, by fans and by circulation pumps 33,657 kWh. The total year-round electricity consumption in the building was 121,735 kWh.



Table 1 presents year-round electric energy consumption by lighting, air conditioners and auxiliary devices in heating and domestic hot water systems. These values are taken into account during the calculations of Primary Energy [43]. The relatively high value of electricity used by auxiliary devices can be noticed, which resulted from the introduced assumptions and default air handling units adopted in the IDA ICE software. In Variant 3*, energy consumption for HVAC aux and heat pump compressors decreased, which was related to lower heat losses as a result of a better thermal insulation of the building.



Monthly electric energy consumption by heat pump compressor is presented in Table 2. The total consumption in Variant 3 was 39% higher in comparison to Variant 2 due to the use of two heat pumps with scroll compressors. The consumption in Variant 3* was 9% lower in comparison to Variant 3 as a result of reducing the value of heat losses through building envelope due to improving the thermal insulation of the building.




4.5. Fuel Gas Consumption for All Calculation Variants


The year-round gas fuel consumption for the purposes of heat preparation in the heating system and for the domestic hot water preparation for all calculation variants is presented in Figure 11. The highest year-round gas consumption occurred for the existing gas boiler room in Variant 1 and was equal to 230,425 kWh. In Variant 2, the total gas consumption was reduced to 79,153 kWh due to the use of a single heat pump. Implementation of a second heat pump in Variant 3 resulted in further reduction of year-round gas consumption to 15,276 kWh. In Variant 3*, the total gas consumption was the lowest (9138 kWh) as a result of introducing better thermal insulation of the building.



The highest gas fuel consumption occurred in winter and transitional periods, when it was necessary to supply heat to the heating system. The lowest consumption occurred in the summer period, when heat was supplied only to the domestic hot water system.



Year-round gas consumption in the building for all calculation variants is presented in Table 3. By supplementing the existing boiler room (Variant 1) with a single 30 kW heat pump (Variant 2), gas consumption was reduced by 66%, and by supplementing it with two heat pumps of a total capacity of 60 kW (Variant 3), gas consumption was reduced by 93%. Implementing better thermal insulation of the building (Variant 3*) led to a 96% reduction in gas consumption.




4.6. Validation of Energy Simulations


The numerical values of year-round total consumption of electric energy and fuel gas of the building for the existing boiler room (Variant 1), were compared with the actual average values for the building for years 2019–2021. In the case of year-round electricity consumption, the numerical value was 121,735 kWh, and the actual value was 114,684 kWh. In the case of year-round gas consumption, the numerical value was 230,425 kWh, and the actual value was 206,583 kWh. The numerical value of electricity consumption was 6% higher than the actual value, and the numerical value of gas fuel consumption was 10% higher than the actual value. The discrepancies between the results may be due to the assumptions and the coronavirus pandemic, which could affect operation of the building and lower actual consumption of electricity and gas fuel. It should also be noted that the differences may have arisen from the fact that the simulations were not performed for the historic local data, but standard weather data. Nevertheless, the obtained results prove the good quality of the numerical model.




4.7. Analysis of Primary Energy Values for All Calculation Variants


Four calculation variants encompassing three variants of the boiler room configuration were analysed. Variant 1 included the existing gas boiler room supplemented by solar collectors. Variant 2 additionally introduced an air heat pump with a power of 30 kW, while Variant 3 introduced two heat pumps with a total power of 60 kW. Variant 3* took into account the same boiler room configuration as Variant 3, while introducing better thermal insulation of building envelope. Simulation results showed that, when heat pumps were introduced, the heat demand of the building covered by renewable energy sources (heat pump and solar collectors) increased to 62% in Variant 2 and up to 93% in Variant 3. The air-to-water heat pumps supported by the gas boiler were implemented as a transitional solution for decarbonizing buildings—to reduce investment costs and adopt the existing, functioning boiler. For the same reason, it was decided to adopt the existing panel radiators. The Primary Energy values were calculated based on final energy values for all analysed variants. The calculations took into account the gas consumption for heating and domestic hot water systems, as well as the electric energy consumption for lighting, cooling (air conditioners) and auxiliary energy in the HVAC system for fans, circulation pumps and heat pump compressor [43].



Table 4 presents a summary of the partial values of the Primary Energy for electricity consumption from system power grid and for gas consumption, as well as the total Primary Energy for the building for all calculation variants. According to [43], the non-renewable Primary Energy input factor for electricity from system power grid is three. For this reason, when the electricity was supplied to the building entirely from this source, it was not possible to meet the criterion of the limit value of total Primary Energy, which is 45 kWh/m2/year for public utility buildings in Poland [42]. It was necessary to diversify sources of electricity supply and ensure supplies from renewable energy sources installation, for which the non-renewable Primary Energy input factor value is 0 [43].



Table 5 presents the required electricity supply from renewable energy installation in order to ensure the limit value of total Primary Energy for the building. The summary is presented for two variants with the lowest gas consumption. In Variant 3, it would be necessary to supply 113,414 kWh/year, and in Variant 3*, 101,835 kWh/year of electricity from renewable energy sources installation must be supplied in order to meet the limit value of total Primary Energy of 45 kWh/m2/year [42]. In the paper [33], the concept of renewable energy sources installation to supply electricity for the needs of SBG was presented. The installation included wind turbine producing 73 MWh/year and PV panels producing 54 MWh/year of electricity. In total, the installation was able to produce 127 MWh/year of electricity. Assuming a self-consumption ratio of 40% [45,46], double the size of such an installation would be necessary to achieve the limit value of total Primary Energy for the building in Variant 3*.




4.8. Analysis of CO2 Emission for All Calculation Variants


The increase in carbon dioxide (CO2) content on a global scale increases gas isolation around the world, which may lead to catastrophic events like climate change. The concentration of carbon dioxide in the Earth’s atmosphere is constantly increasing. Currently, more and more attention is paid to reducing the emission of harmful compounds into the atmosphere, including CO2. New alternative ways to reduce the carbon footprint are sought. One of them uses energy from renewable sources; for example, by introducing heat pumps in existing buildings.



Table 6 presents the year-round CO2 emission by the SBG building for all calculation variants. Supplementing the existing boiler room (Variant 1) with a single heat pump (Variant 2) resulted in reduction of year-round CO2 emission by the building by 66%, and by supplementing it with two heat pumps (Variant 3), reductions of 93% could be achieved. Implementation of two heat pumps and better thermal insulation of the building (Variant 3*) led to a 96% reduction in CO2 emission. The results prove that retrofitting existing buildings by implementation of heat pumps can also have positive ecological effects by reducing CO2 emission.



Although the heat pump solutions proposed in the paper do not completely exclude conventional heat sources, such as a gas boiler, in the SBG building, they are in line with the strategy of phasing out fossil fuels in the heating and cooling of buildings.



To improve the energy efficiency of the building following solutions could be introduced:




	
The electronic equipment and lighting had a relatively large share in electricity consumption. Reducing energy consumption could be achieved by replacing the fluorescent light sources with LEDs [47];



	
The implementation of ground heat exchangers for preliminary air heating. The systems were tested in Mediterranean and cold Norwegian climate conditions, demonstrating the possibility of reducing electricity consumption for heat pump operation and the reduction of the shutdown time when the outside temperature is below the limit operating temperature [36]. Due to the high power of the adopted pumps and the need to supply high values of ventilation air volume flow rate, it is necessary to carry out additional analyses of the possibilities of their implementation.










5. Conclusions


For the analysed building of the Silesian Botanical Garden in Mikołów, Poland, year-round energy consumption analyses were carried out for four calculation variants including three variants of the boiler room supported by air-to-water heat pumps. In order to limit investment costs, the analyses were carried out for the existing heating system in the form of panel radiators without changing them to underfloor heating. The analysed variants were in line with the strategy of phasing out fossil fuels in the heating and cooling of buildings. The following conclusions can be drawn from the carried-out calculations:




	
The numerical model of the SBG building reflected the operation of the actual facility to a good degree. The year-round numerical value of electricity consumption was 6% higher than the actual one, and the year-round numerical value of gas fuel consumption was 10% higher than the real one. The lower actual energy and gas consumption may be the result of assumptions made and a different operation of the building due to the coronavirus pandemic in recent years as well as different actual weather conditions from those assumed in the simulation;



	
By supplementing the existing boiler room (Variant 1) with a single 30 kW heat pump (Variant 2), gas consumption was reduced by 66%. By supplementing it with two heat pumps with a total capacity of 60 kW (Variant 3), gas consumption was reduced by 93%. Implementing the better thermal insulation of the building in Variant 3* led to a 96% reduction in gas consumption. The CO2 emission was reduced from 53,889 kg/year in Variant 1 to 18,205 kg/year in Variant 2 to 3513 kg/year in Variant 3 and 2 102 kg/year in Variant 3*;



	
the significant share of electricity should be provided to the building from the renewable energy sources installation. The concept was presented in [33] to ensure the limit value of total Primary Energy 45 kWh/m2/year. Assuming a self-consumption ratio of 40%, a two-fold size of proposed installation would be necessary. Providing the electricity only from system power grid did not ensure the required value of total Primary Energy;



	
To improve the energy efficiency of the building, the solution with ground heat exchangers for preliminary air heating should be analysed.
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Figure 1. View of the analysed building of the Silesian Botanical Garden, Mikołów, Poland (source: phot. of Janusz Moczulski, 2013); available thanks to 2013 Paweł Kojs’ permission). 
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Figure 2. Floor plan of the analysed CEEE’s building of the Silesian Botanical Garden, Mikołów, Poland, created in the IDA ICE software. 
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Figure 3. 3D model of the analysed CEEE’s building of the Silesian Botanical Garden, Mikołów, Poland, created in the IDA ICE software. 
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Figure 4. Hydraulic diagram of calculation Variant 1. 
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Figure 5. Hydraulic diagram of calculation Variant 2. 
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Figure 6. Hydraulic diagram of calculation Variant 3. 
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Figure 7. Monthly heat balance of the CEEE’s building. 
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Figure 8. Monthly heating and cooling energy consumption in the CEEE’s building. 






Figure 8. Monthly heating and cooling energy consumption in the CEEE’s building.



[image: Energies 16 00340 g008]







[image: Energies 16 00340 g009 550] 





Figure 9. Monthly utilized free energy in the CEEE’s building. 
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Figure 10. Monthly electric energy consumption in the CEEE’s building. 
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Figure 11. Monthly fuel gas consumption for all calculation variants. 
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Table 1. Year-round electric energy consumption in the building for all calculation variants.
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Year-Round Electric Energy Consumption

(kWh/Year)




	
Lighting

	
Cooling

(Air Conditioners)

	
HVAC aux

(Fans, Pumps)

	
Heat Pump

Compressor






	
Variant 1

	
14,847

	
8450

	
33,657

	
0




	
Variant 2

	
14,847

	
8450

	
33,657

	
40,945




	
Variant 3

	
14,847

	
8450

	
33,657

	
66,675




	
Variant 3*

	
14,847

	
8450

	
30,209

	
61,014
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Table 2. Electric energy consumption by heat pump compressor.






Table 2. Electric energy consumption by heat pump compressor.





	

	
Electric Energy Consumption by Heat Pump Compressor (kWh/year)




	
Month

	
Variant 2

	
Variant 3

	
Variant 3*






	
1

	
5616

	
10,649

	
9533




	
2

	
4917

	
9380

	
8379




	
3

	
5267

	
9335

	
8435




	
4

	
3675

	
5109

	
4709




	
5

	
1992

	
2195

	
2098




	
6

	
1229

	
1305

	
1286




	
7

	
860

	
940

	
948




	
8

	
983

	
1056

	
1064




	
9

	
2253

	
2392

	
2313




	
10

	
3292

	
4124

	
3859




	
11

	
5208

	
9414

	
8678




	
12

	
5653

	
10,776

	
9712
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Table 3. Year-round gas consumption in the CEEE’s building for all calculation variants.
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Year-Round Gas Consumption

(kWh/Year)

	
Reduction of Year-Round Gas Consumption

(%)




	
Heating System and Domestic Hot Water System






	
Variant 1

	
230,425

	
-




	
Variant 2

	
79,153

	
66




	
Variant 3

	
15,276

	
93




	
Variant 3*

	
9138

	
99
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Table 4. Primary Energy values for all calculation variants.
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Primary Energy

(kWh/m2/Year)




	
For Electric Energy Consumption from System Power Grid

	
For Gas Consumption,

	
Total Primary Energy






	
Variant 1

	
161

	
240

	
401




	
Variant 2

	
278

	
82

	
360




	
Variant 3

	
351

	
16

	
367




	
Variant 3*

	
325

	
9

	
334
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Table 5. Necessary share of electric energy from renewable energy sources installation to meet the limit value of total Primary Energy for the building.
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Electric Energy Consumption (kWh/Year)

	
Primary Energy

(kWh/m2/Year)




	
From System Power Grid

	
From Renewable Energy Sources

	
For Electric Energy Consumption

	
For Gas Consumption

	
Total Primary Energy






	
Variant 3

	
10,215

	
113,414

	
29

	
16

	
45




	
Variant 3*

	
12,685

	
101,835

	
36

	
9

	
45
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Table 6. Year-round CO2 emission by the building for all calculation variants.
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	Year-Round CO2 Emission

(kg/Year)
	Reduction of Year-Round CO2 Emission

(%)





	Variant 1
	53,889
	-



	Variant 2
	18,205
	66



	Variant 3
	3513
	93



	Variant 3*
	2102
	96
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