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Abstract

:

In the present study, the real-world performance of a ground-to-air heat exchanger (GAHE) was analyzed in the Polish climate which is characterized by warm summers and cold winters. The heat exchanger’s performance was monitored over a period of three years (2017 to 2019), and real-world conditions were compared with a Typical Meteorological Year (TMY). The aim of the study was to assess the exchanger’s energy-efficiency potential in various ventilation scenarios in a single-family home under variable real-world conditions, rather than to simply determine its heating and cooling capacity. The analyzed single-family home was a modern, single-story building with a usable floor area of 115 m2. The building’s thermal insulation and airtightness met stringent energy-efficiency standards. Energy consumption in a building equipped with a natural ventilation system was compared with three other scenarios: ventilation coupled with a GAHE, mechanical ventilation with heat recovery and a high-efficiency heat exchanger (HE), and mechanical ventilation with heat recovery coupled with a GAHE. Sensible heating and cooling loads were calculated based on standard ISO 13790:2008, and latent heating and cooling loads were also included in the energy balance. During the year, the GAHE generated around 257.6 W of heating energy per hour and 124.7 W of cooling energy per hour. Presented results can be used to select the optimal HVAC system scenarios for engineering projects as well as private investors.
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1. Introduction


In 2019, the construction industry was responsible for 40% of final energy consumption in the EU27 countries [1]. Around 75% of the heat and electricity supplied to buildings was generated from fossil fuels, and the construction sector was responsible for 36% of greenhouse gas emissions [2]. These data indicate that urgent measures are needed to decrease greenhouse gas emissions and reduce energy consumption. The concept of sustainable energy-efficient buildings has been introduced to address these concerns. Net-zero exergoeconomic and exergoenvironmental buildings have attracted particular interest in Europe [3]. Energy-efficient solutions are implemented not only in new buildings but also in the existing structures. According to estimates, 75% of European buildings are not energy efficient, and only around 1% of structures are modernized each year [4]. Sustainable energy-efficient buildings require efficient ventilation systems to ensure high indoor environmental quality (IEQ). Indoor air quality (IAQ), thermal conditions, the occupants’ health, safety, and comfort, as well as ergonomic and acoustic factors, should be considered in the process of designing an efficient ventilation system [5]. High ventilation rates generally ensure good indoor air quality, but they increase energy consumption. In an optimal solution, IAQ should be balanced with energy consumption [6].



A combination of natural ventilation approaches to free space cooling and heating is increasingly used in sustainable buildings [7]. Novel ventilation solutions are being proposed, including thermal buoyancy-driven ventilation (Trombe wall, double-skin façade, solar chimney or roof solar chimney, solar walls as an unglazed or glazed transpired solar facade, atrium), wind-induced ventilation (wind tower, wind catcher, fenestration as a single-side or cross ventilation or wing walls, wind cowls, rotating wind cowl and roof cowls), as well as heat modulation or amortization techniques such as nocturnal cooling applications or shifting of day heat to night for removal. Natural ventilation systems can be combined to expand their individual performance (for example, by employing pre-cooling/pre-heating ventilation to overcome extreme weather conditions), maintain stable indoor temperature (thermal mass for heat storage), recover heat energy (heat pipe and rotary thermal wheel), overcome the inadequacy of a single system (combined solar- and wind-driven ventilation) and develop comprehensive energy-saving schemes that are tailored to specific building characteristics and weather conditions [7]. Solutions that combine natural ventilation with other systems and devices have attracted considerable interest in the literature [8,9,10,11], but further improvements are needed. Greater emphasis should be placed on the configuration of hybrid ventilation systems and the building’s responses to optimize system design and account for the influence of wind and the local climate [7].



Natural ventilation is not an effective solution in all climates. According to Chen et al. [12], natural ventilation has the highest potential in the subtropical highland climate of South-Central Mexico, Ethiopian Highlands, and Southwest China. Natural ventilation is also effective in the Mediterranean climate that occurs not only near the Mediterranean Sea, but also in California, Western Australia, Portugal, and Central Chile. Natural ventilation systems that rely on night-time purging improve the energy efficiency of buildings in the Middle East and Central Australia. Night ventilation has considerable potential in passive and active cooling systems. This solution is particularly effective in locations characterized by high-temperature fluctuations between day and night and in buildings with heavy thermal mass construction [13]. According to research, ventilation can effectively replace air-conditioning at night [14]. Modern technologies and materials, such as phase change materials [15], ventilated internal double walls, thermosiphons, atriums, and solar chimneys, significantly contribute to the development of advanced night ventilation systems. However, hot-humid climates with warmer nights pose a certain challenge. Extreme weather events and microclimates are also problematic because they necessitate additional modifications in the designed ventilation system. The applicability of night ventilation is also limited in residential buildings due to indoor privacy and the building’s operation at night [13]. Regardless of the local standards applicable to energy-efficient ventilation systems, research has demonstrated that heat recovery is essential in colder climates. Yao et al. [16] found that ventilation cooling load in China is determined by climate, the building’s thermal characteristics, indoor heating and cooling loads, and ventilation requirements. Guillen-Lambea et al. [17] analyzed ventilation standards in the USA (ASHRAE Standard 62-1-2013 and ASHRAE standard 62-2-2013), Germany (DIN1946-6, DIN18018), the UK (Approved Doc. F Ventilation 2010), France (Arrêté du 24 Mars 1982 Modifié par arrêté du 28 octobre 1983), Spain (DB HS3) and Europe (UNE EN 15252), and compared them with the Passive House Standard. Ventilation systems without heat recovery met the Passive House Standard (15 kWh/m2 year) in only 5 out of the 33 analyzed cities around the world. In the remaining 28 locations, passive houses required ventilation with heat recovery. According to Laverge and Janseens [18], in comparison with natural ventilation, ventilation with heat recovery can generate net energy savings along a geographic line connecting Paris with the Black Sea. Heat recovery decreases ventilation heat loss, and effective heat recovery units should overcome pressure losses and minimize power consumption. Electric motors that drive fans in mechanical ventilation systems significantly increase power consumption. According to estimates, electric motors consume 53% of global electricity [19]. Around 38% of electricity is consumed by fan systems, whereas the practical effectiveness of a conventional ventilation system with an electric fan is estimated at 50–65% [20].



Regardless of the applied ventilation system, a sustainable building should meet the following requirements: it should reduce resource consumption, promote resource reuse and recycling, protect the environment, eliminate toxins, facilitate life-cycle costing, and focus on quality [21]. Ground-to-air heat exchangers (GAHE) meet the above requirements. Various GAHE systems have been described in the literature [22,23,24]. Ground-to-air heat exchangers can be coupled with both mechanical [25,26] and natural ventilation systems [27]. In buildings equipped with natural ventilation, GAHEs are frequently coupled with solar chimneys [28,29], but they also deliver satisfactory results in combination with solar air heaters with phase change materials [30]. A GAHE can be applied as a pre-conditioning unit to heat ventilation air in cold climates and to cool air in hot regions. These types of solutions have been found to be highly effective in diverse climates [31], including Mediterranean [32,33], monsoon [34], subtropical [35], hot and humid [36], as well as in locations such as Brazil [37], India [38], Japan [39], African [40], North America [41], Poland [42] and Turkey [43]. In regions characterized by hot summers and cold winters, such as Poland, a GAHE can function as both a pre-heating and a pre-cooling device in different seasons of the year [44].



The performance of GAHEs in the above climates has been extensively researched. In a study conducted in the hot climate of Doha, Qatar, Pakari and Ghani [45] demonstrated that a GAHE with a pipe length of 21.5 m and pipe diameter of 0.15 m, buried at a depth of 0.4 m, decreased air temperature by around 6.5 °C. A GAHE consumes around 76.5% less energy than a conventional air-conditioning system. In an experiment performed by Kaushal [46] in the Lower Himalayan Region, a GAHE with a pipe length of 60 m and an airflow rate of 0.5 m/s had a cooling potential of 14.81 kWh in summer and a maximum heating potential of 27.7 kWh in winter. A GAHE decreases energy consumption for heating purposes by around 25–30% [47]. Brata et al. [48] analyzed the performance of a GAHE in Timisoara, Romania. The exchanger pipe with a diameter of 0.2 m and a length of 35 m was buried at a depth of around 2 m, and it generated around 31% of the energy consumed by the ventilation system in winter. In GAHEs with pipe length of 67–107 m, buried in the ground at a depth of around 2 m, and operating at airflow rates of 3000 m3/h, 2500 m3/h, and 500 m3/h in Hamm, Fraunhofer, and Lamparter in Germany, the annual specific heating energy gain was determined in the range of 16.2 and 51.3 kWh/m2, whereas the annual specific cooling energy gain ranged from 12.1 to 23.8 kWh/m2 [49]. The results of 17 studies investigating ventilation systems coupled with GAHEs were analyzed in detail by Mihalakakou et al. [50]. The cited authors also examined the performance of GAHEs with the use of numerical methods. Numerical methods are widely applied in research to optimize the performance of GAHEs, evaluate the influence of climate, the exchanger’s length and diameter, temperature, soil type, and pipe thermal conductivity [51,52,53,54].



The performance of a GAHE operating in various ventilation scenarios has been rarely analyzed in the same building under real-world conditions. Therefore, the aim of this study was to analyze the real-world performance of a GAHE in the Polish climate which is characterized by hot summers and cold winters. The energy balance was calculated, and the exchanger’s energy-efficiency potential was evaluated in various ventilation scenarios in a single-family home.




2. Materials and Methods


Outdoor temperature, relative humidity (Θe), and solar irradiance (Isol) were measured in the experimental station of the Faculty of Geoengineering of the University of Warmia and Mazury in Olsztyn. Temperature and relative humidity were also measured at the outlet (ΘIn) of a GAHE installed in the experimental station. The GAHE was built with the use of AwaduktThermo pipes with a diameter of 0.2 m that were buried in the ground at an average depth of 2.12 m. The pipeline had a total length of 41 m. The analyzed parameters were measured and registered at hourly intervals over a period of three years. These parameters were not registered continuously throughout the entire experiment due to short maintenance breaks, equipment failures, and downtimes scheduled for research purposes. In 2017, measurements were conducted over 8315 h, and the GAHE operated for 5905 h. In 2018, measurements were conducted over 7260 h, the GAHE operated for 4498 h. In 2019, measurements were conducted over 7763 h, and the GAHE operated for 5572 h. The Siemens QAM2120.040 duct temperature sensor with a measuring range of −50 °C to +80 °C was used to measure temperature at the GAHE inlet and outlet. The device has a measuring accuracy of ±0.4 K at 0 °C and ±0.5 K at 20 °C, and the resistance of the sensing element changes with temperature. The sensing element (LG-Ni 1000) has a nominal resistance of 1000 Ω/0 °C, and the time constant of the circuit during assembly in a pipeline is less than 20 s. The Siemens QFM2100 duct sensor with a measuring range of 0% to 100% and an accuracy of ±5% at 23 °C and 24 V AC was used to measure humidity. The analyzed GAHE was equipped with air flow meters. The measurements also involved a pyranometer with a spectral range of 300 nm to 2800 nm, an output voltage of 5 mV/W/m2 to 20 mV/W/m2, a response time of 18 s, and a directional error of less than 20 W/m2. The airflow rate inside the GAHE was determined with the Siemens QVM62.1 air velocity sensor with a measuring range of 0 to 10 m/s and accuracy of ±0.2 m/s (+3% of the measured value) at 20 °C, 45% humidity, and an atmospheric pressure of 1013 hPa. Sensor data were registered in real-time by a Siemens controller, and they were averaged at hourly intervals.



The results of the conducted measurements were used to determine heating and cooling loads in a single-family home (Figure 1). The modeled home was a single-story building with a heat transfer coefficient of 0.20 [W/(m2·K)] for external walls, 0.15 [W/(m2·K)] for the roof, 0.9 [W/(m2·K)] for the windows, and 1.3 [W/(m2·K)] for external doors. Building airtightness was determined at 1.0 [1/h]. The modeled home had a total usable floor area of 115.17 m2 and a cubic capacity of 299.44 m3. The ventilation flow rate was 150 m3/h, which was sufficient to ensure 0.5 air changes per hour [1/h]. The amount of fresh air supplied to the building exceeded the minimum requirements to meet the inhabitants’ specific needs. According to Polish standards, the minimum ventilation rates in residential buildings are set at 50 m3/h in the bathroom, 50 m3/h in the kitchen, 30 m3/h in the toilet, and 15 m3/h in the wardrobe. Indoor temperature was set at 20 °C to guarantee thermal comfort [55,56].



Heating and cooling loads in the building’s heating, ventilation, and air-conditioning (HVAC) system were calculated in three variants:



Variant 1—Fresh outdoor air was supplied to the building at 150 m3/h (Θe). This airflow rate is typical of natural ventilation systems. To maximize thermal comfort inside the building, heat has to be supplied (positive values in the energy balance) or removed (negative values in the energy balance) by an HVAC system.



Variant 2—The ventilation flow rate was set at 150 m3/h. Fresh outdoor air passed through the GAHE before entering the building (ΘIn). Supply air was heated or cooled in the GAHE, and additional heat was supplied or removed by an HVAC system to obtain an indoor temperature of 20 °C. This variant is characteristic of mechanical ventilation systems without heat recovery.



Variant 3—The ventilation flow rate was set at 150 m3/h. Fresh outdoor air passed through a heat exchanger (HE) with the recuperation process, that transferred heat to the incoming air supply with an efficiency of 90%. When the temperature of outdoor air dropped below 0 °C, incoming air was heated to 0 °C by the preliminary heater (PH) to prevent the system from freezing. If air passing through the HE did not achieve the desired indoor temperature, it was warmed to 20 °C by the secondary heater (SH).



Variant 4—Same as variant 3, but the system is coupled with a GAHE.



According to standard ISO 13790:2008 [57], the total hourly heat loss in a building is calculated with the use of the following formula:


   Q  h t   =  Q  t r   +  Q  v e    



(1)







The following equation is used to calculate total hourly heat gain:


   Q  g n   =  Q  i n t   +  Q  s o l    



(2)







Internal heat gain Qint was not considered in the analysis because a constant value of Qint is provided for the entire year in the applicable standards. Internal heat gain is determined by specific building use (number and energy rating of household equipment, number of occupants), and it is not influenced by the weather.



The heating load (QB) of the analyzed building was determined as the sum of convective heat gains and radiant heat gains through transparent partitions. The value of QB is affected by the building’s architectural design and weather conditions. The heating load is not influenced by the applied HVAC system.


   Q B  =  Q  t r   +  Q  s o l    



(3)







In line with standard ISO 13790:2008 [57], lighting was not included in the building’s energy balance.



The heating load was represented by positive values, whereas the cooling load was represented by negative values in the energy balance.



Convective heat transfer was determined with the use of the following formula:


   Q  t r   =  H  t r , a d j    (   θ  i n t . s e t   −  θ e   )  t  



(4)







The convective heat loss coefficient    H  t r , a d j     was calculated for all structural partitions with the use of the following formula:


   H  t r   =   ∑  x  [  b  t r , x    (    ∑  i   A i   U i  +   ∑  k   l k   Ψ k  +   ∑  j   χ j   )  ]  



(5)







The following equation was applied to calculate ventilation heat transfer in the building:


   Q  v e   =  H  v e , a d j    (   θ  i n t . s e t   −  θ e   )  t  



(6)







The ventilation heat loss coefficient Hve,adj was determined with the use of the following formula:


   H  v e   =  ρ a   c a   (    ∑  k   b  v e , k    q  v e , k , m n    )   



(7)







Total radiant heat gain in the building was calculated as follows:


   Q  s o l   =  [    ∑  k   Φ  s o l , k   +   ∑  l   (  1 −  b  t r , l    )   Φ  s o l , u , l    ]  t  



(8)







The following equations were applied to calculate radiant heat gain:


   Φ  s o l , k   =  F  s h , o b , k    A  s o l , k    I  s o l , k   −  F  r , k    Φ  r , k    



(9)






   A  s o l , k   =  F  s h , g l , k    g  g l , k    (  1 −  F  F , k    )   A  w , p    



(10)






   Φ  r , k   =  R  s e    U C   A C   h r  Δ  θ  e r    



(11)






   h r  = 4 ε σ    (   Q  s s   + 273  )   3   



(12)







Motorized exterior solar shades were incorporated into one of the analyzed scenarios. The shades are controlled by a solar radiation sensor, and they can block up to 85% of solar radiation. The shades are automatically closed when solar radiation exceeds 800 W/m2.



The heating and cooling capacity of the GAHE was calculated with the following formula [58]:


   Q  G A H E   =  m ˙   c p   (   θ e  −  θ  I n    )  t  



(13)







A positive result indicates that heat was transferred from ground to air, whereas a negative result indicates that air was cooled in the GAHE. Heating and cooling loads were determined on an hourly basis, and the results were expressed in Wh.



In variants 3 and 4, where a HE was incorporated into the mechanical ventilation system, the efficiency of heat recovery was determined at 90% with the use of Formula (14). Counterflow HEs are characterized by similar heat recovery efficiency:


   η  H E   v e n t   =    θ  s u p , k   −  θ e     θ  i n t , s e t   −  θ e     



(14)







If the temperature of outdoor air was above 0 °C, the amount of heat recovered by the HE was calculated with the use of Formula (15):


   Q  H E   =  H  v e , a d j    (   θ e  −  θ  sup , k    )  t  



(15)







If the temperature of outdoor air was below 0 °C, the air was heated to 0 °C by a PH. The energy consumption of the PH was determined with the use of Formula (16):


   Q  P H   =  H  v e , a d j    (   θ 0  −  θ e   )  t  



(16)







Formula (17) was applied to calculate the amount of heat recovered in variant 4, where outdoor air passed through the GAHE before reaching the HE:


   Q  H  E  G A H E     =  H  v e , a d j    (   θ  i n   −  θ  sup , k    )  t  



(17)







In some cases, air that is preconditioned in the HE is additionally heated to a temperature of 20 °C with the use of an SH. The energy consumption of the SH was calculated with the use of Formula (18):


   Q  S H   =  H  v e , a d j    (   θ  20   −  θ  i n t , C , s e t    )   



(18)







Latent heat transfer, namely the energy released during water vapor condensation, was determined with the use of Formula (19) at hourly intervals [59]. The results were expressed in Wh.


   Q t  =  m ˙  ⋅  (   h e  −  h  I n    )   



(19)







Air enthalpy was calculated with the below formula:


  h =  c d  T +  (  q +  c v  T  )  d  



(20)








3. Results


Typical Meteorological Year (TMY) data were compared with the results of the measurements conducted during the three-year experiment. The average hourly outdoor temperature was 6.9 °C in the TMY dataset, and it was determined at 9.3 °C in 2017, 11.7 °C in 2018, and 10.1 °C in 2019. In the TMY, annual temperatures ranged from −17.3 °C to 31.0 °C, whereas the temperature range in each year of the experiment was determined at −17.4 °C to 29.0 °C in 2017, −16.2 °C to 31.5 °C in 2018, and −10.9 °C to 33.2 °C in 2019 (Figure 2).



The most frequently noted average hourly ambient temperature was 1 °C in the TMY dataset, and in the three-year experiment: 5.3 °C in 2017, 6.7 °C in 2018, and 4.5 °C in 2019. The number of hours with a temperature range of −7 °C to 2 °C was much higher in the TMY than in the experimental years (approx. twice higher on average, up to five times in extreme cases). In turn, the number of hours characterized by a temperature range of 16 °C to 23 °C was considerably higher during the experiment than in the TMY dataset. The TMY dataset was most highly correlated with the data measured in 2019 (r = 0.87) and least correlated with the data measured in 2018 (r = 0.69).



The average hourly solar irradiance was 104.6 W/m2 in the TMY, whereas during the experiment, this parameter was determined at 114.1 W/m2 in 2017, 143.3 W/m2 in 2018, and 126.8 W/m2 in 2019. The number of hours with average solar irradiance of 50–600 W/m2 was much higher in the TMY dataset than in the set of measured values. However, the experimental dataset was characterized by a higher number of hours with average solar irradiance above 700 W/m2. For example, the number of hours with solar irradiance above 1000 W/m2 was determined at 5 in the TMY dataset, and it was considerably higher in the experimental dataset at 85 in 2017, 46 in 2018, and 39 in 2019.



An analysis of temperature distribution at the GAHE outlet (Figure 3) clearly indicates that outdoor air was both preheated and precooled in the GAHE. The average temperature threshold for preheating and precooling was around 19.2 °C in 2017, around 20.3 °C in 2018, and around 21.1 °C in 2019. Air was preheated if ambient temperatures were below the above threshold values, and it was precooled when ambient temperatures exceeded these values. In winter, the air required more warming as outdoor temperatures decreased. Sub-zero temperatures were never recorded at the GAHE outlet. In summer, the air had to be progressively cooled as ambient temperatures increased. In 2017, the average temperature at the GAHE outlet reached 13.0 °C, and it ranged from 2.8 °C to 22.9 °C. In 2018, the average temperature at the GAHE outlet was determined at 14.8 °C, in the range of 4.0 °C to 24.8 °C. In 2019, the average temperature at the GAHE outlet reached 13.6 °C, and it ranged from 4.4 °C to 25.3 °C. The average increase in the temperature of outdoor air preheated in the GAHE was 5.9 °C in 2017, 4.0 °C in 2018, and 4.6 °C in 2019. In turn, the temperature of outdoor air precooled in the GAHE decreased by 1.6 °C in 2017, 2.2 °C in 2018, and 2.6 °C in 2019 on average.



Convective heat transfer Qtr, radiant heat gain Qsol, and ventilation heat transfer Qve were taken into account in the building’s overall energy balance. The first two factors (Qtr and Qsol) determine the building’s heating or cooling load QB. Internal heat gain Qint was not considered in the analysis because it remains constant throughout the year and is not influenced by weather (Figure 4).



In variant 1 (Figure 4), where the supplied outdoor air was not preconditioned, around half of the heat demand was generated by ventilation. Between April and September, radiant heat gain from transparent partitions was responsible for most of the cooling load. Ventilation cooling capacity accounted for only 2.9% of the building’s total cooling load. In variant 2 (Figure 4), fresh outdoor air passed through the GAHE before it entered the building, and preconditioned air supplied around 55% of the heat to the ventilation system in summer and around 40% of heat in the remaining seasons of the year. The heat removed from ventilation air by the GAHE accounted for only 2.9% of the building’s total cooling load in summer. However, in some hours, the cooling capacity of the GAHE accounted for nearly 30% of the overall cooling load. The above was observed when the high ambient temperature was not accompanied by radiant heat gain. Nonetheless, the cooling capacity of the GAHE accounted for around 73% of the ventilation cooling load in summer (Figure 5). The energy loads presented in Figure 5 were determined separately for heating and cooling energy in each device in the analyzed HVAC variants. These values were presented separately for each month of the year. The energy load for a given month was expressed by the arithmetic mean of the energy loads for the corresponding months of 2017, 2018, and 2019.



In variant 3, a PH was used to prevent the HE from freezing. When the ambient temperature dropped below 0 °C, the PH warmed the supplied air to 0 °C. The PH was operated between November and April. In January and February, which are the coldest months of the year, the heating capacity of the PH accounted for around 10% of the total heating load in the ventilation system. During the three-year experiment, the PH was responsible for 5% of ventilation heat demand on average. The energy demand of the PH increased with a decrease in ambient temperature (Figure 4). At extremely low outdoor temperatures, the heat demand of the PH accounted for 45% of the building’s energy load. A ventilation system with heat recovery effectively removed heat from exhaust air. In winter, the temperature at the GAHE outlet did not decrease below 18 °C and was determined at 19 °C on average. The temperature of the air flowing into the HE was raised by around 10 °C on average, and the maximum increase was 18 °C. When air-conditioning was incorporated into the modeled system, the temperature at the HE outlet was maintained at around 21 °C. In summer, the temperature of the air flowing into the HE was decreased by around 3 °C on average, and the maximum decrease was 12 °C. Heat recovery from the HE accounted for around 87% of the annual heating load, and it was somewhat lower (approx. 84%) in the winter. The SH was responsible for around 9% of the demand for heat in the ventilation system. When air-conditioning was incorporated into the model, the heat recovered by the HE was responsible for around 90% of the demand for cooling energy in the ventilation system (Figure 5).



In variant 4 (identical to variant 3, but with the addition of the GAHE), no significant differences in temperature at the HE outlet were observed relative to variant 3. In variant 4, the average temperature at the HE outlet was determined at 19.3 °C. The need for the PH was completely eliminated when the GAHE was incorporated into the system. On average, air preheating in the GAHE covered the demand for heat by 44% and the demand for cooling energy by 67% in the ventilation system (Figure 5). The HE covered the demand for heat by around 50% and the demand for cooling energy by 30% in the ventilation system. Air preheating to a temperature of 20 °C in the HE was responsible for around 6% of the heating load and around 3% of the cooling load in the building’s overall energy balance.



An analysis of average hourly energy loads per 1 m2 of floor area in different months of the year (Table 1) indicates that the building should be cooled between April and September and heated in the remaining months of the year to guarantee maximum thermal comfort. The demand for cooling energy is highest in May, June, July, and August, whereas the demand for heat is highest in January, February, and December. Cooling energy was generated mainly by heat transfer through the building’s walls and roof, in particular radiant heat gain through transparent partitions. To guarantee a stable indoor temperature of 20 °C, outdoor air has to be mainly heated before it enters the building, including in the summer months, because ambient temperatures were below 20 °C in around 50% of the hours analyzed between June and August. Even in hot months (such as August 2018 when the outdoor temperature exceeded 31 °C), much lower minimum temperatures were also recorded (8.5 °C), and even if the average monthly temperature reached 20.2 °C, the monthly median temperature was only 19 °C. Outdoor air had to be preheated during around 83% of the hours in April, May, and September.




4. Discussion


The TMY is a specific set of statistical data which, in the analyzed case, was based on meteorological data measured between 1970 and 2000. Historical statistical data diverged considerably from the real-world parameters measured between 2017 and 2019. The measurements conducted over a period of three years do not support reliable long-term climate predictions. However, the measured data are consistent with the trends described in a 2020 report of the Institute of Meteorology and Water Economy [60] which states that the average annual temperature in Poland increased by 1.6 °C between 2020 and TMY data. In this study, the increase in average annual temperature relative to TMY data was even more pronounced, and it was determined at 3.47 °C. However, the measured data were incomplete, which could have undermined the reliability of the results. Data were acquired for 95% of the hours measured in 2017, 83% of the hours measured in 2018, and 89% of the hours measured in 2019.



It should also be noted that the GAHE did not operate continuously in all years of the experiment. The temperature at the GAHE outlet was determined during 67% of the hourly measurements conducted in 2017, 51% of the hourly measurements conducted in 2018, and 64% of the hourly measurements conducted in 2019. Periodic downtimes, including at night when the GAHE operates in cooling mode, are scheduled to regenerate the ground source, reduce energy consumption in the ventilation system, minimize flow resistance in the GAHE, and improve thermal comfort by relying on low nocturnal temperatures. An analysis of the parameters measured at the GAHE outlet clearly indicates that the examined solution was effective both in heating and cooling mode. A GAHE also contributes to sustainable construction by improving a building’s climate adaptability, including resilience to daily weather as well as global climate change [61]. The daily sum of absolute temperature differences in successive hours (Figure 6) clearly indicates that the daily sum of temperature increases at the GAHE outlet was nearly 48% lower relative to ambient air. Moreover, daily changes in temperature at the GAHE outlet were not observed in 5% to 10% of the cases in the analyzed period. In contrast, daily changes in ambient temperature were observed in all cases throughout the entire three-year experiment.



The heat demand of the ventilation system accounted for around 50% of the overall heating load in the building. The modeled building is a modern structure with high envelope airtightness and well-insulated structural partitions. Radiant heat gain from glazed partitions significantly influenced the building’s cooling load. Motorized exterior solar shades controlled by a solar radiation sensor were incorporated into the analyzed scenario to prevent overheating due to radiant heat gain. This solution decreased the building’s cooling load by around 25% relative to the variant without solar shades. To supply air with a constant temperature of 20 °C, incoming air had to be heated during the entire year, and it had to be cooled or heated between April and October, depending on weather conditions. However, fresh air is not preheated in buildings with natural ventilation, and the amount of heat that is required to ensure thermal comfort (and compensate for convective and ventilation heat loss) is generated by the heating system. Typical heating solutions include hot water radiators or underfloor heating systems. These systems generate heat in cold seasons of the year when the building has to be heated rather than cooled. However, air conditioning is required to ensure thermal comfort in summer. Air conditioning is not a standard feature in Polish homes. In modern airtight and well-insulated buildings, temperatures exceeding human comfort levels are noted in summer [62]. Overheating is a problem that persists throughout the year [63]. Ground-to-air heat exchangers can reduce the heat demand of the ventilation system by around 50%. Between April and October, a GAHE generates approximately 75% of the cooling energy for the ventilation system. In winter, a GAHE caters to around 19% of the total heat demand in the building. A GAHE generates around 3% of the overall cooling energy. It should also be noted that ambient air is generally not preheated in summer. During long summer days, radiant heat gain significantly exceeds the cooling energy supplied with outdoor air. Heat accumulation in transparent partitions also contributes to thermal comfort in periods when ambient temperatures are low. When the supplied air was not preheated between May and August, the annual heat demand of the ventilation system was reduced by around 10% in variant 1. However, in June, July, and August, the average hourly temperature of the supplied air decreased below 10 °C in some cases (the lowest recorded temperature was 7.1 °C). The situation was most problematic in May when nocturnal temperatures dropped below 0 °C in extreme cases, and when the minimum average hourly temperature was as low as −0.5 °C. In such cases, building users make individual decisions regarding thermal comfort. Indoor thermal comfort is influenced by parameters that were not evaluated in this study, including heat accumulation in structural partitions and indoor heat gain. The decision to turn on the heat during short cold spells will depend on the heating source (district vs. individual heating) and the ease of regulating the heating system. In variant 2, the heat demand of the ventilation system was reduced by around 5% when outdoor air was not preheated. The GAHE significantly improved indoor thermal comfort and decreased the number of hours when the temperature of supplied air was below 20 °C. The temperature of ventilation air also increased, and the resulting difference was most noticeable during short spells of cold weather (such as nocturnal frost in May). In May, the lowest temperature recorded at the GAHE outlet was around 9 °C.



The total heating and cooling energy generated by the GAHE was also analyzed (Figure 5). On average, the GAHE supplied 1194.5 kWh of heat energy during the year, and 1023.0 kWh of heat energy between October and April during each year of the study. The analyzed device-generated 66.2 kWh of cooling energy each year. However, it should be noted that the GAHE operated in heating mode for around 90% of the registered hours (4638 h) and in cooling mode for only around 10% of the registered hours (531 h). Therefore, the device generated around 257.6 W of heating energy per hour in heating mode and around 124.7 W of cooling energy per hour in cooling mode (during the year). Such high differences in the duration of heating and cooling modes can be attributed to the characteristics of the studied site rather than climate. The analyzed GAHE operates on the campus of the University of Warmia and Mazury in Olsztyn. If unplanned downtime is disregarded, maintenance breaks are usually scheduled during the summer when student dormitories are not occupied. Only some academic personnel work in the University’s buildings during the summer holiday. As a result, the demand for ventilation air is decreased and internal heat gain from building occupants is reduced. The building is adequately ventilated at night, and the GAHE is periodically turned off to save energy.



In this study, the extent to which a HE can improve the energy balance of a single-family home was analyzed based on the experimentally determined temperature of fresh air supplied to the HE, the desired indoor temperature, and the average heat recovery efficiency of a HE, which was determined upon consultation with the leading producers of ventilation systems in Poland. This experiment was conducted on the assumption that the heat recovery efficiency of the HE was constant, which is a considerable oversimplification of a complex problem. However, this problem cannot be analyzed in detail in this study because the performance of the HE was not monitored continuously during the experiment. In real-world conditions, heat recovery efficiency generally decreases with a rise in ambient temperature [64]. The heat recovery efficiency of a HE can be compromised when a GAHE is incorporated into the system.



The heating energy load is unlikely to be higher than that described in the energy balance. Higher demand for heat could occur only in periods of very cold weather. However, the cooling energy load could increase if additional heat gains (that were not considered in the energy balance) occur. The boundary values of the energy load, including the maximum energy load for heating purposes and the minimum energy load for cooling purposes, in each analyzed HVAC variant are presented in Figure 4. When the GAHE is operating in both heating and cooling mode, higher solar heat gain can decrease the demand for heating energy or increase the demand for cooling energy. Internal heat gains from building occupants, lamps, and electrical equipment will have similar consequences, but they were not considered in the overall energy balance.



It should also be noted that latent heating and cooling loads are not considered in standard ISO 13790:2008. However, research has demonstrated that latent heating and cooling loads considerably affect the overall energy balance [65,66]. In the present study, the GAHE was characterized by similar sensible and latent effectiveness of heat recovery in summer (Table 2). In winter, sensible heat recovery was around 12% higher than latent heat recovery. In summer, latent heat recovery was around 25% higher than sensible heat recovery.




5. Conclusions


The observations conducted in this experiment support the global consensus on climate change. The heating capacity of a GAHE can be overestimated, whereas its cooling capacity can be underestimated when the model’s performance is evaluated based on a TMY dataset that aggregates historical measurements. The resulting inaccuracies can affect engineering solutions, such as the length and diameter of GAHE pipes. These problems indicate that meteorological data and weather models, such as the TMY dataset, should be regularly updated.



During the heating season, the maximum increase in temperature at the GAHE outlet reached 19.0 °C in 2017, 14.8 °C in 2018, and 14.6 °C in 2019. In summer, the maximum decrease in temperature at the GAHE outlet was determined at −5.9 °C, −7.0 °C, and −10.2 °C, respectively. During the three-year study, the temperature at the GAHE outlet increased by 5.8 °C on average, whereas the average decrease in temperature at the GAHE outlet in summer reached −2.4 °C. The GAHE generated 3583.4 kWh of heating energy during the entire three-year study, including 3069.0 kWh during the heating season (October to April). The analyzed device supplied 198.6 kWh of cooling energy between 2017 and 2019. During the heating season, the GAHE generated 307.2 W of heating energy per hour and 124.7 W of cooling energy per hour.



A GAHE can considerably reduce energy consumption in ventilation systems. The results of a three-year experiment conducted in Poland revealed that a GAHE is particularly effective in preheating outdoor air that is supplied to the ventilation system in winter. A GAHE reduces the demand for energy in the ventilation system by around 45%, and it can reduce the energy load of the entire building by around 20%. In summer, a GAHE supplies around 75% of the energy for cooling ventilation air. However, the generated energy accounts for only around 3% of the overall energy load in modern buildings that are airtight, well insulated, and feature large glazed partitions. Glazed partitions are the main source of radiant heat transfer; therefore, solar shades should be applied to prevent the building from overheating in summer. In buildings where the ventilation system is coupled with a GAHE, thermal comfort can be maximized by installing air-conditioning.



A GAHE also improves energy efficiency in buildings that are equipped with mechanical ventilation systems with heat recovery and a HE. In this scenario, a PH that protects the system from freezing can be completely eliminated, and heat can be recovered continuously by the HE without bypass solutions.



The study demonstrated that the amount of latent heat that is captured and dissipated by a GAHE significantly affects the building’s overall energy balance. This observation should be taken into account in the design and engineering methods for calculating a building’s energy load.



A GAHE is also a solution that deserves special attention in the context of sustainability. In an era of rapid climate change, a GAHE effectively reduces the energy demand of ventilation systems under highly variable weather conditions. As a result, a GAHE significantly contributes to the development of sustainable buildings that are resilient to climate change.



According to the Köppen classification, Poland belongs to the humid continental climatic region. The results of the present experiment were obtained under local conditions, but they characterize the performance of a GAHE in the entire climatic zone. These observations also constitute valuable reference data for studies conducted in other locations.



The real-world performance of a GAHE was analyzed in the climate of Central-Eastern Europe and in various configurations of the HVAC system in a single-family home. The results can be used to select the optimal heating and ventilation scenarios for engineering projects as well as private home construction projects. Four popular HVAC scenarios were analyzed in this study, but other configurations are also possible. Further research is needed to address rapid technological progress, climate change, and more stringent energy-efficiency standards in the construction industry.
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Abbreviations




	    A c    
	projected area of the element [m2]



	    A i    
	area of element i [m2]



	    A  s o l , k     
	effective collecting area of surface k with a given orientation and tilt angle [m2]



	    A  w , p     
	overall projected area of the glazed element [m2]



	    b  t r , l     
	adjustment factor for the adjacent unconditioned space with internal heat source l



	    b  t r , x     
	adjustment factor



	    b  v e , k     
	temperature adjustment factor for airflow



	    c d    
	average specific heat of dry air at constant pressure; 1001 [J/(kg K)]



	    c v    
	average specific heat of water vapor at constant pressure; 1840 [J/(kg K)]



	  d  
	specific humidity [kg/kg]



	    F F    
	frame area fraction, ratio of the projected frame area to the overall projected area of the glazed element



	    F  r , k     
	form factor between the building element and the sky



	    F  s h , g l     
	shading reduction factor for movable shading provisions



	    F  s h , o b , k     
	shading reduction factor for external obstacles for the solar collective area of surface k



	    g  g l     
	total solar energy transmittance of the transparent part of the element



	    h  I n     
	enthalpy of fresh air at the GAHE inlet [J/kg]



	    h e    
	enthalpy of fresh air at the GAHE outlet [J/kg]



	    h r    
	external radiative heat transfer coefficient [W/m2K]



	    H  t r , a d j     
	overall heat transfer coefficient [W/K]



	    H  v e , a d j     
	overall ventilation heat transfer coefficient [W/K]



	    I  s o l , k     
	solar irradiance, mean solar irradiation energy during the time step of the calculation, per square meter of collecting area of Surface k [W/m2]



	    l k    
	length of linear thermal bridge k [m]



	   m ˙   
	mass air flow rate [kg/s]



	  q  
	vaporization heat of water at 0 °C; 2,500,000 [J/kg]



	    q  v e , k , m n     
	time-average airflow rate of airflow [m3/s]



	    Q  h t     
	total heat transfer [kWh]



	    Q B    
	heating load of the analyzed building [kWh]



	    Q  g n     
	total heat gains [kWh]



	    Q  i n t     
	internal heat gains [kWh]



	    Q  s o l     
	solar heat gains [kWh]



	    Q t    
	latent heat transfer [W]



	    Q  t r     
	total heat transfer by transmission [kWh]



	    Q  v e     
	total heat transfer by ventilation [kWh]



	    R  s e     
	external surface heat resistance of the element [m2K/W]



	  t  
	duration of the calculation step [h]



	  T  
	air temperature [K]



	    U c    
	thermal transmittance of the element [W/m2K]



	    U i    
	thermal transmittance of element i of the building envelope [W/(m2K)]



	    Φ  r , k     
	extra heat flow due to thermal radiation to the sky from building element k [W]



	    Φ  s o l , k     
	time-average heat flow rate from solar heat source k [W]



	    Φ  s o l , u , l     
	time-average heat flow rate from solar heat source l in the adjacent unconditioned space [W]



	    Ψ k    
	linear thermal transmittance of thermal bridge k [W/(mK)]



	    η  H E   v e n t     
	efficiency of the heat recovery unit



	    θ  I n     
	air temperature at the GAHE outlet [°C]



	    θ e    
	temperature of the external environment [°C]



	    θ  i n t . s e t     
	set-point temperature of the building (for heating or cooling) [°C]



	    θ  s s     
	arithmetic average of surface temperature and sky temperature [°C]



	    θ  s u p , k     
	supply temperature from the heat recovery unit [°C]



	    ρ a   c a    
	heat capacity of air per volume; 1200 [J/(m3K)]



	    χ j    
	point thermal transmittance of point bridge j [W/K]



	   Δ  θ  e r     
	average difference between external air temperature and apparent sky temperature [°C]



	  ε  
	emissivity for thermal radiation of the external surface



	  σ  
	Stefan-Boltzmann constant; 5.67 × 10−8 [W/(m2K4)]
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Figure 1. Floor plan of the modeled building. 
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Figure 2. Outdoor temperature histogram. 
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Figure 3. Temperature distribution at the GAHE outlet and difference between the temperature at the GAHE outlet and ambient temperature. 
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Figure 4. Boundary values of hourly energy loads [Wh] in the entire building at different ambient temperatures—maximum heating energy load and minimum cooling energy load in all systems. 
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Figure 5. Average hourly energy load [Wh] in the ventilation system. In each month, variants 1, 2, 3, and 4 are represented by the respective bars in each group of four bars. 






Figure 5. Average hourly energy load [Wh] in the ventilation system. In each month, variants 1, 2, 3, and 4 are represented by the respective bars in each group of four bars.



[image: Energies 15 00105 g005]







[image: Energies 15 00105 g006 550] 





Figure 6. Daily sum of absolute changes in ambient temperature and temperature at the GAHE outlet between two consecutive hours. 
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Table 1. Average hourly energy loads per 1 m2 of floor area [Wh/m2].






Table 1. Average hourly energy loads per 1 m2 of floor area [Wh/m2].





	
Month

	
    Q B  =  Q  t r   +  Q  s o l     

[Wh/m2]

	
Average Hourly Energy Demand in the Ventilation System [Wh/m2]




	
Variant 1

	
Variant 2

	
Variant 3

	
Variant 4




	
     Q  v e      

	
     Q  G A H E      

	
     Q  v e      

	
     Q  P H      

	
     Q  H E      

	
     Q  S H      

	
     Q  G A H E      

	
     Q  H E      

	
     Q  S H      






	
Jan

	
10.46

	
9.19

	
3.12

	
5.73

	
0.91

	
7.45

	
0.83

	
3.13

	
5.16

	
0.58




	
Feb

	
9.07

	
9.09

	
2.80

	
5.52

	
0.91

	
7.35

	
0.82

	
2.80

	
4.97

	
0.55




	
Mar

	
5.68

	
7.45

	
2.40

	
4.42

	
0.52

	
6.24

	
0.69

	
2.43

	
3.98

	
0.44




	
Apr

	
−1.28

	
4.38

	
1.70

	
2.75

	
0.00

	
3.94

	
0.44

	
1.70

	
2.48

	
0.28




	
May

	
−4.46

	
2.31

	
0.48

	
1.05

	
0.00

	
2.08

	
0.23

	
0.45

	
0.98

	
0.12




	
June

	
−8.41

	
0.37

	
0.03

	
0.25

	
0.00

	
0.34

	
0.04

	
0.03

	
0.18

	
0.05




	
July

	
−7.76

	
0.21

	
0.13

	
0.12

	
0.00

	
0.19

	
0.02

	
0.13

	
0.04

	
0.03




	
Aug

	
−6.99

	
0.14

	
0.14

	
0.05

	
0.00

	
0.13

	
0.01

	
0.13

	
0.00

	
0.03




	
Sept

	
−2.66

	
2.12

	
1.01

	
1.04

	
0.00

	
1.91

	
0.21

	
1.03

	
0.93

	
0.11




	
Oct

	
1.78

	
4.20

	
1.90

	
2.46

	
0.00

	
3.78

	
0.42

	
1.90

	
2.22

	
0.25




	
Nov

	
6.97

	
6.43

	
2.59

	
3.80

	
0.08

	
5.71

	
0.63

	
2.60

	
3.42

	
0.38




	
Dec

	
9.17

	
7.88

	
3.30

	
4.49

	
0.19

	
6.93

	
0.77

	
3.30

	
4.04

	
0.45
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Table 2. Sensible and latent heat recovery in the GAHE under heating and cooling conditions—average hourly energy load per 1 m2 of usable floor area [Wh/m2].






Table 2. Sensible and latent heat recovery in the GAHE under heating and cooling conditions—average hourly energy load per 1 m2 of usable floor area [Wh/m2].





	
Month

	
Average Hourly Energy Demand in the Ventilation System [Wh/m2]




	
Heating Load

	
Cooling Load




	
Sensible

Heat

	
Latent

Heat

	
Sensible

Heat

	
Latent

Heat






	
Jan

	
3.12

	
2.94

	
0.00

	
0.00




	
Feb

	
2.80

	
2.39

	
0.00

	
0.00




	
Mar

	
2.40

	
2.36

	
0.00

	
0.00




	
Apr

	
1.74

	
1.27

	
−0.04

	
−0.08




	
May

	
0.73

	
0.73

	
−0.25

	
−0.31




	
June

	
0.49

	
0.50

	
−0.46

	
−0.61




	
July

	
0.45

	
0.45

	
−0.32

	
−0.43




	
Aug

	
0.51

	
0.59

	
−0.37

	
−0.39




	
Sept

	
1.12

	
1.17

	
−0.11

	
−0.10




	
Oct

	
1.90

	
1.79

	
0.00

	
0.00




	
Nov

	
2.59

	
2.28

	
0.00

	
0.00




	
Dec

	
3.30

	
2.63

	
0.00

	
0.00
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