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Abstract: This paper presents proposals for using the direct-contact gravel, ground, air heat exchanger
in single-family residential buildings with a passive house standard, according to the Passive House
Institute (PHI). The methodology of their application consists of using heat and cold from the ground
at an insignificant depth (about 1.5-4.0 m below the ground level for the central European climate)
through an aggregate that is buried in the ground. This solution of simple installations is used for
preheating and cooling fresh air drawn into the building through a mechanical ventilation system
with heat recovery. In more complex applications it can be integrated with the source of heat and cold
in passive buildings to create complete heating, cooling, and ventilation systems. In both cases, the air
flowing through the exchanger is cooled and dried in summer, heated and humidified in winter, and
filtered from pollen and bacteria all year. Direct contact of the deposit with the surrounding native
soil facilitates rapid regeneration of the bed temperature. This article presents several proposals for
integration with systems ensuring climatic comfort in a passive building, as exemplary applications.
The paper presents preliminary estimates of energy (savings of up to 70% of electrical energy
consumed), economic (SPBT = 3.65 years), and environmental (69.5% reduction in CO, emissions)
benefits related to implementing this solution in various configurations of technological systems for
buildings in Poland. The calculations were carried out for the city of Poznan, taking into account the
hourly intervals and using the author’s code written in MS Excel. The analysis of the operation of the
direct-contact gravel, ground, air heat exchanger (GGAHE) system is based on a theoretical heat and
mass exchange model. The integrated solutions of technical systems presented in this article provide
an interesting alternative to traditional heating, cooling, and ventilation systems.

Keywords: air direct-contact; gravel; ground heat exchanger; heating and cooling support;
passive buildings

1. Introduction

The presented article is an extension of the conference referat [1]. Research on heat
acquisition from the ground and heat dissipation to the ground at a small depth below
ground level (about 1.5-4.0 m below the ground level for the central European climate)
has been carried out since the 1980s. For the central European climate, the ground tem-
perature at a depth of about 4 m is essentially stabilized throughout the year at about
+10 (£1.5) °C [2]. The natural temperature of the ground has been the subject of many
studies [3-6]. This property of the soil is used in the gravel, ground, air heat exchanger
(GGAHE) [7]. For other climates not considered in this publication, the temperature of
the ground in the subsurface layer can vary significantly up to a depth of 20-30 m below
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the ground level. The temperature may be influenced by meteoric waters, solar radiation,
etc. This soil property is used in the gravel, ground, air heat exchanger (GGAHE). The
most important element of this type of heat exchanger is a gravel deposit acting as a heat
accumulator, in which external air flows through an off-road inlet into the building. The
gravel deposit is used for preliminary preparation of the air supply to the building (thermal
and humidity control), relying on the heating period, in the initial heating and humidifying
of the extracted air, and the cooling period, in its initial cooling and drying. Subsequently,
air flows to the air-handling unit or air-conditioning unit. In Polish climatic conditions, the
GGAHE exchanger is usually designed in such a way that, in winter, for external design
temperature e.g., —20 °C, the air drawn in is heated to a positive temperature close to
0 °C, which protects the cross-flow recuperator (in case of application) against potential
frost. As reported in [8], in order to improve the thermal energy storage properties of the
stone deposits, it was proposed that they can be additionally sprayed with water. Water
sprinkling increases the efficiency of heat and mass transfer processes in the accumulation
filling. A desirable phenomenon for the winter period is the increase in relative humidity
of the air that leaves the GGAHE. The sprinkler system enables periodic disinfection and
washing of the deposit. It was concluded that the number of particles from air pollution
following the exchanger got reduced to half of the value contained in atmospheric air.
Thus, the exchanger is additionally, a specific kind of filter. The disadvantage of such a
solution is its sensitivity to the groundwater and, in the case of the stone deposit being
too small, the necessity of its regeneration. When designing a ground heat exchanger, it
is necessary to analyse the physical properties of the ground, its temperature profiles at
various times of the year, and the impact of heat extraction or supply on changes in its
temperature. It is crucial to apply mathematical modelling for this purpose, as it allows for
specification of the time needed for thermal regeneration of the ground after the heating
season, among other functions. Despite the existence of natural thermal regeneration in the
summer season, too much intensive exploitation of a heat exchanger during the heating
season can cause excessive cooling of the ground [9,10]. In [2], it was found that during
the winter season, the gravel heat exchangers can be used to provide about 50% of the
heat for ventilation, and during the summer season to meet up to 100% of demand for
building cooling. The ratio of electrical energy required to force airflow through the gravel
deposit to heating or cooling obtained from the deposit is 1:40 in peak periods, and 1:25
on average. Figure 1 presents the results of calculations for the percentage coverage of
heat demand to heat the extracted ventilation air through the ground exchanger, which
is subject to regeneration [2]. It is noted that, for the winter period, the exchanger covers
more than 60% of the heat demand. This allows for a significant reduction in heating costs.

The simulations carried out in [9-11] show that the ground thermal conductivity
significantly affected the value of the minimum temperature occurring at a given depth
of the heat exchanger’s installation. Therefore, the ground heat exchanger will be best
protected against the occurrence of excessively low temperatures if it is installed in- ground
with high thermal conductivity. As can be seen from the calculations, the lower relative
humidity of the ambient air and evaporation rate coefficient raised the minimum annual
ground temperature very slightly, improving the operation of the ground heat exchanger to
a small extent. In [11] it was demonstrated that the amount of latent heat that was captured
and dissipated by a GGAHE significantly affected 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.

In [12], the authors presented the results of the analysis of particles retained on
filters located at the inlet and outlet of the ground heat exchanger and the results of the
analysis of collected sediments on the gravel deposit, which have been used without
external intervention by the operators for the last 13 years. In that study, small amounts of
microorganisms were found in the air coming out of the GGAHE and subsequently, blown
into the building. It was shown that the number of living bacteria and fungi, as well as
chemical markers of microorganisms detected using the analytical method, were much
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lower behind the gravel deposit than in front of it. The content of fungi and their spores
in the sediment on the gravel deposit decreased from 10.8 pg/mg to 0.3 pg/mg, and the
content of Gram-negative bacteria and endotoxin markers decreased from 0.147 nmol/mg
to 0.01 nmol/mg. No increased growth of bacteria or fungi was observed on the surface
of the deposit, which means that the gravel exchanger has very good air conditioning
properties. To intensify the air purification, [13] presents the concept of using a UV-C
(ultraviolet with a wavelength of 200-280 nm) lamp in the air duct in front of the air-
handling unit connected to the GGAHE. The UV-C lamp is used to purify the air and can
lower the cost of exploitation by eliminating the pollutants that form bacterial jelly on heat
exchanger elements.
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Figure 1. The percentage coverage of heat demand for ventilation through a ground heat exchanger
(Poznan, Kotobrzeg, Warszawa, Krakow) [1].

In [14], measurements of dust concentration before and after the installation of the
GGAHE were carried out. After three measurement tests of concentrations of PM1, PM2.5,
PMresp, PM10, and PMTOTAL before and after the exchanger, the efficiency of stopping
the particulate matter by the exchanger was determined to be 75-76%, which showed that
the GGAHE also has very good filtration properties. These features of the GGAHE are
definitely an added value of this type of heat exchanger.

The purpose of this article is to perform simulation calculations of GGAHE operation
throughout the year for applications in a passive house built in the Polish climate. The next
step will be to validate the calculations on a real test stand. It is expected that the use of
GGAHE will reduce final energy consumption, reduce CO2 emissions to the environment,
and enable the use of heating and cooling devices with lower power.

2. Types of Gravel, Ground, Airborne Heat Exchangers

The membraneless ground, air-grade gravel heat exchangers can be divided into two
types. The first type is a single ground heat exchanger with a high storage capacity of
deposit, which guarantees the desired preparation of the extracted ventilation air all year
round without the need to regenerate the deposit (Figure 2). The second type consists
of two ground heat exchangers arranged parallel to each other (Figure 3). The extracted
air flows through exchanger I, and then is directed through the air-handling unit to the
building. The used air is extracted from the rooms and directed to exchanger II, which
is regenerated. After a given time, the settings in the dampers are changed, exchanger
I is regenerated, and exchanger II gives off the accumulated heat/cold. This allows for
higher efficiency than in the case of the first solution. The condition for using the second



Energies 2022, 15, 6110

40f13

Intake

type of heat exchanger with the regeneration of the deposit is the absence of volatile toxic
substances in the air ejected from the building.
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3. The Use of Direct-Contact, Gravel, Ground, Air Heat Exchangers

The possibilities for using direct-contact, gravel, ground, air heat exchangers are
numerous. They can be used wherever it is desirable to reduce primary energy consumption.
The most common solution is to use GGAHE for the preparation of preliminary air (thermal
and humidity control) in single or multi-family buildings, but also in industry [15,16].
Figure 2 shows the diagram of the application of direct-contact gravel, ground, air heat
exchangers for a single-family building in the passive standard [17-19], located in Sierostaw
(near Poznar). Figure 2 shows the applied technological system with an indication of
the measuring equipment. Currently, measurement data of temperature and relative air
humidity in seven measurement points are collected. During the winter, the air collected by
the field probe flows through the ground gravel heat exchanger, and then is directed to the
air-handling unit equipped with highly efficient heat recovery (>90%), and is subsequently
blown into the rooms. In summer, the air bypasses the heat recovery exchanger located in
the air-handling unit through the by-pass, because in this period the ground heat exchanger
ensures 100% supply of cold air within the building. In the transitional periods, it is possible
to draw fresh air using an additional wall intake, built on the external wall of the building,
the so-called bypass system of the ground heat exchanger. During this time, the gravel
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deposit is regenerated. In addition, during the winter season, if the gravel heat exchanger
is over-exploited, an electric inlet air heater is used to avoid cross-freezing of the heat
recovery heat exchanger located in the air-handling unit. The presented system is effective;
during the winter it provides heating of the extracted ventilation air to positive temperature
parameters (TC > 0 °C) and regulation of the relative humidity of indoor air in the building
at the level of @WEW > 30%, while during the summer season it is responsible for total
dissipation of heat from the building, maintaining a comfortable temperature inside the
building at the level of TWEW < 24 °C, at the same time as regulating relative humidity,
which does not exceed WEW < 70%. As a result of air contact with the ground in GGAHE,
the soil gets drained during hot summer periods, moisturized in winter, and cleansed.

In more complex applications, the GGAHE can be integrated from the heating and cool-
ing source for passive buildings while creating complete heating, cooling, and ventilation
systems. A proposal for this is shown in Figure 4A,B.
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of GGAHE integration with the heat pump—summer mode.
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4. Energy, Economic, and Environmental Efficiency of the GGAHE

The simplest way to determine the energy efficiency of a ground heat exchanger is to
calculate the heat flow exchanged in the system. It can be calculated using the formula [20]:

Q = ri-Ah [kW] )

where

Q is instantaneous power output from the GGAHE [kW]

m is the air mass flow rate flowing through GGAHE [kg/s]

Ah is the difference in the specific enthalpy of the moist air between the inlet and outlet of
the GGAHE [Kk]/kg]

The air mass flow rate can be determined by knowing its flow rate through the
exchanger according to the formula [20]:

= Ve
"= 3500 X8/ @)

where

V is the volumetric flow rate of the air flowing through the GGAHE [m?/s]
p is the density of the air flowing through the GGAHE [kg/m3]

The specific enthalpy of humid air can be determined from the formula [20]:
hy = 1.005-; + x1-(1.86-t; +2500.8) kg /s] 3)

where

t1 is humid air temperature [°C]
x1 is moisture content of the moist air [kg/kg]

The amount of energy derived from the GGAHE can be determined from the for-
mula [20]:
Q= Q At [Wh] 4)
where
At—time [h]

Using the above relationships and knowing the quantitative (flow) and qualitative
(temperature and relative humidity) parameters of the air flowing through the GGAHE,
in points in front of and behind the exchanger, it is possible to determine the amount of
energy taken from the ground during the winter and the amount of energy given back to
the ground during the summer using the gravel, ground, air heat exchanger. Knowing
the amount of guiding electrical energy inserted additionally to force the air through the
GGAHE, it is possible to determine the energy efficiency of the GGAHE application for the
whole year.

For this work, we decided to assume quality parameters (temperature and relative
humidity) of the air flowing out of the GGAHE by the data presented in [2,3,15,16,21],
which were indicated and statistically calculated based on many years of measurements. In
Figure 5, average values for air temperature after passing through the GGAHE and average
values of outdoor air temperature and soil for Poznan were presented. These data can be
used in designing and providing the basis for the performance of any analyses connected
with the full-year operation of the device. Knowing the unit prices of electricity and fossil
fuels for an alternative way of supplying heating and cooling to the extracted outside air
and its humidifying and dehumidifying capabilities, it is possible to calculate the operating
cost savings and thus the economic efficiency and payback time of the GGAHE. Similarly,
environmental performance can be determined using the GGAHE.
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Figure 5. Average ground and outside air temperatures after passing through the GGAHE.

5. Calculation
5.1. Passive Building

This analysis considers a single-family residential building in the passive building
standard. There are four users in the building. It is located in the 2nd climate zone according
to Polish Standard PN-76/B-03420. The heating consumption coefficient does not exceed
15 kWh/(m?-a) and is fully covered using renewable energy sources, including heat pump
and GGAHE. Building description:

Total useful floor area with adjustable temperature: Ag = 154.0 m?

Total usable volume: V¢ = 475.5 m3

Energy demand for heating and ventilation: 2237.2 kWh/a

Specific energy demand for heating and ventilation: EUpy,w = 14.53 kWh/(m?-a)
Calculation thermal power for heating and ventilation: Qco = 2.2 kW
Calculation thermal power for DHW production: Qppw = 2.6 kW

Airtightness of the building: n50 = 0.6 h-1

Heat transfer coefficient of the external walls: Uy = 0.1 W/(m?-K)

Heat transfer coefficient of the roof: Ug - 0.09 W/(m?-K)

Highly insulated windows with external blinds, to protect from overheating in the cooling
season: U = 0.8 W/(m?K): Ug = 0.5 W/(m?K), gwip = 0.7, gsum = 0.35.

5.2. Heating and Cooling System

The heat source is a heat pump with a vertical ground heat exchanger. The heating
capacity Qg = 5.9 kW (B0/W35) and the COP = 4.7 (B0/W?35). The average annual efficiency
of the heat pump is SCOP = 5.0. The average overall seasonal efficiency of the heating
system is equal to 3.85. The top heat source is the floor heating system with heating water
temperatures of tsyp/tret = 30/25 °C. The heat pump supplies the DHW storage tank with
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a volume of 300 dm?>. The electric heater is the peak heat source for heating domestic hot
water. The heat pump is equipped with a passive cooling module.

5.3. Mechanical Ventilation System with Heat Recovery
The building under consideration is equipped with a supply and exhaust ventilation
system (AHU) with a nominal airflow designed as VIN / VOUT =200/200 m3/h in winter. The

recuperator efficiency is 88%. During the summer, the airflow is Vin/Vout = 400/400 m3/h.
In summer mode, the air bypasses the recuperator or uses heat recovery in the mode of
dehumidifying the intake air. The multi-step electric heater (with electric power of 1.5 kW)
is the peak heat source for the air-handling unit. The electric heater is used to pre-heat the
fresh air to the temperature of —1 °C, at subzero outside temperatures.

Characteristics of the ventilation system and assumptions:

AHU performance within the cooling season (from 1 May to 30 September): 400 m*/h
AHU performance within the heating season (from 1 October to 30 April): 200 m>/h
Pressure drop through a mechanical ventilation system: 100 Pa

Efficiency electric heater: 95%

Airflow is constant during the day/night period

Electricity consumption by the air-handling unit (Pin/Pout): 58/58 W

5.4. The Direct-Contact Gravel, Ground, Air Heat Exchanger (GGAHE)

As part of this article, it was decided to calculate the energy, economic, and environ-
mental benefits of GGAHE in accordance with option no. 1 (Figure 2). GGAHE description:

- Width x length x height: 4.0 x 5.0 x 1.2m

- Gravel: 63 mm pure fraction, granite, washed gravel, no sand, hygienically clean
and odourless

- Collection pipe DN: 315 mm

- Constant flow rate through the bed: 0.1 m/s

- Thelevel of the free table of groundwater: 2.5 m

- Additional air-flow resistance through the gravel bed: 100 Pa

- Additional electricity consumption by the air-handling unit (Pin add): 18 W

Assumptions:

Airflow through the GGAHE over the year

The GGAHE works in heating mode when the external air temperature is lower than 10 °C;
the GGHE heats the airflow; during this period the outside air is also moisturized

The electric heater supports its work

In cooling mode, the GGAHE cools the airflow to the resulting temperature only when the
outdoor temperature exceeds 16 °C; during this period the outside air is also dried

5.5. Simulations

The calculations were carried out for the city of Poznari and are presented in Table 1.
The calculations were made in MS Excel with the use of proprietary code. The hourly
interval was taken into account in the calculations. The analysis of the operation of the
GGAHE system was based on a theoretical heat and mass exchange model [22]. It describes
a system that consists of the heat and mass transfer to or from the ground and from or to
conditioning air. The thermodynamic properties of water and air were approximated using
appropriate equations [23]. The heating, cooling, drying, and moisturizing operations
of fresh, ventilated air in the GGAHE rely on Equation (1). The simulation model was
created based on heat and mass exchange equations shown in [24]. Because the calculations
were carried out in an MS Excel application some simplifying assumptions were made,
according to [22]—Section 3.2. “Simulations”. The reference temperature of the ground at a
depth of 2 m is calculated according to the methodology shown in [23].
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Table 1. Amount of heat and energy taken/given from the ground through a GGAHE.

Results Concerning Ground, Air-Ground, Gravel Heat Exchanger

Amount of heat taken from the ground during the heating period (Tout < 10 °C) 1609.4 kWh/a
Amount of heat transferred to the ground during the heating period (Tout < 10 °C) —20.9 kWh/a
Amount of energy taken from the ground during the heating period (Tout < 10 °C) 1956.1 kWh/a
Amount of energy transferred to the ground during the heating period (Tout < 10 °C) —23.7 kWh/a
Amount of heat taken from the ground during the transitional periods (10 °C < Toyut < 16 °C) 0.0 kWh/a
Amount of heat transferred to the ground during the transitional periods (10 °C < Toyt < 16 °C) —686.5 kWh/a
Amount of energy input from the ground during the transitional periods (10 °C < Tout < 16 °C) 0.2 kWh/a
Amount of energy transferred to the ground during the transitional periods (10 °C < Tyt < 16 °C) —720.4 kWh/a
Amount of heat taken from the ground during the cooling period (10 °C < Toyt < 16 °C) 0.0 kWh/a
Amount of heat transferred to the ground during the cooling period (Tout > 16 °C) —1677.5 kWh/a
Amount of energy taken from the ground during the cooling period (Tout > 16 °C) 0.0 kWh/a
Amount of energy transferred to the ground during the cooling season (Tout > 16 °C) —2177.8 kWh/a

Simulations were prepared using meteorological data of the Poznan City (EN-ISO
15927:4). The climatic data take into account the dry- and wet-bulb temperature variations,
relative humidity, and moisture content for every hour of the year. The main point of the
simulation is to examine changes in temperature and relative humidity of the external air
flowing through the GGAHE into the building throughout the year.

5.6. Results and Discussion

The results of the calculations are shown in Tables 1-3. The tables show the results of a
GGAHE. The simulation results indicate that the application of the GGAHE contributed to
the extraction of a significant amount of heat and water from the ground during the heating
period and, during the cooling period, it contributed to the transfer of a significant amount
of heat and water to the ground. During the transitional periods, heat was transferred from
the outside air to the ground. During winter, the GGAHE preheated the airflow. An electric
heater was not needed. The savings were 346.6 kWh/a of heating produced from electricity.
During summer, the GGAHE precooled the airflow and obviated the need to use the active
cooling system. The savings were 1677.5 kWh/a of cooling produced from electricity.

Table 2. The amount of heat supplied /exhausted into the supply air of the building.

Results of the Heat Input/Output to the Supply Air

GGAHE Without GGAHE

Amoun’F of heat f)btfnned in the heatmg period (Tout <10 °C) 5788.0 5634.9 KWh/a
mechanical ventilation system with heat recovery

Heat ou.tput dur.mg-the cooling PeI‘lOd (Tout > 16 °C) _16775 0.0 KWh/a
mechanical ventilation system with heat recovery

Heat quantities needed to heat the supply air

to a building in the heating season (Tout < 10 °C) 572.7 7258 kWh/a
Heat quantities needed for the electric heater to pre-heat the intake air 0.0 312.66 kWh/a
Amount of electricity used by the electric heater to pre-heat the intake air 0.0 329.12 kWh/a

Table 3. Conditioning (humidifying and dehumidifying) the supply air to the building.

Results of Intake Air Humidification

GGAHE Without GGAHE

Amount of water abstracted from the ground during the heating

period (Tout <10 °C)

488.5 0.0 kg/a
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Table 3. Cont.
Results of Intake Air Humidification
GGAHE Without GGAHE
Am(?unt of energy taken fjom the ground to be humidified during the 346.6 0.0 KWh/a
heating period (Toyut < 10 °C)
Amount 0£ electricity for humidifier purposes in the heating period 0.0 3585 KWh/a
(Tout <10 °C)
Maximum amount of water abstracted from the ground during the
heating period (Tout < 10 °C) 0.65 0.0 kg/h
Maximum electric power of the humidifier 0.0 0.48 kW
Results of the Dehumidification of Intake Air
GGAHE Without GGAHE
Amount of water released to the ground during the cooling season _
(Tout > 16 °C) 723.5 0.0 kg/a
Amount 0£ energy released to the ground during the cooling season 5002 0.0 KWh/a
(Tout > 16 °C)
Amount o£ electricity for the dehumidifier in the refrigeration period 0.0 1067.7 KWh/a
(Tout > 16 °C)
Maximum amoun;c of water released to the ground during the cooling 240 0.0 kg/h
season (Tout > 16 °C)
Maximum electrical power of the dehumidifier 0.0 3.55 kW

5.7. Energy, Economy, and Environmental Analysis

To determine the total energy, economic, and environmental benefits of using the
designed GGAHE system instead of the traditional mechanical ventilation system with
electrical air heating, the additional cooling and dehumidification of intake air in sum-
mer and the additional humidification of intake air in winter must be investigated. The
results of the analysis are shown in Table 4. Assumptions for energy, economic, and

environmental analysis:

Average seasonal efficiency of chill production (for the non-integrated system), SEER = 3.0

Electricity unit price, Pgr = 0.120 euro/kWh

Total investment cost of GGAHE installation and integration, Iy = 1520 euro
Additional total investment cost for humidifying and dehumidifying installation, Ipppgy = 540 euro
CO? emission factor (National Centre for Emissions Management), ecop = 798 kg/MWh

Table 4. Energy economy and environmental analysis.

Results Concerning the Amount of Electricity

GGAHE Without GGAHE

Electricity consumption of the air-handling unit 833.1 721.2 kWh/a
Electrical energy consumption for heating the air during

the heating period (Tout < 10 °C) 148.7 188.5 kWh/a
Electrical energy consumption for electric pre-heater air

during the heating period (Tout < 10 °C) 0.0 329.12 kWh/a
Electrical energy consumption for humidifying air during

the heating period (Tout < 10 °C) 0.0 358.5 kWh/a
Electrical energy consumption for cooling the air during 0.0 559.2 KWh/a

the cooling period (Tout > 16 °C)
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Table 4. Cont.

Results Concerning the Amount of Electricity

GGAHE Without GGAHE
urin he couing peiod (T 160y 09 10677 kWh/a
Total electricity consumption 981.82 3224.18 kWh/a
Economic analysis
GGAHE Without GGAHE
Variable system operating costs 117.39 385.50 euro/a
Additional investment costs 1520.00 540.00 euro
Simple payback time 3.66 a
Ecological analysis
GGAHE Without GGAHE
CO; emissions to the environment 783.49 2572.89 kg CO,/a
Reduction of CO, emissions to the environment 1789.40 kg CO,/a

6. Conclusions

The use of a GGAHE to pre-prepare the air in the process of air conditioning passive
buildings should be preceded each time by an in-depth analysis. The analysis should
include the full-year operation of the system. Savings of up to 70% per year of electrical
energy consumed can be expected compared to a GGAHE-free system. The use of GGAHE
reduces the required power and size of air treatment devices (heating systems, cooling
systems, humidifiers, dryers, etc.). Simple payback time for investments is less than four
years. The presented solution contributes to sustainable development goals because it
minimizes energy consumption and reduces CO, emissions, which is important. It also
decreases running costs, while the investment itself is modest.

We are planning to validate the calculations based on collected measurement data in
the near future. Figure 2 shows the applied technological system with an indication of the
measuring equipment. Incomplete data have been collected since 1 November 2018.
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Nomenclature

V  The volumetric flow rate of the air flowing, m3/h
p  The density of air, m®/h

t;  Humid air temperature, °C

Q Instantaneous power output, kKW

m  The air mass flow rate, kg/s
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Ah Difference in the specific enthalpy, kJ /kg

X1 Moisture content of the moist air kg/kg

At the difference between two time-scales, h

Tsoit soil temperature, °C

Tout outside temperature, °C

Tccang air, gravel, ground heat exchanger temperature, °C

Ag total useful floor area, m2

Qco demands for heat generation power for heating and ventilation, kW
Qcwu demands for heat generation power for hot water production
ns0 air tightness of the building, h-!

Uw heat transfer coefficient of the external walls/roof, W/ (mz-K)
U, heat transfer coefficient of the windows, W/(m?-K)

tsup supply temperature, °C

tret return temperature, °C

cor coefficient of performance, [-]

SCOP seasonal coefficient of performance, [-]

1% IN inlet air airflow, m3/h

1% OUT outlet air airflow, m3/h

PpL electricity unit price, zt/kWh

SEER average seasonal efficiency of chill production, [-]

I total investment cost of GGAHE installation and integration, z1

Ioypy  additional total investment cost for humidifying and dehumidifying installation, zt
econ CO; emission factor, kg/MWh

P electricity consumption by the supply air-handling unit, W

Pout electricity consumption by the return air-handling unit, W

Pin add additional electricity consumption by the air-handling unit, W
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