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Abstract: The thermally activated building system (TABS) can reduce the peak load by integrating
with the ground heat exchangers. When integrated, the cost of groundwork and stability of the
ground temperature would counteract because the weather conditions would influence the ground
temperature in shallow depth. However, previous studies on TABS assumed constant ground
temperatures such as average outdoor air temperature. In this study, ground temperatures in
different depths are simulated for their detailed investigations, and simulated results of ground
temperature were applied to building energy simulations for observing the load-handled ratio (LHR),
representing the peak load reduction by TABS evaluated in various weather conditions. Simulation
results of ground temperatures from 1 m to 39 m depths show that the temperature stabilized at 2 m
to 11 m depths depending on the characteristics of the outdoor air temperature. LHR increased as
the ground depth increased because the ground temperature at shallow depths increased during
peak hours. Ground depths of 8 m were found ideal for maintaining consistent LHR for all weather
conditions. Detailed observation of ground temperature and its effect on LHR in various weather
conditions can help system engineers design and operate the TABS with the ground system.

Keywords: thermally activated building system; ground heat exchanger; load-handled ratio; EnergyPlus; KIVA

1. Introduction

The climate change from global warming, energy consumption to maintain an optimal
indoor environment, and urbanization have increased the peak building load. The demand
for more reserve power from the power plant for stable operation may lead to electricity
wastage [1]. Building energy use is responsible for a significant portion of energy consump-
tion among the transportation, industrial, and building sectors, with the main contributor
being the cooling load. Previous research on reducing the peak cooling load of the building
was based on passive and active technologies. The passive technologies are related to
the building fabric, such as building thermal mass, phase-change-material, green roof,
and cool roof [2-5]. The active technologies are related to the system, such as storage tanks,
thermally activated building systems (TABS), and pre-cooling strategies [1,6,7].

Among many peak reduction technologies, TABS actively uses the building concrete
structure having a relatively large heat capacity. Peak load can be reduced due to the
asynchrony of heavy structures, which store the heat during non-demand periods for
use during peak periods [8,9]. During the cooling period, TABS is designed to be placed
on the ceiling, roof, and wall of the controlled zone, having a large exposed surface for
heat exchange between the zone and system. The basic control of TABS is based on the
self-regulation effect, which uses supply water temperature close to the zone setpoint
temperature and removes the load depending on the temperature difference between
the zone and TABS surface [10-13]. Higher cooling and lower heating supply water

Energies 2021, 14, 7927. https:/ /doi.org/10.3390/en14237927

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2391-5364
https://orcid.org/0000-0001-8202-6607
https://doi.org/10.3390/en14237927
https://doi.org/10.3390/en14237927
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14237927
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14237927?type=check_update&version=1

Energies 2021, 14, 7927

20f 14

temperature of TABS makes it easier to apply renewable energy sources such as geothermal
systems. Because the underground temperature is relatively constant, a simple heat
exchanger may lead to free cooling without a heat pump [14-16]. In previous studies,
TABS integrated with a ground heat exchanger is evaluated for limited condition. However,
the evaluation of its effectiveness in various weather conditions is yet to be found.

In the design stage, the ground temperatures are often assumed as constant [17],
in which case, the supply water temperature of TABS is assumed to be consistent. How-
ever, the ground temperature varies depending on the weather conditions and ground
depth, especially for the horizontal ground system, which will impact the effectiveness of
TABS [18,19]. In this study, the ground temperatures according to the weather conditions at
different depths are assessed with detailed ground simulations. The effectiveness of TABS
on reducing the peak cooling load is then evaluated with building energy simulations by
comparing the amount of the cooling load handled by TABS. The overall research process
of the detailed evaluations is demonstrated in Figure 1.

Various given conditions Simulations Results

EPW weather files

-Various weather types

Ground temperature

-Representation of typical years Ground temperature simulator -Representation of typical years
based on historical weather -KIVA simulation based on historical weather
data -Ground depths from 1m to 39m data

-Various weather types

v v
Building and system conditions \ | Building energy simulator Effectiveness of TABS
-DOE reference building -EnergyPlus simulation -LHR depending on the ground
-TABS with ground heat -Application of ground depths in various weather
exchanger temperature from KIVA results conditions

Figure 1. Flow chart of the study on evaluation of TABS integrated with ground exchanger.

2. Analysis of Ground Temperature in Various Conditions
2.1. Selection of Weather Locations

Ground temperature is commonly considered to be consistent because of the high
heat capacity characteristics of the ground. As the weather is one of the primary factors
influencing the ground temperature, the average outdoor air temperature is assumed
to be equivalent to the ground temperature deep underground. However, the weather
conditions change throughout the year, and the impact varies depending on the depth.
Thus, the weather conditions and depth of the heat exchanger should be considered
while designing geothermal systems. More importantly, TABS integrated with horizontal
ground heat exchanger must consider the ground temperature because the supply water
temperature depends on the ground temperature. Therefore, the ground temperatures
in various weather conditions should be calculated to evaluate the performance of TABS
integrated with a horizontal ground heat exchanger.

We use the conventional Koppen—Geiger climate classification system [20-24] to ob-
serve the ground temperature in various weather conditions. The system divides the
weather into five main groups, namely equatorial (A), arid (B), warm temperate (C),
snow (D), and polar (E). The weather is further distinguished based on precipitation and
temperature, as desert (W), steppe (S), fully humid (f), summer dry (s), winter dry (w), mon-
soonal (m), hot arid (h), cold arid (k), hot summer (a), warm summer (b), cool summer (c),
extremely continental (d), frost (F), and tundra (T). From the 31 Koppen—Geiger climate clas-
sifications, 28 weather files were selected by visual observation from the Koppen-Geiger
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climate classification map. Cwc, Dsd, and EF climate classifications were excluded from
the study because weather stations were not located in those areas. The country and city
information of weather based on the weather files from the energyplus website [25] are
listed in Table 1.

Table 1. Weather selection with Koppen-Geiger climate classification.

Main Climate Koppen- Koppen-Geiger .
Classification Geiger Class Sub-Climate Type Country City
Af Fully humid Malaysia Kuching
Equatorial Am Monsoonal Philippines Manila
As Summer dry India Indore
Aw Winter dry Thailand Bangkok
BSh Steppe hot Kenya Garissa
. BSk Steppe cold China Beijing
Arid BWh Desert hot Egypt Kharga
BWk Desert cold China Kuga
Cfa Fully humid hot summer Argentina Buenos Aires
Ctb Fully humid warm summer Colombia Bogota
Cfc Fully humid cool summer Iceland Reykjavik
Csa Summer dry hot summer Morocco Casablanca
Warm Temperate Csb Summer dry warm summer South Africa Cape Town
Csc Summer dry cool summer United States Kahului
Cwa Winter dry hot summer India New Delhi
Cwb Winter dry warm summer Peru Cusco
Cwc Winter dry cool summer lack of pixel and no weather file
Dfa Fully humid hot summer Korea Kangnung
Dfb Fully humid warm summer Japan Sapporo
Dfc Fully humid cool summer United States Anchorage
Dfd Fully humid extremely continental Russia Yakutsk
Dsa Summer dry hot summer Unites States Ogden-Hill
Dsb Summer dry warm summer United States Flagstaff-Pulliam
Snow Dsc Summer dry cool summer United States Homer
Dsd Summer dry extremely continental No weather file
Dwa Winter dry hot summer China Harbin
Dwb Winter dry warm summer Russia Irkutsk
Dwc Winter dry cool summer China Xinghai
Dwd Winter dry extremely continental China Qumarleb
EF Polar frost No weather file
Polar ET Polar tundra China Tibet

The outdoor air temperature and humidity ratio of each weather location are plotted
in Figure 2. Across weather locations, the outdoor air temperature ranged from —48.3 °C to
47.3 °C and humidity ratio from 0.00001 to 0.027. The minimum and maximum variation
of outdoor air temperature in a single weather location was 13 °C in Af (Kuching) and
80 °C in Dfd (Yakutsk), respectively. When the weather condition has a high humidity
ratio, the outdoor temperature has a small variation, and vice-versa, because the humidity
in the air works as the heat storage, limiting the variations in the outdoor air temperature.
The large variations in the outdoor air temperature and humidity ratio of the selected
weather conditions may cover most weather conditions, which is sufficient to evaluate the
ground temperatures in various situations.

2.2. Analysis of Ground Temperature and Parameters to Consider in TABS

The ground temperatures should be calculated with a simulation tool for precision
and accuracy. One of the sophisticated ground heat transfer calculation tools, KIVA v0.5.0,
was used to calculate the hourly ground temperature throughout the year. The tool
uses a two-dimensional finite difference method to calculate the temperature at different
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depths and study the impact of weather conditions [26]. As the deep ground depth in
the simulation tool was set to 40 m, the ground temperatures at 1 m to 39 m depths were
calculated at increments of 1 m for the 28 weather conditions. Since the typical horizontal
ground system is 0.5 m to 3 m depth, the depth of 39 m will be sufficient to cover most of
the weather conditions [18,27]. A total of 812 simulations covering the different weather
conditions were conducted using MATLAB R2021a.

Two factors to consider when operating the TABS integrated with a horizontal ground
heat exchanger are the ground temperatures below the water freezing point and varia-
tions in ground temperature. For ground temperatures below the freezing point, the risk
of damaging the pipes and system would increase. The median ground temperature at
eight weather locations, Dfc (Anchorage), Dfd (Yakutsk), Dsc (Homer), Dwa (Harbin),
Dwb (Irkutsk), Dwc (Xinghai), Dwd (Qumarleb), and ET (Tibet), demonstrated below freez-
ing point temperatures (Figure 3). These locations may have a high risk of coolant freezing.

The variations in ground temperature may impact the peak reduction achieved by
the TABS. For observing the ground temperature variation due to the weather conditions,
the ground temperatures at the shallowest depth from the previous study, 0.5 m, are pre-
sented in Figure 3. The minimum and maximum variation in ground temperatures is 2.9 °C
in Kahului and 13.1 °C in Yakutsk, respectively. Although the location with the minimum
variation in ground temperature did not coincide with that having minimum variation in
outdoor air temperature, the trend was similar. The difference in outdoor air and ground
temperature may deviate because other weather factors, such as solar radiation and wind
speed, were used in calculating the ground temperature.
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Figure 2. Weather conditions according to Koppen—Geiger climate classification: (a) outdoor air temperature; (b) humidity ratio.
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Figure 3. Shallow ground temperature comparison among different weather conditions.
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Because the 0.5 m shallow depth demonstrated significantly large variations in ground
temperatures, the weather conditions from the five main climate classifications were se-
lected for its detailed observations. Within the main climate classification, the weather with
a relatively large difference between the minimum and maximum value of ground temper-
ature was selected, namely As (Indore), BSk (Beijing), Cfa (Buenos Aires), Dfd (Yakutsk),
and ET (Tibet). These regions also had a relatively low humidity ratio compared to other
locations within the main climate classification. The ranges in ground temperature in
depths of 1 m to 39 m are presented in Figure 4. For shallow depths, the ground temper-
ature varies significantly. The variation reduces with increasing ground depth because
the deep ground temperature was relatively consistent. The previous study had a similar
result and indicated that the BSk (Tabriz) had approximately 11 degrees Celsius for deep
ground temperature and demonstrated stability in 8 m to 10 m depth [28]. In Figure 5,
the variations in ground temperatures at different depths are plotted. We conclude that the
ground depth has to be maintained at 11 m for a consistent ground temperature difference
of 2 °C at all times. However, in humid weather conditions, the ground depth can be as
low as 2 m to achieve consistent ground temperature.
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Figure 4. Ground temperatures at different depth: (a) as, Indore; (b) BSk, Beijing; (c) Cfa, Buenos Aires; (d) Dfd, Yaktsk;
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3. Results and Discussions
3.1. Simulation Setup and Load-Handled Ratio of TABS

Specification of building materials and size of reference building from the Department
of Energy (DOE) was used for representing a typical small office building. DOE proposes
16 reference building types covering most commercial buildings across the 16 different
locations. The new construction reference building condition from a temperate weather
location, Chicago, was used in this study. The office occupancy schedule proposed by DOE
was used [29]. The overview of the small single-story office building with attic space and
window to wall ratio of approximately 21% is shown in Figure 6. For analyzing the building
load, EnergyPlus version 9.4 was used to model the building and system. EnergyPlus is
commercial software that was validated through various experiments [30-32]. Boundary
conditions used for simulations are given in Table 2.

The schematic of TABS integrated with a horizontal ground heat exchanger is shown
in Figure 7. The pipes of TABS are directly connected to the ground system and have a heat
exchanger between the systems. The TABS is placed on the ceiling of the controlled zone
for improving thermal comfort because one of the local thermal discomfort, the vertical
air temperature difference between the feet and head, needs to be maintained within
approximately three degrees [33]. The ground temperatures from KIVA simulation results
were used. As the EnergyPlus simulation requires hourly ground temperature and only
allows the average soil temperature and average ground temperature as input values,
the average, and range obtained from KIVA were used. Although the ground temperature
may change depending on the system used and require a recovery period, consistent
ground temperatures were assumed for evaluating the maximum potential of the TABS in
this study.

Figure 6. Overview of a small office building from DOE reference building.

[ @]
Fluid to
Conditioned zone E fluid heat
exchanger
|
Ground”
Horizontal
ground heat
exchanger
C Q—
D)
C

Figure 7. Schematic of TABS integrated with horizontal ground heat exchanger.
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Table 2. Boundary conditions used in the simulations.

Conditions Contents
Zone area 511 m2 (27.69 m x 18.46 m)
U-value of the wall 0.698 W/m?2 K
SHGC and U-value of windows 0.391,3.241 W/m?2 K

Wall construction
Ceiling construction

Internal heat gain

0.025 m Stucco, 0.203 m concrete, 0.066 m insulation, 0.013 m gypsum board
0.146 m insulation, 0.203 m concrete, 0.013 m gypsum board
People: 18.58 m?/person
Lighting: 10.76 W/m?
Equipment: 10.76 W /m?

Setpoint temperature 24 °C (summer)
Infiltration rate 0.34 ACH
Occupancy schedule Office working hours (weekdays from 09:00 to 18:00)

As TABS actively uses the building thermal mass by embedding pipes into the concrete
structure, the system stores the heat into the heavy mass during the non-peak period for
use during the peak hour, as described in Figure 8. Therefore, the efficiency of TABS is
evaluated by calculating the ratio of load handled by TABS and maximum load during the
peak hour as follows [34]:

qTABS,cooling

LHR gpling = x 100% 1)

qmux,cooling

Because the weather conditions vary significantly, the typical load-handled ratio
(LHR) of TABS would be different for each weather condition. The TABS with supply
water temperature of 24 °C, which is the zone setpoint temperature, was simulated to
observe the typical LHR of TABS in various weather conditions. The simulation results are
demonstrated in Figure 9. LHR of TABS is low or zero when the outdoor air temperature
is relatively low, such as during summers, because the cooling load from solar radiation
and internal heat gain are lower than the heat loss from infiltration and external fagade.
The average LHR is 18.4%, and the highest is 32.4% in BSh (Garissa).

3.2. Load Handled Ratio According to Ground System Depth

In simulations, fluids had below freezing point temperature for all ground depths in Cfc
(Reykjavik), Dfc (Anchorage), Dfd (Yakutsk), Dwa (Harbin), Dwb (Irkutsk), Dwc (Xinghai),
Dwd (Qumarleb), and ET (Tibet). The locations with the median ground temperature below
the freezing point temperature in the previous section were similar in the simulation results.
However, a couple of weather locations experienced varying results. Cfc (Reykjavik),
where the median ground temperature was 1.4 °C, had system fluid below freezing point
temperature, whereas Dcs (Homer) that had —2.4 °C of median ground temperature could
maintain above freezing point temperature. Therefore, the hourly ground temperature is
significant when assessing the ground system feasibility.

As TABS is a radiant cooling system, the condensation risk is an important factor to
consider, as it may cause mold and damage the surface materials. Excluding the weather
locations with fluids below freezing point temperature, the condensation occurred in BSk
(Beijing), Dfa (Kangnung), and Dfb (Sapporo). The hours of condensation risk depending
on the weather and ground depths are illustrated in Figure 10. Three weather locations
had a high humidity ratio and wide range and amplitude of outdoor air temperature
compared to other weather conditions. Because the shallow ground depth has a higher
ground temperature during the summer period, the supply water temperature decreased
as the ground depth increased. During the spring and autumn periods, the supply water
temperature may increase while ground depth increases. However, the summer may
experience indoor condensation and not influence the number of hours of condensation.
Hence, the hours of condensation increase as the ground system depth increases in all cases.
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Figure 9. LHR with typical self-regulation strategy.

The LHR of TABS, depending on the ground depth and typical LHR in weather
locations excluding the condensation and frozen fluid, are presented in Figure 11. Basic
TABS control strategies with self-regulation effectively reduced the peak load in relatively
hot and dry weather conditions. However, the supply water directly connected to the
heat exchanger also had a high temperature in hot regions. Thus, four weather locations,
Af (Kuching), Am (Manila), Aw (Bangkok), and BSh (Garissa), could not achieve free
cooling. In contrast, Cfb (Bogota) was expected to have a low peak reduction in the typical
control strategy while it achieved 66% LHR. The maximum possible LHR was 75% in Dsb
(Flagstaff-Pulliam), while the typical strategy could only reduce 32.4% in BSh (Garissa).
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More detailed LHR changes depending on the ground depth are illustrated in Figure 12.
The LHR increases as the ground depth increase because the shallow ground temperatures
are higher than the deep ground temperature during the peak period, with a maximum
difference of 11% in BWh (Kharga). However, as the ground temperature stabilizes,
the LHR difference is reduced to 1% after 8 m of ground depth, which is considered an
adequate ground depth design for maintaining a stable LHR for TABS. In previous studies,
Dwa (Seoul) was recommended to have 40% to 50% of LHR with the ground heat pump
system. The results indicated that the ground heat exchanger had a higher potential to
reduce the peak load with the ground heat exchanger [17,34].
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Figure 10. Hours of condensation risk in BSk (Beijing), Dfa (Kangnung), and Dfb (Sapporo).
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Figure 11. Comparison of typical LHR and application of ground calculation in simulation.
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4. Conclusions

TABS integrated with horizontal ground exchanger was applied at different ground
depths across 28 climates. LHR of TABS, considering freezing and condensation conditions,
were evaluated to guide design engineers in selecting the appropriate ground depth
depending on the weather conditions.

Analysis of the ground temperatures at different depths in various weather conditions
shows that shallow ground temperature variations were similar to outdoor air temperature
variations. In addition, in weather conditions with a high humidity ratio, the outdoor air
temperature had less variation, resulting in only small changes in ground temperature.
Thus, the amount of ground temperature variation in shallow depth could be assessed
from the humidity ratio of the weather.

The depth of the ground temperature also significantly impacts ground temperature
variations. Ground temperature variations become consistent in 2 m to 11 m depths de-
pending on the outdoor air temperature variation. Since the typical depth of the horizontal
ground system ranges from 0.5 m to 3, engineers should consider deeper depth depending
on the weather conditions.

The risk of freezing the system fluid and surface condensation occurs in cold climates.
The fluid in the system freezes for median outdoor air temperatures near freezing point
temperature. However, an hourly evaluation should be conducted to decide the feasibility
of the system. During the summer, the ground temperature in deep ground depth had a
lower temperature, which increased the condensation risk.

A comparison of LHR with a typical TABS control strategy and TABS integrated with
the horizontal ground system shows that the ground temperature is too high in hot weather
conditions to provide free cooling. The maximum peak reduction reaches 75% with free
cooling compared to the 32.4% achieved with the typical system with a chiller.

The LHR of TABS increased as the ground depth increased because the shallow ground
temperature had a higher temperature during the peak period. The LHR varied up to 11%
in a shallow depth, and after reaching a certain ground depth, LHR became consistent.
The appropriate depth for maximizing the effectiveness of TABS for all cases is 8 m.

In future work, the effectiveness of the ground system with the application of heat
recovery time will be conducted to increase the simulation accuracy. In addition, various
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control strategies depending on the peak period and amount of cooling load will be studied
to increase the LHR.
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