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ABSTRACT

Sizing of borehole heat exchangers (BHEs) for direct ground cooling systems (DGCSs) is a critical part of
the overall system design. This study investigates the thermal performance and sizing of a DGCS with two
different operation strategies using experimental and simulation approaches. The traditional on/off oper-
ation strategy keeps a constant room temperature. The continuous operation strategy has the potential to
reduce the building peak cooling loads by precooling the space and having a variable room temperature
measures. The experimental results from the laboratory-scale setup show the differences in the hourly
room heat extraction rates and the room temperature pattern for the operation strategies applied. The
experimental data is also used to develop a simulation model. The simulation results show that applying
the continuous strategy reduces the building peak cooling loads and lowers the heat injection rates to the
ground. For new BHESs, applying the continuous strategy can result in shorter BHEs, owing to the signif-
icantly lower ground heat injection rates. For existing BHEs, applying the continuous strategy can
decrease the borehole outlet fluid temperature and thus, increase the cooling capacity of the building
cooling system. The findings of this study have implications for developing the widespread use of DGCSs.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Comfort cooling in buildings is to a large extent based on the
use of electricity. Direct ground cooling system (DGCS) (also
known as passive cooling or occasionally as free cooling), on the
other hand, provides cooling by means of circulating the working
fluid through ground heat exchangers, i.e. an array of pipes
inserted vertically in the ground. Since this system does not use
any refrigeration cycle, only a modest amount of electrical energy
is required to run the circulation pumps. Therefore, the energy per-
formance of such a system, defined as the proportion of cooling
energy provided by the system to the electricity purchased, has
been reported as high as 13-25 [1,2].

One of the main aspects of designing a DGCS is to keep the bore-
hole outlet fluid temperature below a certain level to ensure that
enough cooling capacity is available for the building cooling sys-
tem. Hourly variations in the borehole outlet temperature are
influenced by building cooling loads. Rapid increases in building
loads would cause an increase in the borehole outlet temperature,
since the ground heat transfer rate is slow, owing to its long time
constant. Therefore, it is beneficial to reduce the intensity and
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duration of building peak loads by applying peak shaving
measures.

Generally speaking, peak shaving measures aim at reducing the
on-peak electrical demand, utility costs and size of cooling systems
by utilising building thermal storage [3,4]. For thermal condition-
ing of spaces, two common methods for reducing building peak
cooling loads are precooling the building structure and applying
variable room temperature setpoints [4,5]. Under the pre-cooling
method, building structural components and thermal mass are
cooled during the off-peak period. The cooled thermal mass
absorbs heat during the on-peak period and reduces the peak cool-
ing load. Such a system allows a reduced cooling power since the
maximum heat extraction rate is reduced [6,7]. The variable room
temperature setpoints method is based on the fact that building
energy use and peak loads in building cooling applications are
inversely related to the space setpoint temperature. Various stud-
ies have reported this approach to have beneficial effects on reduc-
ing building energy use [8-10] and building peak loads [11,12].

This study hypothesises that reducing building cooling peaks
will reduce the ground peak loads and consequently reduce the
borehole maximum outlet fluid temperature (for installed
boreholes) or the borehole depth (for under-designed boreholes).
This hypothesis is based on previous studies on heat transfer rates
of vertical boreholes under fluctuating thermal loads [13-15].

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Typically, in ground heat exchanger design software, such as GLHE-
PRO and EED, ground loads are presented as monthly average loads
and peak loads to calculate borehole depths. The peak loads are
estimated as rectangular pulses with a specified intensity and
duration. It has been demonstrated that though the energy content
of the peak pulse may not have a lasting effect on the long-term
thermal behaviour of the borehole, it highly influences the design
exit temperature of the borehole fluid. In other words, the immedi-
ate short-term thermal history of heat extractions/rejections by
the building peak loads can have a higher impact on the highest
borehole outlet temperature than its long-term thermal history
[16,17]. Therefore, shaving of building peak cooling loads can
reduce the maximum borehole outlet temperature for existing
borehole systems or can reduce the required ground heat exchang-
ers’ depth for designing new borehole systems.

Only a few studies have been conducted to evaluate the influ-
ence of the peak shaving measures on the direct ground-coupled
systems. Romani et al. [18,19] adopted a night cooling control
approach to a ground-coupled wall cooling system. The study used
a two-level room temperature setpoint controller to reduce the
ground loads by allowing the room temperature to increase. In
the same context, a study by Arghand et al. [20] showed the impor-
tance of the room setpoint temperature on the required borehole
length and the borehole outlet temperature levels. Other studies
by Li et al. [21] and Lyu et al. [22] addressed the advantages of
shifting/shaving building peak loads through using a pipe-
embedded wall cooling system. However, the influence of reducing
building peak loads on the ground loads and sizing the borehole
has not been investigated in the previous studies.

To assess this hypothesis, this study investigates a cooling strat-
egy using peak shaving measures to operate a direct ground-
coupled active chilled beam cooling system. The objective is to
demonstrate the influence of reducing building peak cooling loads
on the ground loads and outlet fluid temperature. In order to jus-
tify the hypothesis, we study the performance of the cooling sys-
tem with regard to room temperature, ground loads, ground
temperature and system electricity demand, and compare it with
a conventional cooling strategy based on strict feedback control.

2. Strategies for reducing building peak loads

This section overviews the heat extraction rates in buildings in
relation to the cooling strategies used in this study. Details of the
cooling strategies will be presented in Section 4.2.

The cooling strategies used in this study adjust the cooling
capacity of active chilled beams (ACBs) differently, which in turn
influences the heat extraction rates from the building and heat
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rejection rates to the borehole. Fig. 1 shows the dynamic space
heat extraction rates of a space with two control strategies. The
first control strategy (A) is based on a feedback controller keeping
the room temperature within the prescribed temperature range by
regulating the cooling capacity of room terminal units during the
room’s occupied hours. As a result, a large-sized cooling system
capable of handling short but intense building cooling loads is
needed to maintain thermal comfort during the peak periods.

The second cooling control strategy (B) is based on continuous
cooling (24 h) and allowing a variable room temperature. Extend-
ing the cooling period over the off-peak period enables utilising the
building thermal capacity for precooling. This reduces the required
building peak heat extraction rate and the ground loads. The cool-
ing method also allows the room temperature to rise during the
peak load periods, which in turn reduces the heat extraction rate
from the space. The water flow rate and temperature in this system
shall be designed to keep the room temperature within the thermal
comfort criteria.

The comparison between the two control strategies is designed
so that the total amount of heat extracted from the building and
rejected to the ground during the cooling season is similar for both
cooling methods used in this article. This is because the ground
temperature change over the long run is dependent on the total
amount of heat extracted from or rejected to the ground in a given
time [23]. Thus, the building cooling energy over the cooling sea-
son is kept similar for the cases studied. In addition, the direct
ground cooling system considered in this article is a thermally bal-
anced ground-coupled system where the annual ground tempera-
ture increase is insignificant. In an imbalanced system, the ground
temperature change gradually degrades the thermal performance
of the ground-coupled system [24,25].

3. Model development and validation

We developed a simulation model of a direct ground-coupled
cooling system to study the thermal behaviour of the cooling sys-
tem and the borehole system during the cooling season of
4.5 months. The model was developed based on laboratory exper-
iments and also has been validated against experimental results.
The experimental results are also used to explain the hourly heat
extraction rates from the test room and the subsequent room
temperature.

The experimental part of this section presents the experimental
facility and conditions for which the cooling system is tested. The
main emphasis is to introduce the two cooling control strategies
and show the heat extraction rates from the room with those
strategies. The model development section (Section 3.2) explains
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Fig. 1. Conceptual example of heat extraction rates by the cooling strategies evaluated in this article. A) Typical feedback control method to keep the room temperature
constant during its occupied hours, B) Continuous cooling (24-hours) and variable room temperature.
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the methodology and assumptions used to simulate the laboratory
cooling system. Model validation with the experimental results is
shown at the end of this section.

3.1. Methodology for experimental validation

3.1.1. Experimental facility

The experiments of this study were carried out in a test room
resembling a typical single-unit office for one or two occupants.
The test room was 12.6 m? large (4.2 1 x 3.0 W) and had a ceiling
of 2.4 m high. The walls were 0.112 m thick and were made up of
expanded polystyrene panels finished with gypsum board panels.
The test room was in a lab hall and was therefore protected not
only from the direct sun radiation but also from the outdoor tem-
perature. The test room was also thermally insulated from the
ground using a 30 mm expanded polystyrene sheets and 6 mm
of plasterboard with a layer of 22 mm fibreboard on top.

Heat sources in the test room were designed to simulate inter-
nal and external heat gains in a typical single-office room. The heat
gain sources were electric foil heaters on a wall and ceiling, a ther-
mal dummy and lights, see Fig. 2. To simulate a periodic heat gain
condition in the test room, heat gain from the sources was set as
either 90 W or 420 W (8.5 W/m? or 33.5 W/m?).

The test room was cooled by an active chilled beam (ACB) sys-
tem. ACBs are integrated convective-based room terminal units
comprised of a hydronic part and a ventilation part. The main cool-
ing medium is high-temperature chilled water, but air also
enhances the cooling capacity of the beam if it is supplied at a tem-
perature below the room air temperature. However, our assess-
ment assumed that the room cooling load was only removed by
water since the supply air to the ACB was provided at a room-
neutral temperature by recirculating the room air.

High-temperature chilled water to the cooling system was pro-
vided through a single U-tube borehole system. The borehole was
drilled as close as possible to the experimental facility at the cam-
pus of the Chalmers University of Technology in Gothenburg, Swe-
den. The borehole had an active depth of 80 m and was naturally
filled with groundwater, as is common in Sweden [26]. Table 1
summarises borehole parameters and local geological characteris-
tics of the ground. More details about the borehole can be found in
[27,28].

Fig. 3 shows an overview of the cooling system, including the
borehole, the pipework and control system, and the ACB. The cool-
ing loop was divided into three parts: the ground loop, the middle

Active chilled
beam (ACB)

Warm
window

Air and operative
temperature sensors
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Table 1
Ground and borehole system specifications [29].

Parameter (unit) Specification

Borehole
Active depth (m) 80
Diameter (mm) 110
Filling material Groundwater
Thermal resistance (m.K/W) 0.059
Undisturbed ground temperature (°C) 8.3
Soil thermal conductivity (W/m.K) 2.88
U-tube
Pipe type (-) Polyethylene, PN8 DN40
Inner diameter (mm) 354
Outer diameter (mm) 40.0
Thermal conductivity (W/m.K) 0.42

Circulating fluid
Type
Thermal conductivity (W/m.K)
Specific heat capacity (J/kg.K)

Ethanol (29.5%)
0.401
4180

loop and the building loop. The loops were connected through heat
exchangers. Control valves and pumps in the intermediate and the
building loops were connected to a control system to regulate the
water flow, if needed. The circulating pump in the ground loop
operated to provide a constant turbulent flow condition in the
borehole tubes. The operating sequence of the valves and pumps
is explained in Section 3.1.2.

The supply and return water temperatures of the ACB and the
inlet and outlet fluid temperatures of the borehole were measured
using PT-100 screw-in type temperature sensors. The accuracy
(bias) of all the PT — 100 thermometers was (0.1 + 0.0017 x meas
ured value) °C. The room air temperature was measured with a
probe-type PT-100 sensor placed 1.10 m above the floor, see
Fig. 3. A similar sensor was also used to measure the room'’s oper-
ative temperature. The measuring section of the probe was placed
inside a 4.0 cm grey Ping-Pong ball to measure the combined
effects of air temperature and mean radiation temperature, in
accordance with the findings of Simone et al. [30]. The sensors
were calibrated before starting to take measurements.

Water flow measurements were carried out using vortex-type
flow meters. The flow meters are shown in Fig. 3. The flow meters
had an accuracy of + 1.5% of the full scale (20 1/min) and a resolu-
tion of about 0.2 1/min.

Warm floor  Light Warm window

! |

Thermal J.
dummy

Active chilled
beam (ACB) -

Measurement
point

Fig. 2. A) Picture of the experimental setup, and B) test-room layout.
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Fig. 3. Schematic of the test room and the control system.

3.1.2. Experimental condition

The main objective of the experimental study is to compare
the room temperature and cooling capacity of the ACB controlled
by two control strategies, namely intermittent and continuous.
The intermittent control strategy included a feedback controller
to maintain the room air temperature at 23 °C. The continuous
cooling operation strategy provided continuous cooling for the
space and the room temperature changed with heat-load inten-
sity variations. The experiments were carried out under a periodic
heat gain condition. Although the duration of the experiments
was limited to 4 h, outcomes are still helpful to comprehend
the thermal behaviour of the cooling system during its daily
operation.

The intermittent cooling strategy used a feedback controller to
keep the room temperature within a prescribed temperature range
by adjusting the ACB’s cooling capacity. This cooling control strat-
egy was implemented using a two-way control valve, denoted as
“control valve 1” in the building loop in Fig. 3.

To implement the continuous cooling operation strategy, the
water flow rate to the ACB was kept constant and the correspond-
ing control valve in the building loop was kept open. However, the
control valve in the intermediate loop, denoted as “control valve 1”
in Fig. 3, was regulated to keep the supply water temperature at
the ACB constant. Note that the supply water temperature with
continuous operation strategy was 1 °C higher than that with the
intermittent method. The lower water temperature reduced the
cooling capacity of the ACB. However, the total amount of heat
taken away from the room was similar for one low and high heat
gain cycle. Table 2 summarises the input parameters of the cooling
system.

To simulate a transient thermal condition in rooms due to
changes in heat gains, the heat sources in the room were operated
periodically. The low and high heat gain levels of 90 W (8.0 W/m?)
and 420 W (33.5 W/m?), respectively, were operated for 120 min
each. It is worth mentioning that for each experiment, the borehole
outlet temperature and the ACB supply water temperature were
kept constant. Variations in the supply temperatures would have
changed the cooling capacity, and, in turn, the rate of heat extrac-
tion from the space.

Table 2
Experimental supply parameters for the laboratory cooling system.

Operation strategy Intermittent Continuous

Constant water flow rate and
constant supply water temperature

ACB'’s cooling
capacity control

On/off supply
water flow rate

method
Primary air Similar to room Similar to room temperature
temperature (C) temperature
Primary air flow rate 252 0.1 25.0 £ 0.1
(1/s)
Supply water flow 0/5.6 £ 0.2 5.6 +£0.3
rate (l/min)
Supply water 198+ 04 20.8 £ 0.1
temperature (C)
Borehole outlet 113 0.1 11.6 £ 0.0

temperature (C)

3.1.3. Experimental results

Fig. 4 shows room heat extraction rates by ACB as calculated
based on the measured water flow rate and the measured temper-
ature difference between the supply and return water of the coil.
Fig. 5 shows the measured temperature in the test room under
the intermittent and continuous operation strategies. Heat gains
[32] shown in Figs. 4 and 5 represent the consumed electrical

Heat gains ACB - intermittent ------- ACB - continuous

60

E 40
5 20 ke b
< ! T i :

0 60 120 180 240
Time (min)

Fig. 4. Room heat extraction rate by ACB with continuous and intermittent
operation strategies. The heat extraction rates are calculated based on the
difference between the supply and return water temperatures obtained from the
laboratory experiments. Heat gain refers to the consumed electrical power of the
heat sources in the room.
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Fig. 5. Experimental room temperature with the intermittent and the continuous
operation strategies. Heat gain refers to the consumed electrical power of the heat
sources in the room.

power of the heat sources in the room. However, there exists a lag
between the measured heat gain and the actual heat released to
the room. The lag is mainly due to the thermal mass of the heat
sources, particularly the warm structural elements, and partly
due to the radiant heat. Moreover, some part of the heat gains is
lost through room envelope and infiltration. Consequently, the
cooling power needed to keep the room temperature at a constant
temperature differs from the room heat gains as seen in Figs. 4 and
5.

The heat extraction rate with the intermittent control strategy
represents an interrupted pattern, as the control valve adjusts
the cooling capacity of the beam by controlling the water flow
intermittently. The control system aims at keeping the room tem-
perature constant at 23 °C. During the low heat gain period, the
time interval between opening and closing the control valve gets
longer by the end of the low heat gain period, since the room cool-
ing load decreases. This can be seen in both the intensity and dura-
tion of the heat removed from the space (Fig. 4). If the room cooling
load is not high enough to increase the room temperature above
23 °C, the control valve stays shut and no heat is removed from
the room. With the continuous control strategy, the ACB is sup-
plied with constant water flow at a constant temperature (about
21 °C), resulting in continuous heat extraction from the room.

There is some discrepancy between the heat production by the
sources and heat extraction by the ACB. The magnitude varies over
time, as the experiment is performed under a transient heat gain
condition. However, under the steady-state condition, the heat
losses are estimated to be 130 - 140 W. The major part (~
110 W) is due to the thermal transmission through the test room
envelope. A small part (~ 20 W) is due to infiltration losses. An even
smaller part (~ 5 - 10 W) is due to ventilation losses.

An uncertainty analysis is performed to estimate the impact of
multiple uncertainties on the experimental study. Measurement
uncertainties are estimated as the root sum of the squares of the
uncertainties due to the systematic errors. Systematic errors usu-
ally originate in measurement instruments, and experimental
setup, etc. Uncertainties in the calculated ACB cooling capacity
are due to uncertainties in water temperature and water flow mea-
surements. The uncertainties in water density and specific heat are
negligible [31]. Based on the thermometers’ accuracy of + 0.1 °C,
and the temperature difference across the ACB of about 0.7 K, the
uncertainty in the temperature measurements can be estimated
to be + 20%. The uncertainty in flow measurements is about = 5%.
Thus, the uncertainty of the ACB cooling capacity calculations is
estimated to be + 20%.

It is necessary to mention that the differences in the heat
extraction rates shown in Fig. 4 are not large. This is mainly due
to short periods of low and high heat gains, the low thermal mass
of the room structure and furniture, and a low-intensity heat gain
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pulse. In practice, external heat gain from solar radiation would
cause a considerable difference between the heat extraction rates
when using the intermittent and continuous strategies.

Fig. 5 shows the room temperatures recorded in the test room
under both the intermittent and the continuous strategies. Room
temperature with the intermittent control strategy was constant
at the setpoint of 23 °C during the low and high heat gain condi-
tion. Small overshoots or undershoots are mainly due to the on/
off flow rate of the water into the coil. However, the continuous
control strategy results in a varying room temperature of
about * 0.7 K. This variation would be even greater if the high heat
gain period were longer and/or its intensity was greater. In prac-
tice, this condition arises in the presence of intense solar radiation
or when there is a drastic change in a room’s occupancy rate.

Figs. 4 and 5 show a similar trend in changes in room temper-
ature and the heat extraction rate with the continuous strategy.
The heat extraction rate from space is directly proportional to
the difference between the room temperature and the coil mean
water temperature. A higher room cooling load, due to the increase
of the heat gain, causes the room temperature to rise, which, in
turn, increases the heat extraction rate from the space. The oppo-
site pattern can be seen during the low heat gain period. Therefore,
in order to define the amplitude of the variation of the room tem-
perature with the continuous operation strategy, the water tem-
perature and flow rate should be designed in relation to the
minimum and the maximum cooling loads of the room.

The experimental results presented in this section compare the
heat extraction rate and room temperature under the continuous
control strategy and the intermittent control strategy. Section 3.2
shows the application of these control strategies for operating
the ground-coupled system.

3.2. Model development

The simulation presented in this article was carried out using
the building performance simulation software IDA ICE version
4.8. This software has been validated against measurements under
the framework of various standards, including CIBSE TM33 [33],
ANSI/ASHRAE 140 [34] and EN 13791[35]. In addition, the model
developed in IDA for this study was validated against the experi-
mental data acquired from the tests outlined in Section 3.1.

The model of the cooling system consists of two main parts: the
test room model and the borehole system model. The room model
involves simulating the heat transfer processes of the room and the
cooling system. Input parameters of the cooling system and the
control system were taken from the experimental study. Input
parameters regarding thermal characteristics of the heat sources,
e.g. convective heat fraction of the lighting and building material
thermal characteristics, e.g. U-value and density, have been taken
from literature and adapted to the model to bring its predictions
in line with the experimental observations.

The main input data used for modelling the perimeter of the
test room and the ACB system is summarised in Table 3. The IDA
ICE model used the same construction material as the test room.
The heat sources in the room were simulated using electric foil
heaters and lighting. The convective heat fraction of the recessed
fluorescent luminaire lighting was taken 0.3, according to [36].
The exterior side of the internal walls was exposed to the spaces
with an air temperature of 20.5 °C, equal to the exterior air temper-
ature of the test room in the experimental setup.

The ACB model in IDA ICE 4.8 consists of two sub-models for
simulating the hydronic and the ventilation parts of the ACB. The
hydronic part of the model calculated the cooling capacity of the
water circuit based on the water flow rate and the logarithmic dif-
ference between the mean coil water temperature and the room air
temperature. As in experiments outlined in Section 3.1.2, the water
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Table 3
Simulation input data for validating the DGCS for the test-room model.

Energy & Buildings 234 (2021) 110709

Parameter (unit)

Perimeter
Wall thickness (m)
Wall U-value (W/m?2.K)
Ceiling U-value (W/m2K)

Active chilled beam
Design cooling capacity (W)
Primary airflow rate (1/s)
Primary air temperature (°C)
Exhaust airflow rate (1/s)
Supply water flow rate (1/min)
Supply water temperature (°C)

ACB cooling capacity control method

0.11
0.33
0.62

810
25
Room temperature

25
5.6

19.9 (intermittent strategy)

21.0 (continuous strategy)

On/off water flow rate (intermittent strategy)
Supply water temperature (continuous strategy)

flow rate in the ACB was constant with the continuous strategy and
intermittent with the intermittent strategy. The main input data
used for the ACB simulation is summarised in Table 3.

The IDA ICE borehole model utilises a finite difference tech-
nique and superposition to calculate several temperature fields
which altogether generated a 3-D temperature field around the
borehole [37]. The following temperature fields were modelled
and simulated for each borehole [38]:

e 1-D vertical heat transfer model for the heat carrier fluid circu-
lating through the U-tube

¢ 1-D heat transfer model for borehole filling material computing
heat exchange rates between the borehole filling material with
the surrounding ground and the liquid inside the U-tube

e 2-D heat transfer model in cylindrical coordinates around the
U-tube to simulate the heat exchange rates between the U-
tube and the borehole filling material

In addition, the borehole model makes some assumptions,
including uniform vertical temperature and geological structure
for the surrounding ground, the constant thermal resistance of
the borehole and the insignificant influence of vertical and hori-
zontal groundwater flow.

In this study, the input design parameters for the borehole
model are similar to the experimental data shown in Table 1.

3.3. Validation results

Validation of the model, carried out by comparing its output
with the room air temperature, is described in this section. The
simulation condition was a periodic heat gain condition, as
described in Section 3.1.2.

Fig. 6 shows that the model performs well for simulation of the
heat transfer in the room. The simulated room temperature with
the intermittent and the continuous strategies deviated only * 0.
1 K from the actual room temperature. The small discrepancy
between the experimental and simulation results was due to the
difference in the actual and simulated heat gains in the room, as
previously discussed in Section 3.1.3. However, it did not have
much influence on the results of the energy simulations.

4. Extended simulation model and results

Development and verification of the model introduced in Sec-
tion 3.2 aimed at simulating heat transfer rates in the test room
and the borehole system based on the given experimental results.
In this section, we extend the model of the laboratory cooling sys-
tem to include the effect of solar radiation for an open-plan office

on a realistic scale. We describe the extended model in the follow-
ing section.

4.1. Extended simulation model

The simulated office zone consisted of an open-plan office on
the first floor of a building facing south. The office was 88.7 m?
large and exchanged heat with outside through three external
walls and a floor. Windows with a total area of 12.6 m? (window
to wall ratio of 33%) were on the southern wall, and no internal
or external shading was applied (see Fig. 7). The input parameters
of the extended model can be found in Table 4.

The internal heat gain sources included occupants, lights and
office equipment, which altogether generated 22 W/m? of internal
heat during the period from 6:00 to 18:00 on weekdays. Thermal
characteristics of the lights and the electrical equipment, such as
the convective fraction of heat gains for lights and long-wave radi-
ation fraction of the equipment, were kept unchanged from the

Heat gains ACB - experiment ------- ACB - simulation
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Fig. 6. Measurement data and simulation results on the room air temperature with
A) the intermittent operation strategy and B) the continuous operation strategy.
Heat gain refers to the consumed electrical power of the heat sources in the room.
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Fig. 7. Plan view of single-perimeter zone of an office building.

Table 4
Description of the input parameters of the extended simulation model.

Parameter (unit)
External walls

Dimensions (m) 21.1 x 24,42 x 24 (W x H)
U-value (W/m?2.K) 0.33
Thickness (m) 0.27

Internal walls

Dimensions (m) 21.1 x 24 (W x H)

U-value (W/m?.K) 0.54

Thickness (m) 0.11
Windows

Number of windows 7

Dimensions (m) 1.5 x 1.2 (H x W)

U-value (W/m?.K) 1.19

G-value (%) 43
Borehole

Depth (m) 200

BHE fluid mass flow rate 1.5

(kg/s)

Other specifications See Table 1
Active chilled beams

Number of ACBs 7

Primary airflow rate Variable based on the cooling method, see

Table 5

Supply water temperature Variable based on the cooling method, see
(°C) Table 5
Other specifications See Table 3

test-room model. The simulated office is located in Gothenburg,
Sweden, and the simulation period was from 14 May 2018 to 22
September 2018.

Ground geological thermal properties and borehole thermal
characteristics in the extended model were similar to the original
model with the exception of the borehole active depth and fluid
flow through the borehole loop. A deeper borehole and larger bore-
hole flows were considered to ensure that the borehole system
could provide enough cooling capacity for the building cooling
system.

Table 5

4.2. Operational strategies of the cooling system

The simulation model was operated with either intermittent or
continuous cooling control strategies to assess the thermal perfor-
mance of the ground-coupled ACB system. The cooling system
operated only on working days and was off during weekends,
regardless of the cooling control strategy. The term ‘working hours’
(6:00-18:00) refers to the period when the staff was present in the
office and office equipment was operating. On the other hand, the
term ‘operating hours’ specifies the operation period of the cooling
system.

The intermittent control strategy operated the ground-coupled
ACB system between 6:00 and 19:00. The operation period of the
system was one hour longer than the working hours, to ensure that
accumulated heat in the zone was removed. The cooling capacity of
the ACBs was controlled by the on/off supply water flow controller.
In this control strategy, the signal from the room temperature
drove the control valves’ actuator intermittently to keep the room
temperature at 23.0 °C.

The operational period of the cooling system with the continu-
ous control strategy was 24 h, but its operational parameters dif-
fered during working (6:00 - 19:00) and non-working (19:00 -
06:00) hours. The primary airflow rate was only supplied during
working hours. During non-working hours, the pumps kept circu-
lating cold water to the beams to cool the space by natural convec-
tion. during non-working hours, the supply water temperature to
the beams was decreased to 16 °C. Furthermore, during non-
working hours, the supply water temperature to the beams was
decreased to 16 °C to provide greater cooling capacity. The supply
temperature from the borehole was regulated to the desired level
using the three-way mixing valve installed in the borehole loop
(see Fig. 3). The continuous control strategy enabled the room tem-
perature to vary within the thermal comfort range, as previously
explained in Section 2.

Table 5 summarises the operational strategies of the cooling
system.

Cooling methods and main input design parameters of the cooling system in the simulation model.

Operation strategy

Intermittent operation Continuous operation

Operating hours 6:00-19:00 24 h
System specifications during Primary airflow rate (I/s.m?) 2 2
working hours (6:00-18:00) Supply water temperature (C) 16 19.5
Circulating water flow rate (l/s) 0/0.5 0.5
Pump/Fan status on/on on/on
System specifications during non-working Primary airflow rate (1/s.m?) 0 0
hours (18:00-06:00) Supply water temperature (C) - 16
Circulating water flow rate (l/s) 0 0.5
Pump/Fan status off | off on /| off
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Main metrics featuring energy performance of the cooling system and the room temperature during the occupied period (06:00-18:00) with the continuous and intermittent
cooling operation strategies simulated for the period between 14 May 2018 and 22 September 2018.

Operation strategy Cooling energy (MWh)

Maximum heat removed (W/m?)

Maximum room air temperature (C) Minimum room air temperature (C)

Intermittent 3.21 554
Continuous 2.58 39.6

235 22.9
25.1 223

4.3. Simulation results

The cooling performance and electricity demand of the cooling
system were simulated for the period between 14 May 2018 and
22 September 2018. Total cooling extracted from the ground was
3.57 £ 0.01 MWh for both cases studied. This is especially impor-
tant when it comes to investigating the long-term ground temper-
ature change since the ground temperature over the long term
changes depending upon net heat extracted from or rejected to
the ground.

4.4. Ground loads

Table 6 provides valuable information about the cooling sys-
tem’s energy use and the temperature level of the simulated office
during its occupied hours. With the intermittent control strategy,
approximately 90% of the total cooling energy, i.e. 3.21 MWh out
of 3.57 MWHh, needs to be provided during the occupied hours by
the borehole system. On the other hand, only 72% of the total cool-
ing energy has to be provided during the occupied hours with the
continuous control strategy. The rest of the cooling energy is pro-
vided during the non-occupied hours. Given the fact that the total
cooling energy is similar for all cases, cooling energy provided by
the borehole is distributed over a longer period of the day under
the continuous control strategy.

Table 6 also shows the correlation between the maximum room
temperature and maximum heat removed from the room. To keep
the room temperature constant, a greater amount of heat needs to
be removed from the room during the peak period compared to
when the room temperature is allowed to increase during the same
period. The variable room temperature reduces, to a great extent,
the ground loads, as well as the required borehole depth.

Fig. 8 compares the ground loads covered by the borehole dur-
ing the occupied hours with the two control strategies. The results
show that the average value and the peak value of the ground load
were significantly higher when using the intermittent rather than
the continuous operation strategy. This is because a large amount
of cooling must be provided during the 12-hour occupied period
when the system operates with the intermittent control strategy.
With the continuous cooling operation strategy, the same amount
of cooling is extracted over a period of 24 h. Note that the ground

6.0

O Intermittent Continuous
14.0
13.0
12.0
11.0
10.0

9.0 T
8.0

Outlet temperature (°C)

Fig. 9. Borehole outlet fluid temperature during the simulation cooling season
between 14 May 2018 and 22 September for the extended office model. The
considered undisturbed ground temperature is 8.3 °C.

load during the unoccupied hours (18:00-06:00) was zero with the
intermittent strategy, while it was approximately 0.40 kW with the
continuous strategy.

The maximum ground load occurred on 29 August 2018, and its
intensity was 4.88 kW and 3.51 kW under the intermittent and
continuous strategies, respectively. Comparing the peak loads in
Fig. 8 shows that sizing the borehole system would substantially
benefit from the peak load reduction originated in the combined
effect of precooling the space and letting the room temperature
increase during the peak loads.

4.5. Borehole outlet temperature
Fig. 9 shows the distribution of the outgoing borehole fluid tem-

perature in the form of boxplots. Each central box of a boxplot pre-
sents the interquartile range, with a horizontal line at the median

Intermittent —— Continuous

5.0
4.0
3.0
2.0

Ground loads (kW)

1.0
0.0

14-May 3-Jun  23-Jun

13-Jul

2-Aug  22-Aug 11-Sep

Fig. 8. Ground loads for the extended office model with the intermittent and continuous cooling strategies. The ground loads are calculated based on the fluid flow rate in the
borehole and the temperature difference between the borehole inlet and outlet fluid.
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and the lower and the upper quartiles representing the 25th and
75th quartiles at the bottom and top of each box. The whiskers
define extra quartile values, with the dot symbols representing
the outliers, if any. The results present the temperatures for the
whole simulation period, including occupied and non-occupied
periods and weekends.

The highest borehole outlet temperature in Fig. 9 is 11.9 °C for
the intermittent strategy and 11.1 °C for the continuous strategy.
The borehole outlet temperature is mainly influenced by the inten-
sity and duration of the building cooling load. The maximum tem-
peratures occurred on the peak cooling day. Given that the
duration of the maximum ground load is equal for all cases (see
Fig. 8), the peak load intensity majorly influences the borehole out-
let temperatures. Therefore, we can conclude that the peak bore-
hole outlet temperature is expected to be lower with the
continuous cooling operation strategy.

The lower temperature range of the system, i.e. the interval
between the minimum and the first quartile, appears to be similar
for both cases. This is important since extending the daily heat
injection period to the ground causes a gradual temperature
increase in the ground, as previously studied in [39-41]. However,
low building cooling loads with the continuous operation strategy
likely played the same role in the ground heat recovery as was
played by the intermittent heat extraction from the ground with
the intermittent control strategy.

4.6. Zone thermal condition and comfort

Since precooling may cause thermal discomfort problems for
the occupants, it is crucial to analyse the lowest temperature that
appeared during the occupied hours. Room operative temperature
is picked to assess the thermal environment, as recommended by
ISO 7730 [42], ISO 15251 [43] and ASHRAE 55 [44].

Fig. 10 shows the distribution of the room operative tempera-
ture during the occupied period in the form of boxplots. The lowest
operative temperatures in the room are 22.8 °C and 22.1 °C for the
intermittent and the continuous control strategies, respectively.
The lowest temperatures occur early in the morning before the
internal heat gains warm up the space. The lower room operative
temperature with the continuous strategy is attributed to the pre-

O Intermittent Continuous
28.0
27.0

25.0

t(\p (OC )

24.0
230

D0 e e e s i

Fig. 10. Room operative temperature (t,,) during the occupied hours (06:00 to
18:00) with the continuous and intermittent operation strategies simulated for the
period between 14 May 2018 and 22 September 2018.
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Fig. 11. Modified sizes of the BHE calculated based on the actual heat injection rate
to the ground to obtain similar maximum outlet fluid temperature. The undisturbed
ground temperature is 8.3 °C.

cooling of the space. It is worthwhile noting that all the operative
temperatures are above the minimum required temperature, i.e.
22 °C, to fulfil thermal comfort criteria recommended by ISO
7730 [42].

4.7. Borehole sizing

All the simulation results shown so far apply to existing bore-
hole systems. However, for new systems, BHE sizing shall be per-
formed using the actual ground loads. It is worth restating that
the primary assumption, which is keeping the total ground loads
constant for both cases, is still valid. The calculation criteria have
been to adjust the BHE depth to achieve the same maximum outlet
fluid temperature, i.e. 12 °C.

Fig. 11 shows the required BHE depths calculated based on the
actual ground loads shown in Fig. 8. The new depth for the
continuous operation strategy reduced by approximately 18%,
due to the lower ground heat injection rates. The continuous oper-
ation strategy extracts heat from the space over a longer period

Table 7
Electrical energy use of the cooling system with different cooling operation strategies.

Meter Intermittent (kWh) Continuous (kWh)
Fans 362.4 362.4

Pumps 159.5 401.2

Total 521.9 763.6
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and allows the room temperature to increase during the peak peri-
ods. Both the longer heat injection time to the ground and the
lower peak intensity are favourable to BHE design since the ground
has a long time constant.

4.8. Electrical energy use of the cooling system

Although it is desirable to reduce the building peak cooling
loads, electrical energy use and energy efficiency of the system
should not be undermined. The electrical energy demand of a
direct ground-coupled ACB system consists of the energy use by
the circulation pumps and the fans. The cooling control strategies
investigated in this study run the pumps and fans differently in
terms of their operating period, see Table 5.

Table 7 summarises the electrical energy demand of the system
during the period between 14 May 2018 and 22 September 2018.
The lowest electrical energy demand is for the intermittent control
strategy since it operates the system only during the occupied
hours between 6:00 and 19:00. The continuous cooling operation
strategy runs the circulation pumps to precool the space all day
long. By consulting Table 7 and Fig. 8, it can be seen that applying
the continuous operation strategy leads to a 28% reduction (from
4.88 kW to 3.51 kW) in the peak ground load, while the electrical
energy use of the system increases by approximately 46% (from
522 to 764 kWh).

5. Discussion

The main hypothesis of this study is that applying a control
strategy to reduce the building peak cooling load by means of peak
shaving measures causes a decrease in the ground loads, required
borehole depth and borehole outlet fluid temperature. Using the
continuous cooling operation strategy, developed by incorporating
variable room temperature and precooling the building, consider-
ably reduces the maximum ground load from 4.88 kW to
3.51 kW. For the existing borehole systems, ground load reduction
can decrease the maximum borehole outlet temperature by 0.8 K.
For the new borehole systems, ground load reduction results in a
decrease in the BHE depth from 200 m to 165 m.

Results from the previous studies by Romani et al. [18,19] and Li
et al. [21] showed the influence of applying the peak shaving mea-
sures on the thermal performance of DGCSs. Our results confirm
the previous findings on the advantages of applying operational
strategies to reduce building peak loads. However, the novelty of
this study is to associate and quantify the influence of the control
strategies for DGCSs on the sizing and dimensioning of BHEs.

Applying the intermittent method yields the lowest electricity
demand. However, the difference between the lowest and the
highest energy electricity demands over a period of 4.5 months is
only about 242 kWh. On the other hand, reduction of the borehole
depth due to the peak shaving measures would have a greater pay-
off in the drilling cost of the boreholes compared to the financial
benefit of saving this much electricity.

One potential concern regarding the application of the continu-
ous operation strategy is local thermal discomfort for the occu-
pants in transient thermal environments due to room
temperature fluctuations. Another one is the occurrence of low
temperatures in the morning. Thermal receptors in the human
body are sensitive to both the magnitude and rate of changes in
the surrounding temperature. ASHRAE 55 [44] suggests keeping
the operative temperature fluctuations less than 3.3 °C during a
4-hour period to avoid thermal discomfort issues for the room
occupants. In our simulations, the temperature drifts in the simu-
lated space were 0.4 °C on the peak cooling day. Regarding the
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prevalence of low temperatures in the morning, some recent stud-
ies have demonstrated a preference for slightly lower tempera-
tures by occupants in the morning [43]| due to the physiological
thermal adaptation process of the individuals [44]. The lowest rec-
ommended operative temperature is 22.0 °C [39,41,42]. In our sim-
ulations, the lowest operative temperature in the room never fell
below 22.1 °C. These results imply that the application of continu-
ous operation strategy should not cause comfort problems.

The continuous operation strategy demonstrated in this study is
not only easy to implement but it also substantially reduces the
number of control valves in the system. This is because this cooling
method is applied to a thermal zone, as opposed to the intermit-
tent control strategy in which terminal units are individually con-
trolled by a control valve. One way to implement this method is to
use three-way control valves controlled by a modulating con-
troller, such as proportional (P) or proportional-integral (PI) con-
trollers, to keep the supply water temperature constant for a
thermal zone. Controlling the supply water temperature is found
to be quite an effective method in the thermal conditioning of
buildings since the cooling capacity of the terminals is directly pro-
portional to the supply water temperature. The application of this
cooling control strategy has been investigated with various termi-
nal units, including thermally activated building systems (TABS)
[45], ceiling cooling panels [46] and fan-coil units [47].

Despite being focused on DGCS, the results of this study are also
relevant to mechanical cooling applications with ground-source
heat pump systems. For cooling-dominated ground-source heat
pumps, reducing the peak hourly loads of the building could
reduce the required length of BHEs and the cooling plant size thus
decreasing the electrical energy consumption. Further research is
warranted studying the influence of operating strategies of the
building cooling system on the design and performance of the
ground-source heat pump systems.

6. Conclusions

This study investigates the influence of applying a cooling con-
trol strategy that creates peak shaving for building cooling loads on
the ground loads, borehole sizing and borehole outlet fluid temper-
ature. The control strategy applied in this study allows peak shav-
ing by incorporating a continuous cooling operation strategy and
variable room temperature measures. The following points sum-
marise the major findings of this study.

e The borehole system benefits from applying the continuous

operation strategy that creates peak shaving, as the heat injec-

tion rate to the ground significantly reduces during the peak
hours. Given the simulation conditions in this study, the maxi-

mum ground load showed a reduction of about 28%.

For the existing BHE in this study, applying the continuous cool-

ing strategy caused the maximum borehole outlet fluid temper-

ature to decrease by 0.8 K. A lower supply temperature could
enhance the cooling capacity for the building cooling system.

o For the new BHE in this study, applying the continuous cooling
strategy allows the BHE depth to be decreased by approxi-
mately 18% (from 200 m to 165 m), due to the lower peak
ground heat injection rates.

e Room temperature under the continuous operation strategy
varies with the room cooling load. The results for the simulated
office confirm that neither the rate nor the maximum amount of
room temperature violated the recommended criteria for ther-
mal comfort. On the peak day, the room operative temperature
was only 1.0 K warmer under the continuous control strategy
than when the system was operated with a more conventional
intermittent control strategy.
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e Results on the ground load indicate that the continuous control
strategy studied in this article can significantly reduce the
required depth of the boreholes.

Future studies on this topic are therefore suggested to assess
the influence of control strategies that imply peak shaving mea-
sures in the sizing of boreholes.
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