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Chapter 1 - Introduction

1.1.Energy consumption and environmental issues

Global climate change increasingly has a negative influence not only on ecosystems but also
on human health and the economy. According to EEA (European Environment Agency) report
[1], the regions in Europe are already facing adverse impacts of a changing climate such as rising
sea levels, flooding and droughts. The large amounts of greenhouse gases (GHG) by human
activities are released into the atmosphere, resulting in changing the global climate. Two-thirds
of the GHG emissions are related to energy use for heating, electricity generation and transport.
In Europe, burning fossil fuels are the largest emitter of the GHG, responsible for 78 % of total
E.U. emissions in 2015 [1,2].

® |ndustry
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Fig. 1. 1 Percentage of sectorial CO2 emissions in the world [2]

The U.S. Energy Information Administration (EIA) predicted that world energy
consumption would grow by nearly 50% between 2018 and 2050 [3]. Increasing the energy
demand results from rising income, urbanization. It is a major cause of environmental pollution
and significantly impacts global warming. Most of this growth comes from developing countries.
Moreover, this growth focused on regions where strong economic growth is driving demand,
particularly in Asia. A stable energy supply is essential to ensure economic growth since the
energy demand trend has been increased. Therefore, it is necessary to present some of the

significant solutions on climate change and the energy demand in the world for the next generation.
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Fig. 1. 2 Projections of global net electricity generation and use in each sector [3]

Many countries and European commitments make an effort to mitigate climate change and
organized the Paris Climate Agreement in 2015. In the agreement, 195 countries adopted the
universal and legally global climate deal. Through the global climate agenda of the Paris Climate
Agreement, E.U. has enforced to limit climate rise and energy use by 2020. The first targets for
climate and energy until 2020 were to cut 20 % of the GHG emissions and energy consumption
compared to 1990 levels and improve 20 % of energy efficiency. Their final goal is to mitigate
GHG emissions by 80-95 % by 2050.

The building sector accounts for a third of the energy use and the GHG emissions in the world
for air conditioning [2,4,5]. It needs to suggest the countermeasure to provide a sustainable and
safe energy supply and mitigate the environmental problem. The GHG emissions related to energy
use can be cut in two ways; changing fossil fuels to clean energy sources with non-combustibility
and reducing overall energy consumption by improving the system performance and building

insulation in the building sector.

Sustainable energy supply systems using renewable energy sources such as solar power, wind
power and ocean energy [6-9] have been researched to good progress during the past century.
However, the systems have limitations on external influences such as weather and local
characteristics. On the contrary, geothermal energy can be used anywhere, regardless of the
external influence. The ground source heat pump (GSHP) system utilizing geothermal energy has
been regarded as a highly efficient and environmental-friendly system. The GSHP system can

reduce GHG emissions compared with conventional heating, ventilation, and air conditioning
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(HVAC) systems. It alleviates the heat island effect in major cities by ejecting the heat to the
ground effectively. Itis also possible to reduce GHG emissions and energy consumptions by using
the GSHP system. This chapter explains the individual components of the GSHP system. Also,
the research trend and future studies of the GSHP system are described.

Countries B Residential m Commercial
Sub saharan
Asia (excl Middle East)
Europe
North America
C. Ameria & Caribbeenn
Midle East & N. Africa
South America
Oceania
Developed
Developing

0 20 40 60 80 100

Fig. 1. 3 Percentage of energy consumption in the building sector in the world [2]
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1.2. Ground source heat pump system

1.2.1. Geothermal energy utilization and resource temperature

The main factors that determine the use of geothermal resources depend on the resource
temperature. Fig. 1.4 shows the utilization of global geothermal energy by temperature category.
In general, there is no clear distinction between categories, but the geothermal power industry has
used the top three temperature categories (a, b and c) based on economic power generation.
Rankine cycle power plants have proven that they can economically produce electricity above
90 °C. These systems are called 'direct use' because there is no energy conversion process for
electricity generation. However, most regions have soil temperatures between 10 and 20°C. The

condition includes in the fourth category (d), which can utilize the GSHP systems.
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Fig. 1. 4 Utilization of geothermal energy based on resource temperature
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1.2.2.  Ground source heat pump system and its classification

The ground thermal energy system (GTES) is classified into the following three types. The
first is the underground thermal energy system (UTES), which stores unused heat sources into the
ground as a heat storage body. There are four types of UTES: aquifer thermal energy storage
(ATES), borehole thermal energy storage (BTES), cavern thermal energy storage (CTES) and
duct thermal energy storage (DTES). The second is the one that directly uses the heat of the
ground without using a heat pump. It melts snow by circulating the heat medium (antifreeze) such
as earth tube. The third is the ground source heat pump (GSHP) system, which uses a heat pump
to use the retained enthalpy of the ground and groundwater as a heat source. Here, this chapter

will explain the GSHP system, which is the most mainstream.

The GSHP systems utilizing the ground as a heat source or heat sink have been widely
recognized as a high-performance and environmental-friendly system for heating, cooling and
supplying hot water in houses and buildings. The systems can offer more high performance than
an air source heat pump (ASHP) system because it uses a tremendous heat capacity and a stable
temperature range of 10-20°C of the ground. Fig. 1.5 shows the performance comparison between
the GSHP system and the ASHP system according to various refrigerants [10]. In general, the
heat pump (water cooled chiller) using the ground source also has higher efficiency than the heat
pump (air cooled chiller) unit using air source even when the heat source temperature is the same.

In addition, the GSHP systems do not need a defroster.
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Fig. 1. 5 Comparison of COP and total work of GSHP and ASHP cycles based on various
refrigerants [10]
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The GSHP system generally consists of three main components: heat pump units,
distribution systems and borehole heat exchangers (BHE). Fig. 1.6 indicates the ground loop, heat
pump unit, and distribution system. The heat pump is a device that transfers thermal energy using
the refrigeration cycles for heating and cooling of the buildings. The distribution system is a
device that supplies the heat from the heat pump to the building inside through the air ducts and
water pipes. The BHESs reject/absorb heat to/from the surrounding ground. In particular, the BHEs
represent the main component of the GSHP system, and a proper design of the BHE leads to better
thermal performance. The GSHP systems are classified by the type of ground loop.

(c)

Circulating

Distribution System

| % Il‘\l||l||
S
t LEEE

Fig. 1. 6 Main elements of the GSHP system; (a) Ground loop, (b) Heat pump unit, and (c)
Distribution system
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The GSHP systems can be classified into two main categories; the open-loop system and the
closed-loop system. Fig. 1.7 shows the classification of the GSHP according to the type of ground
heat exchanger. Since the open type uses groundwater [11-13] and lake water [14,15] directly as
a heat source, its efficiency is higher than the closed type. The open-loop type using standing
column well (SCW) is one of the representative systems shown in Fig. 1.8. The BHESs of the open-
loop type draw the groundwater from wells in a semi-open loop arrangement. The type of system
is typically used in specific geology where water is found in the rock fractures. The ground heat

exchanger in such systems composed the vertical borehole filled with groundwater up to the water
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table level. An open-well system has the advantages of low cost and high efficiency, but a large
water yield from a surface or groundwater well is often not possible. Even if possible, there may
not be a reasonable way to get the groundwater back into the environment. As installations
become more extensive, the use of an open-well system may become less feasible because
hundreds of gallons of the yield and/or reinjection would be required. Although the open-loop
system has a high performance, it has regional restrictions: it cannot apply to areas where the lake
is not in the vicinity, or the groundwater is not pumped. Also, it is a possibility for the ground
environment to contaminate because of the direct use of groundwater.

GSHP system

I ) , | )
Close-loop type ‘ ~ Open-loop type \

Spiral type  Multi-U tube

Single U-tube Double U-tube

Fig. 1. 7 Classification of GSHP system and type of ground heat exchanger
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Heat pump unit

Fig. 1. 8 Schematic diagram of the open-loop system

The closed-loop type system circulates an antifreeze solution or water through a closed-
loop buried in the borehole. The heat exchanger transfers the heat flux between the ground and
the antifreeze solution in the closed-loop. The closed-type has an extensive range of applications
when the underground is used as a heat source. In Europe and the United States, the GSHP system
is widely used, and there are many examples of closed-type installation [16-18].

The closed-type system is generally classified into three types; vertical loop type, horizontal
loop type and energy pile system. The horizontal type [19-22] and energy pile system [23,24]
have been studied to reduce the expensive drilling cost for the borehole instead of the vertical
loop type. In particular, the energy pile needs no additional cost for the borehole because the heat
exchanger is installed in the steel file used as the foundation of the building. However, the
horizontal type cannot supply a stable heat source because it is greatly affected by external
disturbances. It also requires plenty of space for the installation of the heat exchanger. Since all
building does not need the foundation, there are restrictions on installing the energy pile system.
In addition, these systems have lower system performance than the vertical type.

The vertical type is the most used type of the GSHP system, and it has high-efficiency
performance without space restrictions compared to other types. More generally, the advantages
of the GSHP system with the vertical type are listed below.

10
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*  Energy-saving, carbon dioxide emission reduction effect.

* High efficiency of the heat pump by reducing the temperature difference on the secondary
side as a heat source.

e Alleviation of the heat island phenomenon in the downtown during the cooling period.

*  Performance improvement effect as defrost is unnecessary when using in cold climates.

* Itis possible to supply heating, cooling and hot water supply.

On the other hand, the disadvantage of the system is the expensive installation cost.
Construction of the GSHP system with the vertical closed-loop requires boreholes of 80-150 m.
The installation cost of the BHES, including the drilling, accounts for 50 % of the total cost of the
GSHP system. Since the GSHP system is relatively expensive compared to other heat sources
such as the ASHP system, introducing the GSHP system for heating and cooling is not more
widely distributed and used. Therefore, a method to reduce the initial installation cost of the GSHP

system is essential for the future task for the widespread use of the system.

1.2.3. Research trend and developments of GSHP system

The concept of a heat pump was proposed by Thomson [25] to heating and cooling buildings,
and the heat pump using the ground source was first patented by Zoelly [26] in the 1910s. The
first reports of groundwater heat pumps were published in the 1930s [27]. For the next ninety
years, each component of the GSHP system has been developed to improve performance. This
chapter describes the research status of the GSHP system, and the development and future

possibilities of the system are discussed.

The new BHEs type has been continuously reported to reduce the initial installation cost of
the BHE, accounting for a high portion of the overall system cost. According to cost data for
approximately 140 residential and commercial facilities in the United States, the cost of a ground
heat exchanger occupies between 20 and 60 % of the total system cost. The recognition that
ground heat exchangers are the dominant cost factor of the GSHP systems has been driving better
borehole heat exchangers. Numerous attempts have been made to develop improved borehole
heat exchanger configurations, including double U-tubes [28,29], triple U-tubes [30], a spiral tube
[31-33] and coaxial heat exchangers [34-36]. In recent years, an "oval" design of the U-tube has
been studied to reduce borehole thermal resistance [37,38]. However, the installation time and the

cost could be higher than a single U-tube.

1
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The new development trend is related to near-zero energy buildings (NZEB) [39,40] and
energy flexible buildings [41-43]. The NZEBs are defined as a building with very high energy
performance. The low amount of energy required in these buildings is covered to a very
significant extent by energy from renewable sources produced on-site or nearby. The energy
flexibility of a building is the ability to manage its energy demand and generation according to
local climate conditions. The building can also support the electricity system based on the
requirements of the surrounding grids. The GSHP systems are highly desirable for the NZEBs
and energy flexible buildings. The generated electricity from photovoltaic panels can readily be
consumed with the GSHP system for a very high-efficiency heating/cooling on-site. With the
development of the GSHP system and photovoltaic thermal (PVT) system, the GSHP combining
PVT (GSHP-PVT) systems have proposed to solve features of thermal imbalance for geothermal
energy and intermittency for photovoltaic system in the building energy field. There is a lot of
research focused on the design and optimization of GSHP-PVT systems in recent years. Abu-
Rumman et al. [44] mentioned that the GSHP-PVT hybrid system can improve 9.5 % of the
electricity production efficiency and 30% of the average coefficient of performance (COP) of the
heat pump. Sakellariou et al. [45] carried out the numerical simulation to clarify the energy
performance of GSHP-PVT. The optimal operation strategies are also proposed under different
operation modes for the GSHP-PVT system [46-48].

While a lot of research on the GSHP system has been in progress, the essential research of
the system is to evaluate the system performance and design the BHEs, based on the heat
exchange rate between the heat exchanger and the soil. The heat exchange rate depends on the
thermal property of the soils. In the 1980s, when research on the GSHP system was actively
proceeding, the researchers recognized that understanding the thermal properties of soils is
significant to design the system. Mogensen proposed the thermal response test (TRT) to determine
the thermal property of the soils. After that time, many researchers proposed the TRT analysis
method. The research on the estimation of the groundwater flow has been started in recent years.
Many studies have reported on the advection effect and the performance of the GSHP systems
[49-53]. Although the effect of groundwater flow on the performance of the GSHP system has
been reported, there are few studies estimating the intensity of the groundwater flow in the field.

To design a more accurate GSHP system, it is necessary to estimate the groundwater velocity.

12
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1.3.  Objectives and scope of the thesis

The design tool reflecting the groundwater flow is needed to predict the performance of the
GSHP system and make an accurate introduction design. In particular, many areas in Japan have
rapid groundwater flows due to their geographical characteristics. However, most of the GSHP
system is not designed by reflecting the effect of the groundwater flow, and the BHESs are installed
by estimating the heat exchange heat of 5-7 kW for the borehole depth of 80-100 m.

The main objective of this research is to propose a new thermal response test analysis
estimating partial groundwater flow and to develop its application for ground source heat pump
system design. The proposed approaches enable more accurate performance predictions of the
GSHP systems during a long-term operating system. The initial installation cost of the GSHP
system can also reduce by suggesting appropriate borehole sizing based on the thermal properties
in multi-layer of the ground. The application tool is developed to predict the energy consumption
of the building, based on the GSHP system being able to calculate multi-borehole configuration
under the conditions with the multi-layer with groundwater flows. The tool can combine with
other components to evaluate zero energy building.

1.4. Outline of the thesis

This thesis consists of seven chapters, and followings are brief description on each chapter.

Fig 1.9 describes the overall flow chart of this thesis.

Chapter 1 describes the causes of the environmental problems, and their response on which
many countries make an effort to solve. In terms of these global issues, the contribution of the
GSHP system is reported to reduce GHG emissions and energy consumptions. In addition, the
general background concerning the GSHP system following contents are introduced: kinds of

type, advantages and disadvantages, Research trend and developments.

Chapter 2 provides theories regarding analysis methodology to predict the ground
temperature and the circulating water temperature to the heat flux. Also, the historical review of

thermal response test is reported.

Chapter 3 suggests a practical TRT method to determine the groundwater velocity and the

13
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effective thermal conductivity simultaneously. The approximate formula of an equivalent single
pipe is proposed to calculate the temperature change of the circulating fluid under the borehole
backfilled into the permeable material. The radius of the equivalent single pipe is determined by
the groundwater velocity, based on the numerical approach results. The approach is useful to
estimate the design parameter in on-site TRT. The groundwater velocity and the effective thermal
conductivity are determined by the iteration parameter estimation method. The method provides
the best-fit parameters through the minimum root mean square error (RMSE) between the TRT

data and calculated results.

Chapter 4 proposes a novel TRT analytical method to estimate the groundwater velocity
and the effective thermal conductivity in a multi-layer. The new idea called ‘relaxation time of
temperature (RTT)’ is introduced; the moment when the temperature in the borehole recovers a
certain level compared to that at stopping the heating. The RTT has grouped the ground into
vertical zones with similar thermal properties. Finally, the temperature increments of the
circulating fluid based on the determined zones and the heat exchange rates are calculated
according to the groundwater velocities, using the MLS theory. These results are compared with
the measured temperature data from each zone, and its best-fitting value yields the groundwater

velocities.

Chapter 5 verifies the effectiveness of the multi-layer TRT analysis method and proposes
the method to reduce the initial cost of the GSHP system by determining the appropriate borehole
size. The required borehole number is determined by the system performance in the 30th year
after operating the GSHP system, based on the parameters estimated by the TRT analysis methods.
The initial and operating costs are calculated to analyze the life cycle cost (LCC) of the GSHP
system. The return of investment (ROI) period is analyzed by comparing it with an air source heat

pump system.

Chapter 6 introduces the application of ground source heat pump system for nearly-zero
energy building. The application tool is developed to predict the energy consumption of the
building, based on the GSHP system being able to calculate multi-borehole configuration under

the conditions with the multi-layer with groundwater flows.

Chapter 7 summarizes general conclusions of this thesis and development toward zero

carbon society.
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Chapter 2 — Previous study and orientation of this study

2.1. Introduction

Ground source heat pumps connect with the borehole heat exchangers (BHE) and the
distribution system. The type of the BHEs is determined by its form and use, as mentioned in
Chapter 1. Among them, the GSHP system with the vertical closed-loop has been mainly used in
many commercial and residential buildings owing to high efficiency and small spaces for the
installation. However, the system has a high initial cost because of the cost of drilling and borehole
backfilling. According to Department of Energy and Climate Change report [1], the initial cost of
the BHEs of the vertical loop type accounts for 50% in the GSHP system, and the drilling cost is
around 60% on the part of the BHEs shown in Fig. 2. 1. Fig 2.2 also shows the cost rate in each
section of the GSHP system in countries [2—4]. Therefore, it is necessary for a solution on the
proper sizing and numbers of the BHESs, based on understanding the geological thermal properties.
The design of the BHEs without pre-investigation of geological thermal properties made the
system increase the initial installation cost; in case of the small capacity of the BHEs needs the
additional heat source system, or in case of the large capacity of the BHEs causes unnecessarily

expensive.

90 kW Ground Source Heat Pump ( Vertical Borehole)

49% equipment costs
100 Controls Maobilization
E|l_1ectri_¢i‘._?l Ct;gneFtI:uign Distribution
eat Transfer Flu
90 Heat Meters Ground Loop Installation
80 B Project Management
Mounting/ Plant Room Administration

70
croneee
S e
Labour

Percentage Breakdown

Ground Loop
40
30 Drilling / Borehole
20 Heat Pump Unit
10
0 m
~
Equiptment Cost Breakdown (%) Non-Equipment Cost Breakdown (%)

Fig. 2. 1 Cost breakdown of GSHP system (Department of Energy and Climate Change,
2016)
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Fig. 2. 2 Cost rate in each sector of GSHP system

The essential process for the design of the BHEs is to predict the circulating fluid temperature
entering to the heat pump response to the building loads. The other prediction is to calculate the
accurate heat exchange rate between the BHEs and the surrounding soil, based on the thermal
properties of the soil. In this process, the borehole thermal resistance should be considered with
the borehole and pipe size, shank spacing between pipes and the backfill materials. This Chapter
will explain the heat transfer process between the circulating fluid and the ground. The estimation
methods for the design parameter are also described through in situ thermal response test (TRT).
In Chapter 2.2, the analysis methodology for the heat transfer process is accounted for the heat
transfer between the BHE and surrounding soil. The detailed procedures and the comparison of
each model will be explained. Chapter 2.3 deals with the borehole thermal resistance between the
fluid in the U-tube and the borehole wall. Finally, the historical review of the TRT is presented in
Chapter 2.4.
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2.2. Mathematical analysis of ground heat exchangers

2.2.1. Infinite Line source model
Infinite line source (ILS) approach is the pure conduction heat transfer process with an

infinite line source continuously generating constant heat flux. Ingersoll et al. [5] modified
Kelvin’s line source theory to solve the heat transfer solution between the GHE and the

surrounding soil.

2-1)

©1 _ r?
“du—— E;(x), here X =—

T(r,t) — Ty = 4n,1f —e

Gautschi and Cahill [6] gave a series expansion of the exponential integral, using a Maclaurin
series and Euler constant. Eq. 2-2 indicates a Maclaurin series for e

ix =1+ +x2+x3+ 2-2
2,7 X 3 (2-2)

Substituting —u for n in Eq. 2-2 can be expressed

. (2_3)

is applied to well function W (u) in Eq. 2-4

—u
u? ud
+ - Jdu

001 [oe]
W(u)=ju ae‘“du=ju (1—u+?—§
r (2-4)

e

u? ud

=[lnu—u+—2_2! 3_3!+

= lim lnu—e'“(1+l+l+---) —({lhu—-u+ W - W + -
2 3 2-21 3-3!

u—->oo

1 1
= lim <1 +-+-4+ ~-'——lnu> = 0.5772
4 2737 (2-5)

Uu—00
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Here, y is Euler constant, and the exponential integral function, W (u), substitutes simplified
E; (x).

" D" (2-6)

n-n!
n=0

Ei(x)=—y—Inx —

Carslaw and Jaeger [6] also give a simplified form for large values of ¢ with a maximum

2
error in the temperature rise of 2% when t > % [7]- Eq. 2-7 indicates the simplified ILS model
from Eq. 2-1.

T(r,t) = 41711 (ln (%) - y) + T, (2-7)

The ILS model can calculate the temperature response of the imaginary borehole wall with

constant heat flux based on the following assumptions.

=  The ground is regarded as a homogeneous and semi-infinite medium, and its physical
properties do not change.

= The effects of the ground surface are neglected.

= The initial temperature of the media is uniform.

= The heat source is an infinite line source with constant heat flux.

= The heat diffuses only in the horizontal direction, neglecting the direction of the borehole

axis.

2.2.2. Infinite cylindrical source model

Infinite cylinder source approach is the pure conduction heat transfer process with an infinite
cylinder source (ICS) generating heat continuously from time zero. The ICS model can be better
reproduced in the borehole geometry when the thermal properties of the borehole backfill material

and the soil are different [8]. The following equation describes the ICS model.

T(r,) = To = 2~ G(F, R) (2-8)

eff

Here, G(F,, R) is the cylindrical source function as described by Ingersoll [5], F, is Fourier

constant (f—zt), R is the ratio between the distance from the borehole depth and the borehole radius

().

Lpn
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1 (o]
6B = | FB)dp (2-9)

Jo@BYi(B) = Y (BV:(B)
B2U2(R) + Y2(B))

fB) = (e F*Fo — 1) dp (2-10)

Eq (2-10) are Bessel functions of the first and second kinds.

2.2.3. Finite line source model

The ILS and ICS models can provide the temperature responses, and their methods are
relatively simple. However, they do not consider the axial temperature gradients and the end effect
at the borehole bottom side. It makes the error when the temperature response is calculated over
a year. Therefore, the two-dimensional nature of ground heat transfer should be used when a more

accurate prediction of the temperature response is required for a long-term period.

Eskilson [9] published the two-dimensional approach in which a finite line source (FLS)
model. The FLS model considers the temperature response at a point (r,z) resulting from a
constant heat flux per unit length in the finite borehole length. Fig. 2.3 shows a virtual mirror
image of the finite line source, and Fig. 2.4 indicates the temperature response according to
borehole depth. The analytical solution has been derived for a constant surface temperature equal

to the undisturbed ground temperature.

(\/rz + (z— h)2> (\/rz +(z+ h)2>
y lerfc(Y—F——=———| erfc|¥——F=——+
dh

T(r,z,t) = 2Vat - 2yat (2-11)

41 et Jo Jr2 4+ (z = h)? Jr2 + (z + h)2

Here,
e == [ ew(-p1)d
erfe(x) =] exp B°)dp (2-12)
Eq (2-11) can be rewritten in a dimensionless form as;
N2 2\ )
IR? + (z - 1) /R2+(Z+H)
erfc erfc
) 2,[F, 2\[F,

O(R ZF,) = f < r dH' (2-13)

° IR+ (z-H)’ IR + (2 + 1)’
\ J
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Here, dimensionless variables are introduced as; Z = z/H, R =r/H, Fo = at /H? and © =
47Tlefft /q

Virtual mirror line source

T 2 2
y/\/r +(z+h)

Fig. 2. 3 Virtual mirror image of the finite line source
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—R=0.29

R=0.43

—R=0.71

R=1.0

Borehole depth (m)

R=1.43

—R=2.86

—R=4.29

Fig. 2. 4 Temperature response according to borehole depth
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2.2.4. Moving Line source model

The moving line source approach is an analytical solution of the heat transfer in the infinite
porous media, considering both conductions in the fluid and solid phase and the advection by the
groundwater flow. The analytical solution was introduced by Carslaw and Jaeger [8], and Diao et
al. [10] modified it to apply to the subsurface environment. The heat transfer equation in the
porous material is combined from the energy equation both in fluid and in solid.

= Energy equation in fluid:

(00w e+ (0¥ (uT) = 1,727 (-14)

= Energy equation in solid:

oT
(pC)s 5 = AV2T 2-15)

The effective thermal conductivity and the volumetric specific heat are weighted by the

porosity of the water-saturated soil.

Aeff = é‘lw + (1 - E)ﬂ.s

(2-16)
(pCetr = e(pO)w + (1 — &)(po)s (2-17)
Eqg. 2-14 and Eq. 2-15 are combined to Eq. 2-18.
oT ,
(POefr 5+ (POwWY - (UT) = Aegr - VT (2-18)
oT or  oT\ . 0°T 9°T
CON Rl COME (ux 3T W &) = efr(5 7 + a—yz) (2-19)
Here,
At
e i ¢
PettCp eff (2-20)
Cw  _
(PC)ef (2-22)

Eq. 2-19 is simplified as;
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oT 9%T N 20°T (U oT U 6T)
ot - “\ox2 T 9y2 *ax T VY ox (2-23)

Carslaw and Jaeger [8] give the following integral formulation as a solution to Eq. 2-24.

[x-U@—-1)]? +y2] a7’

q o
O(x,y,7) = X —
x5, ATT o6 fo (t—1") EXP[ da(t —1') (2-24)
Here, a new parameter, n is used
_ ot 2

n=4a(t—1")/r (2-25)
— ") = nr2

(t—1")=nr</4a (2-26)

Eq. 2-27 is obtained by the integration by substitution from Eq. 2-26.
dn )
g = a/r (2-27)
dr' = -
T T eyt (2-28)
Eq. 2-29 is described by substituting Eqgs. 2-25 - 2-28 to Eq. 2-24.
( )= q J‘T 4a « 2 =2xU(t—1)+U?(r—1")°
X0t = AmtAegs Jo N2 °xp 4a(t —1')
dn (2-29)
 4a/r?
0 . q (Ux)ff 1>< 1 U?r?p 4
xy,0) = ATt A ot P\ 2a o 7 exp n 16a? g (2-30)
Here, r = /x2 + y2
The integral boundaries are changed by the new parameter, n
-0
{0 - 4ar/r2} (2-31)

The changed integral boundaries are substituted to Eq. 2-32.
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T
0(x,y,7) = 1 exp (%> fr_ZEX exp 1 T dn 2-32
7 AT A o 2/ )y 1 n 16a? (2-32)

The coordinated polar form is expressed as follows;

4at

¢ - (Ur )fr_zlx 1 U?r?p 4
r,Q,T) = hg exp 2a cosQ . 7 exp 7 16a? n (2-33)
Eq. 2-30 can be rewritten in a dimensionless form as
4F,
o E) = R 7 1 1 R%p 4
O(R, ¢, F) —eXP(Ecmo)fO 20 P Ty T 16 |4 (2-30)
Here, © is the non-dimensional temperature response (= @), R is the non-dimensional
radial coordinate (= E = %), L is a characteristic length (= %), F, isthe non-dimensional time

=20,

Fig. 2.5 shows the temperature response according to the groundwater velocity. Fig 2.6
illustrates the temperature response on the borehole wall surface according to the polar angle (¢)
of groundwater flow direction. The faster groundwater velocity led to the rapid temperature
converges. It was also confirmed that the temperature response differed different depending on

the polar angle of groundwater flow direction.

10 T T T T T T T T
S 9 I Calculation conditions
OB’ 8F ¢q=50W/m
(%) L
c ; Aegr = 2.0 W/(m - K)
9 I
D | C = 3.0 MJ/(m3 - K) :
o a4l TeH = 0.07 m
=
S 3
()
Q. 2+ <
§ 1 =" v =0,10,30,50,70,100, 150 m/y from Top to Bottom

0 1 ' ' ' 1 '} ' '

1 2 3 5 10 20 30 50 70 100
Time (h)

Fig. 2. 5 Temperature response according to the groundwater velocity
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Fig. 2. 6 Temperature response on the borehole wall surface according to the polar angle
of groundwater flow direction

2.2.5. Superposition principle for temperature response

In the actual operation of the GSHP system, the heat injection or ejection by the GHE varies
according to the building loads. Therefore, it needs analytical approaches that can calculate the
temperature response corresponding to the varying loads. The principle of the temporal
superposition can provide the temperature response of the assumed borehole wall by considering
the time-dependent heat flux [11-14]. The temporal responses are determined by the individual
step function according to the time-variable flux. The temperature response applied to the
temporal superposition of the ILS model can be expressed in Eq. 2-31. Fig. 2.7 shows the

temperature response in the borehole wall according to time-dependent heat flux.

N

2
qi — qi-1 r
Ton(t) — Ty = E
bn(t) = To Fhort 1<4a(tN—tn_1)> (2-31)

i=1
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Fig. 2. 7 Temperature response according to the superimposed step load
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2.3. Borehole Thermal resistance

The BHEs reject/extract heat to/from the ground. The heat transfer process is transient
considering long time-scale and large-distance because the ground is regarded as an infinite
medium with infinite thermal capacity. These processes were dealt with in Chapter 2.2. On the
other hand, the heat transfer process in the borehole is considered short length and time scale,
using thermal resistances. The heat transfer between the heat carrier fluid in the pipes of the U-
tube and the borehole wall is treated in a quasi-steady condition. The borehole thermal resistance

can be defined;

_Te—Ty

R
b @ (2-32)

Teq — Tk,

Tr=—— (2-33)

Here, T}, is the mean borehole surface temperature, and qy, denotes the heat transfer rate
per unit length of the borehole in the ground. T¢; and T, are the fluid temperatures in each leg

of the tube.

The borehole thermal resistance is the critical performance characteristic of the GHE. The
lower the thermal resistance leads to the better the performance. This Chapter deals with methods
for calculating the borehole thermal resistance, which accounts for short-circuiting between the
upward- and downward- flowing legs of the GHE. Also, it describes the differences between their

methods.

2.3.1. Fluid to pipe wall resistance

The concept of borehole thermal resistance can be indicated as a series sum of the resistances.
The total borehole resistance is calculated by the sum of the pipe resistance and grout resistance.
Fig. 2.8 shows a conceptual diagram of thermal resistance in a borehole. The pipe resistance
includes the convective resistance of the fluid in the pipe and the conductive resistance of the pipe.
The pipe resistance is typically calculated for a single pipe and then divided by the total number
of pipes:
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Fig. 2. 8 Conceptual diagram of thermal resistance in a borehole

Rp,con + Rp,f

N (2-34)

R—R+&—R+
b= "Tg Ty~ g

Here, where N is a single (2) or a double (4) U-tube, respectively. The variable N accounts for

the fact that pipe resistances are in parallel.

The conductive resistance of the pipe is derived from the steady-state heat conduction for
the radial system. The heat convection of the fluid in the pipe is calculated by considering the

flow rate and viscosity of the fluid, diameter and shapes of the pipe, etc.

1 T 0
Rp,conzﬁ In (p_) (2-35)

rp,i

1

R.ofj= — 2-36
pf 2m1y inhe (2-36)

Convective heat transfer efficiency at the inner surface of the pipe, hy, is calculated by the

Nusselt number (Nu). Nu is a function of the roughness of the surface and the flow velocity.
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_ NUAf 237

f er,in ( ) )
F/8)(Re — 1000)Pr

(F/8)( ) (2-38)

L 127(F/8) 72 (PrelE — 1)

The Nusselt number is valid under the conditions of the Reynolds number (3 X 103 < Re <

5 X 10°) and the Prandtl number (0.5 < Pr < 2000).

Ved 5
e = PV%pin _ vedp in/V¢ (2-39)
Us
Pr = pece/ A (2-40)

The friction factor, F, can be obtained from Eq. 2-41

F = (0.791n(Re) — 1.64)2 (2-41)

2.3.2. Grout resistance

Many methods and approaches have been proposed for calculating grout resistance between
pipes and borehole wall. These are mainly classified into three categories; equivalent radius

methods, empirical formulas, and multipole method.

The equivalent radius methods are to assume two or more pipes as an equivalent pipe. The
grout resistance is then calculated by considering one-dimensional radial heat conduction between
the outer wall of an equivalent pipe and the borehole wall, as shown in Fig. 2.9 indicates the
equivalent radius methods for calculating the grout resistance. The following Eq. 2-42 is the
formula to calculate the grout resistance. The alternate equivalent radius expressions indicate in

Eq. 2-43 — 45, which accounts for the effects of shank spacing [15-17].

= (2) e

& 2miy, Teq

2-43
Teq = V2 p,out ( )
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2-44
Teq = /Tpout * S ( )

Teq = 0414156y + 0.5 x (2-45)

Pipe

Circulating
Fluid

Backfilled
Material

Rf Rp,cain Rg

Tt |

(a) Single U-tube (b) Equivalent pipe

Fig. 2. 9 Equivalent radius methods for calculation of the grout resistance

The empirical formulas to calculate the borehole thermal resistance is by using empirical
relationships derived from curve fitting of experimental and/or numerical data. Numerical data is
derived from simulations of steady-state two-dimensional heat conduction in boreholes. One of
the most popular empirical methods by Paul [18] was developed to calculate the grout thermal
resistance using the well-established concept of two-dimensional conduction shape factor. The
Eq. 2-44 and 2-45 indicate the form of the empirical method. Empirical coefficients (B, and B;)
for a shape factor of the borehole (S}) indicate in Table 2.1.

1
oo L (2-44)
87 5,2,
By
0y 2-4
Sb - BO( b ) ( 5)
pout
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Table 2. 1 Empirical coefficients for a shape factor of the borehole

Configuration B, B,
4.

y \\

. 99 | 20.10 -0.9447
\\ /f

o

4.

y \\

@ @ | 17.44 -0.6052
\\ /f

@ Y

P N

4 \\.

@ @ 21.91 -0.3796
\\‘ /‘

N 4

The counter-flow heat exchange between the pipes is important for the axial temperature
variation. The temperature fields in the borehole could be represented by the thermal network,
using the multipole method [19-21]. Fig. 2.10 shows the resistance network for a single U-tube.

The resistance network is based on the relations between heat flows.

_ T — Ton + Tt —Tpp (2-46)
TT TRy Re

_ Ttz — Ton 4 Tt —Tpp (2-47)
T TRy Re
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q1 t+q;

Fig. 2. 10 Resistance network for a single U-tube

Here, q; and g, are heat flux, R{;, and R,, are thermal resistances between pipes and
the borehole wall, and R;, is the fluid-to-fluid thermal resistance between pipes. The network
determines is the total internal resistance (R,) between the upward and downward flowing legs
of the U-tube by setting the heat flows. The concept of total internal resistance is important to
understand the effective borehole thermal resistance, which is the thermal resistance between the

circulating fluid of the supply and return side and the average borehole wall temperature.

_ Ry2(Rip + R2p)
2 Rip + Ryp (2-48)
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2.4. Thermal response test

2.4.1. Guideline for the TRT and the test setup

The design of the BHEs is significant to achieve optimum operating efficiency and the
minimum design cost of the GSHP system. It depends on the accurate estimation of the thermal
properties of soils and the borehole thermal resistance, which are the main key factors for the
design of the BHEs. In particular, the effective thermal conductivity of soils decides the heat
exchange rate between the BHEs and the ground. The higher effective thermal conductivity of the
soil leads to a large amount of heat exchange and the better performance of the GSHP system.
Kavanaugh [22] mentioned that the 10% error of the soil thermal conductivity of the soil causes
the 5% design error in the BHE and 1 % capacity error of the heat pump. Therefore, it is necessary

to accurately determine the effective thermal conductivity of the soil to design the GSHP system.

Several methods have been introduced to estimate geothermal properties; soil and rock
identification [23], experimental testing of drill cutting [24] and in-field probes [25]. The most
common and well-used method is thermal response test (TRT) presented by Mogensen in 1983
[26]. The first mobile test equipment for TRT has also developed at Lulea Technical University
in Sweden [27] and Oklahoma State University in the United States [28]. With the development
of the TRT technology, the TRT has popularized figuring out the thermal properties of the soil

more easily.

The regulation standardization for The TRT is necessary to guarantee the design quality of
the GSHP system. The proposal for guidance on the TRT was developed by the International
Energy Agency (IEA) in Annex 13 "Wells and Boreholes" and ASHRAE handbook in
“Geothermal energy”. The guideline for the TRT and the test setup is as follows;

= The TRT should be carried out for 36 to 48 h at least.

= The heat injection is considered in the range of 50 to 80 W per meter. The values are the
expected peak loads on the U-tubes for an actual heat pump system.

=  The accuracy of temperature measured by devices is less than +0.3 K.

=  Flow rates supply to maintain a temperature difference of 3.7 to 7.0 K between the inlet
and outlet pipes.

= Data should be record at interval of 10 min at least.

=  All pipes located above ground are insulated to prevent an effect of disturbance.
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2.4.2. Parameter identification methods

The TRT is an onsite test to continuously inject the heat to circulating fluid in U-tubes and
measure their temperature changes at an inlet and outlet of the U-tube. The direct method is
analyzed the average temperature measured in inlet and outlet pipes by using an infinite line
source model with least-squares approximation [29]. In this method, the heat transfer in the
direction of the borehole axis is neglected, including the heat flux across the surface and down
the borehole floor. The process of heat conduction in the ground is simplified one-dimensionally.
The average temperature of the circulating fluid in the ground loop as a function of time with a
constant heat injection is calculated by Eq. 2-7 and Eq. 2-34. The temperature slope over
logarithmic time results in the effective thermal conductivity of the soil (Eq 2-50). The borehole

thermal resistance is also calculated in Eq 2-51.

7o) = ~Lin(e) + -1 {in (22 R, g4+ T 2-49

=g 41 nrbz 4 b4 %o (2-49)
_q

As = _47Tk (2-50)

Rbh = q - 47_[/1 ln E -Y (2-51)

The direct method has several important limitations to apply the field test. First, a linear
trend is not always obvious for all temperature curves. Second, the effect of variable heat injection

is ignored. It causes power outages, electrical thermal failures or other unexpected events.

The iterative algorithm parameter estimation method is widely used to identify unknown
thermal properties using TRT data. Estimation procedures are usually iterative with the goal of
enforcing agreement between the mathematical model and the TRT data. The parameter
estimation covers some basic problems. The first problem is choosing the objective function to
minimize. The second is how to minimize the objective function. A determination of the function
to minimize is used by the root mean squared error (RMSE). This method can estimate the
groundwater velocity and effective thermal conductivity at the same time. The amount of
information under the parameter estimation procedure decides the quality and quantity of the TRT
data and the mathematical model. Some studies have been used to the iterative algorithm
parameter estimation method to determine the groundwater velocity and effective thermal

conductivity [30-33]. They determined the design parameters from the conditions of the
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minimum RMSE. The parameters are decided under 0.1 K of the RMSE between the calculated
results and TRT data.

2.4.3. Historical review of thermal response test

Mogensen [26] first proposed an experimental method to determine the thermal resistance
between a thermal fluid and a borehole wall in a vertical loop. A water cooler to supply constant
cooling was used with a circulation pump and a thermometer. This test equals a principle of the
transient needle probe used to measure the thermal conductivity of solids. The transient needle
probes typically contain electrical heating and a temperature sensor inside a metal sheath of 5 to
6 mm in diameter and 100 to 500 mm in length. Mogensen expanded this method to the entire
borehole as a probe and a U-tube as a “line source”. Although his purpose is to determine borehole
thermal resistance, Mogensen mentioned that ground thermal conductivity could be estimated.
The method has been called thermal response test (TRT) and has been widely used to estimate the
effective thermal conductivity and borehole thermal resistance after the development of the

mobile test equipment [27, 28].

The analysis methodologies of the TRT have been validated over the past several decades
[34-36]. The first practical applications were started in the 1980s and early 1990s [26]. Afterward,
the possibility of utilizing the TRT as part of a field survey began to materialize in the design of
the GSHP system. In 1995, portable TRT equipment was developed by Lulea Technical University,
and Oklahoma State University with a private company based in Oklahoma developed the
portable TRT equipment, independently [27, 28]. Both test rigs used an electric resistance heater
to apply step heat pulses to the ground and estimated the ground thermal properties of the BHE
at depths of 10 to 100 m, approximately. Other test equipment was also developed in the
Netherlands. This equipment used a heat pump instead of an electric resistance heater to make the

lower temperature inside the BHE.

The first comparison of the TRT analysis results was carried out at areas in Belgium, it
showed the reproducibility of the TRT results [37]. Austin [38] validated the TRT results and
analytical procedures for core-type boreholes in laboratory experiments based on the thermal

conductivity of individual core samples.

Even today, the most popular TRT evaluation method is the infinite linear heat source based
on heat transfer theory. In the 1950s in the United States, this calculation method was propagated

for ground loop design [29]. For the first mobile tests, the thermal conductivity was determined
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and then used an approximation (Eq. 2-50 and Eq. 2-51). Based on this formula, the evaluation
of the TRT has been performed up to date. The line-source approach is a relatively simple
evaluation method, and there is a suitable method for validating results through sequential
evaluation called “stepwise evaluation”. However, the validity of the TRT results obtained with
this evaluation method is highly dependent on stable test conditions and sufficient accuracy of the

SEnsor.

Since the first proposal for the TRT analysis, many researchers have focused on the more
accurate methods for estimating the thermal properties of the ground. Table 2.1 shows the research
on the TRT analysis methods. The research was carried out to estimate the design parameters

based on TRT results and verified their values.

Some researchers have been proposed to determine the thermal properties in the multi-layer,
by using the optical fiber distributed temperature sensing (DTS) technique [39—44]. Fujii et al.
[42] utilized the optical fiber DTS to measure the temperature-time profile of the circulating fluid
of each layer in the U-tubes. The measured profiles were history-matched with the cylindrical
source function [29]. Sakata et al. [39] also proposed the multilayer-concept TRT by using the
optical fiber DTS and determined the stepwise ground thermal conductivity with the depth of each
sub-layer. Their approach methods were an uncomplicated and practical use for the TRT analysis
to estimate thermal properties in multi-layer. The some researches [45—-50] also suggested the

TRT operating time to be the minimum time that is enough to estimate the thermal properties.

Wagner et al. [51] conducted both a tank experiment and a field experiment of the TRT to
determine the hydraulic conductivity in an aquifer. They set ranges of hydraulic conductivity
according to the properties of the soil, such as grain size, thermal conductivity, porosity, etc. Each
value of those properties was utilized to calculate the temperature of the circulating fluid based
on the moving line source (MLS) model. The calculated temperature results were then compared
with the TRT data. The optimal fitting result yielded the hydraulic conductivity of the soil.
Verdoya et al. [33] carried out the field TRT during both periods; the heating period and after
stopping the heating injection. They estimated the groundwater velocity and effective thermal
conductivity by using minimum RMSE (root mean square error) between the calculated results

from the MLS model and TRT data.

Signorelli et al. [49] made the three-dimensional TRT model and examined the temperature
on the borehole wall affected by the groundwater flow. As a result, the effective thermal
conductivity was increased over the groundwater velocities were higher than 0.1 m/day. Gehlin

et al. [52] evaluated the effective thermal conductivities at fracture zones with the groundwater
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flow, using the two-dimensional finite element method. Katsura et al. [53] also developed a
simulation model in the multi-layer to investigate the relation between the temperature response

on the borehole wall and the groundwater velocity.

Most studies determine the weight-average values of the parameters for the installed
borehole length. Although the methods for estimating parameters are useful in predicting the
performance of the GSHP system, they could not suggest an appropriate borehole length to reduce
the initial cost of the BHEs. Although the methods have been proposed to determine the design
parameters in multi-layer by using the optical distributed temperature sensor recently, there is no
method to suggest the estimation method which estimates groundwater velocity and the effective
thermal conductivity of the soil in multi-layer. Therefore, it is necessary for the TRT analysis
method to determine the groundwater velocity and the effective thermal conductivity of the soils

to reduce the initial cost and the performance prediction of the GSHP system.

Table 2. 2 Research of the TRT analysis methods

. Conduction and Unknown
Only conduction .
advection parameter
ILS model ICS model MLS model
. . . . . Aeff Rbh C Ag v
Single- Multi- Single- Single- Multi-
layer layer layer layer layer
[54,55] O O
[56] (0]
[57] [57] O O O
Reference
[58,59] O O (0]
[39-
42,60] 0 0
[32,61,62] O O 0)
Consider Considera
Proper . .
design ation of tion of
I Simple the both
Application of .
process borehole  conductio
borehole
) thermal n and
size . .
resistance  advection
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2.5. Orientation of this thesis

The many areas in Japan have many mountains mainly composed of 1000-m-class resulted
from Quaternary volcanic events. The ground basements have formed soft rocks and various
coarse deposits. The ground slope is also high because the distance between the interior and the
sea is short, compared to other countries. These geological conditions bring about rapid
groundwater flow. These conditions could be expected to improve the performance of the system
and reduce the initial cost of the GSHP system. However, since methods for estimating
groundwater velocity on-site are not formalized, the many cases for the design of the GSHP
system have not applied to reflect the groundwater velocity as the design parameter. It causes an
increase in the installation cost of the GSHP system due to overdesign and is a hindrance to the
extensive diffusion of the system.

The orientation of this thesis is to propose a new thermal response test analysis estimating
partial groundwater flow and to develop its application for ground source heat pump system
design. In particular, this thesis proposes quantitative partial groundwater in the multi-layer and
appropriate borehole size. Compared to conventional evaluations in the fixed borehole depth, the
proposed method could suggest performance change according to the depth of the borehole and
an appropriate borehole depth. It is able to reduce the initial installation cost of the GSHP system
by providing the proper borehole depth. In addition, the application tool is developed to predict
the energy consumption of the building, based on the GSHP system being able to calculate multi-
borehole configuration under the conditions with the multi-layer with groundwater flows. it could

be coupled with the other components, which are renewable systems.
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Chapter 3 — Estimation of fast groundwater flow

3.1. Energy consumption and environmental issues

Ground source heat pump (GSHP) system has been widely used as a high-performance
system for heating, cooling and supplying hot water in houses and buildings [1,2]. However, an
inaccurate design of the borehole heat exchangers (BHE), one of the main elements of the GSHP
system, makes the GSHP system be over/under-designed, and it results in a high initial cost of the
system [3,4]. It is necessary to design the proper length and numbers of the BHE and predict the

heat extraction/injection from/to the ground, based on the properties of soil.

Mogensen [5] proposed a thermal response test (TRT) to examine the thermal properties of
soil; mainly an effective thermal conductivity of the soil and a borehole thermal resistance. The
TRT is conducted by continuously heating a circulating fluid in the U-tube and measuring the
temperature variation at an inlet and an outlet of U-tubes over time. These temperature data are
usually analyzed by the infinite line source (ILS) model with the least-square method [6]. The
method is useful in urbanized cities or flat plains where the ground mainly consists of consolidated
rocks with relatively low permeability and slow groundwater flow [7]. However, the analysis
approach is not valid in some specific areas with steep ground slopes and high permeable aquifers,
such as valleys, hills and alluvial fans. The reason is that the ILS model considers only conduction
heat transfer. In these areas, the TRT analysis results analyzed by the conventional method results
in high effective thermal conductivity [8§—11]. Chiasson et al. [8] mentioned that the high values
cause the BHEs to be over/under-designed. Therefore, the BHEs should be designed by
considering the groundwater velocity as well as the effective thermal conductivity. Also, it is
needed for the analysis method to simultaneously determine the groundwater velocity and the

effective thermal conductivity from the TRT data.

Table 1 describes the three field measurement methods that are mainly used to estimate
groundwater velocity. One of the methods is an observation-well method in which the
groundwater velocity is estimated as a product of hydraulic conductivity and hydraulic gradient
observed from three wells. Although this method has been frequently used in practice, the
hydraulic conductivity is sensitively variable in several orders of magnitude according to porosity
at each depth in any location. In other ways, the groundwater tracer method is utilized to measures
the groundwater velocity using the groundwater tracer, which is an ionized substance, water
temperature and solid particles. However, those direct measurement methods in the borehole do

not necessarily agree with the actual velocities around the borehole due to casing and mud cake
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effects and are relatively expensive to use. The field measurement methods also have a high

measurement range of the groundwater velocity.

Table 3. 1 Filed measurement methods for estimation of groundwater velocity

Classification Methods (Instrument) Measurement range
Observation-well hydraulic conductivity and 3.2%x107°t05.2x 107> m/s,
method hydraulic gradient (Darcy’s law) (10 to 1640 mly)

To trace the electrical conductivity
Groundwater of the water containing the tracer 4.6x107%t0 1.0 x 107> m/s,
tracer (lonized substances, water (150 to 1000 m/y)

temperature, solid particles)

Colloidal Borescope v>12x10"%m/s,
(Laser Beam and Camera sensors) (v = 378,400 mly)
Horizontal heat pulse flowmeter 7.5%x 107 t0 6.6 X 1072 m/s,
Flowmeter )
(Heater and thermistors) (23,600 to 2,082,400 m/y)
Groundwater acoustic doppler 1x107*to 2.4 m/s,
velocimeter (Ultrasonic indicator) (3150 to 75,686,400 m/y)

The numerical simulation approaches have been used to mimic the TRT and calculate the
temperature change of circulating fluid under the ground conditions with advection effect.
Signorelli et al. [7] made the three-dimensional TRT model and examined the temperature on the
borehole wall affected by the groundwater flow. As a result, the effective thermal conductivity
was increased over the groundwater velocities were higher than 0.1 m/day. Gehlin et al. [12]
evaluated the effective thermal conductivities at fracture zones with the groundwater flow, using
the two-dimensional finite element method. Katsura et al. [13] also developed a simulation model
in the multi-layer to investigate the relation between the temperature response on the borehole
wall and the groundwater velocity. However, these numerical approaches required a high cost,
technique, time and effort. Furthermore, it is difficult to estimate the thermal properties of the

ground, by utilizing the measured data from the TRT in the test site.
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As an alternative to the numerical methods, moving line source (MLS) theory was introduced
by Carslaw and Jaeger [6], and Diao et al. [14] modified the theory to apply to the subsurface
environment. Wagner et al. [15,16] conducted both the field TRT and a laboratory experiment,
and the MLS model was applied to estimate thermal properties of the ground. They utilized the
hydrogeological characterization of the penetrated subsurface and presented the relationship
between the effective thermal conductivity and the groundwater velocity. Verdoya et al. [17]
carried out the field TRT during both periods; the heating period and after stopping the heating
injection. They estimated the groundwater velocity and effective thermal conductivity by using
minimum RMSE (root mean square error) between the calculated results from the MLS model
and TRT data. Although they provided the TRT analysis method to be able to estimate the
groundwater velocity and the effective thermal conductivity by using the MLS model, the
condition of the ground velocity was less than 100 m/y. Above all things, there is no report which
is the TRT results analyzing the rapid groundwater flow over 100 m/y. It is unclear that the MLS
model is useful to estimate the effective thermal conductivity and the groundwater velocity in the
condition with the rapid groundwater flow. It is necessary for a positivistic case study to carry out
the TRT analysis utilizing the MLS model for simultaneous estimation of the groundwater
velocity and effective thermal conductivity in conditions over 100 m/y of the groundwater

velocity.

This study suggests a practical TRT method to determine the groundwater velocity and the
effective thermal conductivity simultaneously. The MLS model is verified for application of the
TRT analysis under conditions over 100 m/y of groundwater velocity. The TRT is carried out in
Kazuno City, Japan, which is an alluvial gravel deposit. The geological conditions in the test site
mainly consist of sandy gravel, which is a porous material with high permeability. This study
proposed the approximate formula of an equivalent single pipe to calculate the temperature
change of the circulating fluid under the borehole backfilled into the permeable material. The
radius of the equivalent single pipe is determined by the groundwater velocity, based on the
numerical approach results. The temperature change of the circulating fluid is calculated by the
MLS model with the equivalent single pipe. The groundwater velocity and the effective thermal
conductivity are determined by the iteration parameter estimation method. The method provides
the best-fit parameters through the minimum root mean square error (RMSE) between the TRT

data and calculated results.
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3.2. Field experiment

3.2.1. Site descriptions

The test site was in Kazuno City (40°19'N and 140°78'E), Akita Prefecture, Japan, shown in
Fig 3.1. Akita Prefecture is located in East Japan of Honshu Island, which is the main island in
Japan. The region has many mountains mainly composed of 1000-m-class resulted from
Quaternary volcanic events. The primary basement consisted of soft rocks and various coarse
deposits, and total precipitation is about 1700 mm/y. These conditions made the region high slopes
and fast-flowing rivers along the valleys. Fig 3.1 (c) illustrates the geological cross-section in
Kazuno City [18]. Kazuno City has formed to be alluvial gravel deposits over 100 m surround
with the steep-slope valleys and the Yoneshiro river. These geological and topographical

conditions provide reasonable assumptions in which the groundwater flows rapidly in the test site.
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Fig. 3. 1 Location of the test site: (a) the regional and local maps in East Japan,

(b) the test site in Kazuno City, and (c) geological cross-section
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Fig 3.2 (a) describes a geological section of the test site. The ground of test site mainly
composed of gravel, gravelly sand and sandy gravel. The thickness-weighted averages of the
thermal conductivity, volumetric heat capacity for the saturated soils were estimated to be
24W/(m-K) and 3.0 x 10° J/(m3 - K), respectively [19,20]. Fig 3.2 (b) indicates the vertical
temperature distribution before the TRT is carried out. The undisturbed ground temperature was
constant to be 12.3 below 10 m of G.L. Fig. 3.2 (c) shows a ground plan of the test site. Four
BHEs were connected to the GSHP system to cooling and heating for the three-floor building and

were installed at intervals of 4 m. The TRT was conducted marked No. 3.

Symbol Soil materials T; (°C)
10 15 20 25 30
G.L.
0 B 2N — . .
Btetetetatatet v im S m us_X>= Observation well of water table level TRT machine
N O mmmmmmmm oo 0 units
Gravellysand 16y ‘—-O Nol Ne2 |\ _____
/@ }L
. 40 - Heat :H][
adi BHE
g pump Building
=~ (Three-story)
60 —
Leakage zone Mm ‘ |
L '
sor Sandy gravel
d
(Red) 0 10 m Pavement
f—————
100 L 100 m
(a) Geological section  (b) Temperature profile (c) Ground plan of a test site

Fig. 3. 2 Geological section and ground plan of the test site: (a) geological section at a test
site, (b) vertical ground temperature profile, and (c) ground plan of a test site

Fig 3.3 indicates the meteorologic observation data such as the water table level, the
groundwater temperature, the precipitation, and the outdoor temperature. The observation data
were measured at 10-minute intervals for three months. During the measuring period, the average,
maximum and minimum temperatures of the outdoor temperature were 20.4 °C, 28.1 °Cand
14.2 °C, respectively. The water table level was in a range of 7.7 to 6.5 m of G.L., and it was
affected by precipitation. The groundwater temperature was about 12.3°C, and it is the same value

as the undistributed ground temperature.
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Fig. 3. 3 Observation data of the water table depth, the precipitation, and groundwater
and air temperatures

3.2.2. Application of thermal response test

Fig 3.4 describes the schematic of the TRT machine units and the BHE, and Fig 3.5 indicates
a figure of the in-situ TRT. The TRT equipment consisted of an electric heater, a circulating pump,
a flow meter, a data logger and temperature sensors. Each equipment monitored the data at an
interval of one minute, and its specifications are shown in Table 3.2. The depth and diameter of
the BHE were 100 m and 146 mm, respectively. The double U-tube made of high-density
polyethylene was inserted into the borehole without spacers. The inner and outer diameters of the
U-tube were 25 and 32 mm, respectively. The borehole backfill material was silica sand, and it
was filled in the borehole from the ground surface [21-23]. The external pipes on the ground

surface were covered with the thermal-insulated material to minimize heat loss.

The TRT was carried out from the 9th to the 11th of August, 2016. During the test period,
the maximum and minimum outdoor temperatures were 26.4°C and 17.7°C, respectively. The
TRT machine supplied the constant heat injection of 6 kW and maintained the water flow rate of
20 L/m. TRT was performed for 60 hours while measuring the inlet and outlet temperature of the

U-Tubet.
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Fig. 3. 4 Schematic of the TRT machine units and the BHE

Fig. 3. 5 Figure of the TRT machine units and the BHE
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Table 3. 2 Specification of TRT machine units

Unit Specification

Single phase AC 200 V

Electric heater .
Maximum output power: 6 kW

Single phase AC 200 V

eulati
Circulating pump Electric power consumption: 260 W

Range of the flow velocity: 0.1 to 10 m/s
Flow meter Fluid temperature: -10 to 130 °C
Electric power consumption: 12 W

Measured range: -30 to 200 °C

Pt-1
t-100 sensor Error range: +0.15+0.002-T
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3.3. Analysis methodology

3.3.1. Description of moving line source model

The moving line source model is an analytical solution of the heat transfer in the infinite
porous media, considering the conduction in the fluid and solid phase and the advection by the
groundwater flow. The analytical solution is driven under the following assumptions: 1) The
ground is regarded as a homogeneous and semi-infinite medium, and its physical properties do
not change with temperature. 2) The effects of the ground surface are neglected. 3) The initial
temperature, Ty, of the media is uniform. 4) The heat source is an infinite line source with
constant heat flux. Under the conditions, the time-dependent temperature responses are calculated
in the coordinate system (7, ¢), and the temperature response in the medium, 8 =T — T, can be

obtained by means of the Green’s function method in Eq (3).

r2

0(r, ¢,t) = ——exp (i cosqo) f;“ﬁlexp (—l Vzrzﬁ) dp (3-1)

4T Aeff 4 B B 1ea%

The mean circulating fluid temperature is obtained by the borehole thermal resistance and
the temperature response when the r is assigned to be the borehole radius, 73,.

2m

1
Te(t) = ﬁf 0 (1, @, t)dp + Rpq + Ty (3-2)
0

On the other hand, when the Darcy velocity, v, is zero, Eq. 3-2 is simplified to be Eq. 3-3,
which is the ILS model. The apparent effective thermal conductivity is calculated with the
temperature gradient, k, as a result of a linear equation with the logarithm of time. The apparent

effective thermal conductivity is calculated in Eq. 3-4 [6].

(0 = — (o) + — LA (2% _ L g g4, (3-3)
AT A ofr AT A ogp e
_q
Aetf = Tk (3-4)
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3.3.2. Borehole thermal resistance with groundwater flow

A borehole backfill material is generally classified into three types; non-permeable, very low
permeable, permeable material. There are guidelines for backfilling the borehole in European
countries (Germany, Switzerland, Austria) and South Korea [24] after inserting the U-tubes. They
used the non-permeable or the very low permeable material to prevent groundwater contamination.
However, some countries such as Japan [25] and China have no restrictions on the guideline of
the backfill material. Javadi et al. [26] investigated statistical data on which the backfill materials
were used in the world, and they have summarized the results in Fig 3.6 and Table 3.2. In Japan,
the BHES usually consisted of the single/double U-tubes without spacers and the permeability
materials such as silica sand for grouting [21-23,26]. The silica sand was inserted into the
borehole from a ground surface up toward the bottom side of the borehole. Approximately, the
material is filled in the upper side of the borehole until 3-5 m of GL. The surrounding soil then
refills the borehole by soil pressure, and the pipes without spacers are closed to the borehole center.
This series of procedures result in the different borehole thermal resistance between conditions of
the permeable material and nonpermeable material. The previous studies [26—28] have suggested
the borehole thermal resistance considering only conduction heat transfer regardless of the
intensity of groundwater flow. Whereas, the borehole thermal resistance in the borehole condition
backfilled with permeable material depends on both the thermal conductivity and the groundwater
velocity. therefore, it is necessary to present the borehole thermal resistance considering both the
thermal conductivity of the backfill material and groundwater velocity.

Aluminum cement-Sand G ond Coment  CHY-San Sand-Gravel rtie G imaatones flicn:

Admixture of bentonite - - 2% fectric Arc Furnace slag and
and water Water. Cement-Sand = g,n4 and
Cement % 3% Waste sands as maln

Cement admixture.
2

Admixture of bentonite and
quartzte
%

Beatoaite Cemen 5
l:- e “"“L'P‘;_l admixture Admixture of Portland cement and
> silica sand
2%

Homemade admixtures with

Bentonlte -Clay
2% zraphite addition
2%

Sealing grout Soil
2%

5%

Pulverized fuel ash blended with
cement, ground glass, sand or
Nuerspar
2%

Beatonite
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| Gravel
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= .’
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Fig. 3. 6 Usage breakdown of mixed and pure backfill materials in GHSs from 2010 to
2018 [26]
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Table 3.2. Proportion of backfill materials

Type Material (%) Proportion (%0)
Non permeable Bentonite(17), Concrete(7), Cement(3), 31
material Mortars(2), Sealing grout(2)

Admixture of bentonite and water(6), Homemade
admixtures with graphite addition(2), Pulverized fuel
ash(2), Bentonite-Clay(2), Admixture of bentonite and
Very low permeable guartzite(2), Admixture of Portland cement and silica
material sand(2), Cement admixture(2), Aluminum cement- 33
sand(2), Water-Cement(2), Silica sand-Cement(2),
Cement-Sand(2), Clay-Sand(2), Sand Bentonite(2),

Sand-E-plug admixture(2)

Silica Sand(10), Sand(10), Soil(5), Gravel(3),
Permeable material Sand-gravel(2), Saturated Sand(2), 36
Protoplasm(2), Crushed Concrete(2)

The numerical simulation was performed to calculate the borehole thermal resistance under
conditions, in which the groundwater passes through the inside borehole. A two-dimensional finite
volume model (FVM) using the commercial software, ANSYS FLUENT was applied. Fig. 3.7
illustrates the discretized model. The soil domain was extended for 1 m in +X and — X directions,
and 1 m in +Y and — Y direction. The geometry was divided into subdomains to optimize mesh
element numbers and decrease computation time. The subdomains were the geometry of the pipes,
the borehole, and the soil and its mesh element sizes were 1, 8, and 50 mm with a tetrahedral
mesh, respectively. The boundary wall of the soil domain and the inner pipe is applied for
Dirichlet boundary condition to evaluate the borehole thermal resistances quantitatively. The wall
temperature of the soil and the inner pipe domain was assigned to be 0 and 1 °C, respectively. The
groundwater flows with the constant velocity from the right side wall of the soil domain to +X

direction.
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Fig. 3. 7 Discretized model domain

The borehole thermal resistance was calculated proportionally to the temperature difference
between the borehole and the pipe wall divided by the heat flux in Eq. 3-5. These values were
calculated from numerical simulation results according to variable conditions. The effective
thermal conductivity of the soil and borehole domain was applied from 1 to 3 W/(mK) at
intervals of 0.1 W/(m K) and the groundwater velocity was applied from 0 to 2000 m/y at
intervals of 10 m/y

Tbh - Tp,m

Rbh - (3-5)

3.3.3. Equivalent single pipe for borehole thermal resistance in permeable

backfilled borehole condition

In this study, the borehole was filled into the silica sand from the ground surface. It is
expected for the backfill material to be filled in 3-5 m of the upside borehole part approximately.
Another part of the borehole was refilled with the surrounding soil by the soil pressure. In this
case, the boundary between the borehole wall and the ground becomes unclear and the pipes are
buried by the surrounding soil. The groundwater can pass through the inside borehole. The
conventional calculation methods of the borehole thermal resistance only considering the

conduction heat transfer is unsuitable to calculate the circulating temperature under these
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conditions.

This study proposes the approximate formula of the equivalent single pipe to calculate the
circulating fluid temperature. The equivalent single pipe takes accounts of the temperature
increase due to the borehole thermal resistance in the permeable backfilled borehole conditions.
The radius of the equivalent singe pipe was determined by the minimum value between the
average inside temperature of the U-tubes in the numerical approch and the average temperature
calculated by the MLS model on the arbitrary radius. The equivalent pipe radius can be usefully
used to determine the groundwater velocity and the effective thermal conductivity without
considering the temperature rise due to the borehole thermal resistance in the permeable backfilled

borehole conditions.

req(leff: v) =minf = ( TrEM,p,in (et V) — Tms (req; Aet, V) ) (3-6)

1 2T
TMLS (req' Aeffr ’U) = %f g(req; ®, /1effr v, t)d€0 + TO (3'7)
0
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3.4. Results of thermal response test analysis

3.4.1. Conventional TRT analysis method

Fig. 3.8 shows the measured data for TRT: Fig. 3.8 (a) shows the temperature data of the
inlet and outlet at the pipes, and Fig. 3.8 (b) indicates the flow rate and heat injection during the
TRT period. Each data was measured at an interval of one minute. The temperature of the inlet
and outlet increased maintaining 4.6°C of the temperature difference. The flow rate and the heat

injection were 20 L/min and 5.88 kW, respectively.

Fig. 3.9 indicates the conventional TRT analysis using the temperature slope over
logarithmic time. This method uses the ILS model of Egs. 3-3 and 3-4, utilizing the temperature
data of the TRT for 12-60 h [30,31]. As a result, the temperature slope was 0.51 °C/In(t), and
apparent effective thermal conductivity was estimated to be 9.14 W/(m-K). The reason for the

high value is due to the high thermal dispersion by the effect of advection.
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Fig. 3. 8 Measurement data from the TRT: (a) temperature variation of the inlet and outlet
pipes, (b) the heat injection and flow rate
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Fig. 3. 9 Conventional TRT analysis using the temperature slope over logarithmic time

3.4.2. Borehole thermal resistance in the borehole backfilled with the permeable

material

Fig. 3.10 indicates the streamline plots of the groundwater velocity around the borehole. Fig.
3.11 demonstrates the results of the borehole thermal resistance according to the groundwater
velocity between conditions on which the borehole is backfilled with the permeable or
impermeable. The borehole thermal resistance was 0.092 (m-K)/W until the groundwater velocity
is 70 m/y in both cases. On the other hand, the borehole thermal resistance in the permeable
borehole backfilled condition was decreased by the advection effect. Therefore, it is necessary to
propose the calculation method of the borehole thermal response in regard to the groundwater
velocity, because the conventional methods considering only conduction heat transfer cause the
high borehole thermal resistance in the permeable borehole backfilled conditions with the rapid
groundwater flow.

Fig. 3.12 shows the relationship of borehole thermal resistance between groundwater
velocity and thermal conductivity of backfill material. The borehole thermal resistance was
calculated based on Eq. 3-5. As a result, the borehole thermal resistance decreased as the
groundwater flow increased. On the other hand, the reduction ratio in the borehole resistance was

more influenced in the condition of low thermal conductivity of the backfilled material.
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Fig. 3. 12 Relationship of borehole thermal resistance between groundwater velocity and thermal
conductivity of backfill material

3.4.3. Equivalent radius of the imaginary single pipe

Fig. 3.13 indicates the equivalent radius of imaginary single pipe. The equivalent radius was
determined by the minimum temperature difference based on Eq 3-6. The approximate formula
for the equivalent radius was derived to be Eq. 3-8. The equivalent radius is less than 8% of
temperature error between the numerical results and the calculated results of the MLS model. The
temperature errors are acceptable to analyze the TRT results to estimate the effective thermal

conductivity and the groundwater velocity.

Toq(v) = 19.39/(820.4 + v) (3-8)
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Fig. 3. 13 Equivalent Radius of imaginary single pipe

3.4.4. Simultaneous estimation of the effective thermal conductivity and the

groundwater velocity from the TRT result

Fig. 13 illustrates the relationship between the groundwater velocity and the effective thermal
conductivity of the soil in the test site. The relationship is derived by the iterative parameter
estimation method between the TRT data and calculated results of MLS model applied the
equivalent radius. The best fitting as the minimum RMSE is calculated when the groundwater
velocity and the effective thermal conductivity were 120 m/y and 4.7 W/(m K), respectively. On
the other hand, the RMSE in the case of 2.4 W/(m K) of the effective thermal conductivity
estimated from the geological column section of the test site was relatively high value. Fig. 3. 15
shows the Curve fitting of temperature in each case, and Table 3.3 indicates the RMSE result of
cases.

Table 3. 3 RMSE of cases

Case A, (W/(m K)) v (m/y) RMSE
Case 1 2.4 700 0.67
Case 2 4.7 120 0.10
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3.5. Discussion on limitation of MLS model

This study suggested a practical TRT method to determine the groundwater velocity and the
effective thermal conductivity, using the MLS model. Also, MLS were verified for application of
the TRT analysis under conditions over 100 m/y of groundwater velocity. As a result, the
estimated effective thermal conductivity is much higher than that of the geological column
section. The assumptions of the MLS model resulted in higher effective thermal conductivity;
The ground is the homogeneous and semi-infinite porous medium, and the groundwater flows
with the constant velocity in whole depth. On the other hand, the ground in practice was composed
of heterogeneous porous media, and the groundwater flows with different velocities in each layer.
In the test site where the TRT was carried out, there is a high probability that the rapid
groundwater flows in the specific layers. This condition caused high effective thermal
conductivity to represent weight-average values by the MLS model. Notwithstanding, the
presented approach can contribute to the design of the BHE in response to the annual building
heat loads under the porous backfill borehole, reflecting the weight-average thermal conductivity
of soil and the groundwater velocity.

3.6. Summary

This chapter proposed a practical approach for the determination of the groundwater flow
velocity and the effective thermal conductivity of soil using the MLS theory, simultaneously.
The TRT was carried out in Kazuno City, Japan, and the conventional TRT analysis results
presented that apparent effective thermal conductivity was 9.14 W/(m K). The borehole thermal
resistance was calculated by numerical simulation, considering the groundwater velocity under
the conditions that inside borehole was filled by the porous material having a high permeability.
The radius of an equivalent single pipe instead of the borehole radius was applied to the MLS
model to calculate the circulating fluid temperature, including the temperature increase by the
grout thermal resistance. The approximate expression of the equivalent radius calculated by
linear regression analysis was suggested. The groundwater velocity and the effective thermal
conductivity of the soil are determined by using root mean square error between the calculated
results and the TRT data. As a result, the groundwater velocity based on the effective thermal
conductivity of the ground column section was calculated in 120 m/y and 4.7 W/(m K). The
practical approach method could use standard TRT data for analysis without additional auxiliary
equipment and complex simulation algorithms, designing the BHE in response to the annual

building heat loads.
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Chapter 4 — Analysis of relaxation time of temperature for thermal response test

4.1. Introduction

Ground source heat pump (GSHP) system has been recognized as a high-performance and
environmental-friendly system [1-3]. The system produces higher performance than the air
source heat pump (ASHP) system because it utilizes the ground as a stable heat source. The
vertical closed-loop system, one of the GSHP systems, has been preferred because of its high
efficiency as well as minimized installation space requirements in expensive neighborhoods [4].
The successful use and installation of the system rely on the design of the borehole heat
exchangers (BHE). The design of the BHEs depends on the estimation of the effective thermal

conductivity of the soil and borehole thermal resistance as the design parameters.

Thermal response test (TRT) proposed by Mogensen [5] is in-situ test to determine the
thermal properties of the ground. The TRT continuously injects the heat flux and measures the
circulating fluid. The measured temperature data is analyzed by an infinite line source (ILS)
model with a least-squares approximation [6]. Its simple process led to frequent use in the practice.
Although this method considers only the conduction heat transfer, it brings about no significant
problems when the groundwater is less than 0.1 m/day [7]. However, the rapid groundwater flow
results in high effective thermal conductivity. The high value causes the BHEs to be over/under-
designed. Considering only heat conduction transfer makes the ground temperature increase or
decrease more than the ground is in practice during the long-term system operating. Accordingly,
it is necessary to reflect not only the thermal properties of the soil but also the groundwater

velocities when the BHEs are designed in the areas having rapid groundwater flow.

The groundwater flow can improve the heat transfer efficiency of the ground and lead to
better performance of the GSHP system. Many researchers have studied the effect of groundwater
on the performance of the GSHP system [8—12]. In practice, however, the BHE has not been
designed by reflecting the groundwater velocity in the site. It is a difficult task to determine the
groundwater velocity from the TRT analysis. Wanger et al. [13] mentioned that the analytical
approach in the advection-influenced conditions could be considered when the Darcy velocity
exceeds 0.1 m/day. Another reason is the TRT operating time. The TRT tends to be operated within
a limited time due to the required construction time and cost in practice. The previous research
[7,14-18] suggested the TRT operating time to be the minimum time that is enough to estimate
the thermal properties. Whereas the operating time of the TRT needs to be long enough to notice
the effect of the groundwater flow. This evidence can be clearly seen in the temperature change

according to the Darcy velocity [19]. The suggested TRT operating time is too short to determine
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the groundwater velocity from the TRT data.

Wagner et al. [19] conducted both a tank experiment and a field experiment of the TRT to
determine the hydraulic conductivity in an aquifer. They set ranges of hydraulic conductivity
according to the properties of the soil, such as grain size, thermal conductivity, porosity, etc. Each
value of those properties was utilized to calculate the temperature of the circulating fluid based
on the moving line source (MLS) model. The calculated temperature results were then compared
with the TRT data. The optimal fitting result yielded the hydraulic conductivity of the soil.
Although demonstrating appropriate results, their approach required not only sufficient
preliminary investigation for the thermal parameters of the soils but also the iteration calculation
of 10,000 times. In a previous work of our research team [20], the practical approach was
proposed for the simultaneous determination of the groundwater velocity and the effective
thermal conductivity of the soil. The method also produced the relationship between the
groundwater velocity and the effective thermal conductivity. As a result, the effective thermal
conductivity and the groundwater velocity were estimated at 4.7 W/(m- k) and 120 m/y,
respectively. Although the result was well-matched with a comparison between the TRT data and
calculated temperature results, the apparent effective thermal conductivity was much higher than
that of the sandy gravel, which is main the soil in the test site. The reason for the high value is
that the ground was considered as a homogeneous medium based on the estimation methodology
of the MLS model. Therefore, the TRT data should be analyzed by considering the ground as a
heterogeneous medium. It is needed to divide the ground into layers having different thermal

properties when the TRT data is analyzed.

Some researchers have been proposed to determine the thermal properties in the multi-layer,
by using the optical fiber distributed temperature sensing (DTS) technique [21-26]. Fujii et al.
[24] utilized the optical fiber DTS to measure the temperature-time profile of the circulating fluid
of each layer in the U-tubes. The measured profiles were history-matched with the cylindrical
source function [6]. Sakata et al. [21] also proposed the multilayer-concept TRT by using the
optical fiber DTS and determined the stepwise ground thermal conductivity with the depth of each
sub-layer. Their approach methods were an uncomplicated and practical use for the TRT analysis
to estimate thermal properties in multi-layer. However, their methods could not estimate the
groundwater velocity It is important to understand the effective thermal conductivity and the

groundwater velocity of each layer, which is used as the design parameters of the GSHP system.

Therefore, this study proposes a novel TRT analytical method to estimate the groundwater

velocity and the effective thermal conductivity of each geological layer. For simplicity, the layers
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are grouped into vertical zones within the depth of the borehole. The theoretical methodologies
and the experimental measurements are needed to estimate the groundwater flow velocity and the
effective thermal conductivity. First, the temperatures in the U-tube are measured according to
the depth at an interval of 0.5 m from the optical fiber DTS. The temperature is also monitored
both during the heat injection and stopping the heat supply. Second, the new idea called
‘relaxation time of temperature (RTT)’ is introduced; the moment when the temperature in the
borehole recovers a certain level compared to that at stopping the heating. The vertical distribution
of the RTT that is calculated from the recovery temperature of each depth determines the depth
of the zone, which is a vertical segment of the borehole. Third, the heat exchange rate of the zones
is needed. It can be calculated from the vertical temperature profile of the circulating fluid during
the heat supply. Finally, the temperature increments of the circulating fluid based on the
determined zones and the heat exchange rates are calculated according to the groundwater
velocities, using the MLS theory. These results are compared with the measured temperature data
from each zone, and its best-fitting value yields the groundwater velocities. The proposed
methodology is evaluated by comparing to the realistic operation data of the GSHP system for a

long-term period in Kauno City, Japan.
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4.2. Field experiments

Fig. 4.1 describes a ground plan and a geological column section of the test site. The test site
located in Kazuno City (40°19'N and 140°78'E), Japan. The ground mainly composed of gravel,
gravelly sand and sandy gravel. The effective thermal conductivity of the soils was expected in
the range of 1-3 W/(m - k) on considerations based on the geometric column section [27-29].
The thickness-weighted average value of the effective thermal conductivity was approximately
estimated to be 2.4 W/(m k) when the soils were saturated in the water. The air-conditioned
space was 143 m? in the three-floor building. The GSHP system operates to heating and cooling
to the building. The system was composed of an inverter-driven heat pump unit, and its capacities
for heating and cooling were 31.5/7.4 and 28.0/7.0 kW, respectively. Four BHEs were connected
to the heat pump unit. The depth of the boreholes was 100 m, and the borehole diameter was 144
mm. The double U-tube without spacers was installed in the boreholes. The inside and outside
diameter of the pipe were 32 and 25 mm, respectively. The borehole backfill material was dry

silica sand, and it was inserted in the borehole from the ground surface.
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Fig. 4. 1 Site description; (a) ground plan of the test site, (b) geological column section
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Fig. 4.2 shows the schematic diagram of the TRT. The TRT was carried out during the long-

term period to figure out the effect of the groundwater flow. The TRT operating time was 198 h

after heat injection. The two optical fiber DTSs were inserted in the supply and return side of the

U-tube. These DTSs measured the vertical profile of the temperature of the circulating fluid from

the inlet/outlet side of the pipes to the bottom side of the U-tube at intervals of 0.5 m. The vertical

profile is measured during the heat injection period and is continually monitored after finishing

the heat injection for 198 h. The undistributed temperature was 12.0 °C before the TRT. The TRT

was carried out in No.3 BHE, showing in Fig. 4.1.
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Fig. 4. 2 Schematic diagram of the TRT machine units and the BHE
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4.3. Methodologies

4.3.1. Calculation of circulating fluid temperature

The moving line source (MLS) model [6] is used to analyze the TRT data for the estimation
of the groundwater velocity and the effective thermal conductivity of the soil. The alternative flow
speed, U, was introduced from the relationship between the Darcy velocity, v, and the moving
medium of the line source theory [30] in Eq. 4-1. The time-dependent temperature increase can
be obtained depending on the polar coordinate (r, ¢) with the heat flux and the alternative flow

speed in Eq. 4-2.

U = vey pw/CefePerr (4-1)

AT(r,@,t) =T(r,@,t) — Ty

q Ur 1 1 U?%r2p (4-2)
= exp (— cosqo) —exp| —=————-]df
4-7Tleff 2a 0 ,8 ,8 16a?

The average temperature of the circulating fluid (ATf) over time is calculated with the
borehole thermal resistance and the temperature response (AT) when r is assigned to the

borehole radius (1y,;,) in Eq. 4-3. Meanwhile, ATy without considering the groundwater flow can
. . . . L at .
be approximately expressed as the linear equation with the logarithmic time when 2> 5 is

satisfied in Eq. 4-4. The apparent effective thermal conductivity is then estimated in Eq. 4-5.

1 21
ATe(t) = Te(£)—T, = o f T (on, @, t)d@ + Rpnq (4-3)
0

AT¢(t) = d Ei r +R
f B 41'[7\eff ! 4at bhd
(4-4)
T o) +—1 o (22 +R
- 47Tleff " 4-7T/1eff 1 rlfh 4 bhd
1 (4-5)
4k

Aetf =

Where Ei is the exponential integral function. k is temperature slope

The principle of the temporal superposition can provide the temperature response of the
assumed borehole wall by considering the time-dependent heat flux [31-34]. When this method

is utilized with the MLS model, the average temperature changes of the circulating fluid are
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reproduced like the TRT temperature results, which are varied in response to the heat injection.
The MLS model applied to the temporal superposition can express the average fluid temperature

in accordance with the time-varying heat flux in Eq 4-6.

AT(t) =Te(t) — Ty =

4 i
qu qi- lf f teltnztie) | (Ur )1 LU 46)
Py exp > cosQ ﬁexp 5 Toa? B

+ Rpnqn

Here, the borehole thermal resistance (R}, ) was calculated by using a finite volume model (FVM)
with the commercial software, ANSYS FLUENT, based on the previous work [20,43] in the

permeable backfilled conditions.

4.3.2. Estimation of the groundwater velocity and effective thermal conductivity in
the multi-layer

This research introduces the ‘relaxation time of temperature (RTT)’ to classify the ground
into layers grouped with similar thermal properties of the soils. The RTT (t,) is defined as the
moment when the circulating fluid temperature recovers a certain level. In this study, the certain
level is set that ATy at a time when the heat supply is stopped (t") is reduced by the ratio of the
temperature decrement (w): AT¢(t,) = wAT¢(t"). Here, w is in the range between 0 and 1 (0 <
w < 1). RTT (t,-) depends on end time of the TRT (t"), the effective thermal conductivity (Aeff)
and the groundwater velocity (v), which affects the intensity of the heat transfer around the
borehole. Fig. 4-3 illustrates the dimensional temperature variation (ATf (t)) and the dimensional
RTT (t,/t") according to the groundwater velocity when w is 0.5. ATf (t) is shown in Eq. (4-8),
based on Eq. 4-6. When the groundwater flow speed was large, the RTT was getting smaller.

tr = f(Aegr v, t") (4-7)

AT (t) = ATe(t)/ ATe(t") (4-8)
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(tr,1,) 1s calculated from the recovery temperature of each depth measured by the DTS. The length
of the Zone is sequentially determined by using standard RTTs (¢ (N)). The standard t;(N) is
decided, depends on the number of the Zone to be divided based on the TRT data. Here, N is the
number of the Zone. The depth of one layer was adopted to 0.5 m on which the optical fiber DTS
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can measure the data.

circulating fluid in each layer. These temperature changes in each layer are observed from the

optical fiber DTS during the heat injection period. The heat exchange rate of each zone is

Fig. 4. 3 Relationship between dimensional temperature and the dimensional RTT

For the determination of the grouped layer (Zone) length, the vertical distribution of the RTT

The heat exchange rate of each zone is calculated by the temperature changes of the

calculated by the average heat exchange rate of the grouped layers, shown in Eq. 4-9.

Cm Liend
qL; = L. E (ATfin,i + ATfout,i)
i

Li,start

(4-9)
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Finally, the groundwater velocity and the effective thermal conductivity is determined by the
comparison of the temperature increment between TRT data and calculated results at the end time
of the TRT. The temperature (T¢(t)) calculated by Eq. 4-3 is iterated to find the best fitting with
the TRT data. Fig. 4.4 indicates the flow chart of the calculation.

Input: w

Calculation of tr 1,
based on the Ty,

<
ad

‘7
N=N+1

AT ., (t") with g, according to v

ATy (t)=0T, (¢

Determination of the vy in zy

End

Fig. 4. 4 Flow chart of calculation
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4.4. Multi-layer TRT analysis method
4.4.1. Standard TRT results

Figure. 5 shows the measurement data of the TRT. The temperature difference between the
inlet and the outlet pipes was almost constant to be 4.6 °C in Fig. 4.5 (a). The flow rate and heat
injection approximately were 20 L/min and 60.6 kW during the heat injection period in Fig. 4.5
(b). As a result of the conventional TRT analysis, the temperature gradient was 0.51 °C/In(t), and
the apparent effective thermal conductivity was 9.5 W/(m - K) for 12-60 h [35].
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Fig. 4. 5 Measurement data of the TRT; (a) temperature data of inlet, outlet and average of
Pt-100 sensors, (b) heat injection and flow rate
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4.4.2. Determination of the depths of the zone

Fig. 4.6 indicates the dimensional average temperature variation of the circulating fluid. The
average temperature variation at the inlet and outlet pipes during the heat injection was measured
by the Pt100 sensor and the optical fiber DTS. The recovery temperature after stopping the heat
injection was the average temperature of the optical fiber DTS in all layers. The black one shown
in the Fig. 4.6 is the calculated result by Eq 4-8 when A ¢ was 3 W/(m - k) in the condition
without the groundwater flow. The calculated result has the maximum thermal diffusivity in the
condition of the test site when the groundwater velocity is 0 m/y. The dimensionless standard

RTTs (t,") are determined by these data of the optical fiber DTS and the calculated result.

1 T T T ~ T T T T
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A =3.0W/(m-K) n
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N AR WS
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Fig. 4. 6 Dimensional temperature variation and RTT of the measurement data and
calculated results

In the study, the ground was vertically divided into three zones based on the standard RTTs
(t; =t x t'): the strong influence of the groundwater flow (Zone 1), the intermediate influence
of the groundwater flow (Zone 2), the weak influence of the groundwater flow (Zone 3). Fig. 4.7
shows the RTT according to the groundwater velocity when w was 0.5. Here, the calculating
conditions in Fig. 4.7 are set when A is in range of 1 to 3 W/(m - K) at an interval of 0.5
which is the expected range at a test site. The operating time of the TRT (t’) is 198 h. Each zone
divided by standard RTTs indicates the similar tendency on the RTT variation. The RTT change
in Zone 1 was low and converged. In the Zone 2, The RTT change of each condition is high, and
its changes were equalized over 70 m/y of the groundwater velocity. The RTT change in the Zone

3 are different in the conditions.

89



Chapter 4 — Analysis of relaxation time of temperature for thermal response test

26 T T T T T T T
24 r -
| Zone 3 Zone 2 Zone 1 |
20 | T ! .
18 Aeff = 1.0 to 3.0 W/(m - K) 1
. 16 I at intervals of 0.5 from Top to Bottom )y
o 14 1
12 -
2 10 " -
8t tr =10 h -
6 , -
4t tp=2.1h(ty =1.011) 1
2 - .

0 1 1 1 1 1 1 X

10 20 30 50 100 200 500 1000 1500 3000

v [m/y]

Fig. 4. 7 RTT according to the groundwater velocity

Figure. 8 shows the vertical distribution of the RTT when AT¢(t,) = 0.5 X AT¢(t"). The
standard RTTs are derived from Fig. 4.6 (t; =t x t') and its time values are 2.1 h and 10 h,
respectively. First, the Zone 1 with the rapid groundwater flow was decided when the RTT in each
layer is lower than 2.1 h. Second, the Zone 3 without the groundwater flow was determined when
the RTT is higher than 10 h of the standard RTT. The undecided layers were then allocated to the
intermediate Zone (Zone 2). As a result, the length of the Zone 1, Zone 2 and Zone3 were 40, 28

and 32 m, respectively. Table 1 indicates the conditions of Zone.

Table 4. 1 Conditions of Zones

Layer t, [h] v [m/y] L [m]
Zone 1 try, <t7 (1) =2.1h 200 < v(Ly) 0-40

Zone 2 t:(1) < try, < £1(2) 30 < v(L;) < 200 40-68
Zone 3 tr(2) =10h <t v(L;) <30 68-100
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Fig. 4. 8 Vertical distribution of the RTT

Fig. 4.9 indicates the vertical temperature distribution during the heat injection period and
the heat transfer rate of each zone. The heat exchange rate was calculated from Eq. 4-9 and was
changed over time in each Zone. In particular, the heat exchange rate in Zone 1 gradually is
increased. This reason was that the temperature difference between the circulating fluid and the
ground increases. Whereas the temperature of the circulating fluid is increased by the heat
injection, the ground temperature in Zone 1 is converged by the effect of the advection. To apply
the heat exchange rate to calculation, average heat exchange rates in each Zone were calculated
for 12 to 60 h, based on the standard procedure of the TRT in Japan [35]. As a result, the average

heat exchange rates of each zone were calculated to 92.8, 31.9 and 27.6, respectively.
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Fig. 4. 9 Vertical temperature distribution during the heat injection period (a) and the heat
transfer rate of each zone (b)

4.4.3. Estimation of the groundwater velocity in the zones

The MLS model is a two-dimensional heat transfer analysis solution and is calculated by the
temperature response on the borehole wall and the borehole thermal resistance. The temperature
response of the circulating fluid differs when the thermal properties of each layer differ. On the
other hand, in practice, the average temperature of the circulating fluid in each layer is almost
similar because the fluid continuously circulates in the U-tube, even though the thermal properties
of each layer differ. Therefore, the temperatures between the TRT data and calculated results were
compared using the temperature increment at the TRT end time to estimate the parameters based
on the heat exchanger rate. The method is derived from the temperature identity that the
temperature response is the same at any time if the estimated parameters are correct. Fig. 4.10
demonstrates the temperature increment according to the groundwater velocity and the effective
thermal conductivity in each zone. The method is the iterative parameter estimation, and the blue

line was calculated by Eq. 4-6. The temperature results AT¢(t") are applied to the heat exchanger
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rates in each zone and the groundwater velocity at the TRT end time. The effective thermal
conductivity in Zone 1 and 2was applied to the thickness-weighted average value of the ground.
In these Zones, AT¢ has no significant influence by the thermal conductivity but mainly depends
on the effect of the groundwater flow. In Zone 3, ATy was calculated by changing the effective
thermal conductivity in the range of 1-3 W/(m - k)). The groundwater velocity or the effective
thermal conductivity was determined at a point where the red line (TRT data) intersected with the
blue lines (calculated results). As a result, the groundwater velocity was 2750, 58 and 0 m/y, and

the thermal conductivity was 2.4, 2.4 and 2.1 W/(m - k) in each zone.

5000 T T T T .
2750 < Zone 1
1000 a4z, = 92.8 W/m
— 500 | -
2 300¢ t=6oh
£ 200} : _
S 100F  ATam () ATt 51 (t") according to v
ol (638°0)
10 : : : : : :
0 3 6 9 12 15 18 21
AT [°C]
5000 T
2000 F Zone 2
1000 } 4z, = 31.9W/m
— 500 F ol I L—
-E: 388 [ ATf,alata (t ) t"=60h
E el (6.35 °C)
= ¢
58
30 \\ATﬂca](t’) according to v
10 ' ' ' ' ! '
0 3 6 9 12 15 18 21
AT [°C]
3 : , . . .
_ g-g I Zone 3
Q 24l 4z, = 27.6 W/m
é 22 t'=60h
Ny 2 I U ™y —
E 12 : ATf,data (t )
j 14p (632°0) ATt ca1(t") according to Aeg
1.2}
1 ' ' . \ , :
0 3 6 9 12 15 18 21

AT [°C]

Fig. 4. 10 Temperature increment according to the heat exchanger rate and the
groundwater velocity at the end of the TRT
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4.5. Validation of the methodology

45.1. Comparison with calculated results and TRT data

The design parameters in Chapter 4.4 were estimated based on the TRT data for 60 h. These
design parameters were applied to the MLS model to compare the TRT data, using Eqs. 4-10 to
4-12. The calculated period was also expanded to 198 h for comparison with the TRT data. Fig.
4.11 shows the temperature variation of the calculated results and TRT data. The RMSEs and
temperature error of each data were under 0.16 K and 3 % for 198 h. These results show the well-

matched estimation of the parameters.
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Fig. 4. 11 Comparison between the calculated results and the TRT data
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4.5.2. Analysis results of the thermal parameters according to the end time of the
TRT

Fig. 4.12 demonstrates the temperature change based on the design parameters according to
the end time of TRT. The TRT end time was referred from previous studies: 60 h [35], 48 h [18]
and 96 h [36]. Table 2 indicates the results of each case. The design parameters of each Case were
slightly different, but not significantly different. The reason for slightly different parameters is
that the heat exchanger rates differed a little by the TRT end time. The TRT data to the calculation
of the heat exchange rate might contain measurement errors or be affected by the surrounding
environment. Nevertheless, the heat exchange rate could become converged gradually as the TRT
time passed. Based on the estimated thermal parameter at each end time, the temperature results
of Case 1 and Case 3 were similar but slightly different from that of Case 2, compared with the
measurement data of the DTS. Although the longer TRT time can give the more accurate the
design parameters, it makes the construction time and effort increase. Since the optimal TRT time
depends on the location of the test, a future study will be carried out to determine the optimal TRT

time based on the TRT results in the other site.
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Fig. 4. 12 Temperature variation according to the end time of the TRT
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Table 4. 2 Results of the thermal parameter according to the end time

Case Case 1l Case 2 Case 3
[end time =60 h] [end time =60 h] [end time =60 h]
q [W/m] 92.8 91.8 94
Zonel Aefr [W/(m-K)] 2.4 2.4 2.13
v [m/y] 2750 3250 2730
q [W/m] 31.9 321 31.1
Zone2 Aerr [W/(m-K)] 2.4 2.4 2.36
v [m/y] 58 89 28
q [W/m] 27.6 28.4 26.1
Zone3 Aefr [W/(m-K)] 2.1 2.36 1.97
v [m/y] 0 0 0
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4.6. Comparison between single and multi-layer parameters for the

design of the GSHP

The conventional TRT analysis method has yielded the parameters of the single layer to
design the GSHP system. The estimated parameters are the thickness-weighted average values in
response to the total length of the BHE. Although suggesting the number of the BHEs for the
heating and cooling of the building, these parameters cannot figure out the depth of the BHEs to
decrease the installation cost of the system. On the other hand, the TRT analysis method presented
in this study divided the ground into the zones according to the recovery temperature of the
circulating fluid after stopping the heat supply. It also estimated the design parameters in each
zone. This method has an advantage significantly to consider the depth of the BHEs as well as the
number of the BHESs for the design of the GSHP system. In particular, it is expected that the larger
the required number of the BHEs for heating and cooling of the building should bring economic
benefits about the initial installation cost, by applying to the estimated parameters in multi-layer
to design the GSHP system. The evidence as mentioned above is demonstrated in the following
Sections, compared with the conventional TRT analysis method. Table 4.3 shows the condition of

cases according to the results of the TRT analysis.
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Table 4. 3 Condition of cases according to the results of the TRT analysis

Case (LleLZZ/LZ3) ( Effflf? e)ff,ZZ/ (UZ]_/UZZ/UZ3)
m etlzs m/
[m] W/(m . K)] [m/y]
Case 1-1
100 (40/28/32) 24/24/2.1 2750/ 58/ 0
(3 zones)
Case 1
(proposeg 12 68 (40/28 2.4/ 2.4 2750/ 58
method) (2 zones) ( ) T
Case 1-3 40 2.4 2750
(mono-zone)
Case 2-1
Case 2 100 9.5 0
(conventional Case 2-2 68 9.5 0
TRT analysis
method) Case 2.3 40 9.5 0
Case 3-1 100 4.7 120
Case 3 Case 3-2
(Chapter 3) 68 4.7 120
Case 3-3 40 4.7 120

4.6.1. Comparison between the proposed method and the conventional TRT

analysis method

Fig 4.13 shows the average temperature variations of the circulating fluid. These

temperatures were calculated for two years, based on the parameters estimated from the proposed

method and the conventional TRT analysis method. The heating and cooling load were also the

same condition of the target building in Section 5.3. Case 1-1 was considered both A.¢ and v

of three zones, while Case 2-1 was considered only Aegr. The temperature variation of Case 2-1

had a large fluctuation of -2.7 to 1.9 °C based on Case 1-1. That is, the GSHP system designed by

the parameters without the consideration of v might be over-designed.
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Fig. 4. 13 Average temperature variation of the circulating fluid; Comparison between the
proposed method and the conventional TRT analysis method

4.6.2. Comparison between multi-layer and single layer for design parameters

Fig 4.14 shows the average temperature variations of the circulating fluid. The temperature
of Case 3-1 was considered both Adq and v in a single layer in response to 100 m borehole
depth [20]. In the comparison result between Case 1-1 and Case 3-1, the temperature error was
0.3 %. It was regarded that both methods were suitable for the design of the GSHP system in
response to the 100 m borehole depth. On the other hand, Fig 4.15 shows the average temperature
variations of the circulating fluid when the depth of the borehole was 40 m. The temperature
variation of Case 3-3 had a large fluctuation of -3.0 to 1.8 °C based on Case 1-3, and its
temperature error was 9.2 %. In other words, although the single layer method [20] could be

suitable for 100 m borehole depth, it cannot figure out the optimal design of the borehole depth.

2017 2018 2019

e Case 1-1 * Case 3-1

i ['C]
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Day

Fig. 4. 14 Average temperature variation of the circulating fluid; Comparison between
multi-layer and single layer for design parameters

99



Chapter 4 — Analysis of relaxation time of temperature for thermal response test

2017

2018

2019

T [°Cl

e Case 1-3

» Case 3-3

6
11/01 01/30

04/30

07/29

10/27
Day

01/25

04/25

07/24

10/22

Fig. 4. 15 Average temperature variation of the circulating fluid; Comparison between
multi-layer and single layer for design parameters when depth of the borehole was 40 m

4.6.3. Comprehensive review of each method

Fig 4.16 indicates the average temperature of the circulating fluid during the heating and

cooling season. In Case 1, the average temperature of the circulating fluid did not change

significantly even though the depth of the BHE was shortened since the groundwater velocity was

fast in Zone 1. Based on Case 1-1, the average temperature of the circulating fluid of Case 1-3

decreased -1.47 °C in the heating season, and increased 1.23 °C in the cooling season, respectively.

On the other hand, in Case 3, the average temperature of the circulating fluid changed significantly.

Based on Case 3-1, the average temperature of the circulating fluid of Case 3-3 decreased -4.94 °C

in the heating season, and increased 3.07 °C in the cooling season, respectively.
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Fig. 4. 16 Average temperature of the circulating fluid during the heating and cooling

season
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4.7. Summary

In this Chapter, the ground was divided into three zones according to the effect of the
groundwater flow, and the groundwater velocity in each zone was estimated. The reaching time
was also proposed to determine the depth of the zones by considering the temperature recovery
of the circulating fluid after stopping the heat supply. The temperature increments based on the
heat exchange rate in each zone were then calculated according to the groundwater velocities.
These results are compared with the average temperature increments measured from each zone,
and its best-fitting value yields the groundwater velocities. As a result, the groundwater velocity
was 2750, 58 and 0 m/y, and the thermal conductivity was 2.4, 2.4 and 2.1 W/(m - k) in each

zone.

These estimated velocities with the other parameters were applied to the simulation tool to
calculate the temperatures of the circulating fluid. These calculated temperature results were
validated by comparing with the measurement data of the circulating fluid in the target building,
and it was well-matched. In addition, the temperatures of the circulating fluid were calculated
according to the depth of the BHE, based on the parameters estimated from the proposed method
and the conventional TRT analysis method. The design parameters obtained from the proposed
method could reflect the heat transfer of the ground more reasonably. It was possible to design

the proper depth of the BHEs for the GSHP system.
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5.1. Introduction

As social issues of energy demand and carbon emissions have been increased gradually,
many countries have enacted energy reduction policies and have funded projects to develop high-
performance and environmental-friendly systems [1]. In particular, they have striven to reduce
energy consumption in the building sector, which consumes more than 40% of the total energy
[2]. The systems utilizing renewable resources such as solar and wind energy have been developed
and applied to the buildings to solve environmental problems [3,4]. The efficiency of these
systems depends on geographical characteristics, although they can supply high-efficiency and
environmental-friendly energy. Since they also require large installation spaces to cover the total
loads of the buildings, it is unsuitable for the metropolis where many commercial and residential
buildings in expensive neighborhoods are concentrated. On the other hand, a ground source heat
pump (GSHP) system utilizing the heat source of the ground that maintains a relatively constant
annual temperature has been recognized as a highly efficient system. The GSHP systems with
vertical closed-loops are suitable for the cities because it is high-efficient as well as requires small
installation spaces. Despite the advantages, the design of the borehole heat exchanger (BHE)
without pre-investigation of geological thermal properties has brought about an expensive
installation cost by the over/under-designing the system. The over-designed system results in a
high initial cost, or the under-designed system needs additional heat sources. The incorrect design
also has given a wrong impression of the system and is a hindrance to the growth of the market

for the GSHP system.

The essential step to design the BHEs, which are the main component of the GSHP system,
is to determine the thermal properties of the ground. The conventional method for determining
the thermal properties of the soil is the thermal response test (TRT) proposed by Mogensen [5].
The TRT is an onsite test to continuously inject the heat to circulating fluid in U-tubes and measure
their temperature changes at an inlet and outlet of the U-tube. The measured data is then analyzed
by using an infinite line source model with least-squares approximation [6]. The analyzed results
provide the effective thermal conductivity of the soil and the borehole thermal resistance, which
are critical parameters for the design of the GSHP system. The results represent the thickness-
weighted average values corresponding to the borehole length in a site. Many studies have
proposed various methods to determine more accurate parameters, such as the period of the TRT
analysis [7-11], the effect of disturbance from the external environments [12,13], the utilization

of additional measuring equipment [14—16]. The numerical methods also made it possible to

107



Chapter 5 — Validation of proposed TRT analysis and determination of borehole size

perform the TRT under various conditions; the variation of heat injection rates, the borehole sizing,
and the thermal properties of materials [12,17-20]. However, the conventional TRT analysis
method does not reflect the groundwater flow because it considers only the conduction heat

transfer in the ground as homogeneous medium.

The ground in practice is a porous media consisted of complex structures such as water
content, particle size and porosity. The ground structures and regional topography decide the
intensity of the groundwater flow affecting the performance of the GSHP systems. Many studies
have reported on the advection effect and the performance of the GSHP systems [21-25].
Although their reports are available to understand the influence of the groundwater flow on the
performance of the GSHP systems, it is challenging to estimate the groundwater velocities in the

field sites and to apply their values to the design of the GSHP systems.

As an alternative to the conventional TRT analysis, a moving line source (MLS) model
introduced by Carslaw and Jaeger [6] was modified to consider the heat conduction and advection
in the ground environment by Diao [26]. The MLS model was utilized in the TRT analysis to
simultaneously estimate the thermal conductivity of the soil and the groundwater velocity [27—
30]. Their methods were essentially an iterative parameter estimation to find the minimum root
mean square error (RMSE) between the TRT data and the calculated results. They determined the
design parameters from the conditions of the minimum RMSE, and their RMSE results were
under 0.1 K between the calculated results and TRT data. These methods made it possible to
predict the performance of the GSHP system during the long-term operation in areas where the

groundwater flows rapidly.

The optimal design minimizes the initial installation and the operating cost while
maintaining the target performance. Many studies predicted the performance of the GSHP system
for long-term operation based on the thickness-weighted average values corresponding to the
borehole length. Although their designs are appreciated to predict the performance of the system,
they could not provide the appropriate BHE size to reduce the initial cost by figuring out the
layers with the high thermal dispersion. In terms of the initial cost of the GSHP system, the cost
of the BHE accounts for half of the total cost [31]. Therefore, it is necessary to reduce the total
borehole length while maintaining the target performance of the system. To suggest the
appropriate size of the BHEs, our research team [32] proposed the TRT method that estimates the
thermal properties of the soils in multi-layer, analyzing the temperature recovery in each layer
after stopping the TRT. The method utilizing the optical fiber distributed temperature sensors
(DTS) effectively figured out the layers with the high thermal dispersion to provide the
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appropriate BHE sizing.

For reduction of the initial cost of the GSHP system, this study verifies the effectiveness of
the multi-layer TRT analysis method. First, the numerical simulation is carried out to validate the
design parameters in the multi-layer, comparing with the TRT data. Second, the required borehole
number is determined based on the system performance in the 30" year after operating the GSHP
system and the parameters estimated by the TRT analysis methods. Finally, the initial and
operating costs are calculated to analyze the life cycle cost (LCC) of the GSHP system. The return
of investment (ROI) period is analyzed comparing with an air source heat pump system. In
addition, the new TRT method utilizing actively heated fiber optics distributed temperature
sensing (A-TRT) is introduced. This method is straightforward than the conventional TRT method
on the test set-up and analysis process of the thermal properties in the multi-layer. The
groundwater velocities of each layer are estimated, based on the relationship between the effective
thermal conductivity and the apparent thermal conductivity suggested in previous studies, which
carried out the A-TRT. The LCC of the GSHP system according to the borehole size in the test

sites is also calculated for 30 years.
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5.2. Heating and cooling load for target building

Fig. 5.1 shows the floor plan and the three dimension modeling of the target building. The
building is a six-story office building, and the total floor area is 4672.2 m?. The spaces in this
building are divided into the air conditioning zone and the non-air conditioning zone. The air
conditioning zone is 85% of the total area (3971.4 m?) where the people work in the office space.
The hourly building load is calculated by using software tools ‘EnergyPlus’ and ‘OpenStudio’.
The weather data are used by TMY3 dataset which is typical meteorological data derived from
hourly weather data through 2018 in the ISD (US NOAA's Integrated Surface Database). The
building operation schedule is 08:00 to 18:00 on weekdays, and the operating setpoint for heating
and cooling is 22°C and 26°C, respectively. Table. 5. 1 indicates the detailed building information.
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(a) Target building plan (b) Building 3D modeling

Fig. 5. 1 Target building
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Table 5. 1 Building information and parameters

Building information Value

Floor area: 778.68 m? (height: 3 m)
Air-condition zone area: 658.44 m?

Buildi .
uilding area Number of stories: 6

Window-wall ratio: 42.5%
U-value [W/(m? K)] Wall: 0.33, Roof: 0.28, Floor: 0.46, Windows: 3.26

Internal heat gain [W/m?] People: 0.15 (person/m?), Lighting: 25, Equipment: 7

Air change rate 25 m3/(person h)
Setting temperature [°C] Heating: 22, Cooling: 26
Operating schedule 08:00-18:00 (from Mon to Fri)
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5.3.  Numerical model

A numerical model was developed in the ANSYS FLUENT software, which is based on the
finite volume method to build the BHEs environment under the ground. The model is fully
discretized with a three-dimensional unsteady-state model. The model considers both conduction
and advection heat transfer of the ground. The geometry of the ground is composed of three layers
with different thermal properties of the material in each layer. The following is a detailed

description of the numerical model.

5.3.1. Governing Equation

To study the conjunction of fluid and porous domains, the conservation equations of mass,
momentum, and energy in three-dimensional and unsteady state forms are solved simultaneously
in three-dimensional geometry. The following assumptions are applied to solve the model in this

study:
1) The ground domains are classified under three layers with different thermal properties.
2) The fluid inside the U-tube is incompressible.

3) The boundary on the soil wall and the groundwater temperature are constant regardless of

the depth.
4) The heat loss/gain on the ground surface are neglected.

The numerical solution of the mass, the momentum, and the energy conservation in three-

dimensional and unsteady state forms were solved as following equations [33].
Mass conservation equation

The equation for conservation of mass, or continuity equation, can be written as follows;

dps
. 2y — 5-1
5% +V-(pv) =0 (5-1)

U is velocity vector [m/s]

Momentum conservation equation
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The porous media models for multiphase flows use a superficial velocity porous formulation
based on the volumetric flow rate in a porous region. The momentum equation for the porous

media is added to the momentum source term S; from the standard fluid flow equation.

ap - - > = - =2
a(pfv) +V-(pevv) =—Vp+V-(TD)+pV+F+S; (5-2)

p is the static pressure [N/m?], T is the stress tensor (N/m?), p¢¥ and F are the gravitation
body force and external body forces, respectively. S;,,, 1S a momentum source term in the

simple homogeneous porous media calculated by Eq. 5-3

150(1—¢)?>, 35(1-¢)
v+

i— U
D; & 2D, &3

plvlv (3-3)

p is the dynamic viscosity [Ps-s], D, is the mean particle diameter [m], and € is the

porosity[-].

In laminar flows through porous media, the pressure drop is typically proportional to
velocity. Ignoring convective acceleration and diffusion, the porous media model then reduces to

Darcy’s Law:

Vp=—--v (5-4)
Energy equitation in porous media

For simulations in which the porous media and fluid flow are assumed to be in thermal
equilibrium, the conduction flux in the porous media uses an effective conductivity and the

transient term includes the thermal inertia of the solid region on the media:

a -
= (epsFr — (1= £)psEs) + V - (#(oFe + ) (5-5)

=SSP+ V- [AegsVT — (T D)]
Where, Ef istotal fluid energy, Es is total solid media energy, pr is fluid density, pgis
solid media density, A is effective thermal conductivity of the media, S{* is fluid enthalpy

source term.

The effective thermal conductivity in the porous media, A is calculated by the volume

average of the fluid conductivity and the solid conductivity:
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/leff = Eﬂf + (1 - 8)/15 (5—6)

Turbulence model

The standard k- & model is a model based on model transport equations for the turbulence
kinetic energy (k) and its dissipation rate (&) on the wall of the U-tube, the standard x-& model
is used. It provides superior performance for the flows on the boundary layers and offers accurate
and fast convergence for high Reynolds number applications. Two-equation turbulence models
allow the determination of both a turbulent length and time scale by solving two separate transport

equations as follows;

d 0 0 U Ok
3¢ P+ 5= (prevy) = o= (1 + =) 5| + G + Gp — pe = Yy + S (5-7)
i ] K ]
6( )+ i (pevy)
at PE T gy, PEVI
5-8
N PRl E (G + Cs.Gy) — C £2+S o
_ax]- (.u O's)ax]- lsK K 3eYD ZSPK £

Where « is the turbulent kinetic energy per unit mass (J/kg), € is the rate of dissipation of
turbulent kinetic energy per unit mass (m?/s3). G, and G, are the source terms of turbulence
kinetic energy due to the mean velocity gradients and buoyancy. Y, represents the source terms
which is contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate. The turbulent viscosity, u; is computed by combining k¥ and & as follows:

2

K
e = PGy (59

The model constants Cy¢, Cye, Cy, 0, and o have the flowing values, respectively.

C1e = 144, Cpe =192, C, = 0.09, 0, = 1.0, 0, = 1.3
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5.3.2. Discretized domain

The discretized model is illustrated in Fig. 5.2 and the geometry has dimensions of
10x10x 105 m (lengthxwidthxdepth). The geometry consists of three main domains; the fluid
domain, borehole domain, surround soils. The fluid domain located in a U-tube was filled with
water and the borehole consisted of the backfilled material. The surrounding soil is the porous

media with the saturated water-soils and is divided into three layers with different materials.

Section A

0.14 m

100 m (Borehole)
Layer 2

[

Fig. 5. 2 Discretized numerical model

For effective and appropriate mesh generation, the geometry is divided into sub-domains to
optimize mesh element numbers and decrease computation time. In particular, the smaller mesh

size was applied to the U-tube and the borehole (generally approximately 1 and 5 mm) to figure
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out the energy dissipation and pressure gradient. The sweep meshing method is also used in sweep
divisions number of 200 slices with the vertical direction. The U-tube bending part, the bottom
part of the borehole and the bottom portion of the soil are meshed by tetrahedron elements. The
total mesh element numberis 1.46 X 10° elements with average skewness mesh quality of 95%.
Table. 5.2 indicates the conditions of the borehole heat exchanger, the U-tube, the circulating fluid

and the TRT set-up.

Table 5. 2 Conditions of the thermal response test

Parameter [unit] Value

Borehole Borehole depth [m] 100
Heat exchanger Borehole diameter [m] 0.14

Outer/inner diameter of pipe [m] 0.32/0.26

U-tube Shank spacing between pipe centers [m] 0.06
Thermal conductivity [W/(m K)] 0.45

Circulating fluid; Flow rate [L/min] 20
Water Thermal conductivity [W/(m K)] 0.6

Heat injection rate during TRT [kW] 6.0
Initial temperature of ground [°C] 12.2

5.3.3. Boundary conditions

Selecting the boundary conditions is an important process to have an accurate solution. A
user-defined function developed by previous studies [34,35] was applied to the variable
temperature conditions at the inlet boundaries of the U-tubes in Eq. 5-10. The temperature
conditions are considered by the outlet temperature of the U-tube of the previous time step, the
flowrate of the circulating fluid and the heat injection. The upper and bottom sides of soil are
considered as constant temperature. The boundary conditions applied in the computational fluid

dynamic (CFD) model are indicated in Table. 5.3.
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Q
Tf,in (t) = Tf,out(t - 1) + prcem (5-10)
Table 5. 3 Boundary conditions applied in CFD model
Boundary Conditions Value
The upper side of soils Dirichlet 15 °C
Front, back, bottom side of soils Dirichlet 12 °C
) ) ) Dirichlet, 12 °C,
Right and left side of soils o
velocity inlet/pressure outlet v m/y (depends on cases)
Dirichlet (time-varying), Eq. (9),
Inlet of U-tube ( ying) +0)
velocity inlet -20 L/min
Outlet of U-tube Well-type, Pressure outlet 20 L/min
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5.4. Life cycle analysis of GSHP system according to TRT analysis

methods

5.4.1. Design parameters in multi-layer

In the previous study [32], the practical method for the TRT was proposed to estimate the
groundwater velocity and effective thermal conductivity in the multi-layer, using the relaxation
time of temperature (RTT), which is the moment when the temperature recovers to a certain level
after stopping the heat injection. The vertical temperature profile was measured by the optical-
fiber distributed temperature sensors (DTS) located in the supply and return sides of the U-tube.
The ground in the test site was divided into three layers, based on the groundwater velocity. The
estimated parameters of the soils in each layer are shown in Table. 5.4. The borehole backfill
material as permeable materials was assumed to be the same parameter values of the surrounding

soil in each layer.

Table S. 4 Conditions of parameters in each layer

Layer Depth [m] Aegs [W/(m K)] v [m/y]
Layer 1 0-40 24 2750
Layer 2 40-68 2.4 58
Layer 3 68-100 2.1 0

5.4.2. Determination of the depths of the zone

The numerical simulation is carried out to emulate a thermal response test (TRT) during the
heating and recovery period to validate the multi-layer TRT analysis method. The three-
dimensional transient model consists of three layers with the thermal properties, based on the
Table. 5.4. The RMSE and temperature average error are used to compare the calculated results
with the measured data of the TRT in Eqgs. 5-11 and 5-12. Fig. 5.3 shows the temperature change
of the TRT data and calculated results at the inlet and outlet pipe for 198 hours. It is noticeable
that the results are a good agreement between the developed model results and the TRT data, and

the RMSE and an average error value were 0.16°C and 0.8%, respectively.
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Fig. 5. 3 Comparison of temperature variation between TRT data and CFD results at inlet
and outlet pipes

The second step is to validate the parameters in each layer with the different thermal
properties of the soil and the groundwater velocities. The numerical simulation is conducted both
for heating and after stopping heating periods. The boundary conditions of the CFD model are
changed to calculate the temperature recovery after stopping heat injection. The boundary of inlet
and outlet domains is also changed from the time-varying temperature to the heat flux of 0 W.
The circulating flow rate in the U-tubes is changed from 20 to 0 L/min. Fig. 5.4 indicates the
average temperature change of the circulating fluid in each layer between the CFD results and
TRT data measured by the DTS. The DTS were inserted in the supply and retune sides of the U-
tube and measured the circulating fluid temperature at intervals of 0.5 m during both periods [32].
The experimental and numerical temperature responses in three layers were similar to each other,
and the RMSE and average error values were indicated in Table. 55. Fig. 5.5 (a) describes the
temperature distribution of the circulating fluid over depth at 10, 60 and 190 h. The temperature
distribution in Layer 1 measured from the DTS was unstable. The reason for the temperature
fluctuation in Layer 1 was assumed that the DTS was contacted with the inner pipe surface and
affected by surrounding soil. The CFD results and the measured data were well-matched except
for layer 1. Fig. 5.5 (b) demonstrates the temperature distribution inside the borehole at depths of
-20, -55 and -85 m. It illustrated that the groundwater flow affects the temperature distribution in
the borehole. In particular, the borehole temperature at a depth of -20 m was higher than that of a
depth of -85 m because of being affected by the fast groundwater velocity.
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Table 5. 5§ RMSE and temperature error in each layer

Error Period (h) Layer1 Layer2 Layer3
RMSE (°C) Heating (0-198) 0.27 0.25 0.25
RMSE (°C)  After stopping heating (198-400) 1.44 1.39 1.40

Error (%) Heating (0-198) 0.31 0.16 0.22
Error (%)  After stopping heating (198-400) 2.32 1.22 1.62

5.4.3. Estimation of the groundwater velocity in the zones

In general, geothermal energy is regarded as the inexhaustible potential source as the heat
source/sink. However, the operation of the GSHP system where the many BHEs are installed in
the restricted areas can deplete the geothermal potential by the unbalanced building load. It leads
to degradation of the system performance due to the temperature increase/decrease of the ground.
In particular, the long-term operation of the GSHP system causes the sequential degradation of
the system performance over time when the ground is regarded as the solid domain considering
thermal diffusion. In practice, the ground is the porous media consisted of the solid and fluid
matrix where the heat is dispersed by conduction and advection. The effect of advection by the
groundwater flow can prevent depletion of the geothermal potential, effectively. Therefore, it is
necessary that the GSHP system that can be used semi-permanently is designed by predicting the
ground temperature and the system performance during the long-term operation, considering both
the groundwater flow rate and thermal conductivity. This study evaluates the system performance
and the LCC during long-term operation. The GSHP system is designed by using the parameters
estimated by the TRT analysis results, based on the previous study [29,32]. The conditions of each
case are described as follows, and the design parameters of the cases are summarized in Table 7.

1) Case 1: Results of the TRT analysis considering both heat conduction and advection in multi-
layer.

2) Case 2: Results of the TRT analysis considering both heat conduction and advection in single
layer.

3) Case 3: Results of the conventional TRT analysis considering only heat conduction.

4) Case 4: Determination of the appropriate borehole length; the estimated parameters are

obtained from the layer with high thermal dispersion based on Case 1.

The heating and cooling load of the office building was calculated to design the GSHP
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system corresponding to the weather data in the test site, based on the building conditions in
Chapter 5.2. Fig. 5.6 shows the heating and cooling load of the building in Kazuno City (40°19’
N and 140°78' E), Japan where the TRT was carried out [32]. Kazuno City is located in the
north area of Japan. The maximum, minimum, and average outdoor temperatures were 35.6, -
18.4, and 9.6°C, respectively. Table. 5.6 indicates the monthly amount of heating and cooling
loads. The heating load is 2.6 times higher than the cooling load.
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Fig. 5. 6 Heating and cooling loads of building

Table 5. 6 Monthly heating and cooling loads

Load Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

Heating 1234 105.6 813 319 16 00 00 00 00 13 461 92.9 4840
Load [GJ]

Cooling 00 00 00 08 22 320 520 572 39.1 12 00 0.0 1845
Load [GJ]

The GSHP simulation tool “Ground Club” is used to calculate the ground temperature, the
entering water temperature (EWT) and the coefficient of performance (COP) of the GSHP system
during a long-term period. The simulation tool calculates the temperature variation on the
borehole walls applied to the moving infinite cylinder source model considering the groundwater

flow and time-varying heat flux conditions in the multiple BHEs and the multi-layer
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environments. The theoretical details of the simulation tool were explained in previous studies
[36-38], and the accuracy of the results was verified by the comparison between the calculated
results and the long-term operating data of the GSHP system in the previous study [32]. The COP
for heating and cooling is calculated by a simplified linear formula for the performance curve,
which is driven by the relationship between the COP of the heat pump and EWT as indicated in
Eqgs. 5-13 and 5-14.

COPy, = 0.1T + 3.686 (5-13)

COP. = —0.158T + 9.487 (5-14)

Fig. 5.7 shows the required borehole number to achieve target performance in the 30" year
after operating the GSHP system. The required number of the BHEs in each case was determined
to maintain the COP of 3.5 for heating in response to the building load. The boreholes are installed
at intervals of 5 m in the assumed site area (40x40 m?), increasing the borehole number from 10
to 64 sequentially. Fig. 5.7 demonstrates the required borehole numbers in each case, based on
the COP in the 30™ year. The required borehole number in Cases 1 and 2, which considered the
groundwater velocity and thermal conductivity, were similar, whereas Case 3, which considered
only thermal conductivity, needed more borehole numbers. Fig. 5.8 shows the temperature change
of the ground for 30 years. Here, the ground temperature is the average temperature on all
borehole surfaces in conditions of the required borehole numbers of the cases. The ground
temperature in Case 3, which considers thermal diffusion by the conduction heat transfer,
decreased over time, whereas the ground temperature in Case 1, 2 and 4 became stable owing to
the effect of advection. The performance of the GSHP system mainly depends on the ground
temperature. To prevent the over-design of the GSHP system, it is necessary to design the BHEs
by predicting the system performance considering both the groundwater velocity and the effective
thermal conductivity. In particular, the rate of change of COP in Case 4 considering the layer with
the high thermal dispersion was higher than that of other cases because the ground temperature
maintained a relatively high temperature. The total length of the BHEs in Case 4 could reduce
16.8% compared with Case 3. Table. 5.7 shows the calculation condition and the total length of
the BHEs. Determining the borehole size considering the layers with high thermal dispersion in

multi-layer made it possible to reduce the initial investment cost of the GSHP system.
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Table 5. 7 Calculation conditions and total length of BHESs
Case At [W/(mK)]  v[m/y] Ly, [m]  Borehole moeap pp, [m]
number

Case 1 2.4/2.4/2.1 2750/58/0 40/28/32 15 1500
Case 2 4.7 120 100 16 1600
Case 3 9.5 0 100 20 2000
Case 4 2.4 2750 40 31 1240
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5.4.4. Life cycle cost analysis

For analysis of the LCC, the present value method in Eq. 5-15 was used for non-continuous
costs, such as initial costs. The present value is defined as the present value of the future net cash
flows from an investment. Annual recurring costs, such as electric charges and maintenance costs,
were applied to the present worth of annuity factor (PWAF) method in Eq. 5-16, and lifetime cost

was analyzed with the sum of the two equations in Eq. 5-17.

Ic
PV(y) = (1 — Ceyp) X T+ (5-15)

_ 14+r)Y -1
PWAF(y) = (0C(y) + MC(y)) x BT (5-16)
P(y) = PV(y) + PWAF(y) (5-17)

Here, IC isinitial cost, Cg,; is government subside, y is number of compounding periods,
OC 1is annual cost of the operating system, and MC is maintenance cost. 7; is interest rate and

assumed to be a target of the Japan government (1= 3%).

Fig. 5.9 shows the cost rate of each section of the GSHP system in the previous studies
[31,39,40]. According to the report of Department of Energy and Climate Change [41], the initial
cost of the BHE is over 50% in the GSHP system, and the drilling cost is over 60% on the part of
the BHE. Regardless of country or location, the rate of the system cost is similar, and the BHE is
around half of the total system cost. On the other hand, the equipment or drilling costs are
sensitive and depend on its cost in each country or company. In this study, the initial cost of the
GSHP system is calculated by approximate cost functions in the previous study [41]. This study
carried out the inquiry survey about initial costs of the GSHP system in Japan, and derived
approximated functions of capital costs for borehole heat exchangers and heat pumps. To calculate
the payback period of the GSHP system, the life cycle cost of an air-source heat pump (ASHP)
system was calculated. The initial cost of the ASHP system was assumed to be 9,000 U.S

dollars/10 kW, considering the product pricing lists of Japanese companies.
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Fig. 5. 9 Cost rate of each section of the GSHP system in the previous studies [31,39,40]

The operating costs of the GSHP system were calculated in Eq. 5-18, based on the electric
power consumption for 30 years. The COP is calculated from the performance curve of the heat
pump. The COP of the ASHP system is calculated by the relationship between the COP and
ambient temperature [42]. The maintenance and replacement price does not cost every year, unlike
operating costs, and its cost depends on the equipment. Additional costs were considered in

response to the periods with reference to the previous study [39].

8760

Q)

ocC = ———F
COP(t) cost
h=1

(5-18)

Here, E.,s¢ used as the public rates at 2020 fiscal year of the electric company (0.21 U.S
dollars /kWh).

Fig. 5.10 shows the life cycle cost for 30 years according to the government subsidy. Table.
5.8 shows the initial cost of each case in the condition without the government subsidy. Based on
Case 3, the initial cost could save 12.8% (Case 1), 10.2% (Case 2), 16.8% (Case 4). As a result of
the approximate initial cost, the GSHP systems were about 2-2.5 times more expensive than the

ASHP system. On the other hand, the operating costs of the GSHP system and the ASHP system
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for the first year were calculated to be 18.8 and 51.3 U.S. dollars, respectively. The Japanese
government has subsidized to encourage the installation of the renewable system. The government
subsidy has been paid as the extra charge on the initial investment cost, but the extra charges have
been applied differently for each local government. In this study, the government subsidy is
decided so that the investment cost can be recovered within 10 years, considering the extra charge
of 15 and 30%. The ROI could be recovered within 10 years in cases considering the groundwater
flow when 30% of the government subsidy is subsidized. Fig. 5.11 shows the return of investment
period according to the government subsidy. The GSHP system has high efficiency but an
expensive system. Notwithstanding, the introduction of the GSHP system in the test site is

considered reasonable and economical when the government subsidy is subsidized.
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Fig. 5. 10 Life cycle cost according to the government subsidy
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Table 5. 8 Initial cost in each case

Part of BHE Part of Heat pump
Case Cost Cost rate Cost Cost rate
(A thousand U.S (%) (A thousand U.S (%)
dollars) 0 dollars) 0
Case 1 307.5 50.4 303.1 49.6
Case 2 325.7 51.8 303.1 48.2
Case 3 397.2 56.7 303.1 433
Case 4 279.3 48.0 303.1 52.0
ECsur.b: 0% F:1Csu.b: 15% Dcsub: 30%
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Fig. 5. 11 Return of investment period according to the government subsidy
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5.5. Calculation of appropriate borehole length by using the multi-
layer TRT analysis

5.5.1. Thermal response test utilizing the actively heated fiber optics distributed

temperature sensing

The conventional TRT method monitors the temperature of the circulating fluid in the U-
tubes. The temperature change is dominated by the heat injection and the circulating flow rate
throughout the whole borehole. This method could not quantify the groundwater flow and thermal
conductivity in the distributed layers along the boreholes. The previous study [32] focused on
temperature recovery after stopping heat injection. Although the method is effective to observe
the natural thermal dispersion and determine the design parameters in the multi-layers, it needs
tests during both heating and recovering periods. It is also a difficult process to identify the heat
exchanger rate calculated by the temperature gradients of the fluid in each layer. As an alternative
to the conventional TRT method, a new method has been proposed for the thermal response test
utilizing the actively heated fiber optics distributed temperature sensing (A-DTS). The A-DTS
integrated between the heating cable and sensing cable could inject the constant heat flux and
measure the fluid temperature in the U-tube throughout the whole borehole without circulating
fluid. This chapter examines the previous studies [43,44] conducted on the TRT utilizing the A-
DTS and estimates the groundwater velocities. The appropriate borehole size is proposed in the

areas where the TRT was performed.

5.5.2. Analysis results of the thermal parameters according to the end time of the
TRT

The previous studies [43,44] investigated the effective thermal conductivity (A¢¢r) of the soils
through the laboratory measurements of core samples and estimated the apparent effective
thermal conductivity (4,) including the effect of both conduction and advection in each layer.
Fig. 5.12 (a) and Fig. 5.13 (a) were the results of the multi-layer TRT analysis in Guelph (Canada),
and Changzhou (China). Based on their results, the groundwater velocities were estimated by
using a moving line source (MLS) model. First, the boundary was set up by the average rate of
A, to Aggr of all layers shown in Fig. 5.12 (b) and 5.13 (b). The groups of the layers were formed
by the values of the rate of A, to Ag¢r, based on the boundary to simply calculate the performance

of the GSHP system in the multi-layer condition. The A, and A.g of the grouped layers were
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represented by their average values. The groundwater velocities were determined by the
relationship among the A,, Adqf and v in Fig. 5.14. The relationship was calculated by using
MLS model in Egs. 5-19 to 5-21. The A, was calculated by temperature slop for 12 to 60 h in
Eq. 5-22. Fig. 5.12 (¢) and Fig. 5.13 (c) were the calculated groundwater velocities in layers.
Since the thermal properties of layer 1 in Area 1 and Area 2 were not provided, these layers were
applied to the average thermal conductivity in the condition without groundwater flow. Table. 5.9

and 5.10 show the A,, Ao and v of each layer in Area 1 and Area 2.
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Fig. 5. 12 Geological conditions and groundwater velocity in Area 1 (Canada) [44]
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Table 5. 9 Thermal properties of each layer in Area 1

Start depth End depth of Aets A v

AL of layer [m] layer [m] =" ™) (w/(m k)] (W/(m k)] myy)
Layer 1 0 18.5 18.5 3.78 - 0
Layer 2 18.5 23 4.5 3.92 6.48 130
Layer 3 23 37 14 2.42 10.51 230
Layer 4 37 69 32 4.43 6.37 115
Table 5. 10 Thermal properties of each layer in Area 2

AreaL ot ertm] Tayer ml S ) ) /i) )
Layer 1 0 31 31 1.72 - 0
Layer 2 31 38.5 7.5 1.62 1.81 55
Layer 3 38.5 54 15.5 1.62 3.00 100
Layer 4 54 86 32 1.74 2.30 70
Layer 5 86 94 8 191 3.39 105

5.5.3. Appropriate borehole sizing and LCC analysis

Fig. 5.15 shows the heating and cooling loads of the buildings in the areas where the TRTs
were carried out in previous studies [43,44]. Area 1 is located in Guelph, Canada [44]. This area
has cold winters and warm, humid summers. The climate in Area 2 located in Changzhou, China
is a humid subtropical region with cool winters and hot and humid summers [43]. The hourly
building loads were calculated in the same building conditions as mentioned in Chapter 5.2,

applying to weather data of Areal and Area 2.
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Fig. 5. 15 Heating and cooling loads of the buildings; (a) Area 1 (Guelph, Canada), (b)
Area 2 (Changzhou, China) and (c) monthly amount of heating and cooling loads

For the design of the appropriate borehole size, the required borehole number in Area 1, the
cold area, was determined to maintain the COP of 3.5 for heating in response to the building load.
On the other hand, the required borehole number in Area 2, the humid subtropical region, was
calculated to maintain the COP of 4.0 for cooling. For each case under the conditions in Area 1
and Area 2, the baseline of the cases consists of the total layers where the TRT is carried out (four

layers in Area 1, five layers in Area 2). The borehole length in the following cases is determined
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by subtracting the bottom layer, progressively. Table. 5.11 indicates the conditions of each case
in Area | and Area 2. The case conditions consisted of a design parameter considering only the
apparent effective thermal conductivity and both the effective thermal conductivity and the

groundwater velocity to calculate the performance of the GSHP system.

Table 5. 11 Conditions of each case in Area 1 and Area 2

Area Case Design parameter Lpp (m) Layer
Al-1-1 69 Layerlto4
Aa
Al-1-2 37 Layer 1to 3
Area 1
Al-2-1 69 Layerlto4
Aefr and v
Al-2-2 37 Layer 1to 3
A2-1-1 94 Layer1to5
A2-1-2 Aa 86 Layer1to4
A2-1-3 54 Layer1to3
Area 2
A2-2-1 94 Layer1to5
A2-2-2 Aefr and v 86 Layer1to4
A2-2-3 54 Layer1to3

Fig. 5.16 and 5.17 shows the required borehole number to achieve target performance and
the temperature change of the ground over time in Area 1 and 2. The required borehole number
was determined to achieve a target performance by changing the borehole number from 10 to 64
in the same conditions mentioned in Chapter 5.3. The required borehole numbers in Area 1 were
24,62, 16 and 37, and the required borehole numbers in Area 2 were 30, 34, 20, 24 and 49 except
for A2-1-3, respectively. In both Areas, the design of the BHEs considering the groundwater flow
was able to reduce 30-40% of the total BHE length by effect of advection. Meanwhile, the total
BHE length in Area 2 was longer than that of Area 1. The main reason is that the effective thermal
conductivity and the groundwater velocity in Area 1 were about 2 times higher than that of Area

2 despite different conditions such as the building loads, the outdoor temperature and the initial
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temperature of the ground. The performance of A2-1-3 in the 30th year could not be obtained 4.0

of COP for cooling, even though the maximum numbers of boreholes (64 boreholes) were

installed in the test site. As a result, the total borehole length in both Areas was the shortest in the

whole borehole size where the TRT was carried out. The reason is that the thermal dispersion in

both Areas was high in the bottom layer.
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Fig. 5. 16 Required borehole numbers and the temperature change of the ground over time
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Fig. 5.19 and 5.20 show the life cycle cost for 30 years according to the government subsidy
in Area 1 and 2. The initial and operating cost was calculated the same way in Chapter 5.4. In
Area 1, A1-2-1 with the shortest total BHE length was able to recover the initial investment cost
within 10 years, regardless of government subsidies. On the other hand, the initial investment cost
in Area 2 could not be recovered within 30 years without government subsidies. In Area 2, when
the government subsidy of 60% was supported to reduce the initial cost of the GSHP system, only
A2-2-1 was able to recover the initial investment cost within 10 years. The main reason for the
difference in the payback period between Area 1 and 2 recovery years was not only the thermal
properties of the ground but also the performance of the ASHP system, which is affected by the
outside temperature. In Area 1 as the cold region, the operating cost of the GSHP system was
cheaper than that of the ASHP system. However, in Area 2 as the subtropical region, the operating
cost difference between the GSHP and the ASHP systems was relatively small.

This study proposed the method minimizing the total BHEs length while maintaining the
target performance of the system. It confirmed the usefulness of the multilayer TRT analysis
methods, which is a prerequisite for the minimum BHEs length. It was possible to reduce the
initial investment cost by 10-35%, compared with the conventional design method. On the other
hand, the ROI period depended on the thermal properties of the ground and the climatic
environment in the test site, compared with the ASHP system. The GSHP systems have a high-
efficiency system compared to other heat sources, but the expensive investment cost is a big
obstacle to encourage the application of the system. To reduce the initial investment cost, it is
necessary to improve the high efficiency of the borehole heat exchanger and the hole drilling

method.
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5.6. Summary

This Chapter validated the effectiveness of the multi-layer TRT analysis method, reflecting
both groundwater flow and effective thermal conductivity. The method could provide an
appropriate borehole length by determining the layers with high thermal dispersion to reduce the
construction investment of the BHEs. The numerical simulation was carried out to emulate the
TRT during the heating and recovery period. The RMSE and the temperature error were under
0.27 K and 0.31% in all layers. The effect of the TRT analysis methods on the long-term operation
of the GSHP system was evaluated. Based on the thermal properties of the soils estimated by the
TRT analysis methods, the ground temperature change and the performance of the GSHP system
were predicted for 30 years according to the building loads. As a result, the GSHP system designed
by considering the layer with high thermal dispersion could save 16.8% of the initial investment,
compared with the system designed by the conventional TRT method. The ROI period is 19.1,
14.0 and 6.8 years according to 0, 15, 30% of government subsidies, compared with the ASHP
system.

In addition, as an alternative to the conventional TRT method, the new method utilizing
actively heated fiber optics distributed temperature sensing was introduced. The groundwater
velocities in the multi-layer were estimated by the relationship among the A,, Ao and v,
utilizing the moving line source model. Based on the thermal parameters of the multi-layer, an
appropriate borehole length in Area 1 and 2 was determined. As a result, in both Areas, the design
of the BHEs considering the groundwater flow was able to reduce 30-40% of the total BHE length
by the effect of advection. The borehole length where the TRT was carried out was appropriate in
both Areas because the bottom layer has a high thermal dispersion. Meanwhile, A1-2-1 in Area 1
was able to recover the initial investment cost within 10 years, regardless of government subsidies.
On the other hand, A2-2-1 in Area 2 could recover the initial investment cost within 10 years
when the government subsidy of 60% was supported. The proposed method could provide a
reasonable design of the borehole to reduce the risk of performance degradation and the initial

investment cost of the GSHP system.
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Chapter 6 — Application of ground source heat pump system for nearly-zero energy building

6.1. Introduction

As the population grows and industrialization progresses, energy consumption has been
increasing. According to the U.S. Energy Information Administration's latest International Energy
Outlook 2020 (IEO02020), energy consumption increased by 25% from 1990 to 2015 and is
expected to increase by 28% between 2015 and 2040 (Fig. 6.1) [1]. It has been industrialized and
enriched for the human race materially, but the use of fossil fuels has caused environmental
problems such as air pollution, the city heat island effect, and global warming. To solve this
problem, "Transforming Our World: the 2030 Agenda for Sustainable Development" was adopted
at the UN Summit for Sustainable Development on 25 September 2015 [2]. The agenda includes
a set of 17 Sustainable Development Goals (SDGs) to end poverty, fight inequality and injustice
and tackle climate change by 2030. In our field to achieve the 7th goal "Ensure access to
affordable, reliable, sustainable and modern energy for all", it is necessary to propose methods of
providing clean and sustainable energy by increasing the use of renewable energy and improving

energy efficiency.
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Fig. 6. 1 World energy consumption by energy source (1990-2040, source: International
Energy Outlook 2020)
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Fig. 6. 2 Sustainable Development goals (source: United Nations)
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As social issues of energy demand and carbon emissions have been increased gradually,
many countries have enacted energy reduction policies and have funded projects to develop high-
performance and environmental-friendly systems [3]. In particular, they have striven to reduce
energy consumption in the building sector, which consumes more than 40% of the total energy
[4]. The research on Zero Energy/Emission Buildings (ZEBs) has attracted to reduce a large share
of the world’s primary energy in the building sector. The ZEB adopts high-performance insulation
and high airtight windows to minimize energy loss with an 'Active system', which applies high-
efficiency equipment and renewable energy. It contributes to users living without additional

energy supply from the outside by enhancing the energy performance of the building.

6.1.1. Concept of zero energy building

The ZEB is made of an advanced architectural design that actively utilizes natural energy
and adopting passive technology. In addition, it also has a goal of realizing significant energy
saving and achieving zero annual primary energy consumption while maintaining the air quality
in the indoor environment with a high-efficiency system. In Japan, a policy goal "Energy Basic
Plan" is set to achieve the ZEB by 2030 for new public buildings. The ZEB consists of the
following steps in Table. 6.1 and Fig. 6. 3.
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Table 6. 1 Classification of zero energy building

Classification Definition Qualification
Buildings with net zero or |~ More than 50% reduction in primary
) ) energy consumption by applying a
7EB negative annual primary passive system.
energy consumption - Reduce energy consumption by more

than 100% by using renewable energy.

Buildings satisfying ZEB - More than 50 % reduction in primary

Ready requirements and near- energy consumption by applying a

Nearly ZEB sero annual primary ener passive system.
p Y 8 |- Reduce energy consumption by 75-
consumption. 100 % by using renewable energy.
Buildings with high thermal o
) . ) ) - More than 50 % reduction in primary
ZEB Ready insulation and high-efficiency energy consumption by applying a
energy-saving equipment. passive system.
'S

Reducth'n of 100%
or more.(Net Zero}

0 u

_______ o :
= + ]
3 ZEH . ,
= Reductldn of 75%
z : i or more ; :
s , _ Near!y 1
2 < ZEH. + Energy saving
E Energ‘y O . {1]: Load?eductlon (improved heat-insulation and
2 i . solarishading, etc.)
>

[2]: Use_{if natural energy (except renewable energy)
(3) Equiément and systems with improved efficiency

p___endence
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20,% QEMOres ~ Bericlimark prirary
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Fig. 6. 3 Image of ZEB definition
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6.1.2. Investigation instance of facility technology in ZEB

While global attention has recently been focused on environmental problems, issues related
to global warming and the depletion of energy resources have emerged in Japan. Fossil energy
(coal, oil, natural gas, LP gas) accounts for about 80% of Japan's energy consumption, but the
self-sufficiency rate is only 4%. Most of the fossil energy is dependent on imports. Japan's
government has implemented various policies to promote the distribution of the GSHP system on
which energy can alleviate environmental problems. In Japan, the installed number of the GSHP
systems has steadily increased since Geothermal Utilization Promotion Association was
established in 2001 (Fig. 6.4). The GSHP systems could be combined with other heat source

systems to realize zero energy buildings. In the chapter, the cases of the ZEB in the world are

demonstrated.
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Fig. 6. 4 Installed number of the GSHP systems in Japan
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B Japan

1) Kitakyushu Dormitory

Construction location: Kitakyushu City
Building Use: Dormitory

Year of construction: February 2012
Structural type: RC-steel frame

Number of floors: 7 stories

Building area: 2,066 m?

= ——

Total floor area: 9,374 m? Fig. 6. 5 Figure of Kitz;kyushu Do;tory

Kitakyushu Dormitory is a relatively large dormitory with 230 rooms and has applied new

and renewable energy technology with the aim of realizing a “next-generation single dormitory”.

The 'smart heat pump system' that effectively utilizes renewable energy systems was applied to

the building, based on the core technology of the GSHP system. In addition, the electrical

consumption was reduced by 20% compared to conventional facilities in which fossil fuels are

used, by recycling waste heat. Fig 6.6 shows the schematic diagram of the system in Kitakyushu

Dormitory.
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Fig. 6. 6 Schematic diagram of the system Kitakyushu Dormitory
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2) Forrester Hirosaki Park
- Construction location: Aomori City
- Building Use: Apartment
- Structural type: Reinforced concrete

- Number of floors: 15 stories

- Building area: 2083.9 m?

Fig. 6. 7 Figure of Forrester Hirosaki Park

In cold regions, snow melting in parking lots and public areas causes economic losses. In
order to reduce such economic loss, ‘Forrester Hirosaki Park’ used the GSHP system to remove
snow from the parking lot and the access part of the apartment. During the snow melting period
(November—February), the fuel cost of snow melting using boilers was about 570,000 yen (90
yen/L) per household, whereas the cost reduction of snow melting using the GSHP system was
about 35,000 yen per household. In ‘Forrester Hirosaki Park’, Sixteen GSHPs with a heating
capacity of 10 kW were installed, and the amount of power consumption was suppressed by
installing heat pumps with a small heating capacity. The GSHP systems were automatically
controlled with and 3.7 of the COP during snow melting. Fig. 6.8 shows the figures of the snow
melting system in Forrester Hirosaki Park. Fig 6.9 shows buildings targeting ZEB in various

regions in Japan.

2
7
4
H
‘
’

Fig. 6. 8 figures of the snow melting system in Forrester Hirosaki Park
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B South Korea
1) Green Tomorrow
- Construction location: Gyeonggi-do
- Building Use: House
- Year of construction: 2009
- Certification: LEED Platinum

- Building area: 676.1 m?

- Construction company: Samsung g Pl e .
Fig. 6. 10 Figure of Green Tomorrow

In Green Tomorrow, 68 technologies were applied in building such as heating and cooling
and ventilation systems, renewable energy and information technology. In addition, the Green
Tomorrow was designed by rooftop greening to reduce the heating and cooling loads through the
insulation effect and was used of water (purified water). As a passive technology, triple-glazed
windows, super-insulation materials, high-insulation and high-tight fire doors were used to
strengthen the insulation and airtightness, and the efficiency of the shell was increased through

the double-shell system in Fig. 5.11.

Fig. 6. 11 Concept of applied system in Green Tomorrow and figures

150



Chapter 6 — Application of ground source heat pump system for nearly-zero energy building

2) Eco-3L house

Construction location: Deajeon

Building Use: Apartment House

Year of construction: 2006

Building area: 3,200 m? {[II [II

Construction company: Daelim L R
Fig. 6. 12 Figure of Eco-3L house

Fig 6.13 indicates the schematic diagram of the applied system in the Eco-3L house. Detail

description of the applied systems is as follows:

@

@

Solar power generation system (renewable energy): Power generation by using solar power
as a semiconductor.

Wind power generation system (renewable energy): Converts wind power into rotational
power to generate induced electric power.

Geothermal system (renewable energy): Energy technology that utilizes heat from
underground.

Underground duct system (renewable energy): Utilizes geothermal heat below freezing
depth by heat exchange with air.

Rooftop greening (load reduction / securing green space): Insulation effect of buildings
using vegetation, improvement of rainwater storage function.

Rainwater Utilization Facility (Water Resource Utilization): Store rainwater and use it as
sanitary water, landscaping water.

Natural lighting system (load reduction / light environment): Energy saving by supplying
natural sunlight to dark rooms such as basements.

Super external insulation (load reduction): Minimizes condensation and thermal bridges
and greatly improves insulation performance.

High-performance windows (load reduction): Performance improvement with high-
performance glass such as triple glazing and system windows with airtightness.

Ventilation system (air environment / load reduction): Automatic operation of indoor air
and fresh outdoor air by CO2 sensor.

LED lighting (load reduction / light environment): Energy efficiency is improved up to 20
times compared to existing luminaires.

Floor impact sound reduction material (load reduction / sound environment): Minimize
noise between floors and block heat transfer from floor to floor.
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Fig. 6. 13 Schematic diagram of the applied system in the Eco-3L house
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B The other countries

1) Case 1
- Construction location: Himeenlinna, Finland
- Building Use: Commercial/Industrial

- Year of construction: 2015

- Construction company: Ruukki Construction % 43 &

Fig. 6. 14 Figure of ZEB (Case 1)

Finland’s first nearly zero-energy “big-box” type single-story building for commercial,
logistic or industrial use was designed and constructed to meet an objective to be a building with

an economic lifecycle that saves energy and uses existing renewable energy sources.
Building envelope

The outer walls of the building are fitted with a sandwich panel system with ultra-right panels.
The sandwich panels are composed of a glass-wool insulating layer between two thin steel sheets.
The insulation thickness in both the wall and the corner panels is 230 mm, with a U-value of 0.16
W/m?2K. The building’s roof incorporates a new type of prefabricated PIR roof elements with a
U-value of 0.12 W/m?K.

Heating, cooling and ventilation systems

The radiation profiles generate either cool or heat the interior, depending on the season and
the desired indoor temperature of the building. Radiant profiles work with a low-temperature
difference to the ambient air, allowing the heat pump installed in the building to perform well.

The mechanical ventilation machine is equipped with an 80%heat recovery system.
Renewable heating energy system

Geothermal energy is utilized for the building’s heating and cooling requirements. In total,
60 energy piles with a diameter of 115 mm and 11m in length under the floor and columns are
incorporated in the foundation to use renewable energy to heat the building. A total of 24 m? of
solar collectors are installed on the roof of the building’s technical area. Solar collectors

accumulate thermal energy from the sun and transfer it to the soil through the energy piles.
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Building Integrated Solar Energy Solution

Solar power is also used in the outer walls of the building. On-wall solar panels, which
generate electricity from the sun's light for the building’s network, are installed on its southern
facade. A total of 61 m? PV (Photovoltaic) panels with total peak power of 10 kW are

incorporated in the wall.
Monitoring of the Building

The building is equipped with a large number of energy meters and other measuring devices
to ensure extensive monitoring and ascertain the real energy performance of the building. In
particular, the energy pile and solar heat systems are monitored carefully to study the soil behavior
in the long run. Some building elements are also equipped with thermal moisture sensors to
monitor their condition throughout their life-cycle. Furthermore, the snow on the roof is also
monitored with a application based on strain gauge measuring of the metal roof structure. Fig.

6.15 shows the installed system in the building of Case 1.

Fig. 6. 15 Installed system in the building in Case 1
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1) Case 2

Construction location: K-Rauta, Finland
Building Use: Commercial/Industrial
Year of construction: 2008

Construction company: Ruukki Construction

Fig. 6. 16 Figure of ZEB (Case 2)

Most recent energy efficiency research has concentrated mainly on residential buildings and

office buildings. New concepts utilizing simple techniques in a very innovative way decrease

considerably heating and cooling energy as well as lighting energy thus creating promising

possibilities. The developed solutions are applied to the building of Case 2 with cost and

production efficiency. Fig. 6.17 shows the installed system in the building of Case 2.

®

(a) Energy pipe GSHP system (b) Building integrated photovoltaics

Fig. 6. 17 Installed system in the building of Case 2.

Some of the identified technical solutions includes:

Using foundation piles that support the buildings as ground heat harvesters.

Integrating solar photovoltaic panels directly into the exterior wall structures.

Using highly isolative translucent panels to maximize natural light without compromising
commercial aspects.

Supporting natural ventilation with exterior wall components to form a hybrid with efficient

heat recovery systems.
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6.1.3. Strategy for ZEB

In recently, zero energy buildings [5,6] and energy flexible buildings [7-9] have been
attending to reduce the energy consumption in the building sector. The GSHP systems are highly
desirable for the ZEBs and energy flexible buildings. The generated electricity from photovoltaic
panels can readily be consumed with the GSHP system for a very high-efficiency heating/cooling
on-site. With the development of the GSHP system and photovoltaic thermal (PVT) system, the
GSHP combining PVT (GSHP-PVT) systems have proposed to solve features of thermal
imbalance for geothermal energy and intermittency for photovoltaic system in the building energy
field. There is a lot of research focused on the design and optimization of GSHP-PVT systems in
recent years. Abu-Rumman et al. [10] mentioned that the GSHP-PVT hybrid system can improve
9.5 % of the electricity production efficiency and 30% of the average coefficient of performance
(COP) of the heat pump. Sakellariou et al. [11] carried out the numerical simulation to clarify the
energy performance of GSHP-PVT. The optimal operation strategies are also proposed under
different operation modes for the GSHP-PVT system [12-14]. Although studies combining
various renewable systems have been reported, an integrated simulation tool for realizing ZEB
has not yet been provided. Therefore, it is hecessary for a simulation tool to realize ZEB, including

various system components under the conditions of each regional characteristic.
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6.2. Building characteristics

6.2.1. Building information

This chapter aims to develop a ZEB simulation tool. The target building is a childcare support
center built in a cold region located in Rusutsu (42°74'N and 140°87'E), Hokkaido island, and it
is used as an evacuation spot in case of disaster. The childcare support center is a one-story
wooden house. Fig. 6.18 shows the building floor plan and the figures of each area. A building
area is 6299.8 m?, and a total floor area of 1499.8 m?2. The insulation specifications of the
building material in each part are shown in Table. 6.2-6.4. The childcare support is used a high
insulation performance aiming to realize ZEB ready. Windows is the triple glass of argon-filled
glass windows, and the U value is 1.22 W/(m? K). Based on the thermal insulation specifications,
the heat loss coefficient (Q value) of this building is 0.93 W/(m? K). The low Q value leads the

building to achieve zero energy building.
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Fig. 6. 18 Building floor plan and figures of each area
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Table 6. 2 Thermal conductivity and thickness on the wall

Material Therrpvzl/(z?:cligc]:tlwty Thickness [mm]
Steel 45 0.4
Hardboard 0.22 18
Glass wool (32K) 0.04 100
Plywood 0.19 9
Glass wool (24K) 0.042 100
Drywall 0.17 125

Total thermal resistance

5.24 [(m? K)/W]

Overall heat transfer coefficient

0.19 [W/(m?K)]

Table 6. 3 Thermal conductivity and thickness on the ceiling

Material Ther?vsl/(zﬁcli(l;(]:tlwty Thickness [mm]
Steel 45 0.4
Rigid Urethane Foam 0.028 30
Plywood 0.19 12
Rigid Urethane Foam 0.028 200
Plywood 0.19 24
Drywall 0.17 125

Total thermal resistance

5.75 [(m? K)/W]

Overall heat transfer coefficient

0.17 [W/(m? K)]

Table 6. 4 Thermal conductivity and thickness on the floor

Material Ther?‘:ll/ii;]%(]:tmty Thickness [mm]
Plywood 0.19 27
Concrete 14 220
Polyethylene foam board 0.044 100
Gravel 0.62 50

Total thermal resistance

2.65 [(m? K)/W]

Overall heat transfer coefficient

0.37 [W/(m? K)]
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6.2.2. Building equipment system for HVAC

Fig. 6.19 shows a schematic diagram of the equipment system. The GSHP system as the
renewable energy use is applied to the building for heating and cooling. It is also involved with

the solar collector, the energy recovery ventilator with the earth tube system.

The three GSHPs (maximum output of 28 kW per unit) are installed, shown in Fig. 6.20. The
refrigerant of R410 circulating into the compressor, the condenser, the expansion valve and the
evaporator is used for the heat pump. These HPs are connected with the fifteen borehole heat
exchangers (BHE). The boreholes are filled with the single U-tube and the backfilled material.
The diameter and length of the borehole are 0.14 and 85 m, respectively. The 40 % ethylene glycol
circulates in the U-tubes. The ground consists of clay and volcanic ash, and the water table depth
is 9 m. The TRT is carried out to determine the apparent effective thermal conductivity and
borehole thermal resistance. As a result, the apparent effective thermal conductivity and borehole
thermal resistance are 1.41 W/(m K) and 0.060 (m K)/W. The initial ground temperature was

measured to be 9.8 °C.

Active system

Double glazed

solar collectors ﬁ * Natural lighting
[3m? x 2 unit] 5

Solar shading

* Thermal storage
HP for hot-water -
Supply [ 7.2 kW ] Energy recovery GSHP

ventilator (70 %) X |[28 kW x 3 unit]

/- Natural ventilation

Borehole heat exchangers;
[85 mx 15 unit]

Hot water tank
[1000L] §

Solar collector
storage tank [500L ]

Earth Tube
[ 400mm¢ x 40m
X 4unit ]

_____________

Fig. 6. 19 Conceptual diagram of equipment system
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Fig. 6. 20 Figure of the ground source heat pump

The two solar collectors made of the double glazed vacuum pipes collector are installed to
supply the hot water, and its area of each collector is 3.23 m2. The heat collecting efficiency of
the solar collector is 0.95, and the volume of the solar collector storage tank is 500 L. The
maximum heating capacity of the heat pump for the hot water is 7.2 kWh, and the volume of the

heat water tank is 1000 L.

The energy recovery ventilator with an efficiency of 70 % is introduced to the building. The
system goes through the energy recovery process in residential and commercial HVAC systems
that exchanges the energy contained in normally exhausted air of a building or conditioned space,
using it to treat the incoming outdoor ventilation air. During the warmer seasons, the system pre-
cools and dehumidifies. During cooler seasons, the system humidifies and pre-heats. The system
can maintain a 40-50 % indoor relative humidity and reduce total HVAC equipment capacity and
energy consumption. The childcare support center is installed with the earth tube system to reduce
the ventilation load. The ventilation rate is 1,600-5,300 m3 /h. The earth tubes made of PVC pipe
with a diameter of 400 mm are buried in G.L. -2.8 m, and four pipes of 40 m are laid along the
foundation of the building. Fig. 6.21 shows the Figures of the earth tube system on the

construction site.
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Fig. 6.22 illustrates the schematic diagram of the installed system of the building. The

distributed system is the floor heating system with 13A pipes. These pipes are installed in 90 mm

from the building floor at intervals with 150 mm. The supply water temperature and the flow rate

are controlled.

Fig. 6. 21 Figures of earth tube system on construction site
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Fig. 6. 22 Schematic diagram of the systems
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6.3. Features of ZEB simulation tool

The ZEB simulation tool is developed to predict the energy consumption of the building,
based on the GSHP system being able to calculate multi-borehole configuration under the
conditions with the multi-layer with groundwater flows. This tool also calculates the indoor
temperature and power consumption for each hour when the floor heating or fan coil systems are
operated for heating and cooling. The indoor temperature is determined by the heat balance,
considering the heat transfer on the walls, the floor, the ceiling, the glass, the ventilation rate and
internal heat generation. The systems operate to maintain the set-point temperatures of the rooms.

The mathematical method of each component is described as the following chapters.

6.3.1. Calculation of Room temperature

The heat loss coefficient (Q value) is a basic parameter used in the calculation of heat transfer
problems. The Q value represents the insulation performance of the building. The low Q value of
the building leads to high insulation performance. In Japan, the "Energy Conservation Act" in
1979 and 'Energy Conservation Standards for Buildings" in 1980 were enacted, and the standard
of Q value for each region has suggested corresponding to regional characteristics for energy
saving [15]. The value is an important parameter in the operating strategy of the heating and

cooling system.

Table 6. 5 Q value for each region [15]

. value
Region [“(/2/ (m? K)]

Hokkaido 1.6

Aomori, Iwate, Akita 1.9
Miyagi, Yamagata, Fukushima, Ibaraki, Tochigi, Gunma, Niigata,

Toyama, Ishikawa, Fukui, Yamanashi, Nagano, Gifu, Shiga 24
Saitama, Chiba, Tokyo, Kanagawa, Shizuoka, Aichi, Mie, Kyoto,
Osaka, Nara, Wakayama, Tottori, Shimane, Okayama, Hiroshima,

Yamaguchi, Tokushima, Kagawa, Ehime, Kochi, Fukuoka, Saga, 27

Nagasaki, Kumamoto, Oita
Miyazaki, Kagoshima 2.7
Okinawa 3.7
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The Q value of the building as the amount of heat loss coefficient is determined by the rate
of heat flow through the buildings' envelope when a temperature difference exists between the
indoor air and the outdoor air under steady-state conditions. The total heat flow is the sum of the
heat flow by conduction through the various parts and the heat flow by air infiltration through the
building. The Q value is derived from Eq. 6-1. Here, the heat flow on the floor is modified by a
correction factor of 0.5 because the floor does not connect with the outdoor. The Q value of the
target building is calculated to be 0.84. The target building can reduce more than 50 % of primary

energy consumption comparing with the conventional building.

Q value

KrioorAr1 ;
KyauAwan + KglassAglass + KroofKroof + KwauAwan + w + Quent (6-1)

Afioor

Fig 6.23 shows the conceptual diagram of the heat balance for the calculation of the indoor
temperature and the heating and cooling loads. The indoor volume of the building keeps the
setpoint temperature for all weather conditions, using heating and cooling energy. In general, the
setpoint temperature is 22 during the heating period and 26 during the cooling period. The
extend of all heat flows dependent on external or internal influence factors. These heat flows can
be arranged into three categories; factors by the external heat loss, factors by the internal heat loss
and the heat loss by the infiltration and the ventilation. The factors by the external heat loss depend
on the structure of the building, climate of the location and orientation. The solar radiation from
the sun also affects the external heat loss, significantly. The factors by the internal heat loss are

the people, the lighting and the applications which make the heat.

The heat loss in the wall and ceiling is obtained by the temperature difference between the
wall surface and room. The wall surface in the outdoor is applied to solar-air temperature (SAT)
considered the solar absorption rate on the wall. The heat gain by the floor heating system is
calculated by the floor surface temperature (Tpoor), the room temperature and the convective heat
transfer coefficient (o)) in the room. The calculation method of the floor surface temperature is
explained in more detail in the next Chapter. The heat loss in the window is calculated by the
temperature difference and the heat gain by solar radiation. The ventilation loads are calculated
by considering the ventilation efficiency (Eyent) OF the energy recovery ventilator. Internal heat
generation is applied to be 6 W/m? during the day when the people stay in the building. Each
heat loss calculation describes Egs. 6-2 to 6-10. The indoor temperature is calculated by Eq. 6-11

at interval of 60 s.
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9rad

- -

Fig. 6. 23 Conceptual diagram of the heat balance

Heat loss through Walls

Qwall = KwallAwall(SAT - Troom) (6-2)

Gceiling = ceilingAceiling (SAT = Troom) (6-3)
Gfioor = heAfioor (Ttioor — Troom) (6-4)
I
SAT = Toy + fw sun (6-5)
hout
1 1
K=== (6-6)

TR XA +1/hiy + 1/ hgy
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Heat loss through glasses

dglass = KglassAglass(Tout — Troom) (6-7)
qrad = IsunKsAglass (6-8)
Heat loss by ventilations and internal heat gain
Qvent = NCV (1 — Eyent) Tout — Troom) (6-9)
dgen = AgenAfioor (6-10)
Indoor temperature
CPairVroom dT;% (6-11)

= Qwan t CIcelling + Gfioor T leass + qrad t Qvent T CIgen

6.3.2. Floor heating system

The floor temperature is solved with a two-dimensional polygonal finite difference method
(FEM). Figure. 6.24 shows the conceptual diagram of the floor heating system. Half of the pipe
is divided into 5 areas in the X-direction and 8 areas in the Z-direction. The parts of the pipe are
enhanced by fine meshes. In addition, the mesh of the pipe has a regular octagon shape, and a
mesh of the parts of the pipe is 1/8 of the circumference of the pipe. The pipes in Y-direction
assume the infinite length of the pipes. The condition of the boundary surface is the adiabatic
condition. The initial temperature of each mesh is 20 °C. Eq. 12 indicates the objective function
of the temperature in the floor.

0T (x, z)

9
C(x,z)p(x,2) It - ox

oT (x, Z))
(6-12)

0z

(/1(96, 2 oT (x, Z)>

)
ox + Fp </1(x, z)

Each mesh has the information of the material in each layer (Table. 6.4) including the
specific volume capacity, thermal conductivity. The heat flow is calculated by using the net

thermal resistance between adjacent meshes, shown in Fig. 6.25.
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Fig. 6. 24 Conceptual diagram of the floor heating system
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Fig. 6. 25 Net thermal resistance between adjacent meshes
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The thermal resistance of the fluid in pipe in Fig. 6.25 (a) are determined by the flow rate of

circulating fluid and are calculated in Egs 6-13 and 6.14.

Flow rate =0 m/y

1, In (r—p’om>

R — %4_ p,out Tp,in 4 dx, (6-13)

T A A A

Flow rate >0 m/y
T,

de, Toouln(P2) 6-14
R = ﬁ + rp'in _|_ _ ( - )

7 2o Ap he

2
h. = —— Nu (6-15)
rp,in
1

Re Pr 1,in\3 6-16
Nu = 1.62 (fp“‘) ( Re < 2100) (6-16)
Nu = 0.023 Re®8 Pr04 ( Re > 2100) (6-17)

The temperature in each mesh over time is calculated in Eq. 6-18 with the overall heat

transfer coefficient (ccy-4).

T = ccoT™ 4 cor T+ ¢y T3+ cc3 T + ccy T (6-18)
a
cpS -
CCrag = — 7 (6-19)
27T
4
cco=1- z ccdt (6-20)
k=1

Eg. 6-21 indicates the equation of the supply water temperature over time, taking into
account the heat balance of the building loads to maintain the room temperature to the setpoint

temperature. Fig. 6.26 shows the conceptual diagram of the supply water pipe.

myAt

Tfn+1 — Tfn _ & +

cpVs Ve (TZ,out - T2,in) (6-21)
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Qheatlﬂg,//‘/ . Conditionsof | M

B circulating fluid | €p

P
TZ out
_ T2in
Floor heating system
Fig. 6. 26 Conceptual diagram of the supply water pipe
Finally, the temperature of the floor surface is calculated by Eq. 6-22.
T _ Qraa + cc1¢pSTfio0r + (he + h)Troom (6-22)
floor cciepS + (he + h,)
he = 2.18 |Troom — Tfloorll'31 (6-23)
he = 5.67 x 1078 {(Trigpr +273.15)" = (Troom +273.15)"} (6-24)

Here, h. is convective heat transfer coefficient, and h, is radiative heat transfer coefficient.
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6.3.3. Ground source heat pump system

The calculation module of the circulating fluid and the ground temperature is applied based
on the “Ground Club”, which is the GSHP simulation tool developed in Hokkaido university. The
module calculates the entering water temperature (EWT) and the coefficient of performance (COP)
of the GSHP system during a long-term period, applying the moving infinite cylinder source
model considering the groundwater flow and time-varying heat flux conditions in the multiple
BHEs and the multi-layer environments [16—18]. The average temperature of the borehole wall
is obtained in Egs. 6-25 to 6-28. Here, the dimensionless parameters are derived by the
approximate expressions in the previous research [16—18].

1 L
—f TS(Tbh,Z, t)dZ
L 0

1 (L (6-25)
= E f ATSl (Tbh, Z, t)dZ + 7:59
0 Initial temperature
Temperature variation affected by heat injection/extraction
m
1 L
s f ATy Oy 7,02 = ATy (i, ) + ). AT, (rag50) (6-26)
0 =
Temperature variation on the borehole wall
1 n
AT (pn, £) = —Z qijAT¢ (Tons toh — thh,i) (6-27)
21 ety £t
]:

Average surface temperature variation due to the heat injection/extraction via the neighboring
boreholes

n
1 * * *
ATS,i,j (T'd’i,]', t) = —ZT[/‘[effz Qi,jATL (rd,i,]" td - td,i) (6'28)
=

The performance of the GSHP system was determined by the entering water temperature
(T,in) as a result of the BHES calculation and the supply water temperature (T o) to the building
in Eqg. 6-29. The power consumption of the heat pump can be obtained from the following Eq. 6-
30.
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cop = f(Tl,in: TZ,out) (6'29)

E =Q,/COP (6-30)

The heat exchange rate (Q,) in the primary side can be calculated by the following Eq. 6-
31, using Q, and E. The leaving water temperature (T;oy¢) in the primary side can be
calculated using the following Eq. 6-32.

Q=0,-F (6-31)

% (6-32)

Ty out = Thin — :
’ ’ C1,6P1,£M1 £
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6.4. Results of the simulation tool for ZEB
6.4.1. Building load

The heating and cooling load of the building was calculated, based on the building conditions
in Chapter 6.2. Fig. 6. 27 indicates the outdoor temperature variation and the global radiation at
the test site. The data was measured at interval of 1 hour. The average, maximum and minimum

annual temperatures are 8.7 °C, 30.5 °C and -14.5 °C.

30 | @

Outdoor Temperature [*C)
=

0 T30 14860 2190 2920 3650 4330 5110 S840 6570 7300 3030 &7e0
Time (h)

a00
700
0o
300
400
300
200
100

Global radiation [W/(m* K))

[i] T30 1460 2490 2920 3650 4320 5110 5340 6570 7300 3030 3760
Time {h)

Fig. 6. 27 Weather data; (a) outdoor temperature and (b) global radiation

Fig. 6.28 and 6.29 show the heating and cooling load of the building. The building loads
were calculated based on the heat balance of the building to maintain the indoor temperature to
the setpoint temperatures. The setpoint temperatures for heating and cooling were 22 °C and 26
°C, respectively. The peak load was 26.4 kW in winter season. The amount of the loads for heating
and cooling was 76.5 GJ and 34.2 GJ, respectively. The total heating loads is 2.24 times higher
than total cooling loads. The annual load per area was 10.2 W/m? for heating and 6.3 W/m?
for cooling. These values are very small compared with conventional buildings of the loads. It

can realize the ZEB to reduce primary energy consumption by applying a passive system.
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Fig. 6. 28 Heating and cooling loads of building
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Fig. 6. 29 Monthly amount of heating and cooling loads

Table 6. 6 Monthly amount of heating and cooling loads

Load Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

Heating 202 147 116 44 13 00 00 00 00 15 78 150 765
Load [GJ]

Cooling 00 00 00 07 23 45 85 94 68 19 00 00 342
Load [GJ]
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6.4.2. Control of supply water temperature for floor heating and cooling system

A floor heating and cooling system was used to maintain the indoor temperature in response

to heat loss of the building; the temperature change over time becomes zero based on the Eq. 6-

11. To maintain the constant value of the indoor temperature, the circulating water in the pipe is
suppled and controlled according to the building loads. Fig. 6.30 and Fig. 6.31 were the results of
the floor surface temperature and the supplied water temperature. As a result, the average supplied

water temperature for the heating and cooling period was 29.7 °C and 22.5 °C, respectively.

Floor surface temperature (°C)

Supply water temperature (°C)

N R RN NN NN NN N W
o =~ N W ke OO0 N 0 O O

Cooling period

Heating period

730

1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760
Time (h)

Fig. 6. 30 Floor surface temperature over time.

730

Fig. 6.

1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760
Time (h)

31 Supplied water temperature for heating and cooling
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6.4.3. Prediction of the performance on the GSHP system

The GSHP system in the target building is connected with fifteen BHEs. The diameter and
length of the borehole are 0.14 and 85 m, respectively. As a result of the TRT, the apparent
effective thermal conductivity and borehole thermal resistance are 1.41 W/(m K) and 0.060
(m K)/W. The initial ground temperature was 9.8 °C. The spacing between boreholes was 5 m.
Based on these conditions, the EWT (T i) and the system coefficient of performance (SCOP)
are predicted. Fig. 6.32 shows the variation of the EWT (T j,) for a year. The EWT was in the
range of 2.3-18.3 °C. The average temperature of the EWT for a year was 9.5 °C. Fig. 6.32 (b)
and (c) show the variation of the EWT in the typical days for heating and cooling. The
temperatures were increased and decreased according to the building load. The temperature
recovered to the initial temperature of the ground. The number of BHEs was enough to obtain the
high performance of the GSHP system, based on the results of the temperature recovery. Fig. 6.33
indicates the variation of the SCOP for a year. The SCOPs of the heating and cooling for a year

have relatively stable values of 4.02 for heating and 6.6 for cooling.

A
3 "WﬂrumutHutwuuuuw e utut'quM 'UW e ‘“ P P Mwu«w L

Fig. 6. 32 Variation of the EWT (T ;)
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Fig. 6. 33 Variation of SCOP over time

6.4.4. Long-term simulation for GSHP system according to groundwater velocity
and borehole number

Fig. 6. 34 indicates the calculated results for 30 years according to borehole number. The
borehole was considered to change the BHEs from 5 to 25 at intervals of 2 units in a single layer
under conditions without groundwater flow. In the results of the comparison between the first year
and 30 years after operating the GSHP system in 5 BHEs conditions, the annual average ground
temperature and SCOP were decreased 1.4°C and 0.07, respectively, and the electric consumption
increased from 26.7 GJ to 27.2 GJ. On the other hand, in 25 BHESs, the annual average ground
temperature and SCOP were decreased by 0.5°C and 0.03, respectively, and the electric
consumption increased by 0.13 GJ. An appropriate number of the borehole was regarded to about
10 BHEs because the temperature difference when the BHEs was over 10 BHEs did not differ
significantly.

Fig. 6. 35 and 36 shows the calculated results for 30 years according to groundwater
velocity. The ground was divided to two layers, and the layer length of each case differ. The depth
of layer 1 in Case 1 (Fig. 6. 35) was 20 m, and the depth of layer 1 in Case 2 (Fig. 6. 36) was 40
m. In the results of the comparison of the layer depth where the groundwater flows, the Case 2
was about 2.5 % higher performance than Case 1. In particular, the annual electric consumption

decreased by about 0.1 GJ.
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Fig. 6. 34 Calculated results for 30 years according to borehole number: (a) annual mean

ground temperature, (b) SCOP for heating and (c) annual electric consumption
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Case 1: Multi-layer [ Layer 1: 20 m (A + v), Layer 2: 65 m (Aq¢) ]
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Fig. 6. 35 Calculated results (Case 1) for 30 years according to groundwater velocity
[Layer 1: 20 m (A + v), Layer 2: 65 m (Aq5r)]: (2) annual mean ground temperature, (b)
SCOP for heating and (c) annual electric consumption
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Case 2: Multi-layer [ Layer 1: 40 m (A + v), Layer 2: 45 m (24.¢f) ]
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Fig. 6. 36 Calculated results (Case 2) for 30 years according to groundwater velocity
[Layer 1: 40 m (A, + v), Layer 2: 45 m (A¢¢7)]: (a) annual mean ground temperature, (b)
SCOP for heating and (c) annual electric consumption
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6.5. Summary

The Chapter introduced an application of a ground source heat pump system for nearly zero energy
building. The application tool was developed to predict the energy consumption of the building, based on
the GSHP system being able to calculate multi-borehole configuration under the conditions with the multi-
layer with groundwater flows. Also, it could calculate the building loads installed in the floor heating and
cooling system. Based on the application, a GSHP system was operated and predicted the system

performance and the ground temperature in a nearly zero energy building located in the cold region.

The amount of the building loads for heating and cooling was 76.5 GJ and 34.2 GJ, respectively. The
total heating loads were 2.24 times higher than total cooling loads. The annual load per area was 10.2
W/m? for heating and 6.3 W/m? for cooling. The supply water temperatures depended on the outdoor

temperature and the SAT to maintain the indoor temperature of 22 °C for heating and 26 °C for cooling.

The ground temperature, system performance and the electric consumption were calculated in the
various conditions: borehole number, groundwater velocity, layer depth. Based on the conditions of the
target building, it was considered that the BHEs were needed over 10 to maintain high performance while
reducing the initial investment cost. In addition, the depth of the layer where the groundwater flows affected
the system performance, and the increased 20 m lengths of layer 1 improved the system performance by

2.5 % and reduced the electric consumption by 0.07 %.
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7.1. General conclusion

With growing concern about energy exhaustion and increasing environmental problems, the
GSHP system has been regarded as a promising solution to the problem. In addition, interest in
Zero-energy building has recently increased, and it has become a good opportunity for the GSHP
system applicable to ZEB to be more widely distributed. Furthermore, the research proposed an
appropriate borehole depth by estimating the effective thermal conductivity and groundwater
velocity in the multi-layer to reduce the initial cost of the GSHP system, which is high compared
to other types of systems. As part of the effort, this study presented several research topics in each

chapter and could make conclusions.

In Chapter 1, "Introduction" described the outline of the GSHP system and the significance of

its introduction in perspective of carbon dioxide emission reduction effects.

In Chapter 2, "Previous study orientation of this study" focused on the methodology on heat
transfer process between the BHEs and the ground and the historical review of TRT to determine
the design parameters of the GSHP system. In addition, The purpose and originality of this study

were described to contribute to the development of the research field.

In Chapter 3, “Estimation of fast groundwater flow” proposed a practical approach for the
determination of the groundwater flow velocity and the effective thermal conductivity of soil
using the MLS theory, simultaneously. The TRT was carried out in Kazuno City, Japan, and the
conventional TRT analysis results presented that apparent effective thermal conductivity was
9.14 W/(m K). The borehole thermal resistance was calculated by numerical simulation,
considering the groundwater velocity under the conditions that inside borehole was filled by the
porous material having a high permeability. The radius of an equivalent single pipe instead of
the borehole radius was applied to the MLS model to calculate the circulating fluid temperature,
including the temperature increase by the grout thermal resistance. The approximate expression
of the equivalent radius calculated by linear regression analysis was suggested. The groundwater
velocity and the effective thermal conductivity of the soil are determined by using root mean
square error between the calculated results and the TRT data. As a result, the groundwater
velocity based on the effective thermal conductivity of the ground column section was calculated

in 120 m/y and 4.7 W/(m K). The practical approach method could use standard TRT data for
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analysis without additional auxiliary equipment and complex simulation algorithms, designing

the BHE in response to the annual building heat loads.

In Chapter 4, “Analysis of relaxation time of temperature for thermal response test” suggested
that the ground was divided into three zones according to the effect of the groundwater flow, and
the groundwater velocity in each zone was estimated. The reaching time was also proposed to
determine the depth of the zones by considering the temperature recovery of the circulating fluid
after stopping the heat supply. The temperature increments based on the heat exchange rate in
each zone were then calculated according to the groundwater velocities. These results are
compared with the average temperature increments measured from each zone, and its best-fitting
value yields the groundwater velocities. As a result, the groundwater velocity was 2750, 58 and

0 m/y, and the thermal conductivity was 2.4, 2.4 and 2.1 W/(m - k) in each zone.

These estimated velocities with the other parameters were applied to the simulation tool to
calculate the temperatures of the circulating fluid. These calculated temperature results were
validated by comparing with the measurement data of the circulating fluid in the target building,
and it was well-matched. In addition, the temperatures of the circulating fluid were calculated
according to the depth of the BHE, based on the parameters estimated from the proposed method
and the conventional TRT analysis method. The design parameters obtained from the proposed
method could reflect the heat transfer of the ground more reasonably. It was possible to design
the proper depth of the BHEs for the GSHP system.

In Chapter 5, “Validation of proposed TRT analysis and determination of borehole size”
validated the effectiveness of the multi-layer TRT analysis method, reflecting both groundwater
flow and effective thermal conductivity. The method could provide an appropriate borehole length
by determining the layers with high thermal dispersion to reduce the construction investment of
the BHEs. The numerical simulation was carried out to emulate the TRT during the heating and
recovery period. The RMSE and the temperature error were under 0.27 K and 0.31% in all layers.
The effect of the TRT analysis methods on the long-term operation of the GSHP system was
evaluated. Based on the thermal properties of the soils estimated by the TRT analysis methods,
the ground temperature change and the performance of the GSHP system were predicted for 30
years according to the building loads. As a result, the GSHP system designed by considering the
layer with high thermal dispersion could save 16.8% of the initial investment, compared with the
system designed by the conventional TRT method. The ROI period is 19.1, 14.0 and 6.8 years

according to 0, 15, 30% of government subsidies, compared with the ASHP system.
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In addition, as an alternative to the conventional TRT method, the new method utilizing actively
heated fiber optics distributed temperature sensing was introduced. The groundwater velocities in
the multi-layer were estimated by the relationship among the A,, A« and v, utilizing the
moving line source model. Based on the thermal parameters of the multi-layer, an appropriate
borehole length in Area 1 and 2 was determined. As a result, in both Areas, the design of the
BHEs considering the groundwater flow was able to reduce 30-40% of the total BHE length by
the effect of advection. The borehole length where the TRT was carried out was appropriate in
both Areas because the bottom layer has a high thermal dispersion. Meanwhile, A1-2-1 in Area 1
was able to recover the initial investment cost within 10 years, regardless of government subsidies.
On the other hand, A2-2-1 in Area 2 could recover the initial investment cost within 10 years
when the government subsidy of 60% was supported. The proposed method could provide a
reasonable design of the borehole to reduce the risk of performance degradation and the initial

investment cost of the GSHP system.

In Chapter 6, “Application of ground source heat pump system for nearly-zero energy building”
introduced an application of a ground source heat pump system for nearly zero energy building.
The application tool was developed to predict the energy consumption of the building, based on
the GSHP system being able to calculate multi-borehole configuration under the conditions with
the multi-layer with groundwater flows. Also, it could calculate the building loads installed in the
floor heating and cooling system. Based on the application, a GSHP system was operated and
predicted the system performance and the ground temperature in a nearly zero energy building

located in the cold region.

The amount of the building loads for heating and cooling was 76.5 GJ and 34.2 GJ, respectively.
The total heating loads were 2.24 times higher than total cooling loads. The annual load per area
was 10.2 W/m? for heating and 6.3 W/m? for cooling. The supply water temperatures
depended on the outdoor temperature and the SAT to maintain the indoor temperature of 22 °C

for heating and 26 °C for cooling.

The ground temperature, system performance and the electric consumption were calculated in the
various conditions: borehole number, groundwater velocity, layer depth. Based on the conditions
of the target building, it was considered that the BHES were needed over 10 to maintain high
performance while reducing the initial investment cost. In addition, the depth of the layer where
the groundwater flows affected the system performance, and the increased 20 m lengths of layer

1 improved the system performance by 2.5 % and reduced the electric consumption by 0.07 %.
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To sum up, the GSHP systems are greatly attractive in terms of saving operating costs and
reducing the emission of greenhouse gas. Although there still hurdles for the GSHP system to
overcome, it is strongly believed that research in terms of its various aspects throughout the world
will finally bring us the more developed technology. Furthermore, interest in ZEB applied to the
GSHP system brings about the positive factors for the GSHP market to spread out and more high
efficiency with collaborating the other system.

The world has been facing environmental issues during recent decades. As a part of an effort

to solve the problem, low-carbon air conditioning through the GSHP systems is highly suggested.
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7.2. Development toward zero carbon society
7.2.1. Plan to activate distribution of the GSHP system

In Japan, the installed number of GSHP systems has steadily increased since Geothermal
Utilization Promotion Association was established in 2001. However, it is difficult to accept that
government policies affect the supply of the GSHP systems in the private sector. Although the
key factor for market expansion of the GSHP system in the private sector is the supply in large-
scale building groups such as apartments, there are not many GSHP applications in apartment
houses. Nevertheless, the applications of the GSHP systems in large-scale building groups are
increasing recently, and the market size is likely to grow. As the GSHP systems can be competitive
in new construction projects, it is expected that the distribution of the GSHP system in multi-unit

dwellings will be activated if the technology can provide convenience and reliability to the users.

The special advantage of applying the GSHP system to large-scale buildings is that the
system can efficiently supply the heating and cooling and hot water supply using a stable
underground heat source (10~20°C), and it is possible to reduce energy by more than 30%
compared to the existing air heat source. In addition, various design options for the energy supply
can be provided through optimal capacity design according to the installation area. Because it is
easy to converge with other energy systems, energy fusion between buildings or convergence with
other building groups can be realized. Compared to other renewable systems, the GSHP system
has the advantage that it does not affect the building fagade or floor plan and does not require a

cooling tower or outdoor unit space.

Geothermal cooling and heating technology has gone through many trials and errors over
the past 20 years. Its technology has reached the level of advanced countries and is gaining
stability and reliability. The geothermal application is expanding from the public sector to the
household, and successful cases have been reported, so it is expected to be applied continuously

in the future.

In recent years, apartments or office buildings have become high-rise buildings, and the
centralized GSHP systems are expected to increase transport power, heat loss in pipes. There are
also several difficulties in applying the GSHP system to large-scale buildings, such as unbalancing

heating and cooling loads.
There are ways to solve this problem.

First, it is essential to secure an installation space for the BHEs and reduce the construction
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period and cost. The various technologies can be introduced, such as vertical sealing type,

horizontal type, low-depth modular type.

Second, the imbalance of heating and cooling loads will be solved to utilize units that
respond to loads of individual rooms. It could satisfy the economic efficiency through number

division and capacity optimization design.

The third is to install a small heat pump to enable individual heating and cooling and
optimally design the entire pipe zoning. Therefore, it is necessary to develop a heat pump and

secondary side unit that can respond to individual methods.

Finally, GSHP system could be integrated with the other system. The optimal operation
strategies have proposed under different operation modes for the GSHP-PVT system [1-3]. In
this case, the GSHP systems are more utilized in ZEBs [4,5] and energy flexible buildings [6-8].

7.2.2. State-of-the-art facility element technology for zero carbon society

Vacuum insulation panel

A vacuum insulated panel (VIP) is a form of thermal insulation consisting of a gas-tight
enclosure surrounding a rigid core, from which the air has been evacuated. It is used in building
construction, refrigeration units, and insulated shipping containers to provide better insulation

performance than conventional insulation materials.

Heat transfer occurs by three modes: convection, conduction and radiation. Creating a
vacuum practically eliminates convection, since this relies on the presence of gas molecules able
to transfer heat energy by bulk movement. A small decrease in pressure has no effect on the
thermal conductivity of a gas, because the reduction in energy-carrying molecules is offset by a
reduction in collisions between molecules. However, at sufficiently low pressure, the distance
between collisions exceeds the size of the vessel, and then the conductivity does reduce with

pressure.

Since the core material of a VIP is similar in thermal characteristics to materials used in
conventional insulation, VIPs therefore achieve a much lower thermal conductivity (k-value) than
conventional insulation, or in other words a higher thermal resistance per unit of thickness.
Typically, commercially available VIPs achieve a thermal conductivity of 0.004 W/(m K)

across the center of the panel, or an overall value of 0.006-0.008 W/(m K) after allowing for

190



Chapter 7 —General conclusion and development toward zero carbon society

thermal bridging (heat conduction across the panel edges) and the inevitable gradual loss of

vacuum over time.
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Fig. 7. 1 Conceptual image of vacuum insulation panel

Energy-storage system

An energy-storage system, also called home or solar battery, captures electricity during the
day, and then it can use at another time. For example, you can store the electricity your solar
panels generate during the day and use it at night. Big tech brands including Samsung and Tesla
sell home-energy storage systems. This relatively new technology could utilize with the GSHP

system.
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Fig. 7. 2 Conceptual image of energy-storage system

191



Chapter 7 —General conclusion and development toward zero carbon society

Building Energy Management System

The IEA uses the following description of a Building Energy Management Systems (BEMS):
"an electrical control and monitoring system that has the ability to control monitoring points and
an operator terminal. The system can have attributes from all facets of building control and
management functions such as heating, ventilation and air conditioning (HVAC) to lighting, fire
alarm system, security, maintenance and energy management. Another common description is
that Building Energy Management Systems are control systems for individual buildings or groups
of buildings that use computers and distributed microprocessors for monitoring, data storage and
communication. Other terms frequently used for this technology are Building Management

System (BMS) and Energy Management System (EMS).

As such, the Building Energy Management Systems technology is a broad concept of
building control and can have a variety of characteristics. However, the term BEMS is limited to
use for sophisticated and advanced control systems. Therefore, while all buildings require and
have some form of the control system, Building Energy Management Systems technology is
substantially different from previous control systems. The main point in which a Building Energy
Management System (BEMS) differs from other control systems is the characteristic of
communication: information of the processes and functions of the building can be received and
controlled at a central, single operating unit. Therefore, decisions can be made based upon the
received information. This is a critical aspect of a BEMS as it allows for optimization of the
system. For instance, the central and single operating units can receive information on temperature
and building occupancy and can make the decision to lower the temperature in parts of the
building that are not occupied. These decisions therefore can increase energy efficiency. Figure 1
illustrates a possible BEMS configuration in which multiple buildings are connected to each other
and are connected via the internet to a central operating unit to allow smooth cooperation among
the buildings and increase efficiency. Increased cooperation among different buildings through
the BEMS allows for additional increased energy efficiency, as functions of the different buildings

can be coupled.
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Fig. 7. 3 Conceptual image of Building Energy Management System
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