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ARTICLE INFO ABSTRACT

Keywords: In cold regions, passive thermosyphons are often employed in permafrost protection and artificial ground
Cold energy storage freezing (AGF) applications. While passive thermosyphons utilize available cold wind during cold seasons,
Thermosyphon energy-intensive refrigeration plants are sometimes needed to run thermosyphons in warmer seasons. In this
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study, a novel cold energy storage (CES) concept is proposed to operate thermosyphons year-round using
renewable energy resources. The proposed system is based on additional energy storage ground coupled
thermosyphons (ST) and heat extraction pipes (HEP). In cold seasons, the STs store wind cold energy, which
is then transferred in warmer seasons using HEPs to the site of interest. The system is mathematically
demonstrated using numerical models validated in our previous work against field data from the Giant Mine
Remediation Project (GMRP). The results reveal that the proposed system enhances the heat extraction capacity
of primary thermosyphons (located in the site of interest) by more than 15%. Further, the ground freezing
process is achieved one year faster. Overall, this study presents the foundation of an innovative concept that

can help run thermosyphons using renewable resources in cold regions, especially at the GMRP.

1. Introduction

The Giant Mine was a major economic force of the Northwest
Territories (NT), producing 7 million ozt of gold over the second half
of the twentieth century [1,2]. Despite these economic benefits, gold
mining created a massive environmental burden amounting for 237,000
tons of a lethal byproduct called arsenic, which has been stored in
underground chambers [1]. Arsenic leakage poses several environ-
mental and social catastrophes. The mine waste is situated along the
shoreline of Yellowknife Bay on Great Slave Lake, one of the largest
freshwater bodies in Canada. Arsenic concentration in Yellowknife Bay
is five times higher than that of drinkable water [3], influencing the
fish habitat. The Dettah First Nation people, who are closest to the
mine, are severely affected by this catastrophe as they cannot safely
practice hunting and fishing in the vicinity — not to mention the
demise and health issues in the 1950s due to arsenic consumption [4].
To mitigate the impact of arsenic leakage, the Canadian Government
initiated the Giant Mine Remediation Project (GMRP) in collaboration
with the Yellowknives Dene First Nation. Among various containment
methods, a reliable one called the frozen block was selected, where
the environmental waste is encapsulated in a frozen shell. To this end,
artificial ground freezing (AGF) systems will be indefinitely employed.
Nonetheless, active AGF approaches can result in huge economic and
environmental costs; a set of 150 hybrid thermosyphons, that may
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employ refrigeration plants in summer seasons, could annually con-
sume around 3.5 GWh [5] and correspondingly produce substantial
greenhouse gas emissions [6]. The energy expenditures and greenhouse
gas emissions of refrigeration can amount for 1-5% of the provincial
ones [6]. Accordingly, a novel AGF method based on renewable energy
is needed to securely contain environmental waste of the GMRP while
substantially reducing the environmental and economic costs.
Thermosyphons are common devices in artificial ground freezing
applications, ranging from support of civil structures (roads, buildings,
etc.) to containment of contaminated areas. The main role of ther-
mosyphons is transferring thermal energy from the ground to a colder
heat sink (cold wind or refrigerated coolant) to freeze the ground,
thus increasing the ground strength and impermeability. Especially in
cold regions such as the NT, thermosyphon technologies are widely
used in the AGF industry due to their ability to passively transfer cold
energy from the winter wind to the ground. While passive cooling of
thermosyphons is sufficient in some applications, active refrigeration
techniques are sometimes combined with passive thermosyphons to
maintain heat extraction from the ground in summer seasons. For
instance, hybrid thermosyphons, which combine passive and active
cooling methods, have been used in the construction of the Diavik
Mine dams and dikes [7], as well as the containment of hazardous
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Nomenclature

Latin letters

A Area [m?]

¢, Specific heat capacity [J kg~! K~1]

f Friction factor [-]

h Convective heat transfer coefficient [W m~2
K-1]

hyg Specific latent heat of evaporation [J kg~!]

k Thermal conductivity [W m~! K~1]

L Specific latent heat of fusion [J kg~1]

m Mass flow rate [kg s1]

Nu Nusselt number [-]

Pr Prandtl number [-]

q Heat flux [W m~2]

R Thermal resistance [K W]

Re Reynolds number [-]

T Temperature [K]

t Time [s]

z Depth, where z = 0 at ground surface [m]

Greek letters

6 Frozen ground radius [m]

y Liquid fraction [ - ]

" Viscosity [Pa s]

) Porosity [ -]

p) Density [kg m—3]

T Active operation period per year [s]
Subscripts

a Air

atm Atmospheric

e Evaporator

f Liquid state

g Gas state

HTF Heat transfer fluid

i Inner wall

n Condenser

4 Outer wall

s Saturation state

w Water, in its frozen or unfrozen states

waste at the Oak Ridge National Project [8]. In other applications
featuring hybrid cooling methods, active freeze-pipes are initially in-
stalled in ground boreholes to accelerate the formation of the frozen
ground by passing a refrigerated coolant through the pipes. Once the
desired frozen ground is formed, active pipes are removed, and a
passive/hybrid thermosyphon is installed to reduce the cooling load
especially during cold seasons. Such active followed by passive refrig-
eration system has been installed to support the foundations of the
Kuparuk River Module Crossing in Russia [9] and is also proposed for
the GMRP. Overall, active refrigeration plants can increase the system
reliability and heat extraction capacity; however, they require intensive
energy resources.

Consequently, several studies have been conducted to passively
enhance the heat extraction capacity of thermosyphons either by (1)
integrating other static components to the ground or (2) improving
the design of thermosyphons. Guo et al. [10] observed that vegetation
cover effectively insulates the ground in warm seasons thus reducing
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cold energy dissipation. Xu et al. [11] and Varmalov et al. [12] demon-
strated that integrating artificial insulation boards can further preserve
the cold energy in the ground. In attempts to enhance the insulation,
Zhou et al. [13] proposed a tri-layered asphalt pavement that feature
a decreasing thermal conductivity from top to bottom. On the other
hand, Zhong et al. [14] developed new asphalt mixture that decreases
its thermal conductivity while maintaining its strength. Despite the
benefits of insulation boards, several studies reported that crushed rock
revetments have to be integrated as well to better preserve the ground’s
cold energy [15-18].

Other studies focused on improving the thermosyphon geometry
as well as thermosyphons layout to enhance their heat extraction
capacity. Lyazgin et al. [19] increased the daily operational hours
of thermosyphons by manufacturing the thermosyphon vessel from
aluminum alloys (instead of traditional steel vessels) due to its high
thermal conductivity. Bayasan et al. [20] increased the heat extraction
capacity of the condensers by adding secondary fins on primary fins.
Zhang et al. [21] proposed employing a nanofluid of favourable thermal
conductivity as the working fluid inside the thermosyphon to decrease
its thermal resistance. In another attempt to decrease the thermal
resistance inside the thermosyphon, Solomon et al. [22] proposed using
a grooved heat pipe to accelerate the evaporation/condensation cycle.
In regards to the evaporator section, Tian et al. [23] observed that
inclined evaporators are preferred due to their ability to maintain
a uniform temperature (frozen front) below highway embankments.
Kukkapalli et al. [24,25] designed T-shape and Y-shape, in addition
to tree-like T-shape and Y-shape, evaporators; the numerical analysis
revealed that the thermal performance of these designs is preferable
over the traditional type of L-shaped thermosyphons. Pei et al. [26]
suggested using adjustable evaporator section to tune the ground tem-
perature profile. Further, Pei et al. [27,28], Chang et al. [29], and
Chen et al. [30] proposed alternating thermosyphons layout across
Qinghai-Tibet Roadway to enhance the frozen front profile.

While hybrid thermosyphons utilizing active refrigeration plants
have been studied in the literature [5,31,32], limited number of studies
considered running thermosyphons in warm seasons using sustainable
energy resources. Wagner et al. [33] recently proposed using solar
panels to run mechanical refrigeration for hybrid thermosyphons, es-
pecially in remote areas not connected to the national grid. Alzoubi
et al. [34,35] conducted mathematical analysis confirming the high
potential of the cold energy storage concept to run the ground freez-
ing process indefinitely. However, the mathematical model did not
consider the cold energy storage medium.

In this study, an innovative cold energy storage (CES) concept is
proposed to run thermosyphons during warm seasons as well as cold
ones. In our proposed system, several thermosyphons are used to store
cold energy in the ground during cold seasons. In warm seasons, the
cold energy is extracted and directed towards application of interest.
Conjugate numerical model of thermosyphons derived in our previous
work is employed and adapted to simulate our CES concept. The model
has been validated against GMRP field data and a well-controlled
experimental study conducted by Pei et al. [36]. The proposed cold
energy storage concept is then examined for the case of the GMRP. The
impact of operational parameters on the CES system is also addressed.

2. Methodology

In this study, a CES concept is proposed to allow thermosyphons
to run year-round using renewable energy resources. The conceptual
methodology will be firstly described followed by the mathematical
one.
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Thermosyphons (PT)

Fig. 1. Arsenic containment at the Giant

thermosyphons (not to scale).

Mine Remediation Project using

2.1. Conceptual methodology

At the GMRP, several 100 m deep thermosyphons operate next to
each other to encapsulate arsenic chambers extending from 25 m to
75 m below the ground surface, as shown in Figs. 1 and 2(a-2). In this
study, an innovative cold energy storage concept is developed to allow
thermosyphons to run passively year-round for the case of the GMRP
in particular and other permafrost protection applications in general.

In our proposed system, There are two sets of thermosyphons work-
ing simultaneously: (1) Primary thermosyphons (PT), operating in the
site of interest, which is the GMRP in this study, as shown in Fig. 2(a-2)
and (2) storage thermosyphons (ST), as shown in Fig. 2(a-1). In winter
seasons, PTs extract heat from the ground to freeze zones of interest, as
shown in Fig. 2(b-2). Concurrently, STs store cold energy, as shown in
Fig. 2(b-1), in a nearby location. In warm seasons, the finned sections of
the PTs and STs become idle due to the absence of cold wind. To keep
PTs active, the cold energy stored by the STs is then transferred to the
PTs, as shown in Fig. 2(c-1,c-2). Particularly, a HTF passes through a
heat extraction pipe (HEP), extracts the stored cold energy, and then
transfers the cold energy to the PT through a helical coil acting as a
secondary condenser.

In practical field scenarios, a single thermosyphon is not sufficient to
freeze the ground of large scale applications such as the GMRP. Instead,
several PTs operate next to each other, as can be seen from Fig. 2(b-
2). Consequently, there is a need for several STs to provide enough
cold energy. Thus, an important parameter of interest for performance
optimization is the spacing between the PTs as well as the STs. This
study will focus more on the CES concept; accordingly, the effect STs
spacing will be examined. Throughout this study, the number of PTs is
set to be equal to the number of STs; thus, each ST provides cold energy
for one PT.

2.2. Mathematical methodology

In this subsection, the mathematical model used to demonstrate our
idea is presented.

2.2.1. Governing equations

A porous ground occupying the GMRP area is considered as the
computational domain of the present study. The local thermal equilib-
rium (LTE) assumption [37] is valid as shown by Zueter et al. [38].
Energy balance in the ground can thus be expressed as

0G5, T)
ot

=V.-kVT)+ S, @
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where pc, and k are the equivalent heat capacity and thermal con-
ductivity of the ground (rock and water), while the source term, S,
represents the latent of the water content as

_ _9upl)
T 2

where 5L is the ground volumetric latent heat related to the ground
porosity as

oL =p,L,. 3

where p,, and L, are the density and latent heat of water, respectively.
y is the liquid fraction of the water content defined as a function of the
water liquidus temperature 7);, and solidus temperature T, as

0 , T <Tyys
T_TSU .
Y= m > Lol STSTqu’ (4)
1 s T > Ty,

2.2.2. Boundary conditions
Along the bottom boundary, geothermal heat flux is set as [39]

_xor

o )

= geor
bottom boundary

where dgeo = 0.06 [W/m?]. At the side boundary which represents
the middle distance between two thermosyphon, thermal symmetry is
considered as

oT

— =0.
on

side boundary

(6)

The top boundary of field simulations is subject to atmospheric

convection as
—oT

==
on

=h T,), @

atm(Tlmp boundary —
top boundary

where T, is the air temperature and the atmospheric heat transfer
coefficient, h,,, is set at 3 [W/(m?K)].

As for the thermosyphon modeling, Zueter et al. [40] revealed that
deep thermosyphons such as those installed at the GMRP can exhibit
a unique boiling profile. However, in this study, we use a reseanably
accuerate thermal-resistance-network model derived and validated in
our previous work [5]. The thermosyphon boundary is coupled to the
ambient air temperature or helical coil temperature as

T, —T, -
q, = tha[ - e _ _kﬂ , (8)
A, R, A, on |,

where subscript e denotes the evaporator section. The equivalent ther-
mal resistance, R, is determined following a thermal network model
explained in Fig. 3. Various Nusselt correlations were employed to
determine each thermal resistance as
1

hA

where £ is the heat transfer coefficient and A is the heat transfer area.
Starting at the evaporator, Imura’s correlation [41] is employed to
determine the heat transfer coefficient of boiling as

R= (C)]

0.657,0.3 ,0.7 ,0.2 0.4
_ pf kf Cp,fg q, PS 0.3
hys =032 | L Lt 10)
PRy Fatm

where the thermophysical properties of CO, can be found in Table 2.
The condensation heat transfer coefficient is modelled using the Nusselt
theory as [42]

] 1/3

where g, is the heat flux through the condenser while L, is the length
of the condenser. The ground heat is eventually extracted by cold wind

3 2
krpyghyg

an
ﬂfqnfn

hy = 0925 [
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(a-1) Cold Energy Storage (CES) Pool
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¢ (a-2) Giant Mine Site surrounded by PT

Hazardous Arsenic
Waste Chamber

Inactive
pipes

Inactive
ST

Fig. 2. Illustration of the conceptual methodology of the present study: (a-1) Top view of the cold energy storage (CES) pool showing the storage thermosyphons (ST) and heat
extraction pipes (HEP) arranged in a diamond configuration, (a-2) horizontal cross-sectional view of primary thermosyphons (PT) encapsulating the arsenic chambers (refer to Fig. 1
to see the position of A-A section), (b-1) charging operational mode of CES during cold seasons, (b-2) the operation of PT in cold seasons utilizing cold wind, (c-1) discharging
operation mode of CES, and (c-2) the operation of PT in our proposed CES system in warm seasons using stored cold energy.

or chilled coolant from the CES pool. The Nusselt number is modelled
based on the Reynolds number, Re,, as [39,43]

Nyin 0.989RLIOPH | Re, < 4;
- Hpim 0911RLISPrY | 4 < Re, < 40;
60,
e e 0.683Re2466 Prl/> | 40 < Re,, < 4000; a2

Ny 0.193REQOBPLY 4000 < Re, < 40000;
Hpin 0:027RLS5PrY/> 40000 < Re,,

where D, , is the characteristic length of wind flow equivalent to the
outer diameter of condenser wall and 7, is fin efficiency set at 65%
based on the fin geometry as per charts of Gardner [39,44] for circular
fins. Finally, the Nusselt number of the HTF flow across the helical coil
is calculated based on Seban and Mclanghin correlation [45,46] as

_ MDyrr

— 0.33 0.66 0.33
Nu= =0.065f i pRe e Prigrps (13)

kHTF
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where the characteristic length for calculating the Reynolds number
is inner diameter of the coil and f, is the friction factor of the HTF

calculated as [47]
)] 045 } -1

(-4

where Dnypp is the Deans number. The switches .S, and S are actively

64
Reyrr

11.6
Dnyrr

Sfurr = 14)

controlled by the specified operational duration for CES and passive
cooling. On the other hand, the .S; switch inside the thermosyphon
is added to deactivate the thermosyphon when the natural convec-
tion cycle stops due to lower evaporator temperature than condenser
temperature. More detailed description and evaluation of the thermal
resistance network can be found in our previous work [5].

In order to quantify the amount of heat extracted by HEPs, the
axial HTF temperature, Ty (2), is correlated to the ground through
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iﬂ,: Air temp.

ETHTF: HTF temp (equal to
ioutlet of the CES).
I

\T,: Evaporator wall temp.

Fig. 3. Thermal resistance network model of thermosyphons.

a convective boundary condition as

—0T(z
quep(z) = —k )

(15)

o, = O[Tl = Tar (2]

where the HTF temperature evolution is monitored using a space
marching algorithm based on the first law of thermodynamics as

9 ep(2)
ATyrp(z) = ——m——,
MyTFCY,HTF

1e6)
where T, ,(z = 0) and Ty, ,(z = L) correspond to the HTF inlet
and outlet temperatures, respectively. To evaluate the heat transfer
coefficient, a tabulated analytical solution of Shah [48] are employed
for laminar annular flow. All details on the evaluation of the heat
transfer coefficient and space marching algorithm can be obtained from
our previous work [49,50]. The adopted algorithm demonstrates high
computational effeciency even in conducting thousands of Monte-Carlo
simulations. [51]. The total amount of heat extracted by HEP can be
determined based on the inlet and outlet temperatures of the HTF as

QHEP = mHTFCp,HTF(THTF(Z =L)-Tyrp(z= 0)) a7n

Throughout this study, the initial temperature of the ground is set
according to geothermal temperature gradient recorded in the field
approximated by the following correlation:

Tinitial[K] =278.8¢"1 +4.065 x 1013 e 2

where ¢, = ( )2, e = (
ground surface.

(18)

z[m]-351.1
2292

z[m]+754.7

i )2, and z is the depth from

2.3. Choice of numerical parameters

Second-order upwind schemes were selected to discretize the spatial
and transient terms of the governing equation of the ground (Eq. (1)).
ANSYS Fluent 18.1 was used to compute the equations as prescribed
by our model and user-defined functions. Mesh independence study
and time-step independence study were conducted and ensured. The
selected mesh size and type greatly relies on the simulation scenario as
we have conducted various 3D simulations of different length scales. In
all cases, the mesh and geometry were generated with the aid of ANSYS
Fluent 18.1. The mathematical methodology has been validated against
field data in our previous work [5].
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Fig. 4. Hourly air data measured by the Giant Mine weather station [52]: (a) air
temperature data and (b) wind speed data.

Table 1
Geometry of thermosyphons used in this study. The coil geometry is
applicable to PTs only (there is no coil attached to STs).

Property Value
Finned area of passive condenser 39 [m?]
Thermosyphon outer diameter 0.114 [m]
Thermosyphon thickness 6 [mm]
Helical coil outer diameter 10.3 [mm]
Helical coil thickness 1.7 [mm]
Helical coil height 2.4 [m]

3. Results and discussion

This section is divided into three main subsections. First, we will
examine the capacity of a single thermosyphon to store cold energy in
the ground. Second, a pool of STs will be modelled independently to
examine how the storage capacity is affected when multiple STs are
installed. Finally, a coupled model that links heat extraction of PTs
with STs is simulated. Throughout this section, hourly weather data
as measured by the Giant Mine Weather Station is used as per Fig. 4.

3.1. Maximum storage capacity of a single thermosyphon

In this section, we evaluate the maximum energy that can be stored
by a single thermosyphon installed near the GMRP site to serve as a
workbench for the upcoming discussion on the results. Accordingly, a
single thermosyphon was modelled over ten years of similar geometry
to those installed at the GMRP as per Table 1. In order to evalu-
ate the maximum energy stored by a single thermosyphon, the outer
boundaries of the computational domain, r,, are gradually increased
until the model becomes independent from the distance between the
thermosyphon and the outer boundaries.

By increasing the distance between the thermosyphon and outer
boundaries gradually, a boundary independent solution is obtained
at a distance of around 15 m, as shown in Fig. 5. Evidently, as the
distance increases, the stored energy becomes larger due to the higher
thermal capacity of the ground at larger volumes. Nevertheless, at a
distance of around 15 m, the stored energy is purely dominated by
the capacity of energy extraction by the cold wind rather than ground
volume. The intermittent increase of stored energy is attributed to the
seasonal weather conditions. In winter seasons, the air temperature is
low enough to run the thermosyphon thus increasing the amount of
cold energy stored. On the other hand, the thermosyphon becomes idle
during warm seasons leading to a dormant period interrupting the heat
extraction process.
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To = 5[m]
ro = 7.5[m]
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:
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S
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Fig. 5. Maximum energy stored by a single thermosyphon operating independently is
estimated at 150 [MWh] over 10 years.

3.2. Energy stored by several adjacent thermosyphons

In practical field scenarios, a single ST cannot store sufficient energy
especially for grand applications such as the GMRP. Consequently,
instead of installing a single ST, several thermosyphons should be
installed next to each other to increase the amount of cold energy
stored.
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Table 2
Thermophysical properties of CO,, the working fluid inside thermosyphons, and
bedrock of the Giant Mine site. The water content is 1%.

Material p [kg/m’] ¢, J/(kg O] & [W/(m K] p [Pas]
Condensate CO, [53] 959 2396 0.117 1.09E—4
Vapour CO, [53] 81.9 1643 18.0E-2 1.42E-5
Frozen rock [54] 2926 814 3.45 -
Unfrozen rock [54] 2927 822 3.44 -

The cold energy of thermosyphons is extracted by a heat extraction
pipe (HEP), as shown in Fig. 2(c-1). In this study, a 30% calcium
chloride solution is considered due its thermal stability as well as
industrial reliability in the field (e.g., AGF of the Cigar Lake Uranium
Mine [49,50]). Also, the ST and HEP are arranged in a diamond
configuration shaped as a bilateral right-angle triangle as shown in
Fig. 2(a-1). The length of each of the bilateral sides is denoted d.

While there are several geometrical parameters that can be exten-
sively studied and optimized, this study aims at demonstrating the
concept of cold energy storage. Three main operational parameters are
highlighted in this subsection: (1) The distance between the ST and HEP
(d), (2) the volume flow rate of the heat transfer fluid (V' F), and (3)
the inlet temperature of the HTF (T;,).

3.2.1. Effect of distance between ST and HEP

As noted in Section 3.1, the larger the ground in vicinity of a
thermosyphon, the higher the thermal storage capacity. Nevertheless,
to effectively extract cold energy through HEP, sufficient amount of
cold energy should travel the distance between the HEP and ST. Ac-
cordingly, the distance has been varied from 1 to 3 m to better estimate
the optimum spacing resulting in highest heat extraction for the case
of the GMRP.

The parametric analysis shows that the amount of cold energy
stored is proportional to d, as shown in Fig. 6(a). The added benefit of

(a)100 T T T T
= 75 ——d = 1[m]
| ——d = 2[m]
2 sofl—d= il
&~
s 25}
0 A . . .

4

5
t [year]

6

~

10

Fig. 6. Effect of spacing between ST and HEP on the (a) amount of energy stored by each ST, (b) temperature difference across the HTF outlet and inlet to the CES,

ATyrp = Tyrr outer = Tt Fmers @nd () amount of energy extracted by each HEP (T,

—-5°[C] and V F =1 [m3/h]).
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(a)100 T T T T

m (%]

5 6 10

t [year]

Fig. 7. Effect of spacing between ST and HEP on the (a) local efficiency (1) and (b) global efficiency (1,).

(a)100 ———
= 75t
S
= 50 —6—VF = 0.5[m®/hr][]
5 25 ——VF = 1.0[m?’/hr] i
——VF = 1.5[m?/h1]
0o 1 2 3 4 5 6 7 8 9 10
b T T T T T
() 8 ——VF = 0.5[m?/hr]
T 4l ——VF = 1.0[m?/hr]
o ——VF = 1.5[m?/h1]
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_8 'l 'l 'l 'l 'l 'l 'l 'l 'l
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(c) 80 T T T T T T T T T
= go k|~ VF = 0.5[m?® /hr] i
= —%—VF = 1.0[m?/hr] R
2, WO ——VF = 1.5[m? /]
5 20 b
=
m -

10

t [year]

Fig. 8. Effect of the volume flow rate of the HTF on the (a) amount of energy stored by each ST, (b) temperature difference between the HTF inlet and outlet, and (¢) amount

of energy extracted by each HEP (d =1 [m] and T}, = -5[°C]).

increasing d however decreases as d increases. For instance, increasing
d from 1 [m] to 2 [m] results in an increase in stored energy by around
30 [MWh] after 10 years (for each single ST and HEP); on the other
hand, increasing d, from 2 [m] to 3 [m] increases the energy stored by
only 7 [MWh] after the same time.

While larger ground volume has the capacity of storing more en-
ergy, the amount of energy extracted highly depends on how close the
HEP to the ST as well, as can be seen from Fig. 6(b,c). In the short term,
a closer distance is desired since less time is needed for cold energy to
march from the ST to HEP. After the first winter, cold energy is only

670

extracted when d = 1 [m]. At higher d, positive temperature difference
is observed between the inlet and outlet of HTF, implying that the HTF
extracted hot energy (as in goethermal energy extraction applications
using HEP [55,56]), which is undesirable in cold energy storage for
AGF applications. It takes 1 winter and 2 winters for cold energy to be
extracted at d = 2 [m] and d = 3 [m], respectively. Despite that, the
cold energy extracted in the case of d = 2 [m] becomes higher than that
of d = 1 [m] after around 3 winters, due to the higher amount of cold
energy stored in the former.
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Fig. 9. Effect of HTF inlet temperature on the (a) local efficiency (7,) and (b) global efficiency (7,) - d =2 [m] and V'F =1 [m3/h].
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Fig. 10. Effect of d when the discharging period is four months: (a) Temperature difference of the HTF across the HEP, (b) rate of cold energy extracted by each HEP, (c) rate
of energy extracted by each PT when d =1 m, and (d) rate of energy extracted by each PT when d =2 m.

To better understand the difference in performance at different extracted by HEP, Ej . p, divided by the amount of energy stored by
d, the concepts of local efficiency, 5, and global efficiency, 7,, are ST, Esy, (n, = Eygp/Esy) in the same system. On the other hand, 7,
introduced. The local efficiency is defined as the amount of energy compares Ey ;p to the maximum energy that can be stored by a single
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Fig. 11. Effect of d when the discharging period is six months: (a) HTF temperature difference at the CES and (b) heat-rate extracted by each HEP.

thermosyphon shown in Fig. 5 (4, = E,/E,,,)- The results reveal that
n; is inversely proportional to d, as can be deduced from Fig. 7(a). This
implies that most energy stored is extracted at lower d. In the case of
d = 1 [m], 85% of the energy stored is extracted after 10 years, as
compared to 75% and 55% at d =2 [m] and d = 3 [m], respectively.

Since higher local efficiency does not necessarily imply higher heat
extraction, the concept of global efficiency is introduced where the
maximum energy that can be stored by a single thermosyphon is used
as a reference. In a similar trend of Fig. 6(c), d = 1 [m] provides best
performance in the short term, but d = 2 [m] is preferred between the
second and tenth years of operation. The global efficiency at d = 1 [m]
quickly reaches a semi-steady state at 28% indicating that the system
already extracts maximum amount possible of cold energy stored in
every winter. In other words, the maximum global efficiency at d =
1 [m] is 28%. The case of d = 2 [m] is approaching the same behaviour
after 10 years at 7, ~ 50%. When d = 3 [m], the global efficiency is
progressively increasing and will be higher than other cases after longer
periods.

Overall, the spacing should be determined based on the desired
payback period; shorter spacing can result in faster payback but less
cold energy in the long run, and vice-versa. Thus, when implementing
the concept of cold energy storage, it might be desired to alternate d
to compromise between the speed of the payback as well the long-term
cold energy stored.

3.2.2. Effect of HTF volume flow rate

The volume flow rate, V' F, of the HTF is an essential operational
design parameter in energy systems. Thus, the V' F was changed in
this subsection from 0.5[m3/h] to 1.5[m3/h]. The results show that
the amount of energy stored by ST is similar regardless of the volume
flow rate. This is attributed to the same spacing between HEPs and
STs (equal d) as well as same atmospheric conditions, as noted in
Fig. 8(a). Nonetheless, the temperature difference between the inlet and
outlet of the HTF, ATy F, is highly affected by the volume flow rate;
particularly, lower flow rate results in higher temperature difference,
as can be seen in Fig. 8(b). The volume flow rate of the HTF can thus be
controlled to ensure the chemical and thermal stability of the HTF as
well as freeze-pipe walls. Despite the differences in ATy, the amount
of energy extracted, Eypp, is the same as observed in Fig. 8(c). It
should be noted here that the HTF flow in the annulus is laminar in
all scenarios; consequently, increasing the flow rate does not result in
higher flow Nusselt number [48]. Thus, the amount of energy extracted
is similar. Once the flow exceeds turbulence threshold, the Nusselt
number will be affected by the flow rate which will increase the heat
extraction capacity. Nonetheless, in laminar conditions considered in
this study, , and 7, are similar at different laminar flow rates due to
the similar energy extracted and stored in all scenarios.
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Fig. 12. Effect of d when the discharging period is six months: (a) Amount of cold-
energy deposited by each ST in the CES pool, (b) amount of cold energy extracted by
each HEP, (c) amount of energy extracted by each PT passively from available cold
wind, and (d) total amount of energy extracted by each PT.

3.2.3. Effect of HTF inlet temperature

In field scenarios, the inlet temperature of the HTF is controlled by
the amount of heat gained by the HTF at the PT. In this subsection,
we aim at understanding how the HTF inlet temperature affects the
efficiency of the CES system. As can be observed from Fig. 9, increasing
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Fig. 13. Effect of integrating a CES system: (a) total energy extracted by each PT, (b) heat rate extracted by each PT without CES, (c) heat rate extracted by each PT when

d =1 [m], and (d) heat rate extracted by each PT when d =2 [m].

the inlet HTF temperature linearly increases the system efficiency. At
higher inlet temperatures, more energy can be extracted as deduced
from Eq. (17). Further, higher inlet temperature can initiate energy
extraction earlier than lower ones. For instance, when the inlet tem-
perature is set at —1[°C], cold energy extraction starts from the first
summer. Nevertheless, at inlet temperatures of —3[°C] and —5[°C], two
winters are needed to charge the ground with sufficient cold energy so
ground temperature of the wall is lower than the HTF inlet temperature.

3.3. Giant mine coupling with CES

In this section, the CES pool is coupled with the ground freezing
process at the GMRP. First, the effect of spacing in the CES system and
discharging period on the heat extraction capacity of PTs is examined.
Particularly, d = 1 [m] and d 2 [m] are considered due to the
lower CES efficiency at higher d as observed in the previous subsection.
Lastly, the potential advantage of utilizing a CES system is discussed
by comparing it with a passive system without CES. In this subsection,
the volume flow rate of the HTF is set at 1 [m3/h]. Also, T;, (HTF
inlet temperature to HEP) and T,,, (HTF outlet temperature from HEP)
are now coupled with PT. In other words, T, equals to the outlet
temperature of the HTF from the PT calculated using energy balance.
Further, the inlet temperature of the HTF to the PT equals to T,

ut *

3.3.1. Analysis on the CES discharging period & spacing

In this subsection, the capability of the CES system to provide cold
energy to PTs is examined by operating discharging period for four and
six months. The impact of the spacing between STs and HEPs is also
considered in the analysis.

First, a cold energy discharging period is set at four months to
test the capability of the CES system to provide cold energy for short
periods. When d = 1 [m], ATy, (with respect to the CES system) is
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higher than that of d = 2 [m] at the start of each discharging period,
as can be seen from Fig. 10(a). This is attributed to the lower local
temperature near the HEP at lower d. However, as the local cold energy
is consumed, higher ATy, is noted when d = 2 [m] because of the
larger amount of cold energy stored. The only exception is the first
year due to the longer period needed for the cold energy to travel from
the STs to the HEPs, as discussed in Section 3.2.1. The differences of
the HTF temperature profile is reflected on the heat-rate transferred
during warm seasons by HEPs, as shown in Fig. 10(b). As for the PTs,
the heat-rate fluctuates significantly when heat is extracted during cold
seasons due to the hourly variation of wind temperature and speed as
per Fig. 4. However, It can be noted that the discharging period has the
capacity to be extended for more than four months as the PTs are idle
for around two months after each discharging period.

When increasing the discharging period to six months, a similar
trend is observed in regards to ATy and Oy p with few exceptions.
Since the discharging period is now longer, the case of d =2 [m] can
provide higher power for longer periods especially after the third year
due to the higher amount of energy stored, as shown in Figs. 11 and
12(a). Specifically, the amount of cold energy transferred is initially
higher at d = 1 [m] for the first two years. After that, energy transferred
at d = 2 [m] catches up and becomes slightly higher in a 10 year
period, as can be seen in Fig. 12(b). This however does not result in
a substantial increase in Epy over a 10 year period, as observed in
Fig. 12(d) due to the relatively high wind heat extraction of PTs during
cold seasons, as can be seen from Fig. 12(c). In the longer run after ten
years, it is expected that a CES spacing of two meters to have a larger
impact.

3.3.2. Comparison with a traditional system
This study is concluded by highlighting the potential advantage of
using a CES system. In Section 3.3.1, a longer discharging period only
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Fig. 14. Effect of integrating a CES system on the lateral frozen ground thickness at a depth of (a) 20 m (5 m above the contaminated chambers), (b) 50 m (middle of the

contaminated chambers), and (c) 80 m (5 m below the contaminated chambers).

enhanced the performance of the overall system. Accordingly, in this
section, HEPs are operated whenever the air temperature is too warm
to run PTs, thus preventing PTs from becoming idle. In other words,
energy stored in the CES pool is utilized whenever the air temperature
is higher than the monitored evaporator temperature of the PT.

As can be seen from Fig. 13(a), the total energy extracted by a CES
integrated PT is around 15% higher than a traditional thermosyphon
without a storage system. Thus, the potential of a CES system to
increase the efficiency of AGF applications is demonstrated, which is
the main scope of this study proposing the concept of CES in AGF. The
main evident difference between the two systems is the long idle period
of a traditional thermosyphon with CES during warms seasons, as can
noted in Fig. 13(b). Traditional thermosyphons remain idle for around
6 months a year, whereas our proposed system with integrated CES
pool allow the thermosyphon to run year-round. In the first two years,
it is observed that a CES system with d = 1 [m] performs better than
that of a CES system with d =2 [m]. Afterwards, the amount of energy
extracted by PTs becomes larger when d = 2 [m], as discussed in the
previous sections.

The increased energy extracted by adding a CES system also in-
creases the extent of the frozen ground throughout the depth of the
PTs, as shown in Fig. 14. Typically, a lateral frozen ground thickness
of six meters is often desired between two PTs to ensure the avail-
ability of an impenetrable frozen body. At the top of the chambers,
the six-meters limit is reached within 1.2 years in all scenarios, at
different d or without a CES system, as can be seen in Fig. 14(a).
However, as traditional thermosyphons without CES become dormant
during warm seasons, the ground thaws below the six-meters threshold
after 1.8 years. At deeper levels of the thermosyphon, the freezing
time becomes larger due to the geothermal temperature gradient (see
Eq. (18)). At the middle of the chambers (depth of 50 m), the six-meters
limit is permanently maintained after 1.3 years when a CES system
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is employed. Nevertheless, the frozen ground formed by a traditional
system thaws in the summer of the second year; a continuous six-
meters 6 is only formed after 2 years of operation. At the bottom of the
chambers, the freezing time needed with a CES pool is around 1.9 years,
as compared to 2.9 years without a CES system. Overall, the effect
of integrating a CES pool is evident on decreasing the freezing time.
Once the ground freezing process is completed, the CES pool can then
be employed in various applications, such as heating of buildings or
geothermal power generation.

4. Conclusion

In this study, a novel ground coupled cold energy storage (CES)
concept is proposed for application of artificial ground freezing (AGF)
and permafrost protection applications in cold regions. The proposed
system is based on traditional passive thermosyphons supported by
a CES pool that runs passive thermosyphons during warm seasons.
The CES pool is made up of cold-energy storage thermosyphons (ST)
and heat extraction pipes installed in the ground nearby the primary
thermosyphons (PTs) operating in the site of interest. In cold seasons,
while the PTs extract energy using naturally available cold wind, STs
also utilize the cold wind to store cold energy. In warm seasons, HEPs
transfer this cold energy to the primary thermosyphons (PT) operating
on the site of interest, which is the Giant Mine in the present study. The
proposed concept has been demonstrated by a well-validated numerical
model.

In the results section, the effect of three parameters on the capacity
and efficiency of the CES system is firstly investigated: (1) Spacing
between STs and HEPs in the CES pool (d), (2) volume flow rate of
the heat transfer fluid (HTF) in the HEP, and (3) inlet temperature of
the HTF. The results reveal that there is an optimum spacing that yield
in maximum cold energy extracted at each year of operation; shorter
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d is preferable in the short term and vice versa. Further, the volume
flow rate of the HTF has negligible effect when the flow is laminar.
Additionally, The inlet HTF temperature is linearly proportional to the
CES efficiency.

Lastly, the CES system is coupled to the PTs for the case of the Giant
Mine Remediation Project (GMRP). Our proposed system demonstrated
an increase in the heat extraction of PTs by more than 15% as compared
with a traditional system (without a CES). Accordingly the freezing
process is completed one year faster with a CES system. As compared
with hybrid thermosyphons that employ active mechanical refrigera-
tion plants, the proposed concept saves 2.3 [GWh] and corresponding
greenhouse gas emissions for every 100 thermosyphons.

In our future work, optimization analysis will be conducted to
investigate the impact of several operational parameters, such as the
discharging duration of cold energy, the CES layout & number of units.
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