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Simulation of borehole thermal energy storage (BTES) systems using

simplified methods

Mohammadamin Ahmadfard, Michel Bernier*
Polytechnique Montréal, Department of Mechanical Engineering

Montréal, Canada

Abstract

This paper presents two complementary approaches for simulating the thermal performance of borehole thermal
energy storage (BTES) systems. The first approach uses the concepts of heat exchange and storage efficiencies as a
function of the state-of-charge of the BTES. The second method employs a technique similar to thermal response
factors used to model bore fields in ground-source heat pump systems. It utilizes non-dimensional average storage
temperatures and bore field thermal resistances of the BTES over time. The two methods rely on numerical
experiments to obtain the required performance curves. As shown through examples, the two approaches are relatively
simple to use, and it is shown that they are in good agreement with the well-known duct ground storage model. In one
of the examples, it is suggested that the design of a BTES could be performed using three successive thermal pulses,
similar to the approach used to determine the length of vertical ground heat exchangers in a ground-source heat pump

systems.

*Corresponding author
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Introduction

Borehole thermal energy storage (BTES) systems use boreholes as heat exchangers to store and retrieve thermal
energy in the ground for seasonal storage. The design of BTES systems is fundamentally different from regular
borehole fields used with ground-source heat pump (GSHP) systems. First, boreholes are tightly packed, and borehole-
to-borehole thermal interaction is much greater and most often beneficial. This implies that higher temperatures can
be achieved. Secondly, the boreholes are generally positioned in a parallel-series arrangement to promote radial
stratification, while they are typically piped in parallel in GSHP systems. Designing BTES systems is still a difficult
task for design engineers, as it requires access to specific simulation tools that are relatively difficult to master. The

objective of this paper is to propose simpler methods that could be routinely used.

One of the most successful BTES systems has been operating since 2007 at the Drake Landing Solar Community
(DLSC) in Okotoks, Canada (Mesquita et al., 2017; Sibbitt et al., 2007, 2012a). This system, shown schematically in
Figure 1, has been able to supply more than 90% of the space heating needs of 52 houses. In charging mode, heat from
a solar collector array is injected into the center of the BTES at Tj,, and exists at the periphery at T,,;, as shown in
Figure 1. This creates a radial thermal stratification with a hot core and a warm periphery. In discharging mode, the
flow is reversed and cold fluid enters at the periphery and gets progressively heated when flowing in six boreholes
positioned in series before exiting from the BTES center. The BTES temperature, characterized here by its average
temperature, T, is much greater than the undisturbed ground temperature, T,, and the ambient temperature, T,,;,. The
total heat exchanged between the fluid and the BTES can either increase (or decrease in discharging mode) the
ground’s internal energy or be lost in the form of heat losses from the top, bottom, and side surfaces. Low system
efficiency and high initial installation costs are the primary barriers to BTES system development (Hughes, 2008),

whereas low operational cost is the primary advantage.
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Figure 1: Schematic representation of the BTES system at the Drake Landing Solar Community
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Literature review

As noted by Gehlin (2016), who studied BTES installations around the world, there is no standard definition for BTES
systems. However, it is generally agreed that some form of intentional thermal storage in the ground for long periods
is required to qualify as a BTES system. Lanahan and Tabares-Velasco (2017) reviewed the literature on BTES
systems and provided guidance on component and system modeling tools. Other studies have recently focused on
BTES modeling, and the reader is referred to the following investigations for more details: Schmidt and Hellstrém
(2005), Cho and Mirianhosseinabadi (2013), Andresen (2014), Gao et al. (2015), Schulte et al. (2016), Nilsson (2020),
and Xu (2020). As an example, the paper by Welsch et al. (2016) investigates the impact of design parameters like
fluid inlet temperature, bore field layout, and reservoir rock properties on the functional performance of medium-deep
boreholes for seasonal heat storage. Through numerical simulations, they find that properly dimensioned systems in
suitable geological conditions are well-suited for seasonal heat storage, especially larger systems with a potential
recovery rate of up to 83%. Adjusting supply temperatures and increasing the storage charging temperature can further
enhance borehole thermal energy storage (BTES) efficiencies. Optimizing borehole spacing and number, along with

borehole length, improves storage capacity and efficiency.

Hadorn et al. (1988) provided a historical perspective on seasonal heat storage, including BTES systems. In his work,
several key concepts such as heat transfer capacity, heat storage capacity, equivalent cycle index, and storage energy
efficiency are defined. One of the most important metrics is seasonal energy efficiency. Applied to a BTES operating

on an annual cycle, the BTES efficiency, ngrgs, is defined as follows:
t ., ! I I
Eext — Eexe fo ' Cy (Toue = Tin) dt =1 Ei

7’] = — = = —_
U Eimp Eew ¥ EU [y (Tpy — Ti)dt Einj

(1)

where E;,; is the injected energy, E,,. is the extracted energy, and E, is the energy lost in an annual cycle. In this
equation, 7 and 1’ are the flow rates, C, and C,’ are the fluid thermal capacities, T;,, and T}, and T, and T, are
inlet and outlet fluid temperatures in charging and discharging modes, respectively, and t is the time period, which is
typically one year. E; is equal to UA(T,wg - Te)t, where (Ta,,g - Te) is the annual average temperature difference

between the storage and the environment, U is the equivalent heat loss factor, and A is the storage envelope surface

area.
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Pahud (2002) used Equation 1 to evaluate BTES efficiencies. He noted that for low-temperature BTES systems, the
efficiency can reach 60 to 90% because of reduced heat losses. In fact, E; depends on the storage envelope surface
area, and Ej,; depends on volume. Thus, by increasing the storage surface, the E;/E;,; ratio increases, and by

increasing the storage volume, the ratio decreases.

The heat transfer analysis of boreholes in BTES systems can be analyzed using analytical methods such as the infinite
line source (ILS) (Ingersoll & Plass, 1948), infinite cylindrical source (ICS) (Carslaw & Jaeger., 1946), and finite line
source (FLS) (Eskilson, 1987; H. Y. Zeng et al., 2002) solutions or humerical methods involving finite difference
(FDM) (Lei, 1993; Rottmayer et al., 1997), finite element (FEM) (Kohl et al., 2002; Muraya, 1994), finite volume
models (FVM) (Rees, 2000), or a combination of both. However, numerical models are generally not favored due to
their computational complexity. Instead, current simulation tools like EED (BLOCON, 2015) and GLHEpro (Spitler,
2000) utilize analytical heat transfer models or pre-calculated numerical solutions known as g-functions. Eskilson
(Eskilson, 1987) introduced the g-functions, which are thermal response factors that relate the borehole wall

temperature to the ground temperature and heat transfer rate.

Since boreholes in BTES systems are normally connected in series-parallel connections, g-functions cannot be directly
applied. Cimmino (2019) used a semi-analytical method to calculate the non-dimensional effective borehole wall
temperature, 8y, or the g-functions of bore fields with mixed parallel and series arrangements. In his method, the
borehole wall temperature variations are obtained using the temporal and spatial superposition of the FLS solution
combined with a quasi-steady-state solution of the fluid temperature variations inside the boreholes. The resulting g-
functions are evaluated using the dimensionless average fluid temperature, 6y ,,., the normalized average heat
extraction rate per unit length of borehole, ¢’, and the dimensionless effective bore field thermal resistance, Qf;e/4,

which was first introduced by Hellstrém (1991), as illustrated by Equation 2.

1
0 ave (@) = 5 (070 @) + 7,00 (D)) = (2 ~ Yyicra®'(¥) ()

In this equation, 6y, and 6y ,,,, are the dimensionless inlet and outlet fluid temperatures of the bore field, Q¢4 is
equal to 21k yRyie1q, Where Rpeq is the effective bore field thermal resistance, T = 9a,t/H? is the non-dimensional
time, H is the average borehole length, k, and a, are the ground thermal conductivity and thermal diffusivity,

respectively, and t is the time. Comparisons of the g-functions, 6,, evaluated by the proposed model and the non-
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dimensional average storage temperature, 6, obtained by the DST model revealed some differences for short time
periods. In cases where groundwater flow exists, it may also be necessary to consider the heat transfer between the

fluid and the borehole wall using a delta-circuit of thermal resistances (Cimmino, 2015, 2019).

Marcotte and Pasquier (2014) presented a model to determine the thermal response function of boreholes connected
in series, parallel, or mixed arrangements. The thermal response function provides the non-dimensional inlet fluid
temperature to the bore field instead of the average borehole wall temperature. They evaluated the borehole wall
temperatures using the Finite Line Source (FLS) analytical solution and used a linear fluid temperature variation along
the pipes. The resulting linear equations are solved to obtain the inlet fluid temperature and the corresponding borehole
heat transfer rate at each time step. From these results, the dimensionless unit response function can be calculated and

used to estimate borehole inlet temperatures for any heat load scenario.

Other simulation models used for modeling BTES systems are the duct ground storage model (DST) within TRNSYS
(Pahud & Hellstrom, 1996), the superposition borehole model (SBM) (Eskilson, 1987), the combined use of
EnergyPlus and GLHEpro (Hsieh et al., 2015), EPS-r (Sibbitt et al., 2012b), and COMSOL (Baser et al., 2016). Among
these methodologies, the DST model proposed by Pahud and Hellstrém (1996) is the most widely used. This model
integrates the finite difference method (FDM), analytical solutions, and the superposition principle, resulting in rapid
and highly accurate results. In this model, boreholes are distributed uniformly in a cylindrical volume that maintains
a vertical symmetry axis, thereby making it impossible to predefine borehole positions or consider arbitrary piping
arrangements. This inherent limitation has prompted other researchers to work on novel models that allow the
incorporation of independent circuits within boreholes or grant users the ability to specify borehole positions in the

bore field (Chapuis & Bernier, 2009; Corentin Lecomte, 2016).

The present study examines two approaches for simulating the thermal performance of BTES systems. The first
approach applies a methodology similar to the one presented by Braun (2007) for ice storage tanks. It uses two curves,
generated from numerical experiments, that give the heat exchange and storage efficiencies corresponding to the state-
of-charge (or discharge) of the BTES. The second model applies a methodology similar to the one presented by
Cimmino (2019). However, instead of using the non-dimensional effective borehole wall temperatures, the model uses

the non-dimensional average storage temperature.
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The objective of developing the first model is to create a user-friendly diagram, similar to the Moody diagram or
psychrometric charts, that helps engineers easily estimate specific parameters at certain times or under a certain state
of charge (or discharge) conditions. The second approach involves creating a nondimensional diagram, similar to the
g-function curve which predicts variations in the average temperature of the BTES over nondimensional time. By
accounting for changes in the resistance of the BTES system, the proposed method simulates the performance of the
BTES system over time. This diagram can be generated for different design parameters, stored in a database, and
subsequently used to simulate the performance of BTES systems. This is similar to how software tools like GLHEpro
or EED, which rely on g-function databases, operate. However, here, unlike the g-functions in EED or GLHEpro, the

developed diagrams take into account the series-parallel connection of boreholes in a BTES.

Proposed methods

Method #1: Heat exchange () and heat storage (¢5) efficiencies of BTES systems

The heat exchange efficiency of a BTES at time ¢, nyg ., is defined here as a non-dimensional parameter representing
the fraction of the heat exchange rate between the fluid and the ground, Qexc, ., OVver the total maximum heat that
could be exchanged at time ¢, Qqx.c- This concept follows the standard definition of heat exchanger efficiency for

vertical boreholes (H. Zeng et al., 2003).

n b Qexch,t _ m Cp (Tin,t - Tout,t ) _ (Tin,t - Tout,t )
N Qmax,t m Cp (Tin,t - Tg) (Tin,t - Tg)

3)

where Tj, . and T,y . are the BTES inlet and outlet temperatures, C,, is the fluid specific heat, 7 is the fluid flow rate,

and T, is the undisturbed ground temperature, which is assumed to be constant.

Equation 3 applies to both charging and discharging modes. A large value of n; implies that the BTES collects (or
discharges) heat at a high rate. Conversely, declining values of n,z imply that the BTES is losing its effectiveness in
collecting or releasing heat. The heat exchange efficiency concept used for ice storage tanks is sufficient as these tanks
are typically assumed to be adiabatic. In BTES systems, however, heat losses to the surroundings are significant.

Therefore, another non-dimensional parameter is required to account for these losses. This parameter, called here the
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heat storage efficiency, &, is defined at time ¢ as the ratio of the heat storage rate, Qs , over the total maximum

heat that could be exchanged, Qynax ¢

_ Qst,t _ Qexch,t B Ql,t _ CpstVst(Ts,t - Ts,t—l)
SHS,C A -

: =— 4)
Qmax,t Qmax,t m Cp (Tl'n,f - Tg)

where Ql,t are the total heat losses from the BTES, T, and T, are the average storage temperatures in the BTES at
time t and ¢t — 1, respectively, Ty, . is the inlet temperature at time ¢, Cpy, is the specific heat capacity per unit storage

volume, and Vs, is the storage volume. Note that for the first time step, Ts, — T ,_; is equal to T, — T,,.

To define the state-of-charge (or discharge), the storage capacity at time t, denoted as Cap, is required. This parameter

is evaluated using the inlet fluid temperature prevailing at ¢, as presented in Equation 5.

Cap, = Cpstvst(Tin,t - Tg) (5)
Using this definition, the state-of-charge and discharge are defined by Equations 6 and 7. In Equation 6, the state-of-
charge at time ¢, x. ., is evaluated as the ratio of the stored energy, E ., over the thermal storage capacity, Cap,.
Alternately, it can also be evaluated by adding the stored energy at the previous time step, Es, . to the heat storage

rate, Qst_t, multiplied by the time step At, over the thermal storage capacity at time t.

x — ESt,t — ESf,f—l + AESL' — ESt,t—l + QSf,t At — ESf,f—l + (Qexch,t - Ql,t) At
L Cap, Cap, Cap, Cap,
(6)
_ CpstVst(Ts,t - Tg) _ (Ts,t B Tg)

N Cpstvst(Tin,t - Tg) B (Tin,t - Tg)

For adiabatic ice storage tanks, x, reaches a value of 1 at the end of the charging cycle. However, heat losses occur
continuously in a BTES. Therefore, the total heat exchanged between the fluid and the ground over a certain period
can be greater than the storage capacity. This leads to values of x, greater than one. To avoid this situation, the heat
losses are considered in the evaluation of the state-of-charge and discharge. Equation 7 shows the state-of-discharge

definition for BTES systems:

_ Est,t =1— (Ts,t - Tg) (7)
Cap; (Tin,t - Tg)

Xar =1
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If the inlet temperature is constant over time, Equation 6 indicates that the storage is fully charged when the average
storage temperature reaches the fluid inlet temperature. For cases where the inlet temperature varies, the storage
capacity at time ¢ is the amount of heat required to increase (or decrease) the average storage temperature from the
ground temperature to the inlet temperature prevailing at time t. This definition of Cap, helps to develop a strategy
that does not depend on the inlet temperature changes but on the state-of-charge of the BTES, x,, and its complement,
the state-of-discharge, x,. In charging mode, when the BTES is empty, the average storage temperature is equal to the
ground temperature with x.=0 and x;=1. When charging the storage with a fluid at an inlet temperature higher than
the ground temperature, the state-of-charge increases and the state-of-discharge decreases by the same amount.

Eventually, when the storage is fully charged, x, = 1 and x; = 0.

In Equations 3 and 4, Qmax_t can easily be calculated as m, C,,, T, and T;,, . are known. It is thus possible to determine
Qexch_t, Qm, T, and Ty ¢ if nyg e and &y, are available. These last two values could be obtained experimentally,
but it is more convenient to run numerical experiments on a complete BTES model. The numerical experiments are
performed here using the DST model in the TRNSY'S environment. However, any complete BTES model could be
used. The technique of determining nyg . and &y, is illustrated using the DLSC project, which was described earlier

and whose characteristics are presented in Table 1.

Table 1: Parameters used for the BTES simulation of the DLSC project

Parameter Symbol Value Unit
Borehole depth H 35 m
Borehole spacing B 2.71 m
Header depth D 1 m
Borehole radius T 0.054 m
Outer radius of u-tube pipe Tpout 0.016 m
Inner radius of u-tube pipe Tpin 0.013 m
Center-to-center half distance S 0.0375 m
Number of boreholes n 144 (24 %r:g%hoﬁse So)f 6 series .
Ground storage thermal conductivity kg, 0.048 Ki/hr-m-K
(1.68) (W/m-K)
Fill thermal conductivity kg 6.048 kd/hr-m-K

10
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(1.68) (W/m-K)
Pipe thermal conductivity k, Lad Ki/hr-m-K
(0.4) (W/m-K)
Storage volume Ve 32050 m3
Storage heat capacity per volume Cpst 3040 kJ/m3-K
Borehole resistance Ry 0.0864 m-K/W
Fluid density p 1000 kg/m?
Fluid specific heat capacity Gy 4 kd/kg-K
Fluid flow rate m 28800 ka/hr
Ground and ambient temperature Ty, Tamp 15 °C

Charging/discharging

From the center to the periphery/
from the periphery to the center

Figure 2 shows the variation of the outlet temperature T, the heat exchange rate Q... the heat storage rate Q,,
and the total heat losses Q, over time for an inlet temperature of 80 °C. Note that a logarithmic scale is used in Figure
2 so that changes in the first few days could be clearly seen. As can be observed in Figure 2.a, the outlet temperature
starts at ~35 °C and reaches a plateau at ~78 °C after ~ 1000 days. In Figure 2.b, Q,,., and Qs are decreasing over
time as the average BTES temperature increases and the BTES charges at a lower rate. On the other hand, the total
heat losses, Q;, increase over time, and when the storage is fully charged, Q; is equal to Q... Figure 2.b shows that
the DST model doescalculate heat losses for the first few days of operation (11 days in this example). It assumes that
the internally stored heat rate is equivalent to the exchanged heat rate during this time period. Heat losses are accounted
for after this initial period and are calculated only at specific time intervals (29 hours in this example). This causes

some inaccuracies in the initial days of operation, which can also be observed in in Figure 4.a for n, and &4, and in

Figures A-1b to A-3b.

11
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Figure 2: a. Variation of the outlet temperature when T;,, is 80 °C; b. Variation of the heat transfer rates

Figure 3.a shows the time variation of nyg, &4, and x.. To obtain these parameters, it is necessary to solve Equations
3to 6 on an hourly basis. . This assessment can rely on either a constant inlet temperature, as demonstrated here, or a
constant heat exchange rate. Figure 3.a demonstrates that the curves for x. and 5y reach steady-state values after a
few years of operation, while &, goes to zero and the storage is almost fully charged with Q,, =0. However, since
the BTES is losing heat to the surroundings, the heat exchange rate does not go down to zero and becomes equal to
the heat loss rate Qexchf ert, and so nyg reaches a plateau at ~ 0.03 instead of reaching zero. Note that for this

condition, Ty < Ty, which explains why x,. does not reach one.

The time variations of nyg and &g reported in Figure 3.a. can also be represented as functions of x., as shown in
Figure 3.b by a solid line. The nyr — x. and &, — x. curves are independent of inlet fluid temperature, ground
temperature, and heat exchange rates and identical curves ccan be obained by using different parameters. Using
another numerical experiment, the variations of ny and & as functions of x,. are evaluated for the same BTES but
in discharge mode from the periphery to the center. The result of this experiment is illustrated by a dashed line in
Figure 3.b. It can be seen that both n,; and & are slightly lower than the ones in charging mode. It seems that in
discharging mode, where the BTES fluid is injected from the periphery to the center, the BTES loses a little more heat

to the surroundings, which is why the values of n,; and & are lower than those obtained in charging mode.

12
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Figure 3: a. Variation of n,, €45, and x, as a function of time and b. n,z — x, and &, — x, curves

In this paper, it is assumed that BTES charging is from the center to the periphery and that discharging is from the
periphery to the center. Figure 3.b shows that for each BTES, two sets of nyz-x. and é,¢-x, curves related to charging
and discharging modes may exist. However, as will be shown with the second method, this difference has an
insignificant impact. Thus, when the first method is used, the average of charging and discharging curves is used in

calculations.

To summarize, the first proposed method uses numerical experiments on a complete BTES model to generate curves
of heat exchange and storage efficiencies as a function of the state-of-charge, nyz-x. and &ys-x.. Then, these curves
can be used to evaluate the outlet temperature from a BTES using simple calculations such as the ones shown in the
pseudo-code presented in Figure 4.a for a time-dependent problem and illusttared in Cases 1 to 4. These calculations
can be performed with either Tj,, , or Qoxcn . as known values. Note that it is assumed that the initial amount of storage,
Eg. o, is zero. By evaluating E;, . and the exchanged heat rate accumulated in the BTES, it is possible to determine the

BTES efficiency using Equation 1.

It is also possible to calculate the outlet temperature from a BTES for a given state-of-charge and a known value of
either T}, or Q,,.,. The pseudo-code for these calculations is shown in Figure 4.b. By using the definition of Cap =

CpstVst(Tin - Tg), it is also possible to determine how much energy is stored in the BTES at a specific time (E;; =

13
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x.Cap). The pseudo-codes presented in Figures 4.a and 4.b can also be used for calculations related to the discharging

of a BTES using Equation 7.

Known values: f3, f5, 111, Cp, Ty, Vse, CPst, Tin (OF Qexcn)

10 t=(t—1)+ AT

(solve Equations 20 to 80 iteratively until convergence) | (solve Equations 11 to 41 iteratively until convergence)

20 Cap, = CpsVse(Tine — Ty) 11y = fi(xe)
30 Qmax, = M Cy(Tine — Ty) 21 Quax =M Cy(Tin — T)
40 Qexcht = nHEQmaxt 31 Qexch = Mg Qmax
50 Qse, = EnrQmax, 41 Toue = Tin = Qexen/mMCy
60 Egry = Egp—q + Qse, X AT 51 Cap = CpsVet(Tin — Ty)

70 Xet = Est,t/Capt 61 Es = x.Cap

80 Nup = fl(xc,t)r Sur = fz(xc,t)
90 Tout,e = Tine — Qexcht/mcp

100 Goto 10 for next time step

a. b.
Figure 4: Pseudo-codes used in the first proposed method a. for time-dependent problems; b. for cases where the

state-of-charge (or discharge) is known

Application of the first method: Cases 1 and 2

The two cases presented here are based on the DLSC geometry presented earlier (Table 1). In the first case, the fluid
inlet temperature is held constant at 50 °C, while in the second case, a constant heat exchange rate of 100 000 kJ/hr
(28 kW) is considered. The objective is to compare the outlet temperature obtained with the proposed method and the
DST model over a 20-year period. Figure 5 shows the simulation results for these two cases. In this figure, the solid
black curves present DST results, while the red dashed lines are results from the proposed method. It can be seen that

the inlet and outlet temperatures evaluated with the constant heat exchange rate match perfectly the temperatures

14



191

192

193

194

195

196

197

198

199

200

201

202

determined by the DST model. The outlet temperatures for the constant inlet temperature case have relatively small

differences at the beginning and towards the end of the simulation when the storage is fully charged.
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Figure 5: Comparison of the outlet temperature obtained from the first proposed method (dashed line) and the DST

model

Application of the first method: Cases 3 and 4

Cases 1 and 2 involved the determination of the outlet temperature based on either a constant inlet temperature or a
constant heat exchange rate using the nyr — x. and &, — x. curves. In Cases 3 and 4, the inlet temperature and the
heat exchange rate vary with time, and temporal superposition is thus required. Equations 8 and 9 show how temporal
superposition is used when the inlet temperature (Equation 8) or the heat exchange rate (Equation 9) vary.

T,
Ou” —T +z [(Tm] m] 1)( out,base,t— ]ilT g)] (8)

Tm,base g

where Ty, j — Tip j—4 in the first-time step is equal to Ty, ; — Ty

(Tout base,j — out base,j— 1)
Tout,t [(Qexch t— ]+1) Q (9_a)
exch,base
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Qexch i (9b)

me,

Tlnt - TO‘U.CC +

where Toue pase,j — Tout,pase,j—1 N the first-time step is equal t0 Ty pase,s — Ty IN Equations 8 and 9, j is the
summation's counter and ¢ is the time step for which the BTES outlet temperature is evaluated. The "base case" is a
scenario in which either the BTES inlet temperature or the heat exchange rate is assigned an arbitrary constant value,
and its outlet temperature, which varies over time, is solved. Then, the outlet temperature for new scenarios in which
either the inlet temperature or the heat exchange rate varies over time are evaluated. This will be further explained in

the following sections.

The use of Equations 8 and 9 is illustrated here with Cases 3 and 4, also based on the DLSC geometry. In Case 3, the
fluid inlet temperature is assumed to vary from year to year (60 °C, 80 °C, 90 °C, and 50 °C) for four consecutive
years. The goal is to evaluate the outlet temperature from the BTES at the end of each year. The solution with a
constant inlet temperature of 40 °C is used as a base case. With this constant Ty, p,s. = 40 °C and applying the n, —
x. and &y — x, curves, the base outlet temperatures, Ty, pase, Can be evaluated for four years of operation and are
shown by a blue dashed line in Figure 6.a. Using the base outlet temperatures in Equation 8, the outlet temperatures,
T,.:, can be evaluated. In this problem, there are only four changes over the simulation period. Therefore, only four

temporal superpositions are required.

The inlet temperature for the first year is 60 °C. If a time step of one year is considered, then T,,,; at t=1 year is simply

38.6—15

given by 15 + (60 — 15) ( P

) 57.5 °C, where 38.6 °C is the outlet temperature determined by considering an

inlet temperature of 40°C after one year of operation. This value is indicated by a cross at t=1 year in Figure 6.a. By
suddenly raising the inlet temperature to 80°C at the end of the first year, there is a notable increase in the heat

exchange rate and rapid rise in the outlet temperature. At t=2 years, the value of the outlet temperature is given by

15 + (60 — 15) (%) + (80 — 60) (T“%fs“"“) =15+ 45 (389 15) +20 (38 6515) =76.9°C

(second cross in Figure 6.a), where 38.9 °C is the outlet temperature after two years of operation determined by
considering the inlet temperature of 40 °C. A similar strategy can be used to obtain T,,,; at the end of the third and
fourth years. Hourly calculations were also performed using temporal superposition, as indicated by the green curve

in Figure 6.a. It should be noted that these hourly results are identical to the ones obtained with the DST model. The
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four colored curves (red, yellow, pink, and light blue) represent the temperature evolution obtained after a step change.

The green composite curve represents the superposition of the four colored curves.
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Figure 6: Evaluation of outlet temperatures by the first proposed method for given a. inlet temperature (case 3) and

b. heat exchange rate variations (case 4)

In Case 4, the heat exchange rate, Q.,cn, IS assumed to vary from year to year (150000, 250000, 350000, and -200000
kJ/hr) (42, 69, 97, -56 kW) for four consecutive years. Storage from the center to the periphery is assumed for the first
three years, while heat is discharged from the periphery to the center in the fourth year. Base calculations are performed
with a heat exchange rate of 130000 kJ/hr (36 kW). The resulting inlet and outlet temperatures are evaluated for four
successive years by using the nyr — x. and &ys — x. curves. The blue dashed line in Figure 6.b shows the outlet

temperature variation evaluated with this base problem.

The outlet temperatures for each time step t corresponding to the four heat exchange rates can be evaluated using the

outlet temperatures evaluated for the base load. For the first year, since Q... IS constant, Equation 9.a. simplifies to

15+ X%, 150000 (T"“t"’“”'1"3_;0‘:(‘;'1’“”""1) . In Figure 6.b, this is shown by the green curve for the first year. In the

second year, the heat exchange rate is 250000 kJ/hr, and so the outlet temperatures are evaluated using 15 +
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t—8760 (Tout,base,j_Tout,base,j—1) t (Tout,base,j_Tout,base,j—1) H
=1 "]250000 30000 + 2 j=t-8760 [ 150000 30000 . Similar approaches can be

used for the third and fourth years. The four colored curves (red, yellow, pink, and light blue) represent the temperature
evolution obtained after a step change. The green composite curve represents the superposition of the four colored

curves. Here also, the results shown by the green curve are identical to those obtained with the DST model.

As a final note regarding the first method, it should be mentioned that Appendix A examines the influence of the bore
field characteristics (borehole height, BTES radius, etc.), geometry, fluid flow rate, and borehole thermal resistance

on the nyg — x. and &, — x, curves.

Method #2: Non-dimensional thermal response factor (6) and thermal resistance (2f;¢;4) of BTES systems

The second method is similar to the ones used for designing regular geothermal bore fields. In these cases, g-functions
are used to obtain the borehole wall temperatures for a given heat extraction rate, and the borehole thermal resistances
are used to calculate the temperature gradient between the borehole wall temperature and the mean fluid temperature.
For BTES systems with boreholes connected with parallel and series circuits, it is possible to relate the mean fluid
temperature to the heat extraction rate using a thermal response factor and a bore field thermal resistance. As
previously mentioned, Cimmino (2019) and Marcotte and Pasquier (2014) conducted similar studies in this field.
However, in contrast to these two studies, the approach proposed here relies on numerical experiments on a BTES

model to obtain the non-dimensional thermal response factor (6) and the bore field thermal resistance (2f;¢;q)-

As indicated in Equation 10, the non-dimensional average storage temperature, 6, is defined using the average storage

temperature at a certain time step, T ,, to represent the thermal response of the BTES.

B (T — T,)2mk,yL B (Estr)2mhkyL

0,(t) = = : 10
() Qexch (CpstVst)Qexch ( )

where Ej, . is the accumulated stored energy in the BTES at time ¢, and L is the overall length of all boreholes (=n, H).

Similar to g-functions, the 8,-functions depend on non-dimensional time, t/t,, where t, = H?/9a, H is the height of
each borehole, and « is the ground thermal diffusivity. Figure 7.a shows the 6;-function for the BTES of the DLSC
project as a function of non-dimensional time on a logarithmic scale. This curve is based on numerical results obtained

with the DST model. The heat extraction rate and individual borehole thermal resistance were set at 100 000 kJ/hr (28
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kW) and 0.1 m-K/W, respectively; the other BTES characteristics are reported in Table 1. The 6,-function is
independent of the heat exchange rates, so the same graph can be obtained with other heat exchange rates as long as
it stays constant during the simulation and the BTES geometry is the same. As shown in Figure 7.a, the 6,-function
behavior is similar to the g-functions used in GSHP systems. The value of 6, is very small for a short non-dimensional
time. However, it increases rapidly as borehole-to-borehole interaction increases and tends towards a steady-state
value (where the amount of heat exchanged is equal to total heat losses) for large values of the non-dimensional time.
As can be seen, the values of 6; for charging and discharging modes are slightly different, so their average is used in

the calculations.
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Figure 7: Variation of the a. 65 and b. Q.4 as a function of non-dimensional time obtained for the DLSC

geometry

The 8¢-function is not sufficient to fully characterize the BTES. The other required parameter is the bore field thermal
resistance, Qy;q;4. This term is similar to the borehole thermal resistance used in the GSHP system, and it relates the
average storage temperature to the average fluid temperature in the storage according to the following equation:

(Tyr — Tse)L

11
Qexch ( )

Rfie1q(t) =
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The bore field thermal resistance is independent of the heat exchange rate, but it varies with time. It can be non-

dimensionalized to give Qfje1q (= 2k Rrie1q).

Figure 7.b shows the variation of Q.4 for the DLSC project when the borehole thermal resistance is 0.1 m-K/W.

This figure is evaluated by considering Q,,.,=100 000 kJ/hr (28kW) in charging (from the center to the periphery)
and discharging (from the periphery to the center) modes. It can be seen that the bore field thermal resistance increases
at very early times. This is because the average fluid temperature in the BTES increases, but the average storage
temperature has not had time to change significantly (T; . — T ., Equation 11). But after a certain period, T, starts to
increase, and this causes Q4 to decrease slightly and the difference T; . — T, to reach a constant value, leading to
a constant value of Qf;14. At this stage, Qy;eiq has reached its maximum specific value. In Figure 7.b, this value is
about 3.5 and is reached after twenty days (In(t/ts)~-5) of operation. After this period, Q.4 increases (in discharging
mode) or decreases (in charging mode) until it reaches two different constant values. The main reason for this
divergence is the small differences between T, and T, in charging and discharging modes. In Figure 7.b, the
temperature difference between charging and discharging modes varies by approximately 0.32°C at the end of
operation, resulting in a difference of 0.056 m-K/W in bore field thermal resistance and a difference of 0.6 between
the Qy;eiq curves. Preliminary simulation results indicated that the simulated outlet temperature predicted using the
charging and discharging curves is almost identical to the result obtained with a simulation performed with an average
Qrierq CUrve. This is partly because the second term on the right of Equation 12 is small compared to the first term
and has a marginal effect on the prediction of the outlet temperature. Therefore, the average of the charging and

discharging curves is used in the results presented later.

In summary, the second proposed method relies on two non-dimensional parameters, 65 and Qy;¢;q, Which can be
determined using numerical experiments performed on a BTES model. When 6, and Q.4 are known, the average

fluid temperature can be determined using the following relationship:

Tin,t + Tout,t . Hs(t) ineld (t)
fit= = Tg + Qexcn
’ 2 2mkg L 2mkgyL

(12)

Appendix A presents variations of 8 and Q.4 with changes in borehole characteristics, geometry, fluid flow rate,

and borehole thermal resistance.
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The 65 and Q.4 curves presented above are evaluated with constant heat exchange rates. For simulating cases in

which the heat transfer rate is variable, temporal superposition is required. Equation 12 can be generalized to account

for the effects of load variation with time:

t
Tf,t = Tg + z 1(Qexch,j - Qexch,j—l)Pt—j+1 (13.&)
j=

Os(tt—jr1) + Qfieta(te—jr1)

where P,_;, represents the terms in brackets in Equation 12, P,_;,; = p— P
) g

. Finally, the inlet and

outlet temperatures can be evaluated using the energy balance in the bore field.
Tine = Tpe + Qexcn/2MCy (13.b)

Touee = Tf,t - Qexch/szp (13.0)

Verification of the second method: cases 5 and 6

Two cases are used to verify that the second method can reproduce the DST results and to illustrate the use of the

method. In these cases, the DLSC geometry with the design parameters reported in Table 1 is used.

Case 5

Case 5 illustrates how the second method could be used for the preliminary design (i.e. determine the length and
number of boreholes) of a BTES with simple calculations. In such preliminary designs, the engineer evaluates the
outlet temperature from the BTES for a given set of “worst-conditions” after a certain period. It is suggested that such
calculations could be performed using a succession of three load pulses similar to the three pulse technique used to
design borehole fields for GSHP systems (Philippe et al., 2010). These conditions could be represented by: i) a consant
10 year pulse with the annual average net load input into the BTES; ii) an average monthly load pulse to the BTES

and iii) a six hour peak heat injection (or retrieval) period.

In this example, three successive charging heat load pulses of 100 000, 200 000, and 400 000 kJ/hr (28, 56, 111 kW)
with a duration of 10 years, one month, and six hours are used for the DLSC geometry. Equation 14 shows how the

resulting average fluid temperatures related to these three heat loads are evaluated.
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Ty =Ty + (Qexch,l - 0)P87600 (14.9)
T, =Ty + (Qexch,l - 0)P88320 + (Qexch,z - Qexch,l)P(88320—87600) (14.b)

Trs =Ty + (Qexch,l - 0)P88326 + (Qexch,z - Qexch,l)P(88326—87600) (14.c)
+ (Qexch,s - Qexch,Z)P(88326—88320)
0, and Q.4 are evaluated from the average of the curves obtained for charging and discharging modes in Figures A-
4.a and A-4.b for B=2.5 m. In equation 14, 6,(ts)= 0.01, 6,(t;,0)= 1.59, 0.(t;26)= 1.59, O.(tg7600)= 43.37,
05(tgg320)= 43.49, 0,(tgg326)=43.50, and Qpie1q(t6)=2.4, Qrie1q(t720)= 3.5, Qfic1a(t726)=3.5, Qfic1a(ts7600)=3.5,
Qrica (tg8320)=3.5, Qfie1q (tags26)=3.5 leading to values of the average temperature of 39.5, 42.3, and 44.8°C after

each of the three pulses as shown in Table 2.

Table 2: Considered heat loads, durations, and resulting fluid temperatures for case 5

row Heat load Time duration TLTi;i;ﬁztsitsnrt tem%::ffu re
1 10(()2%08\/'\‘/3)/ hrl 87600 hr 87600 hr 39.5 °C
2 20(()5%08\/'\‘/3)/ hr 720 hr 88320 hr 42.3°C
3 40838?(5%” 6 hr 88326 hr 44.8°C

Case 6

In case #6, a ten-year simulation is performed using the charging/discharging load sequence presented in Figure 8.a.

This load is given by £130000 + (sin (:7%) X GSZﬂ) in kJ/hr. Here, t represents the time step, " 4+ " corresponds to

the first six months of the year indicating the charging mode and "-" corresponds to a discharge mode for the second
half of the year. Figure 8.b shows the average fluid temperatures determined by the proposed model (shown as the
blue solid line curve) and the DST model (represented by the red dashed line curve). The agreement between the
results is very good, with a maximum difference between these results of 0.45 °C and a root mean square error (RMSE)

of 0.1 °C.
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Figure 8: Case #6 a. ground loads and b. average fluid temperatures

Relationship between the two methods

This section shows how to calculate the n,; — x, and &y — x, curves from the 6, and Q.4 Curves using an example.

From Equation 10, it can be deduced that Ts, = T, + [%] Qexcn, and from Equation 13, it can be concluded that
g
T =T ¢ : : : . 0s(t) |, Lfieta(t)
int = Ty + X521(Qexenj — Qexcnj—1)Peejs1 + Qexcn/2mC,, Where P, represents (—— 4+ —L=—| Therefore, for

2mkgL 2mkgL

the evaluation of T, for each time step ¢, [%] should be obtained, and likewise for the determination of T;,, , for
g

05(t) |, 2fieta(t)

each time step, [an PR
g g

] should be obtained.

As an example, the BTES of the DLSC project with a borehole spacing of 1 m is selected with T,=15°C and
0 oxcn =100 000 kJ/hr (28 kW). The averaged 6, and Qriera CUrves are evaluated for a period of 10 years. The 6, and

Qsie14 CuUrves for B = 1 for charging and discharging modes are illustrated in Figure A-4 by blue lines. The 6, and

. 0 0 or t
Qfie1q CUTVes are used to obtain [ s® | an [ s(t) | Orieta®

] for the 10-year period. This leads to the evaluation of
2mkglL 2mkglL 2mkgL

Tst o Ting, and Tyye o Inreturn, these three values can be used to obtain the curves of nye, and &y, as a function of
Xct (OF x4,). Figures 9.a and 9.b. show the curves for T, Tjy, ., and Ty, ¢, as well as the nyy — x. and &y — x,

curves. By having a specific state-of-charge, x. (or discharge, x;), this method can also be used to determine the

BTES inlet and outlet temperatures as well as the time required to achieve them without using hourly simulations.
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Figure 9: Evaluation of n,z — x. and &, — x. by using the results of the second method

Which of the two methods should be used is problem dependent. If the state-of-charge (or discharge) of the BTES and
the inlet temperature or heat exchange rate are known parameters, the first method is preferred. If the goal is to simulate
the performance of the BTES on an hourly basis or in response to a few successive pulses of charging (or discharging)
heat loads over long time periods, the second method is preferable. This is because evaluations have shown that the
first method is sensitive to small variations in n, and &, parameters over long time periods (or high values of x,.),
and nyp and &y vary very little over long time periods, so any inaccuracy in their values may significantly reduce the

accuracy of the results.

Once the necessary curves have been calculated, both methods are three to five times faster than running the DST
model in the TRNSY'S environment. Despite their ease of use and faster calculations, the proposed methods have
limitations. First, they require a certain overhead to obtain the necessary curves (Figure 3.b or 7.a and 7.b). Second,
even though curves have been developed for several BTES geometries in this paper, a more elaborate database is
required so that designers could iterate with various geometries in their designs. Finally, verification of the proposed

methods with a tool other than DST would be appropriate.
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Conclusion

This paper presents two simplified approaches for simulating the performance of BTES systems. Each method requires
two curves that are determined using numerical experiments performed here using the DST model, an established
BTES model. Once the curves are determined, it is possible to simulate various scenarios for the considered BTES
system. The curves required by the first model show the dependency of heat exchange (1) and heat storage (¢45)
efficiencies as a function of the state-of-charge (x.), whereas the curves required by the second method show the
variations of the non-dimensional average storage temperature (6,) and non-dimensional bore field thermal resistance

(Qfic1a) as a function of time.

The proposed methods are not dependent on the use of the DST model to generate the desired curves, and any
simulation model capable of simulating the performance of BTES systems can be used to determine the required
curves. It is also shown that the two models are inherently linked, and one can obtain curves for one method using the
results of the other method. Whenever required, temporal superposition is used to handle situations where the heat
supplied to the BTES changes with time. The two models are used in a series of cases. In one of the examples, it is
suggested that the design of a BTES could be carried out using three successive thermal pulses, similar to the procedure
for determining the ground heat exchanger length in a ground-source heat pump system. This would require very
simple calculations and would enable the rapid and accurate design of BTES systems. However, this requires
establishing a database of 85 and Q¢4 Curves (or nyz — x. and {5 — x, curves) evaluated for various BTES systems
with different thermal and geometrical characteristics. Using this database and iterating on different lengths or
borehole spacings, it would be possible to find a combination of design parameters that meet the minimum and

maximum constraints for outlet temperatures from the BTES system.
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Appendix A

This appendix examines the influence of some design parameters on both methods.

Supplementary material for the first method
Borefield characteristics

Results revealed that the buried depth (distance from the ground surface to the top of the boreholes) and the borehole
radius have a small effect on the n,z — x. and &4 — x. curves. This is because ambient and ground temperatures are
considered equal in the tests, so buried depth has no significant influence on the results, but if they were different, a
higher buried depth would improve BTES efficiency. In addition, despite the fact that the effect of borehole radius is
very small, it is observed that boreholes with a smaller radius provide slightly better heat exchange and storage

efficiencies.

The effects of borehole height and spacing are more significant, as illustrated in Figure A-1. In this figure, the base
case (shown by a solid black line) is actually the case presented in Figure 3. The other curves show the influence of
doubling (2B) or halving (0.5B) borehole spacing and of increasing borehole height by a factor of 2 (2H) or 4 (4H). It

can be seen that longer boreholes with dense spacing have higher efficiencies.
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Figure A-1: The effects of H and B on the n,z — x, and 5 — x, curves.
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Geometry and Fluid flow rate

Figure A-2 shows the effects of geometrical parameters, including the number of boreholes and storage volume, as
well as the fluid flow rate, on the nyr — x. and &, — x. curves. Similarly to Figure A-1, the “main problem”
represents the problem solved using the data in Table 1 and illustrated in Figure 3. The other cases are actually handled
by utilizing the identical values, with the exception of the parameter whose effects are being investigated, which is
multiplied by the values given in Figure A-2. Similar to the relationship between borehole height and spacing shown
in Figure A-1, a higher number of boreholes in a smaller storage volume, resulting in smaller spacings, has better
efficiency. However, the number of boreholes has a greater impact than storage volume since it influences both storage

volume and borehole thermal interactions. Figure A-2 also illustrates that fluid flow rate has a substantial effect on

the two curves, with smaller flow rates resulting in higher heat exchange and heat storage efficiencies.
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Figure A-2: The effects of n,, Vi, and m on the nyg — x. and &g — x,. curves.

Borehole thermal resistance

Figure A-3 shows the effects of borehole thermal resistance, fluid specific heat capacity, ground storage, and grout
thermal conductivities on the two curves in comparison to the main problem. It can be seen that the ground storage
thermal conductivity has the most influence on the two curves, while the grout thermal conductivity has the least.

Higher ground or grout thermal conductivities result in higher efficiency. However, larger values of borehole thermal
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resistance and fluid thermal heat capacity result in lower efficiency. This implies that to obtain highly efficient
boreholes, it is necessary to increase the thermal conductivity of the ground or grout while simultaneously decreasing

the thermal resistance of the borehole and the thermal heat capacity of the fluid. Finally, the fluid density and the

storage heat capacity have negligible influence on the two curves.
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Figure A-3: The effects of Ry, C,, k4, and kg, on the nyp — x, and &5 — x, CUrves.

Supplementary material for the second method

Borefield characteristics

In this section, the effects of bore field characteristics, including borehole spacing, borehole buried depth, and borehole
length and radius, on 6, and Q;,4 are investigated for charging and discharging modes. These comparisons are carried
out by considering a constant borehole thermal resistance of 0.1 m.K/W. Figure A-4 shows the effects of borehole
spacing. In this figure, the borehole spacing of the DLSC geometry is assumed to vary from 1 to 15 meters, with a
corresponding variation of the storage volume set at tn, H(0.525B)?% according to the DST model. In Figure A-4, the
results evaluated for the charging mode (from the BTES center to the periphery) are illustrated by solid lines, and the
ones evaluated for the discharging mode (from the periphery to the center) are illustrated by dashed lines. As can be
seen, the differences in the value of 6, in charging or discharging mode are not significant. However, the value of 6

increases significantly when borehole spacing is reduced. For example, for one-meter spacing, after ten years of
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operation, In(t/t,)=0.25, the non-dimensional average storage temperature 6,= 107.6, and by using Equation 10 for

a Q,.,.,=100 000, the corresponding average storage temperature is 71.2°C (= (107.6x100 000/(2mk ;*35%144))+15).

The value of Q.4 increases with borehole spacing, as shown in Figure A-4.b. This can be explained by the fact that
the difference between the average fluid temperature and the average storage temperature increases with increasing
borehole spacing. When the average of both modes is plotted, as was done for B = 1 (see dotted line), it can be seen

that the average value of Q.4 reaches a constant value after its peak.
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Figure A-4: The effect of borehole spacing on 65 and Q.4

In Figure A-5, the buried depth (D) is varied from 0.5 to 4.5 m. It can be seen that this affects 6, and Qy;¢;q Only for
long time periods. Similar to what was explained for the borehole spacing effect, by taking the average of the bore
field thermal resistance evaluated for charging (from the center to the periphery) and discharging modes (from the
periphery to the center), the “steady-state” bore field thermal resistance can be obtained, which is the one used in

calculations.
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559 Figure A-5: The effect of buried depth on 65 and Qy;e1q

560 Figure A-6 indicates the effect of borehole radius on 65 and Q.4 for the DLSC project. It can be seen that 6; is
561 independent of In(t/ts) up to a value of -2. Then, 6 values are lower for larger borehole radiuses, implying that the
562  average storage temperature is lower for larger boreholes. As for Q.4 (Figure A-6.b), an increase in the value of the

563 borehole radius leads to a decrease in the value of Qf;e1q.
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564 Figure A-6: The effect of borehole radius on 6, and Q14

565 Figures A-4 to A-6 are evaluated with 35-meter-long boreholes as installed at the DLSC project. Figure A-7 shows

566  the combined effect of changing borehole height and spacing. In this figure, the storage volume is assumed to change
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according to mn,H(0.525B)2, as indicated earlier, and the heat extraction rate per unit length of boreholes is
considered identical in each case (19.84 kJ/hr per m (5.5 W/m)). The goal is to examine if equal spacing to height

ratios, B /H, will result in similar average storage temperatures (6,) in the bore field as is the case for g-functions.
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Figure A-7 Combined effect of borehole height and spacing on 65 and Q¢4

By analyzing the results, it can be seen that 6, reaches its steady-state value over a longer period of time when borehole
height increases. In addition, cases that have an equal B/H ratio (two bottom curves) have identical 6, in the
beginning, but for long time periods, the average temperature for cases with larger spacing and height is slightly lower.
Marks have also been placed on Figure A-7.a to indicate when 20 years of operation have been reached for each
configuration. Thus, the difference in the values of 6, for identical B/H ratios starts to be significant after 20 years.
In contrast, in Figure A-7.b, it can be seen that Q.4 is significantly different even though the B/H ratio is the same.
The thermal resistance of the bore fields that have identical borehole height but different spacing is equal at short time
periods, but with increasing time, the bore fields with larger spacing get higher thermal resistance (compare 1- the
pink and red curves or 2- the light blue and black curves in Figure A-7.b). For the same borehole spacing, the average
of charging and discharging curves remains approximately equal (see 1-dark blue, 2- black, and 3- red curves), but by
increasing the borehole height, the average of charging and discharging curves moves in the direction of increasing

bore field resistance.
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Geometry and fluid flow rate

The effect of the BTES geometry is examined by comparing the results evaluated for three geometries of 6x2, 6x6,
and 12x6 (number of parallel branches x number of boreholes in series) with the ones obtained for the 24x6 bore field
used in the DLSC project. In this set of results, the heat load, geometry, and mass flow rates are scaled based on the
number of boreholes in the bore field so that the boreholes in all scenarios have the same heat load injection per length,

borehole height, and spacing.

Figure A-8 shows the 6, and Q.4 evaluated for these four configurations. For evaluation of these results, the 6, and
Qrie1q OF €ach configuration are evaluated individually for both charging and discharging modes, and then their
average is used for illustration. It can be seen that the 6, depends on the number of boreholes in the bore field, and
larger bore fields have higher 6, due to higher thermal interactions between boreholes. It can also be observed that
except for early time periods (<In(-9)~8.5 hours), the Q4 Of the three bore fields of 6x2, 6x6, and 12x6 is equal to
the 24x6 configuration. For the first few hours, the Q.4 Of the three bore fields is identical, and the source of their

difference with the 24x6 configuration in very early time periods is related to the DST model and the fact that it does

not report heat loss or heat stored rate variations in the short time periods.
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Figure A-8: a. 65 and b. Q.4 determined for 6x2, 6x6, 12x6, and 24x6 bore fields
A random charging-discharging ground load (shown in Figure A-9.a) is used to investigate how the average fluid

temperature of the 6x2, 6x6, 12x6, and 24x6 bore fields fluctuates over time (shown in Figure A-9.b). This load,
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which is evaluated randomly by (130000 + (sin(

2mt ) 65000
4X8760 2

)) X % kJ/hr (where t is the time step and n,, is
the number of boreholes), is evaluated first for the 6x6 bore field and then scaled based on the number of boreholes
in other bore fields and used for ten years of operation. These problems are also solved by the DST model. In Figure
A-9.b, the temperatures evaluated by the proposed method are indicated by dashed lines, and the ones determined by
the DST model are shown by solid black lines in the background. By looking at Figure A-9.b, it can be seen that the
average fluid temperature of larger bore fields is higher since the heat is better trapped in the storage. If these four

geometries are considered as four alternative designs, this method can be used to find the optimum design that satisfies

the minimum and maximum temperature limits.
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Figure A-9: a. Charging-discharging loads used for the 6x6 bore field, and b. the fluid temperature variations

determined for the four bore fields

Figure A-10 shows the effect of flow rate on the non-dimensional average temperature and the non-dimensional
resistance of the bore field. In this figure, the flow rate reported in Table 1 is multiplied by a constant ranging from
0.1 to 6 while keeping the borehole thermal resistance to 0.1 m-K/W. It can be seen that the change in flow rate has a
significant impact on both 8, and Q.4 for both charging and discharging modes. The reason is that the difference
between the fluid temperatures and the average storage temperature increases at lower flow rates. However, as the

flow rate increases, the difference between the charging and discharging curves becomes insignificant. For example,
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618  when the flow rate is increased by a factor of six, the curves for 8, and Q4 are essentially superimposed over the

619  full range of In(t/ts) values.
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620 Figure A-10: Effect of flow rate on 6, and Q14

621

622 Borehole thermal resistance

623 In this section, the effect of the borehole resistance, R, on the non-dimensional average storage temperature, 6, and
624  the non-dimensional bore field thermal resistance, (f;.4, is examined. Five values of borehole thermal resistance are
625  considered: 0.05, 0.075, 0.1, 0.125, and 0.15 m.K/W. The 6, and Qg4 curves, which are illustrated in Figures A-
626 11.a and A-11.b, are obtained by using the DST model for both charging and discharging cycles and by considering a
627 heat extraction rate of 100 000 kJ/hr (28 kW) and a borehole spacing of 2.5 m. The other characteristics of the BTES
628  are reported in Table 1. As explained, both 65 and Q.4 are independent of the heat exchange rates, so identical

629  graphs can be obtained with other heat exchange rates as long as they stay constant during the simulation.
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Figure A-11: Variation of a. non-dimensional average storage temperature, 6, and b. non-dimensional bore field

thermal resistance, Q.4 Curves, due to variation of the borehole resistance, R,

By looking at Figure A-11.a, it can be seen that the effect of borehole thermal resistance, R,,, on 6, starts around 1 <

In(t/t,), which is about four years, and this effect gets bigger with time. The BTES that have a higher R, have a

higher 8. The 6, of the BTES that has R,=0.15 m.K/W is about 2.5°C higher than the one with R,=0.05 m.K/W. This

shows that the BTES that have a higher borehole thermal resistance have a higher average temperature and lose less

heat. Figure A-11.b shows that the BTES with a higher R, have a higher Qy;.,4. The average of Q4 for charging

and discharging modes of the BTES with R,=0.15 m.K/W at In(t/t,) = 4.2, which is about 96 years, is approximately

4.05 (-), which corresponds to 0.38 m.K/W. The corresponding value for the BTES with R,=0.05 m.K/W is 0.28

m.K/W.
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642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Nomenclature

A
B
Cap

Cpst

E exch

Eext

Einj

gap

Storage surface area (m?)

Borehole spacing (m)

BTES thermal storage heat capacity (kJ)

Specific heat capacity per volume of the BTES (kJ/m?3-K)
Fluid specific thermal capacity (kJ/kg-K)

Borehole buried depth (m)

Cumulative exchanged energy with the storage (kJ)
Cumulative extracted energy from the storage (kJ)
Cumulative injected energy in the storage (kJ)
Cumulative energy losses from the BTES (kJ)
Cumulative energy losses from the bottom of the BTES (kJ)
Cumulative energy losses from the side of the BTES (kJ)
Cumulative energy losses from the top of the BTES (kJ)
Cumulative energy stored in the storage (kJ)

Borehole height (m)

Ground thermal conductivity (kJ/hr-m-K)

Gap thermal conductivity (kJ/hr-m-K)

Grout thermal conductivity (kJ/hr-m-K)

Pipe thermal conductivity (kJ/hr-m-K)

Bore field overall length (m)

Fluid flow rate (kg/hr)
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664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

Ny
Qexch
Q
Ql,b
Ql,s
Ql,to
Qmax

Qse

Rfield
p
Tp,in

7”p,out

Tamb

Tavg

Number of boreholes (-)

Fluid heat exchange rate (kJ/hr)

Total heat losses from the BTES storage (kJ/hr)

Heat losses from the bottom of the BTES (kJ/hr)

Heat losses from the side of the BTES (kJ/hr)

Heat losses from the top of the BTES (kJ/hr)

Maximum heat exchange rate (kJ/hr)

Internal heat storage rate of the BTES (kJ/hr)

Borehole thermal resistance (m-K/W)

Borefield thermal resistance (m-K/W)

Borehole radius (m)

Pipe inner radius (m)

Pipe outer radius (m)

Center-to-center shank distance (m)

Ambient temperature (°C)

Annual average temperature of the storage (°C)

Borehole wall temperature (°C)

Annual average temperature of the environment (°C)

Annual average temperature of ground (°C)

Inlet fluid temperature to the BTES (°C)

Outlet fluid temperatures from the BTES (°C)

Average temperature of the storage (°C)
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686 t time step, the annual time period (h)
687 tgap Gap thickness (m)
688 i Equivalent heat loss factor (kd/hr-m?-K)

689 Vg, Volume of the BTES (m°)

690  «x, State of charge (-)
691 x4 State of discharge (-)
692

693 Greek symbols

694  a, Ground thermal diffusivity (m?/day)

695 A Changes in time step (-)

696 At Time step duration (h)

697  Nporehole Borehole heat transfer efficiency (-)

698  npres BTES overall heat transfer efficiency (-)

699  Nyg Heat exchange efficiency (-)

700 6, Dimensionless effective borehole wall temperature in the bore field, g-function (-)
701 0rave Dimensionless average fluid temperature of the bore field (-)
702 ¢ in Dimensionless inlet fluid temperature of the bore field (-)

703 0roue  Dimensionless outlet fluid temperature of the bore field (-)

704 6, Dimensionless storage average temperature of the bore field (-)
705 &y Heat storage efficiency (-)

706  p Fluid density (kg/mq)

707 T Dimensionless time (-)
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708 ¢’ Normalized average heat extraction rate per unit length of borehole (kJ/hr-m)

709 Qg Dimensionless thermal resistance of the bore field (-)
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