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ABSTRACT

The accurate design of Borehole Heat Exchangers (BHE) fields in ground-coupled heat pump (GCHP) systems is crucial for ensuring long-term
performance. Traditional sizing methods, such as the ASHRAE method as modified by ASHRAE-T,s version, consider the annnal building heating
and cooling demand over a 10-year time horizon by applying the temporal superposition of 3 aggregated thermal pulses of different durations. The present
paper aims to clarify how the ASHRAE-T,s method could be adapted to be employed over a 25-year plant operation horizon. Temperature penalty
estimations are compared with "'real” precaleulated temperature response factors (g-functions) through the minimization of a suitable objective function.
Optimized constants for the present new ASHRAE-T,s method are derived, enabling its easy adaptation for the 25-year time period. Comparisons with
EED and GLLHEPRO commercial software results demonstrate the reliability of this improved method, with borefield length estimations accurate within
7% and 6% respectively. The results reported in the present paper lead to easily inferring the error in terms of overall length and borehole depth that would
be obtained by employing the design process proper of the 10-year reference period when the 25-year time horizon is considered. The methodology is in general
demonstrated to be applicable to different time frames.

INTRODUCTION

The long-term performance of a ground-coupled heat pump (GCHP) system relies on the accurate sizing of the
borehole heat exchangers (BHEs) field. Common commercial calculation software (Spitler 2000, Hellstrom and Sanner
1994) typically utilizes dimensionless pre-calculated solutions known as Temperature Response Factors (TRF) or g-
functions (Eskilson 1987) to describe fluid and ground thermal responses to the borehole field.

Research groups, led by Professors Spitler and Bernier (Yavuzturk and Spitler 1999, Bernier 2006, Cimmino and Bernier
2014), pioneered the use of thermal load aggregation techniques and temporal superposition methods. The widely
adopted ASHRAE method (ASHRAE Handbook 2015), proposed by Kavanaugh and Rafferty (1997), forms the basis
for sizing BHE fields. Unfortunately, comparisons between Eskilson’s g-functions and the ASHRAE method by Cullin
et al. (2015) revealed errors from -21% to 167%. Staiti (2014) found ASHRAE overestimating BHE size by up to 27%
compared to GLHEPRO (Spitler 2000). Design method selection and uncertainties in input parameters (e.g., ground
thermal conductivity, fluid temperature levels, borehole thermal resistance) can impact sizing by 14% to 27% (Staiti
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2014).

Fossa and Rolando (2015) and Fossa (2017) proposed a method for computing temperature penalty with an average
deviation of less than 10% around the true values line (i.e. extrapolated by TRF) while keeping the simplicity proper of
the original ASHRAE method. Furthermore, Fossa and Rolando (2015) found that the original ASHRAE method can
yield important errors in the BHE overall length evaluation with an average difference with reference to the right value
up to 40%. The modified ASHRAE-Ts method, as embedded into the free web app (GeoSensingDesign.org),
demonstrated to provide the correct BHE field overall length within 5% with respect to the reference monthly step
thermal loads calculations performed with EED and GLHEPRO for a wide range of monthly profiles and different
BHE field configurations (Fossa et al. 2023).

As confirmed by the most recent literature (Zhi et al. 2022, Zhang et al. 2019), the design methods based on the temporal
superposition of 3 aggregated thermal pulses and the temperature penalty T, suitably introduced to take into account
the thermal effects of multi-borehole configurations, are usually restricted to a 10-year life cycle for evaluating the
correct sizing of the BHE field such to guarantee the desired performance of the GCHP at its tenth year of operation.
On the other hand, relevant literature investigations by (Eskilson 1987, Kavanaugh and Rafferty 1997, Rybach and
Sanner 1999, Rybach and Eugster 2002) declare that the BHEs field should be sized for achieving the correct operation
for at least 30 years. In this regard, Kurevija et al. (2012) in their comparison between Eskilson’s g-functions and the
original ASHRAE method for one building in Croatia demonstrated that the ASHRAE method underestimates the
sizes when a 30-year design is carried out.

The updated ASHRAE-T},s method herein introduced extends the time horizon to 25 years, addressing the need for
BHE field sizing beyond the standard 10-year life cycle. The method allows setting the desired Coefficient of
Performance (COP) value for the 25-year ASHRAE horizon, striking a balance between engineering requirements and
the goal of achieving correct operation for at least 30 years. Example calculations, employing the updated ASHRAE-
Tps method with a 25-year time horizon, are presented. An easy comparison in terms of overall length and BHE depth
between the design process that considers the 25-year time horizon and the one related to the standard 10-year time
horizon can be inferred. The study, conducted on typical European building structures (according to the Tabula webtool
database, TABULA WebTool) with hourly heat load profiles from EnergyPlus (energyplus.net) simulations, includes
both Rectangular (R) and non-rectangular (Non-R) borehole configurations. The robustness and feasibility of the
updated method, applicable for future design guidelines, is demonstrated by comparing the results with those provided
by EED and GLHEPRO commercial codes. It is expected that it may be considered a new standard by the ASHRAE
Society (ASHRAE Handbook 2015) and adopted by the Italian standard UNI 11466 (Italian guidelines 2012) to ensure
properly sized GCHP plants for correct operation for at least 25 years.

THEORETICAL BACKGROUND

The standard triple-step sizing models consider the entire annual monthly step load profile shrunk into 3 contributions
over 10 years. These aggregated methods consider 3 representative thermal loads of the building obtained from houtly,
daily or monthly load profile information in heating and cooling and employ the Infinite Cylindrical Souce (ICS,
Ingersoll et al. 1954) solution (i.e. TRF) to tackle the Fourier problem, suitably corrected by the introduction of the
“temperature penalty” T} for a reliable description of the thermal response of complex geometry BHE fields considering
a 10-year life cycle, as described in detail in Fossa (2017). Among the classical analytical solutions of the heat conduction
equation related to an infinite source injecting a constant and uniform heat transfer rate per unit length ' into an
infinite medium, the ones related to the Infinite Line Source (ILS, Carslaw and Jaeger 1959, Ingersoll et al. 1954) and
1CS models for borehole heat transfer are the most used. The corrective T} variable is needed and introduced to suitably
account for the thermal interactions between adjacent boreholes related to 2D and 3D effects in the ground temperature
tield. The overall considered time horizon covered by the 3 thermal pulses and the related heat load proper of these
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aggregated methods in their standard form is 10 years of yearly load (Qy), 1 month of the most demanding monthly
heat load (Q,,), and a heat pulse 6 hours long corresponding to the most demanding daily heat load (Q,,) related to the

most demanding month. According to the original ASHRAE method, Eq. (1) allows the evaluation of the overall
borehole field length I (Bernier 2006):

{QyRy+QmRm+Qh(Rh+Rb)}
Tgr,c0=T f.ave (Tn)_Tp

L= ©)
Where R, is the borehole thermal resistance, R, R,, Ry are the thermal resistances [mK/W)] corresponding to the
dimensionless Fourier, Fo,, time intervals proper of the original method (Fo(r;) evaluated at t,= 10 years + 1 month +
6 hours, tm+»=1 month + 6 hours, 1,=6 hours) and evaluated according to the ICS model. The temperature penalty T},
can be expressed as a function of 4 main parameters (Fossa 2011) as:

QyAT

T,(L) = Thgy @)

Where in particular:
Al = % — G(ty,) is the error due to the use of the G temperature transfer function proper of the ICS solution

correspondingly to the time T, with respect to a “true” Eskilson-type borefield g-function (Eskilson 1987) able to
describe the thermal response of multiple, finite length, ground heat exchangers.

Worth noticing, one could use directly the g-functions with no need to rely on G and its correction T (Ahmadfard and
Bernier, 2014), provided that the full set of g-functions is available and the final geometry of the BHE field is already
known.

The above concepts have been discussed recently in the interesting book by Lamarche (2023).

The complete list of equations proper of the modified ASHRAE-Ts method is presented in detail in papers by the
present Research group (Fossa 2017, Fossa and Rolando 2015, Fossa et al. 2023) to which the Reader is addressed.
These equations, as well as the entire calculation structure, are also effectively employed in its updated version for
marking a 25-year time horizon, provided that the new constants from the optimal search process are employed (see
the next Section of the present paper for details). It is important to highlight that Fossa and Rolando (2015) proposed
a model based on the ILS solution (and its exponential integral function Ey) for obtaining a first estimation of the
auxiliary parameter they named 6g useful for computing the temperature penalty Tj. The Og parameter is evaluated
considering a basic geometry characterized by a central borehole surrounded by up to 8 neighbor ones in a regular
matrix arrangement and by applying the spatial superposition of temperature solutions related to 8 BHEs around the
central one as explained by Fossa (2017), where B is the distance among boreholes.

_ QylE1(Fo(tn,B))+E;(Fo(tn,BV2)]
- Tk gyL

Og ©)

The Og parameter is then refined with an additional formula that necessatrily takes into account the real BHE field
arrangement through constants obtained from g-function analysis. Thus, the temperature penalty T, of a generic BHE
field configuration can be expressed as:

T — Og(aN4+bN3+cN,+dN1)
p8 T

)

Ntot

Where:

N; is the number of boreholes surrounded by j other boreholes and automatically assigned (for details see Fossa 2017
and Fossa et al. 2023)

a, b, cand d are Tys coefficients (see Fossa and Rolando 2015)
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Ny is the total number of boreholes.

Since the total length of BHE field Lis present in Eq. (3) for the g computation, it is clear that the modified ASHRAE-
Tps method is an iterative procedure whose convergence value leads to the overall BHE field length L provided by
Eq. (1). The whole method marking a 10-year time horizon is embedded and available as a web application
(BHEDesigner8), completely for free, at www.geosensingdesign.org (GeoSensingDesign.org).

THE UPDATED VERSION OF THE MODIFIED ASHRAE-Trs METHOD

All the methods that involve modifications to the standard ASHRAE method, like the one proposed by Ahmadfard
and Bernier (2014,2018) and the one by Fossa and Rolando (2015,2017) consider a plant life span equal to 10 years. The
method herein proposed represents the natural development of the modified ASHRAE-T}s method by Fossa (2017)
and Fossa and Rolando (2015), the first that considers a time horizon of 25 years for sizing the BHE field. The overall
considered time horizon covered by the 3 thermal pulses and the related heat load decomposition proper of the Tps2sy
method (as shown in Figure 1) is 25 years of yearly load (Qy), 1 month of the most demanding monthly heat load (Q,,),
and a heat pulse 6 hours long corresponding to the most demanding daily heat load (Q,) related to the most demanding
month.

Qi ,
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Figure 1 The 3 heat transfer rates considered by the Tjs25, method Qv, Qm, Qh. The x-axis is not to scale.

The same Equations (1) to (4) proper of the method still apply while the new time reference 1, related to the new time
horizon is considered (1.=25 years+ 1 month + 6 hours). The computation of the R, thermal resistance is updated with
the Fo,, corresponding to the new reference t.. The new constants 4, 4, ¢, d to be adopted in Eq. (4) have been determined
via an optimal search process aimed at minimizing the overall gap between the temperature penalty Tjs 25, and the correct
The “true” value: the former has been calculated according to Eq. (4) by assigning initial default values to the constants
a, b, ¢, d, while the latter results from the 25-year Eskilson "exact" g-functions (Eskilson 1987). The approach has been
applied to a wide range of different borehole heat exchanger (BHE) field configurations (R and Non-R), The gap
minimization between temperature penalty parameters can be carried out since the F(a,b,¢d) objective function
expressing the average of the absolute values of percentage error of the Tjs.25 by Eq. (4) with respect to the reference
g-function T, “true” values (Fossa and Rolando 2015) by Eq. (2) has been identified:

1 <My |Tpg,j—Tpsz2sy,
F(a,b,c,d) = M_kzjzklw 5
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It is possible to obtain via optimal search analysis the constants @, b, ¢, d (4 optimized constants for the whole “My”
rectangular configurations and other 4 optimized constants for the whole “M\” non-rectangular ones) that minimize
the F(a,b,c,d) objective function as the dimensionless BHE spacing B/H change in the range 0.03<B/H<0.125 (B is the
center to center spacing between boreholes and H is the borehole depth). The R and non-R configurations considered
by the Tjs25, method herein proposed are those reported in (Fossa et al. 2023, GeoSensingDesign.org). In the optimal
search analysis, a reference BHE depth (Hrr) of 100 m has been considered in the g-function evaluation. As proposed
by Fossa and Rolando (2015), for BHEs with different depths the Tjs25y method considers the corrected Fourier number
Fo* to be used in the calculation of the E; function for Eq. (3):

H
Fo" = Fo(ty, R) - (/55 6)
Where R can be B or B2 ina regular matrix arrangement constituted by 8 BHEs around the central one.

The optimal search analysis has been applied separately to 135 rectangular (R) and 165 non-rectangular (non-R)
configurations considering 5 different dimensionless distances B/H. Table 1 and Table 2 show the obtained constants
for R and non-R configurations respectively. It is possible to interpolate the results for any B/H between 0.03 and 0.125
for R and non-R configurations.

Rectangular configurations

B/H 0.03 0.05 0.075 0.1 0.125

a 5.741 3.656 2.395 1.757 1.333

b 0.172 0.193 0.328 0.050 0.050

c 0.121 0.199 0.050 0.334 0.291

d 0 0 0 0 0
Table 1 Constants to be employed in Eq. (4) for Rectangular (R) configurations.

Non-Rectangular and slender Rectangular configurations

B/H 0.03 0.05 0.075 0.1 0.125

a 0 0 0 0 0

b 1.063 0.774 0.575 0.438 0.356

c 0.737 0.510 0.370 0.263 0.198

d 0.011 0 0 0 0.015

Table 2 Constants to be employed in Eq. (4) for non-R configurations.

In the next extended version of the present paper, the Authors are working to improve the method by calculating
additional constants for the subgroups pertaining to the non-rectangular family of BHE arrangements.

VALIDATION OF THE Tps,2sy METHOD AND DISCUSSION OF RESULTS

Dedicated examples of BHE field design calculations considering typical European building structures (by Tabula
webtool database) and hourly heat load profiles (by EnergyPlus simulations) are reported in the present section and
compared to the one provided by EED and GLHEPRO commercial codes to demonstrate the robustness of the Tys 25y
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method for extended time horizons (i.e. 25 years). Furthermore, the same example calculations, are employed for
comparing the results obtained on the standard 10-year time horizon and those obtained on the 25-year time horizon
in terms of overall BHE length and single BHE depth. Two typical European building structures are considered for the
present calculations among those reported in Fossa et al. (2023), according to Tabula webtool database; the hourly heat
load profiles are obtained from EnergyPlus simulations, and the design process involves both Rectangular (R) and non-
rectangular (Non-R) borehole configurations. In particular, the examples reported ate related to a typical Italian multi-
family house built in a historical period between 2006 and the present (Figure 2a), and a Swedish multi-family house
built in a historical period included between 1996-2005 (Figure 2b). Worth noticing, the Italian case is characterized by
a more balanced heat load profile (i.e. heating vs cooling) along the year.

A third example characterized by a BHE field serving 14 units of Italian multi-family houses is herein reported. This is
to force the algorithm to design an extended BHE field for which the Tjs 25, evaluation with the proposed method by
Eq. (4) incorporating the optimized constants could be more critical in comparison to the correct T, “true” value
calculated by Eq. (2) exploiting the“exact” g-functions.

The internal temperature of buildings is set to be maintained in the range 20-26°C all year long, for both the heating
and the cooling season. The monthly heat loads resulting from EnergyPlus simulations as outputs and the peak heat
loads in heating and cooling estimated according to the approach proposed by Cullin and Spitler (2011) are those
reported in Fossa et al. (2023) according to Appendix 1. For the third case characterized by 14 units of Italian multi-
family houses, the heat loads are multiplied by 14. The input data, building loads included, are the same for the 3 sizing
methods considered (i.e. Tys2s,, EED and GLHEPRO) and are reported in detail in Fossa et al. (2023).
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Figure 2 Hourly building thermal loads profiles and monthly total thermal load per unit usable floor area for an Italian (a) and
Swedish (b) multi-family house. Predictions from EnergyPlus simulations.

To compare the results and cover the same time horizon proper of the ASHRAE-Tjs 25, method, EED and GLHEPRO
simulations are run over 301 months (25 years and 1 month) and 6 additional hours of peak load so that the required
borehole length is found for a given minimum (or maximum) average fluid temperature Tj..(7,) which appears in Eq. (1).
In such a way, the monthly step software (HED and GLHEPRO) stops their search for the required length at the 301st
month. The results in terms of estimated BHE depths H and overall BHE field lengths L related to the BHE
configurations (R and non-R) characterizing the three specific cases are reported in Figures 3(a) and 3(b) respectively.
The estimated values by the three methods reported in Figure 3 refer to a time horizon of 10 and 25 years and to heat
loads pertaining to buildings and climates of Sweden and Italy.
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Figure 3 BHE depth H estimations from the present Tps method vs EED and GLHEPRO predictions (a). Overall BHE field
length L estimations from the present Tps method vs EED and GLHEPRO predictions (b). R and non-R configurations.

The results by the Tjs25, method in terms of BHE depth H and overall borehole field length I. can be easily compared
to the ones by EED and GLHEPRO as reported in Figures 3(a) and 3(b). From Figures 3 is easy to infer the error that
would be obtained by employing the design process proper of the standard 10-year time horizon when a 25-year time
horizon is considered for each specific case. In general, the agreement between EED and GLHEPRO is guaranteed
since they exploit the same g-functions. The percentage increase in terms of estimated BHE depth H and overall BHE
length L by Tjs 25y tends to be lower than the one computed by EED and GLHEPRO. The percentage difference error
between Tjs sy and commercial codes EED and GLHEPRO remains widely within 10% (in the range between 1.8%
and 6.7%). When referring to the 2x2 R configuration the results provided by the three methods (i.e. Tys2s,, EED and
GLEHPRO) in terms of estimated borehole depth H suggest that the standard 10-year horizon proper of the ASHRAE-
Tps method could be sufficient to cover a 30-year life cycle for a correct design of BHE field. This is because, for the
2x2 R configurations, the real g-functions and related T, “true” values as evaluated at the 10th and 25th year do not
change significantly. As a consequence, the difference in terms of estimated H as evaluated at the 10t and 25® year is
negligible for the 2x2 R configurations. For the BHE fields constituted by 10, 16, and 72 boreholes (Rectangular and
In-Line configurations), the difference in terms of estimated borehole depth H by the three methods referring to the
10 rather than the 25-year time horizon is higher. Also, the heat load profile and the borehole spacing have a role in the
10 to 25 year overall lengths; if the heat loads are balanced (i.e. the yeatly load small compared to its monthly
counterpart), or the boreholes are far enough apart and not packed in rectangular configurations, the two lengths move
to be similar. In general, moving from 10 to 25 years for the cases under consideration means as an average, an increase
of 3.4% on the overall BHE field length, being 5.5% the maximum increase in length based on the adopted input data.

CONCLUSIONS

In the present paper, an updated version of the modified ASHRAE-T}s method has been proposed in order to provide
a simple method to correctly design the BHE field for GCHP applications over a 25-year time window. The aim is to
offer to the community of technicians and engineers a direct method to be employed in a simple spreadsheet to
accurately design the BHE fields with a procedure similar to the one proper of the original ASHRAE method, without
needing of disposal of any pre-calculated g-function for each specific configuration. The Tjs25 method incorporates
parameters that refer to the 25-year time horizon and new optimized constants that minimize the objective function
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expressing percentage error of the Ts25 with respect to the reference g-function T, “true” values; 135 R and 165 non-
R BHE field configurations have been analyzed, also in terms of dimensionless BHE inter distance B/H. For the
validation of the robustness of the Tjs25, method for extended time horizons (i.e. 25 years), typical European building
structures and related monthly and peak heat loads have been considered. The results in terms of estimated borehole
depth H exhibit a percentage difference error related to the Tjsosy in the range 1.8 - 6.7% with respect to EED and
2.8 - 5.5% with respect to GLHEPRO commercial codes covering the same time window of 301 months.
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NOMENCLATURE

o thermal diffusivity [m?/s]

B = BHE spacing [m]

Eq exponential integral in ILS model [-]

Fo = Fourier number, Fo=at/x2 [-]

G = temperature transfer function in ICS model ||

g = dimensionless (multi BHE) temperature transfer function [-]

H BHE depth [m]/height if refetred to the structure/building [m]

& Thermal conductivity [W/mK]

L overall BHEs length [m]

N = number of boreholes

T pi constant [-]

Q = Heat rate [W]

r Radial distance/radius [m]

R = thermal resistance [mK/W]

T = Temperature [°C]

T, = temperature penalty [°C]

T time [s]

Os excess temperature, equation (3) [°C]
Subscripts

ave = average value

b = Dborehole

/= fluid

gr = ground

H = based on BHE depth

h = referred to 6 hours
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m = referred to 1 month

n = referred to 25 years (or 10 years)+1 month+6 hours
ref = reference length (100 m)
tot = total
T,s = referred to the Tps method
y = referred to 25 years (or 10 years)
o = undisturbed and initial condition
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