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ABSTRACT

Ground heat exchanger (GHE) is a critical component of ground-source heat pump systems.
One of the most common GHE types is borehole heat exchanger (BHE). The determination of
the required BHE length is influenced by many uncertain parameters, including the ground
thermal load, ground thermal properties, and BHE geometry. The ground thermal load is
influenced by the building loads and heat pump efficiency, which can vary widely. Spatially
averaged ground thermal properties inherently involve uncertainty. Furthermore, the
construction process for BHEs cannot be entirely controlled. The propagation of parameter
uncertainties throughout the sizing process results in a significant level of uncertainty in
estimating BHE length. Therefore, this study aims to quantify the contribution of each input
parameter to BHE sizing, elucidating their impacts on BHE sizing uncertainty. The results
exhibited that the 1-hour peak ground load and 720-hour-long peak ground load are the most
influential factors contributing to BHE sizing uncertainty. Consequently, the results suggest that
prioritizing uncertainty management of parameters related to ground load is essential to enhance
the reliability of BHE design.
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Keywords: Ground source heat pump, Global sensitivity analysis, Uncertainty quantification,
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Figure 2. Heating and cooling load profile of Small Office model
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Table 1. Input parameters of ASHRAE sizing method

F o)) 25 7

Symbol Meaning Unit
L, Required BHE length in heating operation m
Qg peak Hourly peak ground load in heating kW
Qg.an 4-hour-long peak ground load in heating kW
Qgm 720-hour-long peak ground load in heating kW
Qyy Annual average ground load in heating kW
R, Effective ground thermal resistance for a 4-hour-long heat pulse (m-Kyw
R, ., Effective ground thermal resistance for a 720-hour-long heat pulse (m-K)y/W
1, 10, Effective ground thermal resistance for a 10-year-long heat pulse (mKyw
Rb* Effective borehole thermal resistance (m-K)/W
T, Initial ground temperature °C
T; Mean BHE circulating fluid temperature °C
7, Penalty temperature °C
COP COP of heat pump -
ol I A
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48 BEY GAg] BEIAS AREs] 18] 4] (5)2] oktalE ¢l B
Hol& vhA(r,), 48 EF AAT&(k,)7 A4 %3%3(0 )oll =2+

&S v miEtulE o] BE Uk got Esh A e Bt AYATE
2 A0 8 B A S A ﬂléoﬂﬁ PSS gl o] Bebdsh e
AN AL 22l 2719t A= Table 301 foFTh

Table 2. Probability density functions for ground thermal load related parameters

Parameter [Unit] Uncertainty range Reference
Envelope U-value ~ Exteriorwall — Uniform (0.78, 0.94) ISO 9869-2 (2018)
[W/(m™K)] Attic floor Uniform (0.20, 0.24) ISO 9869-2 (2018)
Internal heat gain Occupancy Uniform (4.3, 12.9) Macdonald and Strachan (2001)
[W/n’] Equipment  Uniform (7.5, 14.0) -
Lighting Uniform (8.07, 13.45) -
Zone infiltration [1/h] Uniform (0.02, 0.32) Pettersen (1997)
Window U-value [W/(m?*-K)] Normal (3.24, 0.20) Hopfe (2009)
Window SHGC Uniform (0.39, 0.45) Wright (1995)
COP of heat pump Uniform (3.0, 4.3) Spitler et al. (2017)

Table 3. Probability density functions for effective ground thermal resistance related

parameters
Parameter [Unit] Uncertainty range Reference
BHE active length [m] Uniform (99.9, 100.1) Choi et al. (2021)
Borehole radius [m] Uniform (0.070, 0.085)  Choi et al. (2021)
Ground thermal conductivity [W/(m-K)] Uniform (1.8, 2.2) Choi et al. (2021)

Ground volumetric heat capacity [kJ/(m’*-K)] Uniform (1875, 3125) Choi et al. (2021)

R E9F GGl G2 vlA) = wietulelo] et B34S Tetoka A) 4yl e
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Table 4. Parameters for the global sensitivity analysis using the ASHRAE sizing method and
their uncertainty ranges

Parameter [Unit] Uncertainty range
Gy pear [KW] Uniform (21.6, 29.0)
Gy [KW] Uniform (13.1, 19.8)
Qg [KW] Uniform (1.9, 5.4)
4., [kW] Uniform (0.7, 2.3)
R, [(mK)yW] Uniform (0.108, 0.132)
Ry 4, [(mKyW] Uniform (0.7, 2.3)
R, [(mK)W] Uniform (0.18, 0.22)
R, 1, [(mK)y'W] Uniform (0.15, 0.19)
T, [°C] Uniform (3.8, 4.2)
7, [°C] Uniform (14.3, 15.7)
0.010
0.008
2 0.006
‘»
=
()
0O 0.004
0.002
0.000

360 350 400 450 560 550 600
Required length of BHE [m]

Figure 3. Probability density function of borehole heat exchanger design length
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