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a b s t r a c t

For large-scale Ground Source Heat Pump (GSHP) systems, the numerous Borehole Heat Exchangers
(BHEs) are generally managed in units. The simultaneous operation of BHEs consume huge amount of
energy by operating water-circulating-pumps. However, such an operation condition may waste energy
when no peak thermal load is needed. Hence, operation management should be optimized according to
timely energy demand to ensure efficient performance with minimum maintenance.

In this paper, three operation conditions for a cooling load dominated GSHP system in China are
studied. First, specific ground conditions of the BHE field are investigated. The GSHP system operation
under intermittent heating and cooling conditions is simulated by Thermal Performance Test (TPT). In
order to examine performance of the BHEs and ground temperature migration, a numerical heat
transport model is developed. Modeling results indicate similar thermal performance of BHEs and
ground temperature disturbance among the three operation alternatives over a 25-year period. Finally,
economic performance and operating savings are analyzed. The optimized operation condition in which
the operating numbers of BHEs was designed with monthly energy demand of the building could save
around 25,000 CNY (~3000 EUR) annually.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Ground source heat pump (GSHP) systems have been developed
rapidly as a high efficient energy technology for heating and cooling
of buildings in the past decades [1]. Due to the remarkable ad-
vantages, GSHP systems are considered to be with great competi-
tiveness among all the current air-conditioning technologies [2]. A
vertical GSHP system consists mainly of three parts: borehole heat
exchanger (BHE), heat pumps (HP) and indoor units. However, the
performance could be dropped if the system is not properly
designed and planned. Seasonal imbalanced heating and cooling
load of the buildings induce often thermal accumulation in sub-
surface of GSHP systems [3]. Annually accumulative heat or cold
could reduce seriously the heat transfer efficiency of BHEs, further
decreasing thermal performance of GSHP systems. It becomes a
main reason to limit the wide application of GSHP systems in the

northern and southern regions [4]. In order to solve heat imbalance
problems, hybrid GSHP systems that coupled with assisted systems
including solar heater, cooling tower, air conditioning systems or
boiler have been developed [5].

The operation strategies affect largely thermal performance of
hybrid GSHP systems [6]. Hence, operation management should be
well planned to ensure efficient operation [7]. Recently, many
studies have been performed to study the operation strategies of
GSHP systems. Wang et al. [8], analyzed control strategies for a
hybrid GSHP system that was installed in the cooling dominated
climate in Oklahoma City (USA). A simulation-based study with an
intention to compare multiple common control strategies was
studied. The hybrid GSHP systemwas simulated considering a fixed
set point, outside air reset, load reset, and wet bulb reset by the
latest version of eQUEST (Version 3.7). The simulation results
indicated that the system has the excellent capability to fulfill the
cooling and heating set points during the occupied hours, and
balance thermal loads on the ground loop in the field. Jeon et al. [9]
analyzed the performance of a hybrid cooling system that combines
a screw water chiller with a GSHP unit under various cooling loads.
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The research indicated that the hybrid cooling system helped to
stably provide the required cooling capacity at high-load condi-
tions, even though coefficient of performance (COP) of the GSHP
system was lower than that of a conventional chiller in the moni-
tored building.

More specifically, for a GSHP system, thermal transport effi-
ciency of BHEs in the ground plays a vital role in system's efficiency
[10]. Thereby, operation of BHEs should also be examined carefully.
Guo et al. [11], reviewed the development of the hybrid ground-
coupled heat pump technology in China. Different types of hybrid
GSHP systems applied in China were discussed. The heat transfer
process of the underground thermal storage was studied by the
heat transfer model of vertical BHE for hybrid GSHP systems,
physical and mathematical models of multistage series circuits. A
set of parameters that affect the thermal performance of the BHEs
such as borehole spacing, heat recharging rate fractions and ther-
mal properties of soils were studied, and the optimal solutions
were discussed for practical application. Yang et al. studied inter-
mittent operation of BHEs for a hybrid GSHP system in Wuhan city
of China. Three different operating conditions including a contin-
uous operation and three different intermittent conditions of the
BHEs are studied. Results showed that optimal intermittent con-
dition relieved soil heat accumulation and reduced operating costs.
According to the mentioned previous studies, operation strategies
of BHEs are important to thermo-economic performance of GSHP
systems [12].

The existing literature studied influences of operation man-
agement on thermal balance of hybrid systems [13,14], or heat
transfer efficiency of BHEs by considering heat transfer mechanism
[15]. However, few studies conducted on examining operation
management of BHEs in accordance with the timely energy de-
mand of the buildings. For a large-scale GSHP system, there are
tremendous BHEs that are often managed in units. Thermal effi-
ciency, ground temperature migration and energy consumption
could be influenced largely by the operation strategies of GSHP

systems.
Based on the above analysis, this paper discusses operation

strategies of 596 BHEs for a large-scale hybrid GSHP system in
China. Seasonal thermal load is assigned to the BHEs according to
the field thermal performance tests and the rest energy demand of
the hybrid system is covered by an assistant air-conditioning sys-
tem, as it is shown in Fig. 1. Three different operation conditions are
designed for managing of the BHEs. Thermal performance of BHEs,
ground temperature migration and the operating costs for these
strategies of the GSHP system are analyzed. The system configu-
ration, geological setting, and experimental measurements of the
ground thermal properties by TPT are described in Section 2. In
order to study performance of BHEs with different operation al-
ternatives, a numerical heat transport model is developed using the
data obtained from geological field investigations and BHEs con-
figurations. The numerical results are analyzed and discussed in
Section 3 to evaluate the effects of these operation conditions.
Finally, the key findings of this study are provided in Section 4.

Nomenclature

CNY Chinese Yuan
BHE Borehole heat exchanger
GSHP Ground source heat pump
T Temperature (�C)
Io Modified Bessel function
Pe P�eclet number
G Generalized gamma function
Fo Fourier number
Q Power (W)
q Thermal exchange rate (W/m)
H Length of borehole (m)
r Radius (m)
t Time (s)
A Cross-section area (m2)
R Thermal resistance (m.K/W)
S Dimensionless sensitivity
W Water pumping rate (m3/s)
v Flow velocity (m/s)
d Diameter (m)
L Length for flow pass through (m)
K Hydraulic conductivity (m/s)
M Operating maintenance (CNY)
F Flux (W/m2)

p Price of electricity (CNY/kWh)
X Measurement
x Input parameter
m Slope of liner regression
O Output parameter of a system

Greek Symbols
rc Volumetric specific heat (MJ/m3.K)
l Thermal conductivity (W/m.K)
D Distance (m)
a Thermal diffusivity (m2/s)
d Root mean square error
F Coefficient of heat transfer (W/m2.K)
g Euler constant (0.5772)

Subscripts
inlet Inlet flow
outlet Outlet flow
f Fluid
o Undisturbed ground
b Borehole
eff Effective
ij Number i,j
wp Water-circulating-pump
im immobile constituents

Fig. 1. A schematic diagram of the hybrid Ground Source Heat Pump (GSHP) system.

J. Luo et al. / Energy 123 (2017) 340e352 341



https://isiarticles.com/article/94900

