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H I G H L I G H T S

• A design optimization strategy was developed for GSHP with integrated PVT collectors.

• A dimension reduction strategy was used to determine the key design parameters.

• The proposed strategy outperformed the two baseline design strategies.

• This strategy can be adapted to facilitate the design of other building HVAC systems.
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A B S T R A C T

This paper presents a model-based design optimization strategy for ground source heat pump systems with
integrated solar photovoltaic thermal collectors (GSHP-PVT). A dimension reduction strategy using Morris
global sensitivity analysis was first used to determine the key design parameters of the GSHP-PVT system. A
model-based design optimization strategy was then formulated to identify the optimal values of the key design
parameters to minimize the life-cycle cost (LCC) of the GSHP-PVT system, in which an artificial neural network
(ANN) model was used for performance prediction and a genetic algorithm (GA) was implemented as the op-
timization technique. A simulation system of a GSHP-PVT system developed using TRNSYS was used to generate
necessary performance data for dimension reduction analysis, and for the ANN model training and validation.
The results showed that the ANN model used was able to provide an acceptable prediction of the operational cost
of the GSHP-PVT system. In comparison to two baseline cases, the 20-year life cycle cost (LCC) of the GSHP-PVT
system studied can be decreased by 20.1% and 10.2% respectively, when using the optimal values determined by
the proposed optimization strategy. This design optimization strategy can be potentially adapted to formulate
the design optimization strategies for GSHP systems and other building energy systems.

1. Introduction

Ground source heat pump (GSHP) systems as one of the energy ef-
ficient and environmentally friendly technologies have been receiving
wide attention [1,2]. Solar photovoltaic thermal (PVT) collector is an-
other promising technology which can produce both electricity and
thermal energy simultaneously [3]. Appropriate integration of PVT
collectors with GSHP systems could result in an efficient system that
can provide cooling and heating as well as domestic hot water (DHW),
offset the need of grid electricity and alleviate ground thermal im-
balance.

A significant number of studies have been performed to couple solar
thermal collectors with GSHP systems and focused on the system

performance evaluation [4–8], optimal design and intelligent control
[9–13]. Recently, there was an increasing number of studies focusing on
the integration of GSHP systems with PVT collectors, among which
most of them were concentrated on the performance evaluation and
performance comparison of GSHP-PVT systems with conventional
heating and cooling systems under a given PVT collector area [14–18].
For example, Bakker et al. [14] simulated the performance of a GSHP-
PVT system in a dwelling with a floor area of 132m2 in the Nether-
lands. The results showed that a PVT collector with an area of 54m2 can
cover the heating demand and nearly all electricity demand of the
dwelling while keeping the long-term average ground temperature
constant. Entchev et al. [15] and Canelli et al. [16] investigated the
performance of a GSHP-PVT system to provide cooling, heating and
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DHW in load sharing applications in Ottawa (Canada) and Napoli
(Italy), respectively. The results from Entchev et al. [15] showed that
the GSHP-PVT system can result in an overall energy saving of 58% in
comparison to a conventional system with boilers and chillers. The
results from Canelli et al. [16] showed that, compared to a conventional
system, the primary energy savings of the GSHP-PVT system were
53.1%. Brischoux and Bernier [17] examined the performance of a
GSHP-PVT system for space heating and DHW heating. The results
showed that the coupled GSHP-PVT system, in which the PVT collectors
were cooled by the heat transfer fluid from the borehole, can provide
7.7% more electricity annually with a higher seasonal performance
factor in comparison to an uncoupled system. The results from these
studies demonstrated that the GSHP-PVT system can result in a better
energy performance in comparison to conventional heating and cooling
systems and stand-alone GSHP systems. However, the results from these
studies were highly dependent on the size of the PVT collector used.

Proper design of hybrid GSHP-PVT systems, however, has not been
extensively studied. To date, only a limited number of studies examined
the effect of key design parameters on the energy performance of hybrid

GSHP-PVT systems. Bertram et al. [19] investigated the key design
parameters, such as location, wind velocity, size of PVT collector and
total GHE length, on the energy performance of a hybrid GSHP system
with unglazed PVT collectors. Xia et al. [20] examined the influence of
the PVT collector size on the performance of a GSHP-PVT system in a
heating dominated residential building, and determined the optimal
PVT collector size for the case study building through an economic
analysis. However, there is no study in the public domain that has
optimally sized the whole GSHP-PVT system. The high initial invest-
ment of both GSHP and PVT collector makes the short-term economics
of such systems unattractive and the optimization of the key design
parameters of the GSHP-PVT system therefore becomes more im-
portant.

Artificial neural network (ANN) has been widely used to analyze
complex engineering problems [21,22]. The main advantage of ANN
models is that they can simulate multivariable problems with complex
relationships among the variables and can approximate the implicit
non-linear relationship between input and output variables by means of
‘learning’ with the training data [22,23]. Genetic algorithm (GA) is

Nomenclature

A1, A2 coefficients
Ac conditioned floor area of the building (m2)
Apvt total area of the PVT collector (m2)
B distance between boreholes (m)
C coefficient
Cb drilling and grouting cost per meter ($/m)
CEB electricity buy price ($/kWh)
CES electricity sell price ($/kWh)
Cma annual maintenance cost of the system ($/year)
Cop annual operation cost of the system ($/year)
Cp cost of U-tube per meter ($/m)
CPVT price of PVT collectors per square meter ($/m2)
D outer diameter of water tube (mm)
DC residual cost ($)
Econ annual electricity consumption of the system (kWh/year)
Egen annual electricity generation of the system (kWh/year)
EE elementary effect ($)
e coefficient
FR heat removal efficiency factor
f coefficient
G incident solar radiation on the PVT collector (W/m2)
hc overall convection heat loss coefficient (W/m2 K)
hr radiation heat loss coefficient (W/m2 K)
hw convection heat loss coefficient due to the wind (W/m2 K)
Hb borehole depth (m)
IC initial cost ($)
j number of design parameters
k number of elementary effects
kabs absorber thermal conductivity (W/m·K)
kins back insulation thermal conductivity (W/m·K)
kg grout material thermal conductivity (W/m·K)
Labs absorber plate thickness (mm)
Lb total borehole length (m)
LCC life cycle cost ($)
Lins back insulation thickness (mm)
Lp total U-tube length (m)
MC maintenance cost ($)
Mma annual maintenance cost per square meter ($/m2)
mpvt circulating fluid mass flow rate per PVT tube (kg/s)
Ng number of glass covers
Ns number of simulations
N number of time steps

Qu useful thermal energy (kW)
OC operation cost ($)
Pc probability of crossover
Pm probability of mutation
RC replacement cost ($)
r discount rate
rb borehole radius (m)
ro U-tube outer radius (m)
T temperature (K)
(UA)e edge loss coefficient – area product (W/m·K)
Ub bottom loss coefficient (W/m2 K)
UL overall loss coefficient (W/m2 K)
Ue edge loss coefficient (W/m2 K)
Ut top loss coefficient (W/m2 K)
VTK volume of water tank (L)
W water tube spacing (mm)
xc half shank space (m)
α absorptance
γ temperature coefficient
εg emittance of glass
εp emittance of PV plate
η efficiency
μ mean value of the elementary effects

′σ Stefan’s Boltzmann constant (W/m2 K4)
σ standard deviation of the elementary effects
τ transmittance
Δ increment

Subscripts

amb ambient
c cell
GHE ground heat exchanger
HP heat pump
in inlet
Pu pump
PVT photovoltaic thermal collector
mp mean plate
pv photovoltaic
r reference
TK tank
th thermal
WH water heater
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