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Abstract

Ground coupled heat pumps are increasingly used for
HVAC systems. The difficulty in sizing and predicting
their behaviour and performance is well known. A
suitable simulation is often advisable to help in the design
choices. The code EnergyPlus is widely used in the field of
building simulation and, since it includes a routine deal-
ing with borehole heat exchangers, based on the well-
known concept of g-functions, it can be profitably used for
the considered purpose. On the other hand a numerical
tool, namely CaRM, based on a detailed finite difference
model of both the ground and borehole heat exchangers
has been developed. A comparison between the use and
the results of the EnergyPlus g-functions approach and
CaRM in ground subsystem modelling was carried out
with particular reference to an office building with quite a
critical unbalance between heat extracted from and heat

injected into the ground.

1. Introduction

EnergyPlus (U.S. Dept. of Energy, 2016) is a well
known computer simulation software widely used
for design analysis and certification procedures (e.g.
LEED). It allows for a detailed description of the
building characteristics and the analysis of several
HVAC systems.

Among these characteristics, the borehole ground-
coupled heat pumps are nowadays receiving
particular attention. An efficient computational
handling of the borehole field is not easy because of

the complex geometry and the strong significance of

Part of

its thermal capacitance. For this purpose, the rela-
tively simple and powerful technique of the “trans-
fer functions” has been adopted within the Ener-
gyPlus code to model the borehole heat exchangers
and calculate fluid temperatures and related energy
fluxes. For this approach a mathematical tool called
g-functions was introduced by Eskilson (1987).

The downloadable version of EnergyPlus includes
precalculated g-functions for only three cases of
borehole fields, namely 1x2, 4x4, 8x8 regular grids,
with 4.6 m spacing and 0.74 or 1.47 W/(m K) grout
thermal conductivity. The effectiveness of the
model drops dramatically as the considered charac-
teristics differ even slightly from the default ones.
A specific evaluation of the g-functions, for a given
design case, requires an external computer code,
and the commercial software GLHEPro (Spitler,
2000) by the Oklahoma State University, is sug-
gested in the EnergyPlus handbook. The latest ver-
sion of GLHEPro implements the simulation of the
whole geothermal system, as it includes the model
of the heat pump. The characteristics of the geother-
mal field can be specified in such a way to allow the
simulation with one hour or shorter time step, via
EnergyPlus or HVACSYM software. For vertical
boreholes the long time-step (LTS) g-functions
developed by Eskilson (Eskilson, 1987) using a finite
difference model, are used and a data base of 307
precomputed functions is included in the package,
and equation fits have been developed to approxi-
mate larger rectangular borehole fields. For short-
time step (STS) other g-functions (Yavuzturk and
Spitler, 1999; Xu and Spitler, 2006) are used to con-

sider the thermal capacitance of the borehole heat
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exchanger when a more detailed simulation is
required.

In the past, several researches have been carried out
to develop more accurate but less computer
time-consuming models. In the literature several an-
alytical models can be found for a simplified sizing
of ground heat exchangers, based on the infinite line
source (ILS) (Carslaw and Jaeger, 1959) or cylindri-
cal source, or finite line source (FLS) (Zeng et al,,
2002) concept. The latter was used by Cimmino
(Cimmino and Bernier, 2013) for a simplified calcu-
lation of g-functions, as an approximation of
Eskilson’s ones; this tool is available upon request.
As an alternative to the above mentioned solutions
it is possible to simulate the behaviour of the geo-
thermal field by resorting to numerical methods like
finite differences, finite elements, or finite volume.
These methods require higher computational time,
but they describe perfectly the field, as they repre-
sent a direct application of Fourier’s law. One of
such methods is CaRM (CApacity Resistance
Model) (Zarrella et al., 2011 and 2013a). With the last
release (Zarrella et al., 2013b), the entire ground
source heat pump system (i.e. both the heat pump
and borehole heat exchangers) can be simulated.
The prediction of the performance of the geothermal
system is useful for both the design and the energy
analysis of the borehole field. Each building
requires a specific design of the geothermal field be-
cause it has a different impact on the entire build-
ing-plant system. Additionally, it is important for
the geothermal system simulation to accurately
describe the real effect of a different solicitation,
e.g., long time and low amplitude or short time and
high amplitude.

The purpose of this paper is to compare the results
obtained from g-functions and a finite difference al-
gorithm. The comparison starts from a long-term
hourly profile of the heating and cooling load of an
office building, characterised by an appreciable un-
balance between the energy exchanged with the
ground in summer and winter. The same load pro-
file, estimated by means of EnergyPlus, has been

used in all the cases.
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2. Method

2.1 The g-functions

In the last decades, several design tools have been
developed to simulate ground heat exchangers. The
basic ones rest on some analytical solutions for line
source (Carslaw and Jaeger, 1959) and cylindrical
source (Ingersoll et al., 1954).

In the approach by Eskilson (Eskilson, 1987) the
borehole wall temperature is calculated by making
use of transient finite difference method; he pro-
posed dimensionless parameters, the so-called g-
functions, to describe the performance of a bore-
hole’s inhomogeneous ground. Each borehole field
configuration is represented by the corresponding
g-functions. For each time step the bore wall tem-
perature is calculated according to the following

equation:
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Eskilson’s model was implemented in the simula-
tion tools EED (Hellstrom and Sanner, 1994) and
GLHEPro (Spitler, 2000), where several configura-

tions of bore fields are considered.

These models are often not suitable to analyse the
borehole’s short-time behaviour. For example, in his
model Eskilson (1987) proposed to apply no varia-
tions of the heat extraction-injection rate on a time-

scale below the following limit:
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For a borehole in typical applications this time step
might lie between 2 and 6 hours. In many cases, this
may not be important since the time of interest is in
the order of months or even years. In some applica-
tions, short-time simulations of ground-coupled
systems are needed for a more accurate model deal-
ing with small time intervals (e.g. intermittent oper-
ation). Yavuzturk and Spitler (1999) analysed this
problem and they solved the numerical heat diffu-
sion problem in the ground by taking into account
the heat capacity of the pipe and the grout; their nu-
merical results were expressed in terms of short-
time g-functions. This method was then improved
by Xu and Spitler (2006) in order to decrease the cal-
culation time. In particular the borehole heat ex-
changer is modelled as one pipe with grouting ma-

terial, whose thermal properties are assumed in
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such a way to have the same borehole thermal
resistance making use of the multipole method
(Bennet et al., 1987).

Cimmino and Bernier (2013, 2014) analytically cal-
culated the g-functions using the finite line source
method (Zeng et al., 2002). Their approach considers
the position of the head of the borehole in the
ground and the heat rate can be different for the
boreholes of the field; however, as in Eskilson’s
model, the heat rate is assumed to be constant along
the borehole depth.

2.2 The CaRM Approach

The CaRM tool solves the Fourier’s equation of the
thermal field via a numerical way using the electri-
cal analogy. The most recent version of CaRM
(Zarrella et al., 2013a) gives a considerable improve-
ment on the first releases (De Carli et al., 2010). The
borehole heat exchanger and ground are discretized
with thermal nodes, and the heat balance equations
are based on these. The new version (Zarrella et al.,
2013a) calculates the heat exchange between the
heat-carrier fluid inside the boreholes and the sur-
rounding ground and also accounts for the axial
heat conduction within both grout and ground.
Convective heat transfer, temperature, and short-
long wave radiation exchange at ground surface are
also modelled. This approach allows the analysis
also of short-borehole heat exchangers that are gen-
erally placed where the ground temperature is
affected by near-surface effects. The model also con-
siders the shape of the borehole field. Fig. 1 outlines
the CaRM approach.

The model resorts to thermal resistances and capac-
itances in order to solve the unsteady state heat
transfer phenomenon. The ground is divided into
three main zones: the surface, the borehole, and the
deep zones (Fig. 1a). The adopted heat transfer
model varies depending on the zone being consid-
ered: one-dimensional heat conduction (i.e. along
the depth direction) is modelled in both the surface
and deep zones, while the heat transfer is in both the
radial and axial directions in the borehole (middle)
zone. For each thermal node (Fig. 1b-c) of the
domain, the heat balance equation is written. The
CaRM tool can investigate several types of borehole

heat exchangers: single and double U-tube, coaxial

pipes, helical shaped pipe, and also energy piles,
whose characteristics do not conform to the above
g-functions application and require a specific anal-
ysis (Zarrella et al., 2017). In CaRM the building load
profile is an input, and the tool calculates the
ground temperatures and the inlet and outlet heat-
carrier fluid temperatures of the boreholes for each

time step of the simulation.
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Fig. 1 — Scheme of the modelling approach of CaRM

3. Case Study

The building used as case study is located in the city
of Padova, in the north of Italy. It is a four-storey
office building with a total floor area of 2,200 m2.
Three floors are above ground and one level is
underground (Fig. 2, top). Approximately 90 people
work inside this building. The north and south
facades are completely glazed (the south is a dou-
ble-skin type). The west-side wall is opaque with a
large central window on the first two floors, while
the top west-side floor is fully glazed. The construc-
tion was completed in 2003 and the whole building
has been operational since 2004. A radiant and pri-
mary air HVAC system is installed: during the day-
time the air handling unit is on, whereas the ther-
mally activated radiant building system is switched
on during the night (Curro Dossi et al., 2003).

The heating and cooling demand of the building is

353



Angelo Zarrella, Roberto Zecchin, Diego Guzzon, Michele De Carli, Giuseppe Emmi, Michele Quaggia

provided by a 4-step water to water heat pump cou-
pled to 16 borehole heat exchangers, 95 m long and
7 m apart and arranged in an L-shape (Fig. 2, bot-
tom). The heat pump runs with refrigerant R407c
and is used for both spaces heating and cooling; its
capacities are 111 kW and 93 kW in cooling and
heating, respectively. The heat pump operates with
one temperature setpoint in heating mode, i.e.
35°C, and with two different setpoints in cooling
mode, i.e. 7 °C and 17 °C in daytime and night time,
respectively, to improve the energy efficiency when
no air handling is required.

The borehole heads are buried at about 1 m beneath
the ground surface. A double U-tube heat exchanger
was installed inside the borehole and the outside
(inside) diameter of the pipe is 32 mm (26 mm); the
borehole diameter is 140 mm. All the circuits (dou-
ble U-tube) inside each borehole heat exchanger are
coupled in parallel. The heat-carrier fluid inside the
ground heat exchangers is pure water with a total

constant mass flow rate equal to 5.56 kg/s.

Fig. 2 — North and West view of the building of the EnergyPlus
model (top) and plant of the real boreholes field (bottom)

On the building side, the total mass flow rate of
water (i.e. the heat-carrier fluid) is equal to 6.10 kg/s.
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The fluid mass flow rates in the loops were consid-
ered constant over the simulation time.

An equivalent ground layer was used to carry out
the simulations: the mean weighted thermal con-
ductivity was 1.9 W/(m K) and the volumetric heat
capacity was 2.24 MJ/(m?® K). The undisturbed
ground temperature was assumed to be 14 °C. The
area’s groundwater flow effect was considered neg-
ligible.

The heating and cooling demand of the building
was calculated by means of the EnergyPlus tool over
eleven years. To this purpose, real weather data
provided by the regional environmental agency
ARPAY for the weather station of Legnaro (at about
ten kilometers from the building) were used.

The energy model of EnergyPlus was built dividing
the whole building in 59 thermal zones, and for each
of them, the geometric and thermal properties of the
opaque walls, glazed surfaces, and solar shading
surfaces were assigned. Then, for each zone the
internal heat gains were set.

Fig. 3 shows the thermal loads of the heat pump.
The ratio between the annual heating and cooling
energy demand ranges from 0.56 initially, to 0.4 at
the end of the considered period. This confirms that
the building’s annual load profile is cooling domi-

nant.
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Fig. 3 — Synthesis of building load profile derived from hourly cal-
culations

4. Computer Simulations

The comparison between the models was carried
out considering the real layout of the borehole field
of the case study. Moreover, two other configu-
rations were assumed in order to make the compar-

ison more complete. In all the layouts considered,
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the total borehole length was kept constant and the
position of the boreholes was only modified. Table
1 reports the three cases investigated.

The heat pump was simulated considering the data
provided by the manufacturer. In particular the en-
ergy efficiency was calculated at each time step ac-

cording to the following equations:

Cooling mode:

T, . T. .
Qe _ 25473574 Luin |5 3973| Lsin |
Qc,ref T T

ref

. . 3
~1.5156 ViL -2.25 Vis )
V ret V ref

ref

T, T, .
_Power.  _ 4 5625 +1.4518| ~tin | 1 5.94g3] Lsin |
Powerc,ref Tref Tref
-3.125 V—L —4.125 V—S 4)
V ref V ref
Heating mode:
T, . T,
Qn 0.8125 —1.6888| =" | +8.6281| =" | —
h,ref Tref Tref
—2.8594 YL —3.7187 YS )
V ref V ref
T T,
_Power, 34375 + 6.1243[ﬂJ +1.4024[ﬂ] -
Powerh,ref ref ref
/ ' (6)
- 5.3125(\/;} - 5.1094( Vs ]

V ret V ref

where Tryris a fix value equal to 283.15 K.

Table 1 — List of simulations

Case Spacing Total
(m) length (m)

Case A - L shape (Real) 7 1520
Case B-Grid 4 x 4 7 1520
Case C - U shape 7 1520

The comparison between the models was carried
out in terms of the outlet temperature of the heat
carrier fluid from the boreholes, seasonal energy
efficiency of the heat pump, and seasonal

electrical energy consumption.

5. Results and Discussion

The computer simulations allow to determine sev-
eral parameters representing the behaviour of the
building-plant system. For the purpose of this work
the outlet temperature from the borehole heat
exchangers and the seasonal performance of the
heat pump (S-COP in heating and S-EER in cooling
mode) were chosen. In Fig. 4 the monthly average
outlet temperatures are reported for the three con-
sidered configurations of the borehole field; in par-
ticular for the L-shaped case, which is the real one,
also the values of the temperature measured and
recorded are shown. It can be seen that the agree-
ment is quite good over the full eleven-year period
for all the three approaches of ground heat heat
exchangers modelling. The actual temperature drift
due to the unbalance between heating and cooling
loads is well reproduced.

In Fig. 5 the calculated values of the S-COP and
S-EER of the heat pump are shown for the same
eleven-year period of simulation. The simulations
give evidence of an appreciable change in the effi-

ciency of the heat pump over the considered period.
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6. Conclusions

Having ascertained that the predefined default g-
functions included in the EnergyPlus original pack-
age are not suitable to handle the multiplicity of
possible cases, a specific method to determine such
functions should be adopted to perform a reliable
simulation. In this paper two calculation methods of
g-functions have been applied to a significant case
study of a real office building showing a multi-year
ground temperature drift. These two methods result
in more than reasonable agreement, and are in
agreement with the long term monitoring of the
building as well. Moreover a third method, CaRM,
based on the numerical time dependent solution of
Fourier’s equation applied to the ground field, has
been applied, starting from the same heating and
cooling loads calculated by EnergyPlus; also this
method shows consistency with the measured val-
ues of the ground leaving water temperature. It has
to be pointed out that the CaRM tool, being based
on the mere actual representation of the borehole
field, does not exhibit any limits of applicability, as
the other methods do due to their preliminary and
boundary assumptions. The only penalty is the need
to break into two parts the process of simulation.
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Nomenclature

Symbols
Thorenole Average borehole temperature (°C)
Ty Undisturbed ground temperature (°C)
q Step heat rejection pulse (W/m)
) Borehole radius (m)
T Time (s)

75=H%(90g)  Time scale (s)

Og Ground diffusivity (m?/s)

H Borehole length (m)

A Ground thermal conductivity
(W/(mK))

Q Heat pump capacity (W)

Power Heat pump electric power (W)

Vv Volumetric flow rate (m?3/s)

Tiin Load side inlet temperature (K)

Ts,in Source side inlet temperature (K)

S-COP Seasonal Coefficient Of Performance

S-EER Seasonal Energy Efficiency Ratio

Subscripts/Superscripts

i Index of a time step

n Number of time steps

ref Reference conditions

c Cooling value

h Heating value

S Source side

L Load side
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