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Abstract

Decarbonizing building energy use requires efficient heat pumps and low-impact geother-
mal exchangers. A novel standalone TRNSYS Type was developed for a patented shallow
horizontal ground heat exchanger (HGHE), called flat-panel (FP), designed at the Univer-
sity of Ferrara. Beyond simulating the FP in isolation, the Type enables coupling with
other components within heat-pump configurations, allowing performance assessments
that reflect realistic operating conditions. The Type was implemented in TRNSYS models
of a ground-source heat pump (GSHP) and of a dual air and ground source heat pump
(DSHP) to verify Type reliability and evaluate potential DSHP advantages over GSHP
in terms of efficiency and ground-loop downsizing. The performance of the system was
analyzed under varying HGHE lengths and DSHP control strategies, which were based
on onset temperature differential DT. The results highlighted that shorter HGHE lines
yielded higher specific HGHE performance, while higher DT reduced HGHE operating
time. Concurrently, the total energy extracted from the ground decreased with increasing
DT and reduced length, thus supporting long-term thermal preservation and allowing
HGHE to operate under more favorable conditions. Exploiting air as an alternative or
supplemental source to the ground allows significant reduction of the HGHE length and
the related installation costs, without compromising the system performance.

Keywords: shallow horizontal ground heat exchanger (HGHE); flat-panel (FP); TRNSYS
Type; dynamic simulation; dual-source heat pump (DSHP); switching strategies; ground-
loop downsizing

1. Introduction

Ground-source heat pump (GSHP) systems represent a well-established pathway
to reduce building energy consumption and emissions by exploiting the near-constant
temperature of the shallow subsurface as a low-grade heat source/sink [1]. Compared to
air-source heat pumps, GSHPs typically deliver higher seasonal performance factors in
heating-dominated climates and maintain efficiency under adverse ambient conditions.
Nevertheless, installation costs and site constraints, like those associated with drilling
deep boreholes or securing adequate trench space, significantly hinder the wider adoption
of this technology [2,3]. With the aim to reduce capital costs and foster the applicability
in urban contexts or in retrofit interventions where boreholes are impractical, shallow
horizontal ground heat exchangers (HGHEs) are frequently adopted [4]. Significantly

Energies 2025, 18, 6605

https://doi.org/10.3390/en18246605


https://doi.org/10.3390/en18246605
https://doi.org/10.3390/en18246605
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5265-4258
https://orcid.org/0000-0002-6996-1411
https://doi.org/10.3390/en18246605
https://www.mdpi.com/article/10.3390/en18246605?type=check_update&version=2

Energies 2025, 18, 6605

20f21

lower costs and simplified installation are achieved due to the shallow installation depth
of HGHEs. Nevertheless, the reduced depth also results in the utilization of seasonal
heat storage, so that the operational performance of HGHEs is strongly affected by local
climatic boundary conditions. This negative aspect, together with the spatial footprint
required by trenches and the thermal coupling achievable per unit trench length, can still
be limiting in high-density contexts [5-7]. To address this issue, a novel type of HGHE,
consisting of a flat-panel (FP) positioned horizontally and edgeways in a shallow trench,
was developed at the University of Ferrara (UNIFE) in 2012 and then patented (UNIFE
patent EP2418439A2) [8]. Conventional HGHESs have long relied on pipe-based geometries
arranged in one or multiple layers. FP departs from pipe-centric designs by using planar,
hollow panels oriented vertically within trenches typically 1-2.5 m deep. The panel aspect
ratio and wall contact create more uniform soil-collector coupling compared to sparse pipe
arrays and achieve the highest effective heat-transfer area per trench length. A detailed
description of its configuration and high performance is reported in Refs. [9,10].

In parallel, analytical and numerical modeling tailored to planar trench collectors
have been formulated to capture the three-dimensional conduction in the surrounding soil
and the FP geometry, thereby enabling more accurate seasonal predictions for FP-HGHEs
compared to adaptations of pipe-based models [11-13]. Literature includes comparative
system-level studies in which FP-HGHE:s are coupled to dual-source heat pumps (DSHPs)
or hybrid HPs, suggesting that smart source switching between air and ground can reduce
the required ground loop length while maintaining overall system efficiency.

DSHP systems allow heat extraction from the air or ground, depending on which
source is more favorable. DSHPs can mitigate long-term thermal imbalance in the ground,
protect soil temperatures from excessive drift, and reduce ground-loop length by shifting
the load to the air during periods of mild ambient conditions. This shift can lower first
costs while preserving, or even improving, seasonal performance relative to a pure GSHP
in certain climates and load profiles [14-16]. Consequently, the performance of these
systems strongly depends on the control strategy adopted. A large number of studies
have compared fixed temperature thresholds, temperature-difference-based switching, and
time-scheduled or optimized controls, often using simulation to balance instantaneous
COP against ground sustainability targets [17,18].

TRINSYS is a widely used transient simulation environment for building energy sys-
tems which employs ready-to-use component models, called Types, to simulate system
units [19]. For horizontal ground heat exchangers, Type 997 models multi-level horizontal
pipe arrays using a finite-difference conduction network and multilayer soil representa-
tion [20]. Differently, for vertical borefields, Type 557 implements the Duct Ground Heat
Storage (DST) model, a hybrid analytical-numerical formulation well-validated in GSHP lit-
erature [20]. These Types have underpinned thousands of design and research simulations,
enabling whole-system studies that include compressors, hydronic loops, control logic, and
building loads [21]. Nevertheless, no dedicated TRNSYS Type exists for FP-HGHEs, i.e.,
planar trench collectors with geometry-consistent heat-transfer modeling. Currently, the
only way to simulate them is to either approximate the FP using pipe-array Types (risking
geometry/physics mismatch) or rely on co-simulation with external CFD/FEA models,
which complicates parametric studies and routine design. Addressing this gap is essential
if FP-HGHE:s are to be evaluated on equal footing with established pipe-based configura-
tions in realistic duty cycles and with controller interactions. In passive-solar/dual-source
layouts, a tiered tank temperature plus an indoor hysteresis scheme realizes a three-stage
sequence (solar-direct — solar-assisted heat pump (SAHP)-water-source — air-source heat
pump (ASHP)) [22]. Complementarily, GSHP-ASHP composite studies advocate GSHP as
the base load with ASHP for peak-shaving under cold /mild periods, highlighting climate-
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responsive source allocation [23]. These insights motivate encapsulating the FP-HGHE
together with a GSHP into a single TRNSYS component, so that a controller-assembled
DSHP can plug in coupled to an ASHP branch under supervisory switching.

Against this background, a novel standalone TRNSYS Type was developed to simulate
the patented HGHE developed at the University of Ferrara. Beyond simulating the FP in
isolation, the key contribution of the Type is the ability to couple it with other units when
integrated in a HP system. The aim was to move from detailed component-level modeling
towards integration in plant systems, thereby allowing a more realistic assessment of its
performance in actual applications and under real-world operating conditions. Type 206
was implemented into TRNSYS models of both a GSHP and of a dual air and ground
source heat pump (DSHP), serving two purposes: (i) to verify the reliability of the modeling
framework, and (ii) to examine whether DSHPs can outperform conventional ground-
coupled systems by improving efficiency and allowing ground-loop downsizing.

2. Materials and Methods

The novel standalone TRNSYS Type 206 was developed to simulate the patented
FP-HGHE designed at UNIFE [8], which is characterized by the following dimensions: 2 m
(length) x 1 m (height) x 0.03 m (thickness). A detailed description of the FP and its high
performance is reported in Refs. [9,10].

Figure 1 shows a geothermal line composed of 3 FP units before installation in the
trench at the TekneHub laboratory at UNIFE, while a cross-sectional schematic of the FP-
HGHE installation in the trench, reporting the main significant dimensions, is illustrated in
Figure 2.

Figure 1. A geothermal line composed of 3 FPs before to be installed in the trench at the TekneHub
laboratory of UNIFE.

The study was conducted in two stages: the development of the novel standalone
TRNSYS Type 206 and its validation against the Matlab model (MATLAB R2014a) used
for its development and experimental data; and the implementation of the novel Type to
conduct a comparative analysis of the performance between a GSHP system and a DSHP
system. The Type was modeled and tested in TRNSYS18.
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Figure 2. Cross-sectional schematic of the FP-HGHE installation in the trench [24].

2.1. Development of the Novel TRNSY'S Type 206

Type 206 was developed in Fortran 2018 code (ISO/IEC 1539-1:2023) [25] based on the
Matlab model described and validated in Ref. [26]. Here, the analytical model provides
the accurate representations of heat transfer processes in the subsurface by predicting the
dynamics of thermal fields induced by FP-HGHEs. The model accounted for atmospheric
temperature fluctuations at the ground surface, an arbitrary geometry of FP-HGHEs operat-
ing in time-varying heating/cooling modes, and anisotropy and uncertain spatio-temporal
variability of thermal conductivity of the ambient soil. Green’s functions were used to
derive a general three-dimensional analytical solution of the problem with an arbitrary
source (FP-HGHE shape) and its two-dimensional application to FP-HGHEs. The valida-
tion of the model through the comparison with experimental data demonstrated its ability
to provide accurate fit-free predictions of soil-temperature fields generated by FP-HGHEs.
Furthermore, the study results showed that a single FP-HGHE may affect soil temperature
by several degrees at distances on the order of 1 m.

A scheme of the two-dimensional domain with an example of the node grid is illus-
trated in Figure 3a, where the x-axis corresponds to the horizontal direction (the ground
surface), the z-axis represents the vertical direction pointing downwards, and the red line
indicates the FP. The domain is discretized into a defined number of nodes where the
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temperature is computed. Some nodes (blue dots) correspond to the position of the FP,
whilst others (black crosses) are located at specific positions within the ground.

T // T

X X X X X
X X X X X
X X X X X
X X X X X

z Z
(a) (b)
Figure 3. Two-dimensional domain of the Matlab model (a) and of the TRNSYS model (b) [27].

The model also considers the main thermo-physical properties of the ground, the
position and geometrical features of the FP. Furthermore, the Matlab model takes into
account the power demand of the system connected to the FP, which is expressed in W
per-m? of heat exchange surface and per time-step. The model also assumes an external
surface temperature T,,; varying sinusoidally according to Equation (1):

27T
Tgxt:Tm—A*cos(ﬁ*(t—d)) (1)

where T, is the average temperature of soil in stable layer [°C], A is the yearly amplitude of
thermal oscillation at the ground surface [°C], 3%5 is the annual external surface temperature
frequency [1/day], t is the time of the year [day], and d is the coldest day of the year [day].
The model demonstrated a strong ability to predict the ground temperature distribution, as
shown by its agreement with the experimental data reported in Ref. [26].

Within the development of the novel TRNSYS Type, the two-dimensional domain
illustrated in Figure 3 was effectively simplified. In more detail, the domain was limited to
a subset of nodes, preserving accuracy and significantly reducing simulation time. Indeed,
the Matlab model was designed to resolve the temperature field across the entire ground
domain, whereas the TRNSYS model aims at evaluating the outlet temperature of the water
leaving the FP. Consequently, while the former required temperatures at all nodes, the latter
can be formulated using only the temperatures of the nodes located on the FP. Besides these
nodes, the domain of the TRNSYS model includes an additional, arbitrarily positioned
node which can be selected as an output to evaluate the ground temperature at a specific
position, as illustrated in Figure 3b.

Parameters, inputs, and outputs of Type 206 are reported in Table 1.

One of the key contributions of Type 206 is that it can simulate the patented FP and,
more importantly, simulate it coupled with components similarly to when it is integrated
in a realistic multisource HP system. For this reason, the inlet water temperature and flow
rate are provided as inputs to the Type (Table 1). At each time step, the TRNSYS Type
forms an initial guess of the heat demand following the logic reported in Figure 4. The
guess is based on the difference between the outlet temperature from the previous time
step and the current inlet temperature. The model then solves for all node temperatures
and obtains an updated outlet temperature. Using the current inlet-outlet temperature
difference, it computes a revised power demand and evaluates the error between this value
and the initial guess. If the error is below a prescribed tolerance, the Type returns the node
temperatures to the TRNSYS kernel and the simulation advances; otherwise, the procedure
iterates until convergence is reached. The number of iterations per time step is reported
among the outputs (output n.5 in Table 1), and it indicates how many iterations the Type



Energies 2025, 18, 6605

6of 21

requires to reach convergence. A cap of 100 iterations per time step is enforced. If this
limit is exceeded, the Type ceases iterating, uses the last computed power to solve for the
node temperatures, and issues a non-convergence warning to TRNSYS. If the number of
warnings in a simulation exceeds the TRNSYS threshold, the simulation is stopped (this is
standard TRNSYS behavior and is independent of the Type code). In addition, Type 206
implements further warning and error checks to prevent unreliable results: the simulation
is stopped if node temperatures diverge or if parameter and input values are inconsistent.

Table 1. Parameters, inputs, and outputs of Type 206.

Parameter Unit

1. Average temperature of soil in stable layer [°C]

2. Yearly amplitude of thermal oscillations at the ground surface [°C]

3. Specific heat of liquid stream [k]/ (kg-K)]

4. Soil thermal conductivity [W/(m-K)]

5. Soil density [kg/m3]

6.  Soil heat capacity [kJ/ (kg-K)]

7. FP depth [m]

8.  Height of the FP exchange surface [m]

9.  Total length of the FP exchange surface [m]

10.  FP node discretization [m]

11.  x-coordinate for temperature evaluation [m]

12.  z-coordinate for temperature evaluation [m]
Input

1.  Inletliquid temperature [°C]

2. Inlet flow rate [kg/h]
Outputs

1. Outlet liquid temperature [°C]

2. Outlet flow rate [kg/h]

3. Temperature evaluated in point [°C]

4.  Total power demand to the FP [kJ/h]

5. Number of iterations per time step [-]

2.2. Comparative Analysis with TRNSYS HGHE Type 997

Existing TRNSYS HGHE Types include the standard TESS Type 997 and Type 999,
which is essentially the multi-instance-compatible counterpart of Type 997. To evaluate
the performance of Type 206, a comparative analysis was conducted with Type 997. The
comparison was based on the equivalence demonstrated in [9], where it is shown that
under specific conditions, a FP-HGHE installed in a 1 m trench has approximately the same
behavior as a group of 8 straight pipes 1 m long installed in two parallel layers. The liquid
flows in the same direction in each pipe, going from a supply collector to an exit collector.

By comparing Type 206 with Type 997, we can assess the performance of the novel
FP-HGHE system against a well-established, benchmark model. This comparison also
allows for a more realistic evaluation of the FP-HGHE's potential in actual applications,
considering both the physical and geometrical similarities between the two systems.

Geometrical properties of the two components used for the comparison are reported
in Table 2, while the soil thermophysical properties and the external air properties are
reported in Table 3. A node discretization of 0.2 m was adopted for Type 206, while
4 nodes per pipe were considered on the horizontal pipes of Type 997. The analysis was
carried out over a 1-year period; a constant water flow rate was assumed, while inlet water
temperature and the external surface temperature were considered to vary sinusoidally
from 9 to 24 °C for the former, and from 5 to 27 °C for the latter.
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Start of timestep

Input reading:
Inlet Water Temperature A
Inlet Flowrate

!

Calculation of guessed power demand

Calculation of the temperature of each
node

Calculation of exiting temperature valve

Calculation of Power Demand at
timestep

Calculation of Power Demand error
(guessed power-calculated power)

Is the error
sufficiently small?

End of timestep
Figure 4. Simplified logic of Type 206 [27].

Table 2. Geometrical properties of the FP-HGHE and of the horizontal pipes considered in the
comparative analysis.

FP-HGHE

FP depth 0.5 [m]
Height of the FP exchange surface 1 [m]
Total length of the FP exchange surface 8 [m]
Horizontal Pipes

External diameter of pipes 0.027 [m]
Internal diameter of pipes 0.002 [m]
Number of pipe layers 2 [-]
Number of pipes per layer 4 [-]
Space between pipes (from center to center) 0.30 [m]
Depth of the first layer of pipes 0.55 [m]
Depth of the second layer of pipes 1.45 [m]
Length of pipes 8 [m]

Two outputs were compared, the outlet water temperature and the total power de-
mand, for four different values of water flow rate, i.e., 50 kg/h, 100 kg/h, 200 kg/h, and
400 kg/h. The results for outlet water temperature, illustrated in Figure 5a,c,e,g, show
little to no variation over the year across all flow rates. Maximum temperature difference
is equal to 0.6 °C. Conversely, since thermal power is proportional to the product of flow
rate and temperature difference, discrepancies in thermal power increase with flow rate.
Consequently, the minimal temperature offset can also translate into a significant power
gap at high flow rates (Figure 5b,d,f/h).
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Table 3. Parameters considered in both the Type and the Matlab model.
External Surface Temperature
Average temperature of soil in stable layer 16.3 [°C]
Yearly amplitude of thermal oscillations at the ground surface ~ 10.8 [°C]
Coldest day 15 [day]
Frequency 0.017 [1/day]

Soil physical properties

Density
Thermal conductivity
Heat capacity

1720 [kg/m3]
148  [W/(m-K)]
1.95  [K]/(kg-K)]

FP geometrical properties

FP depth

Height of the FP exchange surface

Total length of the FP exchange surface

1.5

[m]
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Figure 5. Outlet water temperature (a,c,e,g) and total power demand (b,d,f,h) from Type 206 and
Type 997 with a flow rate of 50 kg/h (a,b), 100 kg/h (c,d), 200 kg /h (e f), 400 kg/h (g h).

Type 206 and Type 997 were also compared under transient conditions involving step
changes in inlet water temperature and flow rate, while all other inputs and parameters
were held identical to those used in the previous analysis. The outlet water temperature
was evaluated as the response variable. Results for two representative step transient
tests reported in Figure 6 showed that, when varying either the inlet water temperature
(Figure 6a) or the flow rate (Figure 6b), Type 206 presented a continuity in the value of the
outlet liquid temperature, while the same parameter in Type 997 was characterized by a
step in the value.

12 1000
= — Tin —_ — Tout_Type 206 900
Tout_Type 206 o 11 Tout_Type 997
Tout_Type 997 [ Flow rate 800
210 700 =
é’_ o F= ~— 600 2
} 8 500
o«
L g ° 400 3
— i — | 15 3
s 5 300 @
)
g 200
6
© 100
5 0
400 500 600 700 800 150 250 350 450
Hours of Simulation [h] Hours of simulation [hours]
(a) (b)

Figure 6. Comparison between Type 206 and Type 997 during an inlet temperature step transient
(a) and a flow rate transient (b).

2.3. Validation Against the Matlab Model

To validate the new Type, the results produced by Type 206 were compared with those
of the Matlab model. The evaluation was conducted over the same period and case study
as in [26], in which the Matlab model was validated by comparison of its predicted soil
thermal field induced by a FP with experimental data. Measurements were collected at a
field site of the Department of Architecture of the University of Ferrara (Italy). A detailed
description of the FP design and operation is provided in Ref. [10].

The simulation period was from October 2nd (275) to April 30th (day 485). The
parameters considered in both the Type and the Matlab model are reported in Table 3.
Regarding the domain, a FP node discretization of 0.2 m was adopted in the Type, while
a square domain grid of about 10* nodes spaced 0.1 m in both the x and z directions was
employed in the Matlab model.
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Figure 7 illustrates the values of the external surface temperature as evaluated through
Equation (1) of the mathematical model [26], the first line of the Matlab temperature matrix
(which represents the surface), and Type 206 by setting parameters 11 and 12 (the x and
z coordinates for temperature evaluation) equal to 0. The results of node-temperature
profiles as functions of depth and time, computed with the Matlab model and Type 206, are
illustrated in Figure 8. For both the analyses, the results from the three models are in close
agreement, with negligible differences between them.

20 ®SURFACE TEMPERATURE (EQUATION)
SURFACE TEMPERATURE (MATLAB)

[X]

18
SURFACE TEMPERATURE (TRNSYS)

>

16

8

14

12

[X]

<}

[X

10

8
>

External surface temperature [°C]

[}

6

]
[X]

4
275 325 375 425 475

2nd/Oct 21st/Nov 10th/Jan 1st/Mar 21st/Apr
Days of simulation [days]

Figure 7. External surface temperature evaluated through the mathematical model, the Matlab model,
and Type 206 [27].

2.4. Validation Against Experimental Data

Type 206 was validated at the system level against the experimental data collected
from the monitoring of the small-scale prototype of the IDEAS system, installed at the
TekneHub laboratory of the University of Ferrara within the H2020 project IDEAS [28].
The prototype integrates a 6 kW water-to-water multi-source heat pump (MSHP) system
devoted to the air-conditioning of a small mockup building (40 m®). On the source side,
the MSHP is coupled with three main thermal sections exploiting the ground, sun, and
air. The geothermal section operates with three 6 m-long geothermal loops, each one
composed of 3 FPs (Figures 1 and 9). Different backfilling materials were used for the
three lines: sand (GHX1), a mixture of sand and paraffin-based granules (GHX2), and
cylindrical high-density polyethylene (HDPE) containers filled with hydrated salts (GHX3).
A cross-sectional schematic of the FP-HGHE installation in the trench backfilled with sand,
reporting the main significant dimensions, is illustrated in Figure 2. Each geothermal line
is equipped with a monitoring system including the following sensors, as reported in
Figures 2 and 9:

e  One Pt100 at the outlet of the line, to measure the outlet water temperature Tpy¢;

e  One Pt100 positioned at the center of the second FP, as temperature of the FP, T;,,;;;

e Two digital multi-point probes installed in the ground at different distances from
the FP line, one at about 0.20 m in correspondence of the trench wall, identified as
GHX_T}, and the other one at nearly 1.00 m, identified as GHX_Ty;

e  One flow meter measuring the water flow rate.
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Figure 8. Node temperature evaluated through the Matlab model and Type 206 for the 12th October,
21st November, and 31st December (a), and for the 9th February, 21st March, and 30th April (b) [27].
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Figure 9. Axonometric view of the IDEAS prototype, with focus on the three geothermal lines GHX1,
GHX2, and GHX3, and the monitoring system [24].

A detailed description of the IDEAS small-scale prototype is reported in Ref. [24].
For the comparison, a period of the heating season when only the geothermal line
backfilled with sand (GHX1) was operational was considered. Then, the TRNSYS model
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was configured for case reproduction in terms of layout and operating conditions. The
analysis focuses on three representative temperature outputs: the outlet fluid temperature
of the geothermal line T, the temperature measured at the center of the second FP T,
ie., at a depth of 2.00 m, and the temperature measured at a depth of 1.70 m, 1.00 m away
from the FP line, Tg17o.

The comparative analysis highlighted a strong agreement between the simulation
and experimental data across all the temperatures, with deviations consistently below
0.6 °C. Comparison between simulated results for outlet water temperature T, sim and
experimental data Ty, exp are illustrated in Figure 10a, reporting an average difference
of 0.33 °C. The small discrepancy confirms the reliability of Type 206 in reproducing the
thermal performance of the FP-HGHE at the system level, which is critical for energy
balance and control strategy assessments. The temperature measured at the center of the
second FP, T;,,;; exp, and the one measured at a depth of 1.70 m, 1.00 m away from the FP
line, Tg179 exp, were compared with the corresponding simulation results (Figure 10b), with
an average difference of 0.43 and 0.51, respectively. The slightly higher deviations observed
for Tyg and Tg170 may be due to local thermal disturbances related to the prototype, such
as non-uniform backfilling conditions, soil heterogeneities, or sensor tolerances.

14 -
= Tout €XP Tout Sim

12 -

10

Temperature [°C]

0 L L J
23/01/21 24/01/21 25/01/21

@)

14 -
_____ Ty170 €XD Tg170 Sim ———T,,,41; €xp Twan sim
12 -

......................
______________________

10 +

Temperature [°C]

0 1 L =]
23/01/21 24/01/21 25/01/21

(b)

Figure 10. (a) Experimental and simulated Ty, outlet water temperature; (b) experimental and
simulated T, temperature at the center of the second FP, and Tg179, temperature at a depth of
1.70 m, 1.00 m away from the FP line.
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2.5. Implementation of Type 206 in TRNSY'S Models of a GSHP and of a DSHP System

With the dual objectives of showing the reliability of the new Type at system level and
investigating the higher efficiency of DSHP systems over GSHP systems, Type 206 was
implemented in TRNSYS models of both a GSHP and a DSHP system.

Outdoor environmental conditions (like external air temperatures, solar radiation,
etc.) continuously acquired by the weather station [29] installed outside the TekneHub
laboratory of the University of Ferrara for the year 2024 were used to generate the weather
data file used by Type 15, the weather data processor. The hourly heating load profile of
a 100 m? apartment in a 1980s building located in Ferrara and evaluated according to the
outdoor air temperature profile of the year 2024 was used to inform Type 9a, the data reader
for generic data files. The simulation period considered was the heating period defined for
climate zone E, to which Ferrara belongs according to the national framework, i.e., from
October 15th to April 15th. Peak load and total energy demand were equal to 7.9 kW and
11.5 MWh, respectively.

The GSHP system model (Figure 11) consisted of a water-to-water HP (Qheaﬁng =9 kW)
simulated with Type 927, and of a user loop and a source loop. On the user side,
Type 534 was used to simulate the 500 L user tank, which was equipped with 2 ports.
One inlet/outlet port was connected with the HP, with a water mass flow rate of
640 kg/h, while a second port was connected with the user pump on the user side, with a
load-modulated mass flow rate to provide space heating. Control of the HP operation was
carried out via a differential controller with hysteresis (Type 2b), where setpoint tempera-
ture of the outlet water on the user side was set equal to 45 °C with an upper and lower
dead band temperature of 5 °C and 0 °C, respectively. Accordingly, the HP was turned on
whenever the user tank needed to be recharged to the seasonal target temperature. On the
source side, the HP was connected with the 500 L source tank equipped with 2 ports as well
(Type 534); one inlet/outlet port provided water to the HP through a pump, activated ac-
cording to the HP. The second inlet/outlet port was connected to the geothermal field. The
pump GHX positioned on the outlet port of the source tank provided inlet water to 6 lines of
7 FPs (Type 206) per line in parallel (with a total number of 42 FPs, equal to a total length
of 84 m of geothermal line); outlet water was connected to the source tank on the top
inlet port. Control of the pump GHX was carried out via a differential controller with
hysteresis (Type 2b), where the setpoint of the average water temperature of the source tank
(Tst) was set equal to 10 °C with an upper and lower dead band temperature of 2 °C and
2 °C, respectively. Therefore, the pump GHX was activated when the average temperature
in the source tank fell below 8 °C and was turned off when temperature exceeded 12 °C.
Furthermore, the control strategy was configured to charge the source tank under favorable
ground conditions: the pump GHX was activated when ground temperature T, exceeded
the average tank temperature Tst by at least 1 °C, i.e., T > (Ts7 + 1) (the same control rule
was adopted with outdoor air temperature in the DSHP system). Both control rules are
subject to the constraint that Ty and the outlet temperature from the source tank Tst o, are
greater than —2 °C (i.e., TsT oyt > —2 °C).

The TRNSYS model of the DSHP system (Figure 12) was composed of the same
components as the GSHP one, integrated with the possibility to exploit the air source when
more favorable conditions than the ground were available. The air heat exchanger (10 kW)
was modeled in TRNSYS as a black box governed by a system of equations where the e-NTU
method for heat exchangers was solved for a fixed heat exchanger. The same modeling
approach had been implemented and validated by UNIFE to calibrate the TRNSYS model
of the IDEAS multisource HP system with experimental measurements within the H2020
project IDEAS [28]. A comprehensive description of the work carried out is reported in
Ref. [24].
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Figure 12. TRNSYS model of the DSHP system.

With regards to the control strategy, the ground source was used when the outdoor air
temperature Tj;, was below 5 °C, T;, <5 °C, to avoid frosting conditions under cold and
harsh climates, and when the ground temperature T, exceeded outdoor air temperature
T,y by an onset temperature differential DT, i.e., Tg > (T; + DT). The operating condition
for which Ty > —2 °C had to always be satisfied to avoid the frosting of the working fluid
within the FP. In all other conditions, the DSHP exploited the air source only. The control
strategy also included a switching delay to prevent frequent transitions between the sources.
A minimum time, equal to 20 min, was imposed, during which the system must remain in
the current operating state before switching the energy source again. Furthermore, a £1.0 K
hysteresis was implemented around the air temperature setpoint (5 °C) and around the DT
value considered to switch between the air and ground source. In addition, a non-centered
hysteresis band of +1.5 K around the ground temperature setpoint (—2 °C), i.e., ranging
from —2.5to —1 °C, was adopted to avoid the frosting of the working fluid when switching
to the ground source. Regarding the response time of the actual controller, because this
parameter is typically shorter than 1 min while the adopted simulation timestep was
10 min, it was not considered in the model, as its impact on the system’s long-term energy
balance is negligible.
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3. Simulations

Depending on the control logic, a DSHP draws heat from the ground, while a con-
ventional outdoor air unit is engaged as an alternative sink/source for heat rejection or
extraction. Consequently, the ground heat exchanger can be sized smaller than in a GSHP,
leading to notable savings in installation costs. Within this framework, a comparative
analysis has been carried out between a GSHP system and a DSHP system modeled in
TRNSYS, under different operating conditions.

A HGHE field composed of 6 lines, each comprising 7 FPs in parallel (42 FPs in to-
tal), equal to a total length of 84 m of geothermal line, was adopted as the reference
configuration. To explore leveraging DSHP benefits to shorten the HGHE line, four
shorter total lengths were analyzed for the DSHP system, besides the reference case: 70 m,
56 m, 42 m and 28 m, corresponding to line length reduction of 17%, 33%, 50%, and 67%,
respectively. The parameter SL, surface-to-length ratio, was defined to relate the required
GHX length to the building floor surface, and thus to the heating demand. According to
the configurations mentioned before, five values were considered, SL = 1.2 (reference), 1.4,
1.8,2.4, and 3.6.

Furthermore, the effect of ground-source utilization intensity on overall system perfor-
mance was also examined. The operating strategy adopted for the DSHP, which allowed the
use of the ground when the ground temperature Ty exceeded the outdoor air temperature
T,ir by an onset temperature differential DT, was explored by considering six different
values of DT: 0, 2, 4, 6,8, and 10 °C. Higher DT values result in reducing the DSHP system
runtime, yet largely preserve the ground resource, potentially improving its instantaneous
advantage over to the air source when activated.

The study included a total of 31 cases analyzed: 1 reference configuration, represented
by the GCHP, and 30 scenarios for the DSHP system.

4. Results and Discussion

The total energy extracted from the ground by the different HGHE configurations
(identified with the parameter SL) in relation to the DSHP operating strategy (based on the
DT value) is reported in Figure 13, whilst the specific energy extracted per m of HGHE line
under the different DT is reported in Figure 14. The analysis of the results achieved for DT
values lower than 6 highlighted that, for the same SL ratio, no differences were observed
compared with those obtained at DT = 6. Therefore, only the results for DT > 6 have
been reported.

= 230
E 200 |- —o—DT6 ——DT8 —»—DT10 A GSHP
= A
'§ 210 -
© 200 F
5
g 190 |
g 180
§ 170 -
% 160 |
X 150 ©
g 140
130 : : : s :
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w 1.2 1.4 1.8 2.4 3.6
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Figure 13. Total energy extracted from the ground in relation to SL and DT.
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Figure 14. Specific energy extracted from the ground in relation to SL and DT.

According to the defined control rule for the DSHP system, the ground is exploited
when its temperature exceeds the outdoor air temperature by the onset differential DT
(T — Tair > AT). However, outdoor air temperature is the fast-varying driver of source
switching in winter, whereas ground temperature changes slowly. For this reason, the
study focused on periods covering a broad outdoor air temperature range. Analysis of
the weather data monitored during the year considered, i.e., 2024, highlighted the fourth
week of January as the most representative of the winter period. Indeed, it simultaneously
covered the operative winter temperature spectrum, ranging from the lowest values of
outdoor air temperature reached during the winter in 2024, equal to —3 °C, up to the
highest values of about 19 °C. In addition, the selected week in January presented the high
heating-degree conditions that make performance differences under the various DT most
visible. Finally, it yielded frequent transitions between air and ground, enabling a clearer
comparison of the defined control strategies.

Analysis of the results of the total energy extracted from the ground highlighted that
lower values were achieved by higher values of SL, i.e., by shorter HGHE lines, as is
obvious. Furthermore, due to the reduced operating times defined by higher values of DT,
the energy extracted by the same line decreased accordingly.

Differently, the specific energy significantly increased for higher SL ratios, as the length
of the line was reduced considerably from the reference case, up to 67%. Additionally,
for the same HGHE line, the energy variations associated with different operating times
are initially small at low SL and become larger with increasing SL; that is, with shorter
HGHE line length. With regards to the reference case represented by the GSHP system,
characterized by a SL ratio of 1.2 (HGHE line of 84 m), it allowed the extraction of about
15% more energy than the corresponding DSHP configuration with DT = 6. Nevertheless,
the specific energy of the same reference case was drastically lower compared to the values
achieved by shorter HGHE lines in the DHSP system. A line with SL ratio = 3.6 allowed the
extraction of about 93%, 120%, and 142% more energy per m of HGHE line when adopting
an operating strategy with DT = 10, 8, and 6, respectively.

The values of heat extraction power and specific heat extraction power for the different
HGHE configurations in relation to the DSHP operating strategies are reported in Figure 15
and in Figure 16, respectively. Similarly to the trend observed for the energy, the power
extracted decreased according to the length of the HGHE line. Higher values of power
for higher DT were observed when the same HGHE length was considered, due to the
lower operating times. Conversely to the trend of the energy extracted, the power achieved
by the reference case with the GSHP system was 5% lower than the corresponding case
(SL=1.2 and DT = 6), always due to the higher operating time. Taking into account the
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specific heat extraction power, it increased for higher SL ratios and especially in relation
to the highest values of DT. Once again, for the same HGHE line, energy differences due
to changes in operating time were modest at low SL ratios and increase progressively as
SL rises. Considering the specific heat extraction power of the GHSP reference case, a
considerably higher increase than that observed for the specific energy was ensured by
the case with SL ratio = 3.6. Indeed, the 28 m HGHE line in the DSHP system allowed
extraction of a specific power approximately 232%, 245%, and 272% higher than the one
achieved with the GSHP reference when adopting an operating strategy with DT =6, 8,
and 10, respectively.
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Figure 15. Heat extraction power from the ground in relation to SL and DT.
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Figure 16. Specific heat extraction power from the ground in relation to SL and DT.

Considering the influence of the parameters SL and DT on DSHP performance, it
was observed that the total energy extracted from the ground decreases as DT increases.
This enhances the long-term thermal preservation of the ground. In contrast, the heat-
extraction power increases with DT, which is representative of the operating time of the
HGHE line. Moreover, as the SL ratio increases, i.e., as the HGHE length required per-m?
of building area decreases, the average heat-extraction power rises markedly, as does the
specific energy obtained from the ground. Consequently, the operating time of the GHX
loop decreases as SL and/or DT increase.

5. Conclusions

A novel standalone TRNSYS Type has been developed to simulate a patented horizon-
tal ground heat exchanger (HGHE), called Flat-Panel (FP), designed at the University of
Ferrara. Besides the capacity of simulating the FP itself in isolation, the key contribution of
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Type 206 consisted of the possibility to couple it with other components when integrated
in a HP system. The objective was to go beyond detailed component-level modeling to-
wards its integration in plant systems, in order to enable a more realistic assessment of its
performance in actual applications.

The Type was integrated in TRNSYS models of a ground source heat pump (GSHP)
system and of a dual air and ground source heat pump (DSHP) system, (i) to verify the
Type reliability, and (ii) to investigate the potential benefits of a DSHP over conventional
GCHPs in terms of higher efficiency and size reduction. The performance of the system
was analyzed under varying HGHE lengths and DSHP control strategies.

The simulation results demonstrated that shortening the HGHE line substantially
increases the specific performance of the ground loop, while the DSHP control with higher
onset temperature differential DT reduces the HGHE operating time. The total energy
extracted from the ground decreases with increasing DT and with shorter lines, thus
supporting the long-term thermal preservation of the ground source.

By leveraging air as an alternative or supplemental source when conditions are favor-
able, DSHPs enable significant reductions in HGHE length and associated installation costs,
while maintaining system performance. Using the air heat exchanger as a complementary
extraction/rejection unit also helps preserve the ground source and allows the HGHE to
operate under more favorable conditions.

Limitations of the present study include the assumptions regarding the external
surface temperature, which is considered to vary sinusoidally, and the actual surface
thermal boundary conditions such as rainfall, snow cover, and vegetation coverage, which
are not taken into account in the model. For this reason, future work will explore the impact
of these factors to refine the simulation results and improve the model accuracy.

Moreover, future developments of the study will include a comprehensive analysis
carried out throughout multiple years, to consider the thermal performance both during
the heating and cooling season, with the aim to evaluate the long-term sustainability of
the system and the effectiveness of the adopted control strategies. Among the aspects
considered in this study, which are aimed at preventing potential ground thermal depletion
or soil thermal imbalances, particular emphasis was placed on the proper sizing of the
geothermal source, to avoid undersizing the ground loop and imposing high thermal loads
per meter that may cause pronounced local cooling and long-term performance degradation.
Equal importance was given to an appropriate spatial distribution of the FP-HGHE:s lines,
achieved by adopting sufficient spacing between trenches to limit thermal interference
(3 m were also maintained in small-scale and large-scale prototypes of the IDEAS system
installed in Ferrara). On the building side, a thermal storage tank was adopted to smooth
short-term load fluctuations and enhance overall system performance. Finally, the primary
objective of the work was limiting the operating hours of the geothermal loop so that the
ground was used only when it was genuinely advantageous, with priority given to more
disposable sources, such as ambient air, whenever outdoor conditions were favorable.

In addition, future work over multiple years will consider the implementation of
geothermal free cooling during summer, thus contributing to the seasonal thermal rebal-
ancing of the ground and mitigating long-term temperature drift; the integration of an
additional heat source, such as solar energy; or, alternatively, the exploitation of other
available waste-heat sources for ground regeneration. In more detail, the integration of
the DSHP system with solar energy and the successful thermal recharge of the ground
through PV /T panels during the cooling period was one of the performance results of the
small-scale and large-scale prototypes of the IDEAS system installed in Ferrara within the
H2020 project IDEAS, as reported in Ref. [24].
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Against this background, the study will extend the validation of the TRNSYS Type
at system level. The verification will be based on data collected from the multi-year
monitoring of the large-scale prototype of the IDEAS system installed in Ferrara. The
prototype includes a multi-source HP (MSHP) that exploits the ground, sun and air. The
geothermal loop consists of 7 lines comprising a total of 41 FP-HGHESs, with a total ground
loop length of 82 m. The prototype has been in continuous operation and monitoring
since the beginning of 2022, and its performance dataset includes seasonal heating and
cooling cycles. The system-level experimental verification plan will include the steps
reported below.

e  TRNSYS model configuration for case reproduction: the TRNSYS system-level model
will be configured to replicate the actual geometry, boundary conditions, and opera-
tional parameters of the IDEAS prototype (number of FPs and their arrangement in
lines, control logic, weather conditions for each season, etc.).

e  Validation metrics and comparison: the model outputs will be compared to experimen-
tal data in terms of outlet temperature of the ground loop and of the MSHP; ground
and storage tank temperature evolution; switching behavior and timing between the
energy sources; seasonal heat extraction and system COP; and thermal drift in ground
temperature across seasons.

e  Uncertainty and sensitivity analysis.

e Long-term performance assessment: assessment of the model’s ability to predict long-
term thermal behavior and sustainability of the ground loop by analyzing several
heating and cooling seasons.
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Abbreviations

The following abbreviations are used in this manuscript:

ASHP  air-source heat pump

DSHP  dual-source heat pump

GSHP  ground-source heat pump

FP flat-panel

HDPE  high-density polyethylene

HGHE horizontal ground heat exchanger
HP heat pump

MSHP  multi-source heat pump

SAHP  solar-assisted heat pump
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