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ABSTRACT

The current research analyzes the feasibility of deploying Ground Source Heat Pump (GSHP)
systems in a micro-scale urban context for a prospective 5th Generation (5G) district heating
and cooling network (DHC) with the integration of Energy Geo-Structures (EGS). In particular,
a case study is carried out to evaluate the potential usage of EGS in residential blocks on the
Mediterranean island of Cyprus. The study’s subject is a typical multiple multi-story residential
building with nearly Zero Energy Building (nZEB) characteristics. COMSOL Multiphysics
software is used to computationally investigate the influence of ground temperature and
temperature gain/loss from heat distribution during cooling in the summer. The Coefficient of
Performance (COP) is found to remain essentially constant at around 5.85. It follows that EGS
as GSHP systems for a domestic micro-scale level have a promising future in terms of cost
savings, environmental friendliness, and renewable energy use.

1 INTRODUCTION

Geothermal energy is a renewable and environmentally beneficial type of energy that harnesses
the inherent heat of the Earth. In particular, the use of shallow geothermal energy (SGE) has
emerged as a potential and sustainable approach for fulfilling the ever-increasing energy
demands while lowering carbon emissions and minimizing climate change consequences. This
renewable energy technology uses the natural heat of the Earth from shallow depths, often
within the first 100 meters below the surface, to provide heating, cooling, and hot water for
residential, commercial, and industrial purposes. SGE system success and efficiency are
strongly reliant on a thorough grasp of the design criteria that determine their performance.
External meteorological conditions on ground temperature as well as the thermal behavior of
shallow and deep ground zones have an impact on the behaviour of such energy source and
how one can design and implement a geothermal system.

One of the most well-known types of geothermal energy systems is ground source heat pumps
(GSHPs). GSHP systems heat and cool by extracting/rejecting heat from/to the ground via the
connection of an HP with Ground Heat Exchangers (GHEs). GHEs are essentially a network of
underground tubes that contain a secondary circulating fluid. GSHPs can outperform traditional
Air Source Heat Pumps (ASHPs), and so they have lately gained popularity [1]. However, the
high initial cost and resulting long payback period as well as questions about their
environmentally friendliness have been deterrents to the implementation of GSHP systems in
the residential sector [2—4].
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GSHPs have recently been used in building foundations as Thermo-Active Structure systems
or Energy Geo-Structures (EGS), with relevant applications including energy piles, barrette
piles, diaphragm walls shallow foundations, retaining walls, embankments, and tunnel linings
[5—7]. For example, energy piles are reinforced concrete foundations with geothermal pipes that
are used to offer space heating and cooling; that is, the dwellings’ foundations act as GHE
elements. This could offer a significant reduction in the cost of the system, due to the reduction
of the drilling and backfill material (grout) costs [8,9]. GHE energy pile configurations are
similar to vertical borehole configurations, such as the U-tube, W-tube, 3U-tube, and spiral/
helical tube [10]. Although energy piles are the most commonly used components in EGS
systems, the foundation of the dwelling can be of many types based on the site features and the
required support of the building [13,14].

The use of a dwelling’s bed foundation [15] as a GHE instead of foundation piles gives an
alternative to energy piles, particularly on the island of Cyprus, where foundation piles are
rarely employed. The reinforced concrete shallow foundation bed (similar to the monolithic
slab foundation) is the most often utilized foundation element on the island of Cyprus. The
foundation bed is related to horizontal type GHEs with similar features since it is used as an
EGS element at shallow depths. Horizontal GHEs are less expensive and easier to install, but
they require longer pipes and a greater land area [11]. Weather conditions affect horizontal
GHEs on a daily or seasonal basis, depending on depth. Pouloupatis and collaborators [12—14]
conducted experimental research on the effect of ambient temperature on ground temperature
at numerous places in Cyprus (see Figure 1) and found that daily weather fluctuations were less
significant between 0.25m and 7-8 m. Other researchers have carried out experimental and
computational studies on the utilization of shallow building foundations as EGS [15,16].
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Figure 1: Mean monthly ground temperatures in the region of Athalassa, Cyprus, at shallow zone [14].

Geothermal energy has been recently used in District Heating and Cooling (DHC) networks.
As a result, GSHP systems may become more viable, contributing to decreased DHC costs,
maintenance, and carbon emissions [17]. The use of EGS systems in conjunction with DHC
networks could give additional energy and support to the network while also reducing the
requirement for larger centralized units [18]. Although such DH systems exist in central and
northern Europe, where heating demand is higher than in southern Europe, the infrastructure
required for a central unit and distribution makes the application difficult to implement. To
overcome this, a micro-scale GSHP system could be used as an alternative to the above.

The current paper conducts such an initial investigation and preliminary assessment using the
foundation bed of a multi-story dwelling as an EGS element in Eastern Mediterranean climate
conditions. This preliminary assessment considers the viability of using EGS elements to
support the building’s heating and cooling loads, as well as perhaps providing extra energy for
a 5™ Generation (5G) DHC network.
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2 METHODOLOGY

A computational analysis is chosen and applied in this study, with COMSOL Multiphysics
serving as the computational tool. Specifically, the general three-dimensional convection
diffusion equation has been used for all domains,

oT
C,— +Vq= 1
PG o q=Q (D
where p is the density of the foundation material [kg m™], Cp, 1s the specific heat capacity at
constant pressure [J kg ' K™!], T is the temperature [K], t is time [s], q is given by the Fourier’s
law of heat conduction [W m 2] and Q is the heat source [W m>].

A preliminary evaluation of the EGS systems might be made using a specific type of dwelling
as a case study. Following the pattern of recent house constructions [19], the selected dwelling
case here is a residential building unit in Lemesos (Limassol), Cyprus, having nine (9) housing
units on 3 floors and a ground floor parking space. The dwelling has a total covered area of
198m? per floor/story, with the technical qualities of a nZEB. Figure 2 depicts the yearly heating
and cooling story loads per month of the building under consideration. The cooling demand is
obviously much higher than the heating demand, owing to the climate of Cyprus.
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Figure 2: Left: the selected dwelling’ yearly heating (red line) and cooling (blue line) demand per
square meter per story; right: the dwelling’s North face.

In Cyprus, the foundation bed is the most commonly utilized foundation element, with
foundation piles being rarely employed. In the current study, the foundation bed is chosen to
act as an EGS, but always fulfilling its primary duty (as a foundation); a thorough explanation
of such hybrid systems can be found in [20].

Note that equation (1) can be expanded and used accordingly in COMSOL Multiphysics for the
in-foundation piping. The GHE pipe network is 350m long and made up of 32mm HDPE (high
density polyethylene) pipes of 1.5mm wall thickness and 0.38 W m 2K thermal conductivity.
Experimental ground temperature data from the literature (see Figure 1) were used, and ambient
temperature data were treated as an inlet to the domain’s top surface to act as a boundary
condition (as seen in Figure 2). Finally, the COP (coefficient of performance) of the system was
determined using the methodology of Mouzeviris and Papakostas [21].

3 RESULTS

The HVAC (Heating Cooling and Ventilation) systems is customary to be designed based on
the highest peak load, in this case in the summer months (see Figure 2), specifically in August,
at 5586 kWh. Hence, preliminarily we investigate the foundation element temperature variation
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and the efficiency of the system for cooling during the summer months; we can then assess

whether the investigated case study’s system is viable.
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Figure 1: Performance results for cooling of the proposed GSHP-EGS system with full load for the

summer months of (a) June, (b) July and (c) August.
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Figure 3 presents the daily fluid inlet and outlet temperatures for the months of June, July and
August. The temperature from the GHEs will contribute towards a higher GSHP efficiency
(COP) [22]. In cooling mode, energy rejection to the ground is substantially higher than energy
absorption (see Figure 1). For the investigated summer months, it can be observed that the
temperature on the outlet of the system (Toutlet) is nearly steady at monthly averages of 29°C,
29.5°C, 30°C, for June, July and August respectively. The average fluid temperature difference
between inlet and outlet on the pipe network (AT) is at 10°C.

It turns out that COP of the GSHP using the outlet temperature as a reference values follows a
similar trend (not shown here) with nearly steady values at averages of 5.9, 5.85 and 5.8 for
June, July and August respectively. One can then conclude that the proposed GSHP-EGS
system provides high performance, making it an acceptable EGS element, as it functions
consistently for the outlet temperature.

4. DISCUSSION AND CONCLUSION

A typical residential 3-story dwelling with 9 apartments and nZEB characteristics was considered
as a case study of a micro-scale 5G DHC. Specifically, the heating and cooling loads were used
and directed into a pipe network installed into the foundation bed of the dwelling. In order to
simulate the foundation bed system, a COMSOL Multiphysics computational model was built,
taking into consideration the site’s ground temperature and thermal properties as well as the
surrounding ambient temperature. Based on the supplied loads, the inlet and outlet temperatures
were computed hourly for the summer months. Computational simulation results have indicated
that the GSHP cooling system achieves high COP values estimated at 5.8 to 5.9.

However, by performing yearly simulations, one can account for the regeneration of the foundation
bed as a heat source/sink (in this example, the ground’s superheating), which is the focus of future
research. In addition, for a consistent performance of the EGS element, one should investigate the
ground temperature and the foundation temperature, so that any possible rise in temperature only
affects the parking space and not the residential area of the dwelling.

In addition, an extension of the current study would be to see if the EGS element could withstand
extra load (for example, from surrounding residences). Another scenario to consider is one where
the planned system is incapable of meeting a specific load (for example, greater estimated loads
per apartment, increased number of apartments, insufficient foundation element area to install
additional pipe length). In this situation, the produced COP values would be lower than expected,
rendering the system inappropriate for usage, as the higher capital expenditure in a GSHP system
would not make it preferable to an ASHP system; a possible “therapy” might be provided by
partially loading of the foundation element in relation to the entire thermal load (heating and
cooling) of the residence, with the employment of other geothermal components such as boreholes.
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