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Preface to ”New Trends in Enhanced, Hybrid and

Integrated Geothermal Systems”

The most important challenge for the global energy sector is to rapidly transform the entire 
system to one less dependent on fossil fuels and so reduce the harmful effects to climate. In sharp 
contrast, the global energy demand, mainly being met by fossil fuel resources, is continuing to 
grow, primarily in response to population and economic growth. Hence, finding, developing, and 
employing effective, economical, and practical solutions to the ongoing and emerging challenges is 
essential. Meeting global energy demand and simultaneously minimizing the negative consequences 
of climate change and the threat of global warming requires a transition to energy systems largely 
based on non-carbon renewable energy sources (e.g., solar, wind, geothermal, and hydro).

Geothermal energy installations—shallow, deep, or a combination of both—provide sustainable 
and environmentally friendly energy. Exploiting this source consists of extracting and/or storing 
the Earth’s thermal energy for use in meeting electricity and heating/cooling needs for a variety of 
applications, including to heat and cool dwellings and greenhouses, provide warm and/or cold water 
for agricultural products in greenhouses, and even to de-ice roadways and parking areas.

The main goal of this Special Issue has been to address the existing knowledge gaps and help 
advance the deployment of geothermal energy projects worldwide. Of the twelve articles submitted, 
eight were accepted for publication after the peer-review process, an acceptance rate of 67 percent. 
The published articles cover a range of topics and applications central to geothermal energy. 
Although submission to this Special Issue is now closed, the need for further in-depth research 
and development related to geothermal technologies and systems (stand-alone or hybrid) remains. 
Due to the nature/specifications of geothermal energy, such as a local, robust, climate-independent, 
potentially constant, generally available, resilient, almost greenhouse gas-free, and long-lived energy 
source, it is anticipated that this renewable and sustainable source of energy will play a more 
prominent role in the future global energy supply mix.

In the end, we would like to take this opportunity to express our most profound appreciation to 
the MDPI Book staff, the editorial team of Applied Sciences journal, especially Ms. Lexie Gang, 
the assistant editor of this Special Issue, talented authors, and hardworking and professional 
reviewers.

Alireza Dehghani-Sanij, Jatin Nathwani

Editors
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1. Introduction

The most important challenge for the global energy sector is to rapidly transform
the entire system to one less dependent on fossil fuels and so reduce the harmful effects
on the climate. In sharp contrast, the global energy demand, mainly being met by fossil
fuel resources, is continuing to grow, primarily in response to population and economic
growth [1]. Therefore, finding, developing, and utilizing effective, economical, and practical
solutions to the ongoing and emerging challenges is essential. Meeting the global energy
demand and simultaneously minimizing the negative consequences of climate change and
the threat of global warming requires a transition to energy systems largely based on non-
carbon renewable energy sources (e.g., solar, wind, geothermal, and hydro) [2]. Geothermal
energy installations—shallow, deep, or a combination of both—provide sustainable and
environmentally friendly energy. Exploiting this source consists of extracting and/or
storing the Earth’s thermal energy for use in meeting electricity and heating/cooling
needs for a variety of applications, including to heat and cool dwellings and greenhouses,
provide warm and/or cold water for agricultural products in greenhouses, and even to
de-ice roadways and parking areas [3].

The main goal of this Special Issue has been to address the existing knowledge gaps
and help advance the deployment of geothermal energy projects worldwide. Of the twelve
articles submitted, eight were accepted for publication after the peer-review process, an
acceptance rate of ~67 percent. The published articles, briefly described in the following
section, cover a range of topics and applications central to geothermal energy.

2. Summary of Published Articles

In the first article, Akbari Kordlar et al. [4] proposed a novel and adjustable tri-
generation system—driven by geothermal heat sources—to meet the heating and cooling
demands of a particular district network in Germany based on ambient air temperature.
Their tri-generation system integrates a modified absorption refrigeration cycle and a Kalina
cycle, utilizing a mixture of ammonia–water as the working fluid for the entire system.
To examine the impact of various operational parameters on the system’s performance
before optimization, they conducted a sensitive analysis in off-design conditions, taking
into account mass, energy, and exergy balances, and also off-design model equations for
each component as a control volume. Their simulation results reveal that the proposed
tri-generation system can meet the required heating and cooling demands. The authors
also optimized the proposed system based on two criteria: the maximum exergy efficiency
(the first scenario) and minimum total exergy destruction rate (the second scenario). The
optimization results indicate that (1) a maximum mean exergy efficiency in the first scenario
is obtained as 44.67 percent at the expense of a 14.52 percent increase in the total exergy
destruction rate compared to the second scenario; (2) a minimum mean total exergy
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destruction rate in the second scenario is calculated as 2980 kW at the expense of an
8.32 percent reduction in the exergy efficiency in the first scenario; and (3) taking into
account both the exergy efficiency and total exergy destruction rate in off-design conditions,
the best enhancement via the optimization process is achieved on a typical cloudy workday
in winter, with 53.21 percent exergy efficiency and a 2570 kW total exergy destruction rate.
Comparing the optimization results for both scenarios shows that the system’s performance
is more improved in the second scenario.

Kim et al. [5] experimentally analyzed a smart geothermal heating and cooling heat
pump system consisting of an open loop—meaning the use of underground water from an
aquifer—by means of a standing column well (SCW) and cross-mixing balancing well heat
exchangers. To do so, they modified the present operational technique of two adjacent SCW
geothermal heat exchangers, each with a single well. The authors employed this technology
in order to improve the coefficient of performance (COP) of the geothermal system, basically
through preventing underground water discharge and sustaining a constant temperature in
the underground heat exchanger. The two balancing wells were utilized in the cross-mixing
methods to restrain the bleed water discharge. According to the authors’ findings, the
mean amounts of COP measured from the balanced well cross-heat exchange system were,
respectively, 3.76 and 3.27 throughout the cooling and heating operations. In other words,
they achieved COP enhancements of 23 and 12 percent, respectively, during the cooling
and heating operations compared to the present SCW method of the heat exchange system.
Moreover, while utilizing a balancing well cross-mixed heat exchange system, the initial
underground temperature was kept constant, with only a small standard deviation of
0.08–0.12 ◦C over 3–5 days of continuous operation, meaning that a relatively stable heat
source supply is possible.

Maleki Zanjani et al. [6] numerically investigated the effect of utilizing fins on both
the interior and exterior U-tube surfaces of a ground heat exchanger (GHE) under cooling
mode, plus axial speed and temperature contours due to the tube curvature for an internally
finned U-tube at different speeds. They then compared the results with results obtained
from a finless U-tube GHE under the same physical conditions. The authors also simulated
both dynamic and static behaviour of simple and finned (both internally and externally)
U-tube GHEs to determine the impacts of longitudinal fins on the thermal performance of
borehole heat exchangers (BHEs) and the heat transfer rate between circulating fluid and
soil around the tubes. The dynamic simulations contained short timescale and frequency
response tests. In fact, the authors’ goal in performing the dynamic and static simulations
was to find the best thermal efficiency. The simulation results illustrate that interior fins
enhance the rate of heat transfer more effectively, so that the maximum fluid temperature
variation was ~2.9 percent in the tube with exterior fins, and ~11.3 percent in the tube with
interior fins, instead of the simple tube. Additionally, increasing the inlet fluid speed can
make the differences more substantial in temperature profiles and changes, so changing
the inlet fluid speed in the range of 0.02–0.06 m/s enhances the fluid temperature variation
in the internally finned U-tube by 5–11.3 percent, in comparison with the finless U-tube.
In contrast, the fluid temperature variation is only increased by 0.5–2.9 percent when the
external fins are utilized. As for the dynamic behaviour, the priority of the interior fins is
also apparent. Generally, the research performed by Maleki Zanjani et al. [6] confirms that
the use of fins positively influences fluid temperature variations within the tube as well as
the rate of heat transfer between the fluid and the borehole wall. The use of fins, especially
interior fins, also enhances the thermal efficiency of a ground source heat pump system
and reduces the length of the tube required and the initial expenses of the system.

Huang et al. [7] evaluated and reported on a location for a planned geothermal project,
called the Alberta No. 1 project, which would produce power and heat (for direct use) at a
commercial scale. The project is situated within the Municipal District of Greenview, south
of the city of Grande Prairie, Alberta, Canada, and the evaluations demonstrate that there
is a high likelihood of fluids up to 120 ◦C at depths of approximately 4000 m. According
to the assessments conducted by the Alberta No. 1 project team, the target formations for
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this planned geothermal project consist of dolomitized carbonate units of the Devonian
age from the Beaverhill Lake Group to the top of the Precambrian Basement. Additionally,
Permeable Devonian-aged sandstone units such as the Granite Wash Formation are also
targets. The authors’ findings suggest that elevations at the top of the Beaverhill Lake
Group range from 3104 m to 4094 m, and temperatures at the top of the formation range
from 87 ◦C to 123 ◦C in the project area.

Several potential challenges regarding the performance of sedimentary geothermal
well-doublet systems, including heat conductivity, geochemical, and geomechanical condi-
tions and issues, have been comprehensively examined and discussed by Mahbaz et al. [8].
These challenges may occur in the processes inside the reservoir itself, such as channelling,
mineral precipitation and flow, and in the access and energy systems such as wells, heat
exchangers, pumps, and surface tubing insulation. Some of their findings include that: (1)
Chemical reactions can result in changes of flow-path, plus alterations of the rate of heat
exchange between rock and water, and, consequently, changes in the reservoir’s porosity-
permeability and heat capacity; (2) Corrosion and scaling damage in the well-doublet
systems diminish their performance and also influence their life-span; (3) Factors such as
energy discharge rate and strategy, rate of injection, temperature and heat management,
and well spacing contribute substantially to the heat recovery and life-span of a geothermal
well-doublet system; (4) The injection of geothermal fluid such as water, carbon dioxide,
and air into a well-doublet system can induce stress variations at a scale that will increase
the likelihood of fault/fracture reactivation and induced seismicity. Therefore, realizing the
magnitude of these events and their recurrence in time is important; (5) Factors including
channeling, short-circuiting, leaking, heterogeneity, and permeability impairment can
influence project viability, so they must be carefully evaluated during site assessment. Rec-
ognizing and understanding these challenges and issues will assist designers/engineers in
better designing, implementing, and operating sedimentary geothermal well-doublet sys-
tems, leading to improved performance and increased efficiency of these types of systems,
in addition to lessening their associated expenses and risks.

Gao et al. [9], by means of a hydro-thermal coupling model, numerically examined
the impact of fluid flow direction on the heat transfer performance and specifications in
a granite single fracture and validated the accuracy of the numerical modeling results
experimentally. Their findings indicate a consistently robust relationship between the
distribution of the local heat transfer coefficient and the fracture profile, independent of the
axis. An alteration in the direction of the fluid flow is likely to change the amount of the
heat transfer coefficient, but does not influence the distribution specifications along the flow
pathway. An increase in the rate of injection fluid flow has an enhanced influence. Although
the heat transfer capacity in the fractured rises with the rate of fluid flow, a sharp reduction
in the rate of heat extraction and the total heat transfer coefficient is also seen. In addition,
the model with the smooth fracture surface in the flow direction reveals a greater heat
transfer capacity in comparison with that of the fracture model with differing roughness.
This finding is attributed to the existence of fluid deflection and dominant channels.

The study conducted by Gizzi et al. [10] deals with the reuse of abandoned or disused
deep hydrocarbon wells in Italian oilfields to extract the associated geothermal resources.
The authors utilized existing information on Italian oil and gas wells and on-field tem-
peratures to employ a simplified closed-loop coaxial wellbore heat exchanger (WBHE)
model at three hydrocarbon wells positioned in different Italian oilfields, namely, the
Villafortuna–Trecate, Val d’Agri-Tempa Rossa, and Gela fields. The goal was, in fact, to
appropriately examine the heat transfer mechanisms of the three, focusing on the fact that
the potential to extract thermal energy can alter based on the geological and sedimentary
context. The results demonstrate considerable difference between the potential quantities
of thermal energy to be extracted from the three wells studied. Taking into account the
maximum extracted working fluid temperature of 100 ◦C and hypothesizing a cascading
exploitation mode of the heat accumulated, it was only possible for the Villafortuna 1
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WBHE to consider a multi-purpose and comprehensive use of the resource, based on the
use of existing infrastructure, available technologies, and current knowledge.

In the last article, Ćuković Ignjatović et al. [11] evaluated an approach for the cascade
utilization of geothermal energy potential for space heating and cooling and balneological
treatments in the most south-eastern region of the Pannonian basin, in Central Europe. For
this purpose, they selected two specific sites with various geothermal resources (meaning
different temperatures and chemical compositions) and located within different urban
contexts—one in a natural environment called Ljuba and the other inside a small settlement
called Banatsko Veliko Selo—situated in the province of Vojvodina, northern Serbia. At the
Ljuba site, a geothermal spring with a temperature of 20.5 ◦C was characterized to employ
a geothermal heat pump (GHP) for the production of heat, whereas at the Banatsko Veliko
Selo site, a geothermal well with a temperature of 54 ◦C was appropriate for direct use. The
authors calculated the available thermal power from the geothermal resource according
to geothermal conditions for both sites, ranging from 300 kW (GHP) to 950 kW (direct
use), along with the cascade method of utilization. At the same time, they proposed a
development concept with an architectural design, matched with energy availability based
on the modularity concept, to enable sustainable energy-efficient development of wellness
and spa/medical facilities that can be supported by local authorities. The resulting energy
heating demands for different scenarios were 16–105 kW, which can fully be supplied by
geothermal energy.

3. Future Research Need

Although submission to this Special Issue is now closed, the need for further in-depth
research and development related to geothermal technologies and systems (stand-alone or
hybrid) remains. Due to the specifications of geothermal energy, such as a local, potentially
constant, robust, generally available, resilient, almost greenhouse gas-free, and long-lived
energy source, it is anticipated that this renewable and sustainable source of energy will
play a more prominent role in the future global energy supply mix.
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��������	�
�������
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Abstract: The study presented in this paper assessed the multidisciplinary approach of geothermal
potential in the area of the most southeastern part of the Pannonian basin, focused on resources
utilization. This study aims to present a method for the cascade use of geothermal energy as a source
of thermal energy for space heating and cooling and as a resource for balneological purposes. Two
particular sites were selected—one in a natural environment; the other within a small settlement.
Geothermal resources come from different types of reservoirs having different temperatures and
chemical compositions. At the first site, a geothermal spring with a temperature of 20.5 ◦C is
considered for heat pump utilization, while at the second site, a geothermal well with a temperature
of 54 ◦C is suitable for direct use. The calculated thermal power, which can be obtained from
geothermal energy is in the range of 300 to 950 kW. The development concept was proposed with an
architectural design to enable sustainable energy efficient development of wellness and spa/medical
facilities that can be supported by local authorities. The resulting energy heating needs for different
scenarios were 16–105 kW, which can be met in full by the use of geothermal energy.

Keywords: geothermal energy; Pannonian basin; geothermal cascade use; energy efficiency; wellness
and spa facilities; balneology; bioclimatic architecture; passive design strategies; modular building

1. Introduction

Geothermal energy is recognized as a valuable resource having a variety of uses:
from electricity generation (through geothermal power plants or through cogeneration
systems) [1] and space heating and cooling (using the heat pumps) to direct use in a wide
range of applications in areas such as balneotherapy [2,3], agriculture, industry, swimming
pool heating, and in individual and district heating systems [4,5]. While harnessing
geothermal energy for electricity production is mainly related to specific tectonic regions,
its direct use is more common. Coupling the energy potential with the healing properties
of water’s temperature and chemical composition, is recognized as a versatile and efficient
way of exploiting this geothermal resources [6–9].

Hot water springs have been used for healing and medical recovery since ancient times.
Today, however, balneology is undergoing a transition both concerning its place in formal
medical science and as an asset for the development of tourism, local and state economies
and general popular well-being. Contemporary definitions of medical tourism encompass
medical travel, recreational travel and traveling for other purposes [10]. All of the stated
aspects are highly relevant for balneotherapy, which, by its nature, can successfully meet
a variety of their needs if provided with adequate infrastructure. Serbia is particularly
rich in mineral, thermal and thermo-mineral waters with sites that have been in use ever
since the Roman Empire [11]. The same hydrogeological resources show great potential as
a convenient source of hydrogeothermal energy [12] that could be used to achieve high
levels of energy efficiency in wellness and spa facilities. The Serbian province of Vojvodina,
despite its abundance of various resources, is undergoing constant depopulation and even
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impoverishment in certain agricultural areas. Although current national and regional
planning documents barely consider geothermal energy to be a strategic resource [13,14],
its great potential should be used as a tool for sustainable development, especially in areas
where the abundance of this resource may help address the economic challenges and a
decades-long trend of depopulation.

In recent times, comprehensive research has been carried out in northern Serbia—
Vojvodina province—with the aim of considering and estimating the geothermal potential.
The defined potential of geothermal resources represents a strategic foundation for planning
sustainable economic development, since geothermal energy is an abundant source of
renewable energy that requires low-carbon and non-intermediary technology [15,16]. A
multidisciplinary research concept was applied, which tended to display, in a single place,
the potential for geothermal resources to provide sustainable models for development
supported by local municipalities. The areas for the application of geothermal energy were
analyzed through an integrated approach of economic-commercial factors based on the
main assumption of cascade use [17]. In that respect, among other things, an analysis of
increasing the share of geothermal energy within the field of balneology was performed.
Geothermal resources were observed both as a healing factor due to temperature and
chemical composition and also as an energy source for heating and cooling facilities where
geothermal waters are already used for medical and wellness purposes.

The studied terrain represents a typical basin structure genetically correlated to south-
eastern parts of the Pannonian basin, which extends over the territory that includes present-
day Hungary, Croatia, Slovenia, Romania and Serbia, where it occupies terrain to the
north of the Sava and Danube rivers (Figure 1) [18]. Generally speaking, the Pannonian
basin represents an area that has an expressed geothermal anomaly and extraordinary
geothermal potential [19,20]. The basin’s highest heat flow values, above 100 mW/m2,
have been registered in the northeastern part and in the central part with distribution
towards the southern peripheral parts, that is, towards the Serbian basins and the Vardar
zone [21,22]. The values of geothermal gradients in the area of Vojvodina province range
from 4.0 to 7.5 ◦C/100 m [23,24]. The dominant way of geothermal exploitation is via
wells. The average geothermal outlet temperature ranges from 25 to 75 ◦C. In Vojvodina
province, 50 new balneological facilities were proposed for development [25–27]. When
defining prospective locations for them, wellness and spa, sports and recreation, and
medical programs were all taken into account as was the urban-development potential
for these facilities. These were also analyzed from the point of view of energy efficiency,
different building material, energy independence, energy self-sustainability, and carbon
footprint minimization.

The architectural programs, derived from the multidisciplinary research and con-
ceived as illustrative proposals for potential developments on the site, range from modest
drinking fountains to complex resorts with variety of facilities (Figure 2). Since 20 out of
50 proposals refer to wellness and spa facilities, they have remained in the spotlight of
further investigations. Throughout the process, a series of model units was developed and
tailored to match medical and therapeutical requirements bearing in mind the imperatives
of environmental consciousness, sustainability and architectural resilience suited to the
local municipalities’ needs and resources. The two sites, Ljuba and Banatsko Veliko Selo,
were chosen to further explore the proposed model in two different settings regarding the
built-up environment and geothermal capacities. The study presented in the paper aims
to point out the general design guidelines for development of wellness and spa/medical
facilities that can be supported by local municipalities. The resulting proposals should help
them gradually develop facilities for public or commercial use by relying primarily on their
own resources rather than waiting for developers to exploit the balneological potential.
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Figure 1. (a) Main tectonic units of the Alpine Fold Belt and Alpine–Carpathian–Dinaric Mountains (modified after [28]);
(b) Geological map of the Vojvodina part of the Pannonian basin basement (modified after [29]).
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Figure 2. Proposed programs for new balneological sites in Vojvodina.

Since the design proposals referred to on-site use of the balneological resource, the
character of the sites also varied greatly, from facilities placed within urban or rural
settlements to sometimes rather remote places with poor or no infrastructure.

2. Materials and Methods

This paper shows two sites where geothermal resources were formed within different
types of reservoirs, as well as with different temperatures and diverse chemical compo-
sitions. According to the features of these resources and spatial-urban conditions of the
terrain, the manner of exploiting the resources and an architectural concept was suggested.
The first site, Ljuba, is characterized by low-temperature geothermal water (<30 ◦C), which
requires a geothermal heat pump (GHP) for heat production. The geothermal source is
in the form of a spring, which is very rare for the basins. The reservoir is formed within
Triassic limestone, and the water belongs to the HCO3–Ca type as expected with this kind
of reservoir. The uniqueness of this geothermal water may be seen from the chemical-
specific composition of its microelements. From a water sample, a high concentration of
arsenic was detected. The second location presented typical geothermal resources formed
in basin sediments. The reservoir was formed within the sandy layers of the Pliocene
epoch, with temperatures that ensure direct use (54 ◦C). The geothermal waters, produced
by the geothermal well, belong to the HCO3–Na type, and the main balneological factor is
temperature. The available thermal power from the geothermal resource was calculated
for both sites, along with setting the cascade system concept. Simultaneously, the archi-
tectural concept was developed, matching energy availability according to the concept
of modularity.

2.1. Architectural Model—Design Premises

Design premises were in line with UN sustainability goals [30], where sustainable
and resilient architecture for healthcare and spa facilities was conceived as the driver for a
circular economy and improved well-being of the local population. The design approach
was tailored with regard to the urban environment, the facility’s current development
status, need for (and availability of) accommodation, and seasonal sensitivity. The study of
such a size was also seen as an opportunity to explore options for “branding” the wellness
and spa/medical facilities of Vojvodina through recognizable design features.

The urban context was classified as “town” for sites within small urban settlements,
“village” for those within rural settlements, and “remote” for those the farthest away from
existing settlements (Figure 3). The fact that remote sites have no infrastructure and the
ones in the villages are often poorly equipped stressed the necessity of providing a high
level of infrastructure independence.
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Figure 3. Number of proposed wellness and spa/medical facilities regarding urban/rural context.

The majority of proposed facilities (13 out of 20, Figure 4) were supposed to be
completely new developments, while 7 cases were supposed to offer additional content
mainly to partly developed outdoor facilities (usually pools, baths or ponds). In almost all
cases, small scale structures were more suitable than conventional buildings that had all
utilities in a single volume (Figure 5).

 

Figure 4. Number of proposed new developments and complementary contents that are adjacent to
already existing wellness and spa or leisure facilities.

 
Figure 5. (a) Ljuba—currently an undeveloped site although used in Roman era; (b), Banatsko Veliko
Selo—paths to outdoor pools (c,d) Banatsko Veliko Selo—outdoor swimming pool (existing facility).

The need to provide accommodation directly associated with the exploitation of
balneological resource varied (Figure 6a). In 7 cases there was already accommodation in
the vicinity (usually within walking distance); in 7 cases accommodation was not necessary
due to the location and the nature of the balneological resource; and in 6 cases some
accommodation had to be provided within the new development. This led the team to
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explore flexible design concepts where accommodation would be an optional feature rather
than placing all functions within a single volume. While allowing gradual development
in pace with the local municipality’s strategies and investment capability, this approach
also provided more options for public use, which is of great importance to the community,
giving the locals easier access to the wellness and spa/medical facilities.

(a) 

(b) 

Figure 6. Number of proposed wellness and spa/medical facilities regarding (a) the need for and
availability of accommodation, and (b) seasonal sensitivity.

The nature of the resource along with the site and the expected modes of use reflect
the facility’s “seasonal sensitivity” (Figure 6b). Most developments show medium seasonal
sensitivity, which means that they can operate year-round in but with greater variation in
capacity, while the ones with low seasonal sensitivity show less oscillation in seasonal use.
In both cases, more demand on weekends than on weekdays can be expected. The modular
approach presented in this paper addresses the issues of flexibility in the use of certain
features and mitigation of operating costs for periods of lower demand. High seasonal
sensitivity implies that the facility may operate only during the summer, so providing
thermal comfort and natural ventilation on warmer days while staying in direct contact
with the environment was dominant.

Climate in Vojvodina is classified as warm temperate, predominantly Cfa with areas of
Cfb according to the Köppen–Geiger system. Month-to-month weather data for Vojvodina
(Table 1) indicates that for 6 to 7 months some additional heating is needed while cooling
might be needed for certain periods during the summer.

Table 1. Weather data for Vojvodina [31].

January February March April May June July August September October November December

Avg. Temperature (◦C) 0.8 2.5 7.4 13.2 18 21.9 23.9 23.9 18.6 13.2 7.9 2.2
Min. Temperature (◦C) −2.3 −1.4 2.5 7.9 12.6 16.5 18.5 18.5 14 9 4.6 −0.6
Max. Temperature (◦C) 4.3 6.7 12.4 18.2 23 26.7 28.7 28.9 23.4 17.9 11.8 5.4

Precipitation/Rainfall (mm) 43 43 46 60 67 75 64 56 55 49 50 53
Humidity (%) 80 76 69 63 63 61 58 57 64 71 77 81
Rainy days (d) 6 6 6 8 8 9 7 6 6 6 6 7

The issues of sustainability and resilience were addressed on several levels:

• program—defined to be sensitive to local needs and capacities, conceived for gradual
development (reflected on various design aspects);

• adaptive capacities—aimed at enabling year-round functioning bearing in mind sea-
sonal changes as well as prospective changes (anticipated and unexpected) throughout
the facility’s lifespan;

• infrastructure independence—aimed at off-grid functionality, especially for the re-
mote sites;

• carbon footprint—aimed at carbon-neutral developments;
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• local production—supported by the choice of proposed building technology
and materials.

While resource efficiency in material use with reference to the 3R (reduce, reuse,
recycle) concept remained as a general design goal, specific design strategies were proposed
for energy efficiency, stressing the impact of architectural design on minimizing demand,
thereby enabling coverage from on-site (renewable) energy sources. Program-specific
energy efficiency design strategies focused on a wide range of passive design measures
that integrated the technology related to necessary active systems from the conceptual
design phase.

Water management in these facilities is very dependent on water composition, flow
and temperature yet needs to be treated with extreme delicacy case be case to preserve the
unique hydrogeological characteristics. All proposals were designed with extreme care
to maximize porous surfaces, minimize potential contamination of surface water, and to
make recommendations for rainwater collection and use where appropriate.

Design goals were addressed through a variety of design strategies, which were
applied to 20 sites with wellness and spa facilities that ranged in size from small mobile
units for balneotherapy to complex multifunctional developments. The main design
strategies, developed mainly based on bioclimatic architecture, [32] included

• modularity,
• sizing and positioning of open-air and indoor features,
• passive design, and
• use of on-site renewable energy sources.

The general concept was developed with south-facing wellness and spa/medical units
and corresponding utility spaces in the centre with optional additions of hospitality and
medical facilities (Figure 7). However, adjacent medical and hospitality facilities might
be planned with program-specific design strategies, so they were not further discussed in
detail at this stage of the research.

 

Figure 7. Model for modular wellness facilities with optional hospitality and medical facilities.

2.2. Architectural Model—Boundary Conditions and Calculation Methodology

Following the principles of modular design, modules of the same footprint (5.5 × 10 m)
were used for both wellness and spa/medical facilities and utility spaces (heated and un-
heated). To enhance functionality and energy efficiency of the study model, balneotherapy
units were grouped in pairs with a small joint space to access interior and exterior facilities.
Heated auxiliary spaces were designed as combinations of 2–4 modules, while unheated
modules may be placed along the northern side of the connecting corridor in a manner that
enables efficient service and easy access. Figure 8 presents three development stages.
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(a) (b) 

 
(c) 

Figure 8. Three development stages for balneotherapy facility: (a) Stage 1 with 4 balneotherapy units, (b) Stage 2 with
6 balneotherapy units, and (c) Stage 3 with 8 balneotherapy units.

(1) an initial stage, with a small number of units and basic utility spaces (475 m2,
2 × 2 units for balneotherapy);

(2) an intermediate stage, conceived as an extension of the initial stage (737 m2, 3 × 2 units
for balneotherapy), and

(3) high-capacity stage, (988 m2, 4 × 2 units for balneotherapy).

Stage 1 (Figure 8a) comprises of 4 balneotherapy units Mb1–Mb4 with 3 additional
utility modules Mu1–Mu3 for reception, changing rooms, office, examination room and
café, and an unheated module Mt1 as the mechanical room. Stage 2 (Figure 8b) is conceived
as an expansion of Stage 1 with 2 added balneotherapy units Mb5–Mb6, an additional
utility module Mu4 and an additional technical module Mt2. The third stage (Figure 8c)
presents a further extension with balneotherapy modules Mb7–Mb8, additional utility
module Mu5 and technical module Mt3. An overview of the basic data for all three stages
is given in Table 2.

Table 2. Development stages—an overview of basic data.

Development
Stage

Balneo Units
(Heated)

Utility Units
(Heated)

Utility Units
(Unheated)

Intermediate
(Heated)

Corridor
(Heated)

Net Heated
Area

Total Useful
Area

pcs. (m2) pcs. (m2) pcs. (m2) pcs. (m2) (m2) (m2) (m2)

1. Initial phase 4 220 3 165 1 55 2 17 18 420 475

2. Extended 6 330 4 220 2 110 4 34 43 627 737

3. High capacity 8 440 5 275 3 165 7 59 49 823 988

In terms of energy performance, two different approaches to building the thermal
envelope were explored:

(a) base case, designed to comply with national regulations—EPC class C structure, with
all envelope components meeting the mandatory U-values (thermal transmittance
coefficient) thresholds; and

(b) enhanced performance case, with U-values of thermal envelope components designed
in accordance with Passive House standards.
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The thermal envelope components and their U-values are presented in Table 3.

Table 3. Thermal envelope components.

Component
Umax [W/(m2 × K)]

Base Case Enhanced Case
National 1 EnerPHit 2

External wall

0.3 0.15 U = 0.294 W/(m2 × K) U = 0.148 W/(m2 × K)

Flat roof above
heated space

0.15 0.15 U = 0.148 W/(m2 × K)

Windows,
balcony doors
to heated areas

1.5 0.85 U = 1.5 W/(m2 × K) U = 0.85 W/(m2 × K)
Aluminium frame with enhanced
thermal break, Low-e double glazing
with krypton gas filling
Fx = 1
solar factor g = 0.4
frame factor ff = 0.25

Aluminium frame with enhanced thermal
break, Low-e triple glazing with krypton
gas filling Fx = 1
solar factor g = 0.35
frame factor ff = 0.25

Glass roofs

1.5 1.1 U = 1.50 W/(m2 × K) U = 1.1 W/(m2 × K)
Aluminium frame with enhanced
thermal break, Low-e double glazing
with krypton gas filling
Fx = 1
solar factor g = 0.4
frame factor ff = 0.25

Aluminium frame with enhanced thermal
break, Low-e triple glazing with krypton
gas filling
Fx = 1
solar factor g = 0.35
frame factor ff = 0.25

Wall to
unheated space

0.4 0.35 U = 0.278 W/(m2 × K) U = 0.144 W/(m2 × K)

Floor on the
ground

0.35 U = 0.280 W/(m2 × K) U = 0.149 W/(m2 × K)

1 Values defined for new construction in national Rulebook on energy efficiency of buildings [33]. 2 Values defined for cool-temperate
climate in Criteria for the Passive House, EnerPHit and PHI Low Energy Building Standard [34].
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For all six scenarios, energy needs were calculated in accordance with national legisla-
tion [33,35], which is based on the methodology defined by EN-ISO13790. All calculations
regarding the annual energy needed for heating were done using the software KnaufTerm2s
v.27.20 [36] using the following calculation parameters:

• Linear thermal bridges ∑A × 0.1 W/(m2K)
• Air exchange rate—infiltration 0.5 n
• Indoor temperature—winter 22 ◦C
• Indoor temperature—summer 26 ◦C
• Occupancy—surface per person (all regimes) 30 m2/pers
• Metabolic heat emission per person 80 W/pers
• Metabolic heat emission per m2 2.7 W/m2

• Dissipated heat from appliances 30 W/m2

• Fresh air flow per surface area 1 (m3/h)/m2

• Fresh air flow per person 30 (m3/h)/pers
• Heat gain utilization factor for the heating period ηH,gn = 0.9 (value for lightweight con-

struction)

Maximum values for annual energy needs for heating for relevant building categories
are shown in Table 4.

Table 4. Maximum values for annual energy needs for heating for mandatory EPC class C [35].

Building Category QH,an [kWh/m2]

Healthcare and social welfare 100
Tourism and hospitality 90

Sport and recreation 80

Energy demands were compared to the resource capacity for two sites in Vojvodina:
Ljuba, a remote location with no available infrastructure, and Banatsko Veliko Selo, a
settlement with a population of 2525 [37]. Here, the proposed structure should be placed
adjacent to an existing outdoor swimming pool.

Complementary structures for hospitality and healthcare services were not consid-
ered in the study since the focus was on investigating innovative design approaches for
wellness and spa/medical facilities, such as wellness and spa and public baths. In regard
to estimating overall potential use of geothermal energy for heating, an approximation was
made using current national regulations (estimated energy needs according to the EPC
mandatory class C).

2.3. Geothermal Potential—Geological and Geothermal Conditions

Generally speaking, in the lithological structure of the Pannonian basin, one can clearly
observe two massive lithological complexes: (1) The basin’s Palaeozoic–Mesozoic bedrock
and (2) the Neogene–Quaternary complex and the related two main types of geothermal
reservoirs: fractured and karstified basement reservoirs, and sand/sandy-clay basin-fill
reservoirs. The bedrock of the basin in a wider study area is represented by all types of
rock: metamorphic, igneous and sedimentary, whereas the Neogene-Quaternary complex
is represented by conglomerates, sandstones, clay stones, marl, alevrolites, clay sediments,
sands and pebbles (Figure 1). The rocks of the basin bedrock were discovered on the surface
of the terrain in the zone of the Fruska Gora horst.

The site of Ljuba is located in the southwestern part of Vojvodina province on the
southern slopes of the Fruska Gora horst. The horst structure, extending east–west on
its southern and northern sides, is controlled by gravity faults, along which blocks were
downthrown in the Neogene period [38]. On Fruska Gora three outcropping domains can
be distinguished: (1) a metamorphic core from the Palaeozoic era, (2) a clastic–carbonate
sequence with intercalated ophiolites, ophiolitic mélange, and volcanics of the Upper
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Permian–Paleogene period, and (3) Miocene–Quaternary sediments [39]. Palaeozoic meta-
morphites are in tectonic contact with low- and middle-Triassic rock [40].

In terms of its geothermal features, this part of the terrain is characterized by high
geothermal gradients, particularly on the edges of Fruska Gora. These values range from
6 to 7.5 ◦C/100 m. Geothermal basement reservoir discharge is carried out in two ways:
predominantly via deep geothermal wells or in a natural way over the springs. The natural
discharge is connected only to the terrain of Fruska Gora, where it takes place along
fault-line structures and at the contact point of water-permeable and water-resistant rocks.
The outlet temperatures of geothermal waters formed within this type of reservoir in the
vicinity of Fruska Gora vary from 15 to 60 ◦C. At the study site, geothermal resources were
formed within the dolomite and partially silicified Triassic limestone.

The site of Banatsko Veliko Selo is located in the northeastern part of Vojvodina
province and is known for largest depths to the basin bedrock, which has the largest
thickness of Neogene sediments. The terrain belongs to the area of intensive sinking
(Great Hungarian Depression) from the Neogene period. This area is characterized by
block structure and gravitational faults. In this part of the terrain, there is a dominant
exploitation of geothermal waters formed within the basin-fill reservoirs. The Geothermal
reservoir is represented by sands and sandstones of the Pliocene and Upper Pontian age
and this kind of reservoir can be followed continuously over the whole area.

In this part of the terrain, relatively low of geothermal gradients were registered.
The reason is the presence of very thick Neogene sediment (up to 3.5 km), overlaying
magmatite and metamorphic rock. The correlation between low geothermal gradients
and geological settings of this area can also be found in the existence of marly and silty
layers at depths greater than 1000 m. Geothermal gradients measured in Pliocene sediment
displayed very low values from 2.5 ◦C/100 m to 3 ◦C/100 m. Basin-fill reservoir discharge
is performed exclusively via geothermal wells, whereas outlet temperatures do not exceed
60 ◦C. Geothermal waters, from the Pliocene and Upper Pontian belong to the HCO3–
Na–Cl water type, respectively to HCO3–Na type and are characterized by relatively low
mineralization (up to ≈8 g/L). As for gases, the dominant one is methane with 84–88 mol%,
followed by nitrogen and CO2.

2.4. Geothermal Potential—Calculation Methodology

Available thermal power from the geothermal resource is calculated based on geother-
mal conditions at the sites along with the cascade method of usage. The geothermal
resource is considered as a source of energy for providing heat for facilities and balenologi-
cal purposes. This principle led to the three limiting parameters for the system:

• temperature stability,
• available resource quantity,
• and chemical composition

The possibility of geothermal energy application depends on fluid temperature. The
two selected locations covering the whole range of geothermal heating purposes. The
Ljuba site comes with hydrogeothermal resources accumulated in the groundwater of
a temperature scope to 30 ◦C which is conditioned by the application of geothermal
heat pumps [41], while Veliko Banatsko Selo comes with hydrogeothermal resources
accumulated in the groundwater of temperature above 30 ◦C, which means direct use is
possible. Therefore, the heating operating system on the Ljuba site is considered to be an
open loop GHP system contrary to the passive geothermal system with heat exchanger at
the Banatsko Veliko Selo site.
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The thermal power availability for the both geothermal sites can be calculated as
in Equation (1)

E = H×Q × ΔT (1)

where E is the nominal available power quantity (kW); H the specific heat of water (constant,
4.2 kJ/kg/◦C); Q the yield of the source (kg/s, for water the same as l/s); and ΔT denotes
the temperature difference between the entering water and the leaving water.

Geothermal systems on the both sites perform heating operations and must be able
to cover the maximum thermal load demands. The physical and chemical characteristics
have been analyzed simultaneously to define the method for balneological use (drinking,
swimming, inhalation). Furthermore, the concept of the geothermal heating system is
conditioned by the method of balneological application. For example, drinking does not
consider temperature, but swimming does, which means a projected geothermal system
must satisfy these conditions.

In order to provide relevant data for calculations, a geological/hydrogeological re-
connaissance was carried out, followed by groundwater parameters regime monitoring
(temperature, chemical composition, flow capacity). For the purpose of geothermal wa-
ter and reservoir characterization, the D’Amore method and diagram was applied [42].
The method is based on the determination of six main genetic parameters, mainly based
on cation–anion ratios. Calculated genetic parameters are in line with geothermal reser-
voir geology and are applied for both sites, Ljuba and Banatsko Veliko Selo. Geothermal
investigations and monitoring last for 12 months.

3. Results and Discussion

The concept of a multidisciplinary approach to geothermal energy utilization has been
justified by building modular wellness facilities. The calculated thermal power that can
be obtained from geothermal energy is in the range of 300 kW (GHP) to 950 kW (direct
use). The size of wellness facilities can be predicted by matching developed scenarios
based on different standards for envelope U values and outside temperature in modular
facilities with available geothermal energy. The results of the investigation on geothermal
waters showed that resources can be used as a balneological resource as well. Two factors
determine multipurpose usage: chemical composition, in the case of the first site, and
increased temperature, in the case of the second location. The direct benefit is increased
efficiency of the geothermal cascade systems.

3.1. Available Thermal Power and Potential Balneological Utilization
3.1.1. The Site of Ljuba

The yield of geothermal waters at the discharge site is changeable, and its average
value equals Q = 4.5 L/s. Geothermal resources at the site of Ljuba can be classified as sub-
geothermal [43] since the temperature is 20.5 ◦C. According to their chemical composition,
groundwater belongs to the HCO3–Ca water type with low mineralization.

Table 5 shows basic physical–chemical values of the analyzed geothermal phenomenon.
Taking into account the complex geological composition of the terrain and its active tec-
tonics, what was carried out is the classification of geothermal water using the method
of D’Amore’s genetic parameters. According to the calculations of genetic parameters,
geothermal water on the Ljuba site belong to the carbonated type, and this confirmed that
the primary geothermal reservoir was formed in the Triassic rocks of the basin bedrock
(Figure 9).
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Table 5. Physical-chemical features of geothermal waters on the site of Ljuba.

T Conductivity pH Na K Ca Mg HCO3 SO4

(◦C) (μS/cm) mg/L mg/L mg/l mg/L mg/L mg/L
20.5 850 7.2 20.5 2.7 102.9 39.9 495.8 26.5

Cl Fe Mn F Al As Cu Zn Cr

mg/L mg/L mg/L mg/L mg/L μg/L mg/L mg/L mg/L
14.4 <0.1 <0.02 0.276 <0.05 47.6 <0.05 <0.03 <0.01

Cd Ni Pb Se Si Hg Sr Li H2SiO3

mg/L mg/L mg/L mg/L mg/L μg/L mg/L mg/L mg/L
<0.002 <0.02 <0.01 <0.002 5.6 <0.5 0.77 <0.04 15.6

 
Legend for Figure 9a: A—indicates that geothermal waters had circulated through a calcareous 
terrains rather than an evaporative one; B—indicates that the geothermal water is enriched by 
sodium and may come from sedimentary terrains; C—is low, which excludes water deriving from 
a flysch, volcanite or schistose basement; D—indicates water circulation through dolomite; E—
indicates that geothermal water had circulated in a carbonated reservoir rather than in a sulfated 
one; F—no indication in growth of potassium content, which excludes possible circulation in 
granitic field. 

Figure 9. (a) D’Amore parameters diagram of chemical analyses; (b) α: evaporative terrains; β circu-
lation in limestone; γ: circulation through a crystalline basement; δ: circulation in argillaceous rocks.

Available thermal power from the geothermal resource at the Ljuba site is calculated
for the following scenario:

• open-loop geothermal heat pump system
• covering peak-load demands
• first cascade stage (temperature reduction for heating)
• second cascade stage (balneological purposes but not bathing)
• temperature reduction, ΔT = 16 ◦C. This temperature reduction, which we obtained

from the resource temperature of 20.5 ◦C, was taken to calculate the total available
thermal power on the site. In that case, the leaving water temperature was near 4 ◦C,
reaching the highest liquid density.

In accordance with Equation (1) the available thermal power was:

E = 4.2 kJ/kg/◦C4.5 l/s × 16◦C

which generates around 300 kW of thermal power available for use.
Geothermal waters on the Ljuba site, apart from their energy significance, also pos-

sess a healing importance, so they can be used for balneological purposes as well. On
the basis of their physical–chemical characteristics, these are characterized as natural,
hypothermal, arsenic oligomineral waters, which can be used for health purposes under
medical surveillance.
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3.1.2. The Site of Banatsko Veliko Selo

At the site of Banatsko Veliko Selo, two geothermal wells were drilled: VS-1/H (925 m)
and VS-2/H (895 m). The maximum measured outlet temperature was 43 ◦C at VS-1/H and
54 ◦C at VS-2/H. The yield of the VS-1/H well equaled 10 l/s, whereas the VS-2/H well
had a somewhat higher yield of 12 L/s. According to the temperature values, geothermal
resources at Banatsko Veliko Selo could be categorized as geothermal resources with low
enthalpy, and according to their chemical composition belong to the HCO3–Na water type.
Table 6 shows the basic physical–chemical values of geothermal waters sampled from the
borehole VS-2/H. Applying the method of D’Amore’s genetic parameters, geothermal
waters at Banatsko Veliko Selo belong to the clastic water type, and this confirmed that the
primary geothermal reservoir was formed within the sands of Pliocene epoch (Figure 10).

Table 6. Physical-chemical features of geothermal waters VS-2/H.

T TDS pH Na K Ca Mg HCO3 SO4 Cl

(◦C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
54 219 7.6 478.5 4.0 12.0 11.0 1415.2 14.0 12.0

 
Legend for Figure 10a: A—indicates that geothermal waters had circulated through calcareous 
terrain rather than an evaporative one; B—indicates that this geothermal water, highly rich in 
sodium, may have come from sedimentary terrain; C—indicates that the geothermal water may 
have circulated through flysch sediments; D—excludes water circulations through dolomite; E—
indicates the geothermal water had circulated in a sulfated reservoir rather than a carbonated 
reservoir; F—indicates no in growth of potassium content, which excludes possible circulation in a 
granitic field 

Figure 10. (a) D’Amore parameters diagram of chemical analyses from Table 3; (b) α: evaporative
terrains; β circulation in limestone; γ: circulation through a crystalline basement; δ: circulation in
argillaceous rocks.

Available thermal power from the geothermal resource at B.V. Selo (VS-2/H) site is
calculated for the following scenario:

• passive geothermal system with plate heat exchanger
• covering peak-load demands
• first cascade stage (temperature reduction for heating)
• second cascade stage (for balneological purposes, for bathing)
• temperature reduction, ΔT = 19 ◦C, which is adopted to meet temperature conditions

for bathing (35 ◦C).

The calculation of disposable thermal energy from the geothermal borehole VS-2/H
was performed according to the Equation (1).

E = 4.2 kJ/kg/◦C × 12 l/s × 19◦C

which brought around 950 kW of thermal power.
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The first cascade level of exploitation provided energy for facilities heating, and the
second level was provided a warm bath for balneological purposes. After geothermal
waters pass through the heat exchanger, what remained disposable was water at 12 L/s at
35 ◦C, which is the most frequent temperature of healing waters used for curative purposes.

3.2. Architectural Design

Architectural design (general layout, massing, orientation, thermal zoning and mate-
rialization) was developed through a holistic approach and the consistent application of
the design principles described in “Methodology”. The result was a model for developing
wellness and spa facilities, as well as public baths that were applicable at various sites and
satisfied site conditions, sustainability goals and development scenarios.

3.2.1. Modularity

Structuring the program into modular units proved to be a very powerful and effective
design tool for accomplishing the several design goals set for this study. While easily
enabling programmatic diversification and flexibility, the modular approach also opened
the door for local production of prefabricated elements by small and medium enterprises.

Carefully planned and positioned modules allowed for phase execution, which sig-
nificantly reduced initial construction costs. This is even more important when the local
community is funding or co-funding the facility since the median value of overall costs for
20 proposals included in the study (excluding the land, which is already publicly owned)
is estimated to be approximately 1,500,000 euros. Only two of them were designed as
single multifunctional buildings (total area 300 m2 and 1000 m2) due to the specific site and
programmatic conditions.

Interconnected modules, which can be individually included or excluded from the
facility’s current operation, allow for very economical operation in reduced capacity as
well, which is very important, having in mind that 15 out 20 facilities were characterized as
being significantly seasonal, meaning that with this concept all of them may remain open
to the public year round with optimized operational costs.

The modular approach, which visually and functionally brings together nearly isolated
open-door and enclosed spaces (Figure 11), provides a layout with a high level of privacy,
which minimizes contact among users of different treatments while allowing optimal
hygiene and maintenance intervals during operating hours.

 
Figure 11. Visualization of proposed model for wellness and spa facilities.
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The modular design also permits capacity expansion beyond the initial plans while
retaining original design features or remaining at a reduced number of constructed modules
for long periods in case of unfavourable economic, social or climate conditions. Expansions
can be anticipated mainly along the east–west axes in two basic scenarios.

(1) Planning phases: Capacity is anticipated during the development period as the
majority of auxiliary and technical spaces are planned according to the final capacity,
and the modular units and adjacent programs (medical and hospitality) are executed
in stages.

(2) Open development: The majority of auxiliary and technical spaces are planned
according to initial capacity, and the main layout features are designed to support
additional extensions until reaching a given site’s full capacity.

Simple layout and structure of individual modules makes them very flexible, allowing
for partial adaptations, changes in use, or even regaining functionality after an extreme
catastrophic event and severe material damage.

3.2.2. Sizing and Positioning of Open-Air and Indoor Features

The general placement and interconnection of open-air features with built-up struc-
tures was proposed through a holistic design approach, taking into consideration functional
demands, passive design principles [32,44], and the advantages of the modular approach as
described in the previous section. The design strategies presented were developed bearing
in mind the specific nature and demands of the wellness and spa features that incorporate
balneotherapy as well as the geothermal potential of those sites.

Open-air and indoor features were purposely sized and organized in a way that
allowed a shared use of auxiliary spaces like reception, changing rooms, lockers, and
service rooms (Figure 7). The therapy functions are distributed throughout the open-air
and enclosed spaces in a way that facilitates compatibility and provides a continuity of
various treatments in different weather scenarios. This enables extended operation time,
mitigating the sensitivity to seasonal or annual variations in climate while optimizing
running costs.

Most open-air features are rather small, following the general concept of modularity
and phase execution and operation. The width i of intermediate open-air spaces O may
vary in regard to the height of the neighbouring modules M (Figure 7) for functional
and privacy requirements. Additional screens may be added for enhanced privacy and
additional sun protection of intermediate open spaces.

The modest capacities of both enclosed and open-air spaces allow the local production
of most common types and enable less demanding maintenance, which may be one of the
preconditions for sustainability of such features in small communities.

3.2.3. Passive Design Strategies

Striving for high level of energy efficiency and climate-responsive design, a series of
passive design strategies were proposed to support the overall design goals.

Placement and orientation: Placement of all open-air features and enclosed spaces
was done in a way that provided optimal daylight, solar exposure and shading. North-
facing sections were used for technical rooms like storage and sanitary spaces. Circulation
corridors connecting the modules were also placed on the northern side, leaving the south-
facing open-air spaces between the modules to be sheltered and functionally supported
by the side volumes. Longitudinal circulation space can be open or enclosed with glazed
south-facing walls to serve as a buffer space for modules.

Massing, solar gains and shading: Modules are compact to provide a good shape
factor for each unit. The same principles were applied to all public and utility spaces
except for the longitudinal circulation corridor. Modular units and the corridor were
mainly opaque on the north façade for improved thermal performance and almost fully
glazed on the South façade to maximize solar gain. Adequate shading was provided by
various design features tailored to provide unobstructed views under various weather
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conditions (Figure 12) and additionally supported by an adequate choice of glazing and
flexible interior shading.

 

Figure 12. Solar exposure and shading: all glazed surfaces of wellness modules and circulation volume are fully shaded
during the summer to prevent overheating (upper row) while remaining almost completely exposed during winter (lower

row), enabling direct passive solar gain.

Natural ventilation and cooling: Glazed surfaces are designed to maximize the share
of operable elements with cross-ventilation that are provided for all spaces. The basic
layout, as previously described in this chapter, provides very good preconditions for
natural ventilation and effective application of night cooling, which are further enhanced
by the green areas and water features. Under favourable weather conditions, the glazed
façade of the long corridor can be open along the intermediate semi-atrium spaces.

Thermal mass and materials: The modules are designed as lightweight structures
where a low thermal mass optimizes comfort and energy efficiency in intermittently
used spaces. Enhanced thermal insulation and a high-performance glazed element could
significantly contribute to further mitigation of energy demands for cooling and heating.
The façade and roof finishing also affect the energy efficiency, but they should be considered
case by case. In exposed sites, with peak occupancy in summer season, reflective surfaces or
green roofs should be prioritized. In more secluded sites, where structures are surrounded
by deciduous trees (naturally shaded in summer and exposed in winter), reflectivity is not
so much of an advantage.

3.3. Energy Demands

Energy demands were calculated for 6 cases—3 development stages with different
operational capacities and two approaches to thermal envelope materialization. The basic
climate data, as defined by the Rulebook on Energy Efficiency [33] for both sites are
given in Table 7. The data for Banatsko Veliko Selo are somewhat less favourable (lower
temperatures and higher HDD values) and were used as input to calculate the energy
needed for heating.
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Table 7. Basic climate data for Ljuba and Banatsko Veliko Selo.

Average
Temperature 1

Design
Temperature 2 Heating Days HDD

Ljuba 5.4 ◦C −15 ◦C 184 2686
Banatsko Veliko Selo 4.9 ◦C −15.3 ◦C 183 2763

1 Average temperature during the hating season. 2 Design temperature for sizing the heating system, HDD—
Heating degree-days.

The calculated annual energy needs for heating are presented in Table 8. The po-
tential reduction of energy demand resulting from an improved thermal envelope are
40.35%, 35.74% and 35.98% for stages 1–3, respectively. While the enhanced model
shows notably better energy performance, the results still remain within the EPC class C
(50–100 kWh/m2a).

Table 8. Annual energy needed for heating.

Stage 1 Stage 2 Stage 3
Base Case Enhanced Base Case Enhanced Base Case Enhanced

Heat losses (kWh)
Transmission 51,597.94 35,625.64 75,290.03 52,198.15 100,799.42 69,786.58
Ventilation 15,675.93 15,675.93 23,436.22 23,436.22 30,824.67 30,824.67
Total losses (kWh) 67,273.87 51,301.57 98,726.25 75,634.37 131,624.09 100,611.25

Heat gains (kWh)
Solar 21,189.90 18,541.00 31,567.60 27,621.50 42,303.60 37,015.80
People 3316.48 3316.48 4956.10 4956.10 6503.62 6503.62
Appliances 6309.89 6309.89 9429.41 9429.41 12,373.71 12,373.71
Total gains (kWh) 30,816.27 28,167.37 45,953.11 42,007.01 61,180.93 55,893.13

QH,nd (kWh/a) 36,457.60 23,134.20 52,773.14 33,627.36 70,443.16 44,718.12
QH,nd (kWh/m2a) 83.46 53.37 80.86 51.96 82.25 52.66

The monthly heating energy demands for all six scenarios is shown in Figure 13. It
can be observed that the values of “enhanced case” for one stage almost correspond to the
values of “base case” for a smaller stage. Stage 3 enhanced case is lower than Stage 2 base
case and Stage 2 enhanced case is just slightly above Stage 1 base case (lower in March).
These findings indicate that the heating system and materialization should be chosen to
correspond to seasonal sensitivity and the anticipated capacity of the final stage to achieve
a balance between the initial costs and the effects throughout the facility’s lifespan.

Figure 13. Energy needed for heating.

Cooling energy is not calculated since the model was designed to enable natural
ventilation whenever necessary. In July and August, the average temperature is 23.9 ◦C
and maximums are 28.7 and 28.9 ◦C, respectively (Table 1), which means that the cooling
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systems (if any) should be designed primarily to meet the specific medical and therapy-
related demands of a particular facility or specific modules within the facility.

The power demands P for heating were calculated for two different outside tempera-
ture settings:

• Pa—for average outside temperature (per the procedure for establishing EPC class),
and

• Pd—for design temperature (per the procedure for sizing the overall capacity of a
heating system).

The power demands Pd for the heating with regard to the outside design temperature
were calculated based on Pa, using the following formula

Pd =
Pa × (ti − td)

(ti − ta)
(2)

where ti is the designed interior temperature, td is designed exterior temperature and ta is
the average exterior temperature.

The resulting power demands for the study cases are shown in Figure 14.

Figure 14. Power needed for heating.

During initial research, after developing the modularity-based approach, the mod-
ules were formed as single-purpose entities (one module for one type of balneological
treatment—Figures 7, 11 and 12). This approach was rather successful in many cases, where
it provided more options for interaction with the natural environment and versatility of out-
door balneological treatments on semi-private or private patios. However, extending such
a concept to more units would be rather demanding because land occupancy, daily opera-
tion, supervision and other issues would have to be considered on case-by-case basis. The
model used for the calculations is somewhat more compact with paired wellness modules
(Figure 8). The initial module would obviously show higher energy demands for heating,
but it is expected to be used in facilities that operate only during the summer. In both cases,
special attention is dedicated to passive measures for thermal comfort during the summer,
thereby minimizing mechanical ventilation and air conditioning while addressing the
well-being of users, in addition to enhancing hygiene standards, new occupancy protocols
and energy efficiency issues.

25



Appl. Sci. 2021, 11, 2691

Exploring energy performance of three development stages in two types of material-
ization provided six scenarios where some additional observations can be made regarding
thermal envelope components:

1. The share of the components’ surface area in the overall thermal envelope area
remained mostly constant throughout the development stages (Figure 15a). The
ratio between the opaque and glazed elements was approximately 3:2 in all three
stages, and the only component that showed a significant increase was the interior
wall-to-unheated space as unheated technical modules are added.

2. The glazed surfaces accounted for more than half of heat transmission losses even in
enhanced cases (Figure 15b). This component is key not only for energy efficiency
but also for thermal comfort throughout the year, so the exact sun exposure and
anticipated occupancy regime of particular facility should be specified on a case-by-
case basis.

3. The materialization of opaque components reflects on the overall energy performance
but further studies should be performed regarding the feasibility of using the en-
hanced option; the production of panels with more than 30 cm of thermal insulation
(Table 3) requires technology and resources that might be more challenging for local
companies. The composition of interior walls to unheated spaces may remain as
proposed for the base case in all scenarios since their share in heat transmission losses
is almost irrelevant (0.5–1.5%)

4. Since flat roofs cover a significant area, mounting PV units as additional renewable
energy resources might cover the energy needs of electrical equipment.

 

Figure 15. Distribution of thermal envelope components: (a) per surface area and (b) per contribution to heat transmission losses.

Regardless of the capacity of the location and the materialization variant, all develop-
ment models consumed significantly less energy for heating than the geothermal potential
provides. At Ljuba, the site with the lower capacity, development model 3 (maximum
size) in the basic code-compliant state of materialization, and taking into account extreme
external temperatures, yielded 35% of geothermal capacity; at Banatsko Veliko Selo 2, it was
only 11%. In the improved variants, these needs are reduced to 13% and 4.7%, respectively.
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Developed modules reached a significant level of energy efficiency, not only in heating
demands but also in the sustainable use of groundwater. More than 50% of flow capacity
was reduced in all three module stages between the base average exterior temperature
and the enhanced average exterior temperature (Figure 16). The efficiency calculation was
done for the Banatsko Veliko Selo site, where a cascade system with a constant ΔT value
(19 ◦C) was adopted. The lower flow capacity may lead to less power consumption by
circulation pumps and a low operational cost. In addition, these beneficial effects reflect
resource preservation and sustainable exploitation.

Figure 16. Modeled flow capacities—heating demand.

Additionally, the results indicated the possibility of the further use of the investi-
gated geothermal potentials, primarily to provide energy for other facilities (healthcare,
hospitality) or to heat complementary facilities, even larger pools or other aquatic venues.

4. Conclusions

Balneological usage presents one of the driving forces for the activation of geothermal
resources in modern medical and rehabilitation practices. This paper addressed two sites
chosen from previous interdisciplinary research conducted in the Vojvodina region that
have different geothermal resources and placed within different urban contexts. Coupling
the identified and analyzed geothermal potential with a purposely formulated architectural
model for balneological application based on sustainable and green design strategies, the
paper illustrated a possible development concept that could serve as an implementation
tool for activation at various locations.

The developed architectural model showed good potential both for phase develop-
ment and for effective and efficient use with adaptable capacities during the low season.
The modular approach in placing indoor and outdoor balneotherapy as well as ancillary
spaces enables a high level of flexibility with minimized operational costs. The base model
was designed as a structure of approximately 500 m2 of gross area, encompassing all basic
wellness and spa activities with proper support spaces (e.g., reception, examination room,
changing rooms and technical room). It was a modest start, but rather feasible for the local
municipality that met all contemporary standards for this type of program. The largest
structure was some 1000 m2 as the result of preliminary design research, which indicated
that for larger sites a different design approach should be explored to overcome certain
functional shortcomings.

As far as materialization of thermal envelope was concerned, practically all variations
remained within the boundaries of EPC class C, but enhanced envelope proposals were
very close to EPC class B (for the smallest, initial case it was just below the threshold).
Having in mind the abundance of geothermal energy at both sites, the pursuit of enhanced
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energy efficiency might be questionable unless the NZEB (nearly zero-energy buildings)
standard is targeted. However, Serbia has not yet established any formal NZEB definition.

The abundance of geothermal resources broadens the scope of the wellness and
balneotherapies that can be offered within the facility. In this context, further feasibility
studies should be conducted to explore more development options for health tourism in
the province of Vojvodina.

On the other hand, the focus of further research regarding the architecture of wellness
and spa/medical facilities in the Vojvodina region should be on enhanced comfort (while
optimizing the construction and operation costs), building technologies that are based on
local production, and flexibility of development and operation. The proposed model also
includes a set of structured open spaces that were not developed in detail in this study.
Some future research should address options for the multifunctional use of such spaces
and the potential for their enclosure to provide extended use throughout the year.

Depending on the business model, we can consider this starting model to be not
economically demanding and able to serve as a demonstration model to attracting further
investment and multiplication in other locations.
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Open: Delft, The Netherlands, 2018; pp. 147–180.

30



applied  
sciences

Article

Reuse of Decommissioned Hydrocarbon Wells in Italian
Oilfields by Means of a Closed-Loop Geothermal System

Martina Gizzi, Glenda Taddia * and Stefano Lo Russo

��������	�
�������

Citation: Gizzi, M.; Taddia, G.; Lo

Russo, S. Reuse of Decommissioned

Hydrocarbon Wells in Italian Oilfields

by Means of a Closed-Loop

Geothermal System. Appl. Sci. 2021,

11, 2411. https://doi.org/10.3390/

app11052411

Academic Editor: Woochul Kim

Received: 29 January 2021

Accepted: 3 March 2021

Published: 9 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Environment, Land and Infrastructure Engineering, Politecnico di Torino, C.so Duca degli
Abruzzi 24, 10129 Torino, Italy; martina.gizzi@polito.it (M.G.); stefano.lorusso@polito.it (S.L.R.)
* Correspondence: glenda.taddia@polito.it

Abstract: Geological and geophysical exploration campaigns have ascertained the coexistence of low
to medium-temperature geothermal energy resources in the deepest regions of Italian sedimentary
basins. As such, energy production based on the exploitation of available geothermal resources
associated with disused deep oil and gas wells in Italian oilfields could represent a considerable
source of renewable energy. This study used information available on Italian hydrocarbon wells and
on-field temperatures to apply a simplified closed-loop coaxial Wellbore Heat Exchanger (WBHE)
model to three different hydrocarbon wells located in different Italian oilfields (Villafortuna-Trecate,
Val d’Agri field, Gela fields). From this study, the authors have highlighted the differences in the
quantity of potentially extracted thermal energy from different analysed wells. Considering the
maximum extracted working fluid temperature of 100 ◦C and imagining a cascading exploitation
mode of the heat accumulated, for Villafortuna 1 WBHE was it possible to hypothesise a multi-variant
and comprehensive use of the resource. This could be done using existing infrastructure, available
technologies, and current knowledge.

Keywords: renewable energy; geothermal energy; mature oilfield; abandoned hydrocarbon well;
wellbore heat exchanger

1. Introduction

The policy visions of the 2030 UN Agenda for Sustainable Development and the
Paris Agreement on Climate Change were both approved by the member states of the UN
in 2015 and represent two fundamental contributions that guide the transition towards
an economic model that aims not only for profitability but also for social progress and
environmental protection. To achieve increased energy efficiency, all nations must change
the ways in which they produce and manage natural energy resources in order to create
more sustainable and environmentally resilient communities.

The current Italian urban energy paradigm relies heavily on fossil fuels; given the air
pollution and resource depletion caused by fossil-fuel use, this is unsustainable. Public and
private investments in energy must be increased, especially for innovative technological
models that transform the energy system, integrating renewable energy into end-use
applications in buildings, transportation and industry.

Geoscience offers solutions to this issue through the development of various options
that could encourage decarbonisation and the transition to renewable energy sources at
local and regional scales: electricity production from renewable sources, domestic heat-
ing/cooling using low-enthalpy geothermal energy resources and larger-scale technologies
that target harmful emissions, such as bioenergy production and carbon capture and
storage [1].

Geothermal energy is a weather-independent, environmentally friendly and currently
available renewable resource; it represents an effective solution for power generation,
heating and cooling, and direct-use applications. Specifically, energy production from
available low- to medium-temperature geothermal resources associated with disused deep

Appl. Sci. 2021, 11, 2411. https://doi.org/10.3390/app11052411 https://www.mdpi.com/journal/applsci

31



Appl. Sci. 2021, 11, 2411

oil and gas wells in Italian oilfields has considerable potential. As a renewable energy
source, it could solve problems associated with suspended wells near municipalities and
allow for longer-term use of hydrocarbon wells, even at the end of their production cycle,
which would benefit industry, civil and agriculture districts. According to [2], the variety
of possible direct applications of geothermal resources in production districts, together
with the corresponding temperature demand, is wide. It includes space heating, industrial
uses, swimming pools, horticulture (especially greenhouses) and aquaculture.

Studies have shown that hydrocarbon reservoirs and geothermal energy resources can
coexist in sedimentary basin contexts because both have similar reservoir conditions [3–5].
Hydrocarbon resources are generated under specific temperature and pressure conditions
in the source rocks, and groundwater is always involved in both the primary migration
of oil from the source rock and the secondary migration of oil and gas to the reservoir.
Consequently, oil and gas reservoirs in hydrocarbon basins act as geothermal reservoirs.

Sedimentary basins have been explored for both oil and gas extraction purposes, so
deep hydrocarbon wells are located in this geological context. Well logs, temperature
distribution profiles and reservoir properties, such as depth to basement and geological
formation thickness, are generally well known.

Since 1985, 7246 wells have been drilled for hydrocarbon extraction in Italy, 898 of
which are located onshore with varying operational statuses [6]. A variety of oil and
gas reservoirs have been identified; geological and geophysical exploration campaigns
into the deepest regions of such geological contexts have ascertained the coexistence of
hydrocarbons and the low- to medium-temperature geothermal energy resources [7,8].

Recent investigations have attempted to assess geothermal potentials, exploring deep
geothermal resources in different regions and reconstructing heat flow maps at different
depths [9,10].

Additionally, in order to determine heat conductivity values at the regional and
local scales, the thermal conductivity of 200 rock samples collected from four different
regions of southern Italy (Calabria, Campania, Apulia and Sicily) was investigated by [11],
measuring its value in both dry and wet conditions. Morover, in reference [12] it was
utilised the framework of the MIUR−2008 project "Geothermal resources of the Mesozoic
basement of the Po Basin: groundwater flow and heat transport" to accurately estimate the
thermophysical properties of a wide variety of sedimentary and intrasedimentary volcanic
rocks from the Po Basin through laboratory measurements of density and porosity.

Since it is stored in subsurface geological formations and associated with hydrocar-
bons, geothermal energy must be extracted before it can be used. Decommissioned or
disused oil and gas wells, especially those in mature oilfields, are good candidates for
geothermal heat exploitation and may provide access to subsurface energy resources.

Considering the large number of existing oil wells dismissed every year in Italian
fields, various studies have proposed new engineering tools to evaluate the possible use
of such thermal resources. In reference [13], it was developed an effective method for
doing so through the use of a closed-loop system with associated Wellbore Heat Exchanger
(WBHE) technology. Unlike in conventional open-loop geothermal systems, heat carrier
fluids in closed-loop systems circulate inside WBHEs, with no ground fluids extracted
from surrounding rocks.

Despite the recent success of theoretical oilfield geothermal closed-loop system experi-
ments, certain challenges remain for understanding the possibility of large-scale access to
geothermal resources in oilfields using closed-loop technologies. Additionally, due to the
continuous spatial variability of geological formations associated with deep oil and gas
wells in oilfields, the thermophysical parameters of geological strata surrounding the well,
as well as the depth and thickness of the strata, must be considered to achieve accurate and
realistic estimates of heat exchanger performance.

Given the above considerations, this study aims to contribute to the discussion, en-
couraging a reflection on the potential benefits and limitations of using low- to medium-
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temperature geothermal energy resources associated with dismissed Italian hydrocarbon
wells as a renewable source of energy.

Using the information on Italian hydrocarbon wells and on-field temperatures avail-
able from both the National Mining Office of the Italian Ministry for Economic Development
(MISE) and the Italian National Geothermal Database, the simplified heat exchange model
(coaxial WBHE) described in [13] was applied to three hydrocarbon wells. The main pur-
pose was to properly analyse heat exchange mechanisms in three different Italian oil and
gas fields, emphasising that the quantity of the potentially extracted thermal energy can
change based on geological and depositional context. Wells from the Villafortuna–Trecate
field, the Val d’Agri field and the Gela field were selected.

The assumption that the thermophysical parameters (thermal conductivity, volumetric
heat capacity and rock density) are constant values, as described in [13], has been overcome
by applying the elaborated model to the detailed stratigraphic data of each case study.

The final use of the potentially extracted heat would be in possible direct applications
by means of a cascade plant system, which provides specific thermal energy amounts to
production cycles in manufacturing, agricultural and recreational districts near the oilfields.
Considering specifically the examples of disused hydrocarbon wells analysed, located in
the Italian territory, it is possible to state that they are located far from inhabited areas
or buildings: it is therefore not generally possible to hypothesize the use of the extracted
thermal energy for heating purposes.

2. Materials and Methods

2.1. Oilfields in Italian Sedimentary Basins

To introduce the analysis of the selected case studies, this paper provides an overview
of the main sedimentary systems and associated hydrocarbon fields.

The Italian landscape is dominated by the Southern Alps and the Apennines mountain
chains. The two chains are bordered in their outer margins by well-developed sedimentary
foreland basins, especially along the Adriatic sectors, and by relatively wide foreland areas
(e.g., the Po Plain, Adriatic Sea and Hyblean Basin). Due to Italy’s complex geological
and sedimentary history, a variety of petroleum systems have been identified. Authors
provided overviews of the Italian peninsula’s geological evolution and described how
Italian hydrocarbon occurrences can be classified by their association with three main
tectono-stratigraphic systems (Figure 1) [14–16]: (1) carbonate Mesozoic substratum of the
foredeep/foreland area and of the external thrust belts; (2) thrusted terrigenous Oligo-
Miocene foredeep wedges (Southern Alps, Northern Apennines, Calabria and Sicily);
and (3) terrigenous Pliocene-Pleistocene successions of the late foredeep basins of the
Apennines, in both the central and northern Adriatic Sea and the Po Plain.

According to [17], at least five important source rocks have been recognised, with
ages ranging from the Mesozoic through the Pleistocene. Three of the source rocks were
deposited during Mesozoic crustal extension and are mainly oil-prone. Hydrocarbon oc-
currences associated with these sources are usually found in complex carbonate structures
along the Apennines thrust-and-fold belt and in the foreland; the Villafortuna–Trecate (Po
Plain), Val d’Agri-Tempa Rossa (southern Apennines) and Gela (Sicily) fields represent the
largest oil accumulations pertaining to these systems.

The two other source rocks were deposited in the foredeep terrigenous units of the
foreland basins, which formed during the Cenozoic orogenesis. The older of the two
sources is thermogenic gas-prone and is found in the highly tectonised Oligo-Miocene
foredeep wedges; gas occurrences associated with this source are mainly concentrated
along the northern Apennines margin (e.g., the Cortemaggiore field), in Calabria (e.g., the
Luna field) and in Sicily (e.g., the Gagliano field). The younger source is biogenic gas-prone
and is situated in the outer Plio-Pleistocene foredeeps.

Reference [17] clearly showed the geographic limitation of the oil-prone Villafortuna–
Trecate Middle Triassic and Val d’Agri-Tempa Rossa Cretaceous systems, as opposed to the
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wide distribution of the Late Triassic–Early Jurassic system and of the biogenic gas-prone
Plio-Pleistocene systems (Figure 1).

Figure 1. Stratigraphic and geographic location of the Italian petroleum systems [17].

This study focuses on the analysis of geothermal energy potential associated with
disused hydrocarbon wells of the different petroleum systems of the Mesozoic carbonate
succession. Three deep hydrocarbon wells located inside of the Villafortuna–Trecate oilfield,
the Tempa Rossa Field and the Gela Field are discussed in detail.

Detailed information related to the litho-stratigraphic units and temperature data
visualisation can be found on The Italian National Geothermal Database (BDNG), the
largest collection of Italian geothermal data. BDNG was established in the 1980s and
implemented by the Institute of Geosciences and Earth Resources (IGG) of the National
Research Council (CNR) of Italy [9].

Information regarding productive and dismissed oil and gas wells in Italy was also
provided by the National Mining Office of the Italian Ministry for Economic Development
(MISE) and by the website of the VIGOR, promoted by the MISE-DGRME (Direzione
Generale Risorse Minerarie ed Energetiche), the Italian Geological Society and the As-
somineraria Association.

2.1.1. The Villafortuna–Trecate Field

First, data were analysed for the geothermal potential associated with the disused
Villafortuna 1 hydrocarbon well, located within the Villafortuna–Trecate oilfield (Figure 1).
The Villafortuna–Trecate system represents one of the largest oil accumulations of the
Italian Middle Triassic carbonate petroleum system. The petroleum system is wholly
developed inside the Triassic succession and consists of two main reservoirs, composed of
dolomitised carbonate platform rocks and a set of source rocks deposited in the adjacent
anoxic intra-platform basins.

Generally, the depth of the main reservoir associated with the Villafortuna–Trecate
field is between 5800 m and 6100 m deep, with temperatures of approximately
160–170 ◦C [18]. Because of its depth, the main reservoir can be pursued only in the
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outer sector of the foredeeps and in foreland regions (the Piedmont area); areas along the
thrust belt (the Po Plain) are generally too deep.

As demonstrated by information related to the litho-stratigraphic units and temper-
ature data visualisation reported in Table 1 and Figure 2, the stratigraphic succession is
mainly composed of clastic sedimentary and carbonate rocks. The analysed well has a
maximum depth of 6202 m and temperatures reaching 165 ◦C.

Table 1. Villafortuna 1 hydrocarbon well-lithostratigraphic profile (Villafortuna Trecate Oilfield,
Western Po Plain).

Depth
m

Litho-Stratigraphic
Formation

Age
λs

W/mK
ρcs

kJ/m3K
ρ

kg/m3

609
Terrigenous

sedimentary deposits
Fine Sand (dry)

Holocene/Upper
Pleistocene 0.30 800 1700

1258 Sand (dry) Pleistocene 0.30 800 1700

1405 Clay Sand Low Pliocene 1.61 1696 1890

5493

Clastic sedimentary
rocks (Sandstone,

Conglomerates and
Silty Marl)

Aquitanian -
Albian 3.16 1937 2359

6202 Carbonate rocks—
Calcarenite/Dolostone

Low Cretaceous -
Middle Triassic 3.50 2010 2480

Figure 2. Temperature data visualisation for the Villafortuna 1 hydrocarbon well: Depth (m);
Temperature (◦C).

2.1.2. The Val d’Agri-Tempa Rossa Field

The second case study, the Tempa Rossa 1D hydrocarbon well, is located within the
Tempa Rossa oilfield (Figure 1). The Tempa Rossa system lies in the Mesozoic carbonate
substratum of the foredeep and foreland areas and in the external thrust belt of the southern
Apennines. The system bears the largest oil and gas accumulations in Italy, including the
Val d’Agri and Tempa Rossa oil fields.

The reservoirs are composed of fractured limestones from the buried Apulia Platform,
which extends from the Cretaceous to the Miocene. The majority of the oil column exceeds
1000 m and sometimes exceeds 2000 m. The seal is composed of Lower Pliocene shales.
The source rocks, identified in a few deep wells of the area, are mainly Albian–Cenomanian
and are marine anoxic carbonates facies containing sulphur [19].
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Unlike the Villafortuna 1 hydrocarbon well, the Tempa Rossa 1D well features litho-
stratigraphic units mainly composed of sandstone and associated shales (Table 2). The
maximum depth of the analysed well is 5042 m; temperatures reach 107 ◦C (Figure 3).

Table 2. Tempa Rossa 1D hydrocarbon well-lithostratigraphic profile (Tempa Rossa Field, Western
Po Plain).

Depth
m

Litho-Stratigraphic Formation
λs

W/mK
ρcs

kJ/m3K
ρ

kg/m3

23 Superficial sedimentary deposits
Fine Sand (dry) 0.30 800 1700

2912 Sandstones interspersed with shale
and clays 3.00 1884 2330

5042 Clays, argillites and calcarenites 2.34 1590 1917

Figure 3. Temperature data visualisation for the Tempa Rossa 1D hydrocarbon well: Depth (m);
Temperature (◦C).

2.1.3. The Gela Field

The third case study is the Gela 38 hydrocarbon well, located in the Gela oilfield in
Sicily. The Gela field is part of the Late Triassic–Early Jurassic petroleum system and is
linked to the main phase of the Tethyan rifting. It is the most explored of the three systems,
both in the foreland and in the thrust belt, and from Lombardy to Sicily. The source rocks
are terrigenous or mixed carbonate-terrigenous and were deposited during the anoxic
stage that preceded the extension of the Jurassic basins.

The Ragusa-Gela fields were discovered in the 1950s and have been the largest source
of Italian oil for some of the past decades. The reservoir is composed of fractured, mas-
sive dolomites of the Upper Triassic Gela Formation. The traps are large-scale, probably
polyphase anticlines bounded by high-angle normal faults.

Based on the available lithological and temperature data reported in Table 3 and
Figure 4, the area’s stratigraphic succession is composed of marl, calcareous marl and clays.
The well has a maximum depth of 3446 m and temperatures that reach 85 ◦C.
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Table 3. Gela 38 hydrocarbon well-lithostratigraphic profile (Gela Field, Sicily).

Depth
m

Litho-Stratigraphic Formation
λs

W/mK
ρcs

kJ/m3K
ρ

kg/m3

1772 Marls, clays and gypsum
3.16 1937 23592117 Marl, calcareous marl and clays

2556 Limestone and marl
2.17 1495 18012582 Limestone

2860 Limestone, dolomitic limestone and marl 3.12 2010 2480

3156 Limestone, marl and dolomite
2.17 1495 18013446 Marls, clays and gypsum

Figure 4. Temperature data visualisation for the Gela 38 hydrocarbon well: Depth (m); Temperature
(◦C).

2.2. Closed-Loop Geothermal Energy Systems: WBHEs

Exploiting the geothermal energy resources associated with decommissioned hydro-
carbon wells requires that the borehole to be retrofitted with a heat exchanger. In current
practice, two main types of closed-loop systems are used to harness geothermal energy
resources by taking advantage of disused boreholes in oilfields: U-tube and coaxial double-
pipe WBHE technologies [20,21]. Both kinds of systems allow for the extraction of heat
from the ground without extracting or re-injecting any geothermal fluids.

In U-tube heat exchangers, fluid is pumped through one tube string and comes out
the other, while coaxial heat exchangers are composed of two concentric pipes, as shown in
Figure 5 and Table 4. In coaxial WBHEs circulating working fluid is injected into the outer
pipe (the injection pipe), flows down to the lower part of the exchanger and is gradually
warmed by heat from the rocks. After the fluid reaches the bottom hole of the well, it flows
upwards through a thinner pipe, which acts as the inner pipe (the extraction pipe). The gap
between internal pipes is filled with an insulating material, and the bottom hole is sealed.
Heat exchange occurs between the geological formation and the fluid in the injection pipe
and between the fluid in the injection pipe and the fluid in the extraction pipe.
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Figure 5. Schematic representation of a coaxial Wellbore Heat Exchanger (WBHE).

Table 4. Coaxial WBHE—geometric parameters.

Coaxial Wellbore Heat Exchanger—Geometric Parameters Symbol Unit of Measure

Outer pipe area A0 [m2]

Inner pipe area Ai [m2]

Radius of outside wellbore rw [mm]

External radius of the external casing rc [mm]

Internal radius of the external casing ri [mm]

Radius of the internal casing r0 [mm]

Thicknesses of the pipe exchanger d [mm]

Depth z [m]

Corrosion must be considered when selecting this type of system; it may be ideal for
heat exchange, but it may also reduce the system’s operational life. Due to its low cost and
its heat transfer and storage capacity, water is still one of the most commonly used fluids.
The operating parameters of subsurface closed-loop systems, such as fluid flow rate and
pipe diameter, should be selected to guarantee transient turbulent flow conditions, since
these conditions facilitate heat transfer, and low hydraulic head losses, since this indicates
lower energy expenditure on circulation pumping.

Compared to U-tube heat exchangers, coaxial heat exchangers have a higher surface
area and a higher volume of the working fluid through which heat exchange occurs. As a
result, under the same injection rate conditions (q), the fluid flow velocity in the coaxial
pipe system and the hydraulic pressure required for fluid circulation can be lower, resulting
in decreased energy consumption from pumping [21]. The coaxial geometry of a double-
pipe heat exchanger also has the advantage of reducing thermal resistance between the
circulating fluid and the wellbore.

In this paper, in order to evaluate and analyse the temperature profiles of the selected
fluid (water) associated with a coaxial double-pipe WBHE technology, the simplified
models proposed below were implemented in MATLAB and applied to the selected case
studies: the Villafortuna 1, Tempa Rossa 1D and Gela 38 hydrocarbon wells.

For the elaborated model, two main assumptions were considered: the propagation of
heat in the reservoir occurs by means of conduction (convection phenomena are neglected),
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and the propagation of heat inside the wellbore tubes takes place through both conduction
and convection.

2.3. Heat Transfer in Coaxial WBHEs

In coaxial WBHEs, the steel downward tube is cemented to the rock wall and so is in
contact with the hole in the well. The energy balance of the fluid in the injection pipe can
be expressed with the following equation:

∂
(
(ρc) f A0Tf o

)
∂τ

+
∂
(
(ρc) f A0v f Tf o

)
∂z

= −dQ
dz

+
dQi0

dz
(1)

where A0 and vf are the outer pipe area and fluid velocity, respectively; Tfo is the fluid
temperature in the outer pipe; and dQ/dz is the heat extraction from the formation at unit
well depth (W/m).

Although insulation is used to prevent heat loss from the inner-pipe fluid, heat is
partly transferred between the two pipes, so dQio/dz represents the heat flux from the
inner pipe to the outer pipe. Therefore, the energy equation for the inner pipe can be given
as:

∂
(
(ρc) f AiTf i

)
∂τ

+
∂
(
(ρc) f Aiv f Tf i

)
∂z

= −dQi0
dz

(2)

By assuming steady heat transfer and constant heat flux in wellbore components (e.g.,
insulation, casing and cement), heat extraction from the formation dQ/dz can be assumed
to be equal to the heat flux through the outside surface of the wellbore (interface of the
wellbore and rock formation) to the injected fluid [22]:

dQ
dz

= 2πrwkw

(
Tf 0 − Tw

)
=

(
Tf 0 − Tw

)
/Rw (3)

where Tw is the temperature at the interface of the wellbore and the formation, kw is the
heat transfer coefficient between the outer-pipe fluid and wellbore exterior and Rw is the
resistance between the outer pipe and surrounding rocks.

At the well bottom, the heated fluid is forced to enter and flow through the internal
pipe of the coaxial WBHE. Going up to the wellhead, heat transfer occurs only through
the wall of the internal pipe. Thus, dQi0/dz is determined by considering the temperature
difference between the outer-pipe and inner-pipe fluids, as well as the estimated thermal
resistance of the insulation:

dQi0
dz

= 2πr0ki0

(
Tf i − Tf 0

)
=

(
Tf i − Tf 0

)
/Ri0 (4)

where Tfi is the fluid temperature in the inner pipe, ki0 is the heat transfer coefficient
between the outer pipe and inner pipe and Ri0 is the thermal resistance between the outer
pipe and inner pipe.

2.3.1. Coaxial WBHE: Coefficient of Heat Exchange between Outer-Pipe Fluid and the
Wellbore Exterior

In an analysis of the energy balance equation for the fluid in the outer pipe (injection
pipe) of a coaxial WBHE, a careful estimate of the parameter kw is fundamental for proper
evaluation of the heat exchange between the outer-pipe fluid and the drilled geological
formations.

For a coaxial WBHE, the heat exchange coefficient for the injection pipe can be ex-
pressed as the sum of heat transfer components, expressed in terms of thermal resistance
values (Rw) [22]:

Rw = Rs + Ra + Rc (5)
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where Rs is a function of time that represents the thermal resistance due to conductive heat
transfer in the rock, Ra is the thermal resistance due to convective heat transfer into the
pipe and Rc is the thermal resistance due to conductive heat transfer through the casings of
the well.

In the evaluation of total thermal resistance, the conductive term prevails; conse-
quently, the thermal exchange is directly proportional to the convective transfer coefficient.

Conductive thermal resistance (Rs) can be expressed as follows:

Rs =
1

2λs
In

2
√

αst
rw

(6)

where λs (W/mK) is the thermal conductivity of the rock and αs (m/s) is the thermal
diffusivity of the rock. In Equation (6), the relationship in the numerator of the second term
represents the time-dependent radius of the thermal influence of the well (rs).

Convective thermal resistance (Ra) can be determined by the following equation:

Ra =
1

2rch f
(7)

where rc is the external radius of the external casing and hf is the convective heat transfer
coefficient, which was calculated by using the Nusselt number (Nu) and a form of the
Dittus-Boelter equation that assumes turbulent flow inside the tubes (Reynolds number ≥
104) [23]:

h f =
Nuλ f

2rc
(8)

Nu = 0.023Re0.8Pr0.4 (9)

with Pr =
ρc f μ

λ f
and Re =

ρv f 2rc
μ .

Finally, the thermal resistance to heat conduction through the casings of the well can
be determined as follows:

Rc =
n

∑
i=1

Rλi =
1
2

n

∑
i=1

1
λi

In
rc,i+1

rc,i
(10)

where λi is the thermal conductivity of the rock in correspondence with the different casings
of the well. Generally, due to the high thermal conductivity of the steel piping, the total
thermal resistance of the casing is negligible compared to the rock thermal resistance [13].

As a result, the heat exchange coefficient kw can be correctly determined as follows:

1
kw

=
2rc

2λs
In

4
√

αst
2rw

+
1
h f

(11)

where rc = rw as the thickness of the external tube is negligible.

2.3.2. Coaxial WBHE: Coefficient of the Heat Exchange between the Outer-Pipe Fluid and
the Inner Pipe

Unlike in the injection pipe, the total heat flux in the upward pipe (extraction pipe)
is determined by a conductive component of the composite pipe and by two convective
components, one on the internal wall and one on the external wall of the WBHE.

Consequently, the total heat exchange coefficient ki0 for the extraction pipe can be
calculated as follows:

1
ki0

=
r0

r0+d

1
hi

+ r0

n

∑
i=1

1
λi

In
(

ri+1

ri

)
+

1
h0

(12)
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where r0 is the radius of the inner pipe, d is the thicknesses of the pipe exchanger, h0 and hi
are the coefficients of convective heat transfer to the inner and outer wall, respectively, and
λi is the thermal conductivity of the pipe material.

2.4. WBHE Model Assumptions

MATLAB is a software for numerical and statistical calculations that is written in the
C programming language. MATLAB R2018b version was used to perform the analysis
of WBHEs by implementing the proposed model, with consideration of the following
assumptions and approximations.

The reservoir model was built by assuming a single well-positioned at the centre of
a circular reservoir. The temperature profile in the radial direction was assumed to be
constant. Therefore, there was no temperature gradient in the annulus or in the inner
tube. Due to turbulent flow, enhanced mixing phenomena occurred, decreasing the radial
gradient. The temperature changed only in the annulus and in the vertical direction of the
inner tube, so the temperature profile was vertically unidirectional.

The properties of the heat-carrier fluid were assumed to be constant. As the fluid used
in this study was water (100 ◦C, 2 bar), no variations occurred due to pressure or/and
temperature gradients.

The model was built under steady-state conditions; there were no temperature vari-
ations over time, with each point in the tubes (annulus and inner tube) maintaining the
same temperature for the lifecycle of the system. For the elaborations, rc (external radius of
the external casing) was considered equal to rw (radius of outside wellbore).

In addition, the model considered the resistance associated with tube thickness to
be negligible. The tube material had very high conductivity, so its resistance could be
considered small compared to the other resistances in the system. For estimation of the
resistance associated with the rock (see Equation (6)), the time value used was 3 years after
the starting of the system. This assumption made the method a conservative estimate: the
system in the years before (1–2 years) turns out in fact to work better. As consequence, the
heat exchange phenomena are bigger with the possibility of causing overestimations.

The proposed model followed the path of the fluid using a step-by-step approach. It
considered intervals of length dz in which the inlet and outlet temperatures were calculated
by solving the energy balance equation for each volume dv. For estimating the energy
exchange in the radial direction, the mean value of the temperature in each volume dv was
used.

3. Results and Discussion

The temperature profiles associated with the analysed coaxial WBHE system config-
urations were obtained by making use of the specific ground properties of the selected
case studies (the Villafortuna 1, Gela 38 and Tempa Rossa 1D hydrocarbon wells). Values
relating to the thermal properties of the different rock formations have been attributed in
accordance with references [11,12] (Tables 1–3).

For all cases analysed, the flow rate of the fluid and the inlet temperature were first
considered as 3 kg/s and 50 ◦C, respectively. This temperature is a typical value for
direct applications like production cycles in manufacturing and agricultural districts [2].
Subsequently, an analysis was conducted on the thermovector fluid temperature at the
outlet as the inlet flow rate varied.

The sizing of the inner and outer tubes, as well as the final casing size, were fixed
according to the values proposed in Figure 6 and Table 5. The thermal conductivity value
of the insulating material was set to 0.025 W/mK.
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Figure 6. Coaxial WBHE geometry: considered configuration.

Table 5. WBHE tube sizing—ID: internal diameter, OD: external diameter.

Tube Sizing
m

ID
(mm)

OD
(mm)

3 inches 77.9 88.9

5 inches 121.4 139.7

Casing 7 inches 150.4 177.8

In the first section of an external pipe of a coaxial WBHE system, the downward fluid
is in thermal contact with both the ground on one side and the upward tube on the other.

Because of its thermal properties, the ground in contact with the external piping
provides a negative heat contribution, while the inner tube of a coaxial WBHE provides a
positive one. As the negative contribution is usually larger, the water temperature (working
fluid temperature) decreases slightly. This behaviour can be observed by analysing the ob-
tained temperature profiles associated with the Gela 38 and Tempa Rossa 1D hydrocarbon
wells, in which the thermovector fluid was cooled at depths of up to 1800 m and 1200 m,
respectively. Unlike in the Gela 38 and Tempa Rossa 1D hydrocarbon wells, the thermo-
vector fluid maintained a constant temperature (50 ◦C) for the first portion of the borehole
(1400 m) in the Villafortuna 1 hydrocarbon well (Figures 7a, 8a and 9a). The presence of a
thick stratigraphic horizon made up of terrigenous sedimentary deposits (Table 1), which
are characterised by very low conductivity and specific heat values, negatively influenced
the heat exchange and so limited heat dispersion.

Figure 7. (a) Temperature profile associated with the coaxial WBHE configuration considering the site-specific stratigraphy
of Villafortuna 1 well. (b) Wellhead temperature behaviour as the flow rate changes.
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Figure 8. (a). Temperature profile associated with the coaxial WBHE configuration considering the site-specific stratigraphy
of Tempa Rossa 1D well. (b) Wellhead temperature behaviour as the flow rate changes.

Figure 9. (a) Temperature profile associated with the coaxial WBHE configuration considering the Scheme 38 well. (b)
Wellhead temperature behaviour as the flow rate changes.

However, when the water and ground temperatures approached similar values in
all three hydrocarbon wells, the negative contribution decreased, and water temperature
increased. As the downward water profile line crossed the ground temperature line, the
ground’s heating process began, and the ground contribution became positive. Due to the
presence of the insulating material, the heat exchange coefficient between the annulus and
the inner tube was quite low, and the increase in the working fluid temperature could be
mainly associated with the contribution of the ground.

Using the fixed inlet working fluid temperature (50 ◦C) and the estimated fluid
temperature at the outlet for the three case studies (Figures 7a, 8a and 9a), thermal power
values were evaluated for 627.9 KW (100 ◦C, Villafortuna 1), 75.3 KW (56 ◦C, Tempa Rossa
1D) and 100.5 KW (58 ◦C, Gela 38).

Considering a cascading exploitation mode of the heat accumulated by the working
fluid water in Villafortuna 1 WBHE, it is correctly possible to hypothesize a multi-variant
and comprehensive use of the resource. The outflow temperature of geothermal water at
the wellhead is 100 ◦C, which allows it to progressively be used for greenhouse heating
(100–80 ◦C), domestic hot water and food industry (80–70 ◦C), animal breeding (60 ◦C),
biomass and agricultural culture (50 ◦C). On the contrary, the thermal load accumulated in
correspondence with Tempa Rossa 1D and Gela 38 wells turns out to be sufficient neither to
justify the costs of plant retrofitting nor to plan a cascading exploitation of the geothermal
fluid produced.
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As can be seen in Figures 7b, 8b and 9b, the inlet flow rate strongly influenced the
temperature of the wellhead thermal fluid. In each case, it is possible to identify an inlet
flow rate value (kg/s) in order to obtain a higher fluid temperature at the outlet and
optimize the quantity of extracted thermal power. When considering inlet flow rate values
between 0.5 and 0.8 kg/s, the output fluid temperature increased up to about 122 ◦C
(0.8 kg/s, Villafortuna 1), 65.5 ◦C (0.7 kg/s, Gela 38) and 72 ◦C (0.5 kg/s Tempa Rossa 1D).
For higher values, the trend was inverted in all three cases.

However, for coaxial WBHE systems like the one analysed, such low inlet flow rates
may not be technically appropriate. The heat-exchange modalities are in fact not the
only aspect that must be considered to carry out the correct analysis of the heat transfer
mechanisms associated with coaxial WBHE. Pressure loss phenomena need to be analysed
as they affect pumping costs and are not negligible in the management of a closed-loop
geothermal system. In coaxial WBHE, the inlet flow rate strongly influences the temperature
of the wellhead thermal fluid. As pressure losses are proportional to the velocity, an increase
in the inlet flow rate values will cause an increase in the required pumping power.

4. Conclusions

Over time, the petroleum systems in Italian sedimentary basins have been explored
for oil and gas extraction. Since 1985, 7246 wells have been drilled for hydrocarbon
extraction. Of these, 898 wells are located onshore with various operational statuses.
Geological and geophysical exploration campaigns have ascertained the coexistence of
low- to medium-temperature geothermal energy resources in the deepest regions of such
geological contexts. As such, energy production based on the exploitation of available low-
to medium-temperature geothermal resources associated with disused deep oil and gas
wells in Italian oilfields could represent a considerable source of renewable energy.

This study used information on Italian hydrocarbon wells and on-field temperatures
to apply a simplified coaxial WBHE model to three hydrocarbon wells. The main purpose
was to analyse heat exchange mechanisms in three different Italian oil and gas fields (the
Villafortuna-Trecate, Val d’Agri and Gela fields), emphasizing differences in the quantity of
extracted thermal energy and considering different geological and depositional contexts.

All calculations considered the detailed stratigraphic data and related thermophysical
parameters (e.g., thermal conductivity, volumetric heat capacity and rock density) of each
case study. The results indicate a substantial difference in the potential amount of extracted
thermal energy between analysed sites, located in different Italian sedimentary contexts.
With a fixed inlet working fluid flow rate of 3 kg/s and a fixed temperature of 50 ◦C,
thermal power values were evaluated at 627.9 KW for Villafortuna 1, 75.3 KW for the
Tempa Rossa 1D well and 100.5 KW for the Gela 38 hydrocarbon well. The Villafortuna
1 WBHE recorded a maximum extracted fluid temperature of 100 ◦C, which allows us to
hypothesize a cascading exploitation mode of the heat accumulated. Unlike Villafortuna 1,
Tempa Rossa and Gela fields had thermal load values that would be of no practical use. As
such, the implementation of a coaxial borehole heat exchanger in a such hydrocarbon well
may not be energetically or economically worthwhile.

Improving the accuracy of the proposed models by means of future analysis is re-
quired: the basic assumption related to the constancy of the properties of the water as
working fluid must be overcome by properly analysing the possibility of having phase
change (evaporation) in the well, which would change the proposed models. The role in
heat transfer and performance of extracting heat from abandoned wells of intraformational
flows also needs to be properly considered.

Despite the above considerations, the analysis approach with the associated simplified
model proposed in this paper could represent a useful simplified methodological tool to
allow the preliminary definition of the possibility of a selected Italian hydrocarbon well to
be converted into a geothermal one by means of a coaxial-WBHE technology.

After a preliminary analysis about the presence of industries and agricultural districts,
it will be useful to produce a detailed evaluation of the industrial plants available in the
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area near the Villafortuna 1 well: a technical feasibility and cost–benefit analysis of the
selected configuration in this proposed case study could represent the subject of future
research work.
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Abbreviations

Parameter Symbol Unit of Measure

Volumetric heat capacity of the fluid ρcf [J m−3 K−1]
Volumetric heat capacity of the rock ρcs [J m−3 K−1]
Density ρ [Kgm−3]
Thermal conductivity of the fluid λf [W m−1 K−1]
Thermal conductivity of the rock λs [W m−1 K−1]
Heat conductivity of the porous media λm [W m−1 K−1]
Heat conductivity of the pipe material λi [W m−1 K−1]
Viscosity μ [kgm−1s−1]
Thermal diffusivity of the rock αs [ms−1]
Radius of thermal influence rs [m]
Temperature of the rock T [◦C]
Temperature at the interface of wellbore/formation Tw [◦C]
Fluid temperature in the outer pipe Tfo [◦C]
Fluid temperature in the inner pipe Tfi [◦C]
Temperature of the environment at the inlet Tei [◦C]
Temperature of the environment at the surface Tes [◦C]
Time t [h]
Flow rate q [m3h−1]
Fluid velocity vf [ms−1]
Heat transfer coefficient—outer pipe fluid and wellbore outside kw [Wm−2K−1]
Heat transfer coefficient—the outer pipe and inner pipe ki0 [Wm−2K−1]
Convective heat transfer coefficient hf [ m−2 K−1]
Coefficient of convective heat transfer to the inner wall h0 [Wm−2K−1]
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Abstract: As fluid passes through the fracture of an enhanced geothermal system, the flow direction
exhibits distinct angular relationships with the geometric profile of the rough fracture. This will
inevitably affect the heat transfer characteristics in the fracture. Therefore, we established a hydro-
thermal coupling model to study the influence of the fluid flow direction on the heat transfer
characteristics of granite single fractures and the accuracy of the numerical model was verified by
experiments. Results demonstrate a strong correlation between the distribution of the local heat
transfer coefficient and the fracture morphology. A change in the flow direction is likely to alter
the transfer coefficient value and does not affect the distribution characteristics along the flow path.
Increasing injection flow rate has an enhanced effect. Although the heat transfer capacity in the
fractured increases with the flow rate, a sharp decline in the heat extraction rate and the total heat
transfer coefficient is also observed. Furthermore, the model with the smooth fracture surface in the
flow direction exhibits a higher heat transfer capacity compared to that of the fracture model with
varying roughness. This is attributed to the presence of fluid deflection and dominant channels.

Keywords: heat transfer; granite fracture; flow direction; enhanced geothermal system

1. Introduction

Geothermal energy is a clean and environmentally friendly renewable energy source
with a wide distribution range, large reserves, and long duration [1–3]. The high tem-
perature rock mass buried 3–10 km underground is characterized by low permeability
and low porosity [4]. In order to extract thermal energy from such high temperature rock
mass, several countries (led by the United States) proposed the use of artificial hydraulic
fracturing, which led to the development of reservoir-transforming hydro-shearing tech-
niques to establish fracture network channels and improve the heat transfer capacity [5].
This geothermal project is often referred to as an enhanced geothermal system (EGS). The
fracture surface formed by hydraulic fracturing is typically rough, which directly affects
the heat transfer performance of the working medium (water or CO2) [6].

The key to extracting geothermal resources by EGS is the flow and heat exchange
process of working fluid in fractures of high temperature rock mass [7]. However, when
the fluid begins to flow from the injection well into the fracture, the initial direction of flow
often has an angle equal to the direction of the rough fracture surface, which inevitably
affects the heat exchange effect. The accurate determination of the convection heat transfer
coefficient between the fluid and fracture is crucial to the optimization of the reservoir
transformation and productivity predictions [8]. In addition, a clear heat transfer law
within the fractures is of great significance to the establishment of EGS heat recovery
models [9].
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Numerous studies have attempted to quantify the roughness of fracture surfaces.
For example, Patton [10] proposed the concept of the wave angle and established the
relationship between wave angle and fracture morphology. Mandelbrot [11] proposed the
concept of fractal geometry and developed a fractal dimension framework to describe the
geometrical characteristics of fracture rough surfaces. Barton [12] used the joint roughness
coefficient (JRC) to characterize the section geometry of fracture surfaces to determine
10 fracture types with an approximate length of 10 cm. Xie [13] demonstrated the fractal
dimension to be the measured values of the joint roughness coefficients.

Experimental and numerical simulations have demonstrated the fluid flow and heat
transfer processes in fractures to be affected by many factors, including the aperture, rough-
ness, type of fluid, injection flow rate, initial temperature of rock, and rock thermophysical
parameters [14]. Early scholars used the plate model to describe the heat transfer charac-
teristics in fracture. However, Tsang and Brown [15,16] pointed out that the parallel plate
theory may cause flow estimation errors of 1–2 orders of magnitude. In an experimental
study on the seepage heat transfer in a single fracture of granite, Zhao and Tso [17] revealed
the single fracture with a certain roughness to have a better heat transfer performance than
the smooth-plate fracture. Similarly, the two-dimensional coupled heat transfer model of a
single fracture established by He [18] also demonstrated a strong correlation between the
local convection heat transfer coefficient and the fracture profile. Neuville [19] established
a self-affine rough fracture coupling model that assumes a reduced heat transfer efficiency
in a rough fracture with constant temperature due to the channel effect. Research carried
out by Huang [20] also showed that a larger relative roughness increases the flow friction
and significantly reduces the heat exchange. Luo [21] investigated the influence of initial
rock temperature on the heat transfer efficiency of fractures, demonstrating a positive
relationship between the heat transfer rate and rock temperature. The two-dimensional
single-fracture heat transfer model established by He [22] shows that the effect of fracture
surface roughness on heat transfer intensity decreases with an increasing injection flow
rate. Confining pressure has a significant impact on the fracture aperture. Shu [23] em-
ployed a novel experimental device to simulate the evolution of the hydraulic and heat
transfer characteristics of fractures under a confining pressure. Results show that both the
heat transfer rate and total heat transfer coefficient decrease with an increasing confining
pressure. Zhang [24] established a three-dimensional numerical model based on three-
dimensional laser scanning to evaluate the effects of rock temperature, water flow velocity,
roughness, and fracture aperture on the heat transfer coefficient. Simulation tests reveal the
dominant influence of the flow rate on the rock roughness, followed by the aperture size.
Andrade et al. [25] simulated the flow and heat transfer between two-dimensional parallel
rough surfaces, demonstrating the minimal effect of wall roughness on the heat transfer
for the characteristic parameter Pe = u(d/2)2/L < 200. Zhang [26] performed convection
heat transfer tests of carbon dioxide in a single fracture to establish a numerical model
and proposed the rough fracture channel effect. Experimental and numerical simulations
can increase our understanding of the geothermal field model. Fox et al. [27] established a
discrete fracture network and investigated the relationship between hydraulic aperture and
fluid runoff, concluding that variations in the fracture aperture can cause flow channeling
and reduce the heat transfer area. Furthermore, several studies [28,29] have employed
Monte-Carlo [30,31] stochastic simulations to build fracture network models with different
geometric parameters, and in particular, the EGS site model to predict the heat recovery
performance. Bruel [32] integrated experimental data into a single model used to generate
an estimation model of the main hydraulic parameters. Chen [33] established a geother-
mal reservoir model with a rough fracture surface based on small-scale research results,
revealing the constant heat transfer coefficient (HTC) recommended in previous studies
to underestimate the final outlet fluid temperature in the case of rough fractures. These
studies demonstrate that research on the influence of fracture morphology on the fluid
flow and heat transfer process at the experimental scale can be applied to the actual site
model [28,34].
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In summary, previous studies have shown that the geometry of the fracture surface
has a profound influence on the fluid flow and heat transfer process in the fracture [35,36].
According to the different influencing factors, many scholars [23,37,38] have designed
experiments and carried out corresponding numerical simulations to determine how these
influence factors affect the heat transfer process in fractures. The results of such studies are
very important for the development of EGS stimulation technology.

The aforementioned research generally focuses on the influence of fracture morphol-
ogy on fluid heat transfer, while studies on the effect of the angle between the direction of
the fluid flow and the morphology of the fracture wall on the heat transfer performance
are limited. In addition, because of the geological history, the fracture aperture of EGS
reservoirs range from the micron to centimeter scale [39]. This makes it difficult to obtain
the temperature distribution of rock fractures and thermal mediums under laboratory
conditions. Hence, in the current study, we established a single fracture heat transfer
model with a random geometry profile that was subsequently verified by experiments.
Four cases with fracture profiles and varying angles between flow direction were set up to
simulate and explore the heat transfer performance of distilled water through fractures.
The influence of the fluid flow direction on the fracture heat transfer characteristics was
then discussed.

2. Numerical Simulations

2.1. Mathematical and Physical Models

A three-dimensional single fracture model was established to study the influence of
flow direction on the heat transfer characteristics in a granite single fracture. The geometry
profile of the fracture was constructed using a random method (Figure 1a), while the rough
fracture wall was built by stretching in the vertical direction (Figure 1b,c).

Figure 1. Fracture surface and surface flow direction distribution. (a) 2D random fracture profile; (b) pseudo-three-
dimensional fractured rough surface stretched towards the page direction. (c) 3D view of pseudo-three-dimensional fracture
rough surface.

The surface flow of the fracture surface was assumed to have four different directions,
with the 0◦ direction taken as the z-axis direction (Figure 1b). The angle between the surface
flow direction and the positive direction of the z-axis is denoted as α. The surface flow
direction had a gradient of 30◦ and was rotated counterclockwise around the z-axis by
30◦, 60◦, and 90◦ to obtain the fracture wall. The rough single-fracture numerical model
shown in Figure 2 was obtained by embedding these fracture walls into a cylindrical
model with a size of 100 × 50 mm (length × diameter). The vertical displacement of
the fracture in the model was determined as 0.3 mm by translation method. Table 1 lists
the geometric parameters of the four fracture models. The surface area and inlet area
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deviations of the four fractures were 1.87% and 0.33%, respectively. Therefore, at the scale
of this study, the effects on the simulation results due to differences in surface area and
inlet area are negligible.

 
Figure 2. Fracture seepage heat transfer model.

Table 1. Geometric parameters of the fracture.

Model Case
(α =)

0◦ 30◦ 60◦ 90◦ Maximum
Deviation

Surface area
(mm2) 5588.95 5620.33 5658.53 5553.84 1.87%

Inlet area
(mm2) 14.9883 14.9391 14.9405 14.9425 0.33%

Volume
(mm3) 1496.28 1495.96 1494.91 1494.25 0.14%

Vertical offset
(mm) 0.3 0.3 0.3 0.3 \

For natural fracture, the Reynolds number is much smaller than the critical Reynolds
number (Re < 1800 [35]) due to its small aperture and low flow rate of underground fluid.
Thus, the fluid flow in a granite fracture remains laminar. Convective heat transfer in
three-dimensional rock fractures was modeled using FLUENT 6.3 [40] by employing a
finite volume method (FVM) to solve the Navier–Stokes equations.

The governing equations for the conservation of momentum, mass, and energy in the
fracture are described as follows:

Continuity equation:
∂ρw

∂t
+∇·(ρwV) = 0 (1)

Momentum equation:

∂(ρwV)
∂t

+∇(ρwVV) = −∇P +∇·
(

μ

[(
∇V +∇VT

)
− 2

3
∇·VI

])
(2)

Energy equation:

∂

∂t
(ρwE) +∇·(V(ρwE + p)) = ∇·

(
λw∇T + μ

[(
∇V +∇VT

)
− 2

3
∇·VI

]
·V
)

(3)
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where ρw (kg/m3) and ρr (kg/m3) are the densities of water and rock, respectively; V (m/s)
is the velocity vector; p (Pa) is the pressure; I is the unit tensor; E is the total energy; λw
(W/(m·◦C)) is the fluid thermal conductivity; μ (Pa s) is the fluid viscosity.

In EGS frameworks, water is typically used as a heat exchange medium. However,
the physical properties of water are more susceptible to temperature than pressure. Hence,
the relationship between the physical properties of water and temperature was described
by the following empirical formula [41]:

Dynamic viscosity of water:

μw = 1.3799 − 0.0212T + 1.3604 × 10−4T2 − 4.6454 × 10−7T3 + 8.9043 × 10−10T4 − 9.0791 × 10−13T5

+3.8457 × 10−16T6 (4)

Specific heat capacity of water:

Cp,w = 12010 − 80.4 × T + 0.3 × T2 − 5.4 × 10−4T3 + 3.6 × 10−7T4 (5)

Thermal conductivity of water:

λw = −0.8691 + 8.9 × 10−3T − 1.5837 × 10−5T2 + 7.9754 × 10−9T3 (6)

Water density:

ρw = 838.4661 + 1.4005 × T − 3 × 10−3T2 + 3.7182 × 10−7T3 (7)

where T (◦C) is the water temperature and which ranges from 10 to 100 ◦C.
The fracture inlet and outlet employ mass flow rate and outflow boundary conditions,

respectively. The outer surface of the rock is considered to be an adiabatic boundary, while
the inner wall of the fracture is considered as an impervious and no-slip boundary.

2.2. Model Meshing and Mesh Independence Verification

In order to focus on fluid flow and heat transfer in fractures, we employed structured
hexahedral grids in fracture spaces (Figure 3a) and an increased grid density around frac-
tures (Figure 3b,c), while an unstructured tetrahedral grid was used for the computational
domain outside the fracture. Furthermore, we selected α = 0◦ as the verification sample to
verify that the simulation results are not affected by the number of meshes. Table 2 lists the
four grid numbers for α = 0◦ and Figure 3 presents the grid characteristics of the fourth
grid number.

 

Figure 3. Mesh features of mesh 4. (a) Fracture surface mesh characteristics; (b) overall mesh distribution; (c) mesh
distribution characteristics around the fracture.

Table 2. Four grid numbers for α = 0◦.

Mesh Case 1 2 3 4

Mesh Number 691,257 1,366,554 2,628,825 3,120,142
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Under the same simulation conditions, four models with different numbers of grids
were constructed and the average temperature of the fluid at the outlet was monitored
(Figure 4). Mesh case 1 is distorted due to the presence of grids with a high value and
aspect ratio. When the number of meshes exceeds 1.3 million, the outlet temperature of
different mesh cases is generally consistent with time. In order to accurately reflect the
geometry of the fracture surface and save computer resources, we selected mesh case 3 for
further numerical calculations. Table 3 details the grid numbers for the four models.

 
Figure 4. Variation of outlet temperature with time for the four mesh cases.

Table 3. Number of simulated sample grids for the four models.

Model Case (α =) 0◦ 30◦ 60◦ 90◦

Mesh Number 2,628,825 2,586,743 2,645,426 2,653,564

2.3. Initial Conditions and Simulations

The initial temperature of the rock was set to 90 and 70 ◦C to prevent a water
phase transformation. The initial flow rates were 10, 20, 30, and 40 mL/min, respec-
tively, depending on the performance of the plunger pump. The injection temperature of
water was 25 ◦C without considering the change of room temperature. Table 4 lists the
simulation conditions.

Table 4. Numerical simulation conditions.

Model Case (α =) Rock Temperature, T0 (◦C) Flow Rate, V0 (mL/min)

0◦ 30◦ 60◦ 90◦ 70 90 10 20 30 40

Calculations were performed following the unsteady double precision method and
the second-order implicit mode to improve calculation accuracy. The SIMPLEC (semi-
implicit method for pressure-linked equations consistent) algorithm, an improved SIMPLE
algorithm, was adopted to amend the fluid pressure and flow rate, while the PRESTO
(PREssure STaggering Option) scheme was used for the pressure discretization. The second
order discretization scheme was used for the convection terms. The residual convergence
criteria for the computational equations was set to 10−5 and the time step size for the
transient simulations time was equal to 1 s. The total solution time was taken as 30 min.

3. Model Verification

Although the establishment of a realistic fracture model proves to be a complicated
task, a single-fracture granite model with a flat and smooth surface can validate the
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proposed model. Thus, experimental and numerical simulation results for smooth-plate
fractures are compared.

A fracture heat transfer laboratory simulation system was independently developed
by our research group for the experiments. Figure 5 depicts the experimental system,
which can be divided into five key components including the seepage, confining pressure,
heating, core holder, and data measurement systems. Six temperature sensor mounting
holes were preset on the top of the holder to ensure direct contact between the sensor
and the outer surface of the rock sample. The data measurement system monitored the
rock and fluid temperatures on the outer surface of the core and at the core outlet in real
time, respectively.

 
Figure 5. The fracture heat transfer laboratory simulation system. (a) Core holder system; (b) a granite sample with a
smooth-plate single fracture in the holder.

The rock sample with smooth-plate fractures shown in Figure 6a,b was tested to
verify the correctness of the numerical model, while a numerical model (Figure 6c) was
established to simulate the test results. The rocks used in this study were obtained from
important geothermal resource targets in the northern Songliao Basin of China. The granite
was processed into a cylindrical specimen with a diameter and height of 50 and 100 mm,
respectively. The thermophysical properties of the granite were obtained from tests. The
specific heat capacity measuring device (BBR series, made in Xiangtan Xiangyi Instrument
Co., Ltd., Xiangtan, China) based on cooling method and the thermal conductivity scanner
(TCS, made in Lippmann and Rauen GbR, Schaufling, Germany) based on optical scanning
principle are used to measure the specific heat capacity and thermal conductivity of rock,
respectively. Figure 7 presents the variations in specific heat capacity and the thermal
conductivity of rock with temperature.

 
Figure 6. Smooth-plate fracture and mesh model. (a) Temperature sensor arrangement. (b) Flow direction. (c) Mesh
generation characteristics of numerical model.
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Figure 7. Variations in thermal conductivity and specific heat capacity of rock with temperature.

The experimental flow rates were set as 5, 10, 20, and 30 mL/min for temperatures of
60, 70, 80, and 90 ◦C, respectively. Both the boundary and initial conditions followed those
detailed in Section 2.3. Numerical simulations were performed based on the experiments
to ensure that the results were not affected by other factors. The unsteady numerical
simulation of fluid temperature Toutlet at the fracture outlet for a given time was calculated
as follows:

Toutlet =

∫
Aout

Tw(x, y, z)μw(x, y, z)ρw(x, y, z)cp,w(x, y, z)dA∫
Aout

μw(x, y, z)ρw(x, y, z)cp,w(x, y, z)dA
(8)

where Aout (m2) is the area of the fracture outlet.
Figure 8 clearly describes the comparison between the numerical simulation and

experimental results for a smooth single fracture. Although there are some errors in the
outlet temperature and the rock surface temperature obtained from the experiments and
numerical simulation, the maximum errors are only 0.8% and 1.3%, respectively. This
indicates that the numerical model established using FLUENT 6.3 can accurately reflect the
convection heat of single-fracture granite.

Figure 8. Comparison of experimental and numerical results (t = 10 min). (Left) Outlet temperature varies with injection
flow rate at different initial rock temperatures. (Right) Surface temperature varies with sensor position at different
injection velocities.
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4. Data Processing

4.1. Heat Extraction Rate

The heat extraction rate can measure the heat absorbed by water flowing through a
rock fracture per unit time and is calculated as follows [26]:

Q = (Houtlet − Hinlet)M, (9)

where M (kg/s) is the flow rate; Hinlet (kJ/kg) and Houtlet (kJ/kg) are the water enthalpy at
the inlet and outlet, respectively. The enthalpy of water can be determined by numerical
simulations of the inlet and outlet temperature and pressure.

4.2. Total Heat Transfer Coefficient

For fracture channels with complex surface morphology, the total heat transfer coeffi-
cient can describe the overall convective heat transfer performance within the fracture. The
total heat transfer coefficient can be calculated from Newton’s law of cooling [42]:

htotal =
q f

Tf − Tw
, (10)

where q f (W/m2) is the average heat flux on the inner wall of the fracture; Tf (◦C) is the
average temperature on the inner wall of the fracture; Tw (◦C) is the average temperature of
the water in the fracture. These parameters can be calculated from the numerical simulation
results as follows:

q f =

∫
A f

q(x, y, z)dA∫
A f

dA
, (11)

Tf =

∫
A f

T(x, y, z)dA∫
A f

dA
, (12)

Tw =

∫
Vf

T(x, y, z)ρ(x, y, z)Cp(x, y, z)u(x, y, z)dV∫
V f

ρ(x, y, z)Cp (x, y, z)u(x, y, z)dV
, (13)

where A f (m2) is the surface area of the fracture; V f (m3) is the volume of the fracture.

4.3. Local Heat Transfer Coefficient

The local heat transfer coefficient can describe the local heat transfer characteristics in
fractures and is an important parameter reflecting the heat transfer characteristics in the
flow direction. Here, we calculated the discrete form of the local heat transfer coefficient
via Equation (10) as follows:

hx =
q f x

Tf x − Twx
, (14)

where q f x (W/m2), Tf x (◦C), and Twx (◦C) are the heat flux, temperature, and fluid temper-
ature at position x of the fracture wall, respectively. Furthermore, the Reynolds number
(Re) can be calculated using the following formula for seepage in single fracture of rock:

Re =
2M
dμw

, (15)

where M (kg/s) is the mass flow rate and d (m) is the fracture aperture.
The overall Nusselt number (Nu) can be determined as follows:

Nu =
htotalde

λw
, (16)

where de (m) is the equivalent hydraulic diameter of a channel with arbitrary shape.
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5. Results and Discussion

5.1. Temperature Field Distribution

Table 5 lists the outlet water temperature determined from the 32 simulations. The
outlet water temperature is maximized at α = 90◦, followed by models α = 0◦, α = 30◦, and
α = 60◦.

Table 5. Results from 10-min numerical simulation.

T0 (◦C) V0 (mL/min) Toutlet (◦C)

α = 0◦ α = 30◦ α = 60◦ α = 90◦

70◦C

10 54.08 53.93 53.87 54.19
20 36.47 36.36 36.23 36.51
30 30.92 30.87 30.80 30.99
40 28.67 28.65 28.59 28.73

90◦C

10 68.45 68.38 68.23 68.58
20 42.03 41.96 41.87 42.18
30 33.75 33.70 33.62 33.84
40 30.44 30.34 30.27 30.53

Figure 9 depicts the distribution characteristics of the temperature fields on the fracture
surfaces of four different model cases at several injection flow rates. With the injection
of low temperature water, the temperature inside the fracture begins to decrease and
the cold front pushes towards the outlet. This phenomenon is consistent with previous
studies [37,43,44]. The temperature at the center of the fracture typically exceeds that on
both sides of the fracture. This is attributed to the greater thermal replenishment at the
center of the fracture by the cylinder model compared to the two sides. Increasing the flow
rate enhances the rate of the temperature reduction in the fracture. The temperature on the
fractured surface of model α = 0◦ is distributed symmetrically along the z-axis due to the
symmetry of the model. At α = 30◦ and α = 60◦, the fracture surface temperature in the
positive direction of the x-axis exceeds that in the negative direction. This indicates that the
angle between the fracture morphology and flow direction has an important influence on
the convection heat transfer process.

Figure 10 presents the local temperature distribution along the z-axis at x = 0.02 m
and x = −0.02 m. At α = 30◦ and α = 60◦, the local wall temperature at x = 0.02 m is lower
than that at x = −0.02 m. This is related to the migration of the channel formed by the
fracture profile towards the x-axis, which makes the fracture geometry profile no longer
perpendicular to the flow direction. The fluid preferentially flows through the fractures
in an easily accessible path where the flow direction is deflected. In addition, Figure 10
shows that the temperature curve at low flow rates (10 mL/min) reaches its peak value,
while the temperature curve at high flow rates (30 mL/min) does not. This indicates that
the cryogenic fluid injected at high flow rates penetrates the fractures more quickly and
results in a thermal breakthrough in a short time, which causes rapid wall temperature
reduction and no timely thermal replenishment. Fluids with low flow rates are more likely
to utilize matrix heat transfer to compensate for the decrease in wall temperature caused
by convection heat transfer.

Figure 11 illustrates the streamline distribution characteristics of the models with
α = 30◦ and α = 60◦. The flow direction is observed to slightly deflect in the fracture
towards the x-axis, which results in the temperature difference shown in Figures 9 and 10.
This deflection is attributed to the presence of a gently inclined microfractured surface
in front of the flow field, preventing the flow from passing. Figure 12 simplifies fracture
surface morphology to account for the deflection of the fluid flow direction. A fractured
surface consists of a limited number of microfractured surfaces. When the direction of the
fluid injection is not parallel to the microfracture dip, the fluid will slightly deflect towards
a blunt angle between the flow direction and the microfracture surface strike.
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Figure 9. Temperature field distribution on the fracture surface (t = 10 min).

57



Appl. Sci. 2021, 11, 751

 
Figure 10. Local temperature distribution along the flow direction at different locations of the x-axis on the inner wall of
fracture (solid line: x = −0.02 m, dashed line: x = 0.02 m, t = 2 min).

 
Figure 11. Streamline distribution characteristics of models with α = 30◦ and α = 60◦ (V0 = 10 mL/min).

 

Figure 12. Schematic illustration of fluid flow direction deviation. (a) The up- and down-hill direction
of the fluid migration. (b) Top view: solid and dotted lines are the ideal flow direction path and the
flow deflection path, respectively.
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5.2. Heat Extraction Rate

The average Reynolds and Nusselt numbers in the fracture are calculated based on
Equations (15) and (16), respectively (Figure 13). Based on the simulation conditions, the
Reynolds number calculated using Equation (16) ranges from 14.5 to 53.3, which is much
lower than the critical Reynolds number leading to the change of laminar flow state [35].
The results of Reynolds number calculation also show that the assumption of using laminar
flow model in Section 2.1 is reasonable. The difference of thermophysical properties of
water results in a greater Reynolds number at initial temperature T0 = 90 ◦C compared to
that with initial temperature T0 = 70 ◦C. The maximum Nusselt number at α = 90◦ is 15.8
(Figure 13b).

  
Figure 13. Reynolds number in relation to (a) the flow rate and (b) Nusselt number.

Considering the small scale of the model in this study, we used the cumulative heat
extraction rate to represent the heat absorbed by water from the model. The cumulative
heat extraction rate can be calculated as follows:

Qsum = ∑(Houtlet,t − Hinlet,t )M. (17)

Figure 14 presents the cumulative heat extraction rate Qsum (W) under different oper-
ating conditions. The cumulative heat extraction rate is maximized at α = 90◦, followed by
α = 0◦, α = 30◦, and α = 60◦. Within the local range, increasing the roughness of the fracture
does not necessarily enhance its heat transfer capacity. This is inconsistent with the results
of other studies because other researchers use two-dimensional models [22,45]. Moreover,
although the cumulative heat extraction increases with the injection flow rate under the
same model [24,43], the increasing rate (ΔQsum, see Figure 14a) will gradually decrease.
Thus, blindly increasing the injection flow rate during EGS operation may be detrimental
to heat recovery. At the same flow rate level, an increase of the initial temperature from 70
to 90 ◦C will enhance the cumulative heat extraction rate by approximately 45%. Figure 15
demonstrates the variation of heat extraction rate with time, indicating that a larger initial
flow rate at the initial stage of the heat transfer will improve the heat extraction capacity.
The heat loss on the fracture wall caused by high convection heat exchange caused by
high flow rate is much greater than that supplied by the matrix by heat conduction, which
causes a sharp decrease in heat extraction rate. The higher the flow rate, the faster the
descent rate.
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(a) T0 = 70 °C (b) T0 = 90 °C 

Figure 14. Histogram of cumulative heat extraction rate determined for 30 min.

  
(a) T0 = 70 °C (b) V0 = 10 mL/min 

Figure 15. Variation of heat extraction rate with time at several initial flow rates and initial temperatures.

5.3. Total Heat Transfer Coefficient

Figure 16 shows the variation of the total convective heat transfer coefficient with time.
The total heat transfer coefficient curve can be divided into increasing and decreasing stages.
During the increasing stage, the low temperature water injection causes severe convection
heat exchange on the fracture wall, which can prevent cold water from penetrating the
whole fracture. Therefore, the total heat transfer coefficient increases rapidly with the
injection of fluid until it reaches its peak value. At the decreasing stage, the low temperature
water enters the fractures continuously and the heating effect of the rock matrix begins
to weaken with the decrease of temperature. In addition, the fluid and fracture wall
temperatures further decrease, and the low temperature water begins to penetrate the
fractures. Although increasing the initial flow rate and temperature can amplify the total
heat transfer coefficient, increasing the flow rate will shorten the time required by the total
heat transfer coefficient to reach its peak value. This is obviously not conducive to the
sustainability of heat recovery. Figure 16 shows that the total heat transfer coefficient in
descending order is α = 90◦, α = 0◦, α = 30◦, and α = 60◦.
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Figure 16. Variations in the total heat transfer coefficient with time for various initial conditions. Top:
T0 = 90 ◦C. Below: V0 = 10 mL/min.

5.4. Local Heat Transfer Coefficient

Figure 17 depicts the local heat transfer coefficients of the rock fracture surfaces. The
local convection heat transfer coefficient is observed to gradually decrease along the outlet
direction, which is consistent with the previous study [22,42]. This is attributed to the
gradual decrease in the temperature difference between the fluid and fracture wall along
the outlet direction. The fracture model shows that the fracture roughness of α = 30◦
and α = 60◦ are different in the three axes, while that of α = 0◦ and α = 90◦ are different
in the two axes. The flow direction on the fractured surface is slightly deflection, and
consequently the local convection heat transfer coefficient in the negative direction of the
x-axis exceeds that of the positive direction (Figures 11 and 12). In addition, the distribution
of the local heat transfer coefficient is strongly correlated with the rough fracture profile [45].
Figure 18 shows the distribution of the local heat transfer coefficients on the fracture profile
at x = 0 m. Figure 18 shows that the model of fracture roughness from large to small at
x = 0 m is α = 0◦, α = 30◦, α = 60◦, and α = 90◦. The fluctuation of local convection heat
transfer coefficient increases with the increase of fracture roughness. At α = 90◦, the local
heat transfer coefficients exhibit a logarithmic distribution in the smooth section along
the z-axis. Similar to the fracture profile, the distribution curve of the local heat transfer
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coefficient is characterized by peaks and troughs. The local heat transfer coefficient curves
at α = 0◦, α = 30◦, and α = 60◦ reveal that the local heat transfer coefficient at the peaks of
the fracture profile is consistently greater than that at the troughs. Moreover, increasing
the injection flow rate not only improves the local heat transfer coefficient, but also has an
enhancing effect that makes the difference between the peaks and troughs of the local heat
transfer coefficient more evident. The enhanced effect can be observed via the increased
slope of the local heat transfer coefficient curve. Figure 19 shows the enhancement effect of
increasing the flow rate on the convective heat transfer intensity.

 

Figure 17. Distribution of local heat transfer coefficients on rock fractures as water flows through the fracture (V0 = 10 mL/min.
T0 = 90 ◦C. t = 10 min).

  
Figure 18. Cont.
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Figure 18. Distribution of local heat transfer coefficients along the outlet direction at different flow rates.

 
Figure 19. Variation of hx with the flow rate at adjacent peak and troughs of the fracture profile.

Figure 20 presents the distribution of the local heat transfer coefficient, wall tempera-
ture, and average flow rate on the fracture profile at z = 0.05 m. The curves of the average
flow rate and local heat exchange coefficient become increasingly complex as α increases
from 0◦ to 90◦. Since the fracture model is constructed by translating along the y-axis, the
distribution of fracture aperture in each direction of the model is not uniform. Therefore,
a position with a higher absolute gradient results in a smaller fracture aperture, which
results in a low flow rate as the water flows through the path of the small aperture. In
contrast, fractures with larger aperture will form a dominant channel where the flow rate
is greater. Compared with the temperature, the difference of flow rates at fractures with
different apertures is the main factor causing uneven distribution of local heat transfer
coefficient. In addition, a strong positive correlation is observed between the local heat
exchange coefficient and the flow rate distribution, which indicates that the flow rate is the
main factor affecting the heat transfer intensity.
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Figure 20. Local heat transfer coefficient, wall temperature, and average velocity distributed along the x-direction at
z = 0.05 m (V0 = 20 mL/min, T0 = 90 ◦C).

5.5. Limitations of the Present Study

The rough fracture surface used in this study is actually a pseudo-3D fracture surface
that ignores the anisotropy of roughness to a certain extent. Therefore, models for this study
are not common in actual natural environments. Moreover, the scale of the fracture model
may weaken the impact of the proposed flow direction deflection on the heat transfer effect.
The heat transfer characteristics of inhomogeneous three-dimensional rough fractures need
to be further studied. However, the focus of this work is to study how different angles
between flow direction and fracture profile affect the heat transfer process in fractures. In
fact, a certain size fracture surface is composed of a limited number of microfractures with
occurrence, which have different angles with the flow direction of fluid. From this point of
view, this work can actually provide basic knowledge for EGS research.

6. Conclusions

In this study, a hydro-thermal coupling model was developed to investigate the
influence of fluid flow direction on the heat transfer characteristics of fractures. The accuracy
of the proposed numerical model was verified by laminar convection heat transfer tests
of smooth-plate fractured rock samples. A detailed analysis of the temperature field
distribution, total heat transfer coefficient, and local heat transfer coefficient of the model
were provided based on the numerical simulations. The main conclusions are as follows:

(1) At α = 30◦ and α = 60◦, the temperature of the fracture surface in the negative
direction of the x-axis is higher than that in the positive direction. This is because the flow
direction of the fluid is not parallel to the orientation of the microfracture surface that
prevents the fluid from flowing forward, resulting in fluid deflection.

(2) When the initial temperature is raised from 70 to 90 ◦C, the cumulative heat
extraction rate Qsum increases the yield by 45%. Although the cumulative heat extraction
increases with the injection flow rate, the rate of increase gradually decreases. An increase
in the injection flow rate from 10 to 40 mL/min enhances the peak heat extraction rate.
However, the increase in flow rate speeds up the rate of reduction of the heat extraction rate.

(3) Variations in the total heat transfer coefficient with time can be divided into
increasing and decreasing stages. The total heat transfer coefficients decrease with α. This
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indicates that the presence of rough fractured surfaces in the forward direction of the fluid
does not necessarily increase the convection heat transfer intensity between the fluid and
the fractured surfaces. Increasing the flow rate and temperature can enhance the total heat
transfer coefficient. However, a higher flow rate will shorten the time required by the total
heat transfer coefficient to reach its peak value, while also increasing the rate of reduction
of the total heat transfer coefficient in the decreasing stage.

(4) The local heat transfer coefficient gradually decreases along the direction of the
water flow, which is consistent with the conclusions drawn by Bai [46]. An increasing
flow rate not only increases the local heat transfer coefficient, but also has an enhanc-
ing effect that highlights the influence of the fracture profile on the local heat transfer
coefficient distribution.

(5) There is a consistently strong correlation between the local heat transfer coefficient
and the fracture profile, independent of the axis. In particular, although a change in
the angle between the flow direction and the fracture profile can affect the local heat
transfer coefficient, it does not affect the distribution characteristics of the local heat
transfer coefficient.
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Abstract: Renewable and sustainable energy sources can play an important role in meeting the
world’s energy needs and also in addressing environmental challenges such as global warming and
climate change. Geothermal well-doublet systems can produce both electrical and thermal energy
through extracting heat from hot-water aquifers. In this paper, we examine some potential challenges
associated with the operation of well-doublet systems, including heat conductivity, chemical, and
mechanical issues. In these systems, geomechanics issues such as thermal short-circuiting and
induced seismicity arise from temperature and pressure change impacts on the stress state in stiff
rocks and fluid flow in fractured rock masses. Coupled chemical processes also can cause fluid
channeling or formation and tubular goods plugging (scaling) with precipitates. Mechanical and
chemical disequilibrium conditions lead to increased production uncertainties; hence risk, and
therefore coupled geo-risk assessments and optimization analyses are needed for comparative
commercialization evaluations among different sites. The challenges related to heat transfer processes
are also examined. These studies can help better understand the issues that may arise during the
operation of geothermal well-doublet systems and improve their effectiveness, subsequently reducing
associated costs and risks.

Keywords: geothermal; well-doublet system; sustainability; disequilibrium; thermomechanical
effects; chemical coupling; climate change

1. Introduction

Energy is an essential and unavoidable need in today’s world and has played a crucial
role in human civilization [1–3]; demand is increasing, with the principal reasons being
the world’s growing population and the general desire for an improved life quality [4–7].
Fossil fuels comprise over 80% of primary energy sources [8,9], but effects arising from
greenhouse gas (GHG) emissions and air pollution, leading to environmental degradation,
global warming, and climate change, are of increasing concern [10–13]. Geothermal energy,
a sustainable and green source, is now meeting some communities’ thermal and electrical
energy requirements [10,11,14]; it can be reliable in the long term, is environmentally
friendly [7,15], and could help reduce fossil fuel consumption [8,9].

1.1. Geothermal Energy Characteristics

Geothermal energy can be categorized as volcanic, sedimentary, geo-pressured, hot dry
rock (HDR) or enhanced (engineered) geothermal (EG), or shallow [7,16]. It should be noted
that shallow geothermal energy can be defined in terms of shallow geothermal systems
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based on ground-source heat pumps that are installed at depths less than 500 m [17].
Geothermal resources can also be divided into three groups based on reservoir fluid
temperatures [18]: low, medium, and high enthalpy resources. Their common point is
accessing natural underground heat sources, whether from dry steam reservoirs (electrical
power) to the normal warmth of deeply buried rocks and their interstitial fluids (district
heating). Although such energy is often classified as renewable because of the continuous
heat flux in the Earth’s crust, realistically, the heat renewal rate (≈100–1000 years) is far
slower than the design life-span of a commercial project (25–40 years) unless strong hot
fluid recharge is occurring. The extraction system and energy rate must be compatible with
project life needs [19], and in most cases, from an engineering project life-span definition,
geothermal energy is not renewable. In other words, the life-span of any commercial
geothermal project is strongly dependent on the geological characteristics of the resources
and the appropriate sizing of the power/heat plant.

Once a spatially limited volume of the reservoir has been “heat mined,” the heat
recharge rate from crustal thermal conduction is too slow to sustain commercial use
unless an external heat source is being used to “recharge” the reservoir heat content.
However, heat is everywhere available at depth, so the project design basis should include
continued access to previously unmined heat (i.e., drilling more wells on an ongoing basis
or recharging the repository heat).

Economically, the amount of energy available and the rate of energy production are
essential criteria for project performance. Although initial reservoir temperature (To) is the
dominant variable, which defines the energy content, the amount of energy production is
also related to the reservoir pressure—P (natural or maintained if fluid injection is being
exploited). Overall, a higher temperature and pressure reservoir is better [8], but there are
a variety of other variables such as reservoir volume, permeability, porosity, storativity,
and natural recharge rate (if any) that are important to the commercially viable project
duration. Site assessment factors include reservoir geometry (depth, thickness, and lateral
extent), flow characteristics (permeability heterogeneity, fracture vs. porous media flow,
channels, etc.), the potential for natural recharge, the tectonic state and stress field, and
structural geology factors [20].

Whether a reservoir is open or closed to natural high-temperature fluid influx impacts
life-span assessment: in a closed system with a constant production and no injection,
reservoir pressure decreases continuously, requiring aggressive pumping or leading to a
rapid loss of water production, although the rock mass may remain at high temperature.
These systems may be considered for re-injection operations, as a closed sedimentary
geothermal formation can be developed with a well-doublet (or multi-well) system. In
contrast, an open system has a more stable pressure but may require flow rate management
and assessment of the recharge rate and energy content (production temperature Tin) to
assure commercial viability [19]. An open system with an “infinite” flow capacity can
be exploited with single pumped production wells, but the geothermal fluids have to be
disposed of in the subsurface into suitable (likely shallower) saline aquifers.

In the current paper, we use the increasingly common term “SedHeat” (sedimentary
heat) for systems where warm and hot fluids are being exploited from sedimentary rocks
of sufficient permeability and porosity at depth [21,22], in contrast to steam systems (wet
or dry), or to geothermal heat found in low-permeability rock masses (granites, shales,
tight volcanic or metamorphic rocks, etc. [23,24]).

1.2. The Geothermal Doublet

The well-doublet design (Figure 1) is the simplest approach to energy extraction in
a closed or limited recharge SedHeat system, whether it is a deep liquid reservoir or a
shallow ground-source heat pump system using an unconfined aquifer. From one well
equipped with a lifting pump, the SedHeat aquifer supplies hot-water from which energy
is extracted by a heat exchanger to be sent for power generation or direct heat use. Cooled
geofluid re-injection takes place into another well placed at an optimum distance designed
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to meet the project’s desired power profile (power = electrical and heat energy rate) [25]
and sustain flow. The maximum energy rate (work or power) available, ignoring all of the
minor hydraulic losses (pumps, fitting, etc.) and irrecoverable heat losses, is

.
E = ΔT·

.
Q·cp (1)

where
.
E is the energy rate (power) in J/s, ΔT = (Tin –Tout) in K,

.
Q is the flow rate in kg/s,

and cp is the fluid heat capacity in J/kg·K. Tin and Tout (units of K) refer to the inlet and exit
temperatures in the energy (electricity + heat) extraction system, likely a heat exchanger.
The fluid involved may be the natural fluids in the case of SedHeat development, or in
the case of EG systems, it is likely to be an introduced fluid such as water or supercritical
CO2 [26].

Figure 1. Schematic illustration of a typical shallow geothermal well-doublet system with a single
primary loop, no heat exchanger, in an unconfined aquifer (modified from [27]).

Specifically, Tin is not the original reservoir To; it is the temperature at the surface going
into the energy system (the heat exchanger between the primary loop and the secondary
power/heat system loop). It will eventually change with time as cool injected fluids
begin to impinge upon the production well. Nor is Tout equal to the ambient temperature;
Tout will always be higher because of thermodynamic constraints. Unextracted heat in
the primary loop fluid is returned to the reservoir through fluid re-injection; if there are
low-grade waste heat sources to increase Tout through a downstream heat exchanger, the
project life may be extended, and the low-grade heat exploited. The parameter

.
Q is mainly

a function of the aquifer’s permeability, thickness, and layering, the amount of energy
desired or achievable, the aquifer’s thermal properties and heat recovery time [8], and
several secondary factors. A reasonable value for cp is 4180 J/kg·K for pure freshwater,
somewhat different for geofluids of different salinities. For fluids such as supercritical CO2,
different specific heats, fluid densities, and viscosities must be used, and these may be quite
sensitive to P and T, leading to additional non-linear effects in modeling heat extraction.

Using a recirculating well-doublet in a binary geothermal system means that remnant
useable heat in the geofluid (e.g., 50–70 ◦C) is reinjected after electrical power generation,
but if space heating is needed, additional heat can be stripped from the fluids, lowering
re-injection T. Furthermore, coupling a deep doublet with a shallow ground-source heat
pump system allows shallow seasonal heat storage and recovery (a thermal repository)
and leads to higher efficiency and lower fossil-fuel use where there is a cooling deficiency
in the summer [28], as in northern climates. Using a deep multi-well system allows
injection/production strategies to be devised to maximize the system’s value, while also
exploiting the shallow heat repository in the winter when high heat demand exists. The
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design of such a system depends on the estimated power/thermal energy profiles for the
year, combined with a safety factor, and noting that design in Canada (for example) must
be to meet November–March energy needs.

If natural or planned thermal recharge is rapid enough, considering the recovery time
of the system and the injection/production strategy, a geothermal SedHeat system might
approach being a renewable and sustainable energy source [25]. In other words, the deep
system life-span can be extended by designing for slow energy extraction relative to the
system volume, re-injection of unused heat, extracting value from sources of waste heat,
and even using seasonal solar and excess wind power to recharge the thermal repository. It
is possible to prolong the system’s energy provision profile by keeping heat extraction at a
sustainable level or by designing it initially so that the combined electrical power and heat
outputs extend the long-term utility of the project. In addition, it may be possible for a
SedHeat system to generate power and heat for 20–30 years, but in the later life stages when
the Tin is degraded, and power generation is suffering, the original wells may be operated
for heat production, but new sources developed for power generation. In this scenario,
given that the capital investment has been recovered, the initial wellbore system can be
economically continued for heat provision only. Geothermal energy developed in this way
is inherently sustainable because of the huge masses of warm rock in the crust and within
reasonable drilling depth. SedHeat is, of course, limited to sedimentary basins, but other
technologies are being explored for low permeability rock masses such as crystalline rocks.

1.3. Disequilibrium Processes

Leaving aside initial geological conditions, the causes of disequilibrium that result in
an inadequate or a drop in Ė are based on mechanical, geochemical, and heat conductivity
conditions and issues, ranging from processes within the reservoir itself (flow, mineral
precipitation, channelling, etc.) to the access and energy systems (wells, pumps, heat
exchangers, surface tubing insulation, etc.).

1. Chemical condition:

a. Well integrity

i. Induced primary loop corrosion (e.g., acidic waters corroding steel),
both internal and external to the well casing, potentially exacerbated by
high temperatures and electrochemical corrosion

ii. Primary loop internal mineral precipitation—scaling (increasing pipe
friction losses)

b. Reservoir condition

i. Mineral and rock dissolution (e.g., dissolving of gypsum) or other alter-
ation (e.g., induced clay mineral swelling from changing geochemistry).

ii. Microbiologically induced pore blockage or corrosion through the gen-
eration of biofilms or weak organic acids that act on minerals (mainly
carbonates)

iii. Chemical changes and processes induced by flow, ΔT, and ΔP, leading
to solubility gradients that trigger dissolution and precipitation

iv. Flushing of pipe corrosion and precipitated mineral particles into the
reservoir, generating blockage of flow paths

2. Mechanical condition:

a. Rock mechanics issues: stress-strain (σ–ε) processes and their effects on porosity
and permeability, particularly in systems dominated by fracture flow and
susceptible to thermoelastic impacts

b. The transition from laminar to turbulent flow regime near the well at high flow
rates (short-term impacts on production and injection phases)

3. Heat conductivity and recovery condition:
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a. Pumping rates with respect to produced fluid temperature changes and well
field life-span

b. Alterations of efficiency associated with thermal viscosity changes
c. Interference with the natural thermal recharge system in the deep aquifer
d. Channeling of flow, fracture dilation through cooling leading to flow short-

circuiting, and related thermoelastic effects that lead to reductions in the sub-
surface heat exchange area

The long-term result of disequilibrium processes in the reservoir may be evidenced as
pore throat blockage and fracture aperture reduction, leading to reservoir fluid conductivity
changes, including permeability reduction, channeling of flow, and related processes. If
these changes are properly understood and predicted, project planning becomes easier,
allowing answers to questions related to the drilling of new wells, workover scheduling for
impaired wells, adding more injection or production wells, developing a new productive
horizon (deeper or shallower), changing the electricity/heat output ratio, and so on.

To optimize energy production, increase the project life-time, enhance the fiscal out-
comes and minimize environmental impacts, many issues associated with heat extraction
from a geothermal well-doublet system need to be considered; these issues are addressed
in this study.

2. Chemical Condition

Questions arise as to whether deep geothermal systems can be preserved while
retaining their production quality, achieving the desired Ė over the project life. We note
that the best outcome is keeping Ė constant, but a project can also be designed on the basis
of a gradually declining Ė, as long as it can be realistically predicted. Answers depend
on water-rock reactions and reservoir condition changes over the project life, as chemical
reactions may cause flow-path changes (precipitation in flow paths) and potentially alter
the heat transfer efficiency between rock and water. To predict changes in permeability or
fracture conductivity, chemical effects need to be investigated for the project’s expected
life-span [29].

2.1. Well Integrity

Hot (>60 ◦C) geothermal fluids are often associated with dissolved carbon dioxide
(CO2) and hydrogen sulfide (H2S), which makes the saline brine slightly acidic, providing
an aggressive thermochemistry environment [30], leading to severe internal corrosion of
steel goods (casing, pipes, heat exchangers, etc.) through the sulfide reaction pathway,
shown in Figure 2. Note that well integrity discussions include physical damage (shear,
cracking) as well as applied mitigation measures to control corrosion. Corrosion/scaling
damage reduces the system efficiency by changing the heat production capacity (Q) and
adding corrosion products to the circulation system, potentially reducing reservoir per-
meability. Well integrity will be affected, shortening productive life [29] and generating
various effects leading to efficiency loss, increased maintenance costs, and surface dam-
age [31]. At a cost, anti-corrosion materials can be added to the system, and the choice of
material depends on ΔT, ΔP, and formation water chemistry.
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Figure 2. Schematic illustration of the process of iron dissolution and sulfide precipitation in a CO2/H2S aqueous system
(modified from [29]).

External steel casing corrosion and cement degradation may occur in an accelerated
manner if the formation temperature is increased (Figure 3). Existing outside-the-casing
groundwater chemistry in the upper geological section will change from chloride-based
to sulfate- or bicarbonate-based as the surface is approached in most sedimentary basins.
Heating the cemented steel casing system sets up a large electrolytic cell where corrosion is
accelerated by the temperature increase from rising hot fluids. External pitting leads to
casing perforation and integrity loss.

Figure 3. External steel casing corrosion from acidic water attack [32].

In certain chemical conditions, specifically, the combined presence of archaebacteria,
CaSO4·2H2O, and a slow source of CH4 in a stratum, acidic conditions (H2S generated)
are created and external steel corrosion accelerated by both the +ΔT and the increasing
acidity. We note that the methane may even be traveling up the geothermal production
well outside the casing [33].

2.2. Reservoir Condition

Mineral dissolution and precipitation, ΔT and ΔP, and steel goods corrosion are the
main issues related to chemical disequilibrium in deep geothermal systems [34]. Geother-
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mal fluids have diverse chemical components due to the diversity of geological settings
(e.g., silica-rich, carbonate-rich, chloride brines, etc.). The recharging water source and
associated dissolved gases also define the chemical characteristics of the geothermal fluid,
and these may change with time because of the perturbation caused by production and
injection. The precipitation of minerals or induced corrosion/scaling leads to small par-
ticles carried in suspension into the porous reservoir, altering the system’s porosity and
permeability. Bächler and Kohl [35] investigated such changes in a deep geothermal system
using coupled Thermal-Hydraulic-Chemical (THC) modeling. The study found that the
system’s efficiency decreased more rapidly with more mineral dissolution at the start of
the project, and it slowed down over a longer time. These results were attributed to the
disequilibrium of the system at the start, then changes in the equilibrium condition over
time [35]. For production and service life calculations, flow pathway impairment from
particles and precipitates is an important disequilibrium effect.

Microbially induced (mediated) corrosion, MIC [36], and fouling affect geothermal en-
ergy projects (as well as other industrial activities); designing and implementing protection
requires multiple knowledge perspectives—material science and metallurgy, electrochem-
istry, biochemistry, and microbiology [37]. Salas et al. [38] showed MIC’s impact on the
deterioration of geothermal power plant structures (e.g., vapor ducts and cooling tower
supports), noting bacterial activity at temperatures as high as 140 ◦C. A MIC problem in
the primary surface loop may migrate to the subsurface as corrosion products, and tem-
perature changes impact the reservoir’s chemical conditions and change the system’s flow
properties [39]. Tubular goods may experience general (e.g., steel thinning) or localized
corrosion (e.g., pitting) [40]. Uniform corrosion [41], pitting, crevice, and contact (galvanic)
corrosion [42–44], microbially mediated corrosion [45], and oxygen corrosion [38] are all
common in geothermal systems.

Thermohydrochemical reservoir processes are impacted by stimulation efforts (e.g.,
hydraulic fracturing with gels, acid injection, etc.), and injection/production leads to ΔT
and ΔP, triggering mineral precipitation. Even reservoir rock and fluid heat conductivities
can be altered by ΔT and ΔP. Blöcher et al. [46] showed that significant changes occur in the
porosity and permeability of a sandstone reservoir when the effective stress (σ) is increased,
as shown in Figure 4.

Figure 4. Decrease in measured porosity and permeability of Flechtinger Sandstone geothermal
reservoir because of increased effective stress (here called effective pressure) [46].

Remedial/preventive methods include cleaning, jetting, and waste removal in well
workovers, and soft acidizing during stimulation to remove carbonate precipitates, with
remediation processes guided by leak-off and injection step-rate testing and data from
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other chemical and physical monitoring methods [47–49]. Note that soft acidizing of
geothermal systems is taken to mean injecting the same acid volume as used in con-
ventional oil and gas acid treatments but at a much lower rate [48,50]. Salimzadeh and
Nick [51] developed a two-way chemical coupling method to include mineral dissolution in
Thermal-Hydraulic-Mechanical (THM) coupling, generating a coupled Thermal-Hydraulic-
Mechanical-Chemical (THMC) approach to explain noticeable changes in reservoir proper-
ties arising from chemical disequilibrium.

3. Geomechanical Conditions

Fluid injection into a geothermal well system can induce stress changes at a scale
through hydromechanical, poroelastic, and thermoelastic mechanisms. In this section,
we evaluated the geomechanics responses for cold water injection into a geothermal
double-well system. Following geophysics symbology, we use “S” to mean total stress,
which at a point is the sum of the effective stress σ and the pore fluid pressure, viz.:
Sv = σv + Pp; SHmax = σHmax + Pp; Shmin = σhmin + Pp. Injecting cold water into hot rock
perturbs the stress in two ways: through ΔP and temperature ΔT. As a preliminary example,
assuming a uniform planar and linearly elastic stratum, the effective horizontal stress
change (Δσh − MPa) for a uniform reservoir wide temperature change (ΔTr − K) is

Δσh ≈ ΔT × E × αT

1 − υ
(2)

where the elastic properties defining the volume change (ΔV) are Young’s modulus
(E − GPa), Poisson’s ratio (ν), and the coefficient of thermal expansion (αT − K−1); for
a stiff rock E ≈ 60 GPa, αT ≈ 10−5 K−1, and ν ≈ 0.2, so that a ΔT of −30 K can lead
to a large effective stress change, Δσh ≈ −22 MPa in this example. In cases with steep
temperature gradients from cooling (across boundaries of large permeability contrast, for
example), stress changes can readily induce shear slip of pre-existing fractures or small
faults and exceptionally trigger the shear yield or tensile rupture of intact rock. This is also
impacted by pressure changes, and to evaluate shear yield, it is necessary to introduce a
shear slip criterion.

The potential for fracture slip or shear yield of intact rock from combined ΔT and ΔP
effects from the fluid injection can be evaluated using simplified (i.e., linearized) Mohr-
Coulomb (MC) yield criteria [52]

τ = C + σntanϕ (3)

where, τ is the shear stress at yield (shear slip) along a plane, usually, a rock weakness
plane in naturally fractured rock masses, and σn is the normal effective stress acting across
the slip plane. C and ϕ are the cohesion and internal friction angle, respectively; that is,
the shear strength parameters of the slip surface (e.g., fault or fracture surface). To apply
the MC criterion, the in-situ effective stress tensor, the slip plane shear strength, and the
slip plane orientation are needed. Determining the effective stress tensor (σij) at the region
of potential slip is a coupled THM problem.

Fluid injection changes stress through hydromechanical (ΔP− Δσ), poroelastic (ΔP − ΔS),
and thermoelastic (ΔT − Δσ) volume changes that generate three-dimensional strains (εij)
and therefore stress changes (ΔSij and Δσij). Of course, Δσij, in turn, leads to more ΔV;
hence, the term “coupled” is used: no process is independent of the others. The first
mechanism accounts for the bulk compressibility effect ΔV, the second for the porous rock
ΔV, and the third for the thermally induced ΔV. Quantification of ΔV requires coupling
heat conduction and convection with fluid flow and stress-strain analysis. In general, in the
low permeability host rock, higher pressures reduce the frictional strength (Equation (3))
of a slip plane by decreasing the effective normal stress (σij = Sij − Pδij), facilitating yield.
In a Mohr stress diagram (Figure 5a) using total stresses, a pressure increase shifts the
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yield envelope (black line) into the Mohr circle (the stress state), and yield is said to have
occurred when stresses lie outside the criterion limit.

Figure 5. (a) 3D Mohr circles showing stress condition and slip tendency due to fluid injection in the deep geothermal
reservoir Groß Schönebeck in the North German Basin. The red line is the Coulomb failure criterion when pore pressure has
been elevated by 7 MPa, and (b) The lower hemisphere stereonet plot illustrates the slip-tendency (ratio of resolved shear to
normal stress) and stress direction.

Because stiff, brittle earth materials store elastic strain energy but are strain-weakening,
a sudden stress drop (weakening) accompanies shear slip, and a very small fraction of
the released strain energy is evidenced as strain waves (seismic waves). Although the
fluid-injection fracture-slip-induced deformation is not high, generally far less than a
centimeter, Δσij may also trigger and reactivate nearby faults that are near critical stress
conditions, causing felt seismicity and casing shear problems [53]. Injection-induced
earthquakes are usually small with moment magnitude < 0. However, there are cases where
large magnitude (>1) injection-induced seismicity has been recorded [54]. Two groups
of field parameters can impact the magnitude and rate of injection-induced seismicity:
controllable operational parameters that include fluid injection pressure, rate, temperature,
and volume [54]. Uncontrollable subsurface parameters include the initial state of stress and
pore pressure, size and density of pre-existing faults/fractures, fault/fracture orientation
and shear strength, and other geomechanics parameters [55].

Figure 5 shows the effect of the pressure increase on the fault reactivation in the
deep doublet geothermal Groß Schönebeck project in the North German Basin, where
fluid-injection-induced seismicity is recorded [56]. The stress state at the injection depth of
4035 m is a normal faulting regime with Sv = 100 MPa, SHmax = 98 MPa, Shmin = 55 MPa,
and Pp = 43 MPa [56]. Faults striking in the SHmax direction with dip angles of 45–75◦
are critically stressed; increasing pore pressure by less than 7 MPa increases the risk of
induced seismicity on two fault sets: the NW-SE set (rectangle), and the E-W set (Mohr
circle). Shear slip of natural fractures in strong rocks is usually a dilatant process, so the
rock mass permeability is enhanced in certain directions, which in turn will alter the fluid
flow patterns, and probably increase the permeability anisotropy in a rock mass.

The second mechanism, poroelasticity, governs fluid pressure change effects on in-
situ states of stress and rock mass deformation [52,57]. Geothermal SedHeat wells are
drilled into porous, permeable reservoirs, and ΔP causes volume changes that lead to stress
changes, altering porosity and permeability. Engelder and Fisher [58] demonstrated that
stress/pore pressure changes in a normal faulting regime as follows

ΔShmin
ΔP

= α
1 − 2υ
1 − υ

(4)
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where α is Biot’s poroelastic coefficient, for this relationship, it is assumed that vertical
stress remains constant.

In this study, we evaluated the pore pressure stress coupling at different tectonic
stress settings employing 3D geomechanics modeling. According to Anderson’s classifi-
cation scheme [52], the three states of stress are normal (Sv > SHmax > Shmin), strike-slip
(SHmax > Sv > Shmin), and reverse faulting regimes (SHmax > Shmin > Sv), where S values
are the principal compressive stresses. One-way hydromechanical coupling is performed
to evaluate the fluid injection effects on the stress tensor using the finite element plat-
form Visage™ Geomechanics Simulator. We considered a hypothetical reservoir located
at a depth of 2250 m where Pp is hydrostatic (≈11 MPa/km), and Sv increases at a rate
of ≈26 MPa/km. Simulation boundaries were sufficiently distant to have no effects on the
deformations in the affected (reservoir) zone. This model was subjected to a +ΔP of 8 MPa.

Figure 6 shows the results for (a) normal faulting, (b) strike-slip, and (c) reverse
faulting stress regimes, respectively. Pre- and post-injection stress tensors at the point of
fluid injection are illustrated by 3D Mohr circles. In all cases, injecting fluid shifts the Mohr
circles (stress magnitudes) leftward toward the yield criterion, indicating that the stress
state is closer to the yield criterion. Note that in the case of the normal fault, incipient
slip is apparent for the values chosen (Pp = 35 MPa). In the normal faulting regime, the
effective maximum and minimum principal stress difference (σv − σhmin) decreases as Pp
is increased, but not for the other two regimes; notably, in different states of stress, the local
stress tensor components respond differently to fluid injection.

Figure 6. Mohr’s Circle in three dimensions showing the effect of fluid injection (for pressure
difference, ΔP = 8 MPa) at different states of stress: (a) normal faulting, (b) strike-slip, and (c) reverse
faulting stress regimes.
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The third ΔV mechanism, thermoelasticity, leads to slow rock shrinkage with cold
water injection [52], inducing stress changes. The thermally induced stress magnitude (ΔσT)
effect was illustrated above (Equation (2)). We re-iterate that the stress redistribution pro-
cess is driven by volume changes governed by ΔT and the host rock elastic properties [59]:
ΔV = V·ΔT·αT, where the bulk rock thermal-expansion coefficient is αT. As shown above,
in stiff rocks (high E), ΔσT effects can be very large. Cooling occurs mostly convectively
in permeable rocks, but in bounding low-permeability rocks, only conduction obtains.
Therefore, strong local time-dependent differences in thermal expansion can take place,
leading to shear stress concentrations at bounding interfaces (usually bedding), leading to
shearing and induced seismicity. Figure 7 demonstrates how cool fluid injection changes
the local state of stress around the cooled zone. Thermally-induced contraction decreases
σij in the cooled zone, and redistributes stresses around to maintain mechanical stress
equilibrium. A similar (poroelastic) effect is expected to take place with ΔP, but the two
processes, ΔT and ΔP, have widely different characteristic time scales. This implies that the
rock deformation and stress changes are likely to be dominated by ΔP in the early time of a
geothermal project, whereas ΔT effects become increasingly more important during the
late time [60].

Figure 7. Induced thermal stress resulting from cold fluid injection into a geothermal reservoir. The color scale is the relative
temperature range from 60 to 100 ◦C.

Hence, the zone being cooled relative to the rock mass loses compressive stress from
thermoelastic shrinkage; this lost stress is transferred as increased stress to the surrounding,
uncooled rock to maintain stress equilibrium (Figure 7). This stress redistribution generally
increases local shear stresses, but the zone of maximum shear stress increase is distant from
the injection well, near the region of the thermal front, which can be quite sharp because
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the reservoir rock shrinks quickly (convectively), whereas the overburden shrinks very
slowly (conductively).

In geothermal well systems, increasing the flow rate of the geothermal fluid can lead
to the generation of a local turbulent flow regime, particularly around the injection well
due to pumping the fluid flow with high pressure, affecting efficiency. In the short-term,
the high flow rate of the injection fluid can lead to an increase in thermal energy production,
although it has the inverse effect in the long-term. In addition, the turbulent flow near the
injection well can cause more stress and, consequently, damage the well because of the
induced stress created over time.

4. Heat-and Flow-Transport Challenges

4.1. System Thermal Issues

Eventually, loss of capacity to produce sufficient fluid rates at high enough tempera-
tures to sustain commercial operation defines a geothermal reservoir’s life-time [46]. The
reservoir characteristics of porosity, permeability, initial temperature, and bulk heat capac-
ity are performance indicators of a geothermal injection/production well system. These
indicators dictate daily energy production and reservoir life-time. The recovery factor is
the amount of producible energy compared to the total available energy, and it depends
on the use of the heat at the surface (electrical power, power + heat, seasonal heat storage,
etc.). Pure power production leads to a lower energy recovery factor. However, if the
geothermal system is cooling, useful heat can likely be produced long after the period of
electricity generation. Capital cost, operational cost, and the geothermal system perfor-
mance over time define commercial viability [47]. The performance of a geothermal well
system (commercially viable life-time and energy recovery) is related to both the natural
physical parameters listed above and human-controlled factors. Transitioning a decaying
geothermal system from power generation to sensible heat use makes great economic sense
because the capital investment payback is dominated by the early years, when electricity is
being generated. For long-term sustainability, this means there must be additional SedHeat
systems added on episodically as the initial systems decay because of the slow drop of heat
energy provision.

Human controlled parameters are [48]: (1) discharge rate from the reservoir, (2) injec-
tion rate and fluid input temperature, and (3) well spacing. Production, injection, and well
spacing effects have been studied by Kazemi et al. [8] to show their importance on the life-
time of a doublet geothermal system. Porosity, permeability, chemical components of pore
fluid, initial temperature, reservoir minerals, and their chemical components and mechani-
cal parameters, reservoir thickness, and the presence of shale layers and their thicknesses
are the main natural subsurface physical parameters [48,49]. Thermal depletion happens by
continuing injection of cooler water until the production well shows thermal breakthrough
and decline in temperature, impacting the efficiency of the doublet geothermal system.
Various means of extending life-span and project utility might include episodic electrical
power production through integration of other energy sources (wind, solar, diesel, etc.),
developing such a large well spacing that life-span is increased (but recovery efficiency
may drop), and by thermal recharging from industrial waste heat sources or by use of
excess solar and wind energy when available. Solar thermal collectors can be installed
instead of photovoltaic systems, and these can feed the hot fluids into the system before
the heat exchanger or afterward [61,62], depending on the time of year, the electrical power
demand, and other factors. In all cases, the thermal capacity retention time of a project
depends significantly on human-controlled parameters, given a set of physical system
parameters [50].

Production-recovery cycles comprise an important process in any geothermal well
system and need to be considered in any life-time assessment and economical assessment of
such a system. A case study on a Riehen reservoir exploited by a doublet geothermal system
showed that the recovery of the reservoir is closely related to the cyclic production-recovery
plan [50], suggesting that shorter cycles allowed more thermal energy to be produced. If
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there is some component of natural fluids recharge (a leaky reservoir), beneficially en-
couraging such recharge involved not only rate management but pressure management.
Thermal breakthrough will occur sooner if production continues without letting the reser-
voir regain some heat through conduction from the surrounding rocks. The exploitation of
the doublet aquifer is also affected by the pressure gradient in the aquifer, changing heat
retention in the reservoir [63]. Table 1 summarizes some parameters for more effective heat
production from a doublet geothermal system.

Table 1. Effective parameters for heat production from a doublet geothermal system.

Human Controlled Parameters Natural Subsurface Physical Parameters

Doublet well spacing Porosity of aquifer
Doublet distance Permeability of aquifer

Flow rate Conductivity of aquifer
Production recovery cycle Specific heat capacity

Well types (horizontal/vertical) Specific heat capacity of the brine
Re-injection water temperature Density of brine

Initial aquifer temperature
Aquifer thickness

The main thermodynamic/commercial objective of a geothermal system must be
economically viable heat recovery efficiency, defined as the ultimate recovered heat over
the reserved heat in the aquifer [64–68], subject to commercial criteria. In order to achieve
optimum efficiency from a geothermal system, the main goal should be to optimize heat re-
covery from the reservoir to service both the electrical grid needs and to provide useful heat
for habitat and industrial needs. Most geothermal power plants are designed to provide
electrical energy/heat to the surrounding area, which often is a local detached grid [69–72].
If geothermal electrical power can be used in a large grid to provide special services such
as peak shaving or load displacement, the value of the energy provision increases.

4.2. Reservoir Geological Aspects

A first-order factor in the productivity of a geothermal SedHeat well array is the
stratigraphy and flow properties of the reservoir. Figure 8 is a representation of a doublet
in a typical SedHeat situation.

The target stratum is bounded by impermeable strata: U shale is the upper advective
flow boundary, L shale is the lower advective flow boundary. Given typical permeability
contrasts in geological media, it is usually assumed that the SedHeat fluid reservoir is
bounded by impermeable strata, such that advective flow is confined to the more perme-
able intervals. In litharenite, SedHeat reservoirs (sand-silt-shale), the productive interval
contains granular beds (sandstones) of differing permeability; the most common distribu-
tion is to find higher values in the lower beds, grading upward to lower permeability in
the uppermost beds (also characteristic of transgressive sedimentary regimes).

Commonly, there are intraformational low-permeability strata, deposited under more
quiescent flow conditions, called silts or shales; they are of much lower permeability than
the low k sandstone, usually by more than two orders of magnitude. Furthermore, because
of processes in the original depositional environment, these low-permeability strata may
be continuous at the doublet spacing scale (shale C), or they may be laterally discontinuous
(shale A and shale B). The complete disposition of the various strata between the doublet
pair is difficult to specify, even with excellent seismic investigation; usually, stratigraphic
details are known only from the geophysical logs available from the production and
injection wells.
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Figure 8. Geological disposition factors in doublet efficacy.

One may assume that in the stratigraphic disposition shown, the permeability of
the lowermost sandstone is several times that of the central sandstone, which in turn is
several times that of the upper sandstone (a permeability range for the sandstones might
be from 1 D to 0.1 D). The silty shale interbeds (labeled “shale”) have permeability values
less than 0.001 D, so they may be considered functionally impermeable in the context of
advective fluid flux. Thus, heat in these strata (water and mineral phases) can migrate to
the sandstone only by conductive heat transport, and is thence taken to the production well
advectively (blue arrows). Similarly, the heat in the bounding strata (U-, L-shale) can only
flow conductively and be exploited when the advectively flowing fluid in the sandstone
drops below the original temperature.

Another issue in a natural, unbounded reservoir is that flow is not constrained by
lateral no-flow boundaries. Assuming an original pressure Po and similar pressure build-up
and draw-down cones around each well (blue line), part of the injected fluid will dissipate
into the farfield to the right, driven by the positive ΔP, and at the production well, part
of the warm fluids will come from the farfield to the left, driven by the pressure sink
-ΔP. The heterogeneity that is characteristic of all sedimentary rock geothermal reservoirs
invariably decreases the energy recovery and the energy recovery rate. The most optimistic
recovery scenario is the isotropic, constant permeability case, with the further assumption
that the local permeability is not impaired by geochemical processes or fine-grained solids
migration into the reservoir.

Finally, we point out that in geothermal reservoirs that are dominated by flow in
natural fractures, there is an important short-circuiting mechanism associated with thermal
effects: maximum fracture aperture increase occurs in the fracture with the most flow,
reinforcing the flow rate [73]. It remains unclear if this process can be somewhat suppressed
by flow management and by thermal recharge [74]. Assessing the commercial viability of a
geothermal SedHeat reservoir that involves the injection of cold water is and will remain
a challenging task. Currently, SedHeat projects in laterally extensive reservoirs that do
not require re-injection of cold water seem commercially viable because the fluid entry
temperature remains constant from continuous recharge. Injection/production projects
based on well-doublets or variants require more careful evaluation.

5. Conclusions

Geothermal energy appears to be a green, generally available, potentially constant, and
stable source of energy. If economically viable, it is a practical and sustainable solution for
supplying energy needs (power or thermal) and can decrease environmental challenges and
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threats (e.g., air pollution, global warming, climate change). Geothermal well systems can
be used to generate both electrical and thermal energy. Despite the advantages listed here,
these systems will evidence challenges over time, including heat conductivity, chemical,
and mechanical issues, which will affect their operational efficiency, as well as costs. Based
on the literature and studies conducted, the following results can be concluded:

- Chemical reactions can lead to flow-path alterations, as well as varying the heat
exchange rate between rock and water, resulting in variations in the reservoir’s
porosity-permeability and heat capacity.

- Corrosion and scaling damage in the well systems decrease their operational efficiency
and impact their life-span.

- Mineral dissolution and precipitation under ΔT and ΔP conditions play a substantial
role in chemical disequilibrium in geothermal systems, particularly in deep ones.

- Factors having a significant impact on the life-span and heat recovery of a geothermal
well system include energy discharge rate and strategy, injection rate, temperature
and heat management, and well spacing.

- Optimization of heat recovery from the reservoir while sustaining a profitable com-
mercial outcome is the most important issue in geothermal well systems.

- Fluid injection into a geothermal well system can induce stress changes at a scale that
will increase the likelihood of fault/fracture reactivation and induced seismicity. Un-
derstanding the magnitude of these events and their recurrence in time is important.

- Channeling, short-circuiting, leaking, heterogeneity, and permeability impairment
can all negatively affect project viability and must be carefully assessed during
site assessment.

Knowing the issues discussed in this article will help designers/engineers to better
design and implement geothermal SedHeat systems, based on the local geological charac-
teristics of the resources and geographical and climate conditions, resulting in improving
operations and enhancing efficiency of the systems as well as reducing their associated
costs and risks.
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Nomenclature

cp Heat capacity, J/kg·K
C Cohesion of the rock, Pa
E Young’s modulus, Pa
Ė Energy rate or power, J/s
P Pressure, Pa
Pp Pore pressure, Pa
ΔP Pressure difference, Pa
Q Heat production capacity, J/K
.

Q Flow rate (of fluid), kg/s
Sv Vertical stress, Pa
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SHmax Maximum horizontal stress, Pa
Shmin Minimum horizontal stress, Pa
ΔT Temperature difference, K
To Initial reservoir temperature, K
Tin Fluid temperature entering the energy extraction system, K
Tout Fluid temperature exiting the energy extraction system, K
V Volume, m3

α Biot’s poroelastic coefficient, -
αT Rock thermal-expansion coefficient, K−1

υ Poisson’s ratio, -
σ Effective stress, Pa
σn Effective normal stress, Pa
ϕ Friction angle of the slip plane or intact rock, ◦
τ Shear stress, Pa

Abbreviations

EG Enhanced (Engineered) Geothermal
GHG Greenhouse Gas
HDR Hot Dry Rock
MC Mohr-Coulomb
MIC Microbiologically Induced Corrosion
THC Thermal-Hydraulic-Chemical
THM Thermal-Hydraulic-Mechanical
THMC Thermal-Hydraulic-Mechanical-Chemical
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Abstract: The Alberta No. 1 project is a planned power and heat (direct use) geothermal project
located within the County of Grande Prairie and Municipal District of Greenview. For the project to
successfully produce power and heat on a commercial scale, temperatures of 120 ◦C are desirable.
The produced fluids must also be from highly permeable formations from depths of less than 4500 m.
Bottomhole temperature measurements and wireline logs from Alberta’s extensive oil and gas
database were used to determine the depths to target formations and temperatures within these
formations in the project area. The target formations include the dolomitized carbonate units of
Devonian age from the Beaverhill Lake Group to the top of the Precambrian Basement. Permeable
Devonian-aged sandstone units such as the Granite Wash Formation are also targets. Results suggest
that elevation to the top of the Beaverhill Lake Group range from 3104 m to 4094 m and temperatures
at the top of the formation range from 87 ◦C to 123 ◦C in the study area. Elevation to the top of the
Precambrian Basement ranges from 3205 m to 4223 m and temperatures at the formation top range
from 74 ◦C to 124 ◦C. Within the area where Alberta No. 1 plans to drill, temperatures close to and
exceeding 120 ◦C are expected within the target formations.

Keywords: conventional geothermal; direct heat use; Western Canadian Sedimentary Basin; bottom-
hole temperatures; Alberta

1. Introduction

The No. 1 Geothermal Limited partnership (Alberta No. 1) geothermal power and
direct heat use project has been awarded funding from Natural Resources Canada’s (NR-
Can) Emerging Renewable Power Program (ERPP). The program funding matches private
sector dollars and stipulates that the geothermal project must produce 5 MWe net of power.
To select the project location, Alberta No. 1 conducted a regional study to identify areas
in the Alberta portion of the Western Canadian Sedimentary Basin (WCSB) where (1)
temperatures are sufficiently high for power production, (2) there are formations at the
target depths with known high fluid flows, and (3) there is adequate existing infrastructure
that supports low-cost power grid connection as well as direct use applications [1]. Nine
chosen areas were assessed for these three constraining factors; results concluded that the
area that lies within the Municipal District of Greenview (MDGV) and County of Grande
Prairie was most suitable for developing the Alberta No. 1 project (Figure 1).

The study area spans from the northwest corner of Township 73, Range 7, West of the
6th Meridian to the southeast corner of Township 65, Range 3, West of the 6th Meridian
(Figure 2). The drilling area, where Alberta No. 1 plans to drill five production and injection
wells, spans two ranges and three townships in the vicinity of the Norbord Oriented Strand
Board (OSB) facility and a planned light industrial park near the Hamlet of Grovedale
(Figure 2). The park and OSB facility are anticipated industrial heat offtakers from the
direct use (heating and cooling) portion of the project.
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Figure 1. The study area lies within the Municipal District of Greenview (MDGV) and the County of
Grande Prairie, and encompasses the City of Grande Prairie.

The study area is located within the western portion of the extensive WCSB. In
a sedimentary basin such as the WCSB, formations generally decrease in porosity and
increase in density (and therefore increase in thermally conductivity) with increasing
depth. Permeability and fluid flow are also important parameters when selecting target
formations. In the project area, the Precambrian Basement is overlain by thick, permeable
carbonate units of Devonian age. Of particular importance are limestone units that have
been hydrothermally altered to dolomite creating enhanced permeability [2]. The Alberta
No. 1 project will preferentially target these dolomite units and interbedded sandstone
units where they are near built infrastructure. Specifically, the target formations span from
the top of the Beaverhill Lake Group to the base of the Granite Wash Formation, which
overlies the Precambrian Basement (Figure 3).
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Figure 2. The wells previously drilled shown within the study area and the drilling area where
Alberta No. 1 plans to drill production and injection wells. The areas encompass a planned light
industrial park and the Norbord OSB facility.

To date, over 4000 wells have been drilled in the study area (Figure 2), providing an
extensive database to understand the stratigraphy and formation properties of oil and gas
targets. However, the data collected differ from the data that would typically be collected
for geothermal exploration. The chief difficulty faced by geothermal developers when
interpreting bottomhole temperature (BHT) measurements is that the temperatures taken
for hydrocarbon development are a perfunctory data point at the end of completion of the
well. The data are used for surface engineering designs, especially if the temperatures are
high. Wells with BHT data have generally been measured with single, unequilibrated BHT
measurements. In comparison, considerable care is taken to obtain accurate and equili-
brated temperatures throughout the wellbore for geothermal exploration. This includes
the process of allowing the bottom of the well to heat up to thermal equilibrium conditions
following drilling. During and after this heat up period, continuous logs are run from top
to the bottom. To account for such discrepancies, several correction methods have been
created and used to predict equilibrated temperatures at depth from BHTs. Interpretation
of geothermal resources from BHT data has been the subject of a considerable amount of
research, for example, Harrison et al. (1983), Horner (1951), and Stutz et al. (2012) [4–6].
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Figure 3. General stratigraphy of Devonian units in the Northwest Plains of Alberta. The Alberta No. 1 project area is not
underlain by all the units depicted, but is targeting the formations from the Beaverhill Lake Group to the Granite Wash
Formation, outlined in red [3].

Previous studies have analyzed oil and gas temperature data specifically within
the WCSB to estimate geothermal resources [7–26]. Drill Stem Tests (DST), BHTs, and
Annual Pool Pressure (APP) results all include significant errors that require the data
to be filtered. BHT measurements generally provide lower temperatures than DST and
APP measurements. These studies involve temperature corrections to adjust the recorded
temperatures to try to represent the actual temperature at depth.

Several of these correction methods could not be used for this data set; the Horner
correction requires input of elapsed time between cessation of circulation in the well bore
and the temperature measurement. It is best when several temperature measurements
have been made at regular time intervals. The data for this study do not include these
measurements, so the Horner correction could not be applied. The thermal gradients of the
study areas assessed by Huang et al. (2020) [27] (including the Alberta No. 1 study area)
appear to be linear with depth, suggesting that the Harrison correction method, which
uses a second-order polynomial fit, is not suitable for the data in this study. Huang et al.
(2020) [27] suggest that the filtered, uncorrected BHT data in the WCSB may be more reliable
than previously thought. Furthermore, many temperature correction methods increase the
temperature from the measured BHT; if this estimation is overly optimistic, the temperature
predictions can be detrimental to the project. An overestimation of temperature could
falsely suggest that electricity production from the produced fluid is viable, but if the fluid
is a few degrees lower, this may not be the case. For the purposes of the Alberta No. 1
geothermal project, a conservative, lower estimate of target formation temperatures is
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required for understanding the reservoir, the well design, the expected flow rate, and the
power plant design. Therefore, this study uses the raw, filtered BHT data to conservatively
predict the lower limit of temperatures at depth. Fluid temperatures of at least 120 ◦C
at depths of 4500 m or less are required to profitably operate the plant. As well, fluid
temperature will dictate the required flow rate to produce 5 MWe net.

Our results suggest that elevation to the top of the Beaverhill Lake Group ranges from
3104 m to 4094 m and temperature at the top of the formation ranges from 87 ◦C to 123 ◦C
in the study area. Elevation to the top of the Precambrian Basement ranges from 3205 m to
4223 m and temperature at the formation top ranges from 74 ◦C to 124 ◦C. Within the area
where Alberta No. 1 plans to drill, our results calculate depths to the top of the Beaverhill
Lake Group and Precambrian Basement to range from 3634 m to 3839 m and 3740 m to
3906 m, respectively. Temperatures range from 87 ◦C to 123 ◦C and 89 ◦C to 127 ◦C at the
top of the Beaverhill Lake Group and Precambrian Basement, respectively.

2. Materials and Methods

All available well data, including BHT and True Vertical Depth (TVD) were exported
from geoSCOUT from the study area. In total, there were 4261 data points.

2.1. BHT Data Filtering and Calculating Thermal Gradient

First, all points that did not include both BHT and TVD data were removed. The
average thermal gradient (◦C/km) from the surface for each data point was calculated
using Equation (1):

Thermal Gradient = 1000 × (BHT − ST)
TVD

, (1)

where BHT is bottomhole temperature in ◦C, ST is surface temperature in ◦C (calculated
from mean annual temperature), and TVD is true vertical depth in m. Mean annual
temperature of Alberta from 1961 to 1990 was 0.6 ◦C [28]. The data were then plotted both
by BHT vs. depth and thermal gradient vs. depth.

Next, the obvious outliers were removed, including wells with unusually high
(>39 ◦C/km) or low (<20 ◦C/km) thermal gradients, because they were not consistent
with the assumed conductive heat flow in the area and most of the data. The outliers of
anomalously high temperatures at high depths were kept for future research, as it may be
valuable to look at each data point to assess the legitimacy of the recording.

Other obvious outliers included wells where companies reported the same tempera-
ture for multiple wells with different depths. Also, temperature measurements for wells
<1 km TVD have been shown to be biased, so these data points were removed [23]. From
the work of others, individual outliers of high temperatures at greater depths could be
Fahrenheit (F) recorded as Celsius (C), and outlier groups at shallow depth could be due to
various factors such as incorrect reading or resetting of the maximum reading thermome-
ters (which give anomalously high temperatures) and, occasionally, recording TVD and
BHT as the same value [7]. These errors provide insight into the quality of the data and
illustrate that great care must be taken to assess the validity of each measurement

After the filtering process, 1785 data points remained. BHT vs. depth data were
plotted then fitted with a linear trendline to calculate the averaged uncorrected thermal
gradient. The thermal gradient vs. depth data were also plotted and fitted with a linear
trendline to assess the change in thermal gradient with depth.

The average thermal gradient of these wells was calculated to be 23.9 ◦C/km (Figure 4).
The average thermal gradient change with depth was calculated to be −1.5 ◦C/km, sug-
gesting that gradient does not change significantly with depth. This means that using the
gradient to calculate temperature at depths may be straightforward, but caution should be
taken when interpreting the results and extrapolating to depth due to uncertainty of the
accuracy of the BHT data.
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Figure 4. The calculated thermal gradient with depth of each well is shown as orange points. The
BHT with depth of each well is shown as blue points.

2.2. Selecting Formation Tops

After the data were filtered, depths to target formations were analyzed. First, data
points from horizontal wells, as well as re-entered well events, were removed. Additionally,
six wells did not have wireline logs. In total, 1655 wells were assessed for formation
tops. Depths to all formations between the Beaverhill Lake Group and the top of the
Precambrian Basement were chosen by assessing wireline logs of each well that drilled to
these formations and each TVD recorded. The wireline logs used were resistivity, gamma,
neutron-density, and sonic if the former three logs were unavailable.

TVD data for all formation tops for each well were imported into Surfer. Next, grid
files were created from TVD data for each formation and used to create contours with a
simple Kriging method. Within the drilling area, only 2 wells penetrate to the Beaverhill
Lake Formation and deeper. Therefore, the elevation contour maps were extrapolated to
calculate the expected depth to Beaverhill Lake Group and the Precambrian Basement from
the 16 wells that penetrate to the Wabamun Formation in the drilling area. This was done
using the Point Sample calculator on Surfer.

2.3. Temperature and Elevation Maps

After formation tops were selected and depths to the Beaverhill Lake Group and the
Precambrian Basement were extrapolated, we calculated the expected temperature at these
formation tops using Equation (2):

TFormation =
Thermal Gradient × Formation Top TVD

1000
, (2)

where TFormation is the temperature at the top of the formation at each well in ◦C, and
Formation Top TVD is the depth to the top of the formation in m. For the study area, we
used the TVDs from the well data. For the drilling area, we used the TVDs calculated from
the elevation contour maps.
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TFormation data for each well were imported into Surfer. Next, grid files were created
from the temperature data for both formations and used to create contours with a simple
Kriging method.

3. Results

Within the study area, the depth to the top of the Beaverhill Lake Group ranges from
3104 m to 4094 m (Figure 5a) and temperature at the top ranges from 72 ◦C to 123 ◦C
(Figure 5b). The depth to the top of the Precambrian Basement ranges from 3205 m to
4223 m (Figure 6a) and temperature at the top ranges from 74 ◦C to 124 ◦C (Figure 6b).

  
(a) (b) 

Figure 5. Contour maps of the study area for the Beaverhill Lake Group showing (a) depth to the top and (b) temperature
at the top.

  
(a) (b) 

Figure 6. Contour maps of the study area for the Precambrian Basement showing (a) depth to the top and (b) temperature
at the top.
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Within the drilling area, the depth to the top of the Beaverhill Lake Group ranges
from 3634 m to 3839 m (Figure 7a) and temperature at the top ranges from 87 ◦C to 123 ◦C
(Figure 7b). The depth to the top of the Precambrian Basement ranges from 3740 m to
3906 m (Figure 8a) and temperature at the top ranges from 89 ◦C to 127 ◦C (Figure 8b).

 
 

(a) (b) 

Figure 7. Contour maps of the drilling area for the Beaverhill Lake Group showing (a) depth to the top and (b) temperature
at the top.

  
(a) (b) 

Figure 8. Contour maps of the drilling area for the Precambrian Basement showing (a) depth to the top and (b) temperature
at the top.

On both a regional and local scale, the Beaverhill Lake Group and the Precambrian
Basement both appear to be dipping to the southwest. From the limited data set, there are
no apparent structural features that may indicate faulting through the formation tops.

Based on the temperature maps, there is a rough correlation between the southwest
dipping stratigraphy and increasing temperature within the study area. This correlation,
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however, is not present in the drilling area, which may be due to the scarce data set. There
does appear to be a minor southeast- and south-trending temperature high which may
be caused by a structural feature in this direction. However, this data set is too scarce to
confidently determine the existence of this structure.

Because the temperature data is not corrected, great care must be taken when in-
terpreting the results. The oil and gas data do not include fluid circulation time during
drilling; therefore, it is unknown if BHTs represent equilibrium temperature. The actual
formation temperatures will not be known until the first well is drilled and logged using
proper equipment and methods. The temperatures from this study provide a conservative
estimate for the purposes of exploration.

4. Conclusions

For a geothermal project to be economic in the area at this time, the estimated maxi-
mum depth of target formations must be less than 4500 m, and thermal fluids of at least
120 ◦C provide the best opportunity for commercial viability. The Devonian carbonate and
sandstone formations between the Beaverhill Lake Group and the Precambrian basement
are less than 4500 m depth in the study area. Within the drilling area, there are sections
where temperatures have been calculated to almost reach or exceed 120 ◦C to the east
and southeast of the Norbord OSB plant. Because we expect the BHT data to provide a
lower-end temperature estimate, the actual formation temperatures may be higher. Based
on these results, the Alberta No. 1 geothermal power and direct use heat project in this area
fits the depth and temperature criteria to be successful. Other geological considerations
that will be assessed include flow rate potential of these formations and areas of fluid
convection such as faults and fractures, which can be delineated by seismic data.
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Abstract: Using fins on the inner and outer surfaces of pipes is one method to improve the heat
transfer rate of ground heat exchangers (GHEs), thereby reducing the borehole depth and construction
and operation costs. Results of 3D numerical studies of simple and finned U-tubes with outer and
inner fins are evaluated for GHEs under similar physical conditions. Dynamic and static simulations
show the effects of longitudinal fins on the thermal performance of borehole heat exchangers (BHEs)
and heat transfer rate between circulating fluid and soil around pipes, while the dynamic tests
include short timescale and frequency response tests. The results indicate that the maximum fluid
temperature change is about 2.9% in the external finned pipe and 11.3% in the internal finned pipe
compared to the finless pipe. The effects of the inlet velocity on temperature profiles, the patterns of
the velocity and temperature contours due to the borehole curvature and the response times of the
systems under various frequencies are also investigated in detail.

Keywords: ground heat exchanger; 3D simulation; finned U-tube; external fin; internal fin;
dynamic simulation

1. Introduction

Ground source heat pump systems (GSHPs) offer the potential for significant energy savings,
through low maintenance costs and contribute to reducing greenhouse gas emissions. GSHPs are used
for heating/cooling residential and commercial buildings and for providing domestic hot water [1,2].
The use of GSHPs proved to be a technically feasible and economically viable solution as compared to
other heating, ventilation, and air conditioning (HVAC) systems in cooling dominated environments
such as the Arabian Peninsula where the air conditioning (A/C) systems account for 65% of the energy
consumption strictly from fossil fuels [3]. The GSHPs are fully capable of meeting the cooling demands
of buildings in hot climates, specifically, in the Middle East [4]. The most common type of ground heat
exchangers is the vertical ground heat exchanger with the length of 100–150 m [5,6]. The empty space
between pipe and borehole wall is usually filled with grout which helps to improve the heat transfer
rate between circulating fluid inside pipes and ground [7]. Since the initial costs of vertical borehole
heat exchangers (BHEs) are relatively high due to the limitations of drilling and manpower, efforts are
being made to increase the heat transfer rate between fluid and soil around the pipes in various ways,
and thus reducing the borehole depth [8].

Several methods have been proposed to calculate and reduce borehole resistance. In most thermal
response test (TRT) analyses, the average of inlet and outlet temperatures of the fluid is used to
calculate the fluid temperature along the ground heat exchanger (GHE). Some researchers have shown
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that the average of inlet and outlet temperatures can cause significant errors in results and suggested
alternative methods for estimating the average fluid temperature [9–15].

Grout materials are used to fill spaces between pipes and the soil around the borehole which can
play a key role in the heat transfer rate between the fluid and undisturbed ground. Some researchers
have worked on the effects of different grout materials on the thermal performance of the GSHP systems
and found the best option for grout materials [16]. Borinaga et al. [17] used four different boreholes
with the same geometric and geological characteristics but different grout materials to determine the
appropriate thermal conductivity. They reported a proper type of grout for the thermal response test.
Erol et al. [18] evaluated the performance of various grout materials and tested the effects of adding
graphite on the thermal properties of grout material.

Various numerical and analytical models have been developed based on linear source or cylindrical
source theory. Using these models, the influences of different geometric and thermal properties on
the static and dynamic behavior of a BHE has been investigated. Eskilson [19] proposed a G-function
to describe borehole performance. G-function curves based on borehole geometry were reported by
calculating the soil temperature using the finite difference method. Beier [20] developed an analytical
solution for calculating the vertical temperature profile of the fluid inside the pipe and the ground
temperature distribution by using Laplace transforms.

There are several studies about GSHPs based on the Computational Fluid Dynamics (CFD)
method. Pu et al. [21] investigated the effects of Reynolds number, pipe diameter, and U-tube shank
spacing on the thermal performance of GHEs. The results showed that by increasing the Reynolds
number and the pipe diameter in laminar flow, better performance can be achieved. Esen et al. [22]
performed a numerical and experimental study to evaluate the temperature distribution in GHE using
three U-tube BHEs with the same diameters and different depths. Li et al. [23] compared the thermal
performance of U-tube heat exchangers with four different standard diameters. Zhu et al. [24] studied
the thermal performance of a double U-tube GHE and the effects of parameters such as inlet velocity,
temperature, and operating distance on the temperature distribution of the soil. Lee and Lam [25]
performed computer simulations of borehole heat exchanger to determine ground and borehole the
temperature along depth using a finite difference model.

Yang and Lee [26] performed a dynamic thermal analysis on a 4-ton residential GSHP and
observed a design trade-off between cooling and heating modes. They obtained the optimal value of
the evaporator area fraction in both cooling and heating modes.

Kharseh et al. [3] studied the energy savings by using GSHP systems in the residential buildings
sector in cooling-dominated environments. It was found out that the energy savings by using
GSHPs when compared to the conventional air source heat pump system are much higher. Similary,
Beckers et al. [27] performed a techno-economic analysis on a hybrid ground-source heat pump systems
for cooling-dominated applications. The results of their simulation showed that a ground-source
heat pump-based system helped the owner to save up to 30% of lifetime electricity consumption as
compared to an air-source heat pump-based system. In contrast, the air-source heat pump-based
system can have up to 10% lower total cost of ownership due to the lower upfront capital cost. A study
by Salem and Hashim [4] discussed that the commercial buildings in Dubai have fairly high occupancy,
fluctuating demands, and extensively diverse cooling requirements within individual zones, which are
difficult to meet effectively and efficiently with conventional HVAC systems. They concluded that
there is potential for the efficient use of ground couple heat pumps (GCHPs) in Dubai commercial
buildings leading to significant savings in energy usage and operating costs and substantial reduction
in CO2 and NOx emissions over a 20 year life cycle as opposed to other HVAC options.

The performance of fins for enhancing heat transfer of heat exchangers generally has been
considered previuosly [28] and Bouhucina et al. [29] investigated the influence of internal fins on the
dynamic and thermal performance of U-tube GHEs. Using fins increased heat transfer rate up to 7%.
Saeidi et al. [30] performed a numerical simulation of GSHPs with a spiral pipe and investigated the
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effects of a fin on the outer surface of the spiral pipes. The results showed that fins can improve thermal
conductivity due to increased surface area.

Previous studies have been conducted to find a method to increase the thermal efficiency of GSHP
systems. These methods were based on borehole configuration, thermal properties of the ground and
grout materials, and generally finding suitable solutions to reduce the borehole depth. To the best of
the authors’ knowledge, the impacts of internal and external fins on the thermal performance of U-tube
GHEs have not been compared yet which is the aim of the current study. Moreover, both dynamic and
static behavior of simple and finned U-tube GHEs will be evaluated to obtain the best efficiency. For the
dynamic tests, various conditions such as short timescale response and sinusoidal response tests will
be investigated for the BHE equipped with fins. The velocity of the inlet flow with the resultant flow
filed patterns and the frequency of the input temperature with its effects on the response time and
amplitudes are other important parameters that are added to this investigation.

2. Case Study

The geometry of the simple U-tube ground heat exchanger consists of a U-tube, grout materials,
and soil around the borehole, Figure 1. The grout materials and the surrounding soil are considered as
two cylinders with different radii, the radius of the ground is approximately 16 times the radius of
the borehole.

  

Figure 1. Schematic diagram of a single U-tube borehole heat exchanger.

The cross-sections of simple and finned U-tubes are illustrated in Figure 2. The details of the
geometry of U-tube GHE are provided in Table 1. The borehole has a diameter of 128 mm and a depth
of 25 m, which includes a vertical U-tube with a thickness of 2 mm. The ground around the borehole is
a cylinder of 2 m in diameter with the same depth as the borehole. In finned pipes, six longitudinal fins
with dimensions of 2 × 6 mm2 (2 mm thickness and 6 mm length) are used in each leg of the U-tube.
The fins are placed in a symmetrical arrangement relative to the horizontal axis.

Table 1. Geometric properties of U-tube ground heat exchanger (GHE).

Parameters Value

Borehole diameter (mm) 128
Inner diameter of pipe (mm) 30
Outer diameter of pipe (mm) 34

Distance between centers of U-tube pipes (mm) 55
Borehole length (m) 25

Ground diameter (m) 2
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Figure 2. Cross-sections of smooth and finned U-tubes: (a) simple U-tube; (b) U-tube with outer fins;
(c) U-tube with inner fins.

3. Numerical Setup

3.1. Mesh Generation

The mesh generation is performed based on both structured and unstructured grids. After defining
the boundaries and edges of different parts of the geometry as lines or curves, a two-dimensional grid
is created in Cartesian coordinates and then this 2D grid is extended in the direction of depth. The cells
are equally or exponentially distributed in different parts of the geometry. For this purpose, a high
number of cells are considered for places with steep temperature slope, for example, near the borehole
and pipe walls. For the areas where the temperature slope is low, the size of the cells is increased.
Figure 3 shows the computational mesh of the simple U-tube GHE. The upper and lower surfaces
around the borehole are made up of 600 cells, which have bigger sizes in the middle part. The borehole
is divided vertically into 70 layers with different distances. The curved area of the U-tube at the
bottom of the pipe requires finer and different mesh from the other domains of the geometry due to the
complexity of the geometry. Around the curved edges, using unstructured meshes is more practical.

Although the accuracy of the calculations increases with the number of cells, the higher computation
time should also be considered. As a result, by examining the grid independency test, it is possible
to obtain a suitable and optimal mesh with the necessary accuracy to achieve the final results and
to avoid increasing computation time. Grid independency of simple and finned U-tube GHE has
been investigated by varying the number of cells from coarse mesh to finer mesh. Table 2 shows the
outlet fluid temperature in the simple U-tube GHE under the steady-state condition for different grid
cells. A total cell number of 330× 103 is used for smooth U-tube GHE since no temperature change is
observed after increasing the number of cells. Grid independency for finned U-tube GHEs is presented
in Table 3. Due to the small dimensions of the fins used on the inner and outer surfaces of the pipes,
the numerical models require a finer grid size than a simple pipe. The number of cells specified in
GHEs with external and internal fins is 500× 103 and 420× 103, respectively.

Table 2. Grid-independency test of smooth U-tube GHE.

Mesh 1 Mesh 2 Mesh 3

Elements number (×103) 174 330 500
Fluid outlet temperature (◦C) 24.86 24.85 24.85
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Table 3. Grid-independency test of finned U-tube GHEs.

Mesh 1 Mesh 2 Mesh 3

U-tube with
external fins

Element number (×103) 300 500 600
Fluid outlet temperature (◦C) 24.64 24.71 24.72

U-tube with
internal fins

Element number (×103) 300 420 600
Fluid outlet temperature (◦C) 24.64 24.67 24.67

 
(a) (b) 

Figure 3. Three-dimensional mesh: (a) computational mesh around borehole; (b) half of
computational domain.

3.2. Solver

The physical properties of circulating fluid, U-tube, backfill material, soil, and aluminum fins
are demonstrated in Table 4. For pipes, high-density polyethylene (HDPE) material is considered.
The selected grout material is a combination of silica sand and bentonite. Water is used as the fluid
inside the pipes.

Table 4. Physical properties of materials.

Material
Density
(kg/m3)

Specific Heat Capacity
(J/kg·K)

Thermal Conductivity
(W/m·K)

Fluid 997 4148 0.6
U-tube 950 1500 0.44
Grout 1800 840 0.73
Soil 2200 2000 2.5

Aluminum fin 2700 904 237
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The undisturbed ground temperature is defined as the initial temperature of the entire simulation
domain, including fluid, U-tube, grout, and soil. This study is performed for the cooling mode of the
system; therefore, the fluid is warmer than the surrounding soil. The constant temperature boundary
condition is applied to the outer boundary of the simulation domain where there is no heat flux along
this boundary and its temperature should not change until the end of the simulation.

According to the previous studies [29], since the fluid velocity is an important parameter in the
heat transfer and the temperature change of the fluid along the borehole length, the same mass flow
rate in pipes as a boundary condition is not a proper condition and the same inlet velocity is applied
for the inlet condition of the pipes. The focus is on investigating the effects of the inner and outer fins
on ground heat exchangers with the same physical dimensions and same inlet velocity; so, finding the
more effective fin cannot be based on the same flow rate or the same hydraulic diameter. Comparing
the simple and finned pipes with the same mass flow rate at the inlet of pipes showed that the axial
velocity in the finned U-tube (inner surface) will be higher than the simple U-tube because of the
hydraulic diameter reduction which changes the heat transfer rate significantly.

The incompressible Newtonian fluid is used inside the pipes. The soil is considered homogeneous
and the physical properties of the fluid, pipe, grout material, and soil are assumed to be constant.
The temperature of the ground’s surface boundaries is constant and uniform, and any changes in the
temperature of the ground over depth and time are ignored. The flow rate is constant along the pipe.
A laminar flow is considered for all the simulations. The continuity and momentum equations are
solved with the energy equation which is considered as [21,31]:

∂
∂t
(ρT) +

∂
∂xj

(
ρTuj

)
=
∂
∂xj

(
μ

Pr
·∂ui
∂xj

)
(1)

where u is velocity vector, ρ is fluid density, μ is dynamic viscosity, T is temperature vector and Pr
represents the molecular Prandtl number. The heat conduction in grout and ground is illustrated in
Equation (2),

∂T
∂t

= α∇2T (2)

where α is the thermal diffusivity of grout and ground.

4. Validation

The experimental results of Beier et al. [32] have been used for validation. TRT analysis was
performed to evaluate the thermal performance of an 18.3 m borehole including a U-shaped pipe.
An aluminum cylindrical pipe with an inner diameter of 126 mm was considered as the borehole wall.
The borehole was located in a large sandbox. The square cross-section box with sides of 1.8 m used as
the ground around the well was filled with wet sand. The geometric and physical configurations of the
borehole are listed in Table 5.

Table 5. Geometric and thermal properties for the experimental test of Beier et al. [32].

Parameters Value

Borehole diameter (mm) 126
Inner diameter of pipe (mm) 27.33
Outer diameter of pipe (mm) 33.40

Distance between centers of U-tube pipes (mm) 53
Borehole length (m) 18.3

Pipe thermal conductivity (W/m·K) 0.39
Grout thermal conductivity (W/m·K) 0.73

Ground thermal conductivity (W/m·K) 2.82
Average volumetric flow rate (L/s) 0.197

Initial temperature of ground and grout (◦C) 22
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Figure 4 shows the comparison between the inlet/outlet flow temperatures from the current
numerical simulation and the experimental data of Beier et al. [32]. The inlet temperature of both 2D
and 3D models are the same as that of experimental results. The 3D outlet temperature is closer to the
experimental results. The maximum temperature difference between the present 3D model and the
experimental results is 1.2%, providing acceptable agreement.

  
(a) (b) 

Figure 4. Temperature changes from 2D and 3D simulation results vs. temperature changes of
experimental data of Beier et al. [32]: (a) inlet; (b) outlet temperature.

5. Results and Discussions

5.1. Long Timescale Response

Initially, the static behavior for the smooth and the finned U-shaped GHEs is investigated. All the
results presented in this section are obtained from steady-state simulations [33]. The fluid inlet
temperature has a value of 30 ◦C and far-field temperature is considered to be 15 ◦C. In addition,
the initial temperature of the whole simulation domains is assumed to be equal to the soil temperature
around the borehole. Different fluid velocities are considered as 0.02, 0.04, 0.06 m/s. The results are
shown in Table 6. The selected velocities keep the laminar flow condition inside the pipes.

Using internal fins to the mentioned dimensions have reduced the cross-section area by about
1.11 times compared to the smooth pipe. Therefore, the mass flow rate in the pipe with internal
fins has decreased compared to the other two models by the same ratio. A comparison of the outlet
fluid temperatures between three pipes shows that the fluid temperature change of the pipe with
the inner fins is greater than that of the pipe with the outer fins. According to the values listed in
Table 6, the temperature change of the fluid in the pipe with external fins at velocities of 0.06, 0.04,
and 0.02 m/s has increased up to 2.9%, 2.2%, and 0.5% compared to that of the simple pipe. These
values are increased to 11.3%, 9% and 5% for the pipe with internal fins.

Table 6. Numerical results of simple and finned U-tube GHEs.

Velocity (m/s) 0.06 0.04 0.02

Simple U-tube

Flow rate (kg/s) 0.042 0.028 0.014
Reynolds number 2049 1366 683

Outlet fluid temperature (◦C) 25.20 23.73 20.88
Borehole wall temperature (◦C) 20.46 19.93 18.72
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Table 6. Cont.

Velocity (m/s) 0.06 0.04 0.02

U-tube with outer fins

Flow rate (kg/s) 0.042 0.028 0.014
Reynolds number 2049 1366 683

Outlet fluid temperature (◦C) 25.06 23.59 20.83
Borehole wall temperature (◦C) 20.67 20.08 18.78

U-tube with inner fins

Flow rate (kg/s) 0.038 0.025 0.013
Reynolds number 1945 1297 648

Outlet fluid temperature (◦C) 24.66 23.13 20.42
Borehole wall temperature (◦C) 20.50 19.89 18.55

5.2. Short Timescale Response

Transient simulations of BHE show the dynamic behavior of the system in a short timescale [33].
Transient simulation results of simple and finned U-tube GHE are shown in Figure 5. The inlet velocity
in three numerical models (simple, inner finned and outer finned U-tube) is 0.053 m/s. The inlet fluid
temperature is 30 ◦C and the far field temperature (the soil temperature) is considered 15 ◦C, which has
been used as the initial temperature of whole simulation domains (including the pipe, the fluid, grout
materials and the soil). The outlet temperature of all three pipes reached a steady state after 330 min
and no change was observed in the graphs after this time. The simulation is for the cooling mode of the
system, and the inlet temperature of the fluid is higher than the temperature of the initial temperature
and that of the soil around the borehole. The fluid temperature decreases as it passes through the pipe.

 
Figure 5. Outlet temperature of fluid in simple and finned U-tube GHE.

The outlet fluid temperature has reached 24.86 ◦C in a simple pipe, 24.71 ◦C in a pipe with external
fins and 24.28 ◦C in a pipe with internal fins. The difference between the inlet and outlet temperatures
of the fluid in the simple U-tube is 5.14 ◦C and in the finned U-tube on the outer and inner surfaces is
5.29 ◦C and 5.72 ◦C, respectively. The temperature reduction in the fluid in the outer and inner finned
U-tube has increased, respectively, 2.9% and 11% compared to the simple pipe.

Frequency Response Test

BHEs are affected by temperature fluctuations at different ranges of time scales. Therefore,
applying a periodic condition of the fluid inlet temperature instead of constant value is a useful way to
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describe the thermal response of the borehole heat exchangers in short timescales [33]. To evaluate and
compare the thermal responses of three numerical models, the inlet fluid temperature is applied as a
sinusoidal function with the same amplitude and different frequencies. The inlet velocity for all three
pipes is 0.053 m/s. The mass flow rates for the simple and external finned U-tube are 0.038 kg/s and
for the U-tube with internal fins is 0.034 kg/s. The inlet fluid temperature is applied as follows [33]:

Tin = T1 + ain sin(2π f t) = T1 + ain sin
(2π

B
t
)

(3)

where ain is the inlet wave amplitude, T1 is the mean of the wave, f is the frequency and B is the period.
The outlet fluid temperature by variation of amplitude (aout) and mean number (T2) is defined as:

Tout = T2 + aout sin(2π f t + ϕ) = T2 + aout sin
(2π

B
t +

2π
ΔB

)
(4)

where ϕ is the phase shift and ΔB is the time shift of outlet wave that shows delay in the system
responses. The outlet temperature of the fluid obtained from the 3D simulation in response to the inlet
temperature as a sine wave with 80 and 40 min periods (frequency of 1/4800 Hz and 1/2400 Hz) and the
amplitude of 8 ◦C for three simple and finned U-tubes are shown by Figures 6 and 7. By increasing the
wave frequency (1/2400 Hz), the output wave amplitude decreases due to the reduction in the system
response time compared to the first mode (1/4800 Hz).

  
(a) (b) 

  
(c) (d) 

Figure 6. Fluid inlet and outlet temperatures with a frequency of 1/4800 Hz: (a) simple U-tube;
(b) U-tube with outer fins; (c) U-tube with inner fins; (d) comparison of fluid outlet temperatures in
three simple and finned U-tubes.
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(a) (b) 

  
(c) (d) 

Figure 7. Fluid inlet and outlet temperatures with a frequency of 1/2400 Hz: (a) simple U-tube; (b)
U-tube with outer fins; (c) U-tube with inner fins; (d) comparison of fluid outlet temperatures in three
simple and finned U-tubes.

According to Table 7, the difference between the average value of the input and output waves,
with a frequency of 1/4800 Hz, in the simple pipe is 4.46 ◦C, in the pipe with external fins is 4.59 ◦C and
in the internally finned pipe is 4.97 ◦C. The use of external fins increases temperature reduction in the
fluid by 2.9% compared to a simple U-tube and the internal fins increase temperature reduction in
the fluid by 11%. By doubling the frequency, the average value of the output wave has not changed
compared to the first frequency, but the wave amplitude has decreased by 35% in the simple pipe, 39%
in the pipe with the outer fins and 49% in the inner finned pipe.

Table 7. Input and output wave characteristics with different frequencies.

Amplitude of Wave Mean of Wave

Inlet Temperature 8 28

Outlet temperature (◦C)
with a frequency of 1/4800

Simple U-tube 2.62 23.54
U-tube with outer fins 2.40 23.41
U-tube with inner fins 2.06 23.03

Outlet temperature (◦C)
with a frequency of 1/2400

Simple U-tube 1.69 23.54
U-tube with outer fins 1.46 23.41
U-tube with inner fins 1.04 23.03
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It was expected that finned GHEs have faster thermal responses than the smooth one. A comparison
of the phase shift between the inlet and outlet temperature of the fluid in the three U-tubes shows that
the thermal response of the three numerical models is almost simultaneous. The time shift of the outlet
temperature of the simple and the externally finned pipes is 1200 s and in the internally finned pipe
is 1320 s in a frequency of 1/4800 Hz. The time shift values at the second frequency of 1/2400 Hz for
simple and externally finned pipes is 900 s and in pipes with internal fins is 1020 s.

5.3. Fluid Velocity Effects with Sinusoidal Inlet Temperature

A comparison of the fluid outlet temperature at different velocities with the Reynolds of 1200,
1800, 2300 for simple and finned U-tubes is illustrated in Figure 8 and the outlet values are listed in
Table 8. For all cases, the laminar flow condition is considered. The inlet temperature is considered the
same as the previous section with a period of 80 min.

In Table 8, as the inlet velocity increases, the mean and amplitude values of the fluid outlet
temperature increase for the cooling purpose; increasing the velocity reduces the difference between
the inlet and outlet temperatures of the fluid (dT). By increasing the velocity, the heat transfer rate
between the pipe and the surrounding soil increases, but the fluid temperature change decreases.
At low velocities, the fluid remains longer in the pipe, which increases the temperature change of the
fluid [34].

(a) 

Figure 8. Cont.
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(b) 

(c) 
Figure 8. Cont.
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(d) 

Figure 8. Fluid temperature trends under different velocities: (a) simple U-tube; (b) U-tube with outer
fins; (c) U-tube with inner fins; (d) comparison of simple and finned pipes.

Table 8. Output wave parameters with a frequency of 1/4800 Hz at different velocities.

Velocity
(m/s)

Amplitude of Wave
(◦C)

Mean of Wave
(◦C)

dT

0.035 1.59 22.10 26.7%
Simple U-tube 0.053 2.62 23.54 19%

0.070 3.24 24.26 15.4%

0.035 1.40 21.98 27.4%
U-tube with outer fins 0.053 2.40 23.41 19.6%

0.070 3.00 24.14 16%

0.035 1.12 21.57 29.8%
U-tube with inner fins 0.053 2.06 23.03 21.5%

0.070 2.68 23.81 17.6%

According to Figure 8, as the velocity of flow decreases, the phase shift of the fluid outlet
temperature increases which means a delay in the thermal response of the BHE. Output temperature
time shift for the simple U-tube for the first velocity (v = 0.07 m/s) is 960 s, for the second velocity
(v = 0.053 m/s) is 1200 s and for the third velocity (v = 0.035 m/s) is 1680 s. These values for the
externally finned pipe are 1020 s, 1200 s and 1680 s and for the internally finned pipe are 1080 s, 1320 s
and 1740 s, respectively.

Figure 9 shows a comparison of borehole wall temperature for the simple and finned pipes at
different velocities. According to the results obtained in the previous section, as the velocity of the
fluid decreases, the difference between the inlet and outlet temperatures of the fluid increases and
the average temperature of the fluid decreases in the cooling mode. As a result, by reducing the
temperature difference between the fluid and the soil around the GHE, the heat transfer rate will
be reduced.
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Table 9 shows borehole temperature trends under different velocities. The fourth column shows
the borehole wall temperature changes in three modes of pipes (dTbore). The problem that should
be considered in the comparison between simple and internally finned pipes, with the same fluid
velocities, is the reduction in mass flow rate in the finned pipe due to the reduction in the cross-section.
By comparing three numerical models, the increase in borehole wall temperature for the pipe with
outer fins is more than two other pipes in applied velocities. This temperature change for the simple
U-tube for the velocity of 0.035 m/s is more than that of the internally finned U-tube, but by increasing
the fluid velocity, the bore wall temperature change for the finned pipe is more than the smooth one
with the velocity of 0.07 m/s.

 
(a) 

 
(b) 

Figure 9. Cont.
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(c) 

Figure 9. Borehole wall temperature trends under different velocities: (a) simple U-tube; (b) U-tube
with outer fins; (c) U-tube with inner fins.

Table 9. Borehole wall temperature with a frequency of 1/4800 Hz at different velocities.

Velocity
(m/s)

Amplitude of Wave
(◦C)

Mean of Wave
(◦C)

dTbore

0.035 0.59 19.09 27%
Simple U-tube 0.053 0.85 19.61 30.7%

0.070 0.99 19.87 32%

0.035 0.62 19.21 28%
U-tube with outer fins 0.053 0.89 19.80 32%

0.070 1.04 20.07 34%

0.035 0.56 19.04 26%
U-tube with inner fins 0.053 0.82 19.64 30.9%

0.070 0.97 19.93 33%

5.4. Axial Velocity and Temperature Contours

The effects of longitudinal internal fins on the incompressible fluid flow inside U-tube GHE are
investigated. The results are presented for different fluid velocities under steady-state conditions.
Figure 10 shows axial velocity contours for two cases of a smooth U-tube and internally finned U-tube
at different velocities. The two selected cross-sections of the pipe, in which the velocity contours are
drawn, are located in the curvature of the inlet and outlet legs of the U-tube at a depth of 24.94 m under
the ground surface.
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Figure 10. Axial velocity contours for smooth (left) and finned U-tube (right) at different velocities; (a)
inlet pipe; (b) outlet pipe.

Initially, the fluid velocity is uniform at the inlet of the pipe. Then the fluid velocity is increased
at the center of the pipe cross-section, while the velocity of the fluid attached to the wall of the pipe
approaches zero because of the viscous effects [21]. The flow contours are symmetric until the flow
passes the end of the straight pipe. Figure 10 shows that the symmetric patterns of the velocity contours
both in simple and finned pipes are changed according to the curvature of the pipes similar to the
previous studies of heat exchangers [28,35]. The velocity contours of the inlet pipe are less affected
by the curvature of the pipe than those of the outlet pipe. As the fluid velocity increases, the flow
field pattern becomes more complex and the high-velocity flow is pushed to one side of the pipe.
The presence of internal fins attenuates the effects of secondary flow and makes the flow patterns close
to the straight pipes.

Figure 11 shows the temperature contours at three different velocities with the same method and
selected cross-sections of the pipe mentioned in velocity contours (Figure 10). θ∗ is a dimensionless
temperature parameter which is illustrated in Equation (5):

θ∗ = T − Tmin
Tmax − Tmin

(5)

Similar to the velocity contours, with the increase in fluid velocity, because of strong secondary
flow effects in curved pipes [28,35] the temperature field patterns become more complex.
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Figure 11. Temperature contours for smooth (left) and finned U-tube (right) at different velocities;
(a) inlet pipe; (b) outlet pipe.

6. Conclusions

The influence of using fins in inner and outer surfaces of U-tube GHEs was investigated under
the cooling mode. Internal fins increase the heat transfer rate more effectively. A GHE equipped with
internal fins experiences enhanced fluid temperature changes along the borehole. For more details,
under steady conditions (long timescale responses), when the fluid outlet temperature difference
between a simple U-tube and a U-tube with external fins was 0.14 ◦C, the temperature difference
between a simple U-tube and a U-tube with internal fins reached 0.6 ◦C, showing more than four times
increase. Increasing the inlet fluid velocity can make the differences more noticeable; by changing the
inlet fluid velocity in the range of 0.02–0.06 m/s, the fluid temperature change in the internally finned
U-tube is increased by 5–11.3%, compared to the simple U-tube, while the fluid temperature change is
just increased by 0.5–2.9% when the external fins are used. For the dynamic behavior, the priority of
the inner fins is obvious too; for the short timescale response, with the inlet velocity of 0.053 m/s, the
temperature change of the fluid in the outer and inner finned U-tube was increased up to 2.9% and 11%
compared to the simple pipe. Short timescale responses by applying sinusoidal function boundary
condition to the inlet fluid temperature show that the thermal responses of the smooth and finned
GHEs are almost simultaneous by a considerable time shift. Simple and external finned pipes react up
to two minutes faster than the pipe with internal fins. The fast, thermal response of the BHE helps to
better fluid and ground temperature recovery which affects the performance of the ground source heat
pump system.

Using fins has a positive effect on the fluid temperature changes inside the pipe and heat transfer
rate between fluid and borehole wall. By using fins, in particular, internal fins, it is possible to increase
the GSHP system’s efficiency, decrease the length of the tubes and reduce the initial costs of the system.
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Abstract: Standing column well (SCW) geothermal heat exchanger permits a bleeding discharge
of less than 20% in the event of a maximum load, which is an inappropriate method of using
underground water. In this study, the existing operational method of two adjacent SCW geothermal
heat exchangers, each with a single well, was modified. This technology aims to improve the coefficient
of performance (COP) of the geothermal system by fundamentally preventing underground water
discharge and maintaining a constant temperature of the underground heat exchanger. To curb the
bleed water discharge, two balancing wells of cross-mixing methods were employed. The result of
the cooling and heating operations with the existing SCW heat exchange system and the balancing
well cross-combined heat exchange system showed that the measured COP increases by 23% and
12% during the cooling and heating operations, respectively. When operating with a balanced well
cross-mixed heat exchange system, the initial temperature of the underground was constant with a
small standard deviation of 0.08–0.12 ◦C.

Keywords: standing column well (SCW); thermal response test; effective thermal conductivity;
bleeding rate; thermal conductivity; balancing well; coefficient of performance (COP)

1. Introduction

Technology using the underground environment in architecture has been applied in various forms
from an energy-efficient perspective, such as in the composition of space and elements for responding
to climate change. In particular, a ground source heat pump, which uses a constant layer of geothermal
heat and water temperatures (100–200 m underground) inside the basement of buildings, is widely
used as a heating and cooling system for buildings [1].

The soil constituting the underground environment is a porous body formed by three phases
of water, pore, and soil particles. Meanwhile, the water constituting the soil is further divided into
soil water and groundwater. Among them, groundwater fills the gap in the inner rock of the earth
and has fluidity due to gravitational action. The pluggable stratum containing this groundwater is
called the aquifer [2]. An open geothermal heat pump system using underground water from the
aquifer is expected to perform better as a heat exchange medium than an enclosed system through
a direct heat exchange with heat sources. However, its performance is considerably affected by
the groundwater quality and quality conditions, such as groundwater heat. Problems such as a
drop in groundwater levels, depletion of groundwater, and a drop in temperature occur due to
groundwater intake and injection. Therefore, a technology that can fully preserve the underground
quality while ensuring stable system performance should be developed. Research on the development
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of optimal design methods for improving the performance of open geothermal systems or geological
hydrological considerations of the ground, based on the use of systems, has been conducted in
various fields. To develop an optimal design method for an open system, research on improving the
existing geothermal system or analyzing the temperature profile and thermal behavior of the tube and
soil according to system operation has been mainly conducted using numerical analysis models [3–6],
and the underground water recovery and flow due to system introduction have been analyzed using
numerical analysis models [7,8]. The effects of open geothermal heating and cooling system on the
geochemical properties of groundwater and the repair and geology characteristics of aquifers, such as
temperature and groundwater level, were actively determined [9,10]. Research has also been conducted
on the proposed method of heat recovery or performance analysis by introducing an open geothermal
system in certain areas where the geothermal energy potential is high, such as mines, and where large
amounts of groundwater exist [11–19]. Clearly, research on the design method is actively conducted to
improve the performance of open geothermal systems or on the mathematical considerations after the
introduction of the system. However, few studies have developed design techniques that can maintain
a long-term stable performance or continuous operation of the system.

Among the technologies using renewable energy sources, geothermal heat pump systems have
better energy utilization efficiency than other heat source systems and provide stable heat sources
throughout the year. In particular, the groundwater heat pump system, which utilizes groundwater in
the aquifer, is expected to have a significantly higher performance than that of the enclosed geothermal
heat pump system by performing direct heat exchange with groundwater. In addition, it can respond
positively when a large-scale heating and cooling demand is required within a limited installation site,
and economic feasibility can be ensured as the number of geothermal installations is lower than that of
enclosed systems depending on the underground water and ground conditions. However, the open
geothermal heat pump system is significantly affected by repair quality conditions, such as the size of
the aquifer, groundwater quality, and the ground pitching factor. Hence, the operation of the system
is restricted if the aquifer does not exist abundantly inside the soil or the groundwater quality and
ground pitching factor conditions are unfavorable.

Therefore, the design and operational methods of the open geothermal heat pump system are being
actively developed based on the ground repair geometrical conditions. In particular, Sciacovelli et al. [20]
and Park et al. [21] conducted studies on open geothermal heat pump systems to review the conditions
of water quality in soil according to the design factors. Russo and Civila [22] studied the optimal
geothermal deployment plan for improving the performance of open geothermal systems. Kim et al. [23]
conducted a study that improved the design method of open geothermal systems. Meanwhile,
Bae et al. [24] conducted a study on the underground heat and groundwater movement in soil
following the introduction of the system using simulation. Consequently, the underground water
level rise of the infusion wells was confirmed if the ground pitching coefficient is unfavorable or if
the water table is high. Another study [25] analyzed the effects of the groundwater level adjustment
by simulating a multiple-static geothermal system connecting the inter-tube channels to prevent the
occurrence of operation restriction due to the overflow of underground water in infusion wells due
to the long-term operation of an open geothermal heat pump system. However, most of the studies
performed thus far are based on numerical simulation and are still to be tested at the experimental stage.

Geothermal heat pump systems have been introduced and used in Korea since the early 2000s,
and the supply and installation capacity has also increased every year. The geothermal heat pump
system consists of a heat pump, which is responsible for the heating and cooling of buildings, and an
underground heat exchanger, which absorbs heat from the ground and then releases it to the ground.
Ground heat exchangers are used to maintain a constant ground temperature throughout the year,
ensuring higher heat exchange efficiencies than those of air heat source heat exchangers. The table
of compliance has not been established for standing column well (SCW)-type underground heat
exchangers introduced in Korea; thus, there is an ambiguity in applying SCW-type underground heat
exchangers to geothermal heat pump systems depending on regional characteristics (e.g., geology,
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groundwater volume, number of aquifer layers, and level of development), installation methods,
and shape of heat exchangers. Kim et. al. [26] established the shape of the heat exchanger through
the standardization of products, including the shape and construction of an SCW underground
heat exchanger, while establishing a measurement method for the underground thermal conductivity
of SCW underground heat exchangers to develop a standard for the design of the heat exchanger.

The effects of circulation water temperature, borehole heat resistance, and underground heat
conductivity on various design and operational variables of SCW underground heat exchangers
were studied. Among them, the bleed is reported to have the largest effect on the heat transfer
enhancement of SCW underground heat exchangers [27]. Bleeding is a method of operation in which
underground water extracted from a geothermal well enters the heat pump, exchanges heat, and then
releases some underground water to the surface during the process of injecting it back into the
same well. Bleed rate is the ratio of the amount of groundwater extracted from the geothermal well and
the amount of groundwater released to the surface. Bleeding can also induce underground water that
exists near the geothermal well from the underground into the well. The heat exchange capacity of SCW
underground heat exchangers can be increased through bleeding in areas where underground water
is abundant, and guidelines on support for renewable energy facilities of the Korea Energy Corporation
allow bleeding rates of up to 20% for SCW underground heat-burning machines [28]. However, a high
rate of bleed application can drain the surrounding groundwater to which a geothermal heat pump
system is applied and can also cause heat pump failure due to the groundwater level falling below
the pump. Currently, various underground heat exchangers using thermal response tests have been
studied in Korea and internationally [29–34], and the energy equilibrium using thermal response test
data has also been studied [27,35]. From the results of an analysis in [36], the temperature change of
the underground heat exchanger circulation water tends to decrease as the bleed rate increases, and the
underground thermal conductivity increases from 0% to 179% at a bleed rate of 0% to 30%, respectively.
Meanwhile, when groundwater is introduced from the underside of the underground heat exchanger,
the underground heat exchanger circulation water is mixed with groundwater from the bottom after
exchanging heat with the ground; thus, the temperature change of the underground heat exchanger
circulation water tends to rise initially over time. However, as the bleed rate increases, the rise tends to
decelerate and remain constant if the bleed rate exceeds approximately 10%.

In this study, geothermal cooling and heating systems, possessing superior energy
utilization efficiency, are used owing to a stable supply of heat sources throughout the year, compared
to other heat source systems. In particular, an open geothermal system that uses underground
water in the aquifer has been selected for its better performance than an enclosed geothermal system
because of its direct heat exchange with rocks. However, bleeding should be performed to improve
the forced discharge of groundwater to prevent the geothermal circulating water temperature rise.
Meanwhile, for this new technology, a water level difference was formed through refill to use the
bleed-discharged water without being discarded, and the thermal performance characteristics were
evaluated by applying the balancing well-type underground heat exchanger operation technology to
prevent blockage of the underground heat exchanger through cross-operation. The system performance
coefficient was compared and analyzed according to the application of an underground heat exchanger
by cross-mixing the existing standing column well (SCW) and the balancing well method.

2. Experimental Methodology

Figure 1 shows a comparison test with the existing open underground heat exchanger and cooling
and heating operation used to evaluate the energy efficiency and performance coefficient of the system
suitable for on-site testing using the test method of the water-water geothermal source heat pump unit.
An automatic cross-operating control system was used to maintain the optimal supply of heat sources
for the existing SCW and for balancing well underground heat exchangers. The balancing well
cross-mixed heat exchange geothermal heat pump system consisted of a geothermal source heat pump
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and underground heat exchanger and includes the cross-operation controller among the mechanical
piping and circulation pump and system control system.

Figure 1. Schematic of the water-water geothermal heat pump system for operating standing column
well (SCW) and balancing well geothermal heat exchanger system. LPM: liter per minute

The test targets were a geothermal source heat pump for 30RT-level cooling and heating and two
underground heat exchangers with a typical SCW system installed with a diameter of 10 in (0.254 m)
and depth of 300 m. The SCW underground heat exchanger had a natural water level of 4.7 m and a
maximum quantity of 350 tons/day. The distance between the two wells was approximately 12 m.

To verify that the experimental measurements were reasonable, as shown in Figure 1, a justifiable
means of validation was required. The simplest expression of the heat balance equation is

.
qin =

.
m·Cp·(Tout − Tin) (1)

where
.

qin (W) represents the measured heat input to the water heater elements and pumps;
.

m (liter per minute, LPM) is the flow rate; Cp denotes the specific heat of water; and Tin and
Tout represent the temperatures measured with a thermostat.

After applying all the calibration equations to the measurement devices, the heat transfer rate
predicted by the right-hand side of Equation (1) can be compared to the measured power input
(left hand side of Equation (1)). The numbers summarised in Table 1 are the average values over the
length of each test, and they were used to compare the instrumentation uncertainties and total heat
input error.

Table 1. Heat balance check.

Location
Transducer

Reading (W)
Average q (W) Difference (W)

% of Average
Power

A 2506.6 2657.8 101.2 3.88
B 3207.2 3302.5 93.3 2.82
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The uncertainties in the temperature measurement were ±0.01 ◦C for the probes and ±0.04 ◦C
for the signal conditioner of the digital displays with the analog signal. The total uncertainty for the
temperature measurements are expressed in quadratic form, as shown in Equation (2):

ΔT =

√
(±0.01)2

in + (±0.04)2
in +

√
(±0.01)2

out + (±0.04)2
out ≈ ±0.0825 °C (2)

Considering that ΔT for each test is approximately 5 ◦C, the uncertainty due to the temperature
measurement becomes:

Error =
±0.0825 °C

5 °C
× 100% =≈ ±1.65% (3)

Using the highest error for the flowmeter taken from Table 2 of ±2.03%, the total uncertainty in
the heat balance equation was computed as:

Total Error =
√
(±0.0165)2 + (±0.0203)2 ≈ 2.62% (4)

Table 2. Results from the flowmeter calibration.

Actual Flow (LPM) Calibration Flow (LPM) Error (%)

3.316 3.292 0.73
15.87 16.032 1.01

100.90 102.99 2.03
350.62 355.41 1.35

As shown in Figure 2, the balancing well cross-mixed heat exchanger system is characterized by
different operation methods in the two SCW-type geothermal heat exchangers with 100% pumping from
each geothermal heat exchanger, while the recovery quantity is different. In other words, the principle
of generating a flow of groundwater in the underground aquifer was applied to generate a difference
in the operation level of the two SCW geothermal heat exchangers. In this study, the experiment
was conducted using the cross-operating condition supply and return of 80% and 120%, respectively,
as depicted in Figure 2a. If the circulation water supplied simultaneously from both the ground heat
exchangers is returned after the heat exchange, 120% of it is recovered to the ground heat exchanger
(#1 zone), and 80% of the remaining circulation is recovered to the other ground heat exchanger
(#2 zone) and the cross-operating mains, which are set to activate the aquifer by forming a difference in
the groundwater level.

The system energy efficiency is calculated as the ratio of the resultant value of the production
heat obtained by applying the liquid enthalpy test method of the heat source and load sides to the
coefficient of performance (COP) of the system to compare it with the existing SCW geothermal system.

In the liquid enthalpy method, the temperature, flow rate, and electricity consumption of
circulating water are recorded through the data logger at the entrance and exit of the heat exchanger
on the heat source and the load side of the heat pump. The produced heat of the geothermal system is
calculated using the following equations.

Where, total power consumption means the total consumption power used in the
geothermal system. The COP of the actual geothermal system was calculated using Equations (5)
and (6), and these results were configured to be calculated by the system [21,22].

121



Appl. Sci. 2020, 10, 7643

Figure 2. Cross operation of the balancing well geothermal heat exchanger system.

Cooling mode:
∅tco = w f cp f

(
t f 4 − t f 3

)
−∅t (5)

Heating mode:
∅tho = w f cp f

(
t f 3 − t f 4

)
+∅t (6)

where,
∅tco: Total cooling capacity of the heat pump (W)
∅tho: Total heating capacity of the heat pump (W)
tf3: Heat pump inlet temperature (◦C) of circulating water on the source side
tf4: Heat pump outlet temperature (◦C) of circulating water on the source side
cpf: Specific heat of heat source circulation water (J/(kg·K))
wf: Mass flow rate of circulating water on the heat source side (kg/s)
∅t: Total power Consumption (W)

3. Results and Investigations

3.1. Performance Evaluation under Cooling Operation

The experimental set-up stabilized after 30 min of test operation, and data were recorded once
per day for five days, with each recording session lasting a continuous 6 h. Through this experiment,
the initial underground temperature, temperatures at the entrance and exit of the geothermal
circulation water, circulation flow rate, and the electricity used were recorded by the data logger.
The results are presented in Figures 3 and 4. The COP was calculated by using the data recorded and
by applying Equation (1). The measured values of the power and COP of the two systems are listed in
Tables 3 and 4.
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(a) Temperature variation of the SCW system

(b) Temperature variation of the balancing well (BW) and SCW system

Figure 3. Temperature variation characteristics of the SCW and BW cross-mixing ground heat exchanger
system during cooling operation.
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(a) Coefficient of performance (COP) characteristics of the SCW geothermal heat exchanger system

(b) Balancing well in SCW Geothermal heat exchanger system

Figure 4. COP characteristics of the SCW and BW cross-mixing ground heat exchanger system during
cooling operation.
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Table 3. Measured results of the SCW geothermal system cooling operation.

Initial
Ground
Water
TEMP.

Temperature
of Geothermal Side

Temperature
of Load Side Total

Power

Consumption.
Power

COP

Inlet Outlet
Flow
Rate

Inlet Outlet
Flow
Rate

NO/Units ◦C ◦C ◦C LPM ◦C ◦C LPM kW kW (-)

1 17.72 28.37 35.08 305.69 15.60 10.63 346.39 120.11 38.35 3.13
2 19.94 29.90 36.62 304.75 15.60 11.10 346.68 119.10 39.03 3.05
3 19.98 30.45 37.14 306.05 16.28 11.35 346.58 119.06 39.29 3.03
4 20.09 30.61 37.31 306.03 16.34 11.43 347.47 119.22 39.52 3.02
5 20.54 31.01 37.71 304.36 16.46 11.53 348.26 119.83 39.74 3.02

Average 19.65 30.07 36.77 305.38 16.06 11.21 347.08 119.46 39.19 3.05

Table 4. Measured results of the BW SCW geothermal system cooling operation.

Initial
Ground
Water
Temp.

Temperature of
Geothermal Side

Temperature of Load Side
Total

Power

Consumption
Power

COP

Inlet Outlet
Flow
Rate

Inlet Outlet
Flow
Rate

NO/Units ◦C ◦C ◦C LPM ◦C ◦C LPM kW kW (-)

1 17.75 20.61 27.56 317.81 17.61 12.14 349.69 133.55 35.26 3.79
2 17.63 20.44 27.33 318.14 17.22 11.79 349.47 132.58 35.13 3.77
3 17.91 20.44 27.21 318.76 16.49 11.13 349.14 130.54 35.00 3.73
4 17.64 20.46 27.32 318.73 17.05 11.63 349.64 132.37 35.18 3.76
5 17.84 20.48 27.33 318.90 16.99 11.58 349.63 132.06 35.19 3.75

Average 17.75 20.49 27.35 318.47 17.07 11.65 349.51 132.22 35.15 3.76

The plots of Figure 3a showed that the temperatures of the geothermal side shown in Figure 3a were
significantly higher than those in Figure 3b when compared with the results of Figure 3b. The method
of the conventional SCW ground heat exchangers shows that the temperature of the geothermal
side of Figure 3a was significantly higher than that of Figure 3b. This phenomenon was caused
by the accumulation of heat in the underground water due to the increase in heat load. However,
Figure 3b demonstrates the characteristic that the cyclical water temperature of the geothermal
heat remained constant without increasing. This phenomenon is assumed to be the result of the
cross-mixing of the balancing well, which activates underground water in the aquifer to improve the
heat transfer characteristics.

Figure 4 illustrates the results for the overall power and COP characteristics. To compare the
performance of SCW and balancing well underground heat exchangers, the total power consumption,
system power, and COP characteristics were compared and analyzed. The cross-mixed balancing well
underground heat exchanger exhibited an improved heat transfer effect owing to underground water
utilization in the ground and groundwater flow because of the difference in water level between the
two wells. It is observed that an overall improvement of the COP of the balancing well SCW system was
reported over that of the SCW system, as indicated by the plots of Figure 4a,b. As mentioned previously,
the cross mixing of the balancing well resulted in an approximately 23% improvement of the COP.

3.2. Performance Evaluation under Heating Operation

The measurement of temperatures (plotted over time in Figures 5 and 6) was conducted under
the same test conditions as those for the cooling operation mentioned in Section 3.1. Using the results
obtained from the data logger of the system, the COP and power values are presented in Tables 5 and 6.
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(a) Temperature variation of the SCW system

(b) Temperature variation of the BW SCW system

Figure 5. Temperature variation characteristics of the SCW and BW cross-mixing ground heat exchanger
system during heating operation.
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(a) COP characteristics of the SCW geothermal heat exchanger system

(b) COP characteristics of the BW SCW geothermal heat exchanger system

Figure 6. COP characteristics of the SCW and BW cross-mixing ground heat exchanger system during
heating operation.
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Table 5. Measured results of the SCW geothermal system during heating operation.

Initial
Ground
Water
Temp.

Temperature of
Geothermal Side

Temperature of Load Side
Total

Power

Consumption
Power

COP

Inlet Outlet
Flow
Rate

Inlet Outlet
Flow
Rate

NO/Units ◦C ◦C ◦C LPM ◦C ◦C LPM kW kW (-)

1 16.99 12.30 7.77 324.62 41.64 47.03 349.12 131.26 44.89 2.92
2 16.15 12.40 7.87 324.31 41.85 47.25 349.12 131.65 45.01 2.92
3 15.84 12.12 7.62 324.55 41.99 47.37 349.29 131.01 45.01 2.92

Average 16.94 12.27 7.75 324.49 41.83 47.22 349.20 131.31 45.00 2.92

Table 6. Measured results of the BW SCW geothermal system during heating operation.

Initial
Ground
Water
Temp.

Temperature of
Geothermal Side

Temperature of Load Side
Total

Power

Consumption
Power

COP

Inlet Outlet
Flow
Rate

Inlet Outlet
Flow
Rate

NO/Units ◦C ◦C ◦C LPM ◦C ◦C LPM kW kW (-)

1 16.98 14.28 9.36 319.20 40.53 46.19 348.31 137.48 41.91 3.28
2 16.85 14.26 9.33 318.75 40.47 46.14 348.60 137.95 41.91 3.27
3 16.85 14.29 9.36 319.32 40.36 46.03 348.32 137.80 41.91 3.27

Average 16.89 14.28 9.35 319.09 40.45 46.12 348.41 137.74 42.06 3.27

Figures 5 and 6 illustrate the temperature variation and COP characteristics during the heating
operation using the SCW and balancing well underground heat exchangers. Compared with the results
of Figure 5a, the variation in the temperature of Figure 5b was small, and the exit temperature on the
geothermal side was higher than that of Figure 5a. As a result of comparative analysis of the inlet and
outlet temperatures, the SCW underground heat exchanger exhibits higher characteristics than the
cross-mixing balancing well underground heat exchanger as time passes during heating operation.
Cross-mixing balancing well geothermal heat exchanger showed a characteristic of increasing heat
transfer effect by groundwater flow in the ground due to the water level difference. However, the heat
transfer characteristics of the SCW underground heat exchanger deteriorated due to heat accumulation
in the ground. The COP is found to improve for the balancing well SCW system as compared to that of
the SCW system, as shown in Figure 6.

3.3. Results of Performance Evaluation of the Two Types of Geothermal Systems

Table 7 presents the results of the variation of the initial underground temperature of the SCW
and balancing well (BW) ground heat exchangers during the cooling and heating operations.

Table 7. Comparison of the initial groundwater temperature.

Initial Ground-Water
Temperature

Cooling Operation Heating Operation

SCW BW SCW SCW BW SCW

1 17.72 17.75 16.99 16.98
2 19.94 17.63 16.15 16.85
3 19.98 17.91 15.84 16.85
4 20.09 17.63
5 20.54 17.84

Standard deviation 1.11 0.12 0.6 0.08

The circulation pump flow rate confirmed that the artificial function of the bleed discharge
water was operated alternately according to the cross-operating cycle set to maintain the optimal heat
supply state. Cooling and heating operations were conducted for 5 d and 3 d, respectively. During the
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heating operation, it was confirmed that the balancing well heat exchange system maintained a constant
initial underground temperature.

The energy efficiency of the system was calculated by the COP as the ratio of the heat produced
from applying the liquid enthalpy test method of the heat source and load side to the power consumed
by the heat pump and circulation pump. These values were compared with those of the geothermal
systems of the existing SCW and balancing well cross-mixed methods.

Table 8 presents the test results obtained by operating the cooling and heating heat pump systems
based on the concept demonstrated in Figure 2 for evaluating the performance of the cooling and
heating heat pump systems by the alternative heat exchange of the balancing well. The overall COP
of the heat pump system using the existing SCW heat exchange system was calculated to be lower
in the balanced well heat exchange system; in particular, the efficiency of the cooling operation was
improved by approximately 23%.

Table 8. Comparison of the performance factors of COP.

COP
Performance
Coefficient

Cooling Operation Heating Operation

SCW BW SCW Remarks SCW BW SCW Remarks

Minimum 2.58 3.45 2.08 2.21
Maximum 3.96 4.29 3.44 3.66

Average 3.05 3.76 23% ↑ 2.92 3.27 12% ↑

3.4. Thermal Environment of the Ground-Water Temperature

Figure 7 shows the results of analyzing the thermal environment characteristics of the groundwater
through the cross mixing of the SCW and balancing well methods. Figure 7a shows the characteristics
of the circulating water intake temperature, circulation flow rate, bleed flow rate, input, and exit
temperature difference, and injected heat caused by the change to the balancing well method from
the SCW method after 24 h of operation. The SCW method initially showed the characteristics of
a continuous increase in the temperature of the In/Out during operation. However, utilizing the
SCW method instead of the balancing well method resulted in a decrease in temperature difference
between the inlet and out temperatures of the circulating water. The possible reason is the activation
of the underground aquifer by the water level difference of the well by the injected bleed flow and
the activation of the flow of the underground aquifer. Consequently, the recovery of the temperature
of the underground circulating water might increase. Figure 7b shows the results of the circulation
water temperature, circulation flow rate, bleed flow rate, and injection heat, due to the utilization of
the SCW method, instead of the balancing well operation, after 24 h of operation. When operating
the balancing well method, the temperature difference between the inlet and exit temperatures of
the circulating water was observed to be slightly higher than that shown in Figure 7a. However,
when changing the operation from the balancing well method to the SCW method, the temperature
of the In/Out increased rapidly. Through this technique, it is deemed that the heat accumulation
phenomenon occurred because of the increase in the temperature of the circulating water in the ground.
As shown in Table 5, when driving balancing well, the thermal efficiency increased more than that of
the SCW, and the thermal environmental conditions of the groundwater were optimized, which could
be a condition for long-term operation.
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(a) SCW operation balancing well operation

Figure 7. Cont.
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(b) Balancing well operation SCW operation

Figure 7. Operating characteristics of the SCW and cross-mixing balancing well geothermal heat
exchanger affecting the thermal environmental characteristics of the ground.
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4. Conclusions

In this study, by installing calibrated thermometers, flow meters, and power spectrometer for
a 30RT-level water-water geothermal heat pump installed at the site and by including two SCW
underground heat exchangers, mechanical piping, circulation pumps, and cross-operation controllers,
the following results were obtained:

1. The average COP values of the balanced well cross-heat exchange system were 3.76 and 3.27
during the cooling and heating operations, respectively. This signifies an improvement of the
COP by 23% and 12% during the cooling and heating operations, respectively, compared to that
of the existing SCW method of the heat exchange system.

2. The initial underground temperature was maintained constant with a small standard deviation of
0.08–0.12 ◦C for 3–5 d of continuous operation when using the balancing well cross-mixed heat
exchange system, enabling a relatively stable supply of heat source.

3. A change in operational method from the ordinary SCW-type heat exchange system to the
balanced well-intersected heat exchange system improved the COP of the cooling and heating
system using geothermal heat and ensured a stable supply of geothermal energy by keeping the
initial temperature constant. This could also eliminate the wasting of bleed water.
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Nomenclature

qin Measured heat injection (w)
Tin Inlet of temperature (◦C)
Tout Outlet of temperature (◦C)
v Flow rate (LPM)
∅tco Total cooling capacity of the heat pump (W)
∅tho Total heating capacity of the heat pump (W)
tf3 Heat pump inlet temperature (◦C) of circulating water on the source side
tf4 Heat pump outlet temperature (◦C) of circulating water on the source side
cpf Specific heat of heat source circulation water (J/(kg·K))
wf Mass flow rate of circulating water on the heat source side (kg/s)
∅t Total power consumption (W)
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Abstract: The difference in heating or cooling to power ratio between required demands for district
networks and the proposed tri-generation system is the most challenging issue of the system
configuration and design. In this work, an adjustable, novel tri-generation system driven by
geothermal resources is proposed to supply the thermal energies of a specific district network
depending on ambient temperature in Germany. The tri-generation system is a combination of a
modified absorption refrigeration cycle and a Kalina cycle using NH3-H2O mixture as a working
fluid for the whole tri-generation system. A sensitive analysis of off-design conditions is carried
out to study the effect of operational parameters on the system performances prior to optimizing
its performance. The simulation show that the system is able to cover required heating and cooling
demands. The optimization is applied considering the maximum exergy efficiency (scenario 1) and
minimum total exergy destruction rate (scenario 2). The optimization results show that the maximum
mean exergy efficiency in scenario 1 is achieved as 44.67% at the expense of 14.52% increase in the total
exergy destruction rate in scenario 2. The minimum mean total exergy destruction rate in scenario 2
is calculated as 2980 kW at the expense of 8.32% decrease in the exergy efficiency in scenario 1.

Keywords: tri-generation; off-design analysis; ammonia-water solution; geothermal; flexible demand
production; optimization

1. Introduction

Due to the non-fluctuating renewable and environmentally friendly nature of geothermal
heat sources, it is inevitable to utilize these sources to reduce the consumption of fossil fuels and
environmental pollution [1]. For applying geothermal sources to produce power, cooling and heating
in different seasons, various multi-generation systems are investigated [2]. It has been observed
that co-generation [3] and multi-generation systems [4,5] attract the interest not only of researchers
but also of operators and energy suppliers because of their substantial energy conservation [6,7]
and economic aspects [8]. Recently, some studies have been carried out to examine co-generation
systems for producing power/cooling or power/heating using geothermal heat sources. In addition,
some configurations of tri-generation systems have been presented to provide the demand of power,
cooling and heating [9,10] with low-grade heat sources like geothermal heat sources. Coskun et al. [11]
investigated a tri-generation system driven by geothermal heat source of 173 ◦C. The system was
studied on two different main groups for hot and cold seasons. The exergy efficiency in winter with an
ambient temperature of 10.1 ◦C was calculated as 52.8%. In summer with an ambient temperature of
22.3 ◦C the exergy efficiency of the system was 49.5%. In addition, in comparison to the single power
generation system, the exergy efficiency was increased by 1.12 and 1.25 times for summer and winter
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days, respectively. Zare [12] proposed and optimized two various designs of tri-generation systems
utilizing geothermal heat source of 173 ◦C. The main difference in two introduced designs related to the
power production system. An organic Rankine cycle was applied in one system while Kalina cycle was
utilized in the other system. The author reported that the maximum exergy efficiency of tri-generation
systems based on ORC and Kalina cycles were 46.51% and 50.36%, respectively. The multi-generation
energy system driven by geothermal heat source of 185−215 ◦C to produce electricity, heating, cooling
and hydrogen was introduced by Akrami et al. [13]. Their results revealed that energy and exergy
efficiencies of the system were about 34.9% and 49.2%, respectively.

Based on the abovementioned studies and due to the increased attention paid to systems producing
power, heating and cooling in recent years, the literature lacks any mention of the application of a
one energy system using the same working fluid for tri-generation purposes. Mostly, in the previous
proposed tri-generation systems, there are two different working fluids in each power and cooling
section [11–13]. Generally, the organic Rankine cycle (ORC) in the power block utilizes natural
hydrocarbons or fluorinated refrigerants as a working fluid. As well, the absorption refrigeration
system with LiBr-water is used in the cooling block. It is important to note that using different working
fluids can lead to significant higher investment costs for safety and environmental issues. Therefore,
there is room for more work to investigate systems using one working fluid in tri-generation systems.
In this context, an extension of the Kalina cycle by a cooling part also using ammonia-water as working
fluid is a promising approach. The Kalina cycle is a proven technology for power generation based on
low-temperature heat sources. The first geothermal application of the Kalina cycle in Europe was the
Orkuveita Húsavíkur (Iceland) power plant [14]. This power plant began to operate in July 2000. The net
electrical output of the plant is 1.7 MW [15]. The thermal efficiency of this power Kalina cycle was
calculated to be between 12.3−17.1% depending on the cooling water temperature [16]. In Unterhaching
(Germany) a combined heat and power system was realized at a geothermal temperature of 122 ◦C [17].
This Kalina cycle is designed for an electrical power of 3.35 MW. In addition, the thermal power of the
district heating system is about 40 MW [18]. Another example for an existing geothermal application
is the power plant in Bruchsal (Germany). This system started to operate in 2012 and is driven by a
geothermal heat source of 122 ◦C. The electrical capacity of the power plant in Bruchsal is 550 kW [19].

In addition, existing studies of low-grade heat sources only pay small attention to tri-generation
systems. On the other hand, previous analyses are based on constant ambient temperature with fixed
values of power, cooling and heating generation without paying attention to heating and cooling
periods as well as corresponding frequency demands. In this context, tri-generation systems are mostly
studied under design conditions. However, it is obvious that changing the operating parameters
due to the different geometry, characteristics and performance curves of the component, mainly heat
exchangers and turbine, have been affected by the system performances corresponding off-design
behavior [20,21]. Therefore, the off-design evaluation of the system is inevitable and should be
considered in the system design in order to annual simulation.

The present works addresses all issues mentioned above by introducing a novel configuration of
the tri-generation system driven by geothermal water. The system works only by one working fluid
as ammonia-water solution. Due to the variable boiling temperature of an ammonia-water solution
during the heat transfer process, the irreversibilities of heat exchangers decrease as well as the efficiency
of the system increases [22,23]. In this context, the main objectives in this work are:

• to define heating and cooling demand in winter and summer conditions (different ambient
temperatures) to evaluate the system performance using operational data of an existing geothermal
district heating network in the German Molasse basin [24]. In particular, the geothermal source,
mean ambient temperatures and heating/cooling demands are based on this case;

• to validate the power part (Kalina cycle) and to verify the cooling part in order to confirm the
validity of the simulation model;

• to determine the main operational parameters to analyze the system;
• to develop and apply an off-design model of the tri-generation system;
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• to apply the quasi-stationary simulation of a tri-generation system in different weather conditions
to fulfill the heating and cooling demands;

• to obtain mean annual system performances;
• to optimize the system considering two criteria, maximum exergy efficiency and minimum total

exergy destruction rate.

2. Methodology

2.1. Description of the System

The schematic diagram of the proposed tri-generation system is shown in Figure 1. The system is
able to simultaneously generate heating, power and cooling for various purposes in different seasons.
The system consists of three parts: the power section which produces electricity, the adaptable cooling
part which is applied as absorption refrigeration in summer days and heat pump in winter days
(by switching the evaporator) and the domestic heat exchanger (DHE) is used to supply heat demand.
As shown in Figure 1, the geothermal hot water (state 21) is divided into two parts; one part provides
the required heat input to satisfy the heat demand (state 24) via the DHE. The other part is coupled to
the power section by the boiler (BOI) (state 22). The required heat for the generator (GEN) is supplied
by stream 26 which is the combination of the two returning geothermal water streams coming from
DHE (state 25) and BOI (state 23). The description of the tri-generation system is started with the
ammonia-water solution in the power section. A saturated liquid ammonia-water solution (state 4) is
pumped through pump 2 (PU2) (state 8) to the high pressure of the system. The stream is delivered to
separator (SEP) after heating in the boiler via geothermal water (state 9). In the SEP, the liquid-vapor
stream is separated to saturated liquid (state 10) and saturated vapor phases (state 11). The stream 12
is expanded via the turbine (TUR) and is mixed with the stream leaving the solution heat exchanger
(SHE) via expansion valve 2 (EX2). This stream (stream 15) is led through CON2 and then to absorber
(ABS) (stream 17) through PU3. The ammonia-water solution at the outlet of the ABS (state 1) is forced
to the medium pressure level (state 2) by PU1 and is led to SHE. This stream at the outlet of the SHE
(stream 3) which is heated in the SHE via saturated liquid (state 11) from SEP. The stream 3 goes
to GEN to heat with the geothermal water following to divide into two saturated liquid and vapor
streams (stream 4 and 5). The vapor stream coming from the GEN (state 5) is cooled through rectifier
(REC) and again the stream is divided into liquid and vapor phase to provide a strong ammonia
solution (stream 7). The pure ammonia is saturated in the CON1 (stream 18) and is led through the
evaporator (EVA) via EX1. In the EVA, the pure ammonia solution is heated by absorbing heat and can
produce a cooling demand in the summer condition (stream 39–40). The stream coming from EVA
(stream 20) leads to ABS and is mixed with stream 17 via PU3 and the proposed system is completed.
The heat sink streams (streams 31–36) are used as coolant and the water- ethylene glycol streams 39
and 40 are utilized to cover the cooling demand. The water streams 29 and 30 are used to produce
heating demand. Moreover, it is worthwhile to indicate that in the proposed system, two different
evaporators are applied in summer and winter. In summer days, when the tri-generation mode is
required, the evaporator for cooling is applied to the system. In winter days, when no cooling demand
is required, the geothermal fluid coming from GEN (stream 27) is led through the evaporator for
heating. In this regard, the useful productions in the tri-generation system are outlined as follows:

- heating via domestic heat exchanger
- power generation via turbine
- cooling via evaporator
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Figure 1. Schematic diagram of the proposed tri-generation system.

2.2. Assumption

For a process simulation and a detailed analysis of the proposed system, each component of the
cogeneration cycle is considered as a control volume and a mathematical model is established by
applying the conservation of mass and energy balances as well as the exergy principle. Simulation
is carried out by the software Engineering Equation Solver (EES) [25]. The fluid properties of
ammonia-water solution and water are estimated in EES by implementing correlations of Ibrahim [26]
and Wagner [27], respectively. In addition, the thermodynamic and transport properties of
water-ethylene glycol are applied in EES by adapting the correlations of Fujuita [28] and Lee [29].

Some assumptions are made to simplify the mathematical model [30]:

- Pressure and heat losses in the heat exchangers and pipelines are neglected.
- The isotropic efficiency for pumps is considered as constant.
- The changes of kinetic and potential energies are negligible.
- The state of leaving streams of absorber, condenser, generator and rectifier is saturated.
- In the cold season when heating demand is required, the extracted stream of geothermal fluid from

the generator is used in the evaporator to supply the needed heat (stream 27–28) in the evaporator
in the absorption heat pump cycle. In the summer days, the stream 27 goes to reinjection well and
the cooling demand is produced in the evaporator for cooling.

The basic assumption and assumed boundary conditions for the simulation are summarized in
Table 1.
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Table 1. Input data and boundary conditions used for design the system and process the simulation.

Parameter Symbol Value

Dead state pressure (bar) p0 1
Dead state temperature (◦C) T0 T0 + 5

Geothermal hot water temperature (◦C) [24] Tin,geo 138
Geothermal hot water mass flow rate (kg/s) [24]

.
mgeo 120

Ambinet temperature (◦C) [24] Tamb −5.68
Heating demand (MW) [24]

.
Qheating 11.8

Evaporator temperature (◦C) [24] Teva 5
Turbine inlet pressure (bar) [31] TIP 20

Ammonia concentration in the boiler (%) [32] ζB 50
Supply heating temperature (◦C) [24] T33 90
Return heating temperature (◦C) [24] T32 60
Turbine isentropic efficiency (%) [12] ηis,tur 85
Pump isentropic efficiency (%) [22] ηis,pump 75

2.3. Off-Design Model

The operating conditions of the system are influenced by the performance of the heat exchangers
and turbine [33,34]. In this regard, the different steps of off-design calculation are indicated in Figure 2.
As shown, the first step in off-design process calculation is related to obtain the heat transfer capacity
(UA) of heat exchangers in the design mode which is outlined in Table 1. The heat transfer rate (

.
Q) in

the heat exchangers is expressed as [35]:

.
Q = UA ΔTLMTD (1)

where U is the overall heat transfer coefficient, the area of the heat exchanger is A and ΔTLMTD

represents the logarithmic mean temperature difference between the hot and cold streams in the heat
exchanger. In the next step, the off-design behavior of the heat exchangers is considered according
to the method presented by Manente [34]. In off-design conditions, the variations in mass flow rates
from the design conditions bring about a change in the UA. The heat exchange capacity is modified
considering the actual mass flow rate:

(UA)o f f−design

(UA)design
= (

.
mo f f−design

.
mdesign

)

m

(2)

The heat exchanger configuration determines the exponent m. The exponent m is set to 0.44
for the air-cooled condenser, 0.66 for the generator, solution heat exchanger and evaporators, 0.15
for the boiler [36]. After obtaining the off-design characteristics such as UA for the considered heat
exchangers, calculation of the turbine isentropic efficiency is the next step. The isentropic efficiency of
the turbine is considered as a function of enthalpy drop and volumetric flow rate at the outlet of the
turbine. The off-design behavior of the isentropic efficiency of the turbine depends on two coefficients
rh and rv according to [37]. The coefficients depend on the outlet volume flow rate and the enthalpy
drop in the turbine:

rT =

√
hTurbine inlet − hTurbine outlet

(hTurbine inlet − hTurbine outlet)
design

(3)

rh = ([(1.39rT − 5.425) × rT + 6.274] × rT − 1.866) × rT + 0.619 (4)

where h is the enthalpy and exponents design means the calculated value at design [37]:

rVT =
(

.
V)

(
.

V)
design

(5)
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rv = ([(−0.21rVT + 1.117) × rVT − 2.533] × rVT + 2, 588) × rVT + 0.038 (6)

where
.

V shows the volumetric flow rate at the outlet of the turbine. Therefore, the isentropic efficiency
of the turbine in off-design can be calculated as [32]:

ηs,tur = ηtur × rv × rh (7)

Calculate turbine efficiency 
with Ghasemi’s equation 

Thermodynamic properties 
in outlet of different heat 

exchangers = 
Thermodynamic properties 

in inlet of other heat

Tri-generation off-design 
performance 

Off-design calculation 

Calculate volumetric 
flow rate at turbine 

outlet

Calculate UA in off-design 
mode with Manente’s 

equation [35]

Input data: Hot and cold side inlet 
conditions of heat exchangers 

Determine operational 
design parameters 

Design calculation 

Calculate UA for each 
heat exchanger 

Yes 

No 

Figure 2. Off-design calculation procedure.

It is important to note that the off-design values of ηs,tur and rVT can take a value higher than the
design mode values. In addition, the UA value and turbine isentropic efficiency, the thermodynamic
properties of different states have been calculated. The whole off-design case is calculated in an
iterative process which ends when the simulation shows convergence. The main criteria of convergence
are related to the equality of the thermodynamic properties such as temperature, pressure and
ammonia concentration in the outlet of different heat exchangers and the inlet of other heat exchangers.
The convergence is obtained within 1%. The proposed system is designed under operational parameters
under base case which is presented in Table 1. The design case results are calculated for the heating
demand of 11.66 MW in the ambient temperature of −5.67 ◦C.

The heat exchange capacities (UA) and mass flow rates of all heat exchangers in the system for
design case are shown in Table 2. In addition, in design conditions the volumetric flow rate at the
turbine outlet is calculated to be 3.376 m3/s.
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Table 2. The calculated parameters of heat exchangers in design mode.

(UA)design (kW/K) (
.

m)design(kg/s)

Domestic heat exchanger 313.2 92.64
Boiler 723.5 13.37

Generator 71.24 17.11
Solution heat exchanger 37.11 17.11

Absorber 343.9 263.8
Condenser 1 128.6 110.4
Condenser 2 514.4 1110

Dephlegmator 3.066 12.39
Evaporator for heating 24.18 1.74
Evaporator for cooling 1014 2.082

2.4. Heating and Cooling Demand Profiles

In order to analyze the proposed cycle, real heating data of an existing geothermal district heating
network in the German Molasse Basin [24] and estimated cooling demand are applied. The VDI 4655
method [38] is applied to estimate the annual system performance. In this method, 10 typical days are
analyzed. This procedure is distinguished from seasonal, i.e., summer (S), winter (W) and transition (T),
and from the typical days, i.e., workdays (W) and Sundays (S). In this category, Saturdays are selected
as the workday. Furthermore, fine (F) and cloudy (C) days are differentiated to reach acceptable results.
However, in the summer days, no distinction between fine and cloudy days (X) is made. These 10
typical days categories are; WWF, WWC, WSF, WSC, TWC, TSC, TSF, TWF, SWX, SSX.

According to the test reference years (TRY), Germany is divided into various climate zones.
As shown in Table 3, according to this climate zones in the mentioned category “VDI 4655”, the number
of typical days during the year changes. In this work, for the purpose of the annual simulation, the 10
typical days are simulated for TRY13 which is associated to the southern German Molasse Basin.
The annual performances of the system are calculated by weighting these typical days considering
their frequency.

Table 3. Test reference years according to VDI 4655 [38].

Climate
Zone

Number of Typical Days (Frequency of the Different Typical Days)

WWF WWC WSF WSC TWC TSC TSF TWF SWX SSX

. . .
TRY12 23 57 2 16 91 18 8 27 104 19
TRY13 29 91 6 19 72 10 15 37 73 13
TRY14 22 115 5 25 81 15 11 42 42 7
. . .

In order to conduct a quasi-stationary simulation, the heating and cooling demands for each
typical day category are required. The profiles of corresponding heating demand for different typical
days categories are developed depending on operational data of a real geothermal heat plant in
the German Molasse Basin. The corresponding mean values of heating demands and the ambient
temperatures for different typical days categories are illustrated in Table 4, respectively [18]. It is seen
that the ambient temperature takes the lowest values in winter days and the highest values occur in the
summer days. It is clear that the ambient temperature in cloudy days is basically lower than the fine
days. For heating demand values which are listed in Table 4, it is observed that the heating demand has
higher values in winter days in comparison to the summer and transition days. In addition, the heating
demand in cloudy days, especially in the afternoon is considerably higher than the one in fine days.
Furthermore, comparing the heat demand on Sundays and workdays shows that the heating demand
is generally lower on Sundays and has a small variation.
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Table 4. Corresponding mean values of heating, cooling and ambient temperature for different typical
days categories.

WWF WWC WSF WSC TWC TSC TSF TWF SWX SSX

n = 29 n = 91 n = 6 n = 19 n = 72 n = 10 n = 15 n = 37 n = 13 n = 73

Tambient (◦C) [24] −0.13 −5.68 2.27 1.1 7.37 4.81 13.81 15.42 15.67 17.24
.

Qheating (MW) [24] 11.68 11.66 11.8 10.79 6.3 6.15 4.79 5.69 2.99 2.9
.

Qcooling (MW) - - - - - - 1.78 1.9 2.43 2.48

The cooling demand is not available for specific real application; therefore, it is calculated with
the following assumption. The cooling demand for an ambient temperature higher than 13 ◦C in
four typical days according to some available real data in public buildings is assumed to be 0.33–0.85
times of the corresponding heating demand which is depending on the ambient temperature. It is
noteworthy to note that this value is based on the ambient temperature in which with increasing of
the ambient temperature, the corresponding value increases. Referring to Table 4, it is shown that the
cooling demand takes higher values on workdays in comparison to Sundays. In addition, the cooling
demand on all 4 typical days in the morning is lower than the one in the afternoon.

2.5. Exergetic Evaluation

In order to evaluate the cycle performance, the second law efficiency and exergy destruction rate
are considered as main evaluation criteria. In general, in the absence of magnetic, electrical, nuclear
and surface tension effects as well as ignoring the kinetic and potential exergies, the exergy rate consists
of two physical and chemical exergy rates as [39]:

.
E =

.
Eph +

.
Ech (8)

Physical exergy can be obtained from [33]:

.
Eph =

.
m[(h− h0) − T0(s− s0)] (9)

and the chemical exergy for ammonia-water solution is expressed as [40]:

.
Ech(NH3/H2O) =

.
m
[
(

X
MNH3

)e0
ch,NH3

+ (
1−X
MH2O

)e0
ch,H2O

]
(10)

The subscript 0 in Equation (3) indicates the dead state and T0 shows its temperature. The standard
chemical exergy for ammonia and water is set to 336.684 and 45 kJ/kmol [40].

For a detailed analysis, the exergy destruction rate is calculated. The exergy destruction rate is
defined as the difference between the product exergy (

.
EP), loss exergy (

.
EL) and fuel exergy (

.
EF) for

each component of the proposed system [41]:

.
ED,k =

.
EF,k −

.
EP,k −

.
EL,k (11)

For parametric analysis, the energy and exergy efficiencies are calculated to be [42]:

ηenergy =

.
Wnet +

.
Qheating/cooling

.
Qin

(12)

ηexergy =

.
Wnet +

.
Eheating/cooling

.
Ein

(13)

142



Appl. Sci. 2020, 10, 6532

It is evident that the energy or thermal efficiency is the ratio of the net available products
(net product power, heating and cooling rates) to the rate of thermal energy, which is absorbed from
the geothermal heat source. In addition, the exergy efficiency is the ratio of the net available products
exergy (net product power, heating and cooling exergies) to the rate of input exergy from the geothermal
heat source. In Equations (12) and (13)

.
Wnet is the net output power of the system,

.
Qcooling is the

cooling capacity in the summer condition, the heating capacity and the total heat input are
.

Qheating and
.

Qin, respectively.
.
Ecooling is the generated exergy rate for cooling purpose used in the summer days,

the heating exergy and the total input exergy are
.
Eheating and

.
Ein, respectively. These parameters are

defined as:
.

Wnet =
.

WTur −
∑ .

WP (14)
.

Qcooling =
.

m39(h39 − h40) (15)
.

Qheating =
.

m30(h30 − h29) (16)

.
Qin =

{ .
m21(h21 − h28) for winter condition
.

m21(h21 − h27) for summer condition
(17)

.
Ecooling =

.
E40 −

.
E39 (18)

.
Eheating =

.
E30 −

.
E29 (19)

.
Ein =

⎧⎪⎪⎨⎪⎪⎩
.
E21 −

.
E28 for winter condition

.
E21 −

.
E27 for summer condition

(20)

The total exergy destruction rate of the system is calculated to be:

on winter days:

.
ED,tot =

.
Ein − (

.
Wnet +

.
Eheating) − (

.
EL,ABS +

.
EL,CON1 +

.
EL,CON2 +

.
EL,REC) (21)

on summer days:

.
ED,tot =

.
Ein − (

.
Wnet +

.
Eheating +

.
Ecooling) − (

.
EL,ABS +

.
EL,CON1 +

.
EL,CON2 +

.
EL,REC) (22)

The corresponding parameters are:

.
EL,ABS = (

.
E17 +

.
E20 −

.
E1) − (

.
E32 −

.
E31) (23)

.
EL,CON1 = (

.
E7 −

.
E18) − (

.
E36 −

.
E35) (24)

.
EL,CON2 = (

.
E15 −

.
E16) − (

.
E38 −

.
E37) (25)

.
EL,REC = (

.
E5 −

.
E6 −

.
E7) − (

.
E34 −

.
E33) (26)

3. Results and Discussion

The system is analyzed in off-design conditions by considering mass, energy and exergy balances
as well as off-design model equations for each component as a control volume. In this regard,
by adapting the geothermal mass flow division ratio (rgeo =

.
m24/

.
m21), the heating demand is totally

covered by the geothermal resource. In addition, the sensitive analysis is applied to each typical day
category displayed in Table 4 to find the operational parameters prior to optimization.
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3.1. Validation and Verification

In Table 5, the real power plant parameters given in Ogriseck [16] are compared to the conducted
simulations. The represented results display a good agreement between the present work and real
data of the existing Kalina power plant with a deviation of less than 0.9%. The percentage of relative
deviation between available data in the literature and obtained data from simulation in the present
work is calculated as follows:

Deviation (%) =

∣∣∣Xre f erence data −Xsimulation data
∣∣∣

Xre f erence data
× 100 (27)

Table 5. Validation results of the power ammonia-water Kalina cycle operating conditions gained from
present work (a) with reported data for the existing power plant in Húsavík [16] (b).

Point Temperature (K) Pressure (kPa)
Ammonia Concentration

(kg NH3
kg solution)

(a) (b) (a) (b) (a) (b)
1 281.15 281.15 4.6 4.6 0.82 0.82
2 281.20 281.15 35.3 35.3 0.82 0.82
3 314.26 314.15 34.3 34.3 0.82 0.82
4 336.10 336.15 33.3 33.3 0.82 0.82
5 389.15 389.15 32.3 32.3 0.82 0.82
6 389.15 389.15 32.3 32.3 0.973 0.97
7 389.15 389.15 32.3 32.3 0.498 0.5
8 316.21 316.15 6.6 6.6 0.973 0.97
9 319.11 319.15 31.3 31.3 0.498 0.5
10 319.18 319.15 6.6 6.6 0.82 0.82
11 303.16 303.15 5.6 5.6 0.82 0.82

The cooling system (absorption refrigeration system) is verified using available data reported in
literature [43]. In the absorption system, the verification results are obtained with some main design
parameters such as absorber, condenser and generator temperatures and ammonia concentration.
Figure 3 represents the data obtained in the present work and the data by Adewusi [43] for the
absorption refrigeration ammonia-water cycle. The represented results display a good agreement
between the present work and literature with a deviation of less than 1%.

 

Figure 3. Verification results for absorption refrigeration cycle for the present work and with previously
published data by [43].
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3.2. Parametric Analysis

A parametric study is applied to investigate the influences of decision parameters such as
the turbine inlet pressure (TIP), the generator temperature (Tgen), the temperature differences at
the Absorber (δTABS) and condensers exit (δTCON1 = T18 − T35 , δTCON2 = T16 − T37) on the system
performance prior to optimization. It is noteworthy to mention that, in parametric analysis for
off-design conditions only one parameter, among the ones outlined in Table 1, is changed and the other
parameters are calculated in off-design conditions. The ammonia concentration in the power section is
kept constant as 0.5 kg(NH3)/kg(solution).

The variations of exergy efficiency as well as total exergy destruction rate with the turbine inlet
pressure are shown in Figure 4a in off-design conditions. As shown, the exergy efficiency and

.
ED,tot

take a local maximum and minimum values, respectively. The trends of these variations can be justified
by representing the variation in power production, input exergy and loss exergy in some components
with the TIP. Due to the reduction in reinjection geothermal temperature, the

.
Ein is increased with an

increase in TIP. In addition, changes in TIP has no effect on the produced heating capacity and the
heating exergy of the system. On the other side, the power production is maximized locally at specific
values of TIP. With an increase in TIP, the turbine mass flow rate decreases, however the turbine specific
work has been optimized locally. As presented in the Figure 4b, the contrary effect of these parameters
occurs in a way that leads to a local optimum for the produced net power output and the exergy
efficiency. Furthermore, with an increase in TIP, the loss exergy rate in the ABS, REC, CON1, CON2 is
increased. According to Equation (21), the total exergy destruction rate takes locally minimum values.

η

Figure 4. The effect of the TIP (a) on exergy efficiency and total exergy destruction rate (b) on the
turbine specific work and mass flow rate.

The influence of the generator temperature on the exergy efficiency and total exergy destruction
rate in off-design mode is presented in Figure 5a. It is seen that as the Tgen increases, the exergy

efficiency is locally maximized as well as the
.
ED,tot is increased. With an increase in Tgen, the

.
Ein and

.
Wnet are decreased as shown in Figure 5b. The reduction rate of these two parameters occur in such a
way that leads to a local maximum value for the exergy efficiency. The loss exergy which occurs in
ABS, REC, CON1, CON2, is decreased by increasing Tgen. In this regard, according to Equation (21) the
total exergy destruction rate decreases with an increase in Tgen.

145



Appl. Sci. 2020, 10, 6532

η

Figure 5. The influence of the Tgen (a) on exergy efficiency and total exergy destruction (b) on the net
produced power and input exergy to the system.

The influence of the temperature differences at the exit of the condensers on exergy efficiency
and total exergy destruction rate in off-design mode is depicted in Figure 6. It is seen that with an
increase in δTCON1, the ηexergy and

.
ED,tot are increased and decreased, respectively. In addition the

ηexergy is decreased and
.
ED,tot increased as the δTCON2 changes. The net produced power is decreased

with an increase in both δTCON1 and δTCON2. However, the input exergy to the system is kept constant
in changing δTCON2 and is decreased in variation δTCON1.

 

η

η

Figure 6. The variation of exergy efficiency and the total exergy destruction rate with the temperature
differences at the condensers exit.

3.3. Discussion of Parametric Analysis

The general behavior of the system on the selected parameters may be summarized as follows:

- There is a local optimum value in the exergy efficiency at the specific value of TIP = 16.3 bar and
Tgen = 51.5 ◦C in the typical day of WWC. In the other typical day categories, the exergy efficiency
has local optimum at the different values of TIP and Tgen in comparison to typical day of WWC.

- The total exergy destruction rate in minimized locally at the specific values of TIP = 16.53 bar in
the typical day of WWC. This value of TIP is changed in the other typical day categories in order
to minimize locally the total exergy destruction rate.

- The general behavior of operational parameters for all typical days categories is almost the same
of the typical day of WWC as shown in Figures 5–7.

- In the hot days; TSF, TWF, SWX and SSX, with an increase in the δTCON1 the exergy efficiency
decreases which is in reverse for other category days.

- The values of δTCON1 and δTCON1 are limited by the ambient temperature and take different
range in different typical day categories.
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 n = 29 n = 91 n = 6 n = 19 n = 72 n = 10 n = 15 n = 37 n = 13 n = 73 
 (%) 49.29 53.21 52.17 51.23 44.56 43.55 38.27 41.16 36.16 34.76 
(%) 53.12 49.64 49.36 47.15 33.28 29.79 33.13 23.32 19.27 19.08 

 (kW) 3218 2937 3367 3312 4045 4037 2612 3386 3663 3538 

Figure 7. The mean energy and exergy efficiencies as well as the mean total exergy destruction rate of
each typical day under optimization condition based on maximum exergy efficiency.

3.4. The Optimized Quasi-Steady State Results For Different Typical Days

The quasi-steady state study under off-design conditions is calculated for the proposed system to
examine the system performance. Then the system is optimized based on two main criteria, exergy
efficiency and total exergy destruction rate. In the first scenario, the optimization is performed for the
maximum exergy efficiency. The minimizing of the total exergy destruction rate is considered in the
second scenario. According to the sensitive analysis, parameters such as: the turbine inlet pressure, the
generator temperature, the temperature differences at the Absorber and condensers affect the system
performance. The possible range of these parameters for optimization purpose is considered as follows:

maximize ηexergy and minimize
.
ED,tot (TIP, Tgen, δTCON1, δTCON2, δTABS)

11 ≤ TIP (bar) ≤ 32

40 ≤ Tgen(
◦C) ≤ 67

5 ≤ δTCON1(
◦C) ≤ 25

5 ≤ δTCON2(
◦C) ≤ 15

5 ≤ δTABS(
◦C) ≤ 17

11 ≤ TIP (bar) ≤ 32

It is noteworthy to mention that in all annual calculations for 10 typical days, the ammonia
concentration in the power section is kept constant as 0.5 kg(NH3)/kg(solution). The other operational
parameters (pinch point temperature difference in the boiler, hot outlet-cold inlet temperature difference
in the boiler, heat sink outlet temperature at the absorber, rectifier and condensers, reinjection
geothermal hot water temperature) are calculated in off-design conditions for each 10 typical days
category. The optimization results are presented in Figure 7 for maximum mean exergy efficiency
and in Figure 8 for minimum mean total exergy destruction rate. In addition, the values of different
operational parameters as well as the other parameters, which are obtained to optimize the system, are
underlined in Table A1 for winter conditions and Table A2 for summer conditions in Appendix A.
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 n = 29 n = 91 n = 6 n = 19 n = 72 n = 10 n = 15 n = 37 n = 13 n = 73 
 (%) 50.5 50.89 49.48 47.58 42.95 38.79 36.08 37.15 32.2 25.2 
(%) 61.74 62.63 61.02 58 35.93 35.01 35.55 34.14 21.09 21.66 

 (kW) 2762 2570 2832 2884 3747 3492 2433 2916 3186 2898 

Figure 8. The mean energy and exergy efficiencies as well as the mean total exergy destruction rate of
each typical day under optimization condition based on minimum total exergy destruction rate.

In order to maximize the exergy efficiency based on yearly calculation in the proposed system,
the δTCON2 and δTABS take their highest values, the δTCON1 is considered its lowest value and the
TIP and Tgen are selected as the variable parameters. In the first scenario, the mean annual exergy
and energy efficiencies are calculated to be 44.67% and 35.47%, respectively due to the weighting
according to the frequency of typical days. The mean total exergy destruction rate in the first scenario
is calculated to be 3412.83 kW. As indicated in Figure 7, due to the high values of heating demand in
winter days in comparison to the transition and summer days, the exergy efficiency in winter days
is higher. In the weather category of WWC, the higher mean exergy efficiency (53.21%) happens.
In addition, the mean exergy efficiency in summer days takes the lowest value because of the lower
values of heating demand. The lowest decrease of the mean exergy efficiency takes place at SSX due to
the lowest value of required heating demand. The cooling demand in summer days is higher; however,
the cooling exergy takes lower values in comparison to heating exergy. Besides, in the first scenario the
highest and lowest mean energy efficiency occurs in the WWF and SSX with values of 53.12% and
19.07%, respectively. The lower mean energy efficiency in hot days happens due to the lower values of
heat input to the system. The higher reinjection geothermal temperature brings about reduction in
heat input. In the typical day of WSF, in the first scenario the system is run under part load of 90%
with net produced power of 1517 kW. However, in the typical day of TSF with the net produced power
of 986.1 kW the system is run under part load of 58%.

In minimizing the total exergy destruction rate, the δTCON1, δTABS and δTCON2 select their lowest
values. The TIP and Tgen are considered as the variable parameters. In this regard, in the second
scenario the annual mean exergy destruction rate is 2980.32 kW. In addition, the annual mean exergy
and energy efficiencies in the second scenario are calculated to be 40.95% and 42.59%, respectively. It is
observed that the highest mean exergy destruction rate occurs in the typical day TWC of 3747 kW.
The lowest mean exergy achieves a value of 2433 kW in the typical day TSF. In the winter days, the total
exergy destruction rate in the work days is lower than the one in the Sundays, however, in the transient
and summer days this value in the workdays is higher than the one in the Sundays. In addition,
a comparison between cloudy and fine days in the winter days shows that in the fine days the total
exergy destruction rate takes higher value than the one in the cloudy days in the winter conditions.
In the transient condition, this value in cloudy days in lower than the one in the fine days. In this
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regard, the performances of tri-generation system have been changed with variation in the weather
conditions. The system works under part load of 35.35% and 70.32% in the typical day of WWF and
SWX, respectively.

Comparing two optimization cases, the reduction in the total exergy destruction rate in the
second scenario is achieved at the expense of 8.32% decrease in the exergy efficiency. In addition,
the higher mean exergy efficiency in the first scenario is obtained at the expense of 14.52% increase
in the total exergy destruction rate. In this regard, the optimization results for minimizing the total
exergy destruction rate bring about a better performance enhancement.

In detail discussion, the on-design exergy efficiency in [17] driven by geothermal heat source of
173 ◦C was 52.8% in winter days, however it was calculated to be 49.5% in summer days. However as
seen in the Figures 7 and 8, the exergy efficiency in the winter days is varied between 38.79−53.21%.
In the summer days, it varies between 25.2−36.16%. In addition, in the transient conditions, it is in the
range of 36.08−41.16%. Furthermore, in Ref. [17] the ambient temperature was taken constant values of
in summer and winter days 22.3 ◦C and 10.1 ◦C, respectively. However, in the present study it varies
in different typical day categories according to an existing geothermal district heating network in the
German Molasse basin, which makes the investigation more practical.

Referring to Tables A1 and A2 in the Appendix A, the turbine isotropic efficiency in the off- design
mode in different typical day categories varies between 56−85%, however it took almost in the previous
works constant value of 85%. It is important to mention that the turbine isotropic efficiency in the
off-design calculation in the second scenario is almost 5−20% lower than the one in the first scenario.
In addition, the pinch point difference temperature in the boiler in previous works always took a
constant value of 10 ◦C. However, as shown in Tables A1 and A2, it varies between 14.22−25.47 ◦C for
maximizing the exergy efficiency. It is obvious that the pinch point difference temperature in the boiler
takes higher values in order to minimizing the total destruction rate in comparison to maximizing the
exergy efficiency. On the other hand, the temperature difference of the heat sink streams (δTair) in the
previous studies almost was taken 10 ◦C. These values in the present work and referring to Tables A1
and A2, are calculating in the off-design conditions and vary in the range of 3.5−19.2 ◦C. It is shown
that the heat sink temperature difference in the REC (δTair,REC) is decreases with a reduction in the
heating demand rate. Additionally, these values in the second scenario are higher than the ones in the
first scenario. The heat sink temperature difference of the ABS (δTair,ABS) and CON1 (δTair,CON1) in
maximizing the exergy efficiency is almost higher than the one in minimizing the total destruction rate.
However, the heat sink temperature difference in the CON2 (δTair,CON2) in the first scenario is lower
than the one in the second one.

4. Conclusions

A novel tri-generation system using ammonia-water solution as working fluid driven by
geothermal heat source is studied with the aim to fulfill corresponding heating and cooling demand in
winter and summer conditions in Germany. The sensitive analyses are performed to study the influence
of various optional parameters on the system performance. In addition, the result of parametric
analysis for 10 different typical days is investigated in off-design modes.

The following main conclusions can be drawn according to the corresponding issues mentioned
in the introduction:

• The required heating demand is covered by the geothermal mass flow division ratio in both winter
and summer conditions. This value is decreased with a reduction in heating demand.

• There is a local optimum for the exergy efficiency and the total destruction rate at specific values
of Turbine inlet pressure.

• With an increase in generator temperature, there is a local maximum in exergy efficiency, however,
the total exergy destruction rate is decreased.

• Under optimization condition, the maximum annual exergy efficiency is obtained as 44.67% at the
expense of 14.52% increase in the total exergy destruction rate in comparison to second scenario.
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• The ooptimization results show the minimum mean total exergy destruction rate of the system is
calculated as 2980 kW at the expense of 8.32% decrease in the exergy efficiency in the first scenario.

• Considering both exergy efficiency and total exergy destruction rate in off-design condition,
the best enhancement through the optimization process is achieved on the typical day WWC with
53.21% of exergy efficiency and 2570 kW of total exergy destruction rate.

• Comparing the optimization results for maximum exergy efficiency and minimum total exergy
destruction rate depicts a better performance improvement obtained in the second scenario.

In future studies, designing the heat exchangers will be applied to compare the off-design results.
In addition, the annual economic analysis will be considered, as well.
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Nomenclature

ABS absorber TIP turbine inlet pressure
BOI boiler TUR turbine
CON condenser

.
W power (kW)

DEP dephlepmator X ammonia concentration
DHE domestic heat exchanger
EVA evaporator Subscripts and abbreviations

e0
ch standard chemical exergy 0 ambient

EX expansion valve CD cooling demand
.
E exergy rate ch chemical
e Specific exergy D destruction
GEN generator geo Geothermal hot water
h specific enthalpy HD heating demand
M Molar weight L loss
.

m mass flow rate p product
P pressure ph physical
Pu pump pp pinch point
rgeo Geothermal mass flow division ratio Greek symbols

s specific entropy ηII Exergy efficiency
SHE solution heat exchanger ηis isentropic efficiency
SEP separator ζ Ammonia concentration

T temperature Y∗D,k
ratio of exergy destruction for a certain
component
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