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Abstract

The paper presents a comprehensive energy and exergy analysis of a possible geothermal power plant
located in the geothermal district of Campi Flegrei (Italy), made of a coaxial WellBore Heat eXchanger
coupled to an Organic Rankine Cycle. We have accounted for all system components: the ground
source, the WellBore Heat eXchanger, the Organic Rankine Cycle cycle, and cooling system. The energy
and exergy performance indexes of each subsystems and overall system have been evaluated, thus
calculating the net power, the First-Law efficiency, the Second-law efficiency, the irreversibilities. The
results indicate a good potential of the WellBore Heat eXchanger - Organic Rankine Cycle technology
in the area, as the estimated performances have similar values to those of classical binary geothermal
power plants: a First-Law efficiency of 11.67% and a Second-Law efficiency of about 43.80%. The
overall system performances decrease respectively to 10.62% due to the fans energy requirements in
the cooling tower and to 23.15% due to the large exergy destruction occurring in the WellBore Heat
eXchanger. A deep exergy analysis of the WellBore Heat eXchanger has highlighted that the overall
irreversibility is strongly affected by the insulation performance between the two coaxial pipes and by
the temperature deviation between the ground and the fluid. The latter one is mainly due to the
continuous heat extraction from the geothermal source, therefore proposed improvement strategies
consist of both the increasing of thermal resistance of the material insulating the upward pipe and the
reduction of the equivalent thermal radius of the well optimizing the heat extraction profiles over the
plant lifetime.

Keywords
Geothermal energy, WellBore heat exchanger, Organic Rankine Cycle, exergy analysis, Campi Flegrei,
optimized design.

Nomenclature

a thermal diffusivity [m2/s]
C specific heat capacity [J/kg K]
Dy hydraulic diameter [m]

ex specific exergy [k]/kg]
Ex exergy rate [W]

gradT temperature gradient [°C/100 m]



H enthalpy

h specific enthalpy

i exergy destruction

k convective heat transfer
L total length of the well
m mass flow rate

P power output

p pressure

Q total thermal power

q heat flux

p density

R thermal resistance

r radius

S specific entropy

T temperature

t time

u velocity

w mechanical/electrical power
Z depth

Greek symbols

n efficiency

A thermal conductivity
¢ friction factor

p density

Subscripts, superscripts

a ambient state

CP circulation pump
CT cooling tower
DSH+COND

(W]
[k]/kg]
[W]
[W/m? K]
[m]
[kg/s]
(W]

[bar, MPa]
(W]
[(W/m?]
[kg/m?3]

[mK/W]

[W/m K]

[kg/m?]

desuperheater + condenser



dw downward

el electrical

em electrical-mechanical
EVA evaporator

f fluid

HX heat-exchanger

I first-law

11 second-law

i inner

in inlet

o] outer

ORC organic ranking cycle
out outlet

P pump

PH preheater

S soil property

SH superheater

Sys overall system

T turbine

up upward

w water

wCT water in the cooling tower
wf working fluid

WBHX WellBore Heat eXchanger
WP WBHX pump

0 reference state

1. Background and motivations

The use of ORC technology for geo-power production (i.e. binary power plants) has become an
established solution worldwide. At the end of 2014, the geothermal sector counted 279 binary units
(46% of the geothermal world total) for an installed capacity of about 1700 MW (14% of the



geothermal word total) (Bertani 2016). Since 2000, several researches have been focused on the
possibility to produce geothermal energy through ORC systems, but without brine extraction, using a
deep borehole heat exchanger, named WellBore Heat eXchanger (WBHX) by Nalla et al. (2005). The
device is made of two coaxial tubes inserted into the well: in the external annulus is injected a heat
carrier fluid which is heated going deep; at the bottomhole the fluid enters in the internal tube and it
flows up to the wellhead (Figure 1). The final use of the extracted heat can be the production of
thermal power or electricity with an Organic Rankine Cycle (ORC) plant (Alimonti and Soldo, 2018).
The WellBore Heat eXchanger has been applied only in two abandoned wells in Switzerland, at Weggis
and at Weissbad (Kohl et al., 2002).
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Figure 1 - The wellBore Heat eXchanger.

1.1 The research on the WellBore Heat eXchanger

The study of the performance of the WBHX is widely treated in literature, focusing the analysis on the
operational parameters, design characteristics, thermal properties of the formation and the heat
carrier fluid. The results obtained by the researches indicate that the key parameter of the heat
extraction with the WBHX is the residence time of the fluid in the device, which is function of flow rate
and diameters. At fixed design, there is a specific value of the flow rate that guarantees the maximum
outlet temperature. At fixed flow rate the residence time is function of the WBHX diameters (Wang et
al., 2009; Alimonti and Soldo, 2016); therefore, the optimization of energy production requests the
study of the more appropriate design.

It has been demonstrated that the insulation of the internal pipe is necessary in order to avoid heat
exchange between the hotter and the colder fluid (Kohl et al., 2002; Nalla et al., 2006; Kujawa et al,,
2006; Wang et al,, 2009). The insulation can be realized for the entire length or for a limited length
(Kujawa et al.,, 2006; Alimonti and Soldo, 2016); regarding the material, the compressed air (Alimonti
and Soldo, 2016), the magnesia (Nalla et al., 2006) and the polystyrene have been proposed (Davis and
Michaelides, 2009).

The temperature of the extracted fluid is directly proportional to the geothermal gradient, the thermal
conductivity and the volumetric heat capacity of the formation (Nalla et al., 2006; Bu et al., 2012;
Cheng et al,, 2013; Templeton et al., 2014; Le Lous et al,, 2015; Noorollahi et al.,, 2015).

Concerning the working fluid, two different solutions have been followed: some authors suggest
circulating a heat carrier fluid in the WBHX and a low boiling point fluid in the ORC plant, other



authors propose a unique working fluid (iso-pentane, iso-butane, R134a and R245fa) for the coupled
WBHX-0RC plant. The heat transfer in the WBHX is related to the volumetric heat capacity of the
selected fluid and, according to the results of Nalla et al. (2006) and Alimonti and Soldo (2016), the
water is the most efficient heat carrier fluid.

Some authors have studied different design solutions in order to increase the efficiency of the WBHX,
such as a high inlet temperature (Templeton et al., 2014), a partial insulation of the external casing
(Wang et al., 2009), a limited cased and cemented length (Nalla et al., 2006), the fracturing of the rock
and the use of high conductivity material to fill the fractures (Taleghani et al., 2015), the use of an
external annulus where the brine is pumped (Akhmadullin and Tyagi, 2014; Feng et al., 2015).

The low mass flow rate that circulates in the device and the heat exchange mainly by conduction are
responsible of the low efficiency in heat recovery respect to the conventional geothermal plants. The
analysis of literature indicates a maximum wellhead temperature of 150 °C, a range of produced
thermal power of 0.15+2.5 MW and a range of 0.25+364 kW for the electricity.

Anyway, the possibility to produce geothermal heat without brine extraction is quite interesting
because this technological solution avoids the risks of corrosion and scaling of the pipes, groundwater
pollution, land subsidence and micro-seismicity. Therefore, some authors (Galoppi et al., 2015;
Alimonti et al., 2016) evaluated the application of the WBHX in unconventional geothermal systems, in
which the brine is absent or it requests special and expensive treatments.

1.2 Exergy analysis of geothermal WellBore Heat eXchanger systems: state of the art

The exergy, also called available work, is a measure of to the maximum work output that could
theoretically be obtained from any system interacting with a given environment which is at constant
pressure and temperature (p,, T,) (Di Pippo 2004; Ozgener et al., 2004, Kotas 1995). According to
Kestin (1980), the first formulation of exergy concept is by J.W. Gibbs (1878). The exergy analysis
evaluates the irreversible production of entropy; therefore, it is useful to identify both maximum
theoretical performances and the inefficiencies of a system and its components.

According to DiPippo (2015) and Zarrouk (2014), the exergy analysis is now a standard methodology
to assess the energy conversion performance of geothermal ORC systems and to identify those
elements within a plant that are most ineffective. The first analysis of a geothermal plant based on
exergy concept was carried out by Bodvarrson and Eggers (1972). Then Lee (2001) proposed a
classification of geothermal resources based on exergy; the author has developed the “specific exergy
index” (SExI), a normalized parameter with values between 0 and 1. The method of Lee was applied to
classify the geothermal resources of Turkey (Etemoglou and Can, 2007), of Poland (Barbacki, 2012)
and of Japan (Jalilinasrabady and Itoi, 2013). Ramajo et al. (2010) proposed a modification of SExI tool
to evaluate how the exploitation influences the geothermal resources and their characteristics in the
future; Coskun et al. (2009) developed some energetic and exergetic parameters to analyze a
geothermal district heating system in Balikesir, Turkey. Several authors have used the exergy to
evaluate the efficiency of a real geothermal power plant or district heating plant (Quijano, 2000;
Ozgener et al,, 2004; Ozgener et al,, 2005; Baba et al., 2006; Jalilinasrabady et al. 2012; Ganjehsarabi et
al. 2012; Ahmadi et al. 2016; Gokgedik et al. 2016; Koroneos et al. 2017). Other papers are focused on
the exergy analysis of different type of geothermal plants: Di Pippo (2004) evaluated some existing
binary plants; Yari (2008) has applied the energetic and exergetic analysis to single-flash power plant,
double-flash power plant, flash-binary power plant, binary power plant; Fallah et al. (2018) have
compared different types of geothermal plants (dry steam, flash cycles, binary plants) from exergy and
thermo-economic point of view.



About 50 papers are available in literature regarding the deep borehole heat exchanger, but only two
of them (Feng et al,, 2015; Mokhtari et al.,, 2016) include a thermodynamic assessment of the Organic
Rankin Cycle based on the energy and exergy balances. Nevertheless, both the studies do not account
for the energy losses due to the cooling of the condenser (i.e., the cooling tower). Moreover, the WBHX
model proposed by Mokhtari et al., (2016) assumes the ground in a stationary condition, neglecting
the effect of the heat extraction on the source temperature. On the contrary, the plant operation alters
the natural temperature gradient of the soil, reducing the source temperature and increasing the
equivalent thermal resistance of the well, which strongly reduces the sustainability of the heat transfer
process.

In this paper, we present a comprehensive energy and exergy analysis of a possible WBHX - ORC
power plant located in a real (still undeveloped) geothermal area in Italy: the Campi Flegrei, We
account for all system components: the ground source, the WBHX, the ORC cycle, and cooling system
(i.e., the cooling towers). We aim at investigating the second-law thermodynamic efficiency of each
subsystem in order to figure out their influence on the final power production efficiency. Additionally,
the exergy efficiency quantifies the deviation from the ideal maximum performance. The identification
of the most critical components is also functional to address future research activities as we might
identify rooms for improvement and upper limits at both components and system level for the WBHX -
ORC technology.

2. The case study: Campi Flegrei

The Campi Flegrei area has a typical horseshoe shape and is located in the north-west limit of the
Napoli gulf; the area is a caldera of 12 km with the centre in the Pozzuoli bay (Figure 2). The area is
part of the Neapoletan volcanoes district, which includes also Ischia island and Somma-Vesuvius
volcano. This large area is characterized by thermal manifestations (hot springs, fumaroles, gas
emissions) used since the Roman time for the famous thermal baths. The geothermal potential of the
area has attracted the attention of national energy companies (SAFEN, ENEL, AGIP) that carried out
some exploration campaigns between 1930 and 1980: 117 wells have been drilled in the area (26 in
Campi Flegrei) reaching the maximum depth of 3046 m. The investigations have demonstrated that
fluids with high temperatures are present at relative shallow depths in the area of Campi Flegrei and
Ischia island. The industrial exploitation of the geothermal resources to produce electricity have never
take off, because of the low cost of oil price in 80’s, and the lack of interest for renewable energies
(Carlino et al. 2012). Anyway the scientific researches on the area have continued with the aim of
understand the geological settings, the hydrothermal system and the volcanic structures that lie under
the surface of Campanian volcanoes. In December 2012, a new well has been drilled in Bagnoli plain
within the Campi Flegrei Deep Drill Project in the framework of the International Continental Scientific
Drilling Program (Carlino et al., 2016). The target of the project was the understanding of Campi
Flegrei caldera dynamics and the study of geothermal reservoir.



Figure 2 - Campi Flegrei caldera (Carlino etal., 2012)

The dynamism of Campi Flegrei is characterized by the bradisism: uplift episodes of the ground and
subsidence phases occurred over the centuries that have leaved clear traces. The seismicity of the area
seems related to the uplift of the caldera (Carlino et al., 2010). The most seismically active period in
the last 50 years, was between 1982 and 1984; during this period a lowering of the ground of about
1.8 meters occurred (Del Gaudio et al., 2010; Petrillo et al., 2013). The magnitude of the Phlegraean
earthquakes is generally lower than 1.0, with a maximum magnitude of 4.0 in the period 1982-84 (De
Natale, 1987). The majority of the events are located in the first 4 km and they are not detectable by
the population but only by the instruments (Carlino et al., 2016).

A hot and saline geothermal system with by a geothermal gradient in the range 100+170 °C/km is
present in the subsoil of Campi Flegrei (Rosi and Sbrana, 1987; Barberi et al., 1991; Piochi et al., 2014;
Mormone et al, 2015). According to Zollo et al. (2008) the conceptual model of the geothermal
reservoir can be represented by a magmatic source located at the depth of 8-10 km, with a thickness of
almost 1 km and a diameter equal to that of the caldera. The heat content is estimated to be about 6
1012 Jm-2 per area. This primary source provides heat to the layers above. At a depth greater than 3-4
km, the fluids circulate very slow, therefore the heat is transferred due to conduction. In the shallower
layers (0-2 km) an advective transport takes place, because of the high permeability due to the
fracturing system which allows the fluids to flow to the surface. In any case, an accurate source
modelling is out of the aims of this work; thus, we used a precautionary approach assuming the heat
source as a purely conductive medium. Any advective contribution would results in better
performances with respect to the one presented hereafter. The most interesting areas from the
geothermal production point of view are Mofete, San Vito and Agnano, which are indicated in Figure 2.
The Figure 3 shows the conceptual model of the Mofete geothermal reservoir, where three aquifers
have been identified. The first aquifer is at the basis of the Neapolitan Yellow Tuff, between 500 and
1000 meters with 20% of vapour and temperatures in the range 100 + 130 °C; the second aquifer is
located within the zone of the calcium silicate and aluminum at a depth between 1800 and 2000
meters (40% of vapour and a average temperature of 300 °C); the deepest aquifer level is between
2500 and 2700 meters and it is probably a vapour dominated system (Carlino et al. 2012).
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Figure 3 - Model of geothermal reservoir and acquifers (Carlino et al., 2016).

The deep borehole heat exchanger has been applied in the area of the wells Mofete 1 (MF1), Mofete 3d
(MF3d) and Mofete 2 (MF2) drilled during the survey campaign of ENEL-SAFE (1977-1985). A
representative stratigraphy of the area has been deduced from Carlino et al. (2012). The thermo-
physical properties of the area are calculated using the average values weighted on the thickness of
the layer (A = 2.5 Wm-1K-1; p = 1900 kg-m3; ¢, = 1220 Jkg 1K1 ). The average geothermal gradient is
almost 150 °C/km (Figure 4).

Temperature (°C)

0 100 200 300 400

1000 —

2000 —

Depth (m)

3000 —

4000 —

Figure 4 - Temperature profiles of Campi Flegrei deep wells (AGIP, 1987; Carlino et al. 2012).

A previous evaluation (Alimonti et al., 2016) about the area was carried out using a numerical model
of the heat transfer phenomena in the WBHX based on the Fourier equation (for further details see
Alimonti and Soldo, 2016). The results indicated that after 1 year of operation with the flow rate of 20
m3/h, the outlet temperature of the fluid is about 150 °C, the thermal power is 2.5 MW and the
electrical power is 250 kW. Regarding the electrical power production, the analysis has used either a
model of ORC plant, or the relation of MIT (VV.AA 2006), which correlates the thermal efficiency of the



plant with the inlet temperature of the working fluid. Nevertheless, some components, like as the
cooling tower and ancillary equipment, were neglected in the ORC model. In this paper, a
comprehensive thermodynamic assessment of the WBHX+0ORC plant has been carried out and all the
thermodynamic parameters have been calculated, including the exergy and the exergy destruction.
The target is to evaluate the energetic and exergy efficiency of the entire system and to identify the
most inefficient components.

3. Energy and exergy analysis

In this section, we illustrate a comprehensive energy and exergy analysis of the reference WBHX - ORC
system showed in Figure 5. Assumed working fluid is 2-methylpropane (isobutane) for the ORC power
cycle, pure water as heat carrier fluid in the WBHX, and air as refrigerant fluid in the cooling tower.
Thermo-physical properties are evaluated through the widespread software REFPROP (Lemmon et al.,
2007). Components models, thermo-physical properties, energy and exergy balances are implemented
in MS Excel spreadsheets and solved through the solver tool.

All the components of the ORC - WBHX systems are evaluated at the nominal working condition of the
system, through zero-dimensional steady-state mass, energy, and exergy balances, together with the
overall rate equation for the heat exchangers. The ground source is the only subsystem with a
theoretical relevant dynamic behavior, but it can be assumed as stationary for the purposes of the
present paper, as will be explained in Section 4. With reference to a generic WBHX - ORC power plant
(see Fig. 5), the general energy balance of each component reads:

Hf,in + Q = Hf,out +W [W] (1)
where:

- Hf is the enthalpy of the fluid(s) entering/leaving the device, namely:
Hy = mghy =1y (hy — hy,0) (2)
- Q is the total thermal power(s) exchanged at the control surface of the device;

- W is the mechanical/electrical power transfer(s) at the control surface of the device (e.g.
turbines, pumps, and fans).

The corresponding general exergy balance reads (Kotas, 1995):
Expin + Ex? = Exp o + EXW 41 [W]  (3)
where:
- E.xf’ is the physical exergy of the fluid(s) entering/leaving the device, namely:
Exp = niyexy = 1he[ (hy —hpo) = Ta(sr = 57a)] (4

- Ex%isthe exergy associated with the thermal power exchange(s) at the control surface of the
device, namely:

Ex? = [,q(52) a4 (5)

- Exy is the exergy associated with a power transfer(s) at the control surface of the device. It
exactly corresponds to the power transfer(s) W.
- I is the exergy destruction associated with the irreversibly production rate.



The First-Law efficiency can be expressed by the ratio between the net work/power output and the
inlet energy/power streams. In this work, we refer to the following expressions for direct or inverse
energy conversion systems, respectively:

Woue—W; Hfin—Hfout
n' = Hftl):in:;t or n' = - Winf (6)

There are different expressions of the Second-Law (exergy) efficiency, n’/, presented in literature
(Kotas 1995, Bejanet al. 1996, DiPippo 2012), e.g, rational efficiency, efficiency defect, functional
exergy efficiency, exergy loss ratio. In this work, we refer to the exergy efficiency formulation
proposed by Bejanet al. (1996), which is the ratio between the actual exergy output (product) and the
required exergy input (fuel). n/ does not have a unique expression, but it depends on the specific
component to be analyzed. With reference to the purposes of this work, we refer to heat exchangers,
power turbines, and pumps. The following expressions apply:
n _ Wout 11 _ EXpin=EXfout 11 _ Exfout
Lol el e N O

These expressions are similar to the task efficiency proposed by Moran (1989). In other words, n*!
provides a measure of the deviation between actual and maximum theoretical performance of the
device (Casarosa et al., 2014). As discussed in Kotas (1995), cooling towers do not have a useful
expression of n'/, as their primary function is to dissipate heat toward the environment. The typical
performance index for this kind of systems is the ratio between the irreversibility rate, I, and the heat
exchanged, Q, i.e., the efficiency defect. However, the latter definition is not comparable with the
approach followed above to define n’. In this work, we will evaluate cooling towers only in terms of
energy consumption and irreversibility rate.

Figure 5 - Scheme of the analyzed WBHX - ORC system.

3.1 WBHX
This section includes both the coaxial well (Fig. 6) and the ground source (Fig. 7). The ground source is
assumed as a purely conductive medium with the thermo-physical properties shown in Table 1.
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According to Section 2, we assumed a constant thermal gradient of 15 K per meter of depth. The

ground temperature profile goes from 50 °C at the surface to 350 °C at the bottomhole.

Insulation material

Ground
Concrete
WBHX depth

Steel

Table 1 - Thermo-physical and geometrical parameters of the WBHX

Ground thermal diffusivity
Thermal conductivity

PARAMETER




Inner/outer radius

- Layer1 0.150/0.178 m
- Layer2 0.140/0.150 m
- Layer3 0.121/0.140 m
- Layer4 0.089/0.121 m
- Layer5 0.078/0.089 m

The heat exchanged between the circulating fluid and the ground is evaluated through the set of
thermal resistances shown in Figure 8.

Tg (Z) Tw,dw (Z) Tw,uw (Z)

Toa 1 To.i
R In(-= - 5 ] (ﬂ) 1
s M 27'”"0,2 kw,dw 27'[7"1-'2 kw,dw " i J 27T 5 k
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\ J\ = J
| |
R, Ry

Figure 8 - WBHX thermal resistance model.

R is the transient thermal resistance between the external well casing surface and the undisturbed
ground. Considering the assumption of a purely conductive medium and the slender geometry of the
well, R value can be estimated through the classical line heat source theory (see, for instance, Conti
2016, Man et al. 2010). According to Alimonti and Soldo (2016), the radius of thermal influence due to
the undergoing heat extraction can be evaluated as:

1 2 ast
Ro= i () ®)

The conductive thermal resistance of the well strata is evaluated through the classical heat transfer
theory for cylindrical geometries. h,, 4,, is the convection coefficient within the annulus. According to
Lavine et al. (2001), for fully developed turbulent flow, the convection coefficient is approximately the
same on the outer and inner surface. Both Nusselt and Reynolds numbers can be evaluated
considering a hydraulic diameter of Dy. Finally, h,, ,,,, is the convective coefficient in the upward pipe.
In this work, we used the classical Dittus-Boelter equation to calculate all the convective coefficients
(Lavine et al. 2001). With reference to Figure 8, we can thus define R, as the thermal resistance
between the downward fluid and the undisturbed ground temperature, R, as the thermal resistance
between the downward fluid and the upward fluid.

ln(ro—'l)
i1 + 1

R, =R 9
a s+ 2mAq 21 2kw,aw )
ln(m>
1 5 Tij 1
R,=—— > 10
b 2707 2K, dw + j=3 anj + 27T sKwuw ( )

The energy balance of the WBHX reads:



QWBHX = mwcw(Tl,w - Ts,w) (11)

where Qy pux is the total heat exchanged by the fluid with the ground. The outlet temperature Ts,, and

the temperature profile of the fluid along the WBHX is evaluated through the following set of
equations:

dTWdW( ) — Ts(2)—Ty,aw(Z) dew(z) Tw,uw(2)

7'i””WCW
v ATwuw s Tw,dw(2)— Tw,uw(il)) (12)
ity TR (7) = T
with the following boundary conditions:
Tw,dw (0) = Tl,w Tw,dw (L) = Tw,up (L) (13)

The set of differential equation 12 is solved numerically to find the outlet temperature Ts,, = T, ;,,,,(0)
as a function of the mass flow rate, m,,, and inlet temperature T} .

The exergy balance of the WBHX is evaluated from the undisturbed ground to the circulating fluid,
namely:

Iwpux = My (exsy — €xq,) + ExS/BHX (14)

where:

L Ts(2)=Tw,aw(2)
Exany = Jy 2o (1- 2 )dz - (15)

In Eq. 15, the integral argument is considered null when T (z) <T,, 4,(2z) to consider as
irreversibilities the heat losses towards the ground.

3.2 WBHX pump

The pumping process of liquid water can be assumed as isentropic with a negligible error.
Additionally, we neglected the pressure drop within the vapour generator, thus, the prevalence of the
WBHX pump corresponds to the pressure losses within the well. However, to account for any
electrical-mechanical inefficiency of the pump device, we assumed a standard value of the overall
efficiency equal to 0.6 (DiPippo, 2012). The energy balance of the pump reads:

WWP = mw(pSW - plw)/pw [16)

WWP,el = WWP/ Nwp,em (17)

The pressure drop between the inlet and the outlet sections of the WBHX is evaluated through the
classical Darcy-Weisbach equation, namely:

Psw — Piw = f fdw Dy, Pw zw dz + f fuw 2ris Pw—— uuw dz [18)

where the friction factor § is evaluated through the classical Moody diagram for fully developed
turbulent flow (Lavine et al. 2001). The exergy balance reads:

mw(ex4,w - exs,w) + WWP,el = Iywp (19)



3.3 Power plant (ORC cycle)

The ORC section includes six components: preheater, evaporator, superheater, power turbine,
condenser and feeding pump: the thermodynamic cycle is shown in Figure 9.
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Figure 9 - TS diagram of the ORC

3.3.1 Preheater, evaporator and superheater

We evaluated the energy balance of all the three components of the steam generator. Both W and Q
are assumed as negligible, leading to a conservation of the total enthalpy of the heating exchanging
fluids. Working fluid flow rate, i, and inlet temperature to the power turbine, T; ¢ are evaluated
assuming a typical pinch point of 5 K (DiPippo, 2012) (see Fig. 10).

Since W and Q are assumed as null, the exergy destruction is evaluated as the difference between inlet
and outlet fluid exergy, namely:

m,, (ex3lw - ex4lw) + mwf(exs_wf - exelwf) = Ipy (20)

m,, (elew - ex3lw) + mwf(exe_wf - ex7lwf) = Igya (21)

m,, (exllw - elew) + mwf(ex7_wf - exllwf) = Isy (22)
3.3.2 Power Turbine

We assumed standard values of the isentropic efficiency and an electrical-mechanical efficiency 0.85
and 0.95, respectively (Zarrouk, 2014). The energy balance reads:

hZ,wf = hl,wf - 77T(h1,wf - hzis,wf) (23)
Wr e = mwf(hl,wf - hz,wf)UT,em (24)

The exergy balance reads:

mwf(exl,wf - exz,wf) - WT,el = iT (25)



3.3.3 Circulation pump

The pumping process of a liquid fluid can be assumed as isentropic with a negligible error. However,
as other external inefficiencies (i.e. friction or electromechanical losses) typical occurs in these
devices, we considered an overall electric-mechanical efficiency of 0.6 (DiPippo, 2012). The energy
balance reads:

oy = hayuy = Lo L0t (26)

ch’el - mwf (ps'“;)f;f; = nP,lem (27)
The exergy balance reads:

mwf(ex4_wf — exslwf) + ch,ez = icp (28)

3.3.4 Desuperheater + Condenser device

In the desuperheater + condenser device, heat is transferred from the working fluid to the cooling
system loop. As shown in Figure 10, we have a desuperheating section and a condensing one. The
energy balance and the assumed a standard pinch point of 5 K (DiPippo, 2012) were used to evaluate
the cooling loop flow rate, 77, and the supply temperature to the cooling tower, T ¢r.

mwf(hz,wf - h4,wf) = meT(hl,wCT y h3,wCT) (29)
mwf(hz,wf - h3,wf) = meT(hl,wCT - hZ,WCT) (30)
TZ,WCT = T3,wf -5 (31)

The inlet temperature, T3 c7, of the cooling water is assumed equal to 25 °C (see Appendix A). The
exergy balance reads:

mwf(exz,wf - ex4,wf) + mCT(ex3,WCT - exl,wCT) = Ipsu+conp (32)
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Figure 10 - Heat transfer vs temperature charts for the vapour generator (left) and desuperheater-condenser (right).



3.4 Cooling systems/towers

The cooling system was supposed to be a dry cooling tower, using compact fin-and-tube heat
exchangers. As mentioned in (Franco and Villani 2009), cooling system represents a significant
drawback for ORC viability, as its power consumption may reach up to 30% of turbine output.
Therefore, we performed a specific analysis to minimize the impact of fans power consumption on the
overall system. The sizing process of the heat exchanger is illustrated in Appendix A. Here, we just
recall that we evaluated the required heat transfer surface through the classical logarithmic mean
temperature difference method (LMTD). Then, we optimize the finned heat exchanger geometry, to
minimize the fan power consumption at the given heat flow rate. The sizing results are shown in Table
6 and in Table A1.

Regarding exergy analysis, the inlet air is at the ambient condition without exergy content. We also
assumed as dissipated the exergy of the outlet air stream; thus, the exergy balance reads:

Mycr (exl,wCT - ex3,wCT) + Werer = Ier (33)

4. Results and discussion

In this work, we analyses the performance of the system shown in Figure 5 after one year of
continuous operation. According to Alimonti and Soldo (2018), this period corresponds to the time
required to obtain an increase rate of the ground thermal resistance, R, lower than 10%/yr. In other
words, after one year, the ground source can be practically assumed as stationary and the estimated
thermal radius is about 10 meters. Also the ground source can thus be modeled through a steady state
approach as the rest of the system (see Section 3)

The overall system includes three main sections: the WBHX, the energy conversion system (ORC
cycle), and the cooling system (cooling tower). The Table 3 shows the state points of the system
(outputs) and the reference and ambient condition for each fluid. The assumed ambient state
corresponds to the average annual outdoor air temperature and pressure in Italy, namely: T, = 20 °C
and p, = 0.1 MPa. The condensing temperature is approximately 40 °C to ensure the operation of the
cooling towers over the whole year. The Isobutane was found to be the operating fluid, after
investigating the performance of Isobutane, Isopentane, R134a, R410a, and RC318 in terms of net
power output. The WBHX flow rate, m,,, and evaporation pressure, pgy 4, of the Isobutane have been
selected through a sensitivity analysis on final system performances (see Table 2) in the range 4 - 8
m3/h and 20 - 30 bar, respectively. Table 2 shows that both efficiencies n’ and n'!, as well as power
output W, have a maximum at pgy4 = 30 bar and m,, = 6 m3/h. Higher flow rates increase the power
production, the efficiency of the ORC plant, but also the auxiliary energy consumption. The latter one
leads to an overall reduction of system performances. As expectable, lower evaporation pressures
decrease the efficiency of both ORC and overall system. Higher pressures are not considered to keep
Prva atleast 5 bar less than critical condition (36.5 bar).

Table 2 - Sensitivity analysis of the system as a function of the evaporation pressure and well flow rate.

W, | 4mP/h | 6m3/h | 8m3/h | | wm, | 4m¥/h | 6mP/h | 8mi/n
Peva = 30 bar

Nhys 10.55% | 10.62% | 10.37% Nhre 11.64% | 11.67% | 11.63%

Neys 23.28% 23.15% 22.11% nWee 42.68% 43.80% 43.98%

Wiys 45.15 48.49 47.64 Wore 49.81 53.29 53.42




pEVA = 25 bar

Nsys 9.63% 9.73% 9.65% Morc 10.72% 10.82% 10.85%
i 21.82% | 21.55% | 21.01% M0rc 39.95% | 41.83% | 42.67%
Weys 42.27 46.49 47.10 Wore 47.05 51.70 52.95
pEVA = 20 bar
Neys 8.36% 8.53% 8.52% Nbre 9.44% 9.59% 9.66%
Neys 19.18% 19.23% 18.99% Nlee 36.13% 38.64% 40.07%
l/l'/'syS 38.11 43.11 44.67 Wore 43.06 48.48 50.63
Table 3: Simulation results: state points of the WBHX - ORC system (outputs).
T-°C p-MPa h-KJ/kg s-KkJ/(kgK) ex*-k]J/K m-Kkg/s
1w 161.44 1.85 682.45 1.96 112.09 1.56
2w 147.46 1.85 622.09 1.81 93.12
3w 128.29 1.85 540.17 1.62 69.63
4w 93.21 1.85 391.89 1.23 34.65
5w 93.22 2.00 392.05 1.23 34.81
1,wf 151.44 3.00 783.56 2.60 158.55 0.96
2,wf 95.06  0.55 716.78 2.64 82.31
3,wf 4133  0.55 609.55 2.32 67.27
4,wf 4133 0.55 299.66 1.34 46.25
5wf 42.78  3.00 304.27 1.34 50.86
6,wf 123.29 3.00 549.64 2.02 95.37
7,wf 123.29 3.00 685.73 2.37 130.82
1,wCT 40.25 0.3 170.48 0.58 291 6.24
2,wCT 3633 0.3 152.45 0.52 2.03
3,wCT 25.00 0.3 105.10 0.37 0.28
Water ref. cond,, hy, o 5,0 0.01 6.12x10* 0 0 3.93
Working fluid ref. cond,, b0 Syro  0.00 0.157 200 1 -823.53
Water amb. cond., h,, 4 Sy 4 20 0.1 84.01 0.30 0
Working fluid amb. cond.,hyrq Swra 20 0.1 589.67 2.48 0

* The exergy values refer to the ambient temperature and pressure.

Both energy and exergy balance of all subsystems and overall system are evaluated to calculate the net
power output, irreversibilities, First-Law (energy) and Second-Law (exergy) efficiency. The resulting
energy and exergy indexes of performance (outputs of the system) are shown in Table 4. The Table 5
summarize the operating parameters of the WBHX and the ORC (inputs of the system). The Table 6
reports the main cooling tower data (outputs). Figure 11 shows the temperature profiles of the WBHX.

Table 4: Simulation results: performance indexes (outputs) of the WBHX - ORC system.

Performance Index Value
First-Law efficiency of the ORC 11.67%
First-Law efficiency of the overall system (including WBHX and cooling towers) 10.62%
Second-Law efficiency of the ORC 43.80%
Second-Law efficiency of the overall system (including WBHX and cooling towers) 23.15%
WBHX capacity 453.19 kWy,




Net power output of the ORC, Wy

Net power output of the overall system, Wsys

53.29 kW,
48.49 kW,

Table 5 - Input and assumed operating parameters of WBHX and ORC.

PARAMETER | VALUE | UNIT
WBHX
Circulating fluid Water
Flow rate, T ,, 6 m3/h
Inlet pressure, ps ,, 2.0 MPa
R, (after one year of operation) 0.31 mK/W
R, 0.35 mK/W
Ry 1.90 mK/W
ORC Cycle
Working fluid | 2-methylpropane (Isobutane) |
Vapour Generator (Pre-heater, Evaporator, Super-heater)
Pressure 3.0 MPa
Saturation temperature 123.29 °C
Pinch point 5 K
Power Turbine
Isentropic efficiency, nr 0.85
Electro-mechanical efficacy, 1, 0.95
Condenser
Condensing pressure 0.55 MPa
Saturation temperature 41.33 °C
Pinch point 5 K
Circulation pump
Electrical-mechanical efficiency, | 0.6
NT.em
Table 6 - Simulation results: main cooling tower data outputs.
Parameter Value Unit
Heat capacity 398.61 kW
Overall heat transfer coefficient, U, 22.96 W/(m2K)
Total heat transfer surface (air side) 2.37x103 m?
Outlet water temperature, T; 25 °C
NTU 2.09
Heat transfer effectiveness, € 0.75
Overall finned surface efficiency, nz 0.92
Electrical fans power 4.39 kW




Temperature - °C
0 50 100 150 200 250 300 350

5,w D Lw

200

400

600

800

1000

Depth - m

1200

1400

1600

1800

2000

Figure 11- Temperature profiles along the WBHX.

The values in Table 4 indicate a good performance of the ORC cycle, with a First-Law efficiency of
11.67% and a Second-Law efficiency of about 43.80%. These values are similar to those of classical
binary geothermal power plants, directly using geothermal brine (DiPippo 2012). The overall system
performances decrease to 10.62% and 23.15% in terms of energy and exergy efficiency, respectively.
The decrease of energy efficiency is mainly due to the fans energy requirements in the cooling tower.
We recall that the fans energy consumption has been optimized through the procedure described in
Appendix A, therefore, the energy loss due to the ancillary systems of WBHX - ORC plants might be
higher.

The Figure 12-a and 12-b provides useful indications of the thermodynamic losses of the ORC plant.
The Figure 12-a shows the irreversibility rate, I, for the ORC components. The main exergy destruction
occurs in the desuperheater - condenser (35%), followed by the power turbine and the pre-heater
device (both 24%). In Figure 12-a we also highlighted the exergy destruction rate due to the electrical-
mechanical efficiency of each component. Totally, they account for the 11.8% of the total exergy
destruction (6.13 kW vs 52.01 kW). In terms of Second-Law efficiency (Fig. 12-b), the lower values
occur for the power turbine (83%), the desuperheater - condenser (78%), and the circulation pump
(60%). However, the inefficiencies of the latter device are only related to the electrical-mechanical
components.

The desuperheater - condenser has the higher I value and a low exergy efficiency. This is due to the
desuperheating section that increases the average of the temperature difference between the two heat
exchanging fluids, dissipating the still significant exergy content of the isobutane at the turbine outlet.
A possible improvement could consist of a regenerative heat exchanger between the desupereating
and the preheating section, downstream the turbine. This solution will increase the complexity of the
plant and its viability will be analyzed in future work, by assessing the actual increment of the system
exergy efficiency



The preheater has a significant I value, but its Second-law efficiency is higher than 90%. It is thus hard
to figure out viable development solutions of this device, but the already mentioned regenerative heat
exchanger.

The pump and turbine irreversibility production are related to the component technology (i.e.,
N7, N1.em» and 7p o). An increased electro-mechanical efficiency would increase the ORC second-Law
efficiency up to 49.0%. A higher increment is expected increasing n; value, as it results for the 17.4%
of current irreversibilities.
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Figure 12 - Irreversibilities (a) and Second-Law efficiency (b) values for each ORC component

Regarding the overall system, we note that the overall First-Law and Second-Law efficiencies reduce to
10.62% (-9.01%) and 23.15% (-47.15%), respectively (Table 4). The energy losses are mainly due to
the electricity requirement of the cooling tower (fans), which requires about 4 kW of electrical energy
(7.2% of the turbine output). The well pump requires about 0.4 kW, which corresponds to the 0.7% of
the turbine output. Shortly, the ancillary subsystems accounts for the 7.9% of the gross output of the
ORC turbine.

In terms of exergy destruction, we note that the overall Second-Law efficiency is practically halved
with respect to the sole ORC cycle. This reduced value is mainly due to the large exergy destruction
occurring in the WBHX (see Fig. 13-a), which suffers from the main irreversibility rate (88.05 kW).
Figure 13-b confirms this interpretation: even if we improved the electrical-mechanical efficiency of
the well pump, we would not achieve significant increases of the exergy efficiency. The exergy
destruction occurring in the cooling tower is mainly due to heat to be released in the ambient by the
ORC cycle: it represents an intrinsic thermal loss of the energy conversion cycle and depends on ORC
condensing temperature and heat transfer effectiveness of the cooling apparatus. In this work, the
latter equipment has been optimized to reduce the fans power (see in Fig. 13-a the reduced I/ due to
the fans electricity consumption), however different results might be obtained if one set I.; as
objective function. The Table 7 reports the terms used to calculate the irreversibilities for each
components. As mentioned in Section 3, Figure 13-b does not show the '/ value of CT, as is it not



possible to derive a comparable expression among dissipative devices and the other system
components (Kotas, 1995).
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Figure 13 - Irreversibilities (a) and Second-Law efficiency (b) values for the main components of the overall system

Table 7 - Terms of the exergy balance for each component

WBHX WP SH EVA PH T cp COND+DSH  CT
E;, kW 5469 5444 301.14 237.44 158.01 151.51 44.20 80.43 18.15
Epuw | kW 176.12 54.69 297.82 23442 14558 8231 4860 6235 1.77
E? kW 209.48
W, kW 0.41 60.63  7.34 4.39
i kW 88.05 017  3.32 3.01 12.43 1223 294  18.08 20.77

The main exergy destruction occurs in the WBHX, thus we deeply analyzed this component to find out
causes and possible improvement actions.

We separately analyzed the downward duct (i.e., the annulus) and the upward one. (i.e., the central
pipe). Besides, following the classical exergy theory, we divided the total exergy in its physical, kinetic,
and potential components. The irreversibility production related to each phenomenon occurring in the
WBHX is evaluated through the restoring work concept (Kotas, 1995). For instance, the irreversibility
production rate associated to the friction losses in a fluid stream corresponds to the minimum work
required to restore the original fluid pressure using an ideal reversible compressor. Additional details
on restoring work and irreversibility production of typical energy processes are presented in Kotas
(1995).

The first part of the downward duct (A - B in Fig. 11) is characterized by a heat loss through the
ground. The exergy losses are due to the fluid temperature decrease, friction losses and to the short-
circuit heat transfer from the upward duct. The second part of the downward duct (B - C in Fig. 11) is
characterized by the heat transfer from the ground to the circulating fluid. The exergy losses are due to



the friction losses and to the heat exchange with the ground source and the upward duct. Finally, the
upward duct (C - D in Fig. 11) is characterized by the thermal loss through the downward anulus.
Here, the exergy losses are due to the temperature reduction and friction losses. Table 8 and Figure 14
show the value of each irreversibility production rate.

Table 8 - Exergy losses / restoring power (kW) associated to each phenomena occurring in the WBHX.

Phenomenon Downward section Upward section
A-B B-C Cc-D

Temperature difference between the inlet and the outlet sections  -2.03 139.72 -16.03
Pressure difference between the inlet and the outlet sections 3.78 25.16 -29.18
Gravity work -3.95 -26.87 30.83
Heat transfer between the upward and downward duct -3.69 -13.97

Heat transfer between the ground and the downward duct -209.48

TOTAL -5.89 -85.44 -14.38
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Figure 14 - Irreversibility production rates within the WBHX. The dashed areas correspond to the exergy losses due
to the shorth-circuit heat transfer between the upward and downward ducts.

According to Table 8 and Figure 14, the main exergy loss depends on the heat exchange between the
downward duct and the undisturbed ground ,in the B - C section, Qg,BC, followed by the shorth-circuit
heat transfer between the upward and downward ducts. As third one, we have the heat loss toward
the ground in the first part of the well (A - B). Finally, we have friction losses.

The heat losses toward the ground represent a lower exergy destruction with respect to the other two
as the fluid and the ground have close temperatures that reduce the heat transfer and the exergy
destruction. As reasonably expected, the shorth-circuit represent a notable contribution to the overall
irreversibility production in the WBHX: I,,,, is mainly related to the insulation performance between
the two ducts and therefore can be reduced by increasing the thermal resistance R,.



The first irreversibility production depends on the temperature deviation between the ground and the
fluid and refers to the thermal resistance R;: the higher the thermal resistance, the higher the exergy
loss. At the typical operation periods of a power plant (i.e. years), R, is the main contribution of R;.
Considering that Ry is inversely proportional to the thermal conductivity of the rock, one possible
solution to improve the WBHX performance consists of fracturing the rock and the use of high
conductivity material to fill the fractures, as proposed by (Taleghani et al., 2015). Nevertheless, the
authors advise against the use of fracturing techniques in the area of Campi Flegrei, characterized by a
very high urbanization, where the social response to soil stimulation methods will be probably
negative. This means that enhancement techniques of the geothermal reservoir are poorly employable
in the area. A more suitable solution consists of reducing the equivalent thermal radius of the well,
namely the ground region affected by the heat transfer. Under equal operating conditions, a possible
improvement strategy would consist of different heat extraction profiles through the control of the
flow rate over the plant lifetime. A reduced thermal radius would lead to a more sustainable and
efficient operation of the WBHX and higher n'/of the overall system.

5. Conclusions

A comprehensive thermodynamic analysis of a possible WBHX - ORC power plant located in the
geothermal area of Campi Flegrei (Italy) has been presented. With respect to previous works on the
same subject, the evaluation has accounted for all system components (i.e., the ground source, the
WBHX, the ORC cycle, and the cooling system) to assess the potential of the technology in the area, also
evaluating the impact of the ancillary systems and geothermal source response to the system
performance. The state points of all subsystems have been calculated, as well as the energy and exergy
performance indexes of each subsystems and the overall net power, First-Law efficiency, Second-law
efficiency, and irreversibilities. The cooling tower design, the ORC operational flow rates and
pressures have been optimized in order to maximize the net power output of the system, reducing the
ancillary energy demand.

The results indicate that the source and the cooling system are predominant with respect to the power
cycle. The ORC performance is actually similar to those of classical binary geothermal power plants,
with a First-Law efficiency of 11.67% and a Second-Law efficiency of about 43.80%, The main exergy
destruction occurs in the desuperheater - condenser as its saturation pressure cannot be lowered
below a given value as the corresponding saturation temperature must be high enough to ensure the
heat exchange with the cooling apparatus. Similarly, the neglection of the actual thermal response of
the geothermal source leads to an overestimation of the thermal power entering the system, power
output and efficiency. A regenerative heat exchanger between the desupereating and the preheating
section, downstream the turbine, shall be evaluated to improve the performance of the ORC. Regarding
the preheater, the pump and the turbine, the irreversibilities are related to the technological limits of
the components (i.e., pinch point and electrical-mechanical efficiencies).

The overall system performances decrease to 10.62% due to the fans energy requirements in the
cooling tower. The Second-Law efficiency is 23.15%, almost the half of the exergy efficiency of the sole
ORC cycle. This reduction is mainly due to the large exergy destruction occurring in the WBHX, which
suffers from the main irreversibility rate; therefore, a deep analysis of the component has been carried
out. The WBHX has been studied considering separately the downward duct and the upward duct,
calculating in each section the exergy losses associated to all thermal and fluid dynamic phenomena.
The downward pipe has been divided in two parts: the first part characterized by exergy losses
towards the shallow part of the ground and consequential fluid temperature decrease, by the friction
losses, and to the short-circuit heat transfer with the upward duct; the second part is characterized by
the exergy losses due to the heat exchange between the ground source and the upward duct, by the



abovementioned short-circuit heat transfer, and by the friction losses. The upward duct is
characterized by the temperature decrease due to the thermal loss through the downward annulus
and friction losses.

The results have shown that the overall irreversibility is strongly affected by the insulation
performance between the two ducts and by the temperature deviation between the ground and the
fluid. In order to obtain higher performance of the WBHX, possible strategies refer to both increasing
the thermal resistance of the material insulating the two ducts of the WBHX annulus, the use of
nanoparticles to increase the thermo-physical properties of the heat carrier fluid and new design in
which two-phase flow and natural convection take place (i.e. geothermal convector), and the reduction
of the equivalent thermal radius of the well. As already discussed, the latter solution is expected to be
the more effective one, as even in case of a perfect insulation of the internal pipe, the temperature
profiles along the WBHX indicate a limited increase of the outlet temperature. Similarly, even in case of
an ideal heat transfer performance of the well (i.e, R, = Ry), the equivalent thermal resistance of the
geothermal source would result in a very similar irreversibility production. The employment of
different and optimized heat extraction strategies, under equal ground source and ambient conditions,
may lead to a more sustainable and efficient operation of the overall WBHX - ORC system with higher
n'’and power output. The increase of the thermal conductivity of the ground by fracturing the soil
surrounding the external casing and filling the fractures with a high conductivity material could be an
improvement strategy of the WBHX, but not feasible for the site of Campi Flegrei.

In this regard, a precautionary pure conductive model has been adopted in the present work.
Nevertheless, the geological and hydrological structure of Campi Flegrei produces an advective
transport in the first 2 kilometers, which is expected to produce a recovery action with respect to the
heat extracted from the ground, thus increasing the sustainability in time of the WBHX. A
comprehensive study, including both reservoir modeling and power plant is advisable to evaluate this
phenomenon and the effects on the overall system performance.
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Appendix A: design of the dry cooling tower and evaluation of fans power

Appendix nomenclature
A ch heat exchanger surface of a single air channel, [m?]

Dach equivalent diameter of air channels, [m]



ne

Nr

H = Nppr * th
L=Nr*t
LMTD

A

Ha

N¢ = N,W/t,

Np = Nppr * Ng

Pr,
Pa
ReDa,ch

Sr

th
t
tr

(UA)tor

Va,ch

inner diameter of the coil duct, [m]

outer diameter of the coil duct, [m]

Pressure loss across the fin-tube heat exchanger, [Pa]
single fin efficiency

overall finned surface efficiency

total height of the fin-tube heat exchanger, [m]

total length of the fin-tube heat exchanger, [m]
Logarithmic mean temperature difference, [K]

thermal conductivity of the finned coil material, [W/(m K)]
total air flow rate across the fin-tube heat exchanger, [kg/s]
effective porosity of the fin-tube heat exchanger

dynamic viscosity of air, [Pa s]

total number of fins

total number of pipes

pipes per row

rows number

pressure drop coefficient

Prandtl number of air

density of air, [kg/m3]

Reynolds number of air referred to the equivalent diameter of channels

fin width, [m]

Air temperature, [K or °C]

Water temperature, [K or °C]

space between two consecutive pipes the same row, [m]
space between two rows, [m]

fin spacing, [m]

Product of the overall heat transfer coefficient and finned surface, [W/K]

volume of a single air channel



w total width of the fin-tube heat exchanger, [m]
Wg frontal velocity of the air, [m/s]
Wam mean gas velocity in the air channel, [m/s]

The fin-tube heat exchanger geometry of the dry cooling tower was optimized to minimize the fan
power at the given heat flow rate at the condenser unit. The Figure A1 shows the reference geometry
for the coil and the fluid path, namely a staggered tube arrangement with a parallel flow configuration.
The optimization algorithm chooses the best values of W, H, and L which allow the required heat
transfer with the minimum pressure losses. The mathematical form of the optimization problem
reads:

minw.H.L [maAPa ! ] (A].)
Y Pa Mem,fan
where:
_ L wé_m

AP, = fDa,ch a (A.2)
subject to:

Ta,out - Ta,in =10K (A-?’)

TwCT.out ) - Ta,in =5K (AA')

my = wyp,WH (A.5)

ReDa,ch > 800 (A.6)

My (hl,wCT - h3,wCT) = MgCq (Ta,out - Ta,in) = (UA)totLMTD (A-7)
The following ancillary equations apply:
LMTD — (TWCT,L'n_T(;:SVILC!;‘);(_TT\};(TZ;;ut_Ta,in) [AB)
(o)
Ta,in =T, TwCT,in = Tl,wCT TwCT.out = T3,WCT (A,9)
-1
Dw,o
(UA)or = N L (z,:) L (A.10)
tot PPR\ k., (Dywim)(WNg) ' 2mA.(WNR) ka(AlIIV.Cth)nr '
ppr

The fixed geometrical parameters, t, t;, t,S, are shown in Table Al. The pressure drop coefficient, ¢,
was evaluated according to the correlation presented in (Branislav et al., 2006), namely:

£ = <O.52 - 1800.85>( Aach )_0'7 (2(XD—DW,0))0'65 (A11)

Dgch (th_Dw,o)(tr_Sr) th—Dw,o

The Figure A2 shows the single flow channel (highlighted in red). The characteristic length of the
convective process is the hydraulic diameter of the air channel, namely:



Da,ch = 4'I/'a,chl/)/‘éla,ch (A-]-Z)

where

DVZV'O") (A13)

Va,ch = tyt, (tr - Sr) Aa,ch = Dw,o”(tr - Sr) + 2 (thtl A

_ 1 _Sr__ ”D\%/,o(tr_sr)
p=1 tr 4tptit, (A.14)
Vg cn is the volume of a single air channel between two consecutive rows, 4, ., is the corresponding
heat exchanging surface made of the two lateral fins and the two above and below half-coils, ¥ is the
so-called porosity and represents the void fraction of the finned coil. According to (Frass et al., 2015),

the Nusselt number can be evaluated as:

Da, 1/3
Nu, = C;Re§**5Pr,/ <—h> (A.15)

h t;
where Rep , is evaluated through the mean gas velocity, w, ,, given by the frontal velocity, w i,
divided by the porosity i, namely:

_ _"Ma _ Mg —
- paWH Wa,m - paWH ReDa,ch - pa,Wa,mDa,ch/l"a (A-16)

Wa

Air thermo-physical properties are evaluated at the average temperature between the inlet and outlet

sections. We used a value of C; = 0.24 as suggested in (Frass et al, 2015) for staggered tube
arrangements.

The convective heat transfer coefficient within the ducts (water side), h,,, was evaluated through the
classical Dittus-Boelter equation for turbulent flow (Lavine et al. 2001). The thermo-physical
properties of the water were evaluated at the mean temperature between the inlet and outlet sections.
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Fig. Al: Front and lateral view of the fin-tube heat exchanger.
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Figure A2: (a) air channel between two consecutive fins and water duct; (b) hexagonal fin cells around each tube.

Fin efficiency, n,, is evaluated as proposed in (Hong and Webb, 1996) for the hexagonal geometry of
staggered tube configurations (see Fig. A2-b).

D2
Aa,ch_2<thtl_n f’o)

Aa,ch

n=1- (1-n) (A17)

__ tanh(mr¢)

uls p— cos(0.1mrg) (A.18)

,
re W 15+=L

/ (__ ) RAETES 0.3 \
| 03+ (20 (026(%)" - 03) |n(%)
\ ) J

(A.19)

|

where %f is the effective radius ratio given by:

t2
A /X_D_ _ €+ Dwo _ [ka
L=1277F [(2-03Xr=ty/2  Xp - r=— m= |Te (A.20)

Table A1 - Geometry and operative parameters of the fin-tube heat exchanger given by the optimization procedure

Parameter Value Unit

Heat exchanger geometry

w 10.93 m
H 0.50 m
L 2.25 m
Volume (WxHxL) 12.29 m3
Frontal area (WxH) 24.58 m?




s

Trhermal conductivity of the fin-tube heat exchanger
Ny

Da,ch

DW,O

Dw,i

Operative condition - air side

Reynolds Number

Prandtl number

Nusselt Number

Convective heat transfer coefficient, k,,
Friction factor

Operative condition - water side
Reynolds number

Prandtl number

Nusselt number

Convective heat transfer coefficient, k,,

0.76

25

10
5.00x10-2
5.00x10-2
5.00x10-3
5.00x10
200

0.92
7.55x10-3
2.20x10-2
1.80 x10-3

934
0.72
8.28
28.37
0.55

2.51x104
5.08
123.96
4.26x103

W/(m?K)

W/(m?K)




Figure 1 - The wellBore Heat eXchanger.

Figure 2 - Campi Flegrei caldera (Carlino et al., 2012)
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Figure 3 - Model of geothermal reservoir and acquifers (Carlino et al., 2016).
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Figure 12 — Irreversibilities (a) and Second-Law efficiency (b) values for each ORC component



Overall Irreversibilities - kW Second-Law efficiency

100 100%
Zi = 152.95 + 0.05 = 161.00 kW
90
80
66%
70 . 60%
60
50 449
40
30 24% 239
1.76
20
10
88.05 0.17 45.88
0 —L WBHX WP ORC CT Overall
WBHX WP ORC system
B Thermal inefficiencies Br_em B Thermal efficiency ®r_em included

Figure 13 - Irreversibilities (a) and Second-Law efficiency (b) values for the main components of the overall system

—
. =Q
IAB N : Euw—dw
N o
= de

0 10 20 30 40 50 60 70 80 90
Irreversibilities - kW

Iwanx = Iag + Inc + Icp — Eyuw—qw = 88.05 kW

Figure 14 - Irreversibility production rates within the WBHX. The dashed areas correspond to the exergy losses due
to the shorth-circuit heat transfer between the upward and downward ducts.



(Front view)

out

D I |

air flow

=

Fig. A1: Front and lateral view of the fin-tube heat exchanger.

Coil pipe

VY,

N\
N
N\

TN
N

RN

N\
N

T 77

Dw,i/2

Coil pipe

(a)

n-th row

(b)

(Lateral view)

o1 "ol 10
1 IoI |

:o: :o’ Ke)
:o-°:o|°:o
1

1ot®TeNe

| yred 1aiem IE'

L.J 53?1‘

n-th row

Figure A2: (a) air channel between two consecutive fins and water duct; (b) hexagonal fin cells around each tube.



HIGHLIGHTS

e The paper presents studies and applications of the WellBore Heat eXchanger

e We present a comprehensive energy and exergy analysis of a WBHX — ORC system

e The analysis includes the cooling system and the geothermal source response

e Results show the main components and design parameters affecting WBHX efficiency
e The proposed methodology has been applied to a case study in Campi Flegrei (Italy)
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