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Different studies highlighted the environmental impacts of geothermal power plants (GPPs), especially in
the operational phase. Primary data are essential for reliable environmental assessments, but these are
not available when considering alternative configurations. Rigorous simulation can offer such a degree of

glgltTIEWI“ information, representing also a tool for a digital twin technology transition. Considering a GPP in Tuscany,
ELmV;(?ﬂ:lZnt Italy, four alternatives configurations are simulated in UniSim Design®, performing accurate refinements to

the thermodynamic model to properly estimate the behavior of different pollutants (Hg, H,S, NH;, and SO,)
among the various unit operations. The configurations alternate direct-contact and surface condensers as well
as wet and dry towers as cooling systems, while a fifth one adopts an organic Rankine cycle. The actual plant
model has been reconciliated with data collected during two different monitoring campaigns. Performance
analysis shows a trade-off: the lowest pollutant emissions are obtained using the dry tower generating less
net energy (20.17 MWe and 20.83 MWe), instead, adopting surface condenser and wet tower, 22.26 MWe are
produced with NH; emissions almost 3 times the measured ones. The CO, and CH, amount in the well fluid
is not abated in any configurations and therefore their emissions are the same among them.

Life-cycle assessment

1. Introduction

Energy production is increasingly in need to find sustainable ways
to be performed and geothermal power generation represents a widely
spread technology across the world [1]. Even if still small in compari-
son to the many countries that use their thermal resources for district
or space heating, the number of nations now using geothermal energy
to generate electricity is increased in the last 5 years. Clearly, no tech-
nology is free of adverse environmental impacts [2], and geothermal
energy production is linked mainly to land use, gaseous emissions, and
liquid discharges that can negatively affect agricultural lands [3].

Qualitative and quantitative measurements are required in every
stage for defining an accurate and reliable baseline and monitoring
the natural background (or fugitive) emissions [4]. As example, both
local geological characteristics and methodological choices inherent to
a life-cycle assessment (LCA) methodology, i.e., the definition of the
functional units, the system boundaries, the life span, and the impact
assessment method, highly affect the life-cycle environmental impacts
studies [4]. The large variability of reported results on environmental
performance across studies makes it difficult to define a holistic science-
based approach to address LCA of geothermal power plants (GPPs) [5],
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such that specific guidelines based on experts’ knowledge have been
defined. A method combining exergy analysis with LCA and applied
on a binary GPP in Turkey showed how the main environmental
impact is represented by the non-condensable gases (NCG) released
into the atmosphere during the operational phase [6]. Moreover, the
outcomes of the study point out a decreased environmental effect of
the system when the ambient temperature decreases and the brine
inlet temperature increases. Even for geothermal systems utilization
dedicated to space heating, the analysis of economy, thermal efficiency,
and environmental impact have to be performed using simulations fore-
casting life-cycle trends [7]. The study assesses the carbon intensity of
geothermal systems over their life cycles determining that the drilling
process is the main carbon emission source.

A specific comparison performed on Italian GPPs against other
renewable energy systems, showed how the most impacting categories
for the GPP are terrestrial acidification, human toxicity, marine, and
freshwater eco-toxicity [8]. Due to the difficulty of collecting inventory
data, most such LCA studies are developed based on secondary data,
that is, by reworking published results. Colucci et al. [9] used an
inventory published in 2012 for the old configuration of a GPP in
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Nomenclature

Acronyms

AMIS® Mercury and Hydrogen sulfide abatement
system

DCDry Alternative configuration with
Direct-Contact condenser and Dry tower

EGP ENEL Green Power

EOS Equation of State

GPP Geothermal power plant

LCA Life-cycle assessment

NCG Non-condensable gases

ORC Organic Rankine Cycle

ORCDry Alternative configuration with ORC and Dry
towers

PFD Process Flow Diagram

PR Peng-Robinson

SDry Alternative configuration with Surface con-
denser and Dry tower

SWet Alternative configuration with Surface con-
denser and Wet towers

BG4 GPP Bagnore 4

Symbols

F Flow

Ng Number of Tower stages

P Pressure

T Temperature

|4 Volume

Greek Letters

ng Tower stages efficiency

ng K-100 and K-101 efficiencies, gas extractor
compression stages

ErEE. Split parameters in TEE-100 referring to
stream i

(o] Data reconciliation objective function

b; Value of ith variable at a given instant

@ Reference value for ith variable

A Percentage deviation of the considered
predicted variable from its measurement

Subscripts

max Maximum

min Minimum

aq Aqueous

g Gaseous

/ Liquid

Hg, j Related to Mercury in the stream j

e Electrical energy

m Mechanical energy

th Thermal energy

Iceland to evaluate a project regarding the facility update and evalu-
ated that introducing new technology for abatement and re-injection
moderately improved the emission of CO, and H,S. Clearly, the best
option is to collect primary data by the means of accurate surveys and
questionnaires addressed to the plant operator [10]. A study revealed
that more than 95% of the potential environmental impacts of a single
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flash GPP are coming from the operational (direct emissions to air
of NH;3, CH,, CO,) and development (CO, emissions due to diesel
combustion during drilling) phases [10].

Nevertheless, these studies are performed at a level of detail that is
not able to catch the different implications that alternative technologies
solutions and schemes may rise in terms of impacts, especially in
the operational phase. On the other hand, to the best of the authors
knowledge, the literature lacks detailed simulations studies that can
provide the answers to the aforementioned questions. In particular,
given the significant level of variability in the analytical determination
of the atmospheric emissions connected with the operational phase
of the GPPs [11], a recent detailed process simulation model was
developed based on real data from a GPP, aimed mainly at evaluating
mercury emissions from evaporative towers [12]. As a matter of fact,
simulation of GPPs has become an excellent tool to monitor and control
the emission of pollutants, exploiting the different thermodynamical
models implemented in commercial softwares [13]. Besides, the design
of efficient energy systems nowadays cannot deny the importance
of a digital twin that interactively translates the needs and prefer-
ences of decision makers into an optimization-based model generating
meaningful solutions [14]. For instance, a real-time monitoring and
control method using a digital twin has been proposed during the phase
of geothermal drilling [15]. Thus, the importance of a detailed and
rigorous simulation is explained, given an actual GPP configuration,
since the operating and environmental conditions vary while different
pollutants of interest, mostly NCG, must be monitored due to regulatory
purposes [12]. Hence, to compare and test different, possibly less im-
pacting, alternative solutions in terms of environmental and energetic
performances, an approach to describe detailed plant equipment and
interconnections can better suggest information to be used for the
inventory of new projects.

For all such reasons, this paper presents and compares different
detailed process simulation models of GPPs built on alternative schemes
proposed by the geothermal operator Enel Green Power (EGP) for a real
GPP in Tuscany, Italy. The actual configuration of the GPP is modeled
using real data taken from EGP in different seasonal conditions to best
perform a data reconciliation procedure.

2. The geothermal process
2.1. The geothermal cycle

The main differences among GPP process cycles consist of the nature
and conditions of the well-water geothermal fluid. When the vapor
phase is relevant a first phases separation is needed (the so-called
“flash plant” [16]), otherwise if the liquid fraction is predominant the
conversion of thermal to mechanical power takes place in a completely
separate circuit (so-called “binary” cycle [17]).

Maximizing the energy production and exergy efficiency of both
configurations have been deeply studied in the literature. A thermo-
dynamic performance and techno-economic analysis of different GPP
systems (double-flash, flash-ORC, and double-flash-ORC) highlighted
that the double-flash systems show an obvious advantage in terms of
net electric power produced and economic parameters [18]. Another
recent work studied the effect of flash and evaporator outlet temper-
atures on the produced net power, considering the levelized cost of
energy as an index [19]. A single-flash GPP in Indonesia has been
studied for contemplating an upgrade to a double-flash system [20] or
for setting the optimal turbine inlet pressure to minimize the effects
of irreversibility and exergetic efficiency of the ambient temperature
on each component [21]. A parametric study on a double-flash binary
GPP outlined how the net energy production and exergy efficiency of
the system with an ejector-expander integrated into the conventional
expansion valve have a maximum in a specified pressure value [22].

Using the Simulated Annealing algorithm, the thermodynamic per-
formance of a binary GPP in Turkey has been optimized by adjusting
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Fig. 1. PFD of the considered GPP. The dots represent mixer or splitters of the streams.

the pressure differences and the mass flow of the ORC, doubling
the exergy efficiency while reducing the NCG emission rate [23].
Still in Turkey, an artificial neural network model of a GPP per-
formed numerically on Matlab was used to find the best system oper-
ation condition that improved the net power generation by more than
20% [24]. The thermo-economic comparison between the ORC and
binary flashing cycle for possible application in a GPP in China, showed
a trade-off of thermodynamic and economic performance, evidencing
how the yield of the two systems is maximized at different operating
characteristics [25].

Dynamic simulation was used to evaluate the impact of the CO,
content on the power consumption of the reinjection process in a
GPP in Italy by performing a sensitivity analysis [26]. Modeling and
simulation of GPP were also recently used to formulate new designs
for a double-flash binary system and study the irreversibility of such
proposed designs [27]. Also, the investigation of the economic feasi-
bility of complete municipal energy autonomy in an energy system
including GPPs in Germany was performed using a generic optimization
model [28].

Pollutants emission from GPP has also been explored, whereas
different system layouts are tested on an existing plant to minimize
the lowest excess deposit of silica [29], or two greenfield plant layouts
are investigated for the utilization of a high enthalpy liquid-dominated
reservoir minimizing the NCG emission [30]. Finally, a complete review
on the state-of-the-art of GPP can be found in [31].

2.2. The considered GPP and its operating conditions

The GPP considered in this paper is Bagnore 4 (later on indicated
as BG4), located in the Mt. Amiata, Tuscany, and, as many systems
employed in Italy, it includes a direct steam condensation cycle with
consequent release of the NCG present in the feeding geothermal fluid
into the atmosphere (see Fig. 1 for a simplified process flow diagram
(PFD)).

The geothermal fluid, mostly in vapor phase, fed to the GPP is first
expanded in a turbine and then condensed at vacuum conditions in a
direct-contact condenser. At this point, the NCG naturally present in
the well fluid, are extracted via a multi-stage centrifugal compressor
and conveyed to the mercury and hydrogen sulfide abatement system
(AMIS®) [32]. This system consists of two main parts: the abatement
of Hg in an activated carbon absorber at about 30 °C, and the oxidation
of H,S to SO, at 200 — 250 °C, which is subsequently removed in
a washing packed tower (C-2). Two NCG present in the geothermal
fluid in nonnegligible quantities are Hg, which its natural presence has
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been enhanced by the minero-metallurgical activity of cinnabar on Mt.
Amiata, and NH;.

The emissions into the atmosphere comes from the evaporative
tower (three wet type cells for each 20 MW group), which constitutes
the cooling system of the GPP: some in gaseous form (H,, CO,, CHy, N,,
Ar, O,, residual H,S and Hg vapors) and other in aerosol form (NH;3 and
As). The emission control is performed by the aforementioned AMIS®,
and secondly by the application of demister at the top of the cooling
tower to solve the problem of aerosol spills.

The liquid phase stream leaving the condenser is pumped directly
on top of the cooling tower complex. Here, encountering the gaseous
stream exiting the AMIS® and the ascending air flow of induced by fans,
part of it evaporates (about 19 — 25 kg/s) and the remaining part cools
down to about 30 °C. The cooled water is collected in a tank, portioned
and sent: as cooling fluid in the condenser and in the intercooler stage
of the gas extractor, as washing fluid in the G-2 of the AMIS®, and,
finally, to re-injection into the wells. Clearly, the amount of water
evaporated strongly depends on both the temperature and the humidity
of the atmospheric air intake, highly affecting the performances in
terms of NCG emission [12].

The gas draft of the extractor maintains the vacuum conditions in
the condenser and, since its motors work at constant revolutions, am-
bient temperature plays a key role on the pressure value (40-120 mbar
from winter to summer) [12]. Because of the phase equilibria estab-
lished by direct mixing, the streams exiting the condenser do not share
the same temperature, that is, the hot water is usually in the range
30-37 °C while gaseous stream is colder (27-34 °C).

3. Power plant model

To evaluate operational (energy consumption and net power pro-
duced) and environmental performances (emissions of Hg, H,S, NHj,
and SO, from evaporation towers) of a GPP, a detailed process simu-
lation model is built. This allows us to analyze the distribution of both
energy consumption and pollutants among the various unit operations
for the actual GPP and the various alternative plant configurations
simulated.

The model is implemented using UniSim Design® software that
offers a high degree of flexibility and is particularly recommended for
highly interconnected processes as the GPPs, as also detailed by previ-
ous works on GPP simulation [12,13,26]. Hence, since our purpose is
to compare different plant configurations in terms of the net produced
energy and pollutant emitted, understanding how each unit operation is
affecting the performance of the plant becomes crucial. First, the actual
considered GPP, specifically the configuration related to Group 1 of
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BG4 (20 MWe), has been implemented. This is a necessary step to check
if the model is developed correctly since a direct comparison with real
plant measurements can be performed. Subsequently, such a model has
been adapted to represent the alternative configurations studied.

3.1. Conceptual model of the actual GPP

According to Fig. 1, few modeling assumptions deserve to be ex-
plained. Firstly, both the turbine expanding the geothermal fluid and
the handling pump that circulates the hot water from the condenser
to the cooling tower, are simulated at constant efficiency. The two
streams exiting the condenser are not in thermal equilibrium, hence
this operation is schematized with a series of different flash tanks,
to separate the two-phase streams, and heat exchangers in which the
energy transfer happens. The extraction of the NCG stream exiting
the condenser is simulated by two constant efficiency compressors,
between which the cooling operated by a water stream recycled from
the evaporative towers is simulated in a flash tank. The AMIS® has
been considered divided into two parts: a “black box” that knocks down
the Hg flow rate with a constant efficiency, and a second section in
which the oxidation of H,S to SO, and the sequent abatement of the
latter in a water absorption tower happen. Hence, three streams exit the
AMIS®; the first one contains the abated Hg, while the other ones are
the outputs of the C-2: the residual gas is sent to the evaporative towers
while the residual liquid is recycled to the direct-contact condenser.
Finally, the cooling system is simulated with a multi-stage equilibrium
absorption tower with constant efficiency.

3.2. Considerations on alternative configurations

When simulating alternative system configurations, some other con-
ceptual differences with respect to the one underlined in Section 3.1
have to be highlighted.

Firstly, the inlet conditions of the geothermal fluid are equal for all
the simulated configurations and taken from the one in the BG4 model:
this is done to analyze the offsets between the different configurations.
Furthermore, where present, also the turbine discharge pressure, which
represents the condenser pressure, was also taken equal to that of
the measured one. We underline how, if in operative conditions this
is a check parameter, in the simulation, it has been considered as
independent and therefore to be specified. This lets us analyze the
emissions in the atmosphere and energy consumption by excluding the
variability of the conditions of the well.

When using surface condensers we need to consider that the
geothermal vapor to be cooled down contains a certain amount of
NCG, hence the condensation process is not isothermal. Furthermore,
simulating the condensation by heat exchange instead of by direct
contact requires modeling the surface condenser in two parts: a stan-
dard heat exchanger in which, to minimize the pressure drops, the
geothermal steam passes through the shell side to be cooled down,
and a flash separator that simulates the venting of NCG in a real
condenser. In addition, since these two unit operations simulate one
equipment, mixing the two-phase stream in transit between the two
with external ones is not considered possible. We also underline that the
condensation in surface condensers occurs in equilibrium between the
liquid and the vapor phases, therefore, the gas sub-cooling is considered
only when modeling direct-contact condensers.

Finally, the dry tower complex substituting the evaporative towers
of the BG4 model, is represented by one air exchanger working at
constant volumetric air flow and with only one constant rotation fan.
Such a choice is justified since all the fans of the dry tower complex
considered, contribute equally to the electrical power consumption.

3.3. Thermodynamic correlation and reactive aspects

The choice of the thermodynamic correlation sets the baseline
for a meaningful representation of the real process in the simulation
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environment; in particular, stream compositions, unit operations, and
operating conditions play a key role in this decision. Water and a
NCG fraction are the main components of the geothermal fluid and the
process streams in the GPP, while temperature and pressure undergo a
strong variability (25 °C—200 °C and 0.08 bara-20 bara). For this reason,
an Equation of State (EOS) model is considered the most adequate,
and among all the EOS thermodynamic packages offered by UniSim
Design® R460, the Peng-Robinson (PR) has been selected.

Since the model must reproduce the emissions of mercury (Hg),
hydrogen sulfide (H,S), ammonia (NH3), and sulfur dioxide (SO,),
the thermodynamic correlations linked to such components have been
checked, and eventually, refined so that their liquid/vapor balance
is adequately managed. Specifically, the correlations for Hg and H,S
are taken from [12] in which a complete refinement procedure can
be found. The NH3-H,O and SO,-H,O interactions are well-studied
equilibria in the petrochemical industry and thus already included
with a temperature non dependence by the PR package that has been
specifically developed in such a sector. Lastly, the PR set does not
consider the equilibria of ionic species in the aqueous solution, and,
therefore, aspects related to pH changes cannot be modeled without
the additional considerations explained below.

3.3.1. Hydrogen sulfide (H,S) abatement

As anticipated, the AMIS® system has been schematized in different
unit operations that require the introduction of reactive aspects. To
reduce the atmospheric emissions of H,S, also SO, has to be included
in the model to correctly simulate the abatement which is performed
through catalytic oxidation according to the reaction:

H,S + %02=so2 +H,0

After removing Hg the remaining gas is initially added with com-
pressed process air to ensure the oxygen necessary for the reaction
(about 4% v/v) and then preheated inside the shell of an exchanger
to reach the temperature necessary for the initiation of the oxidation
reaction (~220-240 °C). Subsequently, the catalytic oxidation reaction
takes place inside a fixed bed adiabatic reactor. The reaction is exother-
mic and the heat generated is recovered through a shell and tube
exchanger by preheating the reactor feed (see the scheme illustrated
in [32, Figure 3].) The reaction takes place on a catalyst (usually
TiO2 activated with calcium) with a complex pattern of oxidation and
electron exchange between sulfur and oxygen, and its yield is displayed
in [33, Figure 5]. The conditions to be considered when modeling this
reactor are in the range 2000-2100 K~1, that is, the oxidation yield is
practically unitary. From these considerations, a conversion reaction is
chosen to represent the H,S oxidation, and its percentage yield in the
simulator is expressed by (1).

1(%) = Cy + C,T + C,T? (€]

T is expressed in [K] and the reference component for the conversion
is H,S. Given the catalytic nature of the reaction and the behavior
of its yield with temperature, the chosen parameters are C, = 99.0,
C,=C,=0.

3.3.2. Sulfur dioxide (SO,) abatement
The removal of SO, is performed by absorption in the liquid phase
through the reaction:

SO, (gas) + H,0 (lig)==-H,S0; (liq)

The absorption of SO, produced by the catalytic oxidation of H,S,
occurs within the absorption column C-2 in which the gas comes into
contact, through a counter-current flow, with cold water coming from
the cooling tower [32, Figure 3]. The efficiency of this process essen-
tially depends on the temperature inside the column, which should be
indicatively lower than 35 °C, and the output pH from the column,
indicatively higher than 4.5. If the geothermal water does not contain
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sufficient dissolved NHj, this pH value is achieved by adding NaOH to
the process. Different water-soluble chemicals such as sulfites, sulfates,
thiosulfates, and other sulfur species, are obtained as products of the
sulfur dioxide removal reaction.

As mentioned in Section 3.3, chemical equilibria in solution and
the pH, are not simulated with chosen PR package, thus the following
procedure has been developed. Exiting the AMIS®, the purified gas
is sent to the cooling tower, while the water acidified from the SO,
absorption process is sent to the condenser (cold water). This favors the
breakdown of H,S towards the NCG stream, as its solubility in water
decreases with the decreasing of water pH.

The modeling approach of the column consists of introducing a
hypothetical component (Hypo Component in UniSim) which has the
molecular weight of ammonium sulfite (NH,),SO3, thus following its
formation reaction directly from SO, and NHj;. In other words, if the
real formation reaction is an equilibrium described as follows:

H,S0; (lig) + NH,OH (lig) == (NH,),SO0; (liq) + H, 0 (liq)

the one implemented in the simulator is a conversion reaction described
by:

SO, (gas) + 2NH; (gas)— (NH,),S05 (liq) + H,0 (liq)

Whereas the C-2 column completely abates all the SO, that enters it,
the reaction kinetics is considered to have as base component SO,, and
a quasi-unitary yield, with a small temperature-dependent component
to keep its conversion more or less constant. The reaction kinetics
parameter showed in (1) are set as follows: C, = 99.0, C; = 0.1,
C, = 0. The term C, is defined positive, as experimental tests have
verified that the absorption of SO, in NHj solution increases with
temperature [34]. On the other hand, when temperature increases, the
solubility equilibrium of SO, in the liquid solution is lowered, but the
diffusion capacity of SO, molecules increases and so does the mass
transfer. Furthermore, the temperature increase also accelerates the
reaction due to the greater quantity of molecules activated [34].

3.3.3. Hypo Component (NH,),SO3 definition

The hypothetical component that represents (NH,),SO5 is defined
in the software by first assigning a class/family to which the compound
belongs. Being (NH,4),SO5 a salt, the generic class named Miscellaneous
is chosen, and to calculate its physical properties, the minimum knowl-
edge required consists of molecular weight, and one between Normal
Boiling Point and Ideal Liquid Density; the rest of the properties can be
estimated from this couple. In the specific case, the molecular weight is
the one of (NH,4),SO3 (116.1 kg/kmol), while the normal boiling point
is set to be very high (300 °C), as the component must remain in the
liquid phase. A density close to the water one (800 kg/m?) and a very
high critical temperature (350 °C) have been also specified, to make
sure that whereas this component goes into the gaseous phase, it is
always possible to liquefy it. Finally, the interaction (NH4),SO3-H,0
is set identical to that of NH3-H,O.

3.4. Implementation of the base simulation model

In this section, the development of the model of BG4 using UniSim
Design® (version R460) and different real data sources from EGP is
described (Fig. 2).

On the other hand, Table 1 shows the measurements performed by
EGP and the corresponding quantities in the model in Fig. 2, while
Table 2 shows the conditions and composition of the geothermal fluid
simulated.

With respect to the process diagram in Fig. 1, three main conceptual
changes have been applied to simplify the model implementation. As
anticipated, the condenser, is represented by several units to better sim-
ulate the temperature difference existing between the gaseous stream
extracted by the compressor and the liquid stream sent to the pumping
system. The first unit is a flash tank (in Fig. 2 referred to as FirstSep)
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Table 1
Measurements performed by EGP and corresponding
quantities of the BG4 model.

Stream in Fig. 2 Parameter measured

1 T, P, F [kg/h], composition
2

11
14
32
10
16
17

[Nm? /s]

NNNTmseY

Table 2
Geothermal fluid composition and conditions as it is
simulated into the model (Stream 1).

Quantity Value
Mass Flow [kg/s] 38.95
Temperature [°C] 208.0
Pressure [kPa] 1877
Molecular Weight 18.76
Mass Density [kg/m’] 9.588
Mass Enthalpy [kJ/kgl -1.278-10*
H,0 Mass Fraction 9.272:107!
H,S Mass Fraction 1.127-1073
H, Mass Fraction 5.955-1073
HCI Mass Fraction 0.000
Hg Mass Fraction 5.999.10°%
NH, Mass Fraction 1.548.-1073
CH, Mass Fraction 1.989-103
CO, Mass Fraction 6.785-1072
N, Mass Fraction 2.505-107*
0, Mass Fraction 1.053-1073

which separates the liquid phase from the gaseous one of the turbine
output stream. The gas phase first undergoes a fictitious cooling, with-
out pressure drops, up to a temperature regulated by a logical operator
(in Fig. 2 indicated as ADJ-DT). The cooled stream is then mixed with
the recirculating liquid streams and sent to a second flash separator
(in Fig. 2 indicated as DirectContactCond). The gas phase coming out of
this second flash goes towards the gas extractor, while the liquid phase
undergoes fictitious heating and is then mixed with the liquid stream
from FirstSep. The purpose of the logical operator ADJ-DT is to vary
the temperature of stream 5 until the temperature difference between
the heated liquid exiting E-102 (in Fig. 2 indicated as 10) and the input
stream to DirectContactCond (in Fig. 2 indicated as 6b) is about 4 °C.
The temperature of 10 is imposed from EGP documents. Secondly, the
AMIS® is schematized using four unit operations: a component splitter
(AMIS_Unit in Fig. 2), which briefly represents the Hg abatement plant
with efficiency taken from EGP documents; a heat recovery unit (in
Fig. 2 indicated as E-1) heats the reactant gaseous stream exploiting
the hot gas stream reacted; a conversion reactor (in Fig. 2 indicated as
R-2) in which the catalytic oxidation of H,S to SO, takes place; and a
flash tank (in Fig. 2 indicated as C-2) into which the cooled gas stream
leaving E-1 and part of the excess water from the evaporative towers
converge. In all flash tanks present in the model (except for the initial
separator FirstSep), the reaction between SO, and NH; also takes place
to form (NH,4),SO3. The outgoing liquid stream is sent to the condenser
system, while the gaseous one mixes with the liquid stream inlet to
the evaporative tower complex. Lastly, the cooling tower complex is
schematized as a single absorption column (Tower in Fig. 2): the main
purpose is to be more conservative in estimating the concentrations of
Hg, H,S, NH;, and SO, leaving it. Since the simulation software lacks
an evaporative tower model, the absorption column unit operation has
been chosen, that is, the input-output scheme of such operation, a
liquid inlet at the top and a steam inlet at the bottom, it is sufficiently
close to the real one.

In addition, some other model simplifications are now detailed.
The adiabatic (or isentropic) efficiency for the unit operation Turbine
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Fig. 2. PFD of the geothermal power plant BG4.

is set with an iterative procedure: its value is adjusted so that the
produced mechanical power calculated in the simulation, multiplied
by a mechanical/electrical conversion factor equal to 0.9, is as close
as possible to the electric one reported in EGP documents. Therefore,
the final value used in the simulation model is 76%. The efficiencies
of both compressors K-100 and K-101 are used to tune the model for
its calibration as detailed in Section 3.5, and the standard value of
80% is taken as their initial value, while the adiabatic efficiency of the
handling pump P-100, has been set equal to 90%. As reported by EGP,
the abatement efficiency of Hg is achieved by setting a split parameter
in the unit operation AMIS Unit equal to 97.8% by mass with respect
to stream 14 exiting the gas extractor. In addition, to best simulate the
dilution of the NCG stream with air to promote the oxidation of H,S,
another airflow is inserted into the AMIS_Unit (Air in Fig. 2). Mass flow
rate, temperature, pressure, and relative humidity of such stream are
strictly linked to the dataset used for the model reconciliation, hence,
their values have to be defined accordingly.

The split values of TEE-100 are computed using a spreadsheet
operation in which the mass fractions of the streams 34, 35, 36, and 37
are calculated. The flow rates of the first three streams (two of the water
recycles and the re-injection one) are taken from EGP documents while
the latter one is extrapolated from the assumption that the liquid stream
leaving the tower (33 in Fig. 2) has approximately the same mass flow
as the inlet one. Consequently, the split ratios for each stream are
evaluated and used as initial reference values for the data reconciliation
procedure in Section 3.5.

As already underlined in Section 3.3, using the PR thermodynamic
set is not possible to model the equilibria in the ionic phase. Given that,
it is necessary to find an alternative method to reduce the emissions of
NH; from the cooling tower and therefore make the simulated model
closer to the industrial reality. One operative practice used at the
level of the direct-contact condenser to lower the pH of the solution,
so to enforce the NH; absorption into the liquid phase, is to inject
sulfuric acid into the equipment. To simulate such practice, a fictitious
stream of pure gaseous SO, (in Fig. 2 named 7) is introduced into
the DirectContactCond tank. The temperature of such a stream is set
identical to the one of the mixture entering the tank, through the
logic unitary operation SET-T. The mass flow of 7 is calculated by
the spreadsheet pH-control in the following way. The real volumetric
flow of H2S0O4, taken from EGP documents, is converted into molar
flow considering the liquid density at normal conditions (1830 kg/m?).
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Hence, the fictitious mass flow of SO, is calculated from its molar flow
imposed equal to the molar flow of H2SO4. Another aspect linked to
equilibria in the ionic phase involves the SO, absorption into water.
In the real case scenario, in the C-2 column at the end of the AMIS®,
all the gaseous SO, produced by the oxidation of H,S is absorbed in
the liquid phase. However, in the simulated model, the practical way
to abate the SO, is to convert it into (NH,;),SO3, but the amount of
NHj; in the aqueous stream coming from the evaporative tower complex
is not sufficient, which therefore gives in output from C-2 still a high
quantity of unreacted SO,. For this reason, a reactive flash tank (in
Fig. 2 named V-100) is added to mix the gaseous stream coming from
C-2, rich in SO,, and the liquid stream sent to the tower, rich in NHj,
so to encourage the total conversion to (NH4),SO5. The role of V-100 is
therefore to complete the absorption of SO, which, in reality, happens
entirely in column C-2. Finally, the gas stream exiting this tank is mixed
with 30 and sent to the bottom of Tower, while the liquid one at its top.

Finally, two additional logic unit operations have been included in
the model. The unit operation Adjust (ADJ-1 in Fig. 2) sets (indirectly)
the volumetric flow rate of 32 to a setpoint value, taken from EGP data,
i.e. 3931887 Nm?/s, by varying the mass flow rate of the air stream
29. The relative humidity of the air stream 30 entering the evaporative
tower, is set by adding a fictitious water stream (Humidity) to the dry
air stream 29 via the unit operation Saturate. So, as for the additional
air stream in the AMIS_Unit, the environmental conditions used for the
tower air are those representing the situation from which the other data
of the model are extracted.

The second logic unit operation used is Recycle (RCY-1, RCY-2, and
RCY-3 in Fig. 2). RCY-1 and RCY-3 are in the AMIS®section, at the
input to the flash tank C-2, and at the input of the oxidation reactor R-2,
while RCY-2 is at the input to the central part of the condensing system.
The three recycling blocks, and thus the three fictitious streams, allow
the simulator to perform cyclic calculations, guaranteeing the model
efficiency.

3.5. Data reconciliation

The optimization variables used for reconciling the available data,
are the following:

* Ng: number of Tower stages
* ng: Tower stage efficiency
* ng: K-100 and K-101 efficiencies, gas extractor compression stages
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* &rpg,: split parameters in TEE-100

The values &rpp; multiply the mass flow of the stream entering the
splitter (33) to obtain the ith mass flow of the output streams.

The objective function @ used for the data reconciliation procedure
is based on the errors between measured (¢;) and predicted model (¢,)
values of selected key quantities. The quantities taken in considerations
are temperature of streams 28 and 37, volumetric flow rate of streams
14, 28, 34, 36, and pollutants (Hg, H,S, NH;) mass flow rate of streams
14 and 32. The various terms of the objective function have all been
normalized in the following way:

¢i_q§i'

12

)

i=1

(2)

i
Varying N, different runs of the following optimization problem
have been executed to find the optimal combination of variables values:

3)

min @(x)
X
subject to

<x<x

4

in which x = [ng;1x; érgg]s Xmin = [5:60;0], and x,,,, = [100;95;1]. The
optimization problem (3) is solved using the Optimizer tool available in
UniSim Design® and selecting the Sequential Quadratic Programming
(SQP) algorithm [35] as solver.

Xmin max

3.6. Results

To have a wider view of the seasonal change that the GPP operating
conditions encounter, and thus have a more reliable simulation model,
two different sets of environmental conditions have been tested in the
data reconciliation: the first named “winter” conditions, and the second
one “summer” conditions. The two conditions refer to different EGP
documents in which the air characteristics are 9 °C, 110 kPa, and 80%
relative humidity for “winter” and 23 °C, 110 kPa, and 58% relative
humidity for “summer”. Since the computational cost of such a problem
is considerable due to its high non-linearity and the complexity of the
simulation model, different tests have been performed by varying the
starting point of the iterations. The values that led to a nearly-global
minimum are reported in Table 3.

The results reported in Table 4 are the best ones obtained, for
matching the EGP measured data and obtaining a conservative model
on the emission side in both conditions tested. The emissions of H,S for
the winter conditions and Hg for the summer ones are the only two flow
rates smaller than the measured values, albeit comparable to them in
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Table 3
Optimal values obtained with data reconciliation of the BG4 model.

Quantity Initial value Optimal value
ns [%] 75 35.5

Nx—100 [%] 80 90

Nx_101 [%] 80 80

Erpps 0.893 0.878

ErEEse 0.068 0.076

ErEEss 0.029 0.031

Ng 5 3

terms of order of magnitude (8% and 11%, respectively). In addition,
the NH; emissions exceed the measurements by 15% and by 28%, while
the SO, emission flow rate is null as it is removed all within the GPP
process. We underline that this GPP model has been calibrated not only
to, when possible, conservatively estimate the gaseous emissions but
mainly to represent the base asset to compare alternative configurations
both from an emissive and an energetic point of view.

For completeness, the Heat and Material Balance for the BG4 model
in both the “winter” and the “summer” conditions are provided in Sec-
tion A of the Supplementary Information (SI).

4. Alternative configurations

In this section the different alternative configurations of the BG4
model built and reconciliated in Section 3.4 are presented.

4.1. Direct-contact condenser and dry towers (DCDry)

A PFD of the simulated process DCDry is shown in Fig. 3. With
respect to the BG4 model, the following aspects should be highlighted.
The fictitious flow of SO, in the condenser has been set to zero, as
with this configuration, not enough NHj; is able to reach the AMIS®,
The air fan (in Fig. 3 named Dry Tower) which simulates the complex
of dry towers, has been dimensioned by setting the temperature of the
outlet stream to 27.3 °C. This value and the other sizing parameters
are taken from benchmark data of dry towers and reported in Table 5.
The pressure drops on the process flow side have been set to 50 kPa.
The temperature of the air entering the fan is equal to 9 °C since the
reference weather conditions for the implementation of DCDry are the
winter ones. The air flow rate has been selected so that no temperature
crossing takes place into the tower, and therefore its actual value has
been set to 10'm3/h. The splitting values of the liquid streams exiting
the tower have been set so that the resulting volumetric flow rates were
as close as possible to the values indicated by EGP.
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Values of the monitored variables obtained after data reconciliation for BG4 basic model in winter and summer conditions, compared with the

corresponding EGP measured data.

Quantity Winter Summer
Measured Simulation A[%] Measured Simulation A[%]
Fiys3 [kg/hl 8.3 7.67 7.59% 7.61 9.36 23.00%
L Fay, 3 [kg/h] 17.7 20.3 14.69% 26.5 33.9 27.92%
Emission [
Fyp 3 [8/h] 0.6 0.66 10.00% 0.9 0.8 11.11%
Fso,3 [kg/h] - 0 - _ 0 _
Fys4 [kg/hl 131.63 151.95 15.44% 148.33 150.24 1.29%
To AMIS Fay, 14 [kg/h] 0.001 1.94 > 100% 0.00126 1.44 >100%
Fyg1s [g/h] 5.48 7.93 44.71% 8.7 7.78 10.57%
F,, [kg/hl 12200 13028 6.79% 11800 12421 5.26%
Ty [°C] 34 34.53 1.56% 37.3 37.37 0.19%
Fys [m?/h] 4500 4468 0.71% 4450 4688 5.35%
Water Ts; [°C] 20.7 20.84 0.68% 24.4 25.58 4.84%
Fys [m3/h] 133 136.5 2.63% 184 173 5.98%
Fy, [m3/h] 320 334.6 4.56% 380 366.7 3.50%
Table 5 sizing has been done by imposing as a specification a minimum delta
Design parameters of the selected dry tower. T approach equal to 15 °C between two streams. The pressure drops
Variable Symbol Value Unit imposed are 50 kPa on the tube side for the cold utility and 0.4 kPa on
Single Cell Area Acetr 586 m? the shell side for the geothermal fluid. The second part of the condenser
Design Wind Velocity Ve 8 m/s is a flash separator which divides the gas stream from the liquid stream
Number of cells Ny 10 - d d in th h Th 1d utili . . . £
Air Inlet temperature T 293 oc condensed in the exchanger. The cold utility circuit consists of water
Heat Rejected Pow,, 70.7 MW,, with a flow rate of 6900 m?/h in which, 95.5% of the total is sent to the
Warm water temperature Ty,0.n 36 °C main condenser while the rest is sent to the intercooler between the two
Cold water temperature Ti,0.0m 27.3 °C gas extractor stages. The liquid stream leaving the surface condenser is
Total fan power at motor terminals Pow,, 1300 kWe

Table 6
AMIS® plant input stream characteristics in the 5 simulated configurations (winter
conditions).
Flow rate BG4 DCDry SDry SWet ORCDry
H,S [kg/h] 151.95 157.69 157.93 157.11 115.1
NH; [kg/h] 1.94 44.61 135.04 6.65 2.65
Hg [g/h] 7.93 8.46 8.4 8.34 6.93
Total [kg/h] 13028 12757 14822 11882 9106

It is important to note that in this setting the emission occurs
directly from the C-2 column in the AMIS®plant and therefore the flow
of H,S emitted derives entirely from the stripping of the liquid stream
coming from the dry towers. Furthermore, the consistent emission of
SO, can be justified by the (NH4),SO; formation reaction: in this
setting, the NH;, mainly present in the water coming from the dry
tower, is the limiting reagent. Since there are no other possibilities
of reaction with “new” NHj3, the SO, not absorbed in the liquid and
not reacted is found directly as a gaseous emission. The complete Heat
and Material Balance for configuration DCDry is reported in Section
B of the SI. Analyzing the balance we underline the discrepancy in
flow rates between the gas stream exiting the condenser and the one
entering the AMIS®; this is due to the quantity of water condensed in
the intermediate cooling between the two compression stages. On the
contrary, the flow rate of NCG, such as CO,, remains essentially the
same.

4.2. Surface condenser and dry towers (SDry)

A PFD of the simulated process SDry is shown in Fig. 4. For the sake
of comparison, the air fan DryCooler in Fig. 4 has been dimensioned as
in configuration DCDry in Section 4.1. The direct-contact condensers
in BG4 and DCDry models, have been replaced by surface condensers,
each one broken down into two parts, as explained in Section 3.2. The
heat exchanger which cools the process stream with a cold utility has
been modeled with a “Weighted” design, available in the simulator in
the case of mixtures with phase change, as in the case of interest. The
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pumped directly to the head of column C-2 in which the reaction of
transformation of SO, into sulfite takes place. Both streams exiting the
C-2 leave the process, the gaseous one as emissions, and the liquid one
is re-injected into the well. Then we underline that a fourth Recycle
block in the cold utility water cycle has been introduced and placed
in input to the Dry Tower for a matter of numerical efficiency of the
simulation. Results show how the emission of H,S is quite low and this
is mainly because although the concentration in the water coming from
the tower is greater, the flow rate of the latter is about half of the one in
the DCDry setting. Consequently, the H,S flow rate is also much lower,
because most of it tends to pass through the AMIS® and, therefore, be
oxidized. In addition, it should be emphasized that all the results for
the SDry setting are strongly affected by the operating conditions used,
in particular by the turbine discharge pressure. Variations of tens of
Pascal are enough to significantly shift the balances of condensation.
In addition to this, the surface condenser does not provide for a sub-
cooling, and the gaseous stream is therefore in thermal equilibrium
with the liquid one leaving the equipment. Table 6 also shows a
consistent flow rate of NH; entering the AMIS® plant, and this is mainly
for two reasons. The first one is that the temperature of the gases
exiting the condenser is too high because the cold water temperature
is not lower than 27.3 °C (parameter imposed by the design of the dry
tower), compared to about 24 °C of the water exiting the wet tower
in BG4. Secondly, the surface equipment is unable to pull the vacuum
like the corresponding direct-contact unit. Hence, setting the turbine
exhaust pressure, and, therefore, the working pressure of the condenser,
equal to the one in the other configurations where there is a direct-
contact mixing results in bad environmental performance. Therefore,
an increase in the turbine exhaust pressure has been considered at the
expense of energy production. On the other hand, further consideration
regarding this evidence should be made with respect to the energy
analysis. In general, using the working pressure as in BG4 model, the
gas flow rate that leaves the condenser is very high (about 43 t/h). This
induces a high consumption of the compressors of the gas extractor
group as well as the practical inability of treating such a flow rate.
Vice versa, the very low liquid flow out of the condenser causes a
practically negligible electrical consumption for the circulation pump.
It is therefore clear that the entire energy balance of SDry can be
modified by acting on the condenser and thus making it comparable
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Fig. 5. PFD of the geothermal power plant alternative configuration SWet.

with that of the other configurations. Given the above considerations,
it is necessary to revise the hypotheses made previously in Section 3.2,
and, in particular, the turbine exhaust pressure is set to 8.237 kPa.
Since when slightly raising the working pressure of the condenser
the environmental performance has considerably improved, the results
produced with these modifications are the ones compared with the
other configurations (see Table 6). The complete Heat and Material
Balance for SDry is shown in Section C of the SI.

4.3. Surface condenser and wet towers (SWet)

A PFD of the simulated process SWet is shown in Fig. 5. With
respect to the basic configuration BG4, the only change that should
be highlighted in the SWet setting is the replacement of the direct-
contact condenser with a surface condenser. As already seen for the
configuration SDry, the condenser is split into two parts, but in this case
the heat exchanger has been dimensioned with a minimum delta T ap-
proach equal to 5 °C. Once out of the separator, the two liquid streams
exiting the condenser are mixed together and pumped at atmospheric
pressure to the evaporative tower, in analogy with the basic setup BG4.
The air flow entering the evaporative tower has been adjusted using an
Adjust block as seen for the BG4 model. Both the air characteristics
and the target flow rate of the emitted gas have been taken from the
winter conditions references. It is emphasized that in this case, unlike
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the BG4 model, there is a high emission of NH;. This is because in the
surface condenser there is no injection of acid for neutralization, as it
is in the direct-contact unit. An assessment of whether and where to
acidify the stream could be relevant for emissions purposes. Moreover
another aspect to take into consideration is the fouling problem in the
heat exchanger. As a matter of fact, in this case, the fluid in the tube
side is still the geothermal water exiting the wet tower and not the cold
utility as in the SDry configuration, with a consequent cost increase in
equipment maintenance. The complete Heat and Material Balance for
SWet is shown in Section D of the SI.

4.4. Organic Rankine Cycle (ORCDry)

A PFD of the simulated process ORCDry is shown in Fig. 6. It is
to be underlined that differing from normal binary cycles in which
the geothermal fluid contains a limited content of non-condensable gas
(<0.5%~-1%), the one considered (see Table 2) does need an abatement
system to avoid working at very high pressures. Therefore, according
to the scheme proposed by EGP on these considerations the simu-
lated model is built as follows. The geothermal fluid enters a cooler
which simulates the transfer of heat from the geothermal fluid to an
Organic Rankine Cycle (ORC) for the production of electricity. This
cooling takes place under pressure (1600 kPa) and lowers the fluid
temperature up to 70 °C. The two-phase fluid enters a separator which
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divides the gaseous stream from the liquid one. The gaseous current,
mainly composed of NCG, goes towards an expander which brings it
to atmospheric pressure, producing energy before entering the AMIS®.
On the other hand, the liquid stream goes under pressure to an air
cooler which cools the process stream to 30 °C. The pressure losses
on the process side have been imposed equal to 100 kPa. The air inlet
temperature to the fan is 9 °C as the reference conditions are still the
winter ones. The air flow rate has been selected in such a way that there
is no temperature crossing in the exchanger, and therefore imposed
equal to 5 - 10° m3/h (actual value). The liquid stream leaving the air
cooler is pumped directly to the head of the C-2 column. Finally, as for
configuration SDry, both streams exiting the C-2 separator leave the
process, the gaseous one as emissions, and the liquid one is re-injected
into the well.

This is definitely the configuration that most differs from the ac-
tual one, among all the alternatives analyzed. The ORC has not been
explicitly simulated, but replaced by a heat exchanger that cools the
geothermal fluid and lowers its pressure slightly. This is because, to
study the emissions of pollutants into the atmosphere, it was not consid-
ered necessary to simulate the entire organic cycle. The heat generated
in this exchanger corresponds to the heat acquired by the organic fluid
(e.g. n-pentane) which then goes to expand in the turbine and generate
electricity. Therefore, the electrical power actually generated by the
ORC can be calculated simply from the thermal power obtained from
the exchanger after appropriate conversion with energy efficiencies.
The great quantity of H,S emitted comes directly from the liquid side
of the process and derives from the separation under pressure (see
Table 6). Also, a great amount of NH; can be seen in the water but
most of it is then consumed in the C-2 column to absorb SO,. Finally,
the complete Heat and Material Balance for ORCDry can be found in
Section E of the SI.

4.5. Configuration comparison

To better compare the results obtained, Table 6 reports the flow
rates of the pollutants of interest for this study in the input stream to
the AMIS® plant, that is the part of the GPP common to all settings.
5. Results analysis
5.1. Energy performances

For a comparative study of the different simulated configurations, it

is important to analyze the GPP performance in terms of net energy pro-
duction and understand which one is more convenient. Hence, to best
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compare the results obtained, the contributions given by the various
power producer/consumer components in the different configurations
are reported in Table 7, for which some remarks and clarification are
needed.

First, as explained in Section 4.4, the production of electricity in
configuration ORCDry is carried out by the organic fluid in the ORC
itself. Therefore the nature of the turbine is also different from the
steam turbine used in the other configurations. Hence, the turbine
power value shown in Table 7 is the electrical power calculated from
the thermal power transferred by the geothermal fluid to the organic
fluid of the ORC, as follows:

Pow, = Pow,, - fly, = 93.13 - 0.23 = 21.42 MWe 5)

The efficiency #,,, that converts the thermal (Pow,;,) into electrical
(Pow,) power is conservatively calculated from the data and informa-
tion contained in EGP documents.

Secondly, the powers consumed by the dry towers in DCDry and
SDry and by the air fan in ORCDry are calculated from the thermal pow-
ers extracted from the simulator. Specifically, the electrical-thermal
conversion efficiency is calculated as follows. From Table 5, in the
reference setting, the fans consume 1300 kW for removing 70.7 MW,
of thermal power with an air inlet temperature of 22.3 °C, while the
one used in the simulations is 9 °C for consistency with the winter
conditions selected. This means that the air flow needed at 22.3 °C to
cool down the process stream from 36 °C to 27.3 °C it is conservatively
higher than the one used in the simulation. Ultimately, by calculating
an efficiency equal to:

LI MWe _ 0184 6
n = —— 88— = ().
DryCooler 70.7 MWth
the electric power consumption is obtained in the following way:
Powe,DCDry =57.12 MWy, - NDryCooler = 1.051 MW, %)

PowesSDry =73.20 MWy, - NDryCooler = 1.346 MW,

Making an approximate and conservative estimate, we can also con-
sider the ORCDry fan with the same efficiency as the dry tower,
therefore:

Powe,ORCDry = 06296 MWy, - NDryCooler = 0.116 MW, ®

Lastly, the power consumption of the wet towers is converted into
the power consumption of the fans. It should be considered, however,
that it was not possible to directly calculate the power of the evapora-
tive towers, due to the lack of reliable pressure loss data. In particular,
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Energy analysis of the various configurations. The typology indicates producer (P) or consumer (C). The quantities shown are
all mechanical powers (at the axis) in MW. The quantities not directly obtained from simulation but calculated are detailed

within the equations indicated.

Component Typology BG4 DCDry SDry SWet ORCDry

Turbine P 23.81 23.81 23.4 23.81 21.42 (5)

Compressor 1st stage C 0.448 0.451 0.557 0.391 -

Compressor 2nd stage C 0.719 0.798 1.059 0.688 -

Condenser water pump C 0.185 0.674 0.004 0.019 -

Dry Tower C - 1.051 (7) 1.346 (7) - -

Water cycle pump C - - 0.254 - -

Expander P - - - - 0.0917

Air Cooler C - - - - 0.116 (8)

Wet Tower C 0.450 - - 0.450 -

Net Power 22.01 20.83 20.17 22.26 21.39
Table 8

since the cooling tower was modeled as an absorption tower, it was
not possible to calculate the power absorbed by the tower fans from
the simulations, and, therefore, conservative considerations have been
applied. From available EGP data and as stated in [12], the registered
consumed power of the fans is quite steady varying the tower air
flow in Nm3/s, that is, the maximum shift around the mean value
of consumption is a few percentage points. For this reason and to
be conservative, the power consumption of the wet towers has been
calculated using the nominal power of three cells: 150 kW-3 = 450 kW
= 0.45 MW.

Hence, analyzing the results shown in Table 7, the best technical
performance in terms of net electricity produced, is obtained for con-
figuration BG4 and SWet, i.e those using the evaporative tower as a
vent into the atmosphere. In addition, it would be necessary to deepen
the study on the consumption of dry towers. Improvements in the
sizing of such equipment that allow a decrease in the estimated power
consumption, in fact, could become crucial and make configurations
DCDry and SDry competitive from an energy point of view. In fact, if
simple calculations are carried out based on the dry tower design data
in Table 5, the following results can be obtained.

The nominal air flow to absorb 70.7 MWth at a temperature of
22.3 °C is equal to:

F,.=v

air

w0 Aot * Neoyt =3 - 3600 - 586 - 10 = 6.33 - 10’ m*/h 9)

By imposing the air flow F,;,. in the simulator, the following exchange
coefficient is obtained: U A° = 4.04-107kJ/(°Ch). At this point, the head
losses AP of the tower on the air side can be calculated as follows:

1.3 MW, - 0.85 - 3600 s/h

= = 0.063 kPa
6.33-107 m3/h

Pow,, Pow, - e
F,, ~F

air air

AP =
(10)

where 7,,, is the transformation efficiency from electricity to mechan-
ical energy. Hence, by setting in the simulator the air temperature
considered in Sections 3.6 and 4 and equal to 9 °C, the air flow rate was
varied until the exchange coefficient calculated was as close as possible
to the one obtained for the reference case (U A?). Then, imposing an air
flow rate equal to F/, = 1.015 - 10’m3/h a global exchange coefficient
equal to UA’ = 4.05-10’kJ/(°Ch) is obtained, with a deviation from the
reference case of 0.2%. Considering the same pressure drops obtained
from the nominal case and the same efficiency value, the consumed
electric power is as follows:

. Fi. AP 1015107 m/h-0.063 kPa

Pow, = 053 = 208.4 kW,

an

Nm2e
Finally, it can be seen how the power absorbed by the dry tower is
very underestimated using this procedure, and also how the power itself
varies significantly with the variation of the environmental parameters.
It is therefore considered more conservative to use the procedure shown
in Table 7.

Environmental analysis of the various plant configurations analyzed. The reference
stream is the emission into the atmosphere of the various configurations (wet tower or
C-2 column), while Total Dry indicates the total dry flow rate (free of H,O).

Flow rate BG4 DCDry SDry SWet ORCDry
H,S [kg/h] 7.67 1.78 1.72 2.56 42.5
NH; [kg/h] 20.3 0 8.54 58.89 5.03
Hg [g/h] 0.66 0.94 0.185 0.26 2.5

SO, [kg/h] 0 7.19 0 0 0

CO, [kg/h] 9514.6 9514.9 9455.8 9507.9 9400.5
CH, [kg/h] 278.95 278.95 278.95 278.95 278.95
Total Dry [kg/h] 10653" 10628 10569 106667 10612

5.2. Environmental performance (Emissive scenarios)

To fully compare the results obtained and evaluate the different
emissive scenarios, Table 8 reports the atmospheric emissions of the
pollutants considered in this study. Together with the one entering the
AMIS®, this stream is common among all configurations and therefore
can be taken as a reference for environmental performance comparison.
We underline once more how the geothermal well considered is the
same for all simulations, that is, the composition of the inlet stream
is shared among all the modeled configurations. The gas flow rate for
the configurations with wet towers, BG4 and SWet (identified with t in
Table 8), has been calculated as the difference between the tower outlet
gas and the tower inlet air streams, which values are fully reported in
the corresponding section (see Sections A and D of the SI). The dry
total is then obtained by removing H,O from the resulting difference
stream. From the analysis of Tables 6 and 8 different considerations can
be stated. The amount of H,$S treated by the AMIS® is quite comparable
in all 5 settings, except for ORCDry. As anticipated in Section 4.4, this is
due to the high pressure (16 bar) at which the equipment that separates
the gaseous stream, mainly composed of NCG, and the condensed phase
operates. This leads to dissolving a large quantity of H,S in the water
which, by stripping in the C-2 column, is found in such large quantities
in the emissive stream.

Regarding the NH;, we underline how in the inlet stream to the
AMIS® for DCDry there is a quantity of two orders of magnitude higher
than the corresponding one of the actual configuration BG4. The reason
is that with the use of the wet tower (BG4) the emission of NH; into the
atmosphere is about 20 kg/h and this allows to have around 240 kg/h
at the condenser inlet. Instead, when employing the dry tower (DCDry),
the NH; is trapped in the process scheme because it is all consumed by
SO,. The consequence is that the quantity circulated to the condenser is
much greater than in the actual case (about 2300 kg/h). Given this, the
44 kg/h entering the AMIS® recorded for DCDry configuration is linked
to the 94 kg/h that leaves the condenser, representing approximately
4% of the NH; circulating in the water. Although both configurations
SDry and SWet are equipped with a surface condenser, in SDry much
more NH; reaches the AMIS®. As anticipated in Section 4.2, the tem-
perature of the outlet gases from the condenser is governed by the cold
water temperature which, in SDry setting, is not lower than 27.3 °C as
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imposed by the dry tower design. Oppositely, the wet tower in SWet
guarantees outlet water that is approximately 3 °C colder than the
previous case. This difference influences the solubility of the substances
in the condenser and results in a more significant transfer of NH; to
the gas phase for SDry. In addition, another substantial difference is
in the emissions of NH; between BG4 and SWet. In the latter, the
amount of NH; emitted is about three times compared to the actual
setup. This is mainly due to the use of the surface condenser and the
consequent impossibility of introducing an acid stream directly into the
equipment. In this specific case, an equivalent amount of SO, equal to
73 kg/h would be enough to reach the NH; emissions in the actual
configuration. It should also be considered that the actual amount of
sulfuric acid used for BG4 and reported in EGP data, converted into
equivalent SO, is approximately 86 kg/h.

Configuration DCDry is the only one that presents a problem with
the emission of SO,. Precisely, for what has been said regarding the
large quantities of NH; circulating in the plant water, the water stream
used for washing the C-2 column, in this case, is approximately 230
m?/h containing around 103 kg/h of NH,. If we add these 103 kg/h
to the 44 kg/h entering the AMIS®, a total of 148 kg/h of NH; has to
neutralize about 294 kg/h of SO,. This is the reason why in this case
the NH; is the limiting reagent, and, therefore, SO, emissions can be
found. The possibility of basifying the C-2 column should be considered
in this case; in particular, in terms of stoichiometric NHj, it would take
13.3 kg/h to completely break down the excess SO,.

Additionally, all the scenarios analyzed emit a dry gaseous stream
of equal flow, for the most part composed of all the CO, that enters
the turbine from the well. Small differences in the flow rates of a
numerical nature are generated by the solver used within the simulator,
nonetheless, they still fall within the predetermined tolerances. CH,
suffers a similar fate, which is all emitted as a gas, representing the
second major component of the emissive current. Therefore, there are
no obvious differences in the emissions of greenhouse gases among the
various configurations.

Given the considerations made, the best result in terms of pollutant
emission is obtained with two configurations. In DCDry the emission
of SO, does not have the toxicity levels of H,S and Hg and it can
be controlled with a slight alkalinization of the C-2 column; while
in SDry the modest emission of NH; can be eliminated with slight
acidification of the C-2 column, maintaining emissions of H,S and Hg
are the lowest among all the configurations considered. It can be noted
that although the ionic equilibria in the aqueous phase have not been
considered, the methodologies implemented to simulate the acid-base
reactions, and therefore better represent the distribution of the gaseous
species as a function of the pH of the process waters, have always
been conservative. As a matter of fact, when SO, emissions are present,
those of NH; are not and vice versa, always representing the maximum
deviation from standard conditions.

6. Conclusions

In a world always in need to find sustainable green energy sources,
geothermal power plants (GPPs) represent well-established possible
solutions to such a dilemma. Nevertheless, as with all energy pro-
duction activities, also GPP is not free from producing environmental
impacts, especially during the operational phase with the emission of
non-condensable gases (NCG). Life-cycle assessment (LCA) studies on
GPPs have shown the importance of primary data to build inventories
and perform reliable analyses. On the other hand, it is important to
evaluate the implications that alternative technologies solutions and
schemes of a GPP can produce in terms of impacts while performing
LCA studies. Therefore, exploiting recent results on GPP simulations
studies, a rigorous model of a real plant in Tuscany, Italy, has been
developed in UniSim Design® to evaluate the performances in terms
of environmental and net energy production of possible alternative
scenarios.
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Starting from the reference conditions of the dominant water
geothermal field of the actual GPP (40 MWe of nominal power), the
process simulation models of various possible alternative plant arrange-
ments have been formulated detailing methodologies, assumptions, and
criticalities of each one. Based on the indications of the geothermal
operator (EGP), the configurations identified for the study, in addition
to the basic setup, all share the same gas treatment plant (AMIS®), and
they alternate the use of direct-contact and surface condensers as well
as wet and dry towers for cooling down the liquid process streams. In
addition, also an ORC configuration has been considered. All problems
connected with plant engineering and management of re-injection wells
were excluded from this study.

Firstly, the model of the actual plant developed from primary data
has been reconciled via an optimization procedure with two different
datasets, each one collected by EGP under different seasonal conditions.
Monitoring four pollutants (Hg, H,S, NH3, and SO,), modeling results
have shown an adequate match with the real data with a maximum
deviation from the target under 28%, that is, the NH; emitted in
“summer” conditions (33 kg/h calculated against the target, 26.5 kg/h).
The largest underestimation (11%) in the emitted quantities is for Hg
in “summer” conditions, that is 0.8 g/h calculated against 0.9 g/h
measured.

Then, a performance comparison of the four alternative config-
urations simulated has been developed based on quantities emitted
and net energy produced. For the sake of brevity, only a comparison
based on “winter” conditions has been portrayed. The four alternative
configurations of the GPP have all been built using the same tuned ther-
modynamic properties to better represent the behavior of the various
pollutants in the various streams and process operations, therefore the
results of the simulations are all dependent on the assumptions and
methodologies applied. The best results from an environmental point
of view are obtained when substituting the wet with the dry tower
as a cooling system in which the emissions come from the AMIS®.
In particular, a reduction of around 77% in the emitted quantity of
H,S is reached, that is 1.72 kg/h in the best case (dry tower and
surface condenser) against 7.67 kg/h measured in the real GPP. Also,
the quantities of Hg and NH; emitted are much lower than the actual
setup and the latter ones can be eliminated with slight acidification of
the absorption column in the AMIS®. On the other hand, by substituting
the surface condenser with a direct-contact one, emissions of SO, are
encountered (7.19 kg/h) that can also be easily eliminated by adjusting
the alkalinity in the last unit of the AMIS®. Furthermore, greenhouse
gas emissions (CO, and CH,) are not affected by the configurations
changes since they depend exclusively on the amount of such gases in
the well fluid. CO, is always the main component in the dry gaseous
stream emitted covering 89% of the total flow rate, while CH,, with
almost 280 kg/h, accounts for 2.6%.

A trade-off between environmental performances and net power
generation has been evidenced. In fact, the dry towers in both con-
figurations consume more than 1 MWe, specifically, 1.051 MWe for
the direct-contact condenser and 1.346 MWe when the surface one
is employed. Therefore, the best energy performances come from the
configurations with the surface condenser but with the wet tower as a
cooling system. The main gain over the basic setup is given by a lower
gas flow rate that is entering the AMIS®, causing energy savings on the
gas extractor motor. It is also underlined that the analysis portrayed
did not include economic aspects such as energy sales prices, network
structure, and any benefits that can be applied.

To conclude, this study showed that to properly evaluate GPPs
performances, especially when alternative possible configurations are
being considered and thus primary data are not an option, rigorous
simulation can be a useful tool to extrapolate information and deepen
the general notion of a trade-off between environmental and energetic
performances.
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