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SUMMARY
The present study investigates the surface equipment design for Castelnuovo power plant including
the facilities required for the power cycle and the complete reinjection of the two-phase geothermal
fluid (water and NCGs). The proposed technical solution describes the configuration for the closedloop ORC power cycle, for the NCGs compression train and for the reinjection process at the wellhead.
The models developed include steady-state and dynamic conditions. The steady-state model is
developed to find out the correct operating solutions and conditions, while the dynamic model can be
used to study the unsteady behavior of the system. The overall design is analyzed for two capacities:
main power plant and scaled-down test skid unit.
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1. INTRODUCTION
Geothermal Energy is experiencing a continuous growth in the last 50 years, having been
acknowledged as an attractive renewable resource, whose utilization with a correct perspective can
ensure a sustainable development.
The commitments made by European Union countries on the reduction of energy produced by fossil
fuels up to 2030 through the agreements signed in the three COPs of Paris (December 2015),
Marrakech (November 2016) and Katowice (December 2018) will contribute to the containment global
warming and beneficial effects on energy saving. Within this scenario, geothermal energy represents
a clean resource, which is positioned to play an important role in mitigating global climate change,
fostering a reduction of greenhouse and other gas emissions by replacing fossil fuels for power
generation (Afgan, N.H. and Carvalho, M.G., 2002 [1]). Therefore, the role of geothermal energy in the
forthcoming decades is of fundamental importance for guaranteeing clean energy consumption in
compliance with the commitments made on decarbonisation undertaken at international level: overall
containment within agreed limits (max + 2 °C compared to pre-industrial values period).
Geothermal power plants emit very limited amounts of pollutants (mainly H2S, NH3 and in some cases
Hg), with available solutions for emissions treatment; a wide scatter among different plants and sites
is documented in terms of greenhouse emissions (from 100 to over 800 g/kWh, compared to 375-1000
g/kWh for fossil-fuel power plants). However, it is questionable whether these greenhouse emissions
would anyway – at least partially – reach the surface, and substitution of fossil-fuel electricity
production with geothermal is anyhow positive (Di Pippo, 2007 [2]; Bertani and Thain, 2002 [3];
Manfrida et al. 2016 [4]; Kasameyer, 1997 [5]). Sustainable development of geothermal resources
requires methods and tools to control their environmental impacts (Eylem K. et al. 2018 [6]). Several
countries, such as Italy, which has an over-100yr tradition in using the geothermal resource, are
making substantial efforts to bring down emissions levels. Geothermal energy plays relevant roles in
Europe for the production of electricity and for direct applications.
The use of geothermal energy is certainly appealing where high-quality natural resources exist.
However, also mid- and low-temperature resources have demonstrated their attractiveness for
production of both heat and power; while the recent development of Enhanced Geothermal Systems
(EGS) is promising the possibility of using geothermal energy also where the natural availability of the
hydrothermal geo-resource cannot be ensured.
Nowadays, most geothermal power plants are based on the flash steam cycles technology: this means
that the resource (geothermal brine, from here on called geo-fluid) is originally under pressurized
liquid state in the reservoir. A pressure reduction (which may take place either within the well or into
a separator as a part of the surface equipment, – the latter with adjustable pressure) determines the
generation of saturated steam, which is directly expanded into a steam turbine (Di Pippo, 2012 [7]).
Some locations rely on a superheated (or saturated) direct steam resource; this is the case of the
historical site Larderello-Travale in Italy (Di Pippo, 2015 [8]). A small number of plants are applying
binary cycles technology belonging to Organic Rankine Cycles (ORC). Here, the working fluid is a
chemical substance or mixture (usually a suitable hydrocarbon; in some cases, refrigerants or
siloxanes) which is flowing in a secondary loop, heated by the geo-fluid in liquid or two-phase
condensing conditions (Fiaschi et al., 2017 [9]).
Since the eighties, reinjection of the liquid brine is extensively practiced in geothermal fields: this has
simplified the task of maintaining the resource for long-term utilization, as is demonstrated in some
relevant cases (Kaya et al., 2011 [10], Diaz et al., 2016 [11]). As the geo-resource is also generally used
as a coolant in a wet tower/condenser arrangement with extensive recirculation, evaporative losses
of water are consistent and make-up water must often be provided externally.
8
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Even though most of the geo-fluid is water, a problem arises in connection with the presence of NonCondensable Gases (NCGs). Most of these are Carbon Dioxide (CO2), but minor constituents are
present, such as H2S, CH4, NH3, and Boron. Moreover, depending on the properties of the rocks, the
geo- resource is very rich in salts and sometimes minor contaminants (heavy metals, such as Hg;); the
presence of salts is technically important, because it can put limits on the lowest allowed reinjection
temperature, which cannot be too low in order to avoid precipitation of salts (Zarrouk et al., 2014
[12]). At present, NCGs are directed to the wet cooling tower, which has a highly buoyant plume and
allows a good dispersion of gases. In Italian power plants, contaminants are effectively removed
before mixing at the tower, using a modern chemical scrubbing process, namely AMIS ®, (Baldacci et
al., 2005 [13]). However, the Italian resource has typical CO2 levels from 2 to 8% or more, determining
a greenhouse emission factor, in strict terms, in the range between 100 and 400 gCO2/kWh (Sullivan
et al., 2010 [14]). This is indeed a “natural” emission, part of which would probably reach the surface
anyway because of natural fracture patterns (Bruscoli et al., 2015 [15]). However, it is true that local
utilization of geothermal energy determines a preferential pathway for releasing larger flow rates of
CO2 to the atmospheric environment (the upper values are close to those of advanced natural gas
fuelled power plants).
For the above reasons, taking advantage of a favourable scheme of incentives applied by the Italian
government for resources having such difficult conditions for utilization, a number of new operators
on the power market are proposing new solutions for the conversion of geothermal energy: these are
based on ORCs but include the complete reinjection (or mineralization) of CO2.

2. SPECIFICATIONS OF ITALIAN TEST SITE (CASTELNUOVO)
2.1 Geological context
From a geological point of view, the area inherent in the "Castelnuovo" permit includes the eastern
part of the Pliocene Basin of Anqua-Pomarance, affected by structures attributable to a tectonic type
of relaxation.
The availability of geological, geophysical and well data made possible the creation of an integrated
three-dimensional model of the "Castelnuovo" permit, which highlights the geometries of the
structures and formations (Figure 2-1).

Figure 2-1-Position of Castelnuovo concession, Geological model of the "Castelnuovo" permit [16]
9
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From a geothermal point of view, the assessment of the reconstructed heat flow trend for the entire
Larderello-Travale area highlights how the Montecastelli Pisano area (in which the "Castelnuovo"
permit falls) is characterized by values between 100 and 300 mW/m2 on average (Figure 2-2).

Figure 2-2-Heat flow distribution expressed in mW/m2 [17]

The availability of data from numerous exploratory and/or productive wells made possible the
definition of the geometrical characteristics and temperature of the geothermal tank defined as deep.
On the basis of the available data, the area of interest for production is located in the southern sector
of the "Castelnuovo" permit, in a strip located about 800 m east of the Montecastelli 1 well. The main
geothermal objective is located between 3000 and 4000 m deep within the complexometamorphic
formations.
The southern sector has a geothermal gradient of 1°C/10m that would allow to reach temperatures
even higher than 300°C at the depths identified as the geothermal target.
In order to guarantee the production of geothermal fluid necessary to feed the planned plant, 2
production wells are planned, pushed to a depth of about 3500 m. The first well will be built with
vertical geometry, the second, instead, starting from a depth of about 400 m, will be diverted by 16 °
on the vertical with azimuth 220 ° in order to intersect the structures mentioned above and reach a
depth of 3500 m.
The re-injection has been planned in order to avoid thermal influences related to the re-injection of
the fluid. In particular, it is planned to build 1 well from the same location as the production wells, but
with geometry deviated towards N-NE in order to reach the metamorphic base at a depth of about
3000 m and at a distance from the production wells such as to avoid influences related to the reinjection of the fluid in the same formation of withdrawal.

10
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2.2 Resource conditions
The Castelnuovo pilot concession is aimed at demonstrating the possibility of complete reinjection of
the resource (brine and NCGs) in the local geothermal reservoir. According to Italian laws, these pilot
plants must be limited to 5 MWe power output. The Castelnuovo reservoir, however, is considerably
large, so that the preliminary reservoir simulations have shown that it has the capacity of effectively
retaining the reinjected gas flow rate, which – with careful management – should be confined into the
permeable rock porosity or in local gas cavities, helping to maintain the original reservoir pressure.
The resource is expected to be saturated vapour at a pressure within the 60-80 bar range, 280°C
temperature at about 3500 m depth. At well head, the expected resource conditions are 10.3 bars
pressure and 180 °C temperature. The NCG mass content is estimated at about 8%, of which about
7.8% is CO2 and 0.2% H2S. The well layout consists of 2 production and 1 reinjection wells (the latter in
proximity of the power house).

2.3 Technical solutions (ORC, gas compression+ 2-phase RW) for power
plant
In recent years, the traditional schemes for geothermal energy conversion (based on direct use of
steam or flashing high-pressure water resources) have been put in discussion, first in the low/medium
temperature applications (TGR = 100-140°). The new technology for power generation applies the
binary cycle concept, that is, an organic Rankine cycle (ORC). This solution avoids the direct use of the
geothermal fluid as cycle working fluid, and becomes particularly attractive when complete reinjection
of the resource (brine + non-condensable gas (NCG)) is considered. The operating principle of a
binary/ORC cycle is to extract the heat from the geothermal fluid through a heat exchanger and
transfer it to a low-boiling-point organic fluid or mixture. The working fluid evaporates and is expanded
into a turbine and recovered through a cooled condenser in closed cycle. Heat extraction from the
geothermal fluids can be maximized through efficient heat exchangers and by the selection of
appropriate working fluids (Vaccaro et al., 2016 [18]). Hydrocarbons have played an important role in
demonstrating feasibility of ORC technology; today, special fluids such as Siloxanes, R245fa and
R1233zd(E) can be proposed for geothermal resources below TGR = 250 °C. They are non-corrosive,
substantially non-flammable and non-reactive at the operating or ambient pressure and temperature.
Reinjection of the resource is practiced since 1980 in geothermal fields for the condensed liquid of
direct steam or flash power plants (Di Pippo, 2007 [2]). On the other hand, the geothermal fluid
contains non-condensable gas (NCG) such as CO2, which is the most common gas, typically ~ 90% of
the total NCG; plus contaminants, mostly H2S; the NCGs, are usually not reinjected but extracted from
the condensers and vented to the atmosphere (in Italy, H2S, Hg and NH3 are efficiently removed before
that by chemical treatment). Currently, important demonstration projects (CARBFIX, Wairaikei;
ContactEnergy, 2010 [19, 20]) are proving feasibility of NCG reinjection, and this technology is making
quick steps thanks to knowledge advancements in other fields (such as oil and gas, and CCS).
Reinjection of NCGs could cause problems, such as groundwater contamination and leakage of
reinjected fluid to the surface, which must be evaluated by accurate geological studies of the local
context. In practice, reinjection of NCGs has been applied to the geothermal sector in few fields and
countries (Ingimundarson, 2015; CARBFIX, 2019 [21]). The injected CO2 can be in the form of gas,
supercritical fluid or dissolved in brine. Injection of CO2 together with brine is usually preferred to
single-phase CO2 injection. The injection of dissolved CO2 into geothermal reservoirs leads to several
advantages compared to supercritical CO2 sequestration in CCS applications. A mixture of brine-CO2
improves residual entrapment, prevents geo-mechanical damage due to overpressure and avoids the
risk of gas escaping from the reservoir. Although challenging from the technical point of view, the
11
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reinjection of CO2 can be useful in the production of steam because the presence of CO2 in the fluid
preserves the pressure of the flash point of the fluid mixture, promotes boiling and enhances the
enthalpy of the fluid produced by the reservoir (Kaya and Zarrouk, 2017 [22]).

3. CASTELNUOVO PLANT LAYOUT
3.1 Power Cycle
The scheme of the wells/power cycle arrangement is shown in Figure 3-1. A subcritical recuperative
ORC power cycle using R1233zd(E) as working fluid is fed by the geo-fluid through a condensing heat
exchanger (MHE). MHE is pressurized at about 10 bars. Within MHE, the NCGs are released at the top
while the condensed brine is released from the bottom and directed to the reinjection wells.
43
IC1
6

T

55

44
41

40

53
C1

5

7

30

45

52
C2

C3
46

PreC

4

MHE

54

42

A

3

IC2

RHE

51

50

8

31

CON
9

21

20
2

56

57
PC

1
P

RGLV

Figure 3-1-Schematic of Castelnuovo power plants and wells/NCG reinjection arrangement

The reduced scale of the surface facility is considered with the assumption that the capacity is 16% of
the main plant. Thus, the test-skid would be designed based on a feed capacity of 3 kg/s: the overall
solution is very similar to that of the final plant. An additional gas purification is considered for the test
skid because of probable use of small compressors intolerant of acid gases; possible solutions are
discussed in a separate section on gas purification.

3.2 Reinjection Equipment (surface)
The operating scheme adopted in Castelnuovo is original and considers a novel technology for CO2
reinjection. An intercooled compressor train (three stages in the present configuration) powers the
gas reinjection. Intercooling allows limiting the compressor power; moreover, in the first cooling
stages (pre-cooler PreC and intercooler IC1) most of the water vapour is condensed; this further limits
the required power, and simplifies some technical issues as part of the H2S (and CO2) is retained in the
liquid.
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3.3 Reinjection well
The well completion considered is made up of a central tubing and a casing (Fig. 3-2). Along the inner
tubing several points of injection (using specific valves) are installed to connect the annular space and
the tubing. Water is injected in the tubing, while gas in the annular space flows through valves and is
mixed at depth with water in the tubing. Depending on the reservoir injectivity and the initial reservoir
pressure that may be largely lower than the hydrostatic pressure for geothermal steam reservoirs,
such as in Tuscany, Italy, the water column may not reach the wellhead, when water is injected at
constant flow rate. In that case, a “free fall” section is present at the top part of the central tubing. To
allow gas injection in the water phase, at least one open injection valve has to be located below the
water level. The use of multiple injection points provides flexibility to operate in different situations,
to facilitate the start-up operations and to secure the gas entrainment with the gas-liquid downward
flow. The detailed description and the functioning of the reinjection well under these particular
conditions of steam deep reservoir as well as calculation results is actually the object of a dedicated
deliverable due in March 2020. More details will be included in the specific report (WP2, Deliverable
2.4).

Figure 3-2- Injection well configuration [source of the left figure: http://ifpenergiesnouvelles.fr]
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4. MODELS
4.1 Thermodynamic model of the ORC cycle
The design ORC configuration for the Castelnuovo Val di Cecina site is shown in Figure 3-1. The ORC
scheme is recuperative, basically composed of a pump, a turbine, a condenser, an evaporator and a
recuperator. The model of the whole power plant was developed in EES programming environment
(Nellis and Klein, 2019 [23]), taking advantage of the thermodynamic properties package, available for
different working fluids.
The power plant calculations were based on standard steady state mass and energy balances for open
systems. The working fluid properties were taken from EES (real fluid), while specific models were
developed for accurate calculation of the geo-fluid properties (depending on the CO2 content, as
presented in Section4.2), using lookup tables to transfer the data to the ORC simulation code. With
reference to the overall system, the following assumptions were considered in the analysis:
• All the processes for system and sub-systems are steady state.
• All turbines and all pumps are adiabatic devices.
Negligible pressure losses occur in the components of the Organic Rankine Cycle and in its piping
system. Neglecting the changes of kinetic and potential energies, the mass and energy balance
equations in the steady state condition can be applied to each component as follows:
∑ 𝑚̇𝑖 = ∑ 𝑚̇𝑒

(4-1)

∑ 𝑄̇ + ∑ 𝑚̇𝑖 ℎ𝑖 = ∑ 𝑊̇ + ∑ 𝑚̇𝑒 ℎ𝑒

(4-2)

𝑄̇ and 𝑊̇ represent the heat and work transferred across the component boundaries, while 𝑚̇ and ℎ
are the mass flow rate and the specific enthalpy of the streams.
The net produced power by the ORC cycle can be expressed as:
𝑊𝑛𝑒𝑡 = 𝑊𝑡 − 𝑊𝑝 − 𝑊𝑐

(4-3)

The resource mass flow rate was estimated by the energy balance between the geothermal brine and
the working fluid:
𝑚̇𝑏𝑟𝑖𝑛𝑒 = 𝑚̇𝑂𝑅𝐶

ℎ6 − ℎ3
ℎ30 − ℎ31

(4-4)

The mass flow rate of the ORC was obtained fixing the net power output of the turbine at 5 MWe. The
conditions are in line with the Italian laws. Legislative Decree no. 22/2010, amended by Legislative
Decree no. 28/2011 and by article 28 of the Law Decree of 18 October 2012, n. 179 has provided that
in order to promote research and development of new geothermal power plants with reduced
environmental impact, geothermal fluids with medium and high enthalpy are considered to be of
national interest for the purpose of testing pilot plants with reinjection of geothermal fluid in the same
formations of origin and with nominal installed power not exceeding 5 MWe for each plant [24] .
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4.2 Models for thermodynamic properties of the resource
As a part of Task 2.3 the research of Duan et al. (2003) [25]– which is one of the most reliable sources
for CO2 solubility in brines at high pressures and temperature - was replicated by UNIFI in order to be
used and evaluate for the current research. Figure 4-1 shows the CO2 solubility prediction for the wide
range of pressure and temperature. In general, molality of CO2 gets higher with increasing pressure.
On the other hand, the behaviour of molality vs. temperature varies depending on the operating
pressure. Specifically, at high pressure the molality of CO2 has a minimum, which is not present at low
pressures.

Figure 4-1-Duan Z. and Sun R. (2003) Model reworked at UNIFI.Water+CO2 only (no salts at present; no acid gas)
Equilibrium calculations.

The solubility model developed in Task 2.3 was completed with the evaluation of the thermodynamic
properties necessary for characterization of the brine (Colucci et al., 2019 [26]), in order to be used in
WP4.
Most optimization studies for geothermal power plants are performed assuming that the geothermal
fluid is pure water. In the present case, the resource (Castelnuovo Val di Cecina site, Italy) is in
saturated steam conditions with an expected NCG mass content of about 8%. While transferring heat
to the binary/ORC circuit, the steam is condensed and most of the gas phase is composed of CO2,
which must be compressed and reinjected at a suitable depth in the reinjection well. Thus, it is
necessary to be able to treat the complete water/steam two-phase region including CO2 dissolved in
the liquid; the gas mixture is mainly composed of CO2, but initially there is a non-negligible steam
fraction†. For the present case, the fluid is in general a mixture of water and CO2: the temperature

†

The complete mixture also contains a small fraction of H2S and minor constituents. From the thermodynamics properties point of view necessary for

cycle performance assessment, the effect of H2S is a second-order effect and can be neglected – as well as that of trace components of the mixture. The
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range considered for the assessment of thermodynamic properties extends from 10 °C to 260 °C, with
a production wellhead pressure of about 1000 kPa. The geothermal fluid chemistry, density and
boiling-depth relationships are controlled, to some extent, by the concentration of carbon dioxide
(Mahon et al., 1980b [27]). A reservoir fluid with > 2% CO2 in mass experiences the H2O phase
transition at larger depth than a low-gas geothermal fluid having the same temperature. The effect of
the gas on the depth at which boiling first occurs is the greatest in the range 150-200 °C, where the
solubility of carbon dioxide into the liquid phase shows a minimum.
The partial pressure of carbon dioxide decreases with increasing temperature (Arnorsson et al., 1982
[28]) for carbon dioxide composition beyond 2% in mass in a H2O-CO2 mixture. Figure 4-2 shows the
partial pressure of CO2 as a function of temperature at 1000 kPa.

Figure 4-2- Partial pressure of carbon dioxide of a geothermal fluid from 0.5% wt. to 8% wt. CO2 versus temperature at
1000 kPa total pressure.

In order to evaluate the potential of water as carbon dioxide absorber, the solubility of CO2 in water
at different temperatures and pressures was investigated by different Authors (Kohl and Nielsen, 1997
[29]; Duan and Sun, 2003 [25]). All models agree that the CO2 solubility decreases with increasing
temperature, certainly up to a pressure of about 10 MPa.
Considering that the pressure conditions for the Castelnuovo Val di Cecina site are moderate (1000
kPa at production wellhead) with respect to the critical pressures of both fluids, it was considered
sufficient to approach the CO2-H2O mixture properties with a third-order EOS model. This choice also
derives from the fact that the thermodynamic model solves the system with high efficiency and
reliability, with very reduced calculation time.
The property package was implemented in Unisim Design (Unisim, 2018); Peng-Robinson (PR) or
Soave-Redlich-Kwong (SRK) EOS were considered. The vapor-liquid equilibrium (VLE) and the
enthalpy/entropy are calculated by means of the EOS. The Peng-Robinson EOS supports the widest
range of operating conditions and the largest variety of systems; it is convenient for geothermal fluids
as it allows to incorporate experimentally-tuned coefficients for the interaction parameters of CO2 and

comparison for power cycle performance is thus set using real fluid properties for the H2O-CO2 mixture. In other models used in the following, the
composition was treated including H2O, CO2 and H2S adopting third-order EOS modelling.
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H2O. The following Table 4-1 provides a list of the equations used in UniSim Design for the PR EOS
modelling the geothermal fluid.
Table 4-1- Equations used in geothermal fluid modelling with Unisim Design (PR EOS)
𝑹𝑻
𝒂
−
𝑽 − 𝒃 𝑽(𝑽 + 𝒃) + 𝒃(𝑽 − 𝒃)
𝒁𝟑 − (𝟏 − 𝑩)𝒁𝟐 + (𝑨 − 𝟐𝑩 − 𝟑𝑩𝟐 )𝒁 − (𝑨𝑩 − 𝑩𝟐 − 𝑩𝟑 ) = 𝟎
𝑷=

where:
b=

𝑁

∑ 𝑥𝑖 𝑏𝑖
1=1

bi =
a=

0.077796
𝑁

𝑁

𝑅𝑇𝑐𝑖
𝑃𝑐𝑖
0.5

∑ ∑ 𝑥𝑖 𝑥𝑗 (𝑎𝑖 𝑎𝑗 ) (1 − 𝑘𝑖𝑗 )
𝑖=1 𝑗=1

ai=
aci=
αi0.5
mi =
A=
B=

𝑎𝑐𝑖 𝛼𝑖
(𝑅𝑇𝑐𝑖 )2
𝑃𝑐𝑖
1 + 𝑚𝑖 (1 − 𝑇𝑟𝑖0.5 )
0.37464 + 1.54225𝜔𝑖 − 0.26992𝜔𝑖2 if 𝜔𝑖 > 0.49
else 0.379642 + (1.48503 − (0.164423 − 0.016666𝜔𝑖 )𝜔𝑖 )𝜔𝑖
𝑎𝑃
(𝑅𝑇)2
𝑏𝑃
𝑅𝑇
0.457235

For the purpose of this application, which deals with a mixture condensing H2O at a fixed pressure of
1000 kPa, the results of the simulation of the H2O-CO2 geothermal fluid for various mass % CO2 are
shown in terms of the temperature glide during the condensation process on a T-s diagram (Figure
4-3). Pure water data from steam IAPWS formulation were also plotted for comparison.

Figure 4-3-T-s diagram of water- CO2 mixture
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4.3 Steady-state Model of the reinjection train
The process simulation of the surface facilities for the re-injection of both water and NCG is performed
by the commercial software of Honeywell UNISIM in order to evaluate the selected configuration and
already developed in EES. The thermodynamic specification of all the material and energy stream is
investigated for the compression train and the exact phase condition (quality) of the final product of
the plant is achieved. The general scheme replicates the reinjection train layout presented in section
4.1: as shown in Figure 4-4., the reinjection equipment of the main plant includes a pre-cooler, two
additional coolers, three compressor stages and a drains collector. The three-stage compressor works
on a stream which is mainly composed of CO2 (with relevant fractions of steam for C1 and C2); the
drains which are formed in the main heat exchanger (MHE), precooler and first intercooler are
collected into a pressurized line, to be reinjected into the well. A simple circulation pump guarantees
the normal flow of the drain into the well-head.
As shown in Figure 4-5, a second simulation scheme is considered for the reduced-scale test skid,
including additional gas purification equipment for the removal of the H2S. The mass fraction of H2S in
the feed of the unit is less than 0.1% in mass, and the provision of this gas treatment unit effectively
eliminates this amount of H2S in the case of the test skid, which allows the use of commercial (e.g.
volumetric or screw) compressors; on the other hand, this additional equipment has no substantial
effect on the thermodynamic design of the remaining parts. The detail of the gas treatment is
described in a separate section of the present report.

Figure 4-4- Schematic of the steady state simulation of the main plant (Feed capacity: 18 kg/s)
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Figure 4-5- Schematic of the steady state simulation of the test skid (Feed capacity: 3 kg/s)

The thermodynamic model of sour-PR is used in the UNISIM simulation which is found to be suitable
for phase equilibrium of the two-phase geothermal fluid in a wide range of pressure and temperature.
A simple comparison is performed at the feed condition of Castelnuovo with available software
packages in UNIFI.

Figure 4-6-Solubility of CO2 and H2S in Castelnuovo feed condition

An additional experimental evaluation of this fluid package is discussed in appendix 3 of the current
study, which includes cross-checking with the Duan and Sun (2003) [25] model (Figure 4-1) and
proposes (based on the accumulated experience and literature) an updated advanced model
developed within WP4.
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4.4 Simplified dynamic Model of the reinjection train
The reinjection of non-condensable gas and the condensed stream is a key part of the Castelnuovo
geothermal power plant process. The drain stream coming from the condenser is injected through the
inner tubing of the well. The inner tubing is filled with water, and the level of the water column is
naturally maintained by the reservoir pressure. The injection process highly depends on how the
injection pressure comes to equilibrium with the water level in the well and is thus able to successfully
push the fluid mixture down into the reservoir.
A specific simulation was arranged to determine the dynamic behaviour of the fluid from the drain
valve to the well-tap. In other words, it is conducted in order to determine how the fluids proceed
going down through the reinjection well under all the possible operating conditions, and verify the
sizing of the components. The dynamic simulation can also be used to estimate the time required for
achieving steady-state conditions after any step changes either in drain pressure or drain flow rate.
This knowledge will be used in the control system, which is expected to maintain the water level within
a certain acceptable range of levels inside the condenser (main heat exchanger). The basic control
characteristics of the valve actuator are also assessed by the simulation.
Figure 3-2 shows a schematic of the injection well. Although all the condenser and different well
compartments are involved in the drain injection process, the current model is limited to considering
only the drain valve and the internal pipeline treating the drain stream.
Therefore, the outer (gas stream) pipe is not considered in the current simulation as it has no direct
effect on the hydrodynamics of the drain injection. The only effect considered from the annular section
is the heat transfer which occurs between the inner liquid and the outer CO2 which concurrently flows
in the annulus. The heat transfer configuration is cylindrical convection/conduction and the reference
temperature outside of the pipe wall is considered to a fixed value (shown in Table 4-2), as the CO2
temperature undergoes only a minor increase because of the geothermal underground temperature
gradient.
Eq. 4-5 states that a pressure balance is required for the injection process. 𝑷𝒕𝒐𝒕𝒂𝒍 is the sum of all
components of the pressure, which should be at least equal to the pressure at the well mixing valve
𝑷𝑴𝑽 ., which is determined on the other side by the gas delivery pressure and by the valve losses. This
is the constraint for achieving a steady state injection.
𝑷𝒕𝒐𝒕𝒂𝒍 = 𝑷𝑴𝑽

(4-5)

Referring to Eq. 4-5, the components of the 𝑷𝒕𝒐𝒕𝒂𝒍 are the overhead pressure of the trapped gas (𝑷𝟏 )
which is constant over the whole gas column height 𝒉𝟏 , the static head of the water level ( 𝑷𝟐 )
corresponding to the water column 𝒉𝟐 , decreased of the pressure drop caused by friction between
the fluid and the tube walls.
𝑷𝒕𝒐𝒕𝒂𝒍 = 𝑷𝟏 + 𝑷𝟐 − ∆𝑷

(4-6)

In the present simulations, for better determination of the water level, 𝑷𝟐 is divided into two
contributions A and B which will be introduced in the next section.
𝑷𝒕𝒐𝒕𝒂𝒍 = 𝑷𝟏 + ( 𝑷𝟐𝑨 + 𝑷𝟐𝑩 ) − ∆𝑷

(4-7)
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As shown in Error! Reference source not found. two approaches are considered for the simulation of
the drain injection process. The model was developed in Honeywell UniSim®, including control of the
flow rate by valve throttling and estimation of the water level. The drain valve and the controller are
the same for both cases and are used to adjust the valve opening and determine the water level. In
the first design (Tank-Tank: TT), the well is simplified with two cascade tanks and a valve while a
preliminary cylindrical tank and a pipe segment are utilized in the second one (Tank-Pipe: TP). The
details of the equipment models are listed in Table 4-2.

TT

TP
Figure 4-7- PFD of the dynamic modeling of the injection process Design TT and Design TP
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Table 4-2- boundary conditions and process equipment detail
equipment or Boundary condition
Design TT
Drain composition (wt %)

Design TP

H2O …. 99.52
CO2 …. 0.44
H2S …. 0.04

Drain (inlet) Pressure (kPa)

1000

Drain (inlet) Temperature (°C)

89

Inlet fluid condition
sat

P

subcooled

at Drain Temperature (kPa)

882.7

Equation of state

Sour PR
3.5”, (Cv=500)

Drain Valve size (inch)
All Line size

3.5”

Controller reading, set point

Drain mass flow, 16 kg/s

Controller target

Drain valve opening (%)

Valve action

Equal percentage

Controller Type

PID

Controller constant (𝑲𝒄 , 𝝉𝒊 (𝒎𝒊𝒏), 𝝉𝒅 (𝒎𝒊𝒏))

0.1 , 0.2 , 0

Well part A (Type: Diameter - Height)
Well part B (Type: Diameter - Height)
Heat transfer principle
Pressure loss source

Tank: 0.09m, 50m
Tank: 90mm 550m

Pipe: 90mm 550m

Convection from the Tank / Pipe wall, (Tref =89°C)
VLV-2

Pipe flow correlation

nozzle size (all inlets & outlets) (inch)

3.5”

Vent valve opening (%)

0%

Vent pressure (kPa)

100

Interconnection valve opening (VLV-1)
valve specification (VLV-2)

100 %

-

∆𝑃 ≅ 74.4 𝑘𝑃𝑎/100𝑚

-

Drain Out Pressure (kPa)
PI stream

6000
Pressure Indication (Zero
flow)

-

The first simulation option (TT) gives the approximate level of the water and the value of friction loss
along with the well-depth; after this, option (TP) is activated to provide the final simulation considering
the pipe flow correlation.
The model has fixed pressure boundary conditions both at the inlet and at the outlet (MV). The
removal of the condensed steam is vital for the safety concerns and maintaining the desired heat
exchanger performance. A controller is considered approaching the desired mass flowrate, which is
expected to be the whole condensate stream which is formed inside the condenser. A fixed total
downward length of 600m is considered as a negative vertical elevation, which contributes to the
maximum pressure of 60bar (non-flowing water column head).
The Aziz et al. (1972) correlation [30] was used to evaluate the pressure drop for the pipe flow. Also,
the pipe section is divided into 200 segments to achieve sufficient accuracy; the empirical model is
capable to evaluate possible multiphase conditions. However, in the final simulation design (TP) the
tank height (part A) and the length of the pipe (part B) are considered so that the water level remains
within the tank (part A). Consequently, the flow remains in single liquid phase conditions through the
whole pipe segment.
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4.5 Model of two-phase flow reinjection well
A steady state 1D non-isothermal multicomponent and two-phase flow model of the process
described above was developed considering the transfer of mass, heat and momentum. More
detailed, the model takes into account the single phase flows of liquid and gas, the hydrodynamics of
the two-phase downward flow, constitutive laws for the mixtures, the dissolution of CO2 into water,
the evaporation of the aqueous phase into the gaseous phase, the flow of the fluid through the
injection orifices/valves, and finally the heat exchange between the well completion and the
surrounding formulation.
The hydrodynamic modelling consists in calculating the velocities of the phases and the pressure drop
along the flow. For single phase flows, the calculations are quite simple and well established. However,
for two-phase downward flows, the calculations are more complicated and additional flow
parameters, such as the void fraction (or liquid hold-up) and the phase distribution (flow regime), have
been studied and defined.
For the thermal modelling the heat transfer between the fluids, in the annulus and the central tubing
space, and the surrounding bedrock system are considered. Even though the heat transfer is
multidimensional, it is assumed that it takes place only on the radial direction in the bedrock.
Moreover, it is assumed that the phase temperatures are equal in the two-phase flow meaning the
residence time is sufficient to get homogenized temperature. For the study, the temperature profile
in the surrounding rock was assumed linear but any data from the geothermal temperature profile
could be taken into account in the model.
The mass flow through the valve is assumed an isentropic compressible flow and the gas flow rate is
related to the upstream stagnation pressure and temperature, the static pressure just downstream of
the valve and a characteristic reference area of the valve. The real gas flow effects are included by
means of a discharge coefficient. The mass flow rate through the valve that connects the annulus
space to the central tubing allowing only gas to move can be calculated.
To secure the injection of the gas to the central tubing through the valves and to avoid backflow of
liquid in the annulus part, the opening of injection point is determined by the following rules: on one
hand, the fluid pressure in the central tubing has to be lower than the gas pressure in the annular
space, at the injection point considered; on the other hand, the liquid pressure in the central tubing
has to be greater than a certain pre-defined pressure threshold. Indeed, this threshold ensures that
the level of the liquid column is above the injection point.
This approach is particularly advantageous as it provides effective recompression of the gas thanks to
the gas liquid mixture column in the tubing, thereby limiting the gas injection pressure requirement at
the wellhead. Moreover, injecting the gas into a stable liquid column makes it possible to promote
mixing and two-phase flow and to improve the NCG dissolution. Finally, the multipoint injection
solution facilitates start-up operations by limiting gas compression at the wellhead.
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A complete thermodynamic model and a kinetic model for the dissolution of CO2 are integrated in the
simulation tool. Both models are part of the GECO project (WP4, Deliverable 4.1 and 4.2) and have
been developed by IFPEN.
The well is uniformly discretized in space using the central difference scheme. Gas and water flow
rates are imposed at the wellhead; also the reservoir pressure and the injectivity are given at all times.
For high reservoir pressure, the modelling estimates the gas pressure at the compressor outlet and
the water pressure at the pump outlet, whereas for low reservoir pressure, the gas pressure at the
compressor and the height of the free fall at the top of the tubing are determined. The problem is
solved using two iteration loops; an internal iteration loop on each cell to solve conservative equations
and then propagating the results sequentially along the grid, and a global iteration loop for calculating,
for fixed inlet conditions, the pressure at the outlet of the well. Two criteria have to be respected to
stop the second iteration loop: 1) all gas injected in the annulus space has to flow to the central space
through the gas-lift valves (gas mass conservation), and 2) the pressure at the outlet of the completion
has to be consistent with the bottom hole pressure calculated from on the reservoir injectivity and
pressure.
The well modelling performed by IFPEN and METU is actually the object of a dedicated deliverable due
in March 2020. More details will be included in the specific report (WP2, Deliverable 2.4).
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4.6 Gas purification
Non-Condensable Gases (NCGs) are present in many geothermal resources with different
compositions. When considering gas treatment (for reinjection or mineralization of CO2), the
reinjection often has to deal with the removal of H2S in the gas recompression section because of
constraints imposed by the equipment (compressors and heat exchangers).
In the following, the possible technologies for acid gases removal processes are preliminarily assessed
referring to the test skid with reduced flow rate, referring to the commercial technologies available.
There are many different desulphurization processes which can be used for acid gas treatment. The
acid gas in the geothermal power plant is the vapor product of the main heat exchanger (MHE) which
fed the compressor train with the average pressure of 10bar which is increased up to 60 bar by the
compressor train. The H2S content of this gas stream should be kept within the acceptable range (less
than 200 ppm at 60bar) otherwise the equipment’s would be in corrosion problems.
Five key approaches for acid gas treatment are listed in Table 4-3 with their specific pros and cons ;
the basic diagrams are depicted in Figure 4-8.

Figure 4-8-Simplified schematics of available solutions (the numbers are corresponding to the priority in Table 4-3)
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Priority #1: Caustic scrubber. The first solution is the acid gas scrubbing by Soda (NaOH) solution. The
soda solution with mass concertation between 2 to 10% is recommended to be fed into the packed
bed wet scrubber and react with the H2S according to Eq. 4-8. [31, 32] a recycle stream is considered
to reduce the consumption of fresh caustic solution with minor effect on the removal efficiency.
NaOH + H2 S → NaHS + H2 O
(4-8)
In addition to H2S, according to Eq.4-9 & 4-10, the CO2 is partially scrubbed into the caustic solution
which results in increasing the consumption of caustic reactant and precipitation of new salts.
2NaOH + CO2 → Na2 CO3 + H2 O
(4-9)
2𝑁𝑎𝑂𝐻 + 𝐶𝑂2 → 𝑁𝑎2 𝐶𝑂3 + 𝐻2 𝑂

(4-10)

The CO2 abatement is not desirable for the current project and this side reaction can be limited by
reducing the residence time (contact time) of the acid gas in the scrubber column: due to the slower
kinetic rate of the CO2 absorption, a selective absorption will be thus performed.
Priority #2 & 3: Bio-solution or Bio-chemical-solution. The biological solution uses Thiobacillus
bacteria to remove H2S from the sour gas by oxidizing sulphide to elemental sulphur or sulphate
(Sulphide is the electron donor for the bacteria) [31, 32].
There are many conditions in order to keep the bacteria activities in a constant rate, one solution is to
maintain the temperature, pressure, relative humidity (RH) and the oxygen level of the bioreactor
precisely while feeding the acid gas (Priority #3). This solution has no environmental issue and the only
wastes are bacteria beds and sulphur elements. This solution needs an advanced conditioning system
and a remarkable pressure drop (depending on the type of bacteria) may also be required, which
increases the load of the compressor train. The alternative solution is that coupling the bioreactor with
an efficient chemical method (like the Caustic scrubber). This approach (Priority #2) derives the
advantages from the bacteria solution and the geothermal stream is independent from the bioreactor
conditioning and requirement. This method is used in many commercialized biological solutions [33]
which include two units. The first is a chemical scrubber in which the contaminant (sulphide content)
of the sour gas is transferred from the gas phase to the liquid phase by sodium hydroxide (NaOH)
solution. In the second unit, the spent caustic stream (including the absorbed sulphide) will be treated
in atmospheric pressure and temperature bioreactor.
Priority #4: Lime scrubbing which is a cheap and easy-handling process for removing the H2S content
from the acid gas like the geothermal gas stream. In this process, according to Eq. 4-11, CaO is reacting
with H2S, which is converted to CaS. Also, in an alternative reaction, the limestone can be utilized to
react with H2S according to Eq. 4-12. The process has low cost and is easy to control but a high
temperature is required for the equilibrium to reach the desired result.
𝐶𝑎𝑂 + 𝐻2 𝑆 ↔ 𝐶𝑎𝑆 + 𝐻2 𝑂
(4-11)
𝐶𝑎𝐶𝑂3 + 𝐻2 𝑆 ↔ 𝐶𝑎𝑂 + 𝐶𝑎𝑆 + 𝐻2 𝑂 + 𝐶𝑂2

(4-12)

Also, the result of this approach will not be better than 500ppm, which is not enough for the
Castelnuovo case study.
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Priority #4: Water scrubbing in which the concept is that the sour gases such as CO2 and H2S are
soluble in water. Therefore, the water is used as an absorbent to remove H2S in the washing column
in which the gas is continuously fed from the bottom of the column through the diffuser which could
produce bubbles and adsorb the H2S content of the sour gas. The process is simple and low-cost but
the efficiency is low and it consumes a high flow rate of feed water which is usually not available by
geothermal plants. Considering all these disadvantages, this will not be a good choice for the test-skid
of the current project unless the cost is limited and the low efficiency (<60%) admissible.
In sum, the H2S removal unit is dedicated to the reduced-scale test unit of the geothermal plant and it
would be a temporary unit for evaluation of the main proposed configuration which is expected to be
synced with other parts of the test-bench quickly and operate efficiently minimizing the environmental
impact during demonstration test runs. The most important thing for this unit is the efficiency, cost
and ease of control. The expected efficiency can be achieved both by chemical scrubbers and Biosolutions. Regarding the cost of the unit, capital expenditure (CAPEX) is much more important than
the operating expenses (OPEX) because the order of OPEX would be negligible comparing to CAPEX
for any of the solutions for a one-week run. However, considering the CAPEX, the chemical scrubber
using caustic solution will stand on the first order of priority.
Table 4-3- Pros and cons of the selected approach for geothermal gas treatment
prior
ity

Water
Washing

5

Lime
Scrubbing

4

Bioreactor

3

Bio- Chemical scrubber

2

Chemical
Scrubbers

1

method

Concept

Advantages

Disadvantages

Method:
oxidizing sulphide to elemental
sulphur or sulphate
Consumables:
1. Sodium hydroxide
2. Water
Method:
1. Absorption of Sulphide
2. oxidizing sulphide to
elemental sulphur or
sulphate by bacteria
Consumables:
1. Sodium hydroxide
2. Thiobacillus bacteria
3. Nutrients
4. Water
5. Air
Method:
oxidizing sulphide to elemental
sulphur or sulphate
Consumables:
1. Thiobacillus bacteria
2. Nutrients
3. Water
4. Air

-Partial Selectivity between CO2 and
H2S
-Average CAPEX
-Removal efficiency up to 99%

-High OPEX
(Cost of fresh Soda solution)
-pH control is required
-Useless Sour water

-Full Selectivity between CO2 and H2S
-Low OPEX
-Removal efficiency up to 99%
-No useless product
- environmentally friendly process

-High CAPEX
(Cost of bio reactor and control systems)
-High resistant time (up to 8 minutes)
-sensitive
to
operating
conditions/contamination
-pH, Pressure and temperature is required
-limit of 200 ppm
-approved
performance
at
ambient
Temperature and pressure, natural pH

-Full Selectivity between CO2 and H2S
- average OPEX
-Low OPEX
-Removal efficiency up to 99%
-No useless product

Consumables:
1. Lime (CaO) /Limestone
(CaCO3)
2. Water

-Low CAPEX
-Low OPEX

-average CAPEX
(Cost of bio reactor and control systems)
-High resistant time (up to 8 minutes)
-sensitive
to
operating
conditions/contamination
-pH, Pressure and temperature is required
-limit of 200 ppm
-approved
performance
at
ambient
Temperature and pressure, natural pH
-Maximum efficiency 90… 95%
-residual H2S of 500 ppm
-High temperature is required (600…900℃)
-High residence time (up to hours)

Consumables:
1. Water

-Low CAPEX
-Low OPEX

-High water consumption
-High Sour water product (Environmental
problems)
-No Selectivity between CO2 and H2S
-Efficiency of around 30…60%
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5. RESULTS OF DESIGN CALCULATIONS
5.1 Thermodynamic model of ORC
In order to analyse the influence of the CO2 content in the geothermal fluid on the efficiency of the
ORC power plant, a thermodynamic model was realized in EES environment (Klein and Nellis, 2012
[34]), with CO2-water mixture properties of the geothermal resource taken from Unisim® libraries
(output from WP2 T2.3). A 50-piece discretized model was applied to the main heat exchanger T-Q
profile, coupling the UNISIM and EES power plant code thermodynamic properties packages; the
results depend on the CO2 content of the mixture and are shown in Figure 5-1 andFigure 5-2
respectively for R245fa and R1233zd(E) ORC working fluids. It is evident that the increase of CO2
content determines a smoothing of the condensation pinch on the fluid resource side. R1233zd(E)
appears to be a better fluid as it allows an improved matching of the heat capacities in the main heat
exchanger.

Figure 5-1-Main heat exchanger T-Q profile (R245fa)

Figure 5-2-Main heat exchanger T-Q profile (R1233zd(E))
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Figure 5-3 shows the reference thermodynamic cycles for the ORC unit for the two working fluids
considered.

Figure 5-3- Reference thermodynamic cycles for R245fa and R1233zd(E)

The power plant calculations were based on standard steady state mass and energy balances for open
systems. The input data are summarized in Table 5.1 and the results of the calculations are collected
in Table 5-2. The influence of CO2 content in the geothermal fluid (Table 5.3) is marginal for the thermal
efficiency; the effects on the exergy efficiency are not negligible, as the CO2 content affects the shape
of the Q-T curve and the heat transfer irreversibility. The assessed geothermal mass flow rate for
design calculation is of 11.82 kg/s, which is the minimum required mass flow rate in order to obtain 5
MWe power output. Performance calculation were also performed for the maximum achievable
geothermal mass flow rate (18 kg/s).
Table 5-1- Assumed design input data for the Castelnuovo power plant
Unit
Symbol
Parameter
Reference temperature
°C
𝑇0
Turbine isentropic efficiency
%
𝜂𝑡
Pump isentropic efficiency
%
𝜂𝑝
Geothermal fluid inlet
°C
𝑇30
temperature
Geothermal fluid inlet pressure
kPa
𝑃30
Net Power Output
kW
Wnet

Value
15
88
85
180
1000
5000

Table 5-2- Main calculated performance parameters for the Castelnuovo Power Plant
Unit
Symbol
Value
kg/s
11.82
𝑚̇𝑔𝑒𝑜
kg/s
0.9452
𝑚̇𝐶𝑂2
%
18.56
𝜂
kW
26855
𝑄̇𝐻𝐸

Parameter
Geothermal mass flow rate
CO2 mass flow rate
Power plant efficiency
Heat input from Geothermal
Fluid
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%CO2
0
0.5
1
2
4
6
8

Table 5-3- Energy and exergy ORC efficiency for various CO2 content
R245fa
R1233zd(E)
mgeo [kg/s]
𝜼
𝜼𝒙
mgeo [kg/s]
𝜼
11.04
0.1861
0.5459
11
0.1867
11.1
0.1861
0.555
11.06
0.1867
11.15
0.1861
0.5552
11.12
0.1867
11.27
0.186
0.5573
11.23
0.1866
11.5
0.1859
0.5609
11.46
0.1866
11.74
0.1859
0.5642
11.7
0.1865
12
0.1858
0.5672
11.96
0.1864

𝜼𝒙
0.5478
0.5568
0.5571
0.5592
0.5627
0.566
0.5691

5.2 Thermodynamic model of the compression train

Figure 5-4-Schematic of the compressor train

Considering the pressure levels to be reached, the compressor train (Figure 5-4) is composed of 3
stages, and includes 1 pre-cooler and 2 intercoolers. From the solubility model applied at condensing
HE conditions (10 bar), the amount of CO2 dissolved in water at 10 bar and 89°C is very low. Therefore,
the compressor train should process nearly all the CO2 which is originally present in the resource
stream. The T-s diagram of the compression process is shown in Figure 5-5.

30

Document:

D4.4: Report on the reinjection installation layout and equipment design

Version:

06

Date:

26 September 2019

CarbonDioxide

140

T[46]=116 [C]
p[46]=6000 [kPa]

120

T[44]=115.3 [C]
p[44]=3302 [kPa]

T[42]=114.8 [C]
p[42]=1817 [kPa]

100

T [°C]

T[40]=89 [C]
p[40]=1000 [kPa]

80

60

T[47]=50 [C]
P[47]=6000 [kPa]

T[41]=60 [C]
p[41]=1000 [kPa]
T[45]=60 [C]
p[45]=3302 [kPa]

T[43]=60 [C]
p[43]=1817 [kPa]

40

20

0
-1.25

-1.00

-0.75

-0.50

-0.25

0.00

s [kJ/kg-K]
Figure 5-5- T-s diagram of the CO2 compression process

5.3 Steady-state model of the reinjection train
As shown in Table 5-4, with a geo-resource flow rate of 11.82 kg/s and a NCGs mass content of 8%,
the compressor train must handle a gas flow rate of 0.9452 kg/s. Referring to the worst case scenario
(water level at depth 0 = ground level), the gas stream must be compressed at the 6000 kPa maximum
design pressure, corresponding to mixing conditions in a deep-hole valve (MV) placed at a nominal
depth of about 600 m from the surface. As described in section 5.4, probably the required
pressurization would be of 20.4 bar, due to the reduced height of the water column in the reinjection
well and to the value of the productivity index. In this case the power of the compressor would be
reduced by 60%, and a two-stage 50 kWe compressor would be sufficient.‡

‡

These calculations can be performed again after completion of D2.4, which will allow a more precise evaluation of the delivery pressure needed for the

compressor train. It is worth to notice that 60 bar is also the design pressure value of the demonstration test skid, which must be able to demonstrate
the technology for different test sites.
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The calculation of the compressor train assumes steady-state flow in the reinjection well, both on the
external annulus transporting the NCGs, and in the inner pipe carrying the liquid.
The results of the calculations for the NCG compressor train are collected in Table 5-4.
Point
40
41
42
43
44
45
46
47
Parameter
Heat Rate PreC
Power C1
Heat Rate IC1
Power C2
Heat Rate IC2
Power C3
Heat Rate PostC

Table 5-4- Calculated parameters for the NCG reinjection train
Temperature [°C]
89
60
114.8
60
115.3
60
116
50
Unit
Symbol
kW
𝑄̇𝑃𝑟𝑒𝐶
kW
𝑊̇𝐶1
kW
𝑄̇𝐼𝐶1
kW
𝑊̇𝐶2
kW
𝑄̇𝐼𝐶2
kW
𝑊̇𝐶3
kW
𝑄̇𝑃𝐶

Pressure [kPa]
1000
1000
1817
1817
3302
3302
6000
6000
Value
25.65
44.54
50.63
43.16
55.08
40.57
80.13

The complete properties of the streams of the simulation of the main plant are shown in Table 5-5.
The stream data of a sample design for the test skid is shown in
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Table 5-6; more details of the gas purification section were described in section 4.6.
Table 5-5- Full-scale power plant - Flow worksheet of the simulation of the gas compression train
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Table 5-6- Test skid - Flow worksheet of the simulation of the gas compression train

The vapour fraction of the final drain stream is expected to be almost zero. According to the simplified
scheme of Figure 5-6, the Drain Valve (DV) controls both the drain flow rate (which must be the same
as the inlet resource stream to avoid flooding or drying of the MHE), and the drain pressure. This last
determines the amounts of water vapour, CO2 and H2S (Figure 5-6) within the reinjection well (RW)
gas volume, so that the gas composition depends on the pressure (Figure 5-7). As the drain pressure
decreases, more gas volume will be generated. Figure 5-8 shows the overall amount of released gases
(CO2, H2S and H2O) for a range of drain injecting pressures (data calculated for the case of the full-size
power plant).

Figure 5-6- Gas volume as the result of pressure reduction of the drain valve
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Figure 5-7- Gas composition for different drain injection pressure

Figure 5-8- relative amount of releasing gas while injection with a pressure under saturation pressure

If the drain injection pressure is the same as the saturation pressure, all the gas is dissolved in the
liquid stream; however, if the drain injection pressure becomes close to atmospheric, almost all the
dissolved gases are released. This behaviour is due to the high K-value of both CO2 and H2S at low
pressure conditions, which is shown in Figure 5-9. The unsteady behaviour of the system with different
injection pressure is discussed in D4.5.
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Figure 5-9- K-value of CO2 and H2S in different pressure

5.4 Two-phase flow reinjection well
Based on the above findings, a simulation was performed using the steady state well model developed
by IFPEN with the input parameters as given in the below table. Since in Castelnuovo the reservoir is
at low pressure, the gas pressure at the compressor and the height of the free fall at the top of the
tubing were found to be equal to LFF = 382 m and PG = 20.4 bar, respectively.
Table 5-7- Assumed design input data for the two-phase steady state well model
Unit Symbol
Value
Parameter
Gas
50
inlet temperature
°C
TG
0.8872
inlet flow rate
kg/s
mG
Liquid
89
inlet temperature
°C
TL
10
inlet pressure
bar
PL
10.2028
inlet flow rate
kg/s
mL
Reservoir
temperature
°C
TR
280
pressure
bar
PR
70
injectivity index t/bar/h
IR
1.8
Completion
total length
m
LC
2500
casing diameter
in
DC
6
tubing length
m
LT
2000
tubing diameter
in
DT
3.5
Injection
points
NV
1
depth
m
LV
600
diameter
in
DV
1

On Figure 5-10, the pressure and temperature profiles in along the well are presented. After few
meters from the wellhead, the gas temperature profile in the annulus space and the profile of the
liquid/two-phase mixture in the central tubing/casing are practically equal and the two lines are
overlapped until the injection point. Moreover, the flowing temperature slightly increase by 1°C from
the inlet to the outlet of the well.
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Figure 5-10- Pressure (left) and temperature (right) profiles along the well

Close to the surface and above the liquid surface, part of the injected liquid will be vaporized creating
the free fall regime (denoted as FF). From Figure 5-11, it is obvious that when injecting the totality of
the gas inside the liquid from one injection point, an annular two-phase flow regime (denoted as A)
will be established. However, the CO2 will progressively start to be dissolved into the liquid with the
increasing pressure with depth, and it is known that the dissolution is greater at these conditions. This
will result in a modification of the flow regime, initially to the intermittent flow regime (denoted as I)
and finally close to reservoir will become dispersed (denoted as D) where the gaseous CO2 is quite
small.

Figure 5-11- Flow map (left) and liquid hold-up profile (right) along the reinjection well

6. CONCLUSIONS
In this report, results of thermodynamic calculations for the Castelnuovo site in Italy were presented
referring to the full power plant and to the demonstration test skid. The results include a detailed
model of the recompression train and discussion of issues raising from managing two-phase flow
conditions at the reinjection well head.
The results are referred to stationary conditions. A description of the unsteady model is also included.
Example outputs of this last are presented, together with a sensitivity analysis examining different
possible operating conditions, in the separate D4.5.
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7. LIST OF SYMBOLS
AGI
EOS
ℎ3
ℎ6
ℎ30
ℎ31
MHE
MV
NCG
RW
TP
TT
VLE
𝑊𝑡
𝑊𝑝

Acid Gas Injection
Equation of State
Enthalpy of Main heat exchanger (MHE) inlet (ORC cycle), [kJ/kg]
Enthalpy of Main heat exchanger (MHE) outlet (ORC cycle) , [kJ/kg]
Enthalpy of Main heat exchanger (MHE) main feed, [kJ/kg]
Enthalpy of Main heat exchanger (MHE) drain (condensation) , [kJ/kg]
Main (condensing) heat exchanger
Mixing Valve
Non-Condensable Gases
Reinjection Well
Tank-Pipe
Tank-Tank
Vapor-liquid equilibrium
Work of the Turbine, [kW]
Work of the Pump, [kW]

𝑊𝑐

Work of the Compressor Train, [kW]
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APPENDIX 1 – SIMPLIFIED 1-D MODEL OF THE REINJECTION WELL

In this section, the simplified 1D model developed for the unsteady behaviour of the well head is
described, limiting the analysis to the “void” section occupied by the gas over the liquid level. This
simplified model assumes that there is no output of the gas stream over the water column to the liquid
flow (which is a reasonable condition until saturation conditions are achieved). The gas phase is
treated using a real gas EOS.
Substituting the static pressure of the water for P2 in Eq. 4-6, one gets:
𝑷𝒘𝒆𝒍𝒍 = 𝑷𝟏 + 𝝆𝒈𝒉𝟐 − ∆𝑷

(A-1)

the water level (𝒉𝟐 ) is rewritten in the form of total well-depth (H) and void volume depth (𝒉𝟏 )
𝑷𝒘𝒆𝒍𝒍 = 𝑷𝟏 + 𝝆𝒈(𝑯 − 𝒉𝟏 ) − ∆𝑷

(A.2)

The value of 𝒉𝟏 can be substituted using the definition of Volume V:
𝑷𝒘𝒆𝒍𝒍 = 𝑷𝟏 + 𝝆𝒈(𝑯 − 𝑽⁄𝑨) − ∆𝑷

(A-3)

In which 𝑽 is the gas volume filled in the upper section of the RW. The volume can be expressed
through the real gas equation of state. The total mole number includes the initial value, with the
addition of the new mole accumulated during the calculation time step at the system input. The Area
(𝑨) is calculated as that of a cylindrical pipe.
𝑷𝒘𝒆𝒍𝒍 = 𝑷𝟏 + 𝝆𝒈 (𝑯 −

𝟒[𝒏𝟎 + 𝒏]𝒁𝑹𝑻
) − ∆𝑷
𝑷𝟏 𝝅𝑫𝟐

(A-4)

The compressibility factor can be estimated according to different EOS e.g Peng-Robinson:
𝒁𝟑 − (𝟏 − 𝑩)𝒁𝟐 − (𝑨 − 𝟐𝑩 − 𝟑𝑩𝟑 )𝒁 − (𝑨𝑩 − 𝑩𝟐 − 𝑩𝟑 )𝒁 = 𝟎

(A-5)

With the coefficient A and B are defined as
𝑨=

𝜶𝒂𝑷
𝒃𝑷
,𝑩 =
𝑹𝟐 𝑻𝟐
𝑹𝑻

(A-6)

On the other hand, the value of the initial gas mole number can be calculated eliminating 𝑷𝟏
(atmospheric conditions) and ∆𝑷 (no flow) in equation A-7.
𝒏𝟎 =

𝑷𝟎 𝑽𝟎
𝝅𝑫𝟐
𝑷𝒘𝒆𝒍𝒍
, 𝑽𝟎 =
(𝑯 −
)
𝒁𝑹𝑻𝟎
𝟒
𝝆𝒈

(A-7)

By calculating 𝒏𝟎 in Eq. A-4 the final equation can be derived.
𝑷𝟏 + 𝝆𝒈 (𝑯 −

𝟒[𝒏𝟎 + 𝒏]𝒁𝑹𝑻
) − ∆𝑷 − 𝑷𝒘𝒆𝒍𝒍 = 𝟎
𝑷𝟏 𝝅𝑫𝟐

(A-8)

Which can be reformulated in the form of the quadratic equation:
𝑷𝟏 𝟐 + (𝝆𝒈𝑯 + ∆𝑷 − 𝑷𝒘𝒆𝒍𝒍 )𝑷𝟏 −

𝟒[𝒏𝟎 + 𝒏]𝒁𝑹𝑻
=𝟎
𝝅𝑫𝟐

(A-9)

These equations are applied recursively for increasing time calculating the updated values of the
number of moles, of V and of all the relevant system variables.
A typical result of the model is depicted in Figure 8-1, in which the injection pressure and the water
level are shown versus the accumulation of gaseous moles at the wellhead. Before the start of the
injection process, the water level has its maximum value. After starting the process, the empty volume
at the wellhead is progressively filled by the gas; limiting the reinjection stream at a pressure below
the saturation condition, the total gas moles increase continuously, which brings a non-steady state
behaviour to the system: the water level is quickly reduced and this loss of the static head of the water
level would determine a stop the reinjection process. In practice, after start-up of the process, the
reinjection pressure must be maintained above the value corresponding to saturation pressure.
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Figure 8-1- Unsteady behaviour of the injection process from start-up to a fixed pressure below saturation condition.
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APPENDIX 2 – ALTERNATIVE MODELS FOR ACID GAS SOLUTION EQUILIBRIA

The chemistry of geothermal fluid is one of the key design aspects of Geothermal Systems and the
solubility of the gas in water is an important factor in exploration, development, and utilization of
geothermal resources. The solubility of reactive gases like CO2, H2S is a challenging topic, therefore
there are several research studies on the gas solubility in water or in a water-based solvent. The studies
include three categories. The first is regarding pure gas solubility in pure water. The second is focusing
on the solubility of pure gas in a binary solvent and the third one investigates the solubility of pure gas
in water containing additional dissolved constituents like free cations and anions. There are many
empirical correlations for solubility estimation in all these categories. However, there are few pieces
of research about the solubility of the binary gas mixture in water. Savary et al. performed and
experimental investigation on CO2-H2S loading on pure water and this result is used to evaluate some
part of the current study. Two approaches are possible for finding the exact results of the equilibrium
concentration of the gas mixture liquid mixture. The first is performing a complete thermodynamic
calculation using an appropriate equation of state and the related binary interaction coefficients. The
second is finding a direct correlation - which is much more practical for special cases. The purpose of
this research is to derive a correlation for the solubility of binary gas of CO2-H2S in water. The final
correlation can be utilized in different fields, including geothermal fluid modelling which leads to
saving computational time compared to frequent equations of state phase equilibrium calculations
and it is independent of the equation of state or using an external PVT database. One of the main
applications of the proposed model is in the reinjection of the geothermal fluids in which the solubility
of CO2 and H2S in water at different pressures and temperatures is a remarkable outcome (Cholewinski
et al, 2016). The solubility estimation is only a part of the overall reinjection model and it is preferable
to avoid involving equation of state calculations, as was done by Shafaei et al. (2012) who used a PVT
program (Hassanzadeh et al., 2008 & 2009). However, it necessary to introduce an appropriate model
using the literature data for the geothermal applications, geological storage or aquifers. The current
study introduces a new correlation for solubility modelling of both pure CO2 and pure H2S in water in
a wide range of pressure and temperature which covers the requirement of geothermal plant
modelling.
The model was evaluated from the available experimental data of pure CO2, pure H2S and binary gas
mixture in pure water and previously approved models. A multi-objective minimization approach is
utilized for finding the proposed correlation constants. The global objective function is defined below
in Eq. B-5. The experimental data which are used for the regression is listed in Table B-1.
Type of data
CO2 in water
H2S in water
Binary gas (CO2+H2S) in water
UNISIM data point

Table B-1- Reference experimental data
reference
Pressure (MPa)
Temperature (°C)
Diamond, 2003
0.1…100
0…100
Lee, 1977
0…6.67
10…180
Savary, 2012
3.9…35
120 (fixed)
0…15
0…150

data N°
520
100
50
190000

The model is capable of approximation of both H2S and CO2 pure gas solubility and estimation of the
solubility for a binary mixture of gases in water.
The equation set is composed of Eqs. B-1 and B-2. Each equation includes two parts, in analogy to the
model of Duan et al. (2003) in which the presence of the second dissolved components is subtracted
from the main solubility model. Duan et al. (2003) utilized a thermodynamic-based equation which
includes chemical potential and the fugacity coefficient; in their approach, both are correlated as
functions of various combinations and permutations of pressure and temperature. In the present
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research, a deeper investigation and further analysis was conducted to improve the accuracy
developing a new empirical correlation, with the additional feature of considering the binary gas
loading effect. The coefficients with index 1 to 8 correspond to the first part of the equation, and they
are correlated by the experimental database for pure gas solubility. The second part uses the
coefficients with indexes from 10 to 14; coefficients corresponding to this part were correlated using
the secondary (generated) database by UNISIM software in a wide range of pressure and
temperatures, for different fractions of a binary gas mixture including H2S and CO2. The input variables
for generating the secondary database are CO2 fraction, H2S fraction, temperature and pressure while
the outputs are the equilibrium stage fractions of all components. A validation of the UNISIM Sour PR
through the available experimental data was performed at this stage (construction of secondary data
base). A process diagram of the model construction is illustrated in Figure 8-.

Figure 8-1- Process diagram of the model
ln(𝑎6 P + 𝑎7 )
𝑎10
𝑎12
𝑎14
[𝑎9 (𝑌′𝐶𝑂2 ) + 𝑎11 (𝑌′𝐶𝑂2 ) + 𝑎13 (𝑌′𝐶𝑂2 ) ]⁄[𝑎9 + 𝑎11 + 𝑎13 ]
P 𝑎8
ln(𝑏6 P + 𝑏7 )
𝑏10
𝑏12
𝑏14
= (𝑏1 𝑇 2 + 𝑏2 𝑇 + 𝑏3 𝑃2 + 𝐵4 )𝑏5 ∗
[𝑏9 (𝑌′𝐻2 𝑆 ) + 𝑏11 (𝑌′𝐻2 𝑆 ) + 𝑏13 (𝑌′𝐻2 𝑆 ) ]⁄[𝑏9 + 𝑏11 + 𝑏13 ]
P𝑏8

𝑥𝐶𝑂2 = (𝑎1 𝑇 2 + 𝑎2 𝑇 + 𝑎3 𝑃2 + 𝑎4 )𝑎5 ∗

(B-1)

𝑥𝐻2 𝑆

(B-2)

In which 𝑌 ′ are the relative fraction of each component gas phase which is loaded over the water:
𝑦𝐶𝑂2
⁄(𝑦 + 𝑦 )
𝐶𝑂2
𝐻2 𝑆
𝑦𝐻2 𝑆
=
⁄(𝑦 + 𝑦 )
𝐶𝑂2
𝐻2 𝑆

𝑌 ′ 𝐶𝑂2 =

(B-3)

𝑌′𝐻2 𝑆

(B-4)

The coefficients are correlated at three stages in which independent error minimization procedures
are applied following the form of Eq. B-5 in which 𝑥𝑖,𝑗 is the calculated value and 𝑥́ 𝑖,𝑗 is the
experimental or the reference piece of data. Two optimization stages were applied for the pure gas
solubility and an additional stage for the gas mixture effect. The third stage is performed considering
the general form of Eqs. B-1 and B-2 while a1 to a6 and b1 to b6 are fixed. A genetic algorithm was
chosen as the optimization approach, which is a reliable method for complex correlations (Niknam et
al. 2017). The genetic algorithm is a heuristic search approach which is based on the natural selection.
The termination condition for the random search is considered, searching the minimum of:
𝑚

𝑛

𝑀𝑖𝑛 ∶ ∑ ∑( ( 𝑥𝑖,𝑗 − 𝑥́ 𝑖,𝑗 )2 )
𝑗=1

(B-5)

𝑖

in which 𝑥𝑖,𝑗 is the calculated data and 𝑥́ 𝑖,𝑗 is the valid data either experimental or the output of
previous models. The proposed minimization method has no limits regarding the form of correlation
of equations and the number of coefficients. Convergency was always obtained before the limit of
10000 iterations.
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The final coefficients are listed in Table 8-2 for both CO2 and H2S.
Table 8-2- The found coefficients of the proposed model
index
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Coefficients for Eq. B-1
0.318958944
45.356070189
24.810587958
672.284980631
-0.734006216
0.334665215
4.337003264
-0.774777178
45.915149952
0.591370738
7.208313513
441.302311391
16.169141171
2.237947026

Coefficients for Eq. B-2
0.248122968
8.037025173
73.159279245
87.230226947
-0.616700014
0.199110186
2.035384170
-1.034087746
15.724022772
0.940065217
5.373232238
123.705911413
-15.166565438
5.192996045

If 𝑌′𝐶𝑂2 = 1 then 𝑥𝐶𝑂2 would be the solubility of the pure CO2 as a function of pressure and temperature.
The same concept is valid for H2S. A statistical analysis was performed for the correlations, with results
shown in Table 8-3, demonstrating that the solubility of pure CO2, pure H2S, and solubility of binary
gases of CO2-H2S can be estimated by the proposed model with reasonable accuracy.
Table 8-3- The statistical analysis of the correlation
Case
Model Accuracy
R2
MSE
CO2 in water
0.9803
6.11e-6
H2S in water
0.9833
2.10e-6
Partial solubility of CO2 in water
0.9529
2.90e-5
Partial solubility of H2S in water
0.9733
7.79e-4

MAE
1.754e-3
9.531e-4
3.763e-3
1.781e-2

The results of the Sour-PR model derived by UNISIM package supplemented by the experimental data
are depicted in Figure B-2 for pure gases; this confirms that the model is eligible for generating a
secondary database of binary solubility data. The secondary database is used for correlating the partial
solubility of CO2 and H2S.

Figure B-2-Evaluation of the UNISIM results for pure gas CO2 (left) and H2S (right) solubility

The solubility of pure CO2 was estimated by the model and compared with the experimental data
(Figure B-3, right); the specific results of Duan et al. (2003) model as one of the most accepted ones
for CO2 solubility in water are illustrated in Figure 8- (left).
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Figure 8-3-Evaluation of pure CO2 solubility with experimental data and other models
(Left: Duan et al. (2003) and Experimental data (Diamond et al. 2003),
right: proposed model and Experimental data (Diamond et al. 2003))

The results of the proposed model for H2S solubility in water are compared with the experimental data
of Lee et al., as is shown in Figure B-.

Figure B-4-Validation of pure H2S solubility with experimental data

As discussed before, the second part of the Eq. B-1 and Eq. B-2 is derived from a secondary database
which was previously validated by experimental data. To evaluate the binary gas solubility the results
of the proposed model were also directly compared with available experimental data (Savary et al.,
B1), as is shown in Figure B-.

Figure B-5- Validation of mixture solubility model (left: CO2, right: H2S)
References

The objective of the present study was the development of a model suitable for geological applications
facing gas mixture solubility, where in most cases the gas is not pure. As one of the most common
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mixture, the binary mixture of CO2-H2S is studied. Other mixture cases can be derived using the same
approach. The model is capable to estimate the solubility of CO2 in water, the solubility of H2S in water
and the solubility of each of these gases in water, in presence of the other one. The coefficient of
determination of the model in different cases was found to be 0.98 for pure gases and between 0.95
to 0.98 for the mixture, which appears to be a good quality of the solubility estimation.
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