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Executive Summary

The impact analysis of GeoHex materials on the binary geothermal power plant is reported in this study. A
specific scenario extracted from the literature was employed as a reference point to conduct this study. The
impact analysis encompassed economic, environmental, and heat transfer performances of the GeoHex-
enabled and standard heat exchangers. It is demonstrated that the cost savings for adopting GeoHex-enabled
tubular types of evaporator, condenser and preheater instead of using respective standard heat exchangersin
15 MW reference binary geothermal power plant are about 12%, -17% and 5%, respectively. Itis evaluated that
the overall environmental footprint savings of about 13.9%, -1.3% and 13.6% for adopting GeoHex-enabled
tubular evaporator, condenser, and preheater, respectively, compared with respective standard HXs. GeoHex
enabled tubular type evaporator adopted in the reference plant has demonstrated a notably favourable
enhancement in heat transfer performance and improving overall environmental footprint. Incorporating
GeoHex technology in the reference plant’s preheater has yielded a reduced environmental footprint;
nevertheless, the enhancement in heat transfer performance does not appear to improve significantly. The key
factors that led to the adverse outcomes with the GeoHex-enabled condenser includes the limited
enhancement of the heat transfer coefficient and the significant costs and resource consumption associated
with coating deposition ata laboratoryscale.

Objectives Met

The deliverable contributed towards the work package WP8 objective:

e To assess the impact of GeoHex-enabled heat exchanger in terms of CO, saving, cost saving, and
efficiency enhancement for the application in different geothermal power technologies for different
temperatures, enthalpy, scaling and corrosion potential of geofluid.
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1. INTRODUCTION

GeoHex has innovated advanced heat exchanger (HX) materials tailored for geothermal applications, where
heat exchangers play a pivotal role, particularly in ORC-based power plants. GeoHex's high-performance heat
exchangers, equipped with anti-scaling, anti-fouling, and anti-corrosion properties, promise a substantial
enhancement in geothermal plant performance by enabling a reduction in reinjection temperatures. This
breakthrough also opens new avenues for power plant technology designers to elevate the overall thermal
efficiency of these facilities.

This report outlines the potential impact of GeoHex materialsin the Geothermal Binary power plant.

As mentioned inthis report's title, in addition to assessing the impacts, thereisalso a requirement toinvestigate
the potential opportunities associated with utilising GeoHex material within the binary geothermal power plant.
Deliverable D1.7 thoroughly explored the possibilities and opportunities of implementing innovative GeoHex
materials within the HXs for the binary geothermal power plant. Therefore, this report investigates how these
materials can impact binary geothermal power plants’ overall cost and environmental performances without
iterating the possibilities and opportunities for adopting these innovative GeoHex materials.

As outlined in the Grant Agreement, it was suggested to analyse the impact of GeoHex materials considering a
use case scenario, e.g., a Turkish binary power plant. Since the Turkish plant owner/operator is not a member
of the GeoHex project's consortium, the necessary data on its HXs and plant was not obtainable. Nonetheless,
the report completed the GeoHex materials impact analysis using the reference heat exchangers in the
geothermal binary power plant [1].

The GeoHex-enabled HXs were developed using the best-ranked coating materials. The best coating materials
were selected using the results of heat transfer coefficients and mechanical & and tribological properties
through the ranking methodology described in details in the deliverable report D5.5. Table 1 provides an
overview of the selected top coatings, their corresponding substrates, application area of HXs and their
technology options. The GeoHex mini ORC plant with an installed capacity of 10 kW was then built at CEA
facilities, with GeoHex-enabled and standard HXs for testing the heat transfer coefficients and other
performances of these HXs.

Table 1 - Best performance coating materials selected through ranking for GeoHex-enabled HXs.

... Al Coating materials
Application . e
area Technology options material
s ORCside Brine side
Plate SS Fe-doped Al203-TiO2 composite coatings None
Evaporator
Tubular CS Fe-doped Al203-TiO2 composite coatings None
Superhydrophobic, superoleophobicsurface
Plate SS . None
with CuO nanostructures
Condenser
Superhydrophobic, superoleophobicsurface
Tubular CS perhy .p P P None
with CuO nanostructures
Amorphous metal
Preheater Plate SS Nano porous
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Tubul cs N Composite Ni-P/Ni-P-
ubutar anoporous PTFE duplex-HPHP
1.1 Binary Power plant

In the last few decades, the binary power cycle, utilising the Organic Rankine Cycle (ORC), has become a
preferred means for exploiting low to moderate enthalpy geothermal resources. Over the years, the basic ORC
has been improved and modified better to adapt the cycle to various heat source conditions. The name 'binary'
derives from the fact that two fluids are used in the power cycle. The primary fluid is the geofluid (brine) and
the secondary fluid is the organic working or power fluid. The primary cycle starts at the production wells and
ends in the reinjection wells. The reservoir's field properties in the primary cycle determine the geothermal
fluid's temperature and desired flow rates. The geothermal fluid can be either water or steam. When the
geothermal fluid is water or brine, it is kept at a pressure above its flash point at fluid temperature along the
primary cycle to avoid the flash of geothermal fluid in the HXs. At the end of the primary cycle, the geothermal
fluid temperature cannot drop to the silica scaling point. The working fluid, chosen for its appropriate
thermodynamic properties, receives heat from the geofluid, evaporates and produces mechanical work in the
turbine while expanding. The fluid is then discharged to the condenser, where condensing heat is transferred
to a cooling medium, either wateror air. The liquid condensate is then pumped at elevated pressure into the
evaporator, completing the cycle.

The main components of a basic geothermal binary cycle power plant are the preheater, evaporator, turbine,
condenser and working fluid pump. The block diagram of a basic binary power plant with the main components
is shown in Figure 1. The fundamental thermodynamic process of binary cycles is the Rankine cycle, where the
vapour reaches a dry saturated condition in the evaporator and is condensed in the condenser. Some of the
benefits derived from a binary cycle system include using a lower-temperature resource and a closed loop such
that the geofluid is not lost and all geofluid is injected back into the ground. Therefore, the geothermal fluid
used to run binary plants does not come into direct contact with the turbine or the condenser; it is generally
only sent through HXs and then reinjected to the reinjection well.

Generator

Condenser

Steam

VWWIT W/
WWIT TWW,

Evaporator Preheater

Pump

Production Well Re-Injection

Figure 1 - A schematic diagram of a basic binary power cycle [2]

The cost and environmental impacts of HXs with and without the adoption of GeoHex materialsemployed in a
reference binary geothermal power plant [1] have been analysed. In this analysis, the heat transfer
performances of GeoHex-enabled (with adoption of GeoHex materials) and standard (without adoption of
GeoHex materials) preheaters, evaporators, and condensers have been considered for calculating the costsand
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resource consumption of those HXs. The heat transfer performances of those HXs have been measured using
the mini ORC plant at CEA facilities of installed capacity 10 kW where GeoHex enabled and standard HXs were
employed.

A model has been developed toevaluate the cost and environmental impacts of GeoHex-enabled and standard
HXs employed in the reference binary geothermal power plant with an installed capacity of 15 MW..

2. METHODS

The standard and GeoHex-enabled HXs’ cost and environmental performances, along with the heat transfer
coefficient results, are considered to analyse the impacts of GeoHex materials in the reference binary
geothermal power plant [1]. The results of cost and environmental impacts for the GeoHex-enabled and
standard HXs per m? heat exchanged surface area have been reported in the deliverables D7.7 and D7.8,
respectively. These results have been used to evaluate the impacts of GeoHex-enabled HXs instead of using
standard HXs employed in the reference binary geothermal power plant. In addition, the heat transfer
coefficients for the GeoHex-enabled and standard HXs have been obtained from the performance evaluation
of a 10 kW, electricity-generating mini-ORCplant at CEA facilities. The heat transfer performance results for the
standard and GeoHex-enabled HXs are reportedin the deliverables D7.5and D7.6, respectively. To analyse the
impacts of GeoHex materialsa model has been developed to evaluate the impacts of GeoHex materialson the
binary cycle geothermal power plant. Since the heat exchangersin the 15 MW, reference binary power plants
are shell and tube type, the heat transfer performance results of GeoHex-enabled tubular types are used to
analyse the economic and environmental impact of GeoHex materialsin the 15 MW, binary power plant.

3. RESULTS AND DISCUSSION

The cost and environmental impacts of GeoHex materials on the HXs employed in the reference binary
geothermal power plant of an installed capacity of 15 MW, have been discussed. The GeoHex-enabled and
standard preheaters, evaporators and condensers have been employed in a mini ORC binary power plant for
obtaining the heat transfer coefficients’ results of those HXs (D7.5 and D7.6). The costs, carbon and
environmental footprint results of those HXs have been determined per m? heat exchanged surface area (D7.7
and D7.8). The main findings of the deliverables D7.5, D7.6, D7.7 and D7.8 are summarised and given in
subsection 3.1. The results of cost and environmental impacts for adopting GeroHex-enabled HXs instead of
using the respective standard HXs in 15 MW, reference binary plant is evaluated and presented in subsections
3.2 and 3.3, respectively.

3.1 Cost and Environmental Performances

In report D7.7, a cost model was developed to estimate the total cost (CAPEX) associated with standard and
GeoHex-enabled HXs per m? heat exchanger surface area. The model considered the inverse relationship
between the heat exchanger'ssurface area and its heat transfer coefficient, indicating that an improvement in
the heat transfer performance of GeoHex-enabled heat exchangers would result in a reduced surface area
requirement and subsequently lower the geothermal binary power plant costs. The heat transfer coefficient
(HTC) results for standard and GeoHex-enabled HXs were reported in the deliverables D7.5 and D7.6. Table 2
presents the estimated costs of standard and GeoHex-enabled heat exchangers and the cost reduction or
increase of GeoHex-enabled HXs due to changes in the heat transfer coefficients. In the last two columns of
Table 2, the cost impacts of adopting GeoHex-enabled HXs have been evaluated in terms of € / m2 and the
percentage savings compared with the respective standard HXs. The cost and heat transfer performance data
in Table 2 are sourced from D7.7, D7.5, and D7.6.
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Table 2 - Cost performances of plate and tubular types GeoHex enabled and standard evaporators, condensers
and preheaters.

HTC
GeoHex enabled HX enhar:::rement Eéaelzzzid Cost benefits due
costs .
degradation | enabled HX plnEEe ey
Standard in GeoH of GeoHex-
Application | Technology | Hx costs in Heoriex costs enabled HXs
area options o enabled HX considering instead of usin
oating g
- Total | as compared HTC Standard HXs
Deposition with performances
Standard HX
(€/m?) (€/m?) | (€/m?) (%) (€) (€/m?) (%)
Plate 561 73 634 53.8 412 148.8 +26.5
Evaporator
Tubular 780 73 853 24.2 686 934 +12.0
Plate 516 193 709 3.5 685 -169.0 -24.7
Condenser
Tubular 844 193 1037 2.0 1017 -173.1 -17.0
Plate 1863 356 2219 -3.6 2301 -438.2 | -23.5
Preheater
Tubular 1064 120 1184 16.7 1015 49.0 +4.6

The carbon and the overall environmental footprint results of 6 GeoHex enabled and 6 standard HXs have been
gatheredfrom the deliverable D7.8 and are listed in Tables 3 and 4, respectively. The carbon footprint and the
overall environmental footprint savings for adopting GeoHex-enabled HXs instead of standard HXs have been
calculated and listed in Tables 3 and 4, respectively.

Table 3 - Carbon footprint results of plate and tubular types 6 GeoHex enabled and 6 standard HXs

HTC Carbon footprint . .
. Carbon footprint savings
Technology ST enhancement in (kg CO2 eq/m?)
options e GeoHex enabled GeoHex (kg CO2eq/ (%)
Standard HXs
HXs enabled HXs m?)
Preheater -3.6 182 166 -16 -9.6
Plate Evaporator 53.8 66.0 70.6 4.6 +6.5
Condenser 3.5 77.0 71.5 -5.5 -7.7
Preheater 16.7 320 370 50 +13.5
Tubular Evaporator 24.2 245 279 34 +12.2
Condenser 2.0 304 299 -5.0 -1.7

Table 4 - Overall environmental footprint results of plate and tubular types 6 GeoHex enabled and 6 standard

HXs
HTC Environmental footprint Environmental footprint
Technology enhancement in (mPt /m?) savings
) HX types
options GeoHex enabled GeoHex (%)
Standard HXs (mPt/ m?)
HXs enabled HXs
Preheater -3.6 105.00 96.97 -8.03 -8.3
Plate Evaporator 53.8 33.38 44.41 11.03 +24.8
Condenser 3.5 46.38 46.58 0.20 +0.4
Preheater 16.7 140.24 162.29 22.05 +13.6
Tubular Evaporator 24.2 107.26 124.54 17.28 +13.9
Condenser 2.0 134.90 133.12 -1.78 -1.3
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3.2 EconomicImpact of the GeoHex enabled HXs in the 15 MW, reference plant

The cost impacts of GeoHex materials developed for the preheater, evaporator, and condenser have been
evaluated using the reference binary power plant [1] of 15 MW, installed capacity. Since the reference plant's
HXs are shell and tubular types, the cost impacts of tubular type GeoHex enabled HXs are analysed with respect
to respective tubular standard HXs. Table 5 shows the cost calculations and cost savings in € and € per MW for
adopting GeoHex materialsin the reference plant's preheater, evaporator and condenser (HXs).

Table5 - Cost Impacts of GeoHex enabled evaporator, condenser and preheaterin 15 MW, binary geothermal
power plant.

Items Unit Evaporator Condenser Preheater
Total heat exchanged surface area of
m? 6,200 73,575 1,681
tubular type HXsin 15 MW plant
Estimated costs of standard tubular type /m? 280 844 1 064
HXs ’
Evaluated costs of GeoHex enabled tubular €/m? 636 1017 1015
types HXs ’ ’
Total costs of standard tubular type HXs € 4 836 000 62 097 300 1788 584
installed in 15 MW plant T e e
Total costs of GeoHex enabled tubular type
€ 4,253,200 74,825,775 1,706,215
HXs installed in 15 MW plant T e e
Cost savings for adopting GeoHex enabled € >82,800 12,728,475 82,369
tubular type HXs instead of using (%) 12 -17 5
respective standard HXs (€/MW) 33 853 848 565 5 491

It is evident from Table 5 that the reference plant owner could save about € 582,800 or € 38,853 per MW on
tubular-type evaporator costs for adopting GeoHex enabled instead of standard evaporators in the 15 MW
binary plant. However, the cost of tubular type condenser increased by about 17% for adopting GeoHex enabled
instead of the standard tubular type of condenser in the 15 MW plant. For the preheater, the reference plant
owner could save € 82,369 or € 5,491 per MW on tubular type preheater cost for adopting GeoHex enabled
instead of the standard preheater in the 15 MW binary plant. The cost savings in percentages for adopting
tubular-type GeoHex-enabled evaporator, condenser and preheater in place of respective standard HXs are
shown in the bar chartin Figure 2.
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Figure 2 - Cost savings (%) for adopting GeoHex-enabled HXs in place of standard HXs in 15 MW binary power

plant.

3.3 Environmental Impacts of the GeoHex enabled HXs

The carbon and overall environmental footprint results of 3 GeoHex enabled, and 3 standard tubular types HXs
(preheater, condenser and evaporator) adopted in 15 MW binary power plant have been calculated and
analysed using the evaluated data per m? heat exchanged surface area given in Tables 3 and 4 and listed in

Table 6.

Table 6 — Carbon and overall environmental footprint results of 3 GeoHex enabled and 3 standards tubular HXs

adopted in 15 MW binary power plant.

Items Units Evaporator Condenser Preheater
Total heatexchanged surfacearea (m?) 6200 73575 1681
Total carbon footprint of standard HXs (kg COzeq) 1,729,800 21,998,925 621,970
Total f int of H I
otal carbon °°tp:;t° GeoHex enabled (kg COzeq) 1,519,000 | 22,366,800 | 537,920
s
Total environmental footprint of standard
(mPt) 772,148 9,794,304 272,809
HXs
Total environmental footprint of GeoHex
(mPt) 665,012 9,925,268 235,743
enabled HXs
Carbon footprint savings (kg COzeq) 210,800 -367,875 84,050
(kg CO, eq / MW) 14,053 24,525 5,603
Environmental footprintsavings (mPt) 107,136 -130,964 37,066
(mPt/ MW) 7,142 -8,731 2,471
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Itis seen from Table 6 that the plant owner could save total carbon footprints of about 210,800 and 84,050 kg
CO, eq due to the adoption of GeoHex enabled evaporator and preheater in place of respective standard HXs,
respectively, in 15 MW binary power plant. However, using a GeoHex-enabled condenser will increase the
carbon footprint by about 367,875 kg CO, eq. The total carbon footprint savings in units of kg CO, eq per MW
for adopting GeoHex-enabled tubular HXs instead of respective standard HXs are plotted in Figure 3.
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Figure 3 - Carbon footprint savings (kgCO2e q/ MW) for adopting GeoHex-enabled tubular HXs compared to
respective standard HXsin a 15 MW binary power plant.

The quantified scores of 4 endpoint damage categories (carbon footprint, human health footprint, ecosystem
quality footprint, and resources footprint) for the HXs in their respective units have been converted to a
common scale of measurements, termed as ‘single score’ in units of eco-point (Pt). The overall environmental
footprint is the sum of all four footprintsin acommon unit of Pt. The overall environmental footprint results of
GeoHex-enabled HXs adopted in the 15 MW binary plant are given in Table 6. The overall environmental
footprint savings in units of mPt / MW for adopting GeoHex-enabled tubular HXs instead of using respective
standard HXs have been calculated, and the results are plotted in Figure 4.

11



Document: D8.2 Impact and opportunities of GeoHex on binary cycle

Version: V3

Date:

30 October 2023

Condenser

Evaporator

Preheater

<
wi
4
<
2
(=]
=
<
o
—
o
-9
<

-10000 -8000 -6000 -4000 -2000 (0] 2000 4000 6000 8000
OVERALL ENVIRONMENTAL FOOTPRINT SAVINGS (MP/MW)

Figure 4 - Overall environmental footprint savings (mPt / MW) for adopting GeoHex-enabled tubular HXs

compared with standard HXs in a 15 MW binary power plant.

Through literature searches, no plant data were available for the Binary power plant that uses plate & gasket
type HXs; therefore, this study did not analyse the impact of GeoHex materialson the plants that use plate &
gasket type heat exchangers.

4. CONCLUSIONS

This study analysed the cost and environmental impacts for adopting GeoHex-enabled HXs in place of respective
standard HXs in a 15 MW binary geothermal power plant. The important findings from this analysis are as
follows:

Adopting a GeoHex-enabled tubular evaporator and preheater in a 15 MW binary plant would save
about €582,800 and €82,369 instead of using the standard evaporator and preheater.

The cost savings for adopting GeoHex-enabled tubular types of evaporator, condenser and preheater
instead of using respective standard HXs in 15 MW binary plant are about 12%, -17% and 5%,
respectively.

Carbon footprint savings is about 210,800 kg CO, eqfor adopting a GeoHex-enabled tubular evaporator
in place of the respective standard evaporatorin a 15 MW binary plant.

Carbon footprint savings of about 84,050 kg CO, eq for adopting GeoHex enabled tubular preheaterin
place of respective preheaterin 15 MW binary plant.

The overall environmental footprint savings are about 13.6%, 13.9% and -1.3% for adopting GeoHex-
enabled tubular preheater, evaporator, and condenser, respectively, compared with respective
standard HXs.
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