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Abstract. The future of Concentrated Solar Power technology relies on significant cost reduction to be competitive against
both fossil fuel power stations and renewable technologies as photovoltaics and wind. Most of the research activity on
concentrated solar power focuses on supercritical CO2 cycles to increase the solar plant efficiency together with a cost
reduction. Recently, several research groups have started investigating the blending of CO2 with small amounts of additives
to boost the thermodynamic cycle performance. The SCARABEUS project aims at developing and demonstrating CO2
blends in concentrating solar power plant with maximum temperatures of 700°C, power cycle efficiency above 50% and
cost of electricity below 96 €/ MWh. The innovative fluid and newly developed components will be validated at a relevant
scale (300 kWth) for 300 h in a CSP-like operating environment.

INTRODUCTION

Concentrated Solar Power (CSP) plants are set to play an important role in the energy supply mix in the twenty
first century. Unfortunately, the Levelized Cost of Electricity (LCoE) of CSP (currently about 150 €/ MWh) has not
attained the level targeted (100 €/MWh) except for few installations in exceptionally good locations. As of today,
many ongoing research projects aiming at enhancing the efficiency of the power block (PB) and reducing the
associated costs are based on supercritical CO, technology. However, relatively high ambient temperatures, typical in
regions characterized by high solar irradiation, remain the Achilles heel of supercritical CO; cycles as the efficiency
of these systems drops dramatically in warm environments where ambient temperature is close to or higher than the
critical temperature of CO; (31°C), hence not allowing to adopt condensation cycles with expectedly higher
efficiencies. This issue stems as an intrinsic critical hurdle for the future commercialization of CSP plants, which may
be difficult to overcome by any means with the technology currently in use or with standard supercritical CO;
technology.

To address this limitation, the SCARABEUS project [1] proposes a modified working fluid whereby carbon
dioxide is blended with certain additives to enable condensation at temperatures as high as 60°C whilst, at the same
time, still withstanding the required peak cycle temperatures.

The SCARABEUS project aims at developing and demonstrating an innovative power cycle based on blended
CO, for CSP applications, yielding higher efficiency and lower cost. As reported in Table 1, the application of
supercritical CO, blends has the potential to increase the thermomechanical conversion efficiency from the current
42% to above 50%. In addition, capital expenditure (CAPEX) and operating expense (OPEX) can be reduced by 30%
and by 35% respectively with respect to state-of-the-art steam cycles, thus exceeding the reduction achievable with
standard supercritical CO, technology.
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TABLE 1. CSP power plant performance comparison
State-of-the-art

Parameter Steam cycle sCO: targets SCARABEUS project
Maximum cycle temperature (°C) 550 [2] 550 700 550 700
Condensing cycle Yes No No Yes Yes
Power block net conversion efficiency  40-43% [3] 41% 47% [4,5] >43% [6] >50% [6]
Overall solar to electric efficiency 22% [7] 22% 24% 24% [6] >26% [6]
Power block - Capital cost (€/kW) 1100-1300 [8] 900 1000 [9] 750 [6] 700 [6]
LCOE (€/MWh) 150 150 128 [10] <110 [6] <96 [6]
Carbon footprint (kgCO2eq/MWh) 27 [11] 25 22 <24 <18

The primary objective of the SCARABEUS project is to demonstrate that using blended-CO is the only route
currently possible to meeting the very ambitious economic performance of next generation CSP plants. There are two
main areas of research in this project: the first is the identification of the optimal additive which would reduce the size
and increase the efficiency of the PB. The second is the development of tailored heat exchanger designs, particularly
for the air-cooled condenser, to operate with the innovative fluid as these are key enabling components for the
proposed technology. The project will demonstrate the innovative fluid and newly developed heat-exchangers at a
relevant scale (300 kWy,) for 300 h in a CSP-like operating environment.

SUPERCRITICAL CO; POWER CYCLE AND CO; BLENDS

Supercritical CO; systems have been extensively researched in recent years, both theoretically and experimentally.
The potential of sCO; relies on the following features: (i) liquid or liquid-like (i.e. low compressibility) state of the
working fluid during compression, which drastically reduces the associated work, and (ii) low expansion ratio of the
cycle and low isentropic exponent of the working fluid (CO,), which largely increase the potential to recuperate heat
within the cycle. A number of experimental loops, based either on the Recompression and Simple Recuperated cycle
layouts, have been constructed in the last ten years to demonstrate the feasibility of the concept [12,13]. The idea of
blending the CO, to modify the critical properties of the working fluid dynamically has been explored in the past,
mainly by Sandia National Labs in United States for low temperature heat sources [12].

Recently, Czech Technical University in Prague started to investigate the adoption of CO; blends as working fluid
for temperatures up to 550°C [14]. The activity is theoretical and provides an estimation of the potential enhancement
of the PB performance due to the presence of additives. Previous and on-going research activities in the area of CO;
blends undertaken by various research groups worldwide are reported in Table 2. Two different lines of research can
be outlined: blending with hydrocarbons (with limited operating temperature) and adoption of gases to increase the
ideal gas effect.

There is just one activity, performed by University of Brescia and Politecnico di Milano [6,15], investigating the
adoption of blending fluids capable of increasing the critical temperature and withstanding temperatures up to 700°C.
In the framework of this collaboration, two promising fluids have been identified for blending: TiCls and N2Oa. It
comes out that CO2-N,O4 and CO,-TiCls mixtures as working fluids in PBs are promising thanks to the high cycle
efficiency, small turbomachinery and simple plant lay-out which bring about a substantial specific cost reduction. A
simple regenerative cycle with the proposed innovative blends can reach a cycle efficiency as high as 48.6% for CO,-
N204 and 49.7% for CO,-TiCl, compared to an efficiency of 48% for a complex recompression cycle with pure CO».

130002-2



TABLE 2. Recent research activities on CO2 mixtures with the main features

Research Institute | Years Fluid Temperature Activity
Range
University of 2012 Mixtures of CO, and hydrocarbons: 400 °C QJﬂ;?;:Ti]t?g;n::sjlfr:r?:.lgrsiﬁg
Brescia [16,17] 2014 benzene and toluene P cycles
University of .
Brescia — Binary mixtures of CO; with Di- o Tohermal s_tab|||ty tests up to 5.00
M 2016 . : 400 °C C for TiCls. Thermodynamic
Politecnico di 2018 Nitrogen Tetroxide (N2O4) and 10 700°C modelling and overall cvele
Milano [6,15,18- Titanium Tetracholride (TiCl,) g y
20] assessment
University of Mixtures of carbon dioxide and n- Thermodynamic evaluation of the
Tsity 2017 butane, sulphur hexafluoride, <350°C  performances of different Brayton
Brescia [21]
toluene cycles.
oyy BT oo doide gy e o o
SANDIA [12] and Sulphur Hexafluoride (SF6) . mp P ANCe
2013 and different hvdrocarbons to 160 °C mixtures of carbon dioxide and
y ' SF6 and n-butane. A Patent.
Binarv mixture of CO»and: araon Evaluation of performance of
KAIST [22] 2011 Xinon el 9oN. 5gpec  supercritical Brayton cycles for
’ gen, oxygen. Sodium-cooled Fast Reactors
2016 Binary mixture of CO; and: He, O, Thermodynamic evaluation of

Czech TU [14] N2, Ar, CH4 (methane), H,S 550°C

2017 (Hydrogen Sulfide). CO some Brayton cycles
Parametric analysis and
Xian Jaotong 2018 Binary mixture of CO; and <330°C optimization based on

thermodynamic and economic
performance of the system

University [23] hydrocarbons/organic fluids

THE SCARABEUS PROJECT

The SCARABEUS project scheduled work plan includes activities covering the whole value chain needed to prove
thermodynamic, economic and environmental benefits of the proposed technology. It is broken down in seven work
packages covering four years of work, starting on April 2019.

As mentioned in the introduction section, the primary objective of the SCARABEUS project is to demonstrate
that using blended-CO; is the only route currently possible to meeting the very ambitious economic performance of
next generation Concentrated Solar Power plants. Within SCARABEUS, a solar tower and an indirect cycle concept
are considered: the heat transfer fluid (HTF) collects thermal power in the receiver and transfers it to the working fluid
of the power cycle in dedicated heat exchangers. The indirect cycle concept is selected because it does not require a
new receiver development and enables the utilization of conventional thermal energy storage (TES) technologies. In
this latter regard, it is noted that thermal energy storage is an essential feature to fully exploit the advantages of CSP
over PV and wind energy technologies.

The first step of the project will be to identify the most promising candidate fluids (dopants) to be added to the
COs.. This phase will be based on a thorough literature review, starting from the relevant research activities summarized
in Table 2, and on fluid compatibility analyses developed, both for the compounds already investigated and for new
fluids that will be explored. Upon identification of the most promising candidates, a theoretical model to describe the
thermo-physical properties of the working blends will be developed based on experimental data from literature and
from the proprietary database of the applicants. The modelling will start from the simplest cubic equation of state
formulation as Peng-Robinson [24] or Soave-Redlich-Kwong [25] with the calibration of mixing rules parameters
passing through Volume Translated Peng Robinson (VTPR) or exploring predictive models as UNIQUAC Functional-
group Activity Coefficients (UNIFAC) [26] or perturbed chain statistical associating fluid theory (PC-SAFT) [27]
which accounts for species molecular structure and their interaction.
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As already pointed out in previous research activities [28,29], the correct modelling of the thermo-physical
properties behavior of the CO, blend is mandatory to accurately predict the fluid behavior around the critical point
and the resulting cycle performance.

The theoretical description of these CO; blends will then be incorporated into a thermodynamic modelling
environment to analyze the performance of the power plant. Simultaneously, dedicated experiments of CO,-blends
heat transfer properties will be carried out to perform and optimize the designs of the recuperative heat exchanger and
air-cooled condenser. The complete performance model with an accurate characterization of the working fluid will
enable the selection of the optimal CO; blends that yield the best performance of the PB. Based on this information, a
more specific aerodynamic design, performance characterization and cost assessment of turbomachinery, recuperative
heat exchanger and air condenser will be carried out. At the same time, a more refined performance model of the PB
with the capability to simulate both design point and off-design behaviour of the SCARABEUS power plant with
blended-CO; will be developed and, with this tool, an optimization of the entire plant will be performed (including
solar field and thermal energy storage system).

One of the main outcomes of the modelling activities carried out in the project will be the specifications of the
two working fluids yielding the best power plant performance. The thermal stability of these fluids will be investigated
through dedicated experiments to ensure that decomposition at high temperature does not take place, neither in the
short (immediate decomposition) nor in the long terms (after 2000 hours at high temperature). This will demonstrate
the capability of the fluid to withstand temperatures up to 700°C in the presence of metallic materials and lubricants.
Additionally, vapor-liquid equilibrium measurements will be carried out to determine the Andrew’s curve of the CO;
blends. Afterwards, the Andrew’s curve will be used to calibrate the thermodynamic models to verify the description
of the behaviour of CO; blends, which is a necessary requirement to ensure the validity of the results provided by the
performance models. In parallel, all the pieces of information produced by the project will be integrated in a thorough
market analysis whereby the economic objectives of the project will be demonstrated. To this end, multi-variable cost
estimators and financial models will be developed and integrated with the optimization tools.

Ultimately, resolving the outlined challenges leads to a lower cost of electricity (LCoE), yielding a technology
that becomes cost competitive against photovoltaic systems and even fossil fuel technologies. The target LCoE to
achieve this twofold objective is in the range between 50 and 100 €/MWh. Figure 2 summarizes the very large impact
of SCARABEUS on the economic performance of CSP plants: 3500 €/kWel CAPEX and 12 €/MWhel OPEX
(accounting for the contribution of the power block only) are the final economic targets of the project. Moreover, the
drastic reduction of CAPEX and OPEX is even more pronounced if considered in the context of the current objectives
of the SunShot initiative of the US Department of Energy [https://www.energy.gov/eere/solar/sunshot-2030], which
is presently targeting 900 USD/ kWe (CAPEX of the power block) and 2 USD/ MWh¢ (OPEX of the power block,
excluding fixed OPEX by capacity) for the next generation of SCO2 power cycles to be deployed by 2030.

' .‘ ;S} Improved Performance >

‘ ‘e = CAPEX 3500 €/kW
Smaller Turbomachinery

CO,-blend . OPEX 12 €/MWh

) J ‘“ HED B Fewer equipment >
» ‘. LCOE < 96 €/MWh
» Air-cooled condenser Wlﬂ> -9 e

® )\ enhanced finned tube

FIGURE 1. SCARABEUS approach and cost targets for a large scale solar tower plant [1]

These ambitious objectives are tackled by SCARABEUS, a project conceived to bring about greater strides than
would be obtained if steam turbine or combined gas/steam turbine technologies were used. This progress is built upon
innovations on: (i) improvement of the PB performance, boosting the net heat to electricity efficiency to above 50%;
(ii) reduction of the complexity of the PB since only one recuperator and one primary heat exchanger are necessary
as opposed to more than ten heat exchangers typically adopted in a steam cycle; (iii) reduction of the size of
turbomachinery compared to steam turbines of similar power output, bringing about large reduction in capital costs;
(iv) innovation in heat exchanger design and manufacturing, aiming at the best compromise between thermal
effectiveness and manufacturability.
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THE SCARABUES CONSORTIUM

The SCARABEUS consortium comprises 9 partners from 6 European countries (Italy, Spain, French, United
Kingdom, Austria, and Switzerland) with the key complementary expertise, including 5 top level European
universities, one innovative SME and three world leading companies. The SCARABEUS value chain with the primary
role of each partner is shown in Fig. 2.

e : Turbomachinery Heat exchanger
Fluid Definition design design W{E

Seeo - ()

Technology supplier

O
R T G| Market
= &
Safety measures g End-user
<

5 B (e

Process optimization & LCA

FIGURE 2. SCARABEUS project value chain

Politecnico di Milano will lead and coordinate the project and will be responsible for the dissemination of the
project results. In addition, it will define the thermodynamic properties of the CO, mixture through vapour-liquid
equilibrium measurements.

University of Brescia has a laboratory for evaluating the stability of working fluids and holds a strong
thermodynamic background on mixtures. It will support the assessment of the best candidate mixture as well as
perform the corresponding thermal stability tests.

University of Seville, one of the most active institutions in the field of supercritical carbon dioxide technology in
Europe, will capitalize on its expertise in the area of sCO; cycle and turbomachinery design and optimization and of
CSP technology (acquired through close collaboration with industry).

City University of London, has expertise in the design of turbomachinery including the effect of variable gas
properties and will be responsible for the design and analysis of the turbomachinery components.

Exergy is an industrial company manufacturing turbomachinery and will work with City on design of the
turbomachinery and will perform the associated cost analysis.

Quantis will perform the technology assessment from a life cycle perspective (environmental life cycle assessment
and life cycle costing).

Kelvion thermal solutions has one of the world’s largest product portfolios in the field of heat exchangers (plate,
shell and tube and finned tubes heat exchanger; modular cooling tower systems) and will be responsible for the
conceptual design and optimization of the air-cooled condenser and the recuperative heat exchanger.

Technical University of Wien has been working on sCO»-cycles within the frame of two national projects where a
trans-critical sCO,-test rig with a thermal power of 300kW thermal power has been constructed. This rig is currently
operational and will be used in SCARABEUS.

Abengoa Energia is one of the world leading companies in CSP, spanning its activities over the whole value chain:
ownership, engineering, procurement and construction, operation, servicing. The company will provide the end-user’s
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perspective and will support the benchmarking of SCARABEUS in comparison to state-of-the-art commercial plants.
They will also be responsible for the SCARABEUS technology exploitation.

CONCLUSIONS

The potentiality of the blended CO; as working fluids in CSP power block is discussed in this work. The adoption
of SCARABEUS in solar tower plants will yield higher conversion efficiencies than commercial technologies both at
design and off-design operating conditions. The expected design efficiency is >50% compared to 47% for pure sCO;
cycles and 43% for steam power plants. SCARABEUS projects will start from these preliminary results and will
demonstrate that the application of supercritical CO, blends can reduce the complexity and costs of the power section,
thus reducing the LCOE of a Concentrated Power plant below 100 €/ MWhel. The project will also demonstrate the
innovative fluids at relevant scale for 300 hour in a CSP-like operating environment.

ACKNOWLEDGMENTS

The SCARABEUS project has received funding from European Union’s Horizon 2020 research programme under
grant agreement N°814985.

Disclosure: The present publication reflects only the author’s views and the European Union are not liable for any
use that may be made of the information contained therein.

REFERENCES

1. SCARABEUS, https://www.scarabeusproject.eu/.

2. J.l. Ortega, J.I. Burgaleta, F.M. Téllez, Central Receiver System Solar Power Plant Using Molten Salt as Heat
Transfer Fluid, J. Sol. Energy Eng. 130 (2008). d0i:10.1115/1.2807210.

3. IRENA, The Power to Change: Solar and Wind Cost Reduction Potential to 2025, 2016.

4. J. Coventry, C. Andraka, J. Pye, M. Blanco, J. Fisher, A review of sodium receiver technologies for central
receiver solar power plants, Sol. Energy. 122 (2015) 749-762. do0i:10.1016/J.SOLENER.2015.09.023.

5. T. Neises, C. Turchi, A Comparison of Supercritical Carbon Dioxide Power Cycle Configurations with an
Emphasis on CSP Applications, Energy Procedia. 49 (2014) 1187-1196. doi:10.1016/J.EGYPR0.2014.03.128.

6. G. Manzolini, M. Binotti, D. Bonalumi, C. Invernizzi, P. lora, CO2 mixtures as innovative working fluid in
power cycles applied to solar plants. Techno-economic assessment, Sol. Energy. 181 (2019) 530-544.
d0i:10.1016/J.SOLENER.2019.01.015.

7. F.Rinaldi, M. Binotti, A. Giostri, G. Manzolini, Comparison of Linear and Point Focus Collectors in Solar Power

Plants, Energy Procedia. 49 (2014) 1491-1500. doi:10.1016/J.EGYPR0.2014.03.158.

NREL, System Adviosry Model, (n.d.). https://sam.nrel.gov/.

9. C.K. Ho, M. Carlson, P. Garg, P. Kumar, Technoeconomic Analysis of Alternative Solarized s-CO2 Brayton
Cycle Configurations, J. Sol. Energy Eng. 138 (2016). doi:10.1115/1.4033573.

10. G.J. Kolb, C.K. Ho, T.R. Mancini, J.A. Gary, Power tower technology roadmap and cost reduction plan, Conc.
Sol. Power Data Dir. an Emerg. Sol. Technol. (2012) 223-250.

11. IPCC, No Title, (n.d.). https://www.ipcc.ch/pdf/assessment-report/ar5/wg3/ipcc_wg3_ar5_annex-iii.pdf.

12. T.M. Conboy, S.A. Wright, D.E. Ames, T.G. Lewis, CO2-Based Mixtures as Working Fluids for Geothermal
Turbines, Albuquerque, New Mexico 87185 and Livermore, California 945, 2012.

13. J.Cho, H. Shin, H.S. Ra, G. Lee, B. Lee, Y.J. Baik, Research on the Development of a Small-scale Supercritical
Carbon Dioxide Power Cycle Experimental Test Loop, in: 5th Int. Symp. - Supercrit. CO2 Power Cycles Symp.,
2016: pp. 1-18.

14. L. Vesely, V. Dostal, Effect of multicomponent mixtures on cycles with supercritical carbon dioxide, in: G. 2017;
C.U.S. 26 J. 2017 through 30 J. 2017; C. 130041 ASME Turbo Expo 2017: Turbomachinery Technical
Conference and Exposition (Ed.), Proc. ASME Turbo Expo, 2017.

15. M. Binotti, C.M. Invernizzi, P. lora, G. Manzolini, Dinitrogen tetroxide and carbon dioxide mixtures as working
fluids in solar tower plants, Sol. Energy. 181 (2019) 203-213. doi:10.1016/j.solener.2019.01.079.

16. C.M. Invernizzi, T. Van Der Stelt, Supercritical and real gas Brayton cycles operating with mixtures of carbon
dioxide and hydrocarbons, Proc. Inst. Mech. Eng. Part A J. Power Energy. 226 (2012) 682-693.
d0i:10.1177/0957650912444689.

1o

130002-6


https://doi.org/10.1115/1.2807210
https://doi.org/10.1016/J.SOLENER.2015.09.023
https://doi.org/10.1016/J.EGYPRO.2014.03.128
https://doi.org/10.1016/J.SOLENER.2019.01.015
https://doi.org/10.1016/J.EGYPRO.2014.03.158
https://doi.org/10.1115/1.4033573
https://doi.org/10.1016/j.solener.2019.01.079
https://doi.org/10.1177/0957650912444689

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

S. Lasala, D. Bonalumi, E. Macchi, R. Privat, J.N. Jaubert, The design of CO2-based working fluids for high-
temperature heat source power cycles, Energy Procedia. 129 (2017) 947-954. doi:10.1016/j.egypro.2017.09.125.
C.M. Invernizzi, P. lora, D. Bonalumi, E. Macchi, R. Roberto, M. Caldera, Titanium tetrachloride as novel
working fluid for high temperature Rankine Cycles: Thermodynamic analysis and experimental assessment of
the thermal stability, Appl. Therm. Eng. 107 (2016) 21-27. d0i:10.1016/J. APPLTHERMALENG.2016.06.136.
M. Binotti, C. Invernizzi, P.G. lora, G. Manzolini, Innovative fluids for gas power cycles coupled with solar
tower systems, in: AIP Conf. Proc., AIP Publishing LLC , 2018: p. 070001. doi:10.1063/1.5067087.

R.W. Bradshaw, S.H. Goods, Corrosion Resistance of Stainless Steels During Thermal Cycling in Alkali Nitrate,
Sandia Rep. (2001) 1-39.

C.M. Invernizzi, Prospects of Mixtures as Working Fluids in Real-Gas Brayton Cycles, Energies. 10 (2017)
1649.

W.S. Jeong, Y.H. Jeong, J.I. Lee, Performance of S-CO2 Brayton Cycle with Additive Gases for SFR
Application, in: Supercrit. CO2 Power Symp., Pittsburgh, Pennsylvania USA September 9 - 10, 2014, 2014.

C. Wu, S. sen Wang, X. Jiang, J. Li, Thermodynamic analysis and performance optimization of transcritical
power cycles using CO2-based binary zeotropic mixtures as working fluids for geothermal power plants, Appl.
Therm. Eng. 115 (2017) 292-304. doi:10.1016/j.applthermaleng.2016.12.077.

D.Y. Peng, D.B. Robinson, New two-constant equation of state, Ind Eng Chem Fundam. 15 (1976) 59-64.

M. Ghanbari, M. Ahmadi, A. Lashanizadegan, A comparison between Peng-Robinson and Soave-Redlich-
Kwong cubic equations of state from modification perspective, Cryogenics (Guildf). 84 (2017) 13-19.
doi:10.1016/j.cryogenics.2017.04.001.

A.Fredenslund, R. L. Jones, J.M. Prausnitz, Group-Contribution Estimation of Activity Coefficients in Nonideal
Liquid Mixtures, AIChE Journal, vol. 21 (1975), p. 1086-99 doi:10.1002/aic.690210607.

J. Gross, G. Sadowski, Perturbed-chain SAFT: An equation of state based on a perturbation theory for chain
molecules, Ind. Eng. Chem. Res. 40 (2001) 1244-1260. doi:10.1021/ie0003887.

G. Manzolini, M. Binotti, D. Bonalumi, C. Invernizzi, P. lora, CO 2 mixtures as innovative working fluid in
power cycles applied to solar plants. Techno-economic assessment, Sol. Energy. 181 (2019) 530-544.
doi:10.1016/j.solener.2019.01.015.

D. Bonalumi, S. Lasala, E. Macchi, CO2-TiCl4 working fluid for high-temperature heat source power cycles and
solar application, Renew. Energy. In press (2018) 1-13. doi:10.1016/j.renene.2018.10.018.

130002-7


https://doi.org/10.1016/j.egypro.2017.09.125
https://doi.org/10.1016/J.APPLTHERMALENG.2016.06.136
https://doi.org/10.1063/1.5067087
https://doi.org/10.3390/en10101649
https://doi.org/10.1016/j.applthermaleng.2016.12.077
https://doi.org/10.1016/j.applthermaleng.2016.12.077
https://doi.org/10.1021/i160057a011
https://doi.org/10.1016/j.cryogenics.2017.04.001
https://doi.org/10.1002/aic.690210607
https://doi.org/10.1021/ie0003887
https://doi.org/10.1016/j.solener.2019.01.015
https://doi.org/10.1016/j.renene.2018.10.018



