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The use of renewable energy sources as a solution to the energy dependency on fossil fuels requires innovative
solutions to the issue of energy storage. Among the solutions suggested in the literature, electrothermal energy
storage comprised of a heat pump and a heat engine using transcritical CO2 cycles, water as a thermal energy
storage (TES) fluid to store sensible heat and ice as a cold storage medium to store latent heat, appears
promising. In this paper, a steady state mathematical model of the system is developed using Aspen Plus V11,
validated and compared against results available in the literature. The validated model’s performance is then
studied utilizing parametric sensitivity analysis by exploring the effect of different parameters on multiple
efficiency metrics, with the best case achieving improvement on the round-trip efficiency (nr-t) of 7.64 %. The
hydraulic turbine inlet temperature and the heat engine minimum pressure are found to contribute the most to
the nr-t improvement, with the minimum pressure being the one that can be further decreased by using cold
TES mediums with lower freezing points. Finally, the effect of alternative cold TES mediums (with lower freezing
temperature than ice) on the performance of the system is evaluated. It was concluded, that the nr-t of the model
decreases as the freezing temperature declines, from 46.90 % at 0 °C to 44.90 % at -20.19 °C. As a result, no
benefit related to the nr-t of the model can be deduced by choosing cold TES mediums with lower freezing p
than ice.

1. Introduction

All around the world, governments are taking action to mitigate the energy dependence on fossil fuels, which
have a negative impact both on electricity prices and CO2 emissions (International Energy Agency, 2022).
According to the States Policies Scenario (STEPS), created by the International Energy Agency (2022), which
is based on the actual guidelines being implemented by several governments, fossil fuels as a percentage of
the total energy composition will drop from 80 % today to less than 75 % in 2030 and to approximately 60 % in
2050. At the same time, the increase of 1 %l/y in energy demand until 2030 according to the same report
(International Energy Agency, 2022), is satisfied mostly through the use of renewable sources. As a result, the
importance of renewable energy sources is becoming more prominent.

One of the main challenges facing the adoption of renewable energy sources like solar and wind, is the mismatch
between demand and readily available supply (Boretti and Castellato, 2022). A solution to this issue is using
energy storage (ES) to store the excess energy and use it on demand (Fernandez et al., 2019). Koohi-Fayegh
and Rosen (2020) analysed different types of ES, with pumped hydro and compressed air being two of the more
developed, which are also better suited for large scale ES, both presenting however geographical limitations.
Ortenero and Tan (2021), deployed the multiple attribute decision-making method VIKOR to grade different ES
methods and concluded that for limited space areas electrochemical methods like Li-ion batteries are the optimal
choice, their use, however, requires a comprehensive safety supervision mechanism (Marlair et al., 2022).
Another ES method appearing in the literature, is electrothermal energy storage (EES). Mercang6z et al. (2012)

Paper Received: 15 April 2023; Revised: 13 May 2023; Accepted: 30 May 2023

Please cite this article as: Kyriakides A.-S., Stoikos A., Trigkas D., Gravanis G., Tsimpanogiannis I.N., Papadopoulou S., Voutetakis S., 2023,
Modelling and Evaluation of CO:-based Electrothermal Energy Storage System, Chemical Engineering Transactions, 103, 505-510
DOI:10.3303/CET23103085



506

mentioned that EES, by itself, as an idea originated in the patent by Cahn (1978). In the same work, the authors
introduced the idea of EES employing a heat pump (HP) and a heat engine (HE) with transcritical CO2 (TCOz2)
as a working fluid (WF), water as a secondary fluid to store heat and ice as a cold storage medium. Morandin
et al. (2012), developed an EES model and optimised it through the heat integration of TCO: cycles. Fernandez
et al., (2019) analyzed the behaviour of different EES configurations, using TCOz as a WF, including a case
where supplementary heat from solar sources is added to the cycles. Finally, Carro et al. (2022) presented an
alternative design to EES in terms of CO2 capture and storage within underground geological structures.
Although the ES and EES systems are examined in literature, most studies focus on alternative designs (e.qg.,
include geological storage) or heat integration. However, the effect of different storage mediums and their
corresponding properties (e.g., freezing point) have not been examined in the combined EES system.

In the present work, the effect of alternative TES medium options on the system’s performance is evaluated. As
a result, a steady state mathematical model for the EES system based on the BEES (Basic Electrothermal
Energy Storage) system developed by Carro et al. (2022) is developed and validated, before being utilized in
parametric analysis studies aiming to improve the overall system’s performance. In section 2, the overall
mathematical model is presented. In section 3, the model is validated against simulation results presented by
Carro et al. (2022) and parametric sensitivity analysis is employed, aiming to improve the performance of the
overall system. In section 4, the results are discussed in comparison with those of the BEES system as well as
the ones generated by the employment of different TES configurations. Finally, in section 5 the most important
conclusions along suggestions for future work are presented.

2. Mathematical model
2.1 Process description

The overall system is composed of two thermodynamic cycles (HP and HE). Excess electricity produced from
renewable energy sources (e.g., solar or wind) is converted, during low demand periods, and stored into thermal
energy through the use of a charge cycle (HP). A discharge cycle (HE) is then used to convert the thermal
energy back into electricity during peak demand hours. The steady state mathematical model was created using
the software Aspen Plus V11, the flowsheet of which is shown in Figure 1.

sAm

A

.u.” . >_{4L_ '_MQ_LI_
%
)

b
Figure 1: Electrothermal energy storage system flowsheet configuration: a) charge and b) discharge cycles.

Regarding the WF, CO:z is considered a good option (Mercangéz et al., 2012), mainly due to its low critical point
(31.1 °C, 73.8 bar) and good thermal properties. It is also more environmentally friendly than other WF, it is not
flammable nor toxic. Regarding the secondary fluid used to store sensible heat, water is considered significantly
better than other fluids, since it is characterized by a higher heat capacity, on top of being cheaper and more
readily available. Ice is chosen as a cold TES medium since it offers the option of storing both sensible and
latent heat at low cost (Carro et al., 2022) while increasing the overall performance due to larger temperature
differences compared to water in ambient temperatures (Mercango6z et al., 2012).

In the charge cycle (Figure 1a), CO2is compressed isentropically (COMP) to reach its supercritical state and
maximum temperature, using the electricity generated by the renewable sources. Then, it is condensed
isobarically at a heat exchanger (CONL1), releasing sensible heat to the water (secondary fluid, hot TES
medium). Following that, the CO2 expands isentropically through a hydraulic turbine (HT), producing work which
can be used to contribute to the net-work cycle requirements. Finally, the CO2 evaporates isobarically through
a heat exchanger (EVAL) absorbing latent heat from the ice. In the discharge cycle (Figure 1b), CO: in liquid
form is compressed isentropically (PUMP). It then evaporates through a heat exchanger isobarically (EVA2),
absorbing sensible heat from the water which is being stored in the hot storage tank. Having reached its
maximum temperature, the CO2 expands through a turbine isentropically (TURB), generating work which is used
to generate electricity for the network. Finally, it is condensed through a heat exchanger isobarically (CON2),
releasing latent heat to the ice.
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2.2 Model assumptions and thermodynamic properties

REFPROP method, version 10.0.0.02., developed by the National Institute of Standards and Technology (NIST)
which utilizes the Span-Wagner equation of state (EoS) (Aspen Technology Inc., 1981-2019), is used to
calculate the thermodynamic properties of pure CO2. IAPWS-95 EoS is used to calculate the thermodynamic
properties of pure water. The following model assumptions were made:

e CO2is considered pure, without any impurities

e The kinetic and potential energy changes are considered insignificant

e The compressor, hydraulic turbine, pump and turbine are considered to operate adiabatically

e The flows through the heat exchangers are considered counter-current
Each cycle operates between a maximum and a minimum pressure. In order to maximize both cycles’
performance and to fully utilize the stored thermal energy, minimum and maximum pressures are selected based
on the cold and hot TES conditions. More specifically, low pressure must be such that COz2 is near its phase
change point (saturation line) at the respective heat exchanger temperature (either EVA1 or CON2). Given that
ice is selected as the cold TES medium, operating at 1 bar and 0 °C, minimum pressure is chosen to be equal
to 34.85 bar (Carro et al., 2022). At this pressure CO2 changes phase at 0 °C. Similarly, high pressure must be
such that CO:z is at its supercritical state at the respective heat exchanger temperature (CON1 and EVA2). An
additional constraint at this point is the possible turbomachinery limitations and material cost increase at higher
pressures. Also, given that water is selected as the hot TES medium, operating at 8 bar (boiling point at 170
°C), and since water evaporation in the TES tank is undesirable (Carro et al., 2022), high pressure is chosen to
be up to 200 bar. At this pressure, CO2 reaches maximum temperatures below 170 °C.

3. Implementation details
3.1 Model validation

The validation of the current mathematical model is performed against simulation results presented by Carro et
al. (2022). The base case model conditions, presented in Table 1, are chosen based on Carro et al. (2022).

Table 1: Base case model parameters

Parameter Equipment Value Unit
Isentropic efficiencies Compressor/Pump 0.86/0.85

Hydraulic turbine/Turbine 0.85/0.88
Pinch point Heat exchangers 4 °C
Net-work input Charge cycle 1,000 kw
Charge and discharge cycle pressures (Pp,Low/PHp,High) - (PHE Low /PHE,High) 30/200 - 40/190 bar
Charge and discharge cycle flowrate (mMicoz,charidis) 12.2/23.9 kgls
Charge and discharge cycle water flowrate (mMH20 charfdis) 6.4/13.2 kgls
Low temperature water temperature (TLrwi/TLtwz) 23/23.1 °C
Charge and discharge cycle ice flowrate (fice,charidis) 6.3/16.1 kagls
Low and high temperature of ice (Tice,low /Tice,high) -1.5/1.3 °C
Charging hours water/ice (hchar) 10 h

The model is evaluated using the nr-t of the system (1, .= ((WT-Wpump)/(Wc-WHT)) x(hgis/honar)) and the

individual cycle efficiencies, namely of the charge (UHP=(QHS,HP+ch,HP)/(Wc-WHT)) and discharge cycle
(nHE=(WT-Wpump)/(QHS,HE+QCS,HE)). Wt and Wyt are the power generated by the turbine and the hydraulic
turbine in kW, while Wc and Weump are the required power by the compressor and the pump in kW. Similarly,
Qns,Hp and Qus,He are the sensible heat stored and released to and from the hot TES unit in kW, while Qcsnp
and Qcs e are the latent heat released and stored from and to the cold storage tank in kW. Finally, hchar are the
hours of operation of the charge cycle (charging) and hdis are the hours of operation of the discharge cycle
(discharging).

3.2 Sensitivity analysis

Having established the BEES model validity in the previous section (see also results section), the main
parameters that contribute to the nr-t are explored through parametric sensitivity analysis using Aspen Plus V11
and the fundamental thermodynamic principles.

Maximum working pressures of the charge cycle (P2=Ps, PupHigh) and discharge cycle (Ps=P1o, PHEe High) are
chosen in order to evaluate their effect on the system’s performance, through the sensitivity analysis. For a fixed
minimum pressure of the charge cycle (P1=Ps, Prpr.Low) and a fixed temperature at the hydraulic turbine inlet,
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increasing the Prp High leads to higher maximum temperature of the WF and sensible heat at higher temperature
can be released. This leads to a higher maximum temperature of the hot TES water assuming fixed lower
temperature water. In turn that will lead to higher maximum temperature of the WF of the discharge cycle which
results to higher turbine work output or discharge periods. It is important to mention here that two constraints
are employed during the simulation of the cycles. The first one is related to the net-work input of the charge
cycle (1,000 kW), as the one selected by Carro et al. (2022), and is employed to enable comparability throughout
the results. The second one is related to the net-work output of the discharge cycle (-1,000 kW), and is employed
to alter the discharge period duration instead of the capacity of the cycle. Both constraints are satisfied by
changing the respective cycle’s WF mass flow rate. For the maximum pressures, the ranges that were explored
were between 160 and 220 bar with the upper limit being set based on the factors mentioned in section 2.2. All
other model parameters are chosen based on the model of Carro et al. (2022), as shown in Table 1, except for
two parameters, namely T3z and the minimum pressure of the discharge cycle (P11=P12, PHe Low). Temperature T3
is fixed at 32 °C since it offers the maximum temperature difference on CON1 heat exchanger while maintaining
CO:2 at supercritical conditions. Pre,Low is fixed at 37 bar since that is the pressure that offers the maximum
pressure differences on the turbine for variable maximum pressure while also generating temperatures that
comply with the pinch point value of 4 °C.

4. Simulation results
4.1 Model validation

In Table 2, a comparison is made between the base case simulation results and results presented by Carro et
al. (2022) where it is shown that the temperatures at the four points of each of the charge and discharge cycles
are almost identical. The same conclusion is shown for the net-work input and output for each model. Overall,
it is clearly visible that, based on individual cycle and overall system efficiencies, base case model results are
in excellent agreement with the reference model. More specifically, nup is exactly the same, while a small
deviation is observed in nve and nr-T.

Table 2: Simulation and sensitivity analysis results. Comparison between base case and best case

Parameter Carro et al. (2022) Base case model Best case sensitivity analysis Unit
Net-work input/output 1,000/1,000 996.69/998.37 999.98/1,000 kw
T1/Te -5.5/-5.55 -5.55/-5.55 -5.55/-5.55 °C
T2/T10 157.8/136.8 157.76/136.47 164.37/156.37 °C
Ts 40 40 32 °C
To 19.1 19.37 18.07 °C
T 14.4 14.13 14.71 °C
T2 5.3 5.29 2.27 °C
nNupe/NHeE 5.3/0.08 5.3/0.083 5.45/0.095

Discharge hours — water/ice 4.82/3.91 4.85/3.92 5.61/4.69 h
Non-used energy on hot TES tank 23.26 23.72 19.61 %
NrR-1 39.1 39.26 46.90 %

4.2 Sensitivity analysis results and cold TES medium effect on performance

In Table 2, results of the best case (highest nr-t), as found through the sensitivity analysis, are presented in
comparison with the base case model results and results presented by Carro et al. (2022). The results show
that the best case nr-t has risen by 7.64 %. This result corresponds to a Prp,+igh Of 214 and Pxe High of 220 bar.
At the same time, the non-utilised thermal energy left in the hot storage tank has dropped from 23.72 % to
19.61 % which is explained by the increase in the discharge hours of the cycle to the cold storage. Finally, the
other two indicators are also improved, the nue from 5.3 to 5.45 and the nre from 0.083 to 0.095.

In Figures 2a and 2b, a comparison between the best case and base case model results is presented, based
on the T-s diagrams. As it is visible in combination with the results from Table 2, for the best case results, net-
work input and output have increased however they remain close in value. This leads to the conclusion that the
increase in the nr-t is mainly due to the increase to the discharge hours of the ice. T1 and Tes remain the same
since the pressure at those points for both simulations remains stable at 30 bar while T2and T11 see an increase
due to the increase in the Pupnigh. T10 has increased due to the increase of T2 and the subsequent increase of
Trtwt/THTw2. Finally, Toand T12 see a small decrease due to the smaller value of the PHe,Low.

In Figure 3a, the effect that both sensitivity analysis variables (Pnp,High/PHE, High) have on the nr-t, are presented.
Higher Pre nigh results in increased nr-t, with variable slope, that is higher increase rate is observed for higher
Prp High. At the same time, higher values for Php,High lead to lower values of nr-t with variable slope, that is less
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decrease rate is observed for higher Prenigh. In fact, the slope marginally reverses, at the highest values of
PreHigh. These results lead to the conclusion that the highest values of nr-t are observed when Pup High and
PHe High have their highest values with Pup High having the least impact of the two. Another comment that can be
made is that even for the same Prp,High and PreHigh as the ones used by Carro et al. (2022), 200/190 bar, the
nr-t increases to 46.36 %. This is attributed to the changes on the two fixed variables, Tz and Pre,Low, that had
a significant impact on the nr-1. Of the two, PrELow could be further decreased, if the cold TES medium had a
lower freezing point.
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Figure 2: T-s diagram for a) charge and b) discharge cycles. Best case against reference model
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Figure 3: Round-trip efficiency a) against sensitivity analysis variables (Prp,High/PHEHigh) and b) comparison
between models using cold TES medium with freezing points 0 °C (blue markers), -4.47 °C (red markers), -
11.04 °C (orange markers) and -20.19 °C (purple markers)

Based on the above observation, an ethyl-alcohol water solution (ice slurry) was used, to see how the usage of
a cold TES medium with a lower freezing point than ice might affect the performance of the model. Three
solutions were tested with different freezing points. The data regarding concentration, ice mass concentration,
freezing temperature and ice slurry temperature of the solutions were chosen from the study by Melinder and
Granryd (2005) and are shown in Table 3.

Table 3: Ice slurry input data and results.

# Additive w.t. % Ice w.t. % Freezing Ice slurry PupLow PHeLow PHPHigh PHEHIgh  NHP NHE NRr-1

(kg additive/kg (kgicelkg T((°C) T (°C) (bar) (bar) (bar) (bar) (%)
total) total)

1 01 0.22 -4.47 -6 26 33 202 220 5.16 0.100 46.51

2 02 0.06 -11.04 -12 22 29 194 220 4.82 0.107 45.99

3 03 0.05 -20.19 -22 16 23 168 220 4.4 0.116 44.90

Pup.Low and PreLow Were selected for the temperature difference between the WF and the ice slurry on each
cycle to be greater than 4 °C. For each solution, parametric sensitivity analysis was conducted as in section 3.2,
with variable maximum pressures on each cycle (Pup,High/PHE High). The results show, in Table 3, that the ngr-r
decreases as the freezing temperature of the ice slurry decreases. The individual cycle efficiencies move in
opposite directions with the nue decreasing and the nuxe increasing for declining freezing temperatures while the
optimal Pup,High decreases and the one of the HE (Pre,High) remains stable at 220 bar. The same conclusion can
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be made in Figure 3b, where it is shown that for decreasing freezing temperatures, the surface curve of the nr-
T shifts to lower values. Based on the above results, in terms of the nr-t of the model, there is no benefit in
choosing ice slurries with lower freezing points than ice as cold TES medium.

5. Conclusion

A steady state mathematical model was developed to simulate an EES system and evaluate its performance
for different operating conditions. The model was validated against literature reported results, generating near
identical individual and nr-t efficiencies, proving the validity of the model. Parametric sensitivity analysis was
then used to evaluate the system’s performance with Pup High and PHeHigh as sensitivity variables and Ts and
PHEe Low parameter values changed. As a result, for Pup high and Prenigh equal to 214 and 220 bar, the nr-t was
improved by 7.64 %, up to 46.90 %, the non-utilised thermal energy left from 23.72 % to 19.61 %, the nup from
5.3 to 5.45 and the nue from 0.083 to 0.095. In general, it is observed that nr-t rises, when Pup High and PHe High
decreases and increases for fixed values of Tz and Pre,Low. Additionally, the Pup,Low and Pre,Low could be further
decreased by using cold TES mediums with lower freezing point. Parametric sensitivity analysis was then used
to evaluate the system’s performance under progressively lower freezing points. The results indicate that in
terms of nr-t, there is no advantage on using such solutions since it declined from 46.90 % at 0 °C to 46.51 %
at-4.47 °C, 45.99 % at -11.04 °C and 44.90 % at -20.19 °C. In future work we will analyze the limitation that the
steady state modelling and analysis has on the evaluation of the nr.t of the process by employing dynamic
mathematical modelling when the charging/discharging of the TES tanks is conducted in dynamic manner,
reaching the optimal temperatures gradually.
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