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Abstract: The goal to reduce greenhouse gas emissions necessitates the increase of RES utilization.
To accomplish this goal, energy storage solutions, are required. This study investigates the
performance of an electrothermal energy storage system, the CEEGS system, which consists of an
above surface energy storage system and a below surface geological system. The focus is set initially
on the analysis of the above surface system to gain insight on its operation. Then steady-state
optimization is utilized to identify the operating condition that maximize the system performance,
before investigating the bellow surface system integration and the effect that the geological
conditions have on system performance. For the above surface system, efficiency (nrr) up to 46.89
% is calculated. For system integrated with CO: geological storage, two case studies are examined,
presenting higher nr-r compared to the above surface system (Case study 1-50.37 %, Case study 2-
67.39 %). The optimal nrr for Case 2 is achieved for higher injection/production pressures and
temperatures conditions and minimal AP and AT between injection and production. In conclusion,
it is the selection of the geological storage conditions that contribute the most to the optimal nr-r
thus the selection of the appropriate geological storage formation is imperative.

Keywords: electrothermal energy storage; transcritical CO: (TCOz); CO: geological storage;
Parametric sensitivity analysis; Steady-state optimization

1. Introduction

The Paris Agreement set the ambitious goal of maintaining the increase in the global
temperature lower than 2 °C and if possible, below 1.5 °C compared to pre-industrial levels [1]. This
goal is directly connected to the aim of reducing greenhouse gas emissions originating from the use
of fossil fuels in energy production. The reduction of the use of fossil fuels appears in fact feasible
since, coal, oil and natural gas as a share of the total energy mix will reach a maximum of
approximately 80 % within this decade and will decrease to 73 % in 2030 if the relevant policy
decisions are enforced [2]. At the same time however, the population worldwide is set to increase by
1.7 billion people by 2050 which will result to a corresponding increase in the global energy demand.
Since the use of fossil fuels is projected to decrease, the increase in the energy demand will need to
be met by an increase in the use of renewable energy (RE).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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RE however has its own disadvantages since it is characterized by the intermittency of the
corresponding energy supply which depends on factors such as the time of day, the weather and
season, as well as the location of the installed capacity. To mitigate this issue, which leads to periods
of either excess generated energy that needs to be curtailed or energy scarcity, energy storage (ES)
solutions must be applied. Specifically for large capacity ES, pumped hydro and compressed air are
suggested as the most suitable methods [3] with the former, despite its limitation since it requires
certain topological characteristics, currently having the largest share of the energy storage market;
namely, more than 95 % [4]. Another group of ES methods reported in literature consists of those
associated with the Carnot Battery concept. This method is used to describe a wide range of ES
methods which operate by converting electric energy to thermal (charging phase) and then thermal
back to electric (discharging phase) [5]. In the Rankine pumped thermal energy storage (Rankine
PTES) Carnot Battery method the charging phase is conducted by a heat pump Rankine cycle and the
discharging phase by a heat engine one, while cold and hot thermal energy storage (TES) units are
used to store the thermal energy [5]. In contrast Brayton PTES [6], for the same process Joule-Brayton
cycles are used. Rankine PTES is of specific interest among the different types of Carnot Battery
methods since it can operate for temperatures between -30 °C and 400 °C and pressures between 1
bar and 200 bar [5]. Compared to other types of Carnot Batteries, like the Brayton PTES, the narrow
temperature span of the Rankine PTES cycles facilitates improved matching of the temperature
profiles between the cycles and the TES units [5]. Also, the temperature range of the Rankine PTES
method makes it suitable for different types of applications like district or process heating and
cooling, as well as utilization for microgrid ES [5]. A large number of studies have been conducted in
recent years on the topic of Rankine PTES. Eppinger et al. [7] designed and analyzed a heat pump -
organic Rankine cycle PTES system, choosing R1233zd(E) as the working fluid. In the same study,
electric-to-electric round-trip efficiency of up to 59 % was calculated. A variation of the base case
Rankine PTES system, namely the thermally integrated Rankine PTES (TI-PTES) system, promises
higher round-trip efficiencies making use of low-grade heat sources [8]. Through the implementation
of multi-objective optimization a round-trip efficiency of 55 % was achieved [8].

The utilization of a heat pump and a heat engine as described in the Rankine PTES system,
namely an electrothermal energy storage method (EES) goes back to the concept presented by Cahn
[9]. The EES system more recently was introduced again by Mercangoz et al. [10], as a method for
energy storage in large quantities. The EES system is comprised of a heat pump (HP) and heat engine
(HE) using transcritical CO2 (TCO2) as the working fluid, water for the storage of sensible heat and
ice for the storage of latent heat. In the same study, thermoeconomic analysis of the EES system is
conducted through modelling and simulations and optimal round-trip efficiencies are found between
51 % and 65 %. In another study, Morandin et al. [11] proceeded to conduct the design and
optimization of the EES system having as a focus point the thermal integration of the HP and HE
cycles finding an optimal round-trip efficiency of 60 %. Fernadez et al. [12], expand the research in
the EES system by considering the addition of solar energy in the form of heat either on the HP or the
HE cycle. The authors were able to reach round-trip efficiencies higher than 60 %. The reported
round-trip efficiencies of EES systems utilizing TCO2 cycles, are well within the reported range of the
Rankine PTES systems (45 % to 65 %) [5].

The EES system initially developed by Mercangoz et al. [10], was redesigned to include the
geological storage of the CO2 [13] with the new system CEEGS (COz-based Electrothermal Energy
and Geological Storage system), comprising now of two subsystems, the above surface EES system
and a below surface geological energy storage system. This new system achieved a round-trip
efficiency approximately between 40 % and 50 %. The CEEGS concept has recently been the subject
of a European Union Horizon research project, namely CEEGS-Novel CO2-based Electrothermal
Energy and Geological Storage system [14]. Under this concept, further studies have been recently
published. The above surface EES system, the one without any geological storage, has been modelled
and analyzed with parametric sensitivity analysis implemented to identify the operating conditions
which lead to the highest round-trip efficiency (46.90 %) [15]. In the same study, the effect of
alternative cold energy storage mediums on the round-trip efficiency is also measured. In a
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subsequent study [16], the CEEGS system was analyzed and evaluated under a different
configuration where salt cavities were used as the geological storage formations with reported round-
trip efficiencies between 49.1 % and 73 %. The same study when analyzing the CEEGS system without
the CO2 geological storage, reported round-trip efficiencies between 47.3 % and 55.5 %. Finally, a
small lab-scale unit (200 kW) of the CEEGS system has been designed and constructed at the
Helmholtz-Zentrum Dresden-Rossendorf to validate the concept (TRL 4) [17]. Initial results of the
operation of the system (charging phase) were presented and valuable observations were made for
the future enhancement of the process in ref. 17.

The use of supercritical CO: as the heat transmission fluid in geothermal-related applications
was originally introduced by Brown [18]. The proposed method coupled a novel
enhanced/engineered geothermal system (EGS) with partial geological sequestration of COz. The
partial CO:2 sequestration provided additional economic benefit and incentive for future CO:
management scenarios. EGS systems are typically generated via hydro-fracturing hot dry rock. The
thermodynamic and transport properties of CO: are such that the novel system using COz was found
superior to the corresponding case of using water as the working fluid for heat extraction [19-21]. A
significant advancement occurred when, instead of fractured systems, other existing high-porosity,
high-permeability geologic reservoirs, overlain by a low-permeability cap-rock, were used. Such
systems were referred to as COz-plume geothermal (CGP) systems [22,23].

The present study has developed an analysis and evaluation methodology of the CEEGS system,
including the implementation of the optimization of the integrated above surface EES system and
below surface CO: geological storage system (CEEGS). Moreover, the operating and geological
storage conditions, as well as the TES parameters that led to the optimal efficiency of the system have
been studied. Through the aforementioned analysis and evaluation of the integrated CEEGS system,
the main aim of the current work, is to identify the CO2 geological storage conditions under which
the system can operate with the optimal overall efficiency. Moreover, the appropriate above surface
system operational conditions that match the optimal geological storage conditions will also be
investigated and calculated. The next challenge, for future research, will be the investigation of the
dynamic behavior of the critical parameters of the system for different RE production profiles and
geological storage scenarios. In the present study, focusing initially on the above surface EES system,
a maximum round-trip efficiency of 46.89 % is calculated with the performance of the discharge cycle
having the most significant effect on this result. In terms of the integrated CEEGS system with the
inclusion of the below surface CO: geological storage system, two case studies were investigated. The
optimal round-trip efficiencies (Case Study 1: 50.37 %, Case Study 2: 67.39 %) are improved compared
to the system without geological storage which indicated the advantages of the geological storage
integration. Moreover, and by further analyzing the geological storage integration through the two
case studies, the importance of the geological conditions towards the overall system performance is
identified and discussed. The structure of the rest of the article is as follows. In section 2, the CEEGS
system and the models used for its simulation are described and analyzed. In section 3, the
methodologies that were implemented are explained while in section 4, the results of the study are
presented in detail and analyzed. In section 5, the results of the previous section and the conclusions
made are discussed in a broad context along with potential future research outlooks. Finally, the
article finishes with the conclusions in section 6.

2. System and Model Description

2.1. The CEEGS System

A schematic depiction of the CEEGS concept is shown in Figure 1. The CEEGS system comprises
of two integrated subsystems; namely, (i) an above surface EES system, and (ii) a below surface CO:
geological storage system. In this study the geological storage system is considered to be an open
porous media reservoir that includes injection and production wells, in the simplest configuration,
adopted in this article, a doublet of wells, hereafter designated as Well A and Well B. In particular,
well A which is used as an injection/production well, and well B which is used as an injection well.
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During the charge phase, surplus of electric energy produced through RE sources like solar or wind
is converted into thermal energy, utilizing a transcritical CO2 vapor-compression cycle (Heat Pump -
HP), and it is stored in hot and cold TES mediums. The CO: (working fluid) enters the cycle from an
above surface pipe or stationary source and exits the cycle by being injected in well A. During the
discharge phase, the thermal energy stored in the TES mediums is converted back into electric energy,
utilizing another transcritical CO2 power cycle (Heat Engine - HE), before being distributed to the
network for consumption. The CO: enters the cycle from well A where it was previously stored,
having converged to thermal equilibrium with the reservoir and possibly retrieving some geothermal
heat, and exits the cycle by being re-injected in well B. Part of the CO: will move from well B to well
A while another smaller part will be permanently sequestered inside the underground reservoir [13].
The quantity of CO2 that will be sequestered is site-dependent and could be up to 13 % of the injected
amount [24].

L AV WA

Figure 1. The CEEGS concept [14].

The system can operate in two different modes/configurations. In the first mode (Figure 2), the
system works only as an above surface EES system where the HP and HE cycles work as closed cycles,
with CO: being the primary working fluid of both cycles. In that case no CO2 sequestration in the
subsurface reservoir can be achieved. On the other hand, in the second mode (Figure 3), as described
in the beginning of the subsection, the HP and HE cycles operate as open cycles integrating the below
surface CO:2 geological storage system, where partial CO: sequestration can be achieved.
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Figure 2. EES system flowsheet: (a) Charge cycle — HP; (b) Discharge cycle — HE.
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Figure 3. EES system flowsheet with below surface CO: storage: (a) Charge cycle — HP; (b) Discharge
cycle — HE. The orange rectangles indicate the sections that are not operational for the modes
considering CO:z geological storage.

2.2. System Characteristics and Operation

2.2.1. Working and Secondary Fluids

Both cycles, use CO: as the working fluid, chosen for its various advantages [10]. Its main
advantage is related to the operating conditions of the two transcritical cycles. Its low critical point
(31.1 °C, 73.8 bar) in terms of the temperature makes it ideal to match with heat storage fluids such
as water since the supercritical temperatures that the CO: will reach allow the transfer of thermal
energy to and from water at relatively low water temperatures while maintaining the water’s liquid
phase at an appropriate pressure value. In contrast, its critical pressure is higher compared to other
refrigerant fluids which could put a strain to the turbomachinery equipment and increase its cost, an
issue that can be mitigated by constraining the maximum pressure that the CO2 will reach. Other
advantages, connected to the use of CO:z as the working fluid compared to others are its increased
power density, its environmental characteristics, as well as other features such as its non-
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flammability, non-toxicity and low cost. In terms of the secondary fluids used for the two cycles, for
the hot TES medium water was selected in its liquid form to store the sensible thermal energy due to
various factors. Initially, water compared to other energy storage materials, can store the same
amount of energy in less mass or volume, meaning it has increased heat capacity [10]. At the same
time, it presents additional favorable characteristics in terms of heat transfer characteristics and price.
Finally, for the other secondary fluid, a refrigerant was chosen, namely the hydrochlorofluorocarbon
(HCFC) R-22 which allows for the storage of latent thermal energy at a temperature close to the one
of ice at 0 °C for the appropriate pressure [25]. By choosing R-22, the presence of a solid phase, in
addition to the liquid phase, that would occur with the use of ice slurries is avoided. Thus, any
computational difficulties associated with the presence of the solid phase are reduced.

2.2.2. Operation Description

The CEEGS process for the first configuration (Figure 2) starts with the charge phase at the HP
cycle (Figure 2a) during periods of excess electricity production. CO: in a subcritical state (vapor)
enters the compressor COMP where the electrical energy input, in the form of work (Wcowmp),
originating from the surplus of RE sources compresses it isentropically to a supercritical state. The
CO2 having reached its maximum pressure and temperature in the HP cycle enters the condenser
CONI1 flowing isobarically and in a counter current configuration compared to the water (i.e., first
“secondary fluid”). The water enters CON1 from stream LTW1, originating from a low temperature
water tank. During the heat transfer process, the CO: releases sensible heat to the water with the
water exiting the CONI1 at an increased temperature (stream HTW1) and is stored in a high
temperature water tank. The CO2 exits the CONT1 still at a supercritical state but at decreased
temperature and enters the hydraulic turbine HT where it expands isentropically producing useful
energy in the form of work (Wur). Exiting the HT the CO2 is now at a subcritical state and it flows
through the evaporator EVALI isobarically and in a counter current manner to the R-22 (i.e., second
“secondary fluid”) entering the EVA1 from stream R22_IN1. The CO: having absorbed latent heat
from the R-22 exits the EVA1 and the HP cycle closes at the block Loop_breaker_1, while the R-22
having released latent heat exits the EVA1 at stream R22_OUT1 and is stored in the cold TES medium
tank.

During periods of electric energy scarcity, the discharge phase at the HE cycle (Figure 2b) is
activated. Liquid CO: at subcritical state enters the pump PUMP and is compressed isentropically
using work (Wrump). The COz having reached its maximum pressure in the cycle enters the evaporator
EVA2 flowing isobarically and in a counter current manner to the water which enters EVA2 from
stream HTW?2 from the hot temperature water tank that was being stored. The hot water releases its
stored sensible thermal energy to the CO: and exits the EVA2 at a reduced temperature at stream
LTW2 from where it is stored to the cold temperature water tank. The CO2 exits the EVA2 at its
maximum temperature in the cycle having absorbed the sensible thermal energy and it then proceeds
to enter the turbine TURB where it expands producing useful work (Wrurs) that can then be converted
to electric energy and be provided to the network. The CO: exits the TURB at a subcritical state and
flows through the condenser CON2 isobarically and in a counter current manner to the R-22 which
enters the CON2 from stream R22_IN2. The CO: exits the CON2 at a liquid phase having released
latent heat to the R-22 and the HE cycle closes at the block Loop_breaker_2. Similarly, the R-22 exits
the CON2 at stream R22_OUT2 having absorbed latent heat and is stored within the cold TES
medium tank.

The CEEGS process for the second configuration (Figure 3) functions in the same manner as the first
CEEGS configuration (Figure 2) with the addition of the CO2 geological storage process. However, in this
case (Figure 3a), during the charge phase, the COz expands flowing through the turbine TURB2 and enters
a geological structure still at a supercritical state at stream WELL_A_IN. Through this expansion work
Worurs: is generated to be used for the operation of the cycle. The section VALVE1, HT and VALVE2
(orange rectangle shown in Figure 3a) is not operating in this operation mode. During the discharge phase
(Figure 3b), the CO: exits the geological structure, where it was previously stored, at stream
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WELL_A_OUT still at a supercritical state and is compressed (Wcomez2) by COMP2, to reach the required
cycle pressure. Having flowed through the HE cycle as described for the first configuration (Figure 2b),
the COz exits condenser CON2 in a liquid state and is compressed (Wrumrz) by pump PUMP?2 re-entering
the geological formation at stream WELL_B_IN. The section VALVE4, PUMP1 and VALVE3 (orange
rectangle shown in Figure 3b) is not active in this operation mode.

2.2.3. Pressure Parameters

The operation of each of the two cycles (HP, HE) and the flow of the working fluid (CO2) occurs
between two pressures, a minimum (Pup, min, PHE, min) and a maximum (Prr, max, PHE, max), since the
condensation and evaporation processes in each cycle are isobaric [9]. For the maximum pressures
(PHP, max, PHE, max), these must be above the supercritical point (73.8 bar) since the cycles are transcritical,
however, they shouldn’t exceed a level above which turbomachinery and cost constraints will appear.
At the same time, the maximum pressures and their corresponding temperatures should be such that
the water as the secondary fluid will remain in a liquid state for its chosen operating pressure. For
the minimum pressures (Pup, min, PHE, min), these must be such that the CO: is in a subcritical state
around the saturation line since flowing through EVA1 (HP) and CON2 (HE) it needs to go through
the phase change process exchanging latent heat with the secondary fluid (R-22). At the same time,
the selected minimum pressures should be such that the corresponding CO: temperatures are around
0 °C, close to the phase changing temperature of the secondary fluid R-22 at a pre-defined operating
pressure.

2.2.4. Temperature Profiles

Another phenomenon that describes the operation of the two transcritical cycles (HP, HE) of the
CEEGS system and affects its round-trip efficiency is the matching of the temperature glides of the
CO: as the working fluid and the ones of the secondary fluids (water, R-22) as the hot and cold TES
mediums at the four heat exchangers as described by Mercangoz et al. [10]. To achieve well matched
temperature glides which lead to increased values for the round-trip efficiency of the CEEGS system,
the transfer of thermal energy between the working fluid and the respective secondary fluid must be
either sensible or latent for both fluids. In the case of this system this aim is satisfied since in both
cycles, the CO:z and the water both exchange sensible thermal energy while the CO: and the R-22 both
exchange latent heat.

2.2.5. CO:z Geological Storage

The CEEGS system as presented in the second configuration (Figure 3) includes the use of
underground geological structures for the injection and production of CO: during the charge
(injection) and discharge (production and injection) phases. In this study, the open porous media
reservoirs were chosen for integration with the above surface EES system as studied by Carneiro and
Behnous [26]. The selected geological structure consists of two wells which are part of the same open
porous media reservoir, the main well A and the secondary well B. Well A functions both as an
injection well (HP cycle) and as a production well (HE cycle) while well B operates only as an injection
well (HE cycle). For the operation of the CEEGS system, an initial setup phase of a CO2 plume within
well A is required [26]. However, the study of this process is outside the scope of this article. The
integration between the above surface and below surface systems is mainly related to the pressure
and temperature conditions at the injection and production wellhead A with the production
conditions to be lower than the injection ones, although the production temperature may, under
certain geothermal conditions, be above those of the injection phase [26]. The values that these
parameters will take will mostly be affected by the depth of the well, its diameter, and mass flow
rates of the CO, the latter two being design parameters that can be optimized to enhance the
efficiency of the system. [26].

However, the pressures and temperatures at the wellhead of well A are also greatly affected by
the reservoir properties. Petrophysical parameters of the reservoir, such as permeability and porosity,
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will affect the bottomhole pressure during the discharge phase, not only due the pressure decrease
around well A, but also due to the overall pressure build-up imposed by simultaneous injection of
CO: in well B. The geothermal conditions (reservoir temperature and thermal properties of reservoir
rocks) will be paramount for the thermal equilibrium between the injected CO: and the reservoir
temperature near bot-tomhole. In fact, in regions with geothermal heat flow above average, a
geothermal heat gain is possible between the charge and the discharge phase.

A full cycle of an energy storage scenario of the CEEGS system is presented in Figure 4a with
shut-in periods included. In Figure 4b, a graphical representation of the charge and discharge phases
within the below surface formation, as described previously, is shown. At wellhead A both injection
(charge phase) and production (discharge phase) are conducted while at wellhead B only injection
occurs (discharge phase).

1 Cycle m=p Charge Phase
el e U =5 Discharge Phase
In]ec‘tlon WELLA WELLB
Charge Discharge
% Ll E ______ 7
= | ! £
& | 2
3 | z
p ! I £
T 9 g
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k.
Production
Time
(a) (b)

Figure 4. CEEGS below surface CO: storage subsystem: (a) CO2 mass flow variation with time during
an energy storage scenario; (b) Depiction of the charge-discharge processes within the below surface
formation.

2.3. Mathematical Model

2.3.1. Model Design

In the current study the steady-state mathematical model of the CEEGS system for both
operating modes (Figure 2/Figure 3) was developed in gPROMS Process 2023.1.0 [27]. For the CEEGS
system to operate at the desired conditions and at the designed level of efficiency and capacity, certain
variables or variable differences need to be constraint.

More specifically, and referring to the first configuration (Figure 2), a series of constraints are
included in the model to regulate its operation. The power capacity for each cycle (Wnet, 1p, Whet, HE)
are selected to be equal. This is achieved by altering the mass flow of the CO: (rhco, up, hcoz, HE) at
each cycle respectively. In the HP cycle, the mass flow of the water (hot TES medium, mo, up) is
altered to achieve an outlet temperature difference at CON1 of 4 °C. At the same time, the mass flow
of R-22 (cold TES medium, mr2, 1p) is altered so as the temperature of the R-22 at the exit of EVA1
(Tre2_outi) is equal to the temperature of R-22 at the inlet of CON2 (Tr22_n2). The temperature of the
hot water entering the hot water tank following the operation of the HP cycle (Turw1) is considered
equal to the temperature of the hot water tank exiting the tank for the operation of the HE cycle
(Turwz). This means that the hot water tank doesn’t present thermal losses. In the HE cycle, the
temperature of the CO:z at the exit of EVAZ2 is altered so as the outlet temperature difference is 4 °C.
At the same time, the mass flow of the water as the hot TES medium (rhmeo, uE) is altered to achieve a
water outlet temperature (Tutwz2) of approximately equal value as the cold water temperature at the
inlet of CON1 (Trrw1). Also, the mass flow of R-22 as the cold TES medium (rir-22, uE) is altered so as
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the temperature of the R-22 at the exit of CON2 (Trz2_out2) is equal to the temperature of R-22 at the
inlet of EVAT (Tre2_m1).

The second configuration of the CEEGS system (Figure 3), uses mostly the same constraints as
described above with a few differences. For this model, the mass flow of the water in the HE cycle
(o, HE) is altered to achieve an inlet temperature difference at EVA2 of 4 °C. Moreover, the cold
water temperature at the inlet of CON1 (Turw1) is altered to achieve equal temperature with the water
outlet temperature (Trrwz) at EVAZ2. Finally, the CO:z outlet temperature at CON1 is altered to achieve
the desired wellhead A injection temperature (TweLL_a_m).

2.3.2. Thermodynamic Model and Model Assumptions

For the calculation of the thermodynamic properties of each fluid utilized in the CEEGS system
the appropriate equation of state (EoS) was selected. For CO2, the GERG-2008 EoS for natural gases
and other mixtures was used [28] since it can be applied to CO: as a pure component making use of
the appropriate EoS [29] at the temperature region of -57.15 to 626.85 °C and up to 3,000 bar which
covers the use of COz in the liquid, gas and supercritical regions for this application. For pure water
the IAPWS-95 formulation was selected [30] since it can calculate its thermodynamic properties in a
large region from -21.95 to 999.85 °C and up to 104 bar covering the area of the liquid region which
is of interest to this application. Finally, for the cold TES medium (R-22) the Peng-Robinson EoS was
applied [31] which covers the use of the fluid in the subcritical region for both liquid and gas phases
that appear in the CEEGS application.

For the simulation of the models that describe the two CEEGS configurations the following
assumptions were made:

e All the fluids (CO2, water, R-22) are considered pure components;
e  The kinetic and potential energies are not considered;

e All equipment is considered to operate adiabatically.

2.3.3. Model Evaluation

The evaluation of the first CEEGS configuration (Figure 2) is conducted with the use of three
efficiency metrics [13], the efficiency of the HP cycle (Equation 1), the efficiency of the HE cycle
(Equation 2) and the round-trip efficiency (Equation 3). While all three metrics will be used for the
evaluation of the model, the round-trip efficiency (nr-r) will be the main evaluation criterion of the
overall system.

nep = (Qcont + Qevat) / (Weome - Whr), )
nue= (Wrturs - Wrumr) / (Qevaz + Qconz), ?)
Nrr= (Wrturs - Wrump) / (Wcomp-Wrar) x (hdis/ hehar), 3)

The same efficiency metrics are used for the second CEEGS configuration (Equations 4, 5, 6),
adapted to the respective model (Figure 3).

nup= (Qcont + Qevat) / (Wcomer — Wrursz), @)
nue= (Wrturs1 - Wreumpz- Weomez) / (Qevaz + Qconz), )
Nrr= (Wrturs1 - Wreump2 - Wcomrz) / (Wcomp1 — Wrursz) % (hdis / hehar), (6)

Qcont and Qevaz correspond to the sensible heat exchanged between COz and water during the
charge (HP) and discharge (HE) phases respectively while Qeva1 and Qconz correspond to the latent
heat exchanged between CO:z and R-22 for the same cycles respectively. Wcome and Wrumr are the
works needed for the COMP and PUMP respectively while Wur and Wrurs are the works generated

d0i:10.20944/preprints202412.0870.v1
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by the HT and TURB respectively. Similarly, for the second CEEGS configuration, Wcomp1, Wcowmrs,
Werumr: are the works needed for the COMP1, COMP2 and PUMP?2 respectively while Wrurs1 and
Wrurs2 are the works generated by the TURB1 and TURB2 respectively. All aforementioned
parameters are measured in kW.

In Equations 3 and 6, hchar describes the duration of the charging phase while huis is the duration
of the discharging phase, with both parameters measured in hours (h). The current CEEGS system in
both configurations was studied in the scope of daily energy storage meaning, that a full operation
of the system (charge and discharge process) is concluded within one day. Having calculated the
duration of the discharge of the hot TES tank hdis, ns (Equation 7) and the duration of the discharge of
the cold TES tank hais, s (Equation 8), the value of hais (Equation 9) is calculated as the minimum of

these two.
huis, hs= (Qcont / QEvaz) x hchar, 7)
huis, s = (Qeva1 / Qconz) x hchar, (8)
hdis= min (hdis, hs, hdis, cs), (9)

3. Implementation

For the simulation and analysis of the CEEGS system two methodologies were selected for
implementation which are presented in this section. Initially, parametric sensitivity analysis was
implemented on the model of the first CEEGS system configuration (Figure 2) with the aim of
analyzing its operation and evaluating its performance under different above surface operating
conditions in the absence of the below surface geological storage subsystem. In addition to the
evaluation of the efficiency metrics of the system, the sensitivity analysis allows for the interpretation
of critical parameters that characterize its operation. In this manner useful observations for further
analysis and evaluation of the system can be made. Furthermore, steady-state single objective
optimization was implemented on the model of the second CEEGS configuration (Figure 3) to
evaluate the CEEGS system performance in whole for different geological storage case studies and
compare those performances with the one of the system without geological storage that was
generated from the sensitivity analysis. This will help identify how the addition of the geological
storage subsystem affects the system’s performance and locate the most favorable geological storage
conditions.

3.1. Parametric Sensitivity Analysis: First CEEGS Configuration

The model (Figure 2) was validated against the one developed by Carro et al. [13] and Kyriakides
et al. [15] the latter of which simulated the system in Aspen Plus. Sensitivity analysis was then
performed with two sensitivity analysis variables being chosen, namely Prp, max and PHe, max. For both
variables the lower bound was chosen as 73.8 bar (CO: critical pressure) and the upper bound as 220
bar. The lower bound was chosen as such since for both cycles the CO:z needs to be at a supercritical
state when exchanging thermal energy with the water while the upper bound was constrained below
220 bar due to turbomachinery and cost reasons. The rest of the input data used in the model are
shown in Table 1. The purpose of this analysis is to understand under which operating conditions of
the above surface model in the absence of the effect of the CO2 geological storage the highest round-
trip efficiencies of the system appear. Specifically, the operating conditions analyzed are the Pp, max
and the PHE, max believed to be the parameters that have the most significant effect on the round-trip
efficiency of the system [13].
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Table 1. First CEEGS System Configuration: Input data.
Parameters Cycle Equipment Value Unit
Power capacity HP (Whret, vr) HP - 1,000 kW
Power capacity HE (Whet, HE) HE - 1,000 kW
Isentropic efficiency (Compressor) HP COMP 086  [-]
Isentropic efficiency (Hydraulic turbine) HP HT 0.85 [-]
Isentropic efficiency (Pump) HE PUMP 0.85 [-]
Isentropic efficiency (Turbine) HE TURB 0.88 [-]
Mechanical efficiency HP/HE COMP/HT/ 1 [-]
PUMP/TURB
Minimum pressure HP (Pup, min) HP - 30 bar
Minimum pressure HE (PHE, min) HE - 37 bar
THOT_STREAM_OUTLET HP CONI1 32 °C
Heat exchangers minimum approach HP/HE CON1/EVA1/ 4 °C
temperature CON2/EVA2
Inlet stream vapor fraction HP COMP 1 [-]
Inlet stream vapor fraction HE PUMP 0 [-]
Pressure — water (Parwi, Prrwi, Parwz, Priws) HP/HE - 8 bar
Trrwt HP - 23 °C
Trrw2 HE - 23.1 °C
Pressure — R-22 (Pr22 n1, Pr22_ outt, Proz vz, Pr22 out2)  HP/HE - 4.7 bar
Tr22_ouri, Tr22 N2 HP/HE - -1.55 °C
Tr22_1N1, Tr22_0UT2 HP/HE - 1.52 °C
Charging hours (hchar) HP - 10 h

3.2. Steady-state Optimization: Second CEEGS Configuration

Steady-state single objective optimization was applied on the second CEEGS configuration
(Figure 3), for two different CO2 geological storage case studies. For both geological storage scenarios,
the assumption was made that contrary to the example in Figure 4a, the charge and discharge phases
are consecutive and no shut-in periods for the wells are considered. In the first case study, the
optimization problem was solved using non-linear programming (NLP) with the objective function
presented in Equation 10.

m}gix] =Nr-1/ (10)
with subscript i having values as follows:
i=HP, max; HE, max,

As decision variables, the maximum pressures of the HP (Pup, max) and HE (PHe, max) cycles were
selected with the values of the lower and upper bounds presented in Table 2. In addition, a series of
equality and inequality constraints were used in the optimization problem (Table 3). In terms of the
input variables used, in the first case study (base case), the geological storage conditions, that is the
wellhead A injection pressure and temperature (Pweram, Twerr_a ), wellhead A production
pressure and temperature (Pwerr_a_our, Twerr_a_our) and wellhead B injection pressure (PweLt_sn),
were selected from the open porous media reservoirs data provided by Carneiro and Behnous [26].
To select an appropriate case study for evaluation the available data were screened with the following
process described in detail in [32]. Initially, for the selection process, for the injection and production
well A geological storage conditions, the same well A is used both for the injection and production
process. As a result, out of all the available data for well A only the ones that describe the same wells
A were selected in terms of injection and production mass flow rates (rhweLL_a_iN, mweLL_a_our), the
wells geological features, as well as the bottomhole pressure and temperature. Moreover, a further
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screening of the possible wells A was conducted choosing, as indicative ones for this study, only the
ones for which PwerL_a_n is 140 bar and Twere_a_vis 70 °C. Finally, a decision was made to exclude
any wells where the pressure and temperature production conditions show an increase compared to
the respective values of the injection conditions since for most wells the available data indicate a
pressure and temperature drop between wellhead A injection and production conditions. Of the
remaining wells the wellhead A production conditions (Pwerr_a_out, TweLL_a_out) were chosen to have
values that show a pressure and temperature reduction compared to the respective injection values
which are the average among these remaining wells. In terms of well B, the wellhead B injection
pressure was selected as 55 bar [26]. The geological storage conditions for the first case study as
described above are presented in Table 4, alongside the rest of the input variables for the first case
study, related to the above surface subsystem, specifically the ones that are different from the ones in
Table 1 from the previous section. The first case study as described above was selected for analysis
and evaluation as a base case to understand how the integration of a specific CO: geological storage
scenario with the above surface subsystem can affect its round-trip efficiency.

Table 2. Optimization decision variables: Lower and upper bounds (Case Study 1 & 2).

Decision variables Case study Lower bound Upper bound  Unit

PP, max 1/2 140 220 bar

PHE, max 1/2 105/140 220 bar
PweLL_a N 2 74 140 bar
TweLL_a_N 2 32 100 °C
PweLL_a_out 2 74 140 bar
TweLL_a_out 2 32 100 °C
PweLL_ BN 2 37 55 bar

Table 3. Optimization constraints: Lower and upper bounds (Case Study 1 & 2).

Constraints Case study Lower bound Upper bound  Unit
Power capacity HP (Whe, 5r) 1/2 -1,001 -999 kW
Power capacity HE (Whet, HE) 1/2 999 1,001 kW

Mco2, HP/HE 1/2 0 100 kg/s

MH20, HP/HE 1/2 0 100 kg/s

MR-22, HP/HE 1/2 0 100 kg/s
CON1, Inlet/Outlet AT 1/2 4 100 °C
EVAL, Inlet/Outlet AT 1/2 4 100 °C
CON2, Inlet AT 1/2 3.8 100 °C
CONZ2, Outlet AT 1/2 4 100 °C
EVA2, Inlet/Outlet AT 1/2 4 100 °C
Tconi_coz_ouTLET 1/2 29.85 176.85 °C
TEvA2_CcO2_OUTLET 1/2 76.85 326.85 °C
Trrwi 1/2 6.85 176.85 °C

Trrw2 1/2 76.85 326.85 °C

Tarw2 - THTW1 1/2 -0.1 0.1 °C
Trrwz-Trtwi 1/2 0.09 0.11 °C
Twerr_a N - TweLL_a_out 2 0 0 °C
Pwerr_a_ N - PweLL_a_our 2 0 66 bar

Table 4. Second CEEGS System Configuration: Input data (Case Study 1 & 2).

Parameters Case study  Cycle Equipment Value Unit

Isentropic efficiency
(Compressor)
Isentropic efficiency (Pump) 1/2 HE PUMP2 0.85 [-]

1/2 HP/HE COMP1/COMP2 086 [-]
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Isentropic efficiency 1/2 HP/HE  TURB2/TURBI 088 [
(Turbine)

. .. COMP1/COMP2/

Mechanical efficiency 1/2 HP/HE PUMP2/TURB1/TURB2 1 [-]
PweLL_a_v 1 HP 140 bar
TwEeLL_A_IN 1 HP 70 °C
PweLL_a_out 1 HE - 105  bar
TweLL_A_ouT 1 HE 50.2 °C
PweLL BN 1 HE 55 bar

In the second case study, the optimization problem was solved again using NLP with a different
objective function presented in Equation 11.

max | = 1g_r, (11)

PyTj
with subscripts i and j having values as follows:

i = HP, max; HE, max; WELL_A_IN; WELL_A_OUT; WELL_B_IN,

j=WELL_A_IN; WELL_A_OUT,

In addition to the decision variables used in the first case study (PHp, max, PHE, max), for the second
case study the geological storage conditions (PwerL_a_iN, Twert_a_iN, Pwere_a_out, TwerL_a_out, PweLL s_N)
are now also decision variables with the values of the lower and upper bounds presented again in
Table 2. Also, similarly to the first case study the equality and inequality constraints that were used
in the optimization problem are shown in Table 3 with the only difference from the first case being
the addition of the ones related to the geological storage conditions (TwerL_a_iN - TwerL_a_out, PweL_a_N
- PwerL_a_our). Finally, in terms of the model’s input parameters these are the same as the first case
study (Table 4), with the exception of the geological storage conditions which are now decision
variables. This second case study was chosen in order to gain insight on the geological storage
conditions that should they materialize, the optimal round-trip efficiency would appear for the
integrated CEEGS system.

4. Results
4.1. First CEEGS Configuration: Results and Analysis

4.1.1. Operation and Performance of the Individual HP and HE Cycles

Initially, the operation and performance of the first CEEGS configuration is analyzed and
discussed using the results of the sensitivity analysis. In terms of the operation of the charge cycle
(HP), as the maximum pressure of the cycle (Pp, max) increases and with the minimum pressure (Pre,
min) constrained at 30 bar the works at the compressor (Wcowmr) and the hydraulic turbine (Wsr) should
also increase. However, since the capacity of the cycle (Wnet tp) is fixed, and the mass flow of the cycle
(mcoe, 1) is adjusted accordingly to achieve this goal the values of Wcome and Whr stabilize. As it is
depicted in Figure 5, the tco, vp decreases as the Prp, max increases whereas Weomr and Wur decrease
in absolute value before stabilizing.
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Figure 5. Parametric sensitivity analysis results: Variation of Wcomp, Wt and thcos, Hp versus PHp, max
(Dashed vertical line corresponds to the critical pressure of COz: Pup, max=73.8 bar).

At the same time, as the Pup, max increases so does the maximum temperature of the cycle at the
exit of the compressor COMP, Tcowmp_outier. Through the transfer of sensible heat to the water and
with the temperatures of the CO: at the exit of the condenser CON1 (Tconi_coz_outLer) and of the cold
water at the entrance of CON1 (Tirwi) fixed, the temperature of the hot water at the exit of CON1
(Turwi) also increases. This would lead for stable mass flow to the increase of the sensible heat at
CONI1 (Qcont), however that is not the case since Qconi is affected by the same variation of rhcoz up
that was described previously which leads to its reduction. The same is observed for Qevai, where the
reduction of mcoz v leads to the reduction of Qeva1 whereas for a stable value of the mass flow, the
reduction of the vapor fraction at the outlet of the hydraulic turbine would result to the increase of
Qeval. The above observations are depicted in Figure 6.
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Figure 6. Parametric sensitivity analysis results: Variation of Qconi, Qevar and Turw versus PHp, max
(Dashed vertical line corresponds to the critical pressure of CO2: Pup, max=73.8 bar).

In terms of the efficiency of the HP cycle nur (Equation 1), since the Whet, nr is fixed, it is only
dependent on Qcont and Qevai and thus follows the same decreasing trend with the increase of Pre,
max. The e increases and reaches a maximum of 9.6 at Prr, max of 76.72 bar close to the critical pressure
of 73.8 bar. At the same pressure, the maximum values of the Qcont and Qeva1 are also observed at
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5,302 and 4,302 kW, respectively. Finally, and for the case of individual cycle analysis, the second
sensitivity analysis variable PuE, max has no effect on the nue. The nrr, Qcont and Qevar versus the Prr,
max are presented in Figure 7.
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Figure 7. Parametric sensitivity analysis results: Variation of Qconi, Qevar and nup versus PHp, max
(Dashed vertical line corresponds to the critical pressure of CO2: Pup, max=73.8 bar).

In terms of the operation of the discharge cycle (HE), as the maximum pressure of the cycle (Pre,
max) increases the works of both the pump, Wrumpe and the turbine Wrurs increase in absolute values
with the net capacity (Whe, uE) remaining however fixed through the adjustment of the cycle’s mass
flow (mhcoz ue). The mcoz, He with the increase of Pre, max will first decrease reaching a minimum value
and then start increasing again. The above observations are depicted in Figure 8, where the variation
of the Wrump, Wrurs and rcoz, ve against the PHe, max are shown for two different values of Prp, max at
146.9 bar and 220 bar. Comparing the values of the three variables (Wrump, Wrturs, riicoz, He) for the two
different values of Prp, max it is observed that for higher values of Prp, max there is less variation in the
values of Wrumpr and Wrurs with the increase of PrE, max. In terms of the mcos, e as Prp, max increases the
mass flow of the cycle moves to lower values.
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Figure 8. Parametric sensitivity analysis results: Variation of Wrump, Wrurs and mcoz, He versus PHE, max.
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In Figure 9, it is observed that the temperature at the outlet of EVA2 (Tevaz_coz outter) is not
affected by the variations of P, max. Tevaz_cos_outier is only affected by the increase in the temperature
of the hot water (Turw) through the transfer of sensible heat caused by the increase of Pp, max (Figure
6). The increase of PHe, max only results to the increase of the temperature of the CO: at the EVA2 inlet
(Tevaz_coz_inLer). QEvaz decreases before reaching a minimum and then slowly increasing again due to
the similar pattern of the tcoz, ve and the increase of Tevaz_coz_nier. Similarly, the same behavior is
observed for Qconz due to the profile of the mass flow and the decrease of the temperature of the CO:
at the CON2 inlet (Tconz_coz neer). Finally, with regards to both Qevaz and Qconz it is shown that with
higher Pup, max values, the heat duties towards the higher values of PHg, max plateau and slightly keep
decreasing instead of increasing.

In Figure 10, nxe and nue versus PrE, max are presented. In terms of the efficiency of the HE cycle
nHe (Equation 2) similar to the nup, since the Whet, e is fixed, it is only dependent on Qconz and Qevac.
As the two heat duties decrease with the increase of PHe, max, N)HE increases. Also, moving from lower
to higher values of Pup, max, NHE achieves higher values especially at the upper end of the explored
range. nep, as it has already been mentioned is not affected by changes in PrE, max and it increases only
through the decrease of Pup, max. NHE achieves its maximum value of 0.096 when both sensitivity
analysis variables have a value of 220 bar. Finally, it can be concluded that the two efficiency metrics
of the two cycles nur and nse can’t achieve optimal values simultaneously through the variation of
Prp, max since the sensitivity analysis variables’ variation leads to opposite results for each metric.
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Figure 9. Parametric sensitivity analysis results: Variation of Qconz, Qevaz, Tevaz coz INLET,

Teva2_coz_outLer versus PHE, max.
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4.1.2. Operation and Performance of the Overall First CEEGS Configuration

The round-trip efficiency of the overall system (nrr), that is the integrated two-cycle above
surface system is presented in Figure 11a. It is observed that the highest values of the nr-r are achieved
when the values of the sensitivity analysis variables move simultaneously towards the upper end of
their range, namely 220 bar. The highest nr-t of the system is 46.89 % which is accomplished for values
of the Prp, max and Pre, max of 217.076 bar and 220 bar, respectively. Since the ratio of the capacity of the
two cycles is 1 (Equation 3) and since the duration of the HP cycle (hchar) is constant at 10 hours, it is
derived that it is the increase of duration of the HE cycle (hdis) that causes the increase in the nr-r
(Figure 11b). The duration of the discharge cycle (Equations 7, 8, 9) depends on the heat duties at the
four heat exchangers of the system. As it has already been observed (Figure 6, Figure 9) for higher
Pup, max and PHg, max all heat duties decrease however the rate of decrease for Qconz and Qevaz is faster
compared to Qevar and Qconi respectively resulting to the increase of hdis. For the best 1r-1, hdis ns was
calculated as 5.61 h and hais, s as 4.69 h with the final hais being 4.69 h. This means that the 16.4 % of
the thermal energy of the hot TES tank was not used. Finally, nxr and nue were calculated respectively
as 5.45 and 0.095 with the value of the former being close to the lowest nur observed while the value
of the latter being close to the highest nue which leads to the conclusion that favorable performance
of the operation of the HE cycle coincides with the favorable performance of the whole system.
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Figure 11. Parametric sensitivity analysis results: (a) nr-r versus PHp, max and PHe, max; (b) hdis versus Pre,

max and PHE, max.
4.2. Second CEEGS Configuration: Optimization Results and Analysis

4.2.1. Optimization Results and Analysis: Case Study 1 & 2

In this section, the results of the steady-state optimization of the second CEEGS configuration,
the one with the inclusion of the CO: geological storage, for the two case studies presented in section
3.2, are analyzed and discussed. It is observed (Table 5) that case study 2 has achieved an optimal
value of nrr of 67.39 % compared to the value of 50.37 % that was achieved in case study 1 and
compared to 46.89 % that was achieved without the geological storage. This improvement is
accomplished due to the increase in the duration of the discharge cycle (hdis), from 5.04 h to 6.74 h. In
fact, both huis, hs and hdis, s have increased. In the case of the former parameter, the increase is due to
the decrease of Qevaz by a bigger percentage compared to the decrease of Qconi while in the case of
the latter, the increase is due to the increase of Qeva1 and at the same time the decrease of Qcono.
Another improvement in the efficiency of the system, is that the dissipated energy on the TES tanks
has decreased from 3.82 % to 2.46 % where in case study 1 the wasted thermal energy originated in
the cold TES tank while in case study 2 in the hot one. Comparing the values of the works between
the two case studies in the HP cycle the values are almost identical. In the HE cycle for case study 2,
it is noteworthy that Wcomr2 and Wrume2 are now 0 since there is no pressure difference between the
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outlet and the inlet at COMP2 and PUMP2. As a result, all the available cycle capacity (1,000 kW) is
allocated at TURBI for the production of electricity for the network. Also, as already observed there
are variations between the two case studies in terms of the heat duties at the four heat exchangers.
The most significant changes are observed at the CO2-H:0 heat exchangers of the HP and HE cycles
where Qcont is reduced by 63.25 % and Qeva2 by 73.2%. With regards to the other efficiency metrics,
nee has also increased in case study 2 to 0.188 from 0.12 in case study 1 which validates the conclusion
that was made in section 4.1.2 that favorable values of this metric are observed when the nr-r has its
optimal value. In contrast, nur has reduced in case study 2 to 3.6 from 4.29, once again reaffirming
the conclusion that the efficiency of the two individual cycles move to opposite directions.

Comparing the performance of the two case studies with the optimal case from the sensitivity
analysis of the first CEEGS configuration it is observed that both case studies have higher nr-r (Case
study 1: 50.37 %, Case study 2: 67.39 %) compared to the case without the inclusion of CO: geological
storage (46.89 %). As a result, the integration of the below surface geological storage system has
improved the overall performance of the CEEGS system. Once again this is due to the increase of the
discharging hours from 4.69 h to 5.04 h (Case study 1) and 6.74 h (Case study 2). Similarly, nee has
improved from 0.095 to 0.12 and 0.188 while nur has decreased from 5.45 to 4.29 and 3.6 respectively.
There has also been a reduction in the amount of wasted energy from 16.4 % to 3.82 % and 2.46 %
respectively. Finally, in terms of the values of the maximum pressures of the two cycles, Pup, max and
PHE, max, for which these results have been achieved Pup, max reduced from 217.076 bar to 180.51 bar and
154.52 bar respectively while PrE, max from 220 bar to 170.33 bar and 140 bar. This means that the
turbomachinery requirements for compression and expansion at the two cycles are reduced which is
favorable in terms of feasibility and cost of the system.

Table 5. Optimization Results (Case Study 1 & 2).

Parameters Case study 1 Casestudy2  Unit
Weomr 1083.84 1050.9 kW
Wrrurs2 83.84 50.89 kW
Wcomp2 331.17 0 kW
Wrurs1 1380.89 999.99 kW
Wrump2 49.72 0 kW

Qcont 1468.49 539.62 kW
Qeval 2819.84 3064.56 kW
Qevaz 2915.16 781.14 kW
Qconz 5382.23 4547.3 kW
hais, ns 5.04 6.91 h
huis, cs 5.24 6.74 h
huis 5.04 6.74 h
Dissipated energy on hot/cold TES tank 3.82 2.46 %
THP 4.29 3.6 [-]
MHE 0.12 0.188 [-]
NR-T 50.37 67.39 Y%

Looking towards the reason for this significant improvement on the nr-t, between case study 1
and 2, it is noticed, that both Prp, max and PHe, max have moved towards lower values of pressure close
to the values of Pwer_a_v and Pwerr_a_our, respectively (Table 6). That is important since in the case of
COMP2 the smaller the pressure difference between PHE, max and Pwerr_a_our the smaller the required
compression work will be (indicated also by the active lower bound for PHe, max). At the same time, in
case study 2 as in case study 1 Prp, max and PHe, max are close in value, an expected outcome as already
observed in Figure 11. With regards to the below surface decision variables, it is noticed that in case
study 2 both injection and production pressures and temperatures of well A have moved to the
highest possible values of their explored ranges respectively. At the same time the pressure and
temperature differences between injection and production at well A are 0. That means that higher
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values for these measures (indicated also by the active higher bound for Twerr_a v and Pwerr_a_our)
and small or 0 pressure and temperature loss through the well can lead to improved round-trip
efficiencies. In terms of well B, the decrease from 55 bar to 37 bar in case study 2 has contributed to
the increase of nr-r since now 0 compression work is required at PUMP2 (indicated also by the active
lower bound).

With regards to the values of the constraints (Table 7), the temperature difference values at the
four heat exchangers are almost identical. In both case studies it is indicated through the active lower
bound that a reduction of the temperature difference at the CONI inlet would lead to an
improvement in the nrr. It is also observed that Trrwi and Turw2 have increased and decreased
respectively in case study 2 meaning, that the better nrr can be achieved for lower hot water
temperature. In terms of the mass flows, in case study 2 in the HE cycle the required mass flows for
all fluids have decreased while in the HP cycle small variations are only observed. Finally, the active
lower bound for the injection and production pressure difference at well A indicate that a potential
pressure increase at the production wellhead A compared to the injection one could lead to an even

higher nrr.
Table 6. Decision variables: Case Study 1 & 2 Optimization Results.
Decision variables Case study 1 Case study 2 Unit
Prp, max 180.51 154.52 bar
PHE, max 170.33 140" bar
PweLL_a_n - 140 bar
TweLL_A_IN - 100~ °C
PweLL_a_out - 140~ bar
TweLL_a_out - 100 °C
PweLL BN - 37" bar
* Active bound (Lower). ™ Active bound (Higher).
Table 7. Constraints: Case Study 1 & 2 Optimization Results.

Constraints Case study 1 Case study 2 Unit
Power capacity HP (Whret, ur) -1,000 -1,000 kw
Power capacity HE (Whet, HE) 1,000 1,000 kw

coz, HP/HE 11.42/21.45 12.41/17.97 kg/s

MH20, HP/HE 5.53/11 5.17/7.52 kg/s

MR-22, HP/HE 13.41/25.59 14.57/21.62 kg/s
CON1, Inlet/Outlet AT 4°/4 4°/4 °C
EVAI, Inlet/Outlet AT 4/6.97 4/6.97 °C
CON?2, Inlet AT 3.83 3.83 °C
CON2, Outlet AT 17.37 18.94 °C
EVA2, Inlet/Outlet AT 4/4 4/4 °C
TcoNi_co2_oUTLET 84.64 107.9 °C
TEvA2_cO2_OUTLET 139.34 124.51 °C
Trrwi 80.64 103.9 °C

Tarwa2 143.34 128.51 °C

Trarwz - Tarwa 0 0 °C
Trrwz-Trrwa 0.1 0.1 °C
Twerr_a N - TweLL_a_out - 0 °C
PweLL_a_iv - PweLL_a_out - 0* bar

" Active bound (Lower).
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4.2.2. KPI Correlation to Integrated System Efficiency

For the optimal nrr results, those of case study 2, an additional parametric sensitivity analysis
was conducted to understand the degree of which the most critical parameters of the system affect
the nr1 of the system. The variables for which their effect is evaluated are the maximum pressures of
the two cycles (Prp, max, PrE max), as well as the parameters related to the geological storage conditions
(Pwer_aN, Twere aN, Pwere_a out, Twerea outr, Pweresn). Two other parameters included in the
analysis, are the temperature differences at the inlet of CON1 and the outlet of EVA2. Each sensitivity
analysis variable varied in the analysis compared to the values corresponding to the optimal nr-t by
+1/-1 percentage points, where that was feasible. In Table 8, the sensitivity analysis variables along
with the values explored are shown.

The results of the sensitivity analysis are presented with the use of a tornado diagram (Figure
12). In the diagram nr-r values on the right of the vertical line (Nr-1=67.39 %) show an improvement of
the nrr while any values on the left show a decrease of the nrr. In the same diagram, the red
horizontal bars indicate a reduction in the sensitivity analysis variable by 1 percentage point and the
blue ones an increase by 1 percentage point. From the results it is concluded that only the reduction
of PwerL_a_N leads to an increase of the nrr. This outcome validates the conclusion previously made
that the existence of a well A where PweLr_a N - Pwere_a_out<0 can lead to an improvement of the nr-t.
The increase of Pwerr_a_ v and decrease of Pwerr_a_our as shown in Figure 12 also validate the same
conclusion, meaning the increase of pressure loss between injection and production wellhead A, leads
to the decrease of the nrr. In terms of the injection and production temperatures at well A, the
decrease of TweLr_a_our leads to the highest reduction of the nr-r while changes of the Twerr_a_v have
no effect either positive or negative. Moreover, the increase of PweLL 5N, leads to the reduction of the
Nr1. In terms of the Pup, max and PHe, max, their variation leads for both to the reduction of the ngr.
Finally, changes on the two selected heat exchanger temperature differences have no effect on the ng-
1. An overall conclusion from Figure 12 is that in the second CEEGS configuration that includes the
COz geological storage, it is mostly the geological storage parameters (especially at well A), that affect
nrr the most. The exception is Prp, max that also contributes significantly to the variation of the nr-,
meaning that the above surface system continues to have a significant role in the overall system
efficiency.

Table 8. Parametric sensitivity analysis on the optimal scenario of case study 2: Lower & upper

values.
Sensitivity Analysis Variables Lower Case study 2: Higher  Unit
value Optimal scenario value
Prp, max 152.97 154.52 156.06 bar
PHE, max - 140 141.4 bar
PweLL_a_N 138.6 140 1414 bar
TweLL_a_N 99 100 101 °C
PweLr_a_our 138.6 140 - bar
TweLL_A_out 99 100 101 °C
PweLL BN - 37 37.37 bar
CON1, Inlet AT 3.96 4 4.04 °C

EVA2, Outlet AT 3.96 4 4.04 °C
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Figure 12. Parametric sensitivity analysis on the optimal scenario of case study 2.
5. Discussion and Future Outlook

5.1. Observations and Conclusions

The CEEGS system was analyzed and evaluated under two configurations without (Figure 2)
and with (Figure 3) the inclusion of CO: geological storage.

For the first CEEGS configuration without geological storage parametric sensitivity analysis was
implemented to understand the operation of the system and evaluate its performance under the
influence of two sensitivity analysis variables, Ptp, max and PHe, max. Initially, studying the behavior of
the individual cycles during the operation of the system it is observed, that the cycles’, HP and HE,
efficiency metrics, nur and nue, present opposite behaviors with the increase of the Prp, max, meaning
that they can never be both optimal for the same value of Pup, max. Instead, if the criterion of the
performance of the whole model is these two efficiency metrics (nxp, nte) a more balanced approach
should be followed for the selection of the Pup, max value. In contrast, PuE, max only affects the
performance of the HE cycle. When studying the whole system, the optimal nr-r achieved is 46.89 %.
This value is achieved for Pup, max and Pre, max values of 217.076 bar and 220 bar, respectively, both
being towards the higher end of the range explored (73.8 bar to 220 bar). The high value of nrr is
related to the duration of the discharging phase which is towards the upper end of the reported
values at 4.69 h. At the same time, for the same sensitivity analysis values e and nee are calculated
as 5.45 and 0.095 respectively and they are located at opposite ends of their reported values, nur being
towards the lower end and nue being towards the upper end. It is observed that the optimal value of
the nr-r correlates with the favorable value of the nre which leads to the conclusion that the HE cycle’s
performance is more important to the overall round-trip performance of the first CEEGS system
configuration than the performance of the HP cycle.

For the second CEEGS configuration with the inclusion of CO2 geological storage, steady-state
single objective optimization was used for two case studies. The first case study used as decision
variables only the above surface operating conditions (PHp, max, PHE, max) while the geological storage
conditions (Pwerr_a N, Twere_a N, Pwert_a_out, Twerr_a_our, PweLL B.N) were predefined. In contrast, the
second case study used as decision variables both above and below surface conditions (Ptp, max, Pte,
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max, PweLL_a_iN, Twerr_a_iN, Pwere_a_out, Twerr_a_out, Pweri s v). In both case studies appropriate equality
and inequality constraints were used for the capacities of the two cycles, the temperature differences
at the four heat exchangers and for the second case study for the pressure and temperature differences
between injection and production at the well A wellheads. Initially, comparing the optimization
results for the two case studies with the sensitivity analysis results of the first CEEGS configuration
it is concluded that there is a positive impact in the addition of the CO2 geological storage for the nr-
1 of the CEEGS system since it has improved from 46.89 % of the optimal scenario of the sensitivity
analysis to 50.37 % of case study 1 and 67.39 % of case study 2. As in the sensitivity analysis
observations, the increase in the nr-r correlates with the increase of the discharging hours. At the same
time, the nue has improved from 0.095 to 0.12 and 0.188 whereas nur has decreased from 5.45 to 4.29
and 3.6 respectively. The amount of wasted energy also reduced from 16.4 % to 3.82 % and 2.46 %,
respectively. Finally, improved round-trip efficiencies have been achieved for lower values of the
maximum pressures of the two cycles Prp, max and Pre, max which indicates reduced turbomachinery
requirements.

Focusing on the two geological storage case studies useful observations can be made for the
identification of the appropriate geological storage conditions that can lead to the highest possible ng-
1. With regards to well A, in case study 2 where the nr-r was significantly higher than case study 1,
the wellhead injection and production pressure and temperatures have moved to higher values. At
the same time, the pressure and temperature differences between injection and production wellheads
is now 0. With regards to well B, the injection pressure has moved to the lowest possible value
resulting to a 0 pressure difference at PUMP2. The same outcome is observed at COMP2 since the
pressure difference at the compressor is also 0. Both results are expected since the compression
requirements at the HE cycle are minimized. In terms of the two cycles, it is also observed, that in
case study 2 the mass flows requirements in the HE cycle are reduced while the temperature that the
hot water needs to reach is also significantly less. A further parametric sensitivity analysis on case
study 2 reaffirms the previous conclusions since it indicates that the pressure loss between injection
and production wellhead A is one of the most critical factors for the improvement on the nr-r. Moving
from a pressure loss (Pwert_a v - PweLr_a_our>0) to a pressure gain (Pwerr_a_Nn - Pwere_a_our<0) has a
positive impact on the nr-r. Finally, Twerr_a_our and Pwere_s_1v affect also significantly the round-trip
efficiency. Based on the above observations, it can be concluded that in general in the second CEEGS
configuration, for the improvement of the nr-r mostly it is the geological storage parameters that play
the biggest role. Nonetheless, above surface parameters as in the case of the first CEEGS configuration
also play a significant role such as the Prp, max and P, max.

5.2. Comparison to Published Literature

Comparing the nrr result of the current article for the CEEGS system without the inclusion of
CO:z2 geological storage, with past research studying similar systems using TCOz cycles, the reported
result of 46.89 % is in between the reported values. For example, the value of 46.89 % is higher than
the reported value of 39.1 % of the BEES system presented by Carro et al. [13] and lower than the 51
% [10] and 56.47 % [12] of two other studies. When it is assumed that all the available thermal energy
in either the hot or cold TES tank can be discharged for example through the balancing of the tanks
with the use of an additional cycle, higher nr-r can be achieved. In the current study values up to 56.1
% can be reached in this manner compared to 60 % [11] and 59.6 % [12]. One of the most recent studies
[16] indicates results very similar to the current model both in the case of misbalanced (47.3 % versus
46.89 %) and balanced (up to 55.5 % versus up to 56.1 %) TES tanks. Finally, the nrr results of the
current study are also within the reported range of the wider group of Rankine PTES systems (45 %
to 65 %) [5].

Similarly, comparing the results of the optimization of the CEEGS configuration with the
inclusion of CO2 geological storage of the current article with past literature similar or increased
round-trip efficiencies have been achieved. For instance, Carro et al. [13] report values of 49.6 % while
for the present work values of 50.37 % (Case study 1) and 67.39 % (Case study 2) have been presented.
When the full thermal capacity of the TES tanks is utilized, the corresponding values are 56.2 % versus
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52.4 % (Case study 1) and 69.1 % (Case study 2). Finally, Carro et al. [16], when utilizing salt cavities
as geological storage structures report nrr in the case of misbalanced TES tanks, 22.95 % to 51.54 %
and in the case of balanced up to 73.05 %.

5.3. Future Outlook

Future research will aim at investigating the dynamic performance of both CEEGS systems;
namely, the first configuration (without the CO: geological storage) and the second configuration
(with the inclusion of CO2 geological storage). First of all, in terms of evaluating different controller
algorithms and the closed loop performance. Advanced control schemes, like model predictive
control will be tested. The dynamic response of a number of KPIs and critical system parameters will
be studied under different operating scenarios, aiming at optimal renewable integration and demand
response performance.

6. Conclusions

The first CEEGS configuration, was investigated with parametric sensitivity analysis using Pre,
max and PHe, max as sensitivity analysis variables with the results showing, an nr-t of 46.89 %, nur of 5.45
and neue of 0.095. The value of the nrr is related to the value of the discharging hours (4.69 h) while
the efficiencies of the individual cycles have opposite directions, meaning that they can never be both
optimal when PHp, max varies. Finally, it is concluded that the performance of the overall system is
influenced mostly by the performance of the HE cycle and not the HP cycle. The second CEEGS
configuration, was investigated for two case studies with the use of steady-state, single objective
optimization. Case study 1 (base case), used as decision variables only the Prp, max and PrE, max, while
the geological storage conditions (PwerL ain, Twere aiN, Pwere a our, Twere a our, PweLL BIN) were
predefined. On the contrast, case study 2 included in the decision variables the geological storage
conditions in addition to Prr, max and PuE, max. The results show that both case studies show improved
nrT compared to the best case scenario of the sensitivity analysis (46.89 %) of the first CEEGS
configuration. This result indicates that the inclusion of the geological storage had a positive impact
on the nr-r (50.37 % - Case study 1, 67.39 % - Case study 2). These results were accomplished for lower
values of the maximum pressures of the two cycles Prp, max and Pre, max. Moreover, nue has improved
from 0.095 (sensitivity analysis result) to 0.12 (Case study 1) and 0.188 (Case study 2) while nur has
decreased from 5.45 to 4.29 and 3.6 respectively. Finally, the amount of wasted energy also reduced
from 16.4 % to 3.82 % and 2.46 % respectively. With regards to the comparison of the two case studies
of the second CEEG configuration, it is concluded that it is mostly the variation in the geological
storage conditions that play the most important role to the increase of the nr-rfrom 50.37 % to 67.39
%. Specifically, moving to higher values of pressures and temperatures at the well A wellheads and
minimizing or even reversing the pressure loss between injection and production wellheads have the
most beneficial impact on the round-trip efficiency of the system. To conclude, the results obtained
through the investigation and analysis of the CEEGS system have accomplished the main aim of the
present study. Specifically, the operational and geological storage conditions of the integrated CEEGS
system that lead to the optimal nrr have been identified and presented. Future studies will
investigate the CEEGS system, under different operational scenarios, in a dynamic environment to
explore the impact the dynamic changes certain parameters have on its operation and performance.
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