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Abstract. The increased demand for large-scale energy storage systems to support electric grids worldwide has led to the
development of new energy storage systems to mitigate the effects of the intermittent nature of both solar and wind
energy. Two of the main alternatives are the Compressed Air Energy Storage (CAES) and Liquid Air Energy Storage
(LAES) systems. However, CAES systems have a low energy density coupled with a high operation pressure, and LAES
systems require high investment because of the air liquefaction process. The Organic Rankine Energy Storage (ORES)
system has been proposed as an alternative to both of these systems as it can operate at lower pressures and closer to
environment temperatures with a reasonably high round-trip efficiency (up to 73%) and relatively low cost per unit
energy compared to both, CAES and LAES. However, previous models of the ORES system have only achieved an
energy density of 2.3 kWh m~3, lower than both that of CAES and LAES systems, 3 to 6 kWh m~3 and 180 kWh m™3,
respectively. This work aims to perform a thermodynamic optimization in an ORES system for the maximization of the
round-trip efficiency and energy density. A multi-objective genetic algorithm was used in the optimization process using
pressure at the high-pressure line and storage tank volumes as decision variables in a transient thermodynamic model of
the ORES system. Since the performance of this system is strongly dependent on the working fluid, two fluids that have
shown good results of efficiency and cost were evaluated, namely R-141b and R-365mfc. Despite the promising results
in previous studies, the optimal solutions for R-365mfc obtained lower efficiencies, energy densities, and a considerably
higher cost (about 25% more expensive) than those for the R-141b. A higher round-trip efficiency was obtained for R-
141b, 74% compared to 63% obtained previously, however, no significant increase in energy density was achieved.

Keywords: Thermomechanical Energy storage, Thermodynamic analysis, Organic Rankine Energy Storage, Energy
density.

1. INTRODUCTION

The demand for Energy Storage Systems (ESS) has growed considerably as a solution for the security of energy
systems, particularly with scenarios of increasing shares of intermittent energy sources (mainly solar and wind) on energy
grids (Aneke and Wang, 2016; Blanco and Faaij, 2018; Cebulla et al., 2018). ESS have several applications within energy
grids, from long-term energy storage to frequency control, each of the applications with specific requirements (Glnter
and Marinopoulos, 2016; Miao Tan et al., 2021).

Pumped-hydro Energy Storage (PHES) is currently the most used solution for long-term energy storage, in terms of
energy capacity, but further expansion is becoming increasingly challenging as it requires adequate geographical
formations (Koohi-Fayegh and Rosen, 2020; Steinmann, 2017). That has led to the development of alternative ESS,
particularly Compressed Air Energy Storage (CAES), Liquid Air Energy Storage (LAES), and Pumped Thermal Energy
Storage (PTES), all with similar round-trip efficiency, (CAES between 50 and 89%, LAES between 50 and 70% and
PTES between 53 to 80%) all lower than PHES (Aneke and Wang, 2016; Argyrou et al., 2018; Benato and Stoppato,
2018a; Koohi-Fayegh and Rosen, 2020). CAES has a more mature technology but also requires a suitable geographical
formation while LAES involves a liquefaction process that results in a higher system cost and limited efficiency (Koohi-
Fayegh and Rosen, 2020; Olympios et al., 2021). PTES is a more recent ESS but has shown promising results and already
has a pilot plant, but preliminary results indicate it might have a higher cost per unit energy and per unit power (Georgiou
etal., 2018).

Recently, the Organic Ranking Energy Storage (ORES) system has also been proposed and evaluated considering
commonly used organic fluids as the working fluids with a competitive round-trip efficiency in an initial study (Oliveira
Jretal., 2020). The main objective of this work is to use multi-objective optimization methods to maximize energy density
and round-trip efficiency of an ORES systems while maintaining a competitive round-trip efficiency through the variation
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of storage volume and pressure at the turbine inlet. The optimization was applied to the ORES system for two different
fluids and the influence of the variations on the operational parameters on the system CAPEX (Capital Expenditure) was
also be evaluated.

2. THERMODYNAMIC ANALYSIS

The ORES system consists of two stages, an energy charging phase and an energy discharging phase. The ORES
discharging phase is shown in Figure 1, with active lines in black and inactive lines in grey.
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Figure 1 — ORES discharging phase schematics (active lines in black).
During the discharging phase, the fluid is released from the high-pressure storage tank (HPT) and receives heat in an

evaporator before entering in the expander. The specific heat received at the evaporator gz, can be obtained from an
energy balance on the control volume of the evaporator, resulting in Eq. (1),

Qev = hy — hy, 1)

where h, and h, are the enthalpies at the outlet and inlet of the evaporator, respectively. The specific enthalpy at the outlet
of the expander can be estimated from Eq. (2),

h; = h, + TlEx(hz - hs,s): 2

where 7, is the isoentropic efficiency of the expander and h; ¢ is the enthalpy at the expander outlet for an isoentropic
expansion. Finally, the specific work produced in the expander can be estimated with an energy balance applied to the
control volume of the expander, resulting in Eq. (3)

WEJC = h3 - hz. (3)
Then the working fluid goes through a condenser before reaching the low-pressure storage tank (LPT). The specific

heat removed in the condenser is then obtained with another energy balance, now applied to a control volume around the
condenser, Eq. (4)

qc = hs — hy. (4)

The mass flow rate during the discharging phase, 7, can be obtained as a function of the expander power W, Eq.

(%)

b Wiy

As the HPT storage tank is discharged, the thermodynamic states in both the LPT and HPT change, which leads to a
change in both the high and low-pressure lines. Applying energy and mass balances at the HPT and LPT control volumes
results in Egs. (6) to (9),
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where Uypr and U, pr are the total internal energy in the HPT and LPT, respectively, mypr and m, p are the total mass
of fluid in the HPT and LPT, respectively, and h; ypr is the specific energy of the saturated liquid at the HPT.
The ORES discharging phase is shown in Figure 2, with active lines in black and inactive lines in grey.
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where 7 is the isoentropic efficiency of the pump and hg is the enthalpy at the pump outlet in an isoentropic
compression. Finally, the specific work provided by the pump wy is given by Eqg. (11),

wp = hg — hs. (11)

The mass flow rate at the charging phase, m,, can be then obtained as a function of the power provided by the
pump Wp, Eq. (12),

. Wp (12)
Mep = ——.

Wp

The working fluid is then heated before returning to the HPT. The specific heat added to the heater q4 can then be
obtained using an energy balance on the control volume of the heater, Eq. (13)

qu = h; — he. (13)

Just as with the discharging phase, the thermodynamic states at the tanks also change during the charging phase, and
a balance of mass and energy on the storage tanks leads to a similar set of equations, Egs. (14) to (17),
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where hy ; pr is the specific enthalpy of the saturated liquid leaving the LPT.

The heat required in the evaporator and heater were provided by two heat pumps, HP1 and HP2, respectively. The
energy required by each of the heat pumps, both obtained from the definition of the coefficient of performance, Egs. (18)
and (19),

QEII (18)
Wipr = -,
HP1 COPle

Qn (19)
Wypy = ——,
P2 = cop,—

where COPyp, and COPyp, are the coefficients of performance for HP1 and HP2, respectively.
Finally, the round-trip efficiency ng of the system is defined as the ratio between the net energy generated during
the discharging phase and the energy consumed in the charging phase, Eq. (20),

Wex = Whpe (20)
MRT = To7 L7
Wp + Wyp»

and the energy density (in terms of volume) as the ratio of produced energy by storage volume, and is given by Eq. (21)

o Wee (21)
Vupr + Vipr’

pEV
where V,pr and Vypr are the low pressure and high pressure storage tanks, respectively.
3. COST ANALYSIS

The CAPEX (Capital Expenditure) of the system will be estimated considering its main components, namely
expander, pressure vessels, pump, working fluid, and auxiliary equipment. Therefore, the CAPEX can be estimated with
Eq. (22),

CAPEX = Cfl + CSt + CEX + Cp + Caux, (22)

where Cy, is the cost of the working fluid, C;, is the cost of the storage vessels, Cp, is the cost of the expander, C,, the cost
of the pump and C,,,, is the cost of the auxiliary components. The cost of the pump, expander, and storage vessels are
estimated using the Bare Module Cost method (Turton et al., 2018). C, can be estimated as a function of the power W,
type of expander and expander material, Egs. (23) and (24),

Cex = CopxFuexs (23)

. . 2
108 Copx = Ki gy + Ko px 10g Wy + K (log Wi,.), (24)
where Fy, g, is the material factor of the expander, and K g, K g, and K3 g, are coefficients associated with the type

of expander. The cost of the pump can be estimated as a function of the power VI'/;,, pressure P, and pump material, Egs.
(25) to (27),
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Cp = Cop [Bl,p + (Bz,p Fup FP.p)]' (25)
. . 2
log Cop = K1 p + Ko p logW, + Kgyp(log Wp) , (26)
2
log Fpp =Cip+Cyp log B, + C3‘p(10g Pp) , @7)

where Fy ,, is the material factor for the pump, and K, ,,, K; ,,, K3, C1 5, C, and C3, are coefficients for the pump.
The cost for each storage vessel can be obtained with Egs. (28) to (30),

Cst = Co st [BI,St + (BZ,St Fy st FP,St)]v (28)

log Co5¢ = Ky5¢ + Ky 5¢ l0gV + K3 5. (logV)?, (29)
P, D;

bargvi + CA (30)

2SE—-12P
log Fps; = berg )

tmin

where V is the storage volume in m?, Fy, s, is the material factor for the storage vessel, Pyarg IS the pressure gauge in bar,
D; is the internal diameter of the storage vessel, S is the maximum allowable tension, E is the welded joint efficiency, CA
is the corrosion allowance and t,,;,, is the minimum tank thickness. The coefficients for Egs. (23) to (30) are shown in
Table 1, considering the use of a stainless steel axial turbine, carbon steel centrifugal pump and a vertical carbon steel
storage tank.

Table 1 — Coefficients of the bare module cost equations for a centrifugal pump, axial turbine and storage tank cost
(Kazemi and Samadi, 2016; Le et al., 2014; Pezzuolo et al., 2016; Turton et al., 2018).

By B, K K, K C; C, Cy Fy
Expander - - 2.7051 1.4398 -0.1776 - - - 6.2
Pump 1.89 1.35 3.3892 0.0536 0.1538 -0.3935 0.3957 -0.00226 1.6
Storage tank  2.25 1.82 3.4974 0.4485 0.1074 - - - 1.0

The equations for the estimation of the costs, Egs. (22) to (30), are developed based on historic price data for each of
the components and must be updated based on inflation indexes I, the most common of which for this type of application
is the CEPCI. Cost values are updated from year i to year j using Eq. (31),

¢ =C (jil) (1)

4. METHODOLOGY

The R-141b and R-365mfc were selected for this study given their promising results in previous studies (Oliveira Jr
et al., 2020), their main properties are summarized in Table 2.

Table 2 — Properties of the evaluated working fluids (Bell et al., 2014; Oliveira Jr et al., 2020).

Fluid Molar mass T P.; ODP GWP Cost
[kg/kmol] [K] [kPa] (100 yrs) [USD/kg]

R-365mfc 148.08 460.00 3,266 0 794 6.68

R-141b 116.95 47750 4,249 0.120 725 4.22

The optimization process was implemented for the maximization of the energy density and round-trip efficiency
using a multi-objective genetic algorithm. The pressure at the high-pressure line and the volumes of the storage tanks
were selected as the decision variables. The thermodynamic model presented in the previous section was used to develop
a transient analysis model using the Euler explicit method to simplify the differential equations, Egs. (6) to (9) and Egs.
(14) to (17), for the calculations of the energy density and efficiency resulting in Egs. (32) to (35) for the discharging
process and Egs. (36) to (39) for the charging process,

t o tig .
Mypr = Mypr — Mp dt, (32)



M.M. Oliveira Jr, A.A.T. Maia, M.P. Porto
Thermodynamic Optimization Of The Energy Density In An Organic Rankine Energy Storage System

Uplpr = Uyl = mp R4, d, (33)
My = Myt + 11y d, (34)
Uy = Ut +1ip b~ dt, (35)
Mytpr = Mybpn + ey dt, (36)
UI?PT = U:IiI;Tl +1hey hy 7t d, (37)
My = Myt = tigy dt, (38)
UlfzivT = szziv_rl — ey hlt,i[;fr dt, (39)

where t; is the time at instant i, ¢;_, is the time at the previous instant and dt is the time step. Figure 3 shows the fluxogram
for the transient model algorithm of the system using Kypr, K pr and Py as the input variables.

Calculate states Calculate states
and parameters for and parameters for

the discharging the charging
process attp=0s process attch =0's

©

tpi =tp;-1 +dt teni = toni-1 +dt

1i — galicl g i i .
Mypy = Migpy = thp di Mypy = Mifghy + they di

1 —q/fl oy fi-1 1 T 3 fi
Ugpr = Ugpr = 1p hyjppy dt Usipr = Ugpy + ey by dt

mf,lPT = m;I._PlT + tp dt m}:PT = mET — Hcy dt
Uppr = Uppp +thp B dt Ulpr = Uppy — then b lpy dt
Calculate states Calculate states

and parameters at and parameters at
toi ten,i

i

Calculate energy density
and round-trip efficiency

End

Figure 3 — Flowchart for the transient model algorithm.

A quasi-steady-state model, assuming dE/dt = 0 and dm/dt = 0 (essentially the same as considering tanks with infinite
volumes), was also used for the calculation of the round-trip efficiency as a constraint for the optimization, this was done
to reduce the computational cost of the optimization process.

The volume required at the tanks is dependent on the fluid and its thermodynamic state at the storage tank, therefore,
a Minimum Design Volume (MDV) was defined for both the LPT and HPT. The MDV for the HPT for a system with a
discharge process with duration At was defined as the volume required such that the quality at the HPT would vary from
0.02 up to 0.98 and considering that the mass flow rate at ¢ = 0, m}5~° would remain constant over the entire discharging
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process. The MDV for the LPT is similar but with a quality of 0.98 at the start and 0.02 at the end of the discharging
process, as defined by Eqs. (40) and (41), respectively,
m50 Aty (40)

t=0 t=tend’
PupT — pHPT

MDVypr =

(41)

m5 0 Aty

t=0 _ t=tend’
LPT pLPT

MDVypr =

where p5p% and pf;';f”d are the specific mass of the HPT at the start and end of the discharging phase, respectively, and

pLr and p; Hre™? the same for the LPT. The volumes of the HPT and LPT can then be set based on multiplication factors,
Ky, and Ky, , respectively, i.e. Vypr = Ky, MDVypr and V,pr = Ky, MDVpr.

The volume coefficients for both the low-pressure tank, Ky, , and high-pressure tank, Ky, were constrained between
1.2 and 4.0 while the pressure on the high-pressure line was constrained to values between 5% higher than the ambient
saturation pressure and 95% of the critical pressure of the working fluid, as the study was limited to sub-critical conditions
for both fluids. Another constraint was that the round-trip efficiency of the steady-state analysis needs to be higher than
50%, so that the system remains competitive with other long-term energy storage systems (Argyrou et al., 2018; Benato
and Stoppato, 2018b; Koohi-Fayegh and Rosen, 2020). This optimization provides a Pareto front (a set of optimal
solutions) that will then be used to calculate the CAPEX associated with each of these solutions with Egs. (22) to (31)
and updating the cost to 2019 (Scott Jenkins, 2019). The models of the system were implemented in MATLAB with the
CoolProp external library for the thermodynamic properties(Bell et al., 2014). The assumptions and system parameters
considered for these analyses are summarized in Table 3.

Table 3 - Assumptions and pre-defined parameters (Harvig et al., 2016; Lecompte et al., 2015).

Ambient temperature, Typ 25°C
Ambient pressure, P, 101.3 kPa
Discharge phase duration, At 1h

Expander power, Wy, 1,000 kW
Pump power, W, 200 kw
Expander isoentropic efficiency, ng, 0.80
Pump isoentropic efficiency, 7, 0.75

Isobaric heating and cooling
Negligible pressure loss

5. RESULTS AND ANALYSIS

The Pareto fronts for the optimizations of the ORES system using R-365mfc and R-141b are shown in Figure 4.
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Figure 4 — Pareto fronts (Set of optimal solutions).

R-141b has surpassed R-365mfc both in terms of efficiency (the maximum efficiency for R-365mfc was around 70%
while R-141b reached an efficiency of around 73%) and in terms of density (maximum density for R-365mfc was 1.5
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kWh m~2 and 1.9 kWh m™2 for R-141b). More than that, for every optimal solution for the R-365mfc, there is at least
one solution for the R-141b that has higher efficiency for a similar energy density or higher density for a similar efficiency,
therefore the solutions for R-141b have fully dominated the solutions for R-365mfc. Then the costs of the systems for
each of the optimal solutions were calculated, again for both fluids. Figure 5 shows the cost for each optimal solution
obtained with the multiobjective genetic algorithm for R-365mfc, ordered from smallest to highest ngy, with the
proportions of the cost with each of its components followed by the values of their objective functions (efficiency and
energy density) and their respective set of decision variables (Ky,,, Ky, and Py).
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Figure 5 - CAPEX divided by component, values of the objective functions (ngr and pg,,) and decision variables (K,
Ky, and Py) for R-365mfc.

The cost of the system increases significantly as systems achieved higher efficiencies, even doubling the value for
the system with lower efficiency, mainly due to the increased cost of the storage tank (greater volume and pressure at the
tank) and the cost of the fluid, both achieving almost triple their cost than in the lower efficiency system. While the cost
of the systems with higher energy density was composed mainly by the expander with a small contribution of the tanks
and fluid. The main component of cost for the higher efficiency system was the cost of the fluid, followed by expander
and then storage tank. Figure 6 shows the cost for each optimal solution for R-141b followed by the values of their
objective functions (efficiency and energy density) and the set of decision variables (K, Ky, and Py).
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Figure 6 — CAPEX divided by component, values of the objective functions (ngr and pg,,) and decision variables (K,
Ky, and Py) for R-141b.

Although the pattern remained similar, the increase in cost with the increased efficiency was smaller than for R-
365mfc, with the expander remaining the main component of cost for all systems, despite the operation at higher
pressures.Both fluids also had a similar composition of the decision variables, with low storage volumes and relatively
lower pressures for the systems with higher energy density and a higher volume storage and pressures closer to the critical
pressure for high efficiency systems. The volume in the low pressure tank, however, was kept around its minimum value
for most of the optimal solutions except for the three highest efficiency systems for both fluids, indicating its smaller
influence on system efficiency. Both fluids had an almost linear decrease in energy density while increases in efficiency
became slower, indicating an operational limit for ng; at around 71% for R-365mfc and 74% for R-141b. The gradient
for the energy efficiency became apparently lower closer to the intersection point of the energy density and round-trip
efficiency curves, indicating a promising operational point as it represented a compromise between energy density and
efficiency,with a decrease of around 26% in density for both fluids and an increase of 8% and 14% in efficiency for R-
365mfc and R-141b, respectively, and around 6% increase in CAPEX for both fluids.

6. CONCLUSIONS

This study has implemented a multi-objective optimization for the maximization of the round-trip efficiency and
energy density of an ORES system comparing the operation using R-365mfc and R-141b as a working fluid and using
the volumes of the storage tanks and the pressure at the high-pressure line as decision variables. Despite the better
performance of R-365mfc in previous studies, R-141b has surpassed it in terms of efficiency, energy density and even
CAPEX, demonstrating a better working fluid option for the ORES systems under the conditions investigated in this
study. As expected, both fluids obtained higher efficiencies for systems with higher storage volumes and operating at
higher pressures, resulting in lower energy densities, R-365mfc reached an efficiency of 71% that corresponded to an
energy density of 0.4 kWh m™3 and R-141b reached 74% with an energy density of 0.5 kWh m™=3. While the higher
densities were obtained for lower volumes and pressures, 1.5 kWh m=3 and 64 % for R-365mfc and 1.9 kwh m~3 and
62 % for R-141b. The intersection points of the curves of energy density and round-trip efficiency were considered
potential operational points as they represented a compromise in energy density and efficiency for both fluids with an
increase of 6% in CAPEX. The intersection point was reached after a decrease of approximately 26 % for both fluids that
represented an increase in round-trip efficiency of 8% for R-365mfc and 14% for R-141b.
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