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Abstract:

Within the last 25 years the share of renewable energy sources in electrical energy produc-
tion in Germany has been rising considerably. The volatility of renewable energy sources
results in an increasing mismatch between supply and demand of electrical energy cre-
ating the need for storage capacities. The storage of electrical energy via the detour of
thermal energy can be realized by a relatively new technology known as Pumped Heat
Electricity Storage systems. This paper examines the exergoeconomic performance of
such a storage system. A sample system comprising a concrete thermal energy storage
is introduced; unsteady operations are simulated and analyzed. Although the achieved
efficiencies are reasonable economical operations of the analyzed Pumped Heat Electric-
ity Storage System are currently not possible. For the analyzed operation scenario the
exergetic system efficiency, electrical energy output to electrical energy input, amounts
to 27.3%. Considering the storage capacity and the lack of geological requirements the
Pumped Heat Electricity Storage system can compete with pumped hydrostorage and
compressed air energy storage. However, prices of the order of 60ct/(kWh) are not com-
petitive considering current energy prices. Based on improved system designs as well as
rising energy prices we assess Pumped Heat Electricity Storage Systems as a potential
alternative to established storage technologies.

Keywords:
Pumped Heat Electricity Storage System, PHES, Concrete / Solid Media Thermal Energy
Storage.

1. Introduction

Within the last 25 years the share of renewable energy sources in electrical energy production in
Germany has been rising; amounting 23.40% in 2013 (Fig. 1) [1]. Based on the trend shown in
Fig. 1 we expect much higher shares of renewable energy sources in the future. The higher the
share, the stronger is the impact of the volatility of renewable energy sources on the production of
electrical energy. This results in a mismatch between the electrical energy supply and its demand at
increasing intervals. To bridge supply and demand of electrical energy large scale storage systems are
necessary. Chemical storage systems have limitations in capacity and lifetime and require relatively
large amounts of rare elements which makes an application as large scale storage for electrical energy
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Fig. 1. Share of renewable energy sources in electrical energy production in Germany [1].

extremely difficult. Non-chemical storage systems such as pumped hydrostorage and compressed air
energy storage can provide sufficient storage capacity but require special geological and geographical
conditions [2] which limits their application as large scale storage for electrical energy. An alternative
is the relatively new technology known as Pumped Heat Electricity Storage (PHES) systems which
store electrical energy via the detour of thermal energy.

PHES systems consist of three to four subsystems (Fig. 2): a heat pump, one or two thermal energy
storages, and a heat engine. In times of high supply and low demand the heat pump uses surplus
electrical energy to pump heat taken from a low temperature thermal energy storage (or from the
environment) to a higher temperature level. This high temperature heat is forwarded to the high
temperature thermal energy storage, where it is stored until the demand for electrical energy exceeds
its supply. At those times the thermal energy storage supplies heat to the heat engine which converts
the thermal energy back into electrical energy. The low temperature heat released by the heat engine
is absorbed by the low temperature thermal energy storage (or by the environment).

The few publications on PHES systems available in literature are based on different thermodynamic
cycles as well as different types of thermal energy storage. Wolf [3] and Morandin et al. [4, 5]
are using transcritical CO, Rankine cycles. The thermal energy is stored in one [3] or two [4, 5]
pressurized water storages at temperatures between 155°C and 175°C. In addition, Morandin et al.
use a saltwater-ice storage to store latent heat at —20°C. The group around Desrue et al. [6] and
Ruer et al. [7] is doing research on Brayton/Joule cycles with the working fluid argon in combination
with two thermal energy storages operating at peak temperatures of 1000°C and —70°C. Howes [8]
investigates a similar concept based on a Brayton/Joule cycle with two different working fluids air and
argon. The thermal energy storage is composed of particulate minerals operating at peak temperatures
of 500°C and —160°C. Thess [2] develops a thermodynamic model relating storage temperatures to
overall storage system efficiency for certain boundary conditions.

The presented studies estimate the overall storage system efficiency, electrical energy output to elec-
trical energy input, to amount to 60 % [4, 5] or 70 % and higher [6, 7, 8]. These estimations are slightly
higher than the predictions made by [2].
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Fig. 2. General structure of a PHES system (boxes), including energy flows (arrows).



Besides efficiency estimates a detailed theoretical examination of the exergetic and economic perfor-
mance of PHES systems has not been carried out so far. Therefore we examine the exergoeconomic
performance of a PHES system in order to answer the question whether such storage systems can be
operated reasonably from an exergetical and economical point of view.

2. Methodology

In this section we first describe the design and model of the PHES system. Second, the analyses
methods are presented, starting with the exergy analysis, followed by the economic analysis and
completed with the exergoeconomic analysis.

2.1. Design and model of the PHES system

During the design of the PHES system and the selection of the components the focus was set on em-
ploying as much established technology as possible. Therefore, the PHES system consists of a vapor
compression heat pump and an Organic Rankine Cycle (ORC), both running with the working fluid
butane (C4Hjp). As high temperature storage a sensible solid media thermal energy storage with high
temperature concrete is selected. For the low temperature thermal energy storage the environment is
taken as heat reservoir (Fig. 2).

For most technical systems the exergetic and economic efficiencies increase with increasing system
size. However, the larger the PHES system, the larger will be the technological risks and uncertainties.
As a compromise we chose a medium-sized PHES system, having an electrical energy output per
discharge cycle of Enej oy = 320kWh.

The system is modeled in the process simulation software EBSILON® Professional. All components
of the heat pump and heat engine are simulated quasi-stationarily. The thermal energy storage is
simulated unsteadily by a finite differences Crank—Nicolson method.

2.1.1. Heat pump and heat engine

The Carnot efficiency of heat pumps decreases with increasing maximum cycle temperature whereas
the Carnot efficiency of heat engines increases with increasing maximum cycle temperature. For
thermodynamically ideal cycles the product of heat pump and heat engine efficiency is equal to one,
independent of the maximum cycle temperature. For real systems the product is less than one and
depends, among other parameters, on the maximum cycle temperature. In a preliminary study we
examined the effect of maximum cycle temperature and working fluid on the product of vapor com-
pression heat pump and ORC heat engine efficiency. As a result we suggest an average storage
temperature of 135°C in combination with the working fluid butane.

Currently available heat pumps do not deliver maximum cycle temperatures above 100 °C. Therefore
the heat pump design results from a combination of individual components (Fig. 3). The selection
of design point temperatures and pressures (Fig. 4, Table 1) is based on the availability of suitable
components. However, compressors providing both, appropriate volume flows and compression ra-
tios, could not be identified. Consequently, a series of four compressors having a suitable power in
combination with an appropriate compression ratio is selected.

ORC:s operating with maximum cycle temperatures in the range of 135°C are state of the art. Suit-
able components are available (Fig. 3), and appropriate design point temperatures and pressures are
selected (Fig. 4, Table 1). The design point performance of the PHES system is given in Table 2.
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Fig. 3. Labeled model of the PHES system. Thin lines without prefix: butane lines (liquid); thick lines
without prefix: butane lines (vapor); prefix w: water lines; prefix e: electric lines; prefix s:
shaft; prefix C: components.
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Fig. 4. Labeled t,s-diagram of the PHES system using butane as working fluid. Source of plain
diagram: [9].

Table 1. Design point states of the PHES system. The line numbers refer to the labels in Fig. 3.
line 1 2 3 4 5 6 7 8 9
tin °C 700 —6.6 —3.8 28.0 600 974 1505 1452 67.1

p in bar 349 080 0.76 1.9 5.0 133 350 250 2.00
hinkJ/kg 3764 3764 586.8 628.9 676.0 723.8 764.6 803.0 700.8

X in % 0 49.0 100 100 100 100 100 100 100
line 10 11 wl w2 w3 w4 w5 wo6

tin °C 173 186 10.0 10.0 4.0 10.0 10.0 13.8

p in bar 1.9 25.1 1.01 1.70 120 1.01 1.70 1.20
hinkJ/kg 240.7 2457 42.12 4220 1693 42.12 4220 58.25

X in % 0 0 0 0 0 0 0 0

Table 2. Performance data of the PHES system at the design point.
Mc,u,, inkgls  Mpu,0inkgls QpninkW Qo inkW Py inkW Py in kW
Heat pump 0.860 7.16 181.0 333.9 165 -
Heat engine 0.869 24.9 484.3 399.8 7.0 87.4




2.1.2. Thermal energy storage

Based on a prototype and studies by the German Aerospace Center (DLR) [10, 11, 12] we select
a sensible solid media thermal energy storage built of high temperature concrete. The concrete is
traversed by heat exchanger tubes transmitting the working fluid. Mass M and volume V (Fig. 5) of
the storage medium are calculated based on the amount of electrical energy output per discharging
period Enej oy as defined in section 2.1. For a given mass flow, the cross sectional area of the heat
exchanger tubes and the amount of tubes defines the fluid velocity inside the tubes. To enhance
heat transfer to/from the fluid the tube diameter and the amount of tubes are chosen to always result
in Reynolds numbers Re > 10*, which guaranties turbulent flow conditions. The tube distance a,
adapted from [12], in combination with the amount of tubes and the storage volume V define the
outer dimensions of the storage (Fig. 5). Physical properties of the storage material are taken from
the studies by the German Aerospace Center [10, 11, 12].

When passing through the heat exchanger tubes inside the storage the working fluid experiences
a phase change vapor—liquid (charging period) or liquid—vapor (discharging period). Due to the
phase change the convective heat transfer coefficient & between working fluid and heat exchanger
tubes varies with the flow characteristics and cannot be calculated exactly by solely analytical means.
For fully developed turbulent pipe flow [13] the convective heat transfer coefficient is estimated con-
servatively by considering the entirely liquid fluid only. The same simplification and the conservative
assumption of heavily fouled tubes is applied to approximate the working fluid pressure drop inside
the heat exchanger tubes [14].

For a lean numerical simulation, instead of the entire storage (Fig. 5), a single cylindrical storage
segment (Fig. 6) is modeled. As the storage segments do not cover the entire storage volume (Fig.
6) the outer diameter of each single storage segment a* is increased compared to the tube distance
a. By selecting a ratio of a*/a = 1.050 the total storage mass of all cylindrical storage segments is
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Fig. 5. Structure and properties of the solid media thermal energy storage. For simplicity the illus-
tration does only show 12 heat exchanger tubes. The real setup contains a total of 188 tubes
assembled in 15 rows of 13 and 12 tubes (alternating).
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Fig. 6. a) Segmentation of the solid media thermal energy storage into cylinders, b) modeled single
cylindrical storage segment.



equal to the mass of the rectangular shaped storage. The model does not consider any heat losses to
the environment.

2.2. Exergy analysis

If a system of an arbitrary state S is brought reversibly into equilibrium with the environment the
work done by the system during this process is equal to the system exergy in state S. Consequently,
exergies quantify the maximum amount of work a system of a specific state could release in a specific
environment. Exergy balances of energy conversion processes show exergy destructions which indi-
cate the degree of process irreversibility and thereby evaluate the quality of energy conversion. An
exergy analysis of the PHES system is conducted to evaluate its performance on system, subsystem
and component level.

The specific exergy of the butane and water flows of an arbitrary state S is calculated according to

es = hs — hyet — Trer (S5 — Stef)- (1)

For both fluids, the reference temperature is set to the ambient temperature Tref putane = Tref,water =
283.15K. To determine the reference entropy s the reference pressure pr.r needs to be defined. As
liquid water is existent under ambient conditions, its reference pressure is set equal to the ambient
pressure prefwaer = 1.01bar. Butane does not exist in the atmospheric environment to a measurable
extent. Consequently, butane leaving the PHES system expands to a vanishing partial pressure, which
defines its reference pressure pref putane = Obar.

Charging (heat pump operation) or discharging (heat engine operation) of the PHES system results
in a changing temperature distribution inside the solid media thermal energy storage. Therefore the
temperature of the working fluid leaving the storage is varying, too. The working fluid is fed back into
the cycle and influences the heat pump or heat engine operation (depending on the current operation
mode). Consequently, the operation of the PHES system is time-dependent and cannot be analyzed
by a steady-state approach.

The time-dependent exergy analysis is based on the total amount of exergy entering and leaving each
individual component during a complete charging, storage and discharging period. The total amount
of exergy entering and leaving each component is determined by integrating the exergy flow that
passes through the lines attached to each component (Fig. 3) over a complete operation period. To
produce representative results the integration has to be done over a representative operation period.

To determine a representative operation period several consecutive charging, storage and discharging
periods are simulated. Once the total amount of exergy passing through each individual line in the
cycle is constant from period to period, the representative operation period is found. All representative
operation periods have the following characteristics:

= same temperature distribution inside the thermal energy storage at corresponding times,
= same total amount of exergy entering and leaving a particular component,
= all charging and discharging periods take the same time.

The results presented in Section 3 are based on the analysis of a representative operation period. The
exergy destruction within a component C is calculated by the exergy balance

Epc = ZEin,C — ZEout,C- ()

Based on the component specific definitions of product Ep ¢ and fuel exergies Eg c, which are pre-
sented next to the results in Table 7, the exergy efficiency of a component C is defined by
Epc

Nex,C = ET,C (3)



2.3. Economic analysis

We conduct an economic analysis of the PHES system to assign costs to each component of the sys-
tem. First, the purchased equipment costs are determined for each component. Second, levelized
annual costs are calculated, considering purchased equipment costs as well as operation and mainte-
nance costs. Finally, the component costs per operation period are calculated, which are necessary
for the exergoeconomic analysis.

Purchased equipment costs based on actual market prices could not be identified for all components
of the PHES system. For consistency the purchased equipment costs of all components except the
generator and the solid media thermal energy storage are determined using the module factor approach
in the form presented by Turton et al. [15]. Based on a survey of equipment manufacturers the
purchased equipment costs ZEEC of a component C are fitted to the equation

785 = e3Kc 1 + KeplogygAc + Ke3(log g Ac)?,

4)
with Ac being the capacity/size parameter and Kc 1 ... Kc 3 being the fitting parameters of component

C, respectively. We take fitting and capacity/size parameters from Turton et al. [15] to calculate the
purchased equipment costs (Table 3).

The purchased equipment cost of the generator and the solid media thermal energy storage (Table 3)
are determined applying the six-tenth rule, as described in [15],

PEC peC [ Ac 06
ZC = Loef ( A . > . (5 )
1(~}

Reference costs Zri}%c and reference capacity/size parameters A are taken from [17] (generator) and

[18] (solid media thermal energy storage).

Costs in US-Dollar are converted to Euro applying an exchange rate of 1€ = 1.14$. The purchased
equipment costs of the throttle valve (C1) are negligible compared to all other components and there-

Table 3. Calculation parameters A, K, K>, K3, purchased equipment costs ZPEC annual investment
costs Z*" and investment costs per operation period Z for all PHES components.

Component ZPEC zm Z

(Figure 3) Ac Kc, Kco Kcs in10°€ in10°€ in€
Cl 0 0 0

C2 95.2m? ! 4.6656 —0.1557 0.1547 80.59  10.04 275
C3 41.0kW 5.0355 —1.8002 0.8253 16.67  2.076  5.69
C4 41.0kW 5.0355 —1.8002 0.8253 16.67  2.076  5.69
C5 41.0kW 5.0355 —1.8002 0.8253 16.67  2.076  5.69
C6 41.0kW 5.0355 —1.8002 0.8253 16.67  2.076  5.69
C7 100kW 2.7051 1.4398 —0.1776 65.67  8.180  22.4
C9 356m? ! 4.6656 —0.1557 0.1547 1655  20.61  56.5
C10 4.41kW 3.3892 0.0536 0.1538 2.696  0.336  0.92
Cl11 1.00kW 3.3892 0.0536 0.1538 2.149  0.268  0.73
C12 2.19kW 3.3892 0.0536 0.1538 2336 0291 0.79
C8 A =88.7kW, Aper = 15945kW, ZPEC = 800-10%$ 31.13  3.878 106
C13 A =369t, Arep = 42.7t, ZPEC = 9120€ 3325 4142 113
)y 450.0  56.04 153.5

" Based on a conservatively selected overall heat transfer coefficient k = 185 W /(m?K) for plate heat exchangers [16].



Table 4. Durations of the PHES operation periods within the characteristic operation scenario. Due
to a 24 h simulation of the PHES system, storage period Il bridges the time between a dis-
charging and charging period.

Charging period Storage period I Discharging period Storage period II
7h 1h 4h 12h

fore have been set to zero.

The capital recovery factor, as described in [19], is used to levelize the purchased equipment costs
over the entire projected PHES operation period of n = 20years taking compounded interest at an
interest rate of ir = 9 % into account. In addition, a constant factor ¥ = 0.015year~! is introduced to
estimate the annual operation and maintenance costs [19]. Consequently, the annual investment costs
become

an [ ir(1+ir)" PEC
ZC“<Q+4wn—1+y)ZC ' ©

To calculate the investment costs per operation period, we determine the amount of operation periods
per year. Based on the development of electricity prices in the day-ahead auction for Germany at
the European Power Exchange (EPEX SPOT) [20] we define four characteristic operation scenarios
for each season of the year. Independent of the season each day has a period of approximately 7
hours of low electricity prices (roughly between 23 and 6h) and a period of approximately 4 hours of
high electricity prices (roughly between 7 and 11h). Therefore, a characteristic operation scenario is
based on a single charging, storage, and discharging period per day/24 hours (Table 4). Finally, the
investment costs per operation period can be determined (Table 3).

Based on the characteristic operation scenario and data provided by [20] the specific costs for electri-
cal energy entering the heat pump are determined to ce = 2.43ct/(kWh). Assuming an access to a
natural water source, the specific costs for water entering and exiting the PHES system are defined to

CH,0 = 0.

2.4. Exergoeconomic analysis

An exergoeconomic analysis combines exergy and economic analysis by assigning costs to exergies.
We use the method by Tsatsaronis [21, 19] that relates the costs Cs to the exergy Es using

Cs =cs - Es. (7)

The specific costs per exergy cs are determined for each state S in the cycle by solving the linear
system of equations resulting from a cost balances around each component C:

Y Cinc+Zc =Y Couc
Y (cinc - Einc) +Zc = ) (Coutc  Eourc). (8)
To solve the linear system auxiliary equations are defined for each component (Table 5) that has
= an inflow crossing the system boundary (incoming water or incoming electrical energy),

* more than one outflow.

3. Results

All results presented in this section refer to the energetic and exergetic analysis of a representative
operation period, as defined in Section 2.2.



Table 5. Auxiliary equations necessary to solve the linear system of equations (8).

Component Auxiliary equation  Description

C3,C4, G5, Cei = Cel With the electrical energy entering the compressors and the

Co, C11 i€[l-35] pump specific costs enter the heat pump subsystem.

C10, C12 Ce7 = Ce§ = Cef The electrical energy consumed by the pumps of the heat en-

gine is supplied by the generator (C8).

Cl11,C12 cw1 =0 The water entering the pumps is supplied by a natural source
cwa =0 and therefore has no costs assigned.

C2,C9 cw3 =0 The water leaving the evaporator and the condenser has no
cwe =0 further use and therefore has no costs assigned.

C13 c1=0 All costs exiting the storage are assigned to line 8.

C7 co=0 All costs exiting the turbine are assigned to line s1.

The development of storage temperatures and cycle efficiencies is depicted in Fig. 7. During heat
pump operation the mean temperature of the thermal energy storage and the storage outlet tempera-
ture of the working fluid increases. This results in a decrease of heat absorbed by the thermal energy
storage with increasing heat pump operation time. Consequently, the energetic and exergetic effi-
ciencies decrease with increasing heat pump operation time. During heat engine operation the mean
temperature of the thermal energy storage and the storage outlet temperature of the working fluid de-
creases. With increasing heat engine operation time, the heat provided by the thermal energy storage
as well as the electrical energy produced by the generator decrease proportionally resulting in a con-
stant energetic efficiency. As the maximum cycle temperature decreases with increasing heat engine
operation time, the exergetic efficiency increases slightly.

The exergy flows passing trough all lines of the PHES system integrated individually over the char-
acteristic operation period are listed in Table 6. These values are the basis of all following results.

The exergy destruction Ep in the thermal energy storage and the heat engine are approximately equal,
whereas the heat pump produces an exergy destruction which is almost 5 times higher (Table 7).
The exergetic efficiencies show the same trend. The heat pump performs worst, while thermal en-
ergy storage and heat engine operate roughly in the same range. The throttle valve and the cas-
caded compressors are the main reason for the low heat pump performance, destroying a total of
ED th.+comp. = (3204 215)kWh = 535kWh of exergy per charging period.

The current model does not consider heat losses to the environment. Therefore the energetic efficiency
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Fig. 7. Storage temperatures and process efficiencies over operation time. Heat pump operation:
23-6h, heat engine operation: 7-11h.



Table 6. Integrated exergy amounts at each line of the PHES system.

line 1 2 3 4 5 6 7 8 9
EinkWh 7258 6938 6873 7097 7352 7614 7842 4446 4046
line 10 11 wl w2 w3 w4 w5 wb6 sl
E inkWh 3972 3987 0 2.3 10.6 0 6.7 129 3585
line el e2 e3 e4 e5 e6 e’ e8

EinkWh 37 2805 3135 3186 271.7 3529 9.4 189

Table 7. Product Ep and fuel exergy Ef definitions, exergy destruction Ep, as well as energetic Nep
and exergetic Nex efficiencies of all components, the subsystems, and the PHES system.

Component Ep Er EpinkWh 7, in %> Nex 0 %
Cl E, E 320 100 95.6
C2 Es E,+Ey —Eys 57.0 100 99.2
C3 E,—E3 Ee» 56.3 93.1 79.9
C4 Es—E4 Ee; 58.9 93.1 81.2
C5 E¢—FE5 Ee4 56.0 93.1 82.4
Co6 E; —Eg Ecs 44.0 93.1 83.8
C7 E; Egs—Ey 41.9 99.8 89.5
C8 Ee6 Eq 5.63 98.4 98.4
Cc9 Eqp Eg+Eyws — Eyg 67.4 100 98.3
C10 Ei1—Ep Ees 4.88 92.1 74.2
Cl1 Ew» — Eyq E.q 1.34 90.0 63.7
CI12 Eyws — Ews Ee7 2.48 92.1 73.7
heat pump E;—E| Eoi+Eo+Es+Ey+ Ees 593 165 49.2
th. en. storage Es—Eq; E;—E;| 125 100 78.7
heat engine Eeq— Eo7 — Eeg Eg—Eq 122 16.6 70.6
PHES system Ec¢—Ee7 —Ees  Eel +Eep +Ecz+ Eca+ Ees 840 27.3 27.3

2 Energetic efficiencies are based on energetic product and fuel definitions equivalent to the exergetic definitions given in
this table.

Table 8. Exergy E, specific costs per exergy c and costs C entering and leaving the PHES subsystems
per operation period (24 hours).

Electricity Heat to Heat from Heat engine net
to heat pump  th. en. storage  th. en. storage electricity output
E in kWh 1188 584.2 459.7 324.5
c in ct/(kWh) 2.43 13.67 19.84 56.21
Cin€ 28.87 79.85 91.20 182.42

of throttle valve, evaporator, condenser, and thermal energy storage amounts to 100 %.

On its course through the PHES system the exergy entering and leaving each subsystem decreases,
whereas the costs increase (Table 8). The solid media thermal energy storage causes the smallest
increase in absolute and specific costs, followed by the heat pump and the heat engine subsystem.

4. Discussion and Conclusions

For this relatively simple PHES system with moderate storage temperatures the overall system ef-
ficiency amounts to Nex = Nen = 27.3 %, which is considerable. Although exergetic efficiencies of



pumped hydrostorage and compressed air energy storage systems can be more than twice as high,
PHES systems have the advantage of providing huge storage capacities without being bound to geo-
logical requirements. In contrast, the formerly mentioned storage technologies are bound to geologi-
cal requirements. However, the economic performance of the analyzed PHES system is rather weak.
The calculated prices for the released electrical energy are not competitive considering current energy
prices. Nevertheless, further research on PHES systems should be conducted, as system improve-
ments, an onward increasing share of renewable energy sources in electrical energy production, and
rising prices for fossil fuels are to expect.

We developed a model of a specific PHES system in combination with a calculation procedure con-
sidering characteristic operation scenarios. Model and calculation procedure can be modified with
reasonable effort to analyze different configurations. However, the model lacks the quantification of
uncertainties, which are especially important with respect to the estimation of costs. In addition, heat
losses to the environment are not considered yet. Therefore, the analysis method will be improved to
account for uncertainties and heat losses. For further studies, different types of thermodynamic cycles
and different types of thermal energy storage will be modeled.
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Nomenclature

Latin symbos Greek symbos
a  tube distance, m o convective heat transfer coefficient, W/(m? K)
A capacity or size parameter n efficiency, %
¢ specific heat capacity, J/(kg K) Y annual operation and maintenance costs factor
d  diameter, mm A heat conductivity, W/(m K)
E  exergy, kWh p density, kg/m?
En energy, kWh
h  enthalpy, kl/kg Superscripts, Subscripts and Abbreviations
hi  height, m an annual
ir  interest rate, % C component
K  constant D destruction
/ length, m F fuel
M  mass,t 1 inner
n  projected operation period, a in inflow
p  pressure, bar 0 outer
s entropy, kJ/(kg K) ORC  Oragnic Rankine Cycle
t temperature, °C out outflow
V  volume, m3 P product
w  width, m PEC  purchased equipment cost
X  steam quality, % PHES pumped heat electricity storage

S state
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