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1 | INTRODUCTION

| Frank Dammel? | Peter Stephan'?

Abstract

Storing electrical energy in the form of thermal energy, pumped heat electricity stor-
age (PHES) systems are a location-independent alternative to established storage
technologies. Detailed analyses, considering the transient operation of PHES systems
based on commercially available or state-of-the-art technology, are currently not
publicly accessible. In this work, numerical models that enable a transient simulation
of PHES systems are developed using the process simulation software EBSILON®
Professional. A PHES system based on a Joule/Brayton cycle is designed, consider-
ing commercially available and state-of-the-art components. Employing the devel-
oped models and an exergoeconomic analysis, the transient operation of the PHES
system is simulated and evaluated. The analyzed PHES system reaches a round-trip
efficiency of 42.9%. The exergoeconomic analysis shows that PHES systems have
higher power-specific costs than established storage technologies. They can currently
not be economically operated at the day-ahead market for Germany and Austria,
which is predominantly resulting from high purchased equipment costs. However,

PHES systems have the advantage of being location-independent.

KEYWORDS

electrical energy storage, exergoeconomic analysis, exergy analysis, PHES, pumped heat
electricity storage

the impact of the volatility of renewable energy sources on
the production of electrical energy. More and more frequently,

The share of renewable energy sources in the German gross
electrical energy production was rising from 3.6% in 1990 up
t0 40.2% in 2019." Extrapolating the trend shown in Figure 1,
higher shares of renewable energy sources can be expected
in the future. Adopted in July 2016, the newest version of the
Act on the Development of Renewable Energy Sources (Gesetz
fiir den Ausbau Erneuerbarer Energien, EEG 2016) targets to
rise the share of renewable energy sources in gross electrical
energy consumption to 40% in 2025, 55% in 2035, and 80%
in 2050.% The higher the share of renewables, the stronger is

this results in a mismatch between the electrical energy supply
and its demand. To maintain stability in the grid, supply and
demand of electrical energy have to be balanced, because the
grid itself cannot store electrical energy. Up to a certain de-
gree, balancing of supply and demand can be achieved by flex-
ible operation of power plants and load balancing. However,
to reach the targets of the EEG 2016, medium- to large-scale
storage systems for electrical energy are required.
Electrochemical accumulators have limitations in cy-
clic stability and require relatively large amounts of rare
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FIGURE 1 Share of renewable energy sources in the German gross electrical energy production [1]
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FIGURE 2 Common setup of a PHES system (boxes), including energy flows (arrows) [24]

elements, which is a disadvantage when used for large-scale
storage of electrical energy. Nonchemical storage systems
such as pumped hydro storage and compressed air energy
storage can provide sufficient storage capacity but require
special geological and geographical conditions® which lim-
its their applicability for large-scale storage of electrical en-
ergy. A location-independent alternative is the relatively new
technology known as pumped heat electricity storage (PHES)
system which stores electrical energy via the detour of ther-
mal energy in thermal energy storage (TES) subsystems.

Referring to the most common setup (Figure 2), PHES
systems consist of the four subsystems heat pump, heat en-
gine, high-temperature TES, and low-temperature TES.
For most PHES systems, the high- and low-temperature
TES subsystems comprise a single storage module, each.
Nevertheless, different storage module numbers are possible.
Simple setups do not contain a low-temperature TES; the en-
vironment is employed as low-temperature heat sink and heat
source instead.

PHES systems can be operated to stabilize the electrical
grid by acting either as consumer or as supplier. In times of
high supply and low demand, the heat pump uses surplus
electrical energy to pump heat taken from the low-tempera-
ture TES (or from the environment) to a higher tempera-
ture level. This high-temperature heat is forwarded to the
high-temperature TES, where it is stored as thermal energy

until the demand for electrical energy exceeds its supply. At
those times the TES 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 TES (or by the environment).

Because they accomplish the energy storage between heat
pump (charging) and heat engine (discharging) operation,
TES systems are essential components of PHES systems
(Figure 2). Latent heat TES systems reach a volume-specific
energy density between 50 and 150 kWh m™* at minimum
temperature differences within the TES. Sensible heat TES
systems are characterized by a lower volume-specific energy
density between 20 and 100 kWh m™ depending on tem-
perature differences within the TES. However, sensible heat
TES systems belong to the most developed storage technol-
ogies* are more established* and generate lower costs® than
latent heat TES systems. Consequently, this work focuses on
sensible heat TES systems. To minimize exergy destruction
due to heat transfer, temperature differences between TES
material and the working fluid of heat pump and heat engine
are to be kept small. As a result, only PHES systems based on
Joule/Brayton cycles are considered. In the following, they
will be referred to as Joule cycles.

This paper presents a synopsis of [6] in which a more de-
tailed essay of various approaches, models, and results can
be found.
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TABLE 1 Overview of research activities in the field of PHES systems based on Joule cycles

Group (company) Working fluid
Desrues, Ruer Argon

et al (SAIPEM-SA),[15,41],

2010 Tnax =
Ni, Caram,[42], 2015 Argon

Howes (Isentropic),[43-45], Prototype: air, large-

Thermal energy storage

Two sensible TESs, refractory
material (solid media),
1000°C, Ty, = —70°C

Usage of configuration presented
by Desrues and Ruer

Two sensible packed bed

Additional information, system and
analysis shortcomings

Transient simulation with MATLAB and
compiled C-code, compressor pressure
ratio approximately 2, E; o, = 600 MWh,
E,;n = 900 MWh, round-trip efficiency
66.7%, compressors, and TES subsystems
for high storage temperatures commercially
not available

Transient simulation described with
exponential matrix solution techniques,
compressor pressure ratio considered
between 2 and 5, round-trip efficiency
between 60% and 100%, depending on
chosen parameters, components for high
storage temperatures are commercially not
available

Only performance extrapolation for

2012 scale machine: argon TESs: particulate granite, hypothetical machine presented, P = 2MW,
Tnax = 500°C, Tppiy = —166°C COP = 2.19, round-trip efficiency 72%,

McTigue et al,[46], 2015 Argon (utilization of
large-scale machine

invented by Howes)

White et al,[47], 2013 Argon (utilization
of PHES concepts
invented by Howes

and Desrues)

Morandin et al,[48], 2011 Air

Two sensible packed bed TESs:
Tax = 500°C, T, = —166°C

Utilization of storage concepts
invented by Howes and Desrues

Two pairs of direct TESs for
sensible heat storage: molten
salt (350°C < T < 700°C)
and synthetic oil

high efficiencies of the envisioned
reciprocating compressor and expander are
currently not state-of-the-art

Simulation in quasi—steady state,
optimization based on stochastic
algorithms, round-trip efficiency
between 50% and 70%, depending on the
compression and expansion efficiencies

Simplified analytical analysis omitting
transient effects in order to identify trends
of efficiencies and losses, round-trip
efficiencies up to 90%

Preliminary performance estimation
yields round-trip efficiency of 55%, high
isentropic turbomachinery efficiency of 0.9
assumed

(100°C < T < 250°C)

Laughlin,[49], 2017 Argon

sensible heat storage: molten
salt (27°C < T < 550°C) and
hydrocarbon liquid (=93°C
< T<222°C)

2 | STATE OF THE ART

OF HIGH-CAPACITY STORAGE
SYSTEMS FOR ELECTRICAL
ENERGY

PHES systems, as means to stabilize the electrical grid in pe-
riods of mismatch between electricity supply and demand,
have to compete commercially with other high-capacity
storage systems, namely pumped hydro storage systems and
compressed air energy storage systems.

Two pairs of direct TES for

Analytical analysis omitting transient effects
yields round-trip efficiency of up to 72%,
large TES temperature differences, high
isentropic turbomachinery efficiency for
compressor (0.91) and turbine (0.93)

2.1 | Pumped hydro storage systems

Pumped hydro storage systems store electrical energy in the
form of potential energy which results in negligible self-
discharge and almost unlimited storage durations. At spe-
cific investment costs between 470 and 2170 € (kW)_l, the
round-trip efficiencies reach high values of 70% to 80%.”* In
contrast to PHES systems, pumped hydro storage systems de-
mand for suitable topological conditions and seal large areas
with their basins.®
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2.2 | Compressed air energy storage systems

Compressed air energy storage (CAES) systems use elec-
trical energy to power high-temperature air compressors
in order to store pressurized air in underground caverns.
To prevent the turbines from freezing during discharge,
the compressed air has to be heated before expanding
in turbine-generator sets that generate electrical energy.
The necessary heat can be supplied by combustion of
natural gas. Two such CAES systems are currently in op-
eration. The system in Huntorf (Germany) has a storage-
output capacity of 580 MWhe]8 and reaches a round-trip
efficiency of 46%.° Due to internal heat recovery during
discharge, the system in McIntosh (USA) reaches a round-
trip efficiency of 54%° having a storage-output capacity of
2860 MWh,,.*

In contrast to combusting natural gas, adiabatic CAES
systems employ a thermal energy storage to store the heat re-
leased by the compressed air before it enters the underground
cavern. During discharge, the stored heat is transferred back
to the compressed air before it enters the turbine. Adiabatic
CAES systems are subject to current research. With respect
to working principle and required components, they have
large similarities to PHES systems.

The project ADELE, led by the German Aerospace
Center (DLR), was engaged in concept development and
construction of a large-scale prototype of an adiabatic
CAES system.lo'12 The development of suitable turboma-
chinery and TES subsystems issued the biggest challenge.
High-temperature compressors are not state of the art
yet, and they have to be developed.12 Preliminary design
calculations resulted in round-trip efficiencies of up to
70%."

2.3 | Pumped heat electricity
storage systems

The first concept of storing electrical energy via the detour of
thermal energy dates back to as early as 1924. Marguerre 13
introduced a system consisting of two TESs filled with wet
steam.

Steinmann'* presented an extensive review of concepts
for bulk energy storage. Basic concepts and current de-
velopments of PHES systems and related technology are
summarized.

Considering current theoretical and experimental re-
search activities, concepts of PHES systems based on
Joule cycles are briefly summarized in Table 1. System
and analysis shortcomings are also listed, from which the
research objectives of this work are deduced in Section 3.
A more detailed description of these studies can be found

in [6].

3 | RESEARCH OBJECTIVES

Objective 1 To develop numerical models that enable a
transient simulation and analysis of PHES systems
based on Joule cycles.

Almost all publications about PHES systems present effi-
ciency estimations and performance extrapolations, whereas
steady-state and transient simulations of PHES systems are
rare (Table 1). Especially, a detailed analysis of the transient
system operation is mandatory to accurately evaluate the
performance of storage systems in general and PHES sys-
tems in particular. The lack of transient analyses constitutes
a research gap from which the first objective of this work
is deduced. The transient analyses available in literature by
Desrues et al'” and Wang et al'® do not fulfill the Objectives
2 and 3.

Objective 2 To evaluate the round-trip efficiency and exer-
getic performance of PHES systems based on commer-
cially procurable and state-of-the-art technology.

The majority of performance estimations and simulations
of PHES systems is based on efficiencies, temperatures, or
temperature and pressure ranges that cannot be realized by
employing state-of-the-art technology of individual system
components. In some concepts, entire components are far
from technical realization (Table 1). Evaluations and com-
parisons of PHES systems built of commercially procurable
components at best, but at least based on state-of-the-art
technology, are currently not available. Thus, an adequate
mathematical model has to be established and numerical sim-
ulations have to be performed. Based on the numerical sim-
ulations (Objective 1) the system design yielding the highest
round-trip efficiency has to be identified. The subsystem per-
formance is also evaluated by means of an exergy analysis.

Objective 3 To evaluate the exergoeconomic performance
of PHES systems based on commercially procurable
and state-of-the-art technology.

The exergetic performance analysis (Objective 2) is ex-
tended to an exergoeconomic analysis of the PHES systems.
Thereby, additional information is gained, allowing a cost es-
timation in comparison with alternative storage systems.

4 | PHES SYSTEM DESIGN

To achieve high round-trip efficiencies for PHES systems
based on Joule cycles, five design constraints are deduced
from the studies published in literature.
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FIGURE 3 A, T,sdiagram and B,

schematic of the designed PHES system. (A)
The red arrows illustrate the path of the
working fluid during heat pump operation,
and the blue arrows illustrate the path of the
working fluid during heat engine operation
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1. If available, established technology should be employed
in order to reduce technological risks.

2. The PHES system layout should be simple, limiting the
amount of components to the essentially necessary re-
quired for an exergy efficient and cost-efficient operation.

3. Entropy rejection to the environment should be realized
at small temperature and small pressure differences in
order to minimize the associated exergy loss and exergy
destruction.

4. The PHES system should be combined with a high- and
a low- temperature TES instead of just one TES. This re-
duces the amount of heat exchanged with the environment
and associated exergy losses.

TABLE 2 Explanation of the changes of state for the PHES
system based on the Joule cycles depicted in Figure 3

Change of state Explanation
HP1-HP2 Compression
(pHPI =p env)
HP2-HP3 Heat rejection to high-
temperature TES
HP3-HP4 Expansion
HP4-HP1 Heat absorption from
low-temperature TES
HE1-HE2 Air intake form
the environment
(pHEl = Penv>
THE] = Tcnv) and
compression
HE2-HE3 Heat absorption from
high-temperature TES
HE3-HE4 Expansion
HE4-HES Heat rejection to

low-temperature
TES and air output
to the environment

(pHES = penv)

5. Regenerative heat transfer does not improve the efficiency
of PHES systems based on Joule cycles and is therefore
not implemented. Due to the utilization of two TES sub-
systems, the low-temperature heat provided by the heat
engine is already exploited. Moreover, steady-state design
calculations indicated a reduction of round-trip efficiency,
if regenerative heat transfer is implemented in PHES sys-
tems based on Joule cycles.

Considering these constraints, a PHES system based on
the working fluid air is desig.gned.6 The corresponding T's dia-
gram with the thermodynamic cycles and a description of the
changes of state are provided in Figure 3A and Table 2, re-
spectively. Air was selected as working fluid in order to reject
the generated entropy through a heat engine which is open
to the environment. Thereby, the heat engine of the PHES
system does not need to be equipped with an environmentally
cooled condenser, which in turn reduces exergy destruction
due to a vanishing condenser pressure drop. Also, costs for
the condenser and the working fluid are saved.

A schematic of the PHES system is depicted in Figure 3B.
Heat pump and heat engine share a single turbine-compres-
sor shaft. The working fluid passes the TES subsystems in
opposite directions during heat pump and heat engine opera-
tion in order to minimize exergy destruction and to reach the
desired outlet temperatures. According to currently available
technology, the efficiencies of motor and generator as well as
the isentropic efficiencies of the turbomachinery are listed in
Table 3. All efficiencies are given for the design point which
defines the optimal operating point of the components.

As motivated at the end of Section 1, sensible heat TES
subsystems are integrated into a PHES system based on
Joule cycles. For a reasonable heat transfer between working
fluid and TES material, a packed bed arrangement is cho-
sen. Based on a study by Rundel"’ examining the long-term
thermal and mechanical stability of packed beds, basalt chips
without quartz content are selected as TES material. This
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TABLE 3 Summary of component efficiencies of the Joule cycle
based PHES system at the design point

Component Efficiency References
Motor 0.96 (energetic) [23]

Generator 0.96 (energetic) [23]
Compressor 0.85 (isentropic) [23,50]

Turbine 0.90 (isentropic) [23,50]

Specific heat capacity Thermal conductivity Density pp, in
¢, painJ (kg K)™' Ap, in W (m K) ~* kg/m®

1004 1.7 2950

Note: value for void fraction taken from [51]

material performed best among all tested materials; without
any degradation, it withstood 7000 charging and discharging
cycles with inlet temperatures of 600 and 24°C, respectively.
Relevant material properties of basalt chips without quartz
content are summarized in Table 4. Heat losses to the envi-
ronment are neglected because proper insulation of the cy-
lindrical TES container is provided. Panels of microporous
insulation material (4| p7—gp0x = 0.04W(mK) ~1"¥%) having a
thicknesses of 0.5 m at the side and 2.0 m at the top and bot-
tom walls of the TES provide sufficient insulation."

Kriiger et al”® identified potential economic and operational
feasibility for small-scale electrical energy storage systems
with a charge/discharge power of 10 to 30 MW,,, charge/dis-
charge times of 4.0 to 6.5 hours, and capacities in the order of
50 to 150 MWh,,. In this work, PHES systems classified at the
lower boundaries of the aforementioned ranges are considered.

The design parameters of the PHES system analyzed
in this work are summarized in Table 5. Data published
by the ADELE plrojectzo'22 are used as a reference for cur-
rently available technology in order to determine the maxi-
mum temperature 7', yp and the maximum mass flow M,,
. Influenced by the maximum mass flow and based on the
results of Kriiger et al,* who investigated the economic fea-
sibility of small-scale adiabatic CAES systems, the electrical
input power consumed by the heat pump Py, ;, is set. Taking
characteristic charging and discharging durations into consid-
eration, which are derived in Section 6.2 and summarized in
Table 6, yields the electrical energy consumed by the PHES
system E ;, during heat pump operation.

Having selected the maximum temperature of the work-
ing fluid in the heat pump 7}, yp and considering a constant
exergy content to be stored by the PHES system, the maxi-
mum pressure of the working fluid in the heat engine p,,« yg
influences the round-trip efficiency of the PHES system. The
higher the maximum pressure, the higher the exergy destruc-
tion becomes in the turbomachinery. In turn, the temperature
difference and, hence, the exergy destruction experienced by

the working fluid when passing through the TES systems de-
creases with increasing maximum pressure. These reverse ef-
fects indicate the existence of an optimal maximum pressure
which was determined in [6].

The size of the TES systems is a result of the electrical
energy E,,;, to store. Diameter di and height [ of the packed
bed in the cylindrical TES container are equal in order to
minimize the outer surface area of the container. The diame-

TABLE 4 Material properties

Void fraction & .
(averaged in the relevant temperature range)

(by volume) . .
[5] of basalt chips without quartz content

0.40 used as TES material in the form of a
packed bed

ter dp, of the packed bed particles is chosen as large as possi-
ble in order to reduce pressure drop and as small as necessary
to avoid temperature gradients within the particles.

5 | SYSTEM MODELING

The process simulation software EBSILON® Professional®
is used as platform to model and simulate PHES systems. All
components of the thermodynamic cycles are simulated in
quasi—steady state whereas a transient simulation is used for
the TES subsystems.

5.1 | Thermodynamic cycles

To model and simulate the thermodynamic cycles of heat
pump and heat engine, the built-in components of EBSILON ®

TABLE 5
PHES system analyzed in this work

Summary of design parameters of the Joule cycle based

Design

Design parameters values
Heat pump

Maximum temperature in °C 600

Maximum working fluid mass flow in kg/s 110

Power input P, ;, in MW 12.6

Electrical energy input E ;, in MWh 50.4
Heat engine

Maximum pressure py,,, yg in bar 2.549
High- and low-temperature TES (each)

Mass (of particles) in t 3650

Diameter of particle bed dy in m 13.80

Height of particle bed I in m 13.80

Particle diameter dp, in mm 30
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TABLE 6 Specification of the

characteristic operation scenario used for the .
. . Operation mode
exergoeconomic analysis

Heat pump (charging)

Idle after heat pump
Heat engine
(discharging)

Idle after heat engine

Professional are used. The components' default mathemati-
cal models, equations, and correlation coefficients were used,
which are documented with the software.”® First, the design
point of the thermodynamic cycle was modeled and simulated.
Afterward, the off-design performance, the operation outside
of the design point, was simulated. All off-design simulations
are based on the default component-specific off-design perfor-
mance characteristics documented with the software.”

5.2 | Sensible heat thermal energy
storage subsystems

EBSILON® Professional provides a basic storage model
for a sensible heat thermal energy storage subsystem.1 The
model consists of a single pipe conducting the working fluid
encased by a cylindrical shell containing the storage material
(Figure 4). The dimensions of pipe and shell can be adapted
but the basic topology cannot be changed. The solver is based
on a cylindrically symmetrical finite differences approach
using the implicit Crank-Nicolson method on a rectangular
grid.

The adaptions made on the basic storage model to simu-
late a sensible heat TES in the form of a massive block tra-
versed by multiple pipes are described in.** To enhance heat
transfer between working fluid and storage material, the stor-
age material is integrated in the form of a packed bed instead
of a massive block.

Ismail and Stuginsky25 present an extensive overview and
comparison of modeling approaches for packed bed TES
systems. More condensed reviews are provided by Hinchen
et al*® and Gil et al.”’ For integration into the framework of
the EBSILON® Professional basic storage model, a one-di-
mensional, two-phase approach is developed, which is sim-
ilar to the one by Hinchen et al.?® The developed modeling
approach is based on the following assumptions:

e uniformly packed bed,

e turbulent flow conditions of the working fluid, which are
homogeneous when temporally averaged over the flow
Cross section,

e the thermal energy storage capacity of the working fluid
can be neglected,

Energy Science & Engineering 651
Start time End time Duration Averaged
inh in h in h electricity price
01:00 05:00 4 19.66 € (MWh)™'
05:00 17:00 12 —
17:00 21:00 4 38.42 € MWh)™'
21:00 01:00 4 —

e heat losses to the environment can be neglected,
e temperature inhomogeneities within particles can be
neglected.

The modeling approach for a packed bed sensible heat
TES is depicted in Figure 5. A detailed description of the
modeling approach and its successful validation through
comparisons with experimental data and simulation results
is presented in [6]

6 | METHODOLOGY AND
ANALYSIS PROCEDURES
6.1 | Exergoeconomic analysis

Based on simulation results or real process data, an exergy
analysis provides the exergy distribution among the compo-
nents of a system. Exergy is the maximum amount of work
that can be conducted by a system, if the system is revers-
ibly brought into equilibrium with its environment. Detailed
introductions, several definitions, and derivations of the con-
cept of exergy can be found in. 230

Adapted to the operation scenario analyzed, component
costs and costs for input quantities are provided by an eco-
nomic analysis. A detailed description of the procedures em-
ployed to determine costs can be found in [6]

An exergoeconomic analysis combines the results of an
exergy analysis and an economic analysis (Figure 6) in order
to allocate costs among the components of a system. Costs C
are assigned to exergy E via exergy costing 2931

C=CE, ey

introducing the specific costs per exergy ¢, which can be
determined by cost balances. Cost balances are compiled for
each system component (Equations 2 and 3) equating the
costs entering the component and the costs generated in the
component with the cost leaving the component.

k

Jmax max

2 CinJ + ZOP = 2 CDUI,k (2)

j=1 k=1
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k,

Jmax max

Z (Cin,j : Ein,j) + ZOP = 2 (coul,k : Eout,k)' 3)
j=1 k=1

An exergoeconomic analysis accounts for energy con-
version efficiency, physical limits of energy conversion, and
financial costs of energy conversion. The development of ex-
ergy and exergoeconomic analyses is summarized in detail
by Tsatsaronis.”’ An extensive review of the same matter is
presented by Sciubba and Wall.*>

6.2 | Characteristic operation scenario

In order to determine the time of the day at which a PHES
system should be charged and discharged, the European
market for electrical energy6 is analyzed. The day-ahead

working fluid
| P4
1 1
storage |
material | I
p(T) i M
c(T) !
MT)_ 4o
’ . : - N
o L_ ]
d:
i,M do,M

FIGURE 4 Layout of the sensible heat TES model implemented
in EBSILON®Professional. Density p, specific heat capacity ¢, and
thermal conductivity 4 of the storage material can be defined as
constants or variables, linearly depending on temperature

working fluid

//
S
o
’
-4
e
—
=

market for Germany and Austria shows a high predictability
regarding daily repetitiveness of the electricity price distribu-
tion.** Based on market principles, hourly averaged prices
for electrical energy at the day-ahead market for the year
2016 are used as indicator for supply and demand (Figure 7).
For each day of the year, the continuous 4-hour time periods
with the lowest and highest average electricity price between
23:00 hours of the previous day and 24:00 hours are deter-
mined. Averaging the electricity prices of all determined time
periods over the entire year results in average market prices
of 19.66 € (MWh)™" = 1.966¢t (kWh)™! during the heat pump
operation and 38.42 € (MWh)_1 = 3.842ct (kWh)_1 during
the heat engine operation of the PHES system. A summary
of the deduced characteristic operation scenario used for the
exergoeconomic analysis is provided in Table 6. The PHES
system shall perform a complete operation period once within
24 hours.

6.3 | Cyclic steady-state analysis

The transient operation of the PHES system is simulated.
Due to varying storage inlet and outlet conditions, the charge
states of the TES subsystems influence the operation of the
other PHES subsystems and vice versa. The individual charge
state is characterized by a specific distribution of internal en-
ergy and temperature within the storage material.

A meaningful and reproducible analysis has to be in-
dependent of charge states. The simulation of consecutive
operation periods of the PHES system according to the char-
acteristic operation scenario eventually converges into the
cyclic steady state. This holds true for any arbitrary initial
temperature distribution within the TES systems as long as
the temperatures are compatible with the chosen heat pump/
heat engine design. Operation periods in cyclic steady state
have the following characteristics:

lM:lR

[EPApE———

FIGURE 5 A, Topologies of
the packed bed sensible heat TES
and B, its model implemented in

(A) working fluid (B)
dps i
Ix '
particles i solid wall
1
L
—————— I - ——— s
2 T A A
- .. K
’\__/"_J[ I
dr

EBSILON ®Pr0fessi0nal
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FIGURE 6 ' Basic Princjple of an exergy analysis economic analysis
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FIGURE 7 Hourly averaged prices for electrical energy at the day-ahead market for Germany and Austria in the year 2016 [33]
e the end of one period marks the beginning of the following
Peny = 1 bar. (6)

period,

e all periods take the same time,

e cach TES subsystem has identical charge states at the be-
ginning and at the end of the operation period,

e the time-dependent course of the PHES operation is identi-
cal for all operation periods.

All exergoeconomic analyses in this work are based on
the simulation results of a characteristic operation period in
cyclic steady state.

7 | ANALYSIS AND RESULTS

7.1 | Exergy analysis

During operation, the components of the PHES systems
exchange exergy flows E through the entering and exiting
working fluid M.

E=M((h_henv)_Tenv(s_senv)) (4)

h.s and s.; denote the working fluid's enthalpy and en-
tropy at environmental conditions, respectively:

T, =10°C (5)

The temperature of the environment is equal to the mean
temperature in Germany in the years 2015 and 2016.%*%
Based on the characteristic operation scenario (Section 6.2)
evaluated in cyclic steady state (Section 6.3), the time-de-
pendent exergy flows E processed by each component are
integrated over the entire operation period. The resulting
amounts of exergy E are then processed in the exergy and
exergoeconomic analyses.

The inlet, outlet, and mean temperature distribution of the
high- and low-temperature TES subsystems over time are de-
picted in Figure 8. The working fluid inlet temperature to the
high-temperature TES stays constant during heat pump and
heat engine operation. This is necessary in order to reach a
stable cyclic steady-state operation. After remaining constant
until approximately 2 hours of operation time, the working
fluid outlet temperature of the high-temperature TES devi-
ates in the direction of the inlet temperature. The inlet and
outlet temperatures of the working fluid passing through the
low-temperature TES adjust automatically to the operation
conditions of the PHES system.

For the PHES system and its subsystems, Table 7 sum-
marizes energetic and exergetic efficiencies, the underlying
fuel and product definitions, as well as the exergy destruction
integrated over the entire operation period of 24 hours. The
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heat pump operation idle heat engine operation idle
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FIGURE 8 Time curves of inlet, outlet, and mean temperature of the high- and low-temperature TES

product of the heat pump and fuel of the TES are the energy/
exergy released by the working fluid in the HT TES minus
the energy/exergy received by the working fluid in the LT
TES. The product of the TES and fuel of the heat engine are
the energy/exergy received by the working fluid in the HT
TES minus the energy/exergy released by the working fluid
in the LT TES. Energetic and exergetic efficiencies are de-
termined by

For the PHES system, the exergetic efficiency is equal to
nproduct _ product (7)
Enfuel & Efuel

Hen =

the energetic efficiency because both, fuel and product, are
electrical energy which consists entirely of exergy.

The TES subsystems have the highest exergetic efficien-
cies, followed by heat pump and heat engine. The exergy de-
struction indicates the same trend. The relatively low exergy
destruction of the TES subsystems is caused by two effects.
First, the temperature difference between working fluid and
storage material during charging and discharging is small
compared with the temperature difference to the environ-
ment. Second, the thermal conductivity between the particles
of the TES is small, which impairs the degradation of the
temperature profile within the TES during the idle time.

The propagation of exergy through the PHES system is
visualized in the Sankey diagram in Figure 9. For a com-
plete overview of the PHES system performance, exergetic
efficiencies are also listed. The Sankey diagram exemplifies
that a multiple of the exergy entering and leaving the PHES
system is stored in the TES subsystems. Furthermore, the
propagation of exergy through the PHES system illustrates
that the low-temperature TES is an important component.
Without the low-temperature TES being present, the heat en-
gine would release a substantial amount of exergy to the en-
vironment. This exergy would be missing during heat pump

operation, approximately cutting the round-trip efficiency in
half.

7.2 | Economic analysis

The economic analysis allocates costs to each component
and each input quantity of the PHES system. Due to a scar-
city of reliable, up-to-date data, market researches do not
prove useful for determining purchased equipment costs.
Consequently, the purchased equipment costs of most of the
components employed in this work draw on cost correlations
by Turton et al’® and Towler et al.*’

For the motor/generator set, a basic cost-scaling ap-
proach”’36 is employed to determine the purchased equip-
ment costs, drawing on performance and cost data by Balli
et al.*® The costs of the TES subsystem include costs for the
storage material basalt chips of 200 € ¥

The purchased equipment costs Z°=C, annual component
costs Z*", and the component costs per operation period 7°F
are summarized in Table 8. All costs are projected to the ref-
erence year 2016 employing the Chemical Engineering Plant
Cost Index*® and converted to Euro.

Employing the annuity method,”® the annual compo-
nent costs Z*" result from leveling the purchased equip-
ment costs over the entire projected operating time of
n*" = 20a under consideration of a compounded interest rate
i = 1.5% and an annual operation and maintenance cost factor
y=15%

i(1+i™
gan— (|~ ZPEC‘ 8
<(1+i)”"“—1 ”> ®
Finally, dividing the annual component costs by the
amount of operation cycles per year N*' = 365 yields the
component costs per operation period 7°F,
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TABLE 7 Integrated exergy destruction, fuel and product definitions, and energetic and exergetic efficiencies for the subsystems and the
entire PHES system
Epin
(Sub-)system Fuel definition Product definition Ten Nex MWh
HP el,in HP2 — HP3 — (HP1 — HP4) 0.935 0.804 9.87
TES HP2 — HP3 — (HP1 — HP4) HE3 — HE2 — (HE4 — HE5) 1.000 0.851 6.03
HE HE3 — HE2 — (HE4 — HE5) el,out 0.458 0.626 12.90
PHES el,in el,out 0.429 0.429 28.80

Note: The nomenclature of the components and attached fluid pipes, electrical leads, and mechanical shafts follows Figure 3B.

exergy loss to environment

electrical exergy
mechanical exergy
exergy of working fluid
exergy of TES

exergy destruction
exergy in MWh
exergetic efficiency in %

FIGURE 9 Sankey diagram visualizing the propagation of exergy through the PHES system

TABLE 8 Purchased equipment costs, annual costs, and costs per

operation period for each component of the PHES system

Component
Compressor
Turbine
Motor/generator
HT TES

LT TES

ZPCin ke Z*" in k€

7362 539.2
7570 554.4

597 43.7
1043 76.4
1043 76.4

ZOP

k€

in

1.477
1.519
0.120
0.209
0.209

As input parameters to the exergoeconomic analysis, the
component costs per operation period represent cost sources
within each component. According to the chosen system de-
sign, heat pump and heat engine share compressor, turbine,
and motor/generator. Therefore, half of the component costs
per operation period of these components is assigned to the
heat pump and the other half is assigned to the heat engine.
The specific costs for electrical energy consumed by the heat
pump amount to ¢ ;, = 19.66 € (MWh)™", as determined in
Section 6.2.
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pen Access,

Description

Constant exergy-specific costs of working fluid

CHP2 = CHpP3
passing the HT TES

CHP3 = CHp4 Constant exergy-specific costs of working fluid
passing the heat pump turbine

CHE3 = CHE4 Constant exergy-specific costs of working fluid
passing the heat engine turbine

Cme3 = Cmed Constant exergy-specific costs along the shaft of the

Boundary conditions

heat engine

Description

TABLE 9 Auxiliary equations and
boundary conditions for the exergoeconomic
analysis of the PHES system

TABLE 10 Summary of variables
characterizing the exergoeconomic
performance of the PHES system and its
subsystems

cue1 =0 No costs attached to the air entering the heat engine
cxes =0 No costs (or revenues) attached to the air leaving the
heat engine
Cerin = 19.66 € (MWh)™! Specific costs for electrical energy entering the heat
engine (Section 6.2)
Ey Ep Cy CF Cp Mex Eyp Vad
in
in MWh in € in € (MWh)~! MWh in€
HP 50.40  40.53 991 2549  19.66 62.89  0.804 9.87 1558
TES 40.53 3450 2549 2967  62.89 86.01  0.851 6.03 419
HE 3450 21.60 2967 4525  86.01 209.51  0.626  12.90 1558
PHES 5040 21.60 991 4525 19.66  209.51 0429 28.80 3535
7.3 | Exergoeconomic analysis

The simulation results are based on the characteristic opera-
tion scenario (Section 6.2) evaluated in cyclic steady state.
For each component, a cost balance is compiled (Equation
3) forming a linear system of equations for the entire PHES
system. The auxiliary equations and boundary conditions
necessary to solve the linear system of equations are listed
in Table 9. An overview of the most important variables de-
scribing the exergoeconomic performance of the PHES sys-
tem and its subsystems is given in Table 10. The fuel and
product definitions presented in Table 7 apply. The absolute
cost difference across each subsystem is equal to the sum of
component costs per operation period for that subsystem.

The specific costs per exergy for fuel cp and product cp
are derived by Equation 1. As heat pump and heat engine
share the same components, the absolute cost differences
across these subsystems are equal. Due to a higher exergy
destruction at identical component costs, the heat engine
has a slightly worse exergoeconomic performance than the

Cr+2%" =G ©)

heat pump. The TES subsystem has the best exergoeconomic

performance among all subsystems, because it is subject to
the smallest exergy destruction (caused by the highest exer-
getic efficiency) in combination with the smallest component
costs per operation period.

The specific costs per exergy product cp are a good indica-
tor of exergoeconomic system performance; the lower these
costs are, the better the performance is. Depending on the
component costs per operation period, a favorable exergetic
performance is not necessarily tied to a favorable exergoeco-
nomic performance.

The propagation of absolute costs through the PHES sys-
tem is visualized in the Sankey diagram in Figure 10. For a
complete overview of the PHES system performance, exer-
gy-specific costs are also listed. The Sankey diagram exem-
plifies that a multiple of the costs entering and leaving with
the electrical energy is attached to the exergy propagating
through the PHES system. During operation in cyclic steady
state, these costs are not entering or leaving the PHES system.

The PHES system entails at least 36% higher investment
costs per installed output power than the ADELE adiabatic
CAES system or pumped hydro storage systems (Table 11).
For the PHES system, the determined investment costs per
installed output power are solely based on the purchased
equipment costs (Section 7.2). If additional cost sources are
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(141.13)

costs of electrical exergy

costs of mechanical exergy

costs of exergy of working fluid

costs of exergy of TES

component costs per operation period Z°F

exergy-specific costs in € (MWh)™

FIGURE 10 Sankey diagram visualizing the propagation of costs through the PHES system

TABLE 11 Comparison of the investment costs per installed
output power for different electrical energy storage systems

Storage Investment costs per installed

technology output power in € (kWel)_1 References

PHES system 3260

ADELE 1500-2400 [12]
adiabatic CAES

Pumped hydro 470-2170 [7]
storage

considered, the difference to the other storage technologies
will further increase.

Considering the economic conditions at the day-ahead
market for Germany and Austria in the year 2016, the PHES
system cannot be operated profitably. Based on the charac-
teristic operation scenario (Section 6.2), the average market
price during the heat engine operation amounts to 38.42 €
(MWh)~! (Table 6). With specific prices for electrical energy
supplied by the heat engine of 209.51 € (MWh)™", the attain-
able market price is exceeded by a factor of 5.45.

8 | SUMMARY AND OUTLOOK

In this work, numerical models that enable a transient sim-
ulation of PHES systems were created using the process

simulation software EBSILON® Professional. Employing
commercially available and state-of-the-art components, a
PHES system based on Joule cycles was designed, simulated,
and analyzed.

The PHES system reaches a round-trip efficiency of
42.9%, which is approximately half the efficiency reached
by pumped hydro storage systems7’8 and adiabatic CAES
systems.12 Compared to nonadiabatic CAES systems, which
are currently in operation, the PHES system has an approxi-
mately 10 percentage points lower round-trip efficiency.

Predominantly resulting from high purchased equipment
costs, the PHES system has higher power-specific costs than
established technologies. Supplying electrical energy at costs
that exceed acceptable market prices by more than a factor
of five, PHES systems can currently not be economically
operated at the day-ahead market for Germany and Austria.
However, this is at least partly caused by current market con-
ditions, which are unfavorable for the operation of electrical
energy storage systems.

Considering the analysis results combined with the inde-
pendence from geological and topological conditions, PHES
systems are assessed as relevant technology to store electri-
cal energy.6’24 Being subject to ongoing research activities,
PHES systems based on the Rankine cycles are going to be
designed and analyzed. The exergoeconomic analyses of the
Joule and Rankine cycles based PHES systems are going to
be compared.
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NOMENCLATURE
Latin letters (Unit)
C(€) costs

c(€1™h exergy-specific costs

c(J(kg K)™h specific heat capacity
d(m) diameter

E({J) exergy

Description

En (J) energy

h({J (kg™ specific enthalpy
i(-) interest rate

[(m)  height

M (kg) mass

N* () number of operation periods per year
n™ (a) projected operating time

P (W) power

p (Pa) pressure

s (J (kg K)™h specific entropy

T (°C) temperature

Z" (€) component costs per year

7% () component costs per operation period
Z7EC (6) purchased equipment costs

Greek letters (Unit) Description

r (=) annual operation and maintenance cost factor
e (=)  volumetric void fraction of a packed bed
n ) efficiency

A (W (m K)_l) thermal conductivity

p (kg/mS) density

Subscripts Description

D destruction

el electrical

en energetic

env environment

ex exergetic

F fuel

i inner

in inlet

M model of thermal energy storage module
max maximum

min minimum

0 outer

out outlet

P product

Pa particle

R real thermal energy storage module
Sys system

air energy storage (Adiabater Druckluftspeicher fiir die
Elektrizititsversorgung)

C compressor

COP  coefficient of performance

CAES compressed air energy storage

DLR  German Aerospace Center

G generator

HE heat engine

HP heat pump

HT high-temperature

LT low-temperature
M motor
PHES pumped heat electricity storage

PEC purchased equipment costs
T turbine
TES thermal energy storage
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