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Abarr, Miles L Lindsey (Ph.D., Mechanical Engineering)
Modeling Pumped Thermal Energy Storage with Waste Heat Harvesting

Thesis directed by Assistant Professor Lupita Montoya

This work introduces a new concept for a utility scale combined energy storage and
generation system. The proposed design utilizes a pumped thermal energy storage (PTES)
system, which also utilizes waste heat leaving a natural gas peaker plant. This system creates a
low cost utility-scale energy storage system by leveraging this dual-functionality. This
dissertation first presents a review of previous work in PTES as well as the details of the
proposed integrated bottoming and energy storage system. A time-domain system model was
developed in Mathworks R2016a Simscape and Simulink software to analyze this system.
Validation of both the fluid state model and the thermal energy storage model are provided.
The experimental results showed the average error in cumulative fluid energy between
simulation and measurement was +/- 0.3% per hour. Comparison to a Finite Element Analysis
(FEA) model showed <1% error for bottoming mode heat transfer.

The system model was used to conduct sensitivity analysis, baseline performance, and
levelized cost of energy of a recently proposed Pumped Thermal Energy Storage and Bottoming
System (Bot-PTES) that uses ammonia as the working fluid. This analysis focused on the effects
of hot thermal storage utilization, system pressure, and evaporator/condenser size on the
system performance. This work presents the estimated performance for a proposed baseline
Bot-PTES. Results of this analysis showed that all selected parameters had significant effects on
efficiency, with the evaporator/condenser size having the largest effect over the selected
ranges. Results for the baseline case showed stand-alone energy storage efficiencies between
51 and 66% for varying power levels and charge states, and a stand-alone bottoming efficiency
of 24%. The resulting efficiencies for this case were low compared to competing technologies;
however, the dual-functionality of the Bot-PTES enables it to have higher capacity factor,
leading to $91-197/MWh levelized cost of energy compared to $262-284/MWh for batteries
and $172-254/MWh for Compressed Air Energy Storage.
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1. Chapter 1: Introduction

Growing awareness of climate change has led to an increased interest in renewable
energy technologies. Since renewable energies are inherently intermittent, however, they
require energy storage systems in order to provide dispatchable grid power. Presently, the
most recognized technologies for storing energy in large-scales are compressed air energy
storage (CAES) and pumped hydro energy storage (PHS). CAES has been proposed in recent
years as the most economically viable option for large-scale energy storage

Another approach for large-scale energy storage is Pumped Thermal Energy Storage
(PTES). Though there are some variations on PTES, all proposed systems to date charge a
thermal reservoir with a heat pump and discharge it via a thermal engine.

PTES combines common thermodynamic cycles that are low cost, modular, and
location-independent; however, only a few research groups have pursued this form of energy
storage thus far. This lack of interest is partially due to the recognized inefficiency of thermal
engines for creating electricity—ranging between about 20 and 50% for most heat generation
systems [1]. When a heat pump is combined with a thermal engine to create a full charge and

discharge energy storage cycle, however, the system becomes more attractive.
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Figure 1: Generic PTES system. CE = Compressor/Expander, EC = Expander/Compressor. Energy
flows are in dashed lines. Wavy lines represent heat flows. Solid lines represent fluid flows.

Figure 1 shows a generic stand-alone PTES cycle. In charge mode, shown in orange,
electricity from the grid is used to run a heat pump and create a thermal potential in the system
between a Hot TES and a Cold TES. First, the CE compresses a cold gas (State 1). The hot,
pressurized gas (State 2) then stores heat into the Hot TES. Next, the cooled pressurized fluid
(State 3) is expanded through the EC where electricity is generated to help run the hot
compressor. The cold, low-pressure fluid (State 4) cools the Cold TES before the fluid re-enters
the hot compressor.

In discharge mode, shown in green, a standard thermal engine cycle is used to generate
electrical energy from the temperature difference (heat potential) between the Hot and Cold
TES using the same equipment as in charge mode. At the end of the discharge cycle, the heat
potential has been reduced, and the system is ready for charging again. Whether or not the
working fluid condenses to liquid through the Cold TES determines whether the process is a

Rankine-like process or a Brayton-like process. The heat storage needs and EC power levels vary



substantially between these options—each with unique pragmatic challenges, some of which

will be discussed in section 2 of this paper.

Parameters | Description Nominal
Units
W | work energy J
Q | heat energy J
W | work power w
Q | heat power w
n | efficiency 1
p | density kg/m3
C | specific heat J/kg/K
V | volume m3
T | temperature K
t | time S
z | Hot TES axial distance along fluid path m
a | Xu et al. lumped cylindrical capacitance inner radius m
b | Xu et al. lumped cylindrical capacitance outer radius m
r | radial distance m
h | fluid specific enthalpy J/kg
U | overall heat transfer coefficient W/m?2/K
k | conductivity W/m/K
A | area m?
IR | inner radius of a lumped mass in the Hot TES m
OR | outer radius of a lumped mass in the Hot TES m
R | thermal resistance K/W
L | axial length of a mass m
V | volumetric flow m3/s
P | pressure Pa
@ | Hot TES utilization 1
E | energy state J

Superscripts

Dis

discharge operation

Ch

charge operation

*

adjusted

Bot

bottoming operation

Subscripts

ES

energy storage

Tot

total

CE

vapor compressor/expander

EC

liquid expander/compressor




Hot

hot, high pressure side of the system

Cold

cold, low pressure side of the system

LM

Hot TES lumped mass

eff

Hot TES effective parameter

Hot TES fluid

conv

Hot TES fluid convective

tube

Hot TES tubing

WF

Hot TES working fluid

cyl

cylinder

SS

steady state mode, referring to bottoming operation

Exh

exhaust

actual

actual simulated value, after corrections for expected
isentropic efficiencies

working fluid state at low pressure side of the CE

working fluid state at high pressure side of the CE

working fluid state at high pressure side of EC

working fluid state at low pressure side of EC

NP WN|-

isentropic process

electric

electric energy

mech

mechanical

gen

generator

motor

motor

cTES

Cold TES

fan

evaporator/condenser (Cold TES) fan

FCS

fully charged state

FDS

fully discharged state

ref

reference

Bot

bottoming operation

Available

energy available

Table 1: Nomenclature used for equations and system parameters.

Thermal engines are fundamentally inefficient because heat must be rejected to a cold
reservoir, and not used to produce work, as dictated by the second law of thermodynamics. In
this proposed combined system, however, the heat rejected to storage (Cold TES) during the
thermal engine cycle (discharge phase) is then used during the charge phase. Thus, although the
charge and discharge cycles are individually subject to Carnot efficiency limits, when combined
sequentially there is no theoretical limit placed on the round-trip efficiency (ngs) of a PTES.

Theoretically, an ideal system (neglecting heat transfer and mechanical inefficiencies) can be

100% efficient. This can be shown as follows:




WRs
NES = och (1.1)
WD,

where W%i is the total electric energy generated during the discharge cycle (thermal engine),

and WTC(},’t is the total electric energy consumed during the charge cycle (heat pump). Table 1
includes all of the nomenclature used for system parameters and equations used throughout

this paper. Since

h _ yCh Ch
W = Weg — Wi (1.2)

where ng is the compression work and Wh%‘ is the re-expansion work done during the heat

pump cycle,

WE — WEE = Qf — Q€h 4 (1.3)

and Q(I;I}cl)tTES and Qgglms are the heat transferred to the hot storage and taken from the cold

storage, respectively, during the heat pump cycle. Furthermore,

Dis _ Dis Dis
Wrot = Weg” — WEe (1.4)

where W2IS is the expansion work and WS is the pressurization work done during the

discharge cycle. This total thermal engine work is also equal to

Dis Dis _ \Di Dis
WCE — VWEC — ch?t_QCold (1'5)

where QPIS. and ng(i,sld are the heat transferred from the hot storage and to the cold storage,

respectively, during the thermal engine cycle. Combining these equations leads to:



Qll-jliost—Qgisld
— RHot"Ncold (1.6)
NEs Qb —QEh
Consequently, if the heat transfers during the heat pump cycle are equivalent to those
during the thermal engine cycle (i.e., there are no irreversibilities or heat loss), there can be
theoretically 100% energy storage efficiency for the entire PTES process. In reality, there are

irreversibilities of heat transfer and mechanical components, as well as economic practicalities

that must be factored in to predict a realistic round-trip efficiency and system cost.

A unique feature of PTES is that since it uses heat to generate electricity in the discharge
cycle, heat can also be harvested with the system. Therefore, PTES can perform as an energy
generation device and a storage device with the same set of equipment. This dual-functionality
can lead to lower effective capital costs and/or higher integrated energy efficiencies.

This paper proposes a bottoming system with PTES (Bot-PTES). The bottoming system is
designed to use waste heat rejected by a natural gas peaker plant, assuming there is no steam
bottoming system already in place. This is a common situation, as natural gas peaker plants are
typically put in place as a single-cycle (no bottoming cycle) system. The Bot-PTES system can
store energy (in the form of heat generated by electricity) from renewable sources such as wind
or solar, and load shift the fossil fuel heat as desired.

The objective of this work was to conduct an initial analysis for this proposed Bot-PTES
system. A time-domain model was developed, which can handle the transient effects inherent
in storing heat. While previous work has investigated various stand-alone PTES systems, to the
authors’ knowledge, none have analyzed a PTES integrated with another heat source. The
integration of these systems offers advantages that have not been properly explored and merit
some study. The objective of this work was to investigate this potential synergy.

The analysis of this system is divided into two papers, Part A and Part B. Part A gives the
background on PTES, explanation of the Bot-PTES concept, and description of the modeling
methods for the Bot-PTES system. Part B includes a parametric analysis of key system factors,

and then gives a baseline design system performance, including expected cost and efficiency.



2. Chapter 2: Bot-PTES Concept and Model
2.1. Background
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Figure 2: a) Generic T-s diagram for ideal Brayton PTES, Transcritical PTES, and Latent PTES
cycle, and b) Non-ideal Transcritical PTES charge and discharge cycles.
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The first PTES concepts were proposed in 1924 and 1933 [2], [3] and by 1978, patents
had been granted [4,5]. There have been other patents granted for PTES concepts since the
1970s [4-15] and most of them were awarded outside the US. They all appear to be variations
of a generalized PTES system, with various TES materials and working fluids (WF), each
exhibiting unique technical challenges.

Currently, the literature shows three main subcategories for PTES: 1) Brayton PTES 2)
Transcritical PTES, and 3) Latent PTES. Figure 2 shows: (a) all three ideal cycles on a T-s diagram
and (b) non-ideal Transcritical PTES charge and discharge cycles. The main trade-off for all types
of PTES is between the back-work ratio and the heat storage ratio. The back work ratio is the
amount of re-expansion work relative to the compression work performed during the charge
mode (WSE/WER). The heat storage ratio is the amount of heat stored in the Hot TES relative

to the compression work in the charge mode (Qg(‘,t/ché’). Higher back-work ratio requires



purchasing more machinery, and the machinery efficiencies have more weight on system
efficiency. For example, Kim et al. showed that for Brayton PTES with machine efficiencies equal
to 90%, and a back-work ratio of 0.5, the maximum possible PTES system efficiency was only
about 55% [16]. Conversely, higher heat storage ratio requires purchasing more thermal energy

storage, and the thermal energy storage heat transfer performance has more weight on system

efficiency.
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Figure 3: Comparison for different PTES types based on ideal cycle analysis. Commonly
considered working fluids for PTES were used to derive these numbers, such as argon, air, water,
CO2, and ammonia.

Figure 3 shows how the different PTES forms compare with regard to back work ratio
and heat storage ratio, which are inversely related. While Brayton PTES tends to have the
highest back-work ratio and the lowest heat storage ratio, the Latent PTES has the lowest back-
work ratio and the highest heat storage ratio. The system considered for this work utilizes a

Transcritical PTES system.



2.1.1.Brayton PTES
The Brayton PTES resembles a Brayton Cycle thermal engine and it uses a vapor-phase

WEF for the entire cycle. Brayton PTES may have both a hot and a cold TES. In the charge mode,
the WF absorbs heat from the cold TES before it enters a compressor where sensible heat and
pressure are added to the fluid. The WF then rejects heat to the hot TES before being expanded
by a turbine and repeating the cycle. This is the heat pump portion of the energy storage cycle
where electricity is used (stored) to heat the hot TES and cool the cold TES, creating a
thermodynamic potential between the two TES's.

In discharge mode, the reverse happens where the WF under high pressure absorbs
heat from the hot TES before being expanded by a turbine and rejecting heat to the cold TES.
The fluid is then compressed to high pressure again before repeating the cycle. This is the
thermal engine portion of the energy storage cycle where the thermodynamic potential stored
during the heat pump phase is used to produce a net electric output.

The advantage of Brayton PTES is that both the hot and cold heat transfers are purely
sensible heat. This is advantageous because the latent energy of the WF does not need to be
stored, leading to a smaller sized hot and cold TES. The main drawback of this storage is a high
back-work ratio during charge and discharge (Figure 4). For example, with charge mode the
expander supplies a large portion of the work for the cycle. This leads to the requirement for
not only a larger EC, but also more efficient machinery in general. The reason the machinery
must be more efficient, is because more energy must flow through the machinery per net
energy into or out of the system. Figure 4 demonstrates how important compressor and
expander machine efficiencies become with increasing back-work ratio. The graph shows the
maximum possible efficiency achievable, that is, assuming no other losses in the system, when
considering only the overall efficiency of the machinery. For example, with machine efficiencies
equal to 90%, and a back-work ratio of 0.5, the maximum possible PTES system efficiency is
only approximately 55%. Once heat transfer effects and auxiliary losses are added to the

system, the efficiency will then become worse.
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Figure 4: Figure from Kim et al. showing the effective of back-work ratio on maximum round-trip
efficiency (Mgt max) for varying compressor and expander efficiencies (¢ /) [16].

Desrues et al. presented one of the first PTES systems in the recent literature [17]. They
outlined the thermodynamic analysis for such a process, as well as irreversible effects of using a
refractory material TES for both the hot and cold side. Their conceptual TES largely resembles a
rock bed storage system. Their analysis showed that it took about 7 charge/discharge cycles
before the TES steadied out to a constant amount of energy storage. That is, the thermal
gradients within the TES drift during the first few cycles of charge/discharge, until the TES
converges to a desired spatial temperature gradient, and therefore total energy within it. Using
estimated losses through the turbo-machinery, Desrues et al. showed a possible round-trip
efficiency of 66.7%, which includes all expected irreversibilities.

Howes et al. focused on the development of high efficiency compressors and expanders

for a Brayton PTES system [18]. He focused on low pressure-drop valves, as pressure-drop in a
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Brayton PTES has large implications for exergy loss. Once again, this comes back to the high
back-work ratio needed with Brayton PTES. Howes predicted 72% round-trip efficiency for his

system, with capital costs of only $470/kW plus a marginal energy cost of $17/kWh.

2.1.2.Latent PTES
Latent PTES involves a latent transition on the hot and cold sides of the cycle. In charge

mode, liquid is evaporated by a low temperature TES. The saturated vapor is then compressed.
The hot, pressurized gas gives up its energy to the hot TES until it condenses and cools back to
the cold TES entropy before it is throttled or expanded to the initial temperature and pressure,
and the cycle repeats. In discharge mode, the reverse happens: the cool low-pressure liquid is
first pumped to a high pressure before it enters the hot TES to be heated and evaporated. The
hot pressurized gas is then expanded to the saturated vapor point and condensed by the cold
TES.

The advantage of Latent PTES is that it has a low back-work ratio. In the charge mode,
there is relatively little work gained by expanding the liquid back to low pressure, and the same
goes for the pumping work required in discharge. This lessens the requirement for highly
efficient compressors and expanders. The main drawback of Latent PTES is that it has the
largest heat storage ratio of any of the PTES system types. Therefore, the TES costs will be the
highest for Latent PTES.

To date, only one published study has considered Latent PTES. In 2014, Steinmann
proposed multiple variations of an Latent PTES system [19]. All variations considered water or
multiple stages of water and ammonia as WFs. Systems kept the maximum operating
temperature under 673K so that many common materials may be used. All of the systems
considered in the study used a phase change material (PCM) hot TES to match the phase
change of the WF. This Latent PTES study also considered the integration of a Latent PTES with
other heat sources, such as solar-thermal or waste heat to enable a higher effective round-trip
efficiency.

On the cold side, Steinmann proposed using the environment as the cold TES. The
environment in this case could be ambient air, or some kind of water reservoir such as a lake or

pond, similar to typical condensers for a steam plant. The advantages are that it is self-
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stabilizing. That is, with a conventional PTES system, which uses thermally isolated hot and cold
TES, there is typically a net heat increase in the system due to irreversibilities. This requires an
additional system component that rejects heat to the environment. Moreover, when using an
additional thermal source such as waste heat to increase hot TES energy the system requires
even more net heat rejection.

Another potential advantage is that if the system is charged when the environment is
hot (daytime typically) as would occur if the system is using photovoltaic (PV) power, and
discharged when the environment is cold (nighttime typically), it can use the environment as an
effective heat pump to improve efficiency. Specifically, when the environment is hotter during
charge, this allows the system to absorb more heat during the evaporation portion of the cycle.
Then in discharge, when the environment is colder, the system doesn’t have to reject as much
heat to condense. This leads to a net positive energy increase in the system relative to a
constant temperature environment.

The main disadvantage of using the environment as the cold TES is that it is
unpredictable, which increases complexity of how to run the system. Furthermore, if the
system is charged when the environment is cold and discharges when it is hot, this can have the
opposite effect described above, which hurts efficiency. However, if the system is using
photovoltaic (PV) power to charge, then the natural charge/discharge cycle will work in this

system’s favor.

2.1.3.Transcritical PTES
Transcritical PTES is similar to Latent PTES, except the saturated vapor is compressed to

a supercritical state. This cycle does not need a hot phase change material TES; however, it
does still have a high heat storage ratio and therefore requires a large hot and cold TES. It also
generally requires a higher-pressure system to reach supercritical conditions.

All of the published Transcritical PTES concepts use carbon dioxide (CO3) as the working
fluid, sensible liquid water as the hot TES, and liquid-to-solid water (ice) as the cold TES. This
WF and hot and cold TES are environmentally benign, non-toxic, commonly used. They also
have good thermal properties and are well matched in terms of operational temperatures and

pressures.
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In 2011, Jaroslav et al. proposed a CO; transcritical PTES concept [20] using off-the-shelf
equipment for a pilot-scale proof-of-concept plant. The team also presented a plan and
timeline for improved efficiency and cost using custom components.

Mercongoez et al. (2012) proposed some specific design attributes for a Transcritical
PTES system based on the overall concept proposed by Jaroslav et al. [21]. The selected WF and
TES types were the same. This team found that there is little improvement in efficiency for high
temperatures above 673K. Instead, significant improvements can be achieved by lowering the
low temperature using ice storage on the cold side. Mercongoez et al. (2012) also proposed a
pilot plant with off-the-shelf turbomachinery, which should be able to achieve 51% round-trip
efficiency. They claimed that using custom components could raise the system efficiency up to
65%.

Also in 2012, Morandin et al. presented a thermodynamic design optimization for a base
case as well as alternative approaches in two papers using pinch analysis [22,23]. One of the
most significant findings was that system efficiency was improved by superheating the WF prior
to compression in the charge mode using recuperated heat leaving the hot TES. This step
allowed high temperatures to be stored in the TES, which enabled higher output in the thermal
engine mode during discharge that more than compensates for the higher compression work
during charge. They admit in these papers that further techno-economic analysis is needed to
prove the best cost-effective design.

In 2013, Morandin et al. conducted a thermoeconomic design optimization of their PTES
concepts using transcritical CO,. They used a genetic algorithm as their optimization solver with
cost functions estimations built on vendor quotations for system components. This study found
that the most sensitive design parameters are the system cycle pressures and the number of
intermediate hot water storage vessels on the hot TES side.

In 2013, Fauci et al. revealed plans for the construction of the first PTES pilot plant in
Zurich [24]. The plant was planned to be 5MWe with six hours of charging and 3 hours of
discharging. The maximum round-trip efficiency was expected to be 40-45%. The proposed
working fluid was CO; operated between 30 and 140 bar. The proposed hot TES storage

temperature was 393K, while the cold TES storage temperature was 273K. They proposed
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eventual integration of the PTES system with the district heating system to improve overall

efficiency.

2.1.4.Bottoming Cycles
Bottoming cycles are cycles that utilize waste heat from another system/cycle.

Bottoming cycles are relevant to this dissertation, because the proposed system will be
combining bottoming functionality and PTES functionality into a single system. The point of
bottoming cycles is to increase the overall work output (efficiency) from a given heat source.
The most common bottoming cycle in existence is the steam Rankine cycle [1,25-27], where a
steam cycle takes heat leaving a natural gas turbine and converts the heat into work.

Some other commonly investigated bottoming cycles include Rankine cycles with other
working fluids, such as organic refrigerants and/or mixed refrigerants [28,29]. Others, such as
the Goswami cycle, produces refrigeration in addition to a work output, and the Trilateral Flash
cycle, which expands the pressurized WF as saturated liquid rather than vapor [30,31]. These
cycles are not covered in this report, as they are either designed for too specific of applications,

for too low grade of heat, or for special machinery.

The steam Rankine cycle has been around for well over a century and has been
continuously re-optimized and re-designed to improve its efficiency. One of the more common
ways to improve efficiency is to use multiple stage steam turbine expansion, where after the
first stage of expansion there is a reheat process [1] to effectively capture more heat overall.
Another common efficiency improvement is to use supercritical steam. This increases the
pressures and temperatures of the steam to raise the Carnot limit. It also creates a better
enthalpy flow match with the heat source to mitigate losses related to the pinch point of the
two streams.

The Kalina cycle has been proposed as a replacement for the high temperature steam
Rankine cycle. Mlcak wrote an overview of the Kalina cycle, stating that it could improve
efficiency over the traditional steam Rankine cycle by 20-50% [29]. The Kalina cycle is a Rankine
cycle that uses as WF a mixture of ammonia and water. Mlcak reviewed how the mixture mass

fractions could be tailored to meet the application. Moreover, when using a mixture of
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ammonia and water, the phase change process for the WF occurs at variable temperature,
which helps match the sensible nature of the source fluid on both the evaporation side (e.g.
exhaust gas heat) and the condensation side (e.g. ambient air). Moreover, it allows for
recuperating some of the condensation heat by using some of that heat to preheat the
pressurized WF before exchanging heat with the hot temperature source.

Research on bottoming cycles is directly applicable to the work in this paper. If a PTES
cycle can be designed such that the WF and high temperature/pressure of the system aligns
well with a waste heat source, the system can be used for both PTES and bottoming, which is
the core of the Bot-PTES concept. The additional heat source allows for more energy output
than the system would normally get with a simple charge and discharge cycle—leading to

higher efficiency and capacity factor.

2.2. Proposed System Description: Bottoming with PTES
A simplified schematic of the proposed Bot-PTES system is shown in Figure 5. This Bot-

PTES system is designed to be part of a natural gas combined cycle (NGCC) power plant in place
of a steam system, which would normally be the bottoming system used for such a plant.

In this design it is assumed that reciprocating compressors/expanders (CE and EC) will
be used rather than turbomachinery because they show promise for lowering the cost per unit
power [18]. The cycle uses ammonia as the WF, a Hot TES structure made of tube-in-concrete,
and a Cold TES made of an evaporator/condenser exchanging heat with ambient air. The
ammonia is compressed to supercritical pressures in this cycle; therefore, it is a Transcritical
PTES system design. An overlay of additional heat from a turbine exhaust (red arrow) is pumped
through separate channels in the concrete Hot TES to allow for bottoming functionality with the
PTES system. The system configuration for the present analysis was kept simple with no
reheats. The cycle may have multiple stages of adiabatic compression/expansion depending on

the design of the compressors/expanders.
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Figure 5: Simplified schematic of Bot-PTES system connected to a natural gas turbine (NGT)
powered plant.
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Next, we describe the rationale for selecting ammonia as the working fluid and the Hot

and Cold TES designs.

2.2.1. Ammonia
Ammonia was selected as the nominal working fluid because it has good

thermodynamic properties for the proposed cycle. Notably, the saturated vapor density of
ammonia is high near room temperature (5.7kg/m3 for ammonia vs 0.013kg/m? for steam at
288K); its specific heat ratio is also relatively high compared to other refrigerants. These factors
are important for keeping the power density up (capital costs down) when using reciprocating
machines. While increasing the density increases the mass flow for a constant volumetric
displacement, the higher specific heat ratio leads to higher pressures and temperatures for a

given compression ratio. Together, this leads to increased power density for the reciprocating
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machines. Additionally, ammonia can reach high temperatures to utilize heat from the natural
gas turbine exhaust, which most common refrigerants outside of steam cannot achieve.
Ammonia continues to be used in large refrigeration systems under industrial guidelines like
ASHRAE 15 and IIAR-2b. Also, ammonia is readily used at power plants in catalytic reduction for

flue gas cleanup [32].

2.2.2. Tube-in-Concrete Hot TES
The German Aerospace Center (DLR) is a leading research facility investigating TES

technologies and it has proposed several novel TES concepts (e.g., sensible, latent, and
thermochemical) [33]. One robust and cost effective TES concept is their tube-in-concrete
design, which was tested for approximately 13,000 hours at temperatures between 473K and
673K. Testing results showed no degradation in performance. Concrete has been proposed by
other research groups as a low-cost, high-temperature, robust energy storage material [34-41].
Wau et al. studied the performance of four TES concrete structures, including those
illustrated in Figure 6 [37]. Results showed that the packed-bed structure (Figure 6b) had the
highest efficiency (¥85-95%), while the channel-embedded structure (Figure 6a) had the lowest
efficiency (~20-75%). Strasser et al. (2014) also found the packed-bed structure to be 8.37%
more efficient than the structured concrete with embedded channels [41]. Nevertheless,
Strasser et al. determined that the thermal ratcheting of the tank walls in the packed-bed
design negatively impacted TES lifetime and reliability; therefore, they favored the structured
concrete design. Other research groups have also found thermal ratcheting of the tank walls of

packed-bed TES to be a significant impediment to utilizing this technology [36,42,43].



18

Concrete block (a) Flow channel Concrete particle (b) Flow channel

Figure 6: Two concrete (solid-state) TES structures: (a) channel-embedded, and (b) packed-bed
[37].

A tube-in-concrete Hot TES was selected for the proposed Bot-PTES system because it
offers advantages in terms of cost, robustness, and reliability. The proposed design here uses
tubes cased into a concrete structure, as shown in the channel-embedded structure of Figure
6a.

The proposed cycle requires that the Hot TES exchange heat between two fluids—the
natural gas exhaust and the working fluid—each in its own set of channels. The tube-in-
concrete structure allows easy coupling of the two working fluids into the same TES.

Lastly, the working fluid must be under high pressure (over 11.3MPa required for
supercritical ammonia), which is expensive for large flow areas (e.g. pressure vessels or large
diameter tubing). The tube-in-concrete structure allows the use of small diameter (< 1/2”),
high-pressure tubing as the containment for the working fluid rather than a pressure vessel, like

a rock tank storage (i.e., packed-bed structure).

2.2.3. Air-Cooled Evaporator/Condenser Cold TES
The operation of the proposed bottoming Bot-PTES system requires a heat rejection on

the cold end. Using a Cold TES instead of heat rejection would lead to heat build-up in the unit
and eventually render it inoperable.

Bottoming systems using a water-cooled evaporator/condenser are common and they
produce significantly better performance than air-cooled condensers. Artificial ponds are also

used but they increase the overall footprint of the system. To minimize its footprint and to
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avoid environmental impacts on rivers or lakes, the proposed cycle used an air-cooled

evaporator/condenser.

2.3. Modeling Description for Proposed Bot-PTES System
A detailed model has been developed for all components of the proposed Bot-PTES

system using the following standard assumptions:

1. Negligible heat conduction in the TES in the axial direction

2. Negligible heat transfer in the fluid in the axial direction.

3. Uniform material properties throughout the TES (the pipe lumped mass is merged into
the lumped mass of the concrete).

4. Steady state flow conditions across all components.

5. Negligible pressure drop through pipes and tubing.

2.3.1. Model Overview
Mathworks R2016a software, including Matlab, Simulink, and Simscape, were used to

model the proposed Bot-PTES system. Matlab was used for pre-processing of the model
parameters and post-processing of the simulation data. Simulink and Simscape were used
together to build a time-domain simulation for studying the effects of transient variations in the
Hot TES temperature gradients. Simscape uses an acausal solver environment, which does not
have specified input-output relationships. Instead, bi-directional relationships among variables
are constructed through equations of physical laws. This modeling approach is preferred for
building complex physical models.

While acausal modeling facilitates complex physical modeling, it can be prone to
simulation failures such as unsolvable systems of equations or non-convergent solutions. To
help avoid such failures but still reflect the physical complexity of the model, only the main
transient component of the system, the Hot TES, was developed with Simscape. The rest of the
components were modeled using Simulink, a traditional input-output modeling environment.

All components were connected in a hybridized Simulink/Simscape full system model.
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To model the Hot TES, a real-fluid domain was developed in Simscape and used
alongside the stock Thermal Domain built into Mathworks. This custom Simscape domain
accessed fluid properties from NIST REFPROP (version 9.1) and CoolProp (version 5.1.2) to
calculate fluid state changes based on energy flows. The model neglected the effects of
pressure drop and density changes, and therefore, the mass and pressure dynamics of the
system were not considered. In other words, steady-state thermodynamic assumptions were
used to determine the changes in the fluid states. Adding the mass and pressure dynamics
would increase the complexity of the system of equations and negatively impact the solver
robustness, slowing simulations and causing frequent simulation failures. Modeling real fluid
flows with mass/pressure dynamics can lead to a system of equations with no solution (a
numerical artifact) [44—46]; therefore, neglecting these dynamics in this study was deemed
appropriate since the goal was only to study the high-level design and expected system
efficiencies. While the mass/pressure dynamics would have an impact on the results, these
effects should be small when operating a design with low system pressure drops and at steady-
state conditions.

The rest of the system components were modeled in Simulink, also using pre-built fluid
property tables. Compression and expansion processes were first modeled as isentropic, and

then adjusted based on estimated efficiencies.

2.3.2. Hot TES Model
The proposed Bot-PTES system used a tube-in-concrete design for the Hot TES. In order

to model the heat transfer throughout the Hot TES, two different modes were developed: 1)
energy storage mode, and 2) bottoming mode.

The TES model was connected to the larger system model in a closed loop. The states of
the working fluid entering the TES were the model outputs from the machinery components,
which will be discussed next. In charge mode, the CE provided compressed fluid to the hot side
of the Hot TES (Figure 5, State 2), while in discharge the EC pumped fluid to the cold side of the
Hot TES (Figure 5, State 3).
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The states of the exhaust fluid entering the TES were assumed to be constant at all
points in time that the peaker plant was running. The exhaust fluid was modeled as air for

simplification, and the heat was always directed into the high temperature side of the Hot TES.

2.3.2.1.  Energy Storage Mode
When storing and retrieving energy from a solid storage medium, the heat transfer

process is inherently transient—the temperature gradients are always changing. This process is
challenging to model because steady-state conduction methods cannot be used. A radially
discretized lumped mass modeling approach could capture the transient nature of this heat
exchange; however, a modification of the method developed by Xu et al. [47] was used instead.
This method is based on a single lumped mass and analyzes the energy storage in a channel-

embedded structure with a large Biot number as follows:

T
PLMCLM VLM (%) = —UerAesr(Tum — Tp) (2.1)
(h(Zout) = h(Zin)) = UerAers(Tum — T) (2.2)

1
11 a3(4b2—az)+ab4(4Ln[g]—3>

Uconv  kLm 4(b2—a2)2

Uefr = (2.3)

Aeff = (b\g]:I:Z) (24)
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where Ty is the temperature of the lumped mass of the Hot TES, Ty is the temperature of the
fluid, p;u is the density of the Hot TES material, C;,, is the specific heat capacity of the Hot TES
material, V;,, is the volume of the Hot TES lumped mass, m is the mass flow rate of the working
fluid, h(z;,) and h(z,,.) are the specific enthalpies of the fluid at entering and leaving the
lumped mass, respectively, A.s is the effective area defined by Xu et al., and Ug is the

effective heat transfer coefficient defined by Xu et al. [47]. To define Ugg, the dimensions of the
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lumped mass along with the fluid’s convective heat transfer coefficient, h.q,y, and the
conductivity of the lumped mass, k; ,,, were used. Figure 7a shows the dimensions of the model

by Xu et al. [47].
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Figure 7: Schematics of (a) lumped mass model from Xu et al. and (b) a modified version of that
model that includes an additional tube mass.

For the proposed Bot-PTES model, an additional lumped mass in the radial direction
(Figure 7b) was added to the model by Xu et al. This modification improved its accuracy since
the Bot-PTES Hot TES includes carbon steel tubing, which has significantly different material
properties from concrete. Steel tubing has 1-2 orders of magnitude higher conductivity than
concrete and much smaller thickness than the concrete. These differences led to a small
thermal resistance of the steel conduction (K¢ype,, ;) relative to the concrete conduction.

The steel conductivity term replaced the fluid convection term at the interface of the

steel and concrete, while the fluid convection was dealt with explicitly. Specifically, in the

1 In(ORwg/IRwr)*OR
became we/IRwr) WE hased on a

conv ktubeWF

overall heat transfer coefficient calculation, the
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steady state conductive resistance across the cylindrical pipe at the interface of the outer pipe

radius and the inner concrete sleeve radius.

1
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Figure 8: Visualization of lumped mass sleeves (face view) for heat transfer analysis in energy
storage mode. The green circles represent the working fluid tubes, while the white circles
represent the exhaust tubes. The dotted lines are approximate dimensions of the concrete
sleeve lumped masses.

Figure 8 shows a face view of a section of the Hot TES with approximate virtual concrete
sleeves. Note that in energy storage mode, all of the Hot TES mass was allocated to the working
fluid tubes to derive the heat transfer coefficients and areas needed. In this new approach,

Ugrr and Agrr model the heat transfer between the steel tubing and the concrete. Further,
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while Figure 8 shows missing mass on the edges of the dotted circles, in the model, all the
concrete mass is evenly distributed across the working fluid tubes to derive OR} y.

Heat transfer from the fluid to the steel tubing was modeled through typical convective
heat transfer using Gnielinski equations for turbulent flow in tubes [48], where the area term

was the inner area of the steel tube (A¢ype,, ;). The energy balance system of equations was:

0Ttube
ptubeWFCtubeWFVtubeWF (TWF) =
UcoanFAtubeWF(TWF - Ttubewp) + U;ffAfo(TLM - Ttubewp) (2~7)
aT * *
PLmCLM VLM (%) = Uz A% (Teubeyr — Tim) (2.8)
r.nWF(hWF(Zout) - hWF(Zin)) = UcoanpAtubeWF(TtubeWF - TWF) (2-9)

where the subscript WF stands for working fluid and LM stands for lumped mass.

The original model by Xu et al. was validated for energy storage mode. This new
modified version was used for the Hot TES energy storage heat transfer; however, the Xu et al.
modeling approach was not appropriate for the bottoming mode. Xu et al. derived the overall

heat transfer coefficients assuming the outer boundary of the concrete cylinder had a zero

6TLM

temperature slope, i.e., at r=b, o

= 0. In bottoming mode, however, it was more

appropriate to assume steady-state conduction across the concrete.

2.3.2.2.  Bottoming Mode
While energy storage mode is inherently transient, the bottoming mode was best

analyzed as a steady-state process. The steady-state heat transfer across a cylinder has a simple

analytical solution:

In(OR
Roy = 2

(2.10)
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where Ry, is the thermal resistance across a cylindrical mass, OR is the outer radius of that
cylinder, IR is the inner radius of that cylinder, L is the length of the cylinder, and k is the

conductivity of the material [49].

Figure 9: Visualization of lumped mass sleeves (face view) for heat transfer analysis in
bottoming mode. The green circles represent the working fluid tubes, while the white circles
represent the exhaust tubes. The dotted lines are approximate dimensions of the concrete
sleeve lumped masses

Cylindrical symmetry was assumed for the heat transfer between the tubes in the solid
state TES. This assumption was needed to derive the bottoming mode heat transfer
coefficients. To do this, the same outer radius of the sleeve mass, ORgg, for both exhaust and
working fluid tubes was used (Figure 9). In this case, the Hot TES mass was distributed to each
tube type such that ORgg was equal for both the working fluid and the exhaust tubes. This
imposed a symmetry between the lumped masses, and allowed a point of intersection across
the lumped mass. The thermal resistances became the resistance between ORgg and the outer
radius of each tube. The total lumped mass capacitance was then located at ORgg. Note that
Figure 9 shows missing concrete mass at the edges of the dotted circles. In the actual model,

the entire concrete mass was distributed to the working fluid and exhaust tubes to derive ORgg.
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The energy balance system of equations for heat transfer to the lumped mass in

bottoming mode was:

e
ptubeWFCtubeWFVtubeWF (%) =
2nLk
UconVWFAtubeWF(TWF - TtubeWF) + o—RI;IZ (TLM - Ttubewp) (2-11)
ln(ORWF)
0Ttube X
ptubeExthubeEthtubeExh (T“) =
2nLk
UconVEthtubeExh (TExh - TtubeExh) + o—RI;: (TLM - TtubeExh) (2-12)
ln(ORExh)
aT 2nLk 2nLk
PLmCLm VLM ( aLtM> = 1n< ORI;I;/I) (Teubeyy — Tim) + ﬁ (Teubegys, — Tum) (2.13)
ORwF ORExh
ri’IWF(hWF(Zout) - hWF(Zin)) = UcoanpAtubeWp(TtubeWp - TWF) (2-14)
IhExh(hExh(Zout) — hgxn (Zin)) = UconvEthtubeExh (TtubeExh - TEXh) (2.15)

where the subscript Exh stands for the exhaust fluid.

2.3.3. Compressors, Expanders, and Pumps
It is recognized that reciprocating machines have mass flows dependent on the

volumetric displacement and the density of the fluid. The volumetric displacement is
dependent on the pressure ratio and dead volume of the machine, as well as the speed at
which the machine cycles. The speed and dead volume will affect the efficiency. The density of
the fluid is dependent on the operating conditions, which are largely dependent on the
evaporator/condenser performance, and the ambient temperature. Therefore, determining the

mass flow involves many parameters.
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To address this complexity, the proposed system model specified a mass flow a priori to
create design requirements for the reciprocating machines. Machine isentropic, mechanical,
and electrical efficiencies were used to calculate fluid states and energy flows across the
machines. Since the goal of this work was to first understand the overall system behavior
before performing detailed modeling for each component, this approach was favored to

simplify the analysis of the system performance.

2.3.4. Cold TES
The Cold TES in the proposed system was an evaporator/condenser, which interacts

with ambient air via a fan. To model the evaporator/condenser, an overall heat transfer
coefficient was calculated by modeling a fan-forced convection in series with the resistance of
the evaporator/condenser coils. This overall heat transfer coefficient was then used to calculate

the heat transfer into or out of the fluid using a log mean temperature difference as:

Qcres = UeresAcTesATLogerss (2.16)

where Q.rgs is the heat transfer, U.rgs is the overall heat transfer coefficient, A g is the
evaporator/condenser area, and ATy og g IS the log mean temperature difference [50].

To determine the overall heat transfer coefficient U.tgs, equations were based on the
Cold TES design being considered [51]. The baseline design used an air-cooled plane tube heat
exchanger. The model for that design used theory from Wang et al. 2006 [52].

Fans were used to enhance convection with the evaporator/condenser and were

modeled as

_ VfanAPfan

V.velectricfan - (2-17)

Nfan

where Welectricfan is the electric power of the fan, Vfan is the volumetric flow of air, AP, is the

pressure rise across the fan, and ng,, is the fan efficiency.
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2.3.5. TES Utilization
Another important model parameter is the level of TES charging and discharging, or TES

utilization, ¢, which in this study was defined as:

©= Ercs—Erps (2.18)
Eref

where Egcg is the energy in the TES at the fully charged state, Egpg is the energy of the TES at
the discharged state, and E ¢ is the energy required to raise the TES from ambient to the peak

system temperature when fully charged.

2.3.6. Overall Efficiency Breakdowns
The overall energy storage round-trip efficiency was defined in section 1 as:

WRst
_ Wrot 2.19
MES = {yen (2.19)

where the charge and discharge work are:

ch _ (HEFcs)[yisCh A7Ch A7Ch
WTot - ft(EFl;S) [Welectric,CE - Welectric,EC + Wfan] dt (2-20)

. t(E MsDi . N .
W’P&i = L(EFFC])SS) [WeDlleSctric,CE - WteDl?ctric,EC - WfDalrf] dt (2.21)

In each case, t(Egps) is the time at the start of a fully discharged energy state (Egps), and
t(Egcs) is the time at the start of a fully charged energy state (Egcs)-
In addition to calculating the energy storage round-trip efficiency, the bottoming
efficiency of the system was calculated as:
WS

NBot = “Bot . — (2.22)

QAvailable
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where the W%‘,’tt is the same equation as the discharging case, but integrated over the bottoming

period. QBOL. . . is the heat available from the exhaust during bottoming.

In the next section, experimental results were used to validate the Hot TES model, as
well as the new Simscape domain. The Cold TES and machinery models used standard methods
and were checked against industry standard predictions/estimations, but they were not
validated. Part B of this two-part paper presents the results of the model described here,

including system analysis and key findings on PTES with waste heat harvesting.

2.4. Model Validation
While the machinery and evaporator/condenser models used conventional techniques,

the Hot TES modeling approach was unique in this study. To validate the Hot TES model, two
approaches were used.

First, a simple experiment was performed using a single straight tube cast in concrete.
The purpose of this experiment was to validate both the modified Xu et al. model with the
additional tube lumped mass, as well as the custom Simscape stead-state fluid domain
developed here.

Second, a two-dimensional finite element analysis (FEA) was performed for the
bottoming heat transfer mode, and compared to the lumped capacitance bottoming heat
transfer model used in this study. The purpose of the FEA was to validate the simplified

assumptions around the cylindrical geometry used in the bottoming heat transfer model.

2.4.1. Experimental Hot TES ES Validation
A small scale Hot TES test setup was created to gather data for validation of the Hot TES

model and the custom Simscape steady-state fluid domain. The tests used air as the working
fluid and involved multiple charge/discharge cycles.

The dimensions of the concrete block specimen tested were 0.10m x 0.10m x 2.0m. The
block was cast around a 3/8 inch A179 carbon steel tube. A picture of the test specimen for the

experimental setup is shown in Figure 10.
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Table 2 lists the devices used for measurements in the test setup. A total of 40 type-K
thermocouples were embedded within the concrete at 10 regular intervals along the length.
Four thermocouples evenly distributed were placed in each interval arranged in a single line
from the tube surface to the corner of the concrete block, as shown in Figure 10. The thermal
properties were measured using a transient line heat source method (KD2 Pro by Decagon

Devices); the values are shown in Table 3.

Measurement Manufacturer | Sensor Name

Temperature Omega Type K Thermocouple

Pressure Pro Sense SPT25 Series Pressure Transmitters
Volumetric Flow | Preso FT8-8AEBA-GEA-2 Flowmeter

Data Acquisition | Beckhoff C6930-0040

Table 2: Measurement equipment used for experimental validation.

Thermal conductivity, k 1.32 W/m/K
Specific heat, Cp 725 J/kg/K

Density, p 2328 kg/m3
Table 3: Measured thermal properties of tested concrete block specimen

The test setup included a compressed air source, an electric air heater, a turbine flow
meter, and a series of automated valves that switched the flow between charge and discharge
modes. Temperature and pressure were measured before and after the block and before the

flow meter. The concrete block was insulated with 8-inch panels of mineral wool.
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Figure 10: Picture of the tube -in- concrete test specimen before bemg wrapped in insulation.

Data recording and controls were handled by a Beckhoff PLC controller connected to a
personal computer. The Beckhoff unit controlled the valves to regulate flow speed, switched
the heater on/off, and automatically switched between charge and discharge modes.
Temperatures, pressures, and flow rate were recorded at 10 Hz. Temperature, flow, number of
cycles, and cycle time were programmed for each test.

Temperature, pressure and flow data were processed using Matlab. Each signal was
processed using a moving average filter with a window size of 10 points, then resampled down
to 1 Hz. Calibration data was used to convert the flow meter frequency readings to volumetric
flow then to mass flow (with fluid density determined from the temperature/pressure
measurements). Flow enthalpy data were also determined (using REFPROP and CoolProp) at
the pressure and temperature measured before and after the block. Processed flow property
data and initial concrete temperatures were then compiled into a data object for use as input

parameters into the model.

The model inputs generated from the experiment datasets included enthalpy and
pressure of the air on the hot side and the cold side, mass flow rate, and the average initial

temperature of the concrete at each section. During charge mode, when heated air flowed into
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the hot side of the TES, the model used the hot side enthalpy, pressure, and mass flow
experimental measurements as inputs to the model. The model then estimated concrete
temperatures and cold side enthalpy. During discharge mode, when air at ambient temperature
flowed into the cold side of the TES, the model used the cold side enthalpy, pressure, and mass
flow experimental measurements as inputs to the model. The model then estimated concrete
temperatures and hot side enthalpy. Concrete temperature states were retained between
mode switches.

The difference between the model and experimental measurements were calculated for
cold side air temperatures, hot side air temperatures, concrete section temperatures, and fluid
enthalpy change between entrance and exit of the entire tube-in-concrete apparatus. The
normalized root mean squared deviation between the simulation and experiment was
calculated for each metric. The most important metric was considered to be the fluid enthalpy
change, which leads to accurate energy transfers and fluid temperatures over time.

Uncertainty propagation was compiled from manufacturer error data for the sensors
and data acquisition system. The fluid enthalpy change uncertainty for all validation
experiments conducted in this study had an average upper bound of +7.2% and an average
lower bound of -6.9%. These uncertainty values were due primarily to the pressure
transmitters, which were used at about 30% of their maximum range.

Uncertainties in the experimental setup included actual material properties and heat
losses through sensors, tubing fittings, and insulation on the test apparatus. These parameters
were adjusted within expected ranges as part of the calibration of the model.

The drift in fluid energy between simulation and experiment for a typical case is shown
in Figure 11. The upward trend is due to a net transfer of energy from the air to the concrete
block over 4 charge and 4 discharge cycles. The average error in cumulative fluid energy
between simulation and measurement was +/- 0.3% per hour, for a total of 13 experiments
lasting between 10 and 12 hours each. This error was considered adequate for accurate

implementation of the TES model and custom Simscape domain into the Bot-PTES model.
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Figure 11: Measured and simulated cumulative energy leaving the fluid over time.

2.4.2. Heat Transfer FEA Hot TES Validation
The Hot TES bottoming mode 1D heat transfer model was validated using a two-

dimensional Finite Element Analysis (FEA) model built using SolidWorks Simulation 2015 SP 5.0.
The model analyzed the steady-state heat transfer between the exhaust tubes and the

ammonia tubes.

Exhaust tube outer diameter 0.025m
Exhaust tube wall thickness 0.001 m
Ammonia tube outer diameter 0.00925 m
Ammonia tube wall thickness 0.0017 m
Concrete face area 0.0035 m2
Concrete specific heat 970 J/kg/K
Concrete thermal conductivity 1.2 W/m/K
Concrete density 2400 kg/m3

Table 4: Geometry parameters used in the FEA model.

The geometry parameters chosen for this study are shown in Table 4. A simplified model

geometry was created by taking advantage of symmetry in the TES block design (Figure 12). A
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SolidWorks standard mesh was used to generate a target element size of 0.9622 m and

tolerance of 0.04811 m. Bonded contacts were used at the concrete-tubing interfaces. The

mesh model is shown in Figure 13.

Figure 12: Symmetric simplification of a hot TES block.

Figure 13: The mesh in the FEA model.
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The load cases simulated by the thermal FEA are shown in Table 5. Constant
temperature conditions were applied to the inside edges of each fluid tubing. Various
combinations of temperature values for the ammonia and exhaust tubing were explored to
determine model performance over a range of temperature differences (although temperature
difference was not expected to affect the comparison). The initial temperature of the concrete
block was not defined since this was a steady state analysis. After each simulation, concrete

average temperature and average flux through the inside tubing edges were recorded.

Case # NH3 Temperature [K] Exhaust Temperature [K]
1 445 455
2 445 460
3 445 465
4 445 470
5 440 470
6 430 470

Table 5: FEA load cases.

For all cases analyzed, the Simscape model consistently under-predicted heat transfer
by an average of 0.8%, and over-predicted the absolute temperature of the concrete mass by
an average of 0.2%. Both percentage errors were relative to the FEA values. This systematic
error between the Simscape and FEA models was deemed acceptable.

It was concluded that the 1D Simscape model under-predicted the bottoming mode
heat transfer (over-predicted the thermal resistance) because the 1D model uses the entire
concrete mass around the tubes to create its virtual cylinder dimensions. This effectively
creates a longer heat transfer path length between the exhaust and ammonia tubes when

compared to the actual 2D geometry.

2.5. Bot-PTES Concept and Model Conclusions
The challenge of designing a Bot-PTES system resides in its dual function—energy

storage and bottoming. The two main design requirements for the Bot-PTES system were the

requirement for net heat rejection for bottoming operation, and the ability to operate between
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room temperature and natural gas turbine exhaust flow temperatures. The overall system
design presented in this work meets these requirements while using positive displacement
machines.

The model created for analyzing the proposed Bot-PTES system combined commonly
used thermodynamic analysis methods along with unique components, which have been
validated in this work. The model presented here was considered adequate for steady-state
fluid flow system analysis in order to get estimated system efficiency and electric power values.
Part B of this two-part paper shows results of a sensitivity analysis with the proposed model

outlined in part A and presents a baseline design with its expected performance.
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3. Chapter 3: Bot-PTES Sensitivity Analysis and Baseline Performance

This section of the dissertation uses the presented Bot-PTES model to evaluate key
design parameters of the Bot-PTES system, it maps out its performances as stand-alone PTES
and Bottoming systems, and it gives the expected performance in an example Bot-PTES
application.

For this work, a Bot-PTES system was analyzed as an addition to a natural gas peaker
plant. Natural gas peaker plants are designed to run only during hours of peak demand to add
power capacity to the grid. They are typically installed as a single-cycle (no bottoming cycle)
system. Connecting the Bot-PTES system to a natural gas peaker plant allows the Bot-PTES
system to harvest heat leaving the peaker plant that would otherwise be wasted. The Bot-PTES
could then be used as a utility-scale energy storage system for the hours of the day when the
peaker plant is not running.

Figure 14 shows the proposed Bot-PTES system design. The states and properties are
shown in the figure and are derived from the analysis of the baseline system presented here.
These states depend on the operating conditions of the system, which are constantly in flux;

therefore, these values are examples only.
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Figure 14: Bot-PTES system diagram where CE = Compressor/Expander, EC =
Expander/Compressor, PDM = Positive Displacement Machine, NGT = Natural Gas Turbine
(peaker plant). Energy flows are in dashed lines. Wavy lines represent heat flows. Solid lines
represent fluid flows.

3.1. Analysis Methods
The time-domain model presented in Part A of this two-part report was run to

iteratively determine the baseline design. All simulations used a constant 60-second time step.
The baseline design was selected through a combination of requirements, feasibility, and
optimal performance. Requirements of the system assumed a priori for this analysis were: a) 4
hours of storage at nominal discharge power, and b) matching the absorbed bottoming system
heat power with the exhaust gas heat source power. The feasibility was mostly determined by
reported literature.

For this study, three critical parameters were investigated in the design simulations: the
Hot TES utilization, the evaporator/condenser size, and the peak system pressure. The results

presented here show how the performance of this Bot-PTES system was affected by these
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design parameters. Detailed design parameters such as the Hot TES concrete thickness and
evaporator/condenser fins per inch were not investigated in this study.

The state of the exhaust leaving the natural gas turbine peaker plant (Figure 14) was
specified by mass flow and assumed temperature and pressure. A temperature of 700K was
selected for this state, because the Bot-PTES working fluid (ammonia) states were only available
up to 700K in the simulation database used in this study (NIST REFPROP version 9.1 and/or
CoolProp version 5.1.2). Most natural gas turbine exhausts are above 700K [53][54]; therefore,
using 700K was a conservative value for characterizing the expected Bot-PTES performance.

Higher temperatures should yield better efficiencies.

3.1.1. Stand-Alone Energy Storage Operation
First, the Bot-PTES system was analyzed as an energy storage (ES) system in isolation

(i.e., no bottoming operation). The nominal operating ES mode assumed a constant mass flow
of ammonia during both charge and discharge. Hot TES profiles are known to drift over
consecutive charge/discharge cycles when initializing from a random temperature state of the
Hot TES [17]. Therefore, to determine long-term behavior of the model, the system was fully
charged/discharged 9 times before the system performance was calculated. The performance
metrics were evaluated after the 10™ charge/discharge cycle. The number of cycles was
previously established to ensure convergence (less than 2% drift in energy state) of the Hot TES
temperature gradients.

For this evaluation, an initial fully charged energy state and a specific Hot TES utilization

level were selected. The Hot TES fully discharged state was specified as follows:

Erps = Epcs — @ * Erer (3.1)

where the Hot TES energy in the fully charged and discharged states are Egcg and Egpg,
respectively, and ¢ is the Hot TES utilization. In all simulations in this study, E . represents the
maximum storage capacity, and was calculated using assumed minimum and maximum uniform
temperatures of 288K and 685K, respectively. The Hot TES utilization was a parameter

investigated in this study, while the fully charged state was optimized by maximizing the
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efficiency for each design case. The approach for that optimization routine will be discussed

below.

3.1.2. Stand-Alone Bottoming Operation
The Bot-PTES system was also evaluated as a stand-alone bottoming system in isolation

(i.e., no ES operation). In the bottoming mode, exhaust from a natural gas plant flowed through
the Hot TES. Simultaneously, the Bot-PTES system discharged the Hot TES to generate
electricity. The Hot TES temperature gradients must also converge in bottoming mode.
Convergence of the model in bottoming operation was unique to a system with a Hot TES
between the two fluids exchanging heat. Having an ES capacitance between the exhaust heat
source and the ammonia heat sink created a delay (while the temperature gradients formed)
before reaching steady-state operation. For example, since there was heat available in the Hot
TES regardless of the exhaust heat power, the ammonia could be pulling more heat from the
Hot TES than the exhaust was injecting. Calculating the instantaneous electric power out of the
ammonia system over the heat available from the exhaust under these conditions would over-
predict bottoming efficiency. Consequently, to represent long-term steady operation, the
simulation was run until an energy balance was met between the exhaust heat entering the Hot
TES and the ammonia heat leaving the Hot TES, as determined by <0.1%/hr change in TES

temperature gradients.

3.1.3. Energy Storage + Bottoming Operation
The Bot-PTES system was also evaluated as a combined system, cycling between

bottoming and ES modes. For this case, the system was first brought to a fully charged state
using grid electricity and no exhaust flow. During this charge period, the system ran at 40% of
nominal mass flow. It was then operated in bottoming mode for four hours where the exhaust
heated the Hot TES while the Bot-PTES system cooled (discharged) the Hot TES. During this
bottoming period, the Bot-PTES system ran at nominal mass flow. Lastly, the system was
brought to a fully discharged state without the exhaust flow running. During this ES discharge

period, the Bot-PTES system ran at 67% of nominal mass flow for the working fluid. These
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operating conditions were selected to represent the context of solar energy available to charge

the system electrically during the day, with peaker plant heat available in the evening.

3.1.4. Coupled ES + Bottoming Efficiency Definitions
New efficiency definitions were created for viewing the coupled operation results. These

new definitions helped compare the Bot-PTES system to other stand-alone ES systems. They
also revealed differences in Bot-PTES system performance between stand-alone operation and
coupled operation.

For this study, gross ES efficiency was defined as:

WDis .

_ electric,net 3.2

rlES,gross ~ we¢h ( ' )
electric,net

where Wﬁ%ctric’net and Wé)lies‘ctric'net were the integrated charge and discharge electric energies,
respectively. The gross ES efficiency was used for comparisons to other ES solutions. In this
study, the free heat energy was allocated to the ES in the efficiency calculation, and this step
was intended to highlight the synergy that was being investigated. The peaker plant was
rejecting that heat independently of whether an ES system was connected to it or not. The key
advantage of PTES is that it utilizes this waste heat with the same equipment that it uses for its
ES functions.

Lastly, effective ES efficiency was defined as:

Di *
_ Wellesctric,net_nBothaste 33
NES, effective = wCh ( . )

electric,net

where 1g,; is an assumed bottoming efficiency during coupled operation (taken from the
stand-alone bottoming results). Here, the effective ES efficiency was determined by subtracting
the electrical work generated by the waste heat input with an assumed bottoming efficiency.
This term was defined in order to determine how the coupled Bot-PTES operation performance

compared to the stand-alone operation.
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3.1.5. Sensitivity Analysis
A sensitivity analysis of the system design parameters was performed and is illustrated

in Figure 15. Each parameter was individually analyzed in reference to a baseline design, while
all other parameters were held constant. This process was iterative, and some components of
the baseline design were determined through the sensitivity analysis. The results presented

here are the product of multiple iterations that led to the final baseline system design.

Baseline Design

Select design
parameter to evaluate

New value for selected
parameter

Sub-Optimization

Expected performance
for selected parameter

Figure 15: Sensitivity analysis procedure.

3.1.6. Sub-Optimizations
Sub-optimization routines to maximize efficiency were performed for each design

parameter using the Mathworks 2016a Global Optimization Toolbox with the Pattern Search
solver. Default settings were used for the solver. The sub-optimizations routines determined
three key operational parameters: charge fan power, discharge fan power, and full charge

state. The fan power was not optimized at every point in time during the simulation to limit
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computation cost; however, it is recognized that the fan power changed during charge and
discharge. Instead, near optimization was achieved through appropriate selection of constant
fan power over the charge and discharge, separately.

A full simulation of the Bot-PTES for each operational parameter set was performed.
After a simulation, the efficiency for that case was compared to previous iterations using the
optimization algorithm. This process continued until the operational conditions were optimized

to the default pattern search algorithm tolerances.

3.1.7. Baseline ES Efficiency Maps
A new performance metric called instantaneous round-trip efficiency was defined in

order to generate ES efficiency maps for the baseline system:

NES,instant = COPCM « n%? (3.4)

where COP" is the coefficient of performance during charge, and n2¥ is the thermal engine
efficiency during discharge. This metric was used to estimate the ES efficiency that could be
achieved if the system was to oscillate between charge and discharge an infinitesimal amount
at a given state of charge. This procedure was used to identify where the best trade-off of COP
and thermal engine efficiency was throughout the various charge states in the Hot TES.

To develop ES efficiency maps of the baseline system, the power was varied by varying
the Bot-PTES mass flow from 20% to 100% of nominal, at 20% increments. The charge states
were extracted from the simulation data every 60 seconds over the charge/discharge

processes.

3.1.8. Levelized Cost of Energy
Energy generation technologies can be compared using a levelized cost of energy (LCOE)

[32,55], which incorporates expected cash flows due to capital expenditures, debt payments,
target rate of return, depreciation, taxes, operations and maintenance, and price escalation.
LCOE was used in this study to compare the proposed Bot-PTES system to other ES systems and

other common forms of energy generation.
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The National Energy Technology Laboratory (NETL) created a simplified LCOE model,
which integrates cash flow considerations into simple cost coefficients for any energy system
[56]. In order to incorporate the additional cost required to charge an ES system, a modified

version of the NETL LCOE calculation was developed:

((cCFp)(TPC)+X(LFn)(0CEn)+(CF) X(LFyn)(0Cyy)) 4 LCOEch

LCOEP = (CF)(MWh) NES,gross

(3.5)

where LCOEjp is the levelized cost of electricity over P years of the delivered energy from an ES
system. CCFp is the capital charge factor for a levelization period of P years, TPC is the capital
cost, LFg, is the levelization factor for category n fixed operating cost, OCg,, is the category n
fixed operating cost for the initial year of operation, CF is the plant capacity factor, LF,, is the
levelization factor for category n variable operating cost, OCy,, is the category n variable
operating cost at 100% capacity factor for the initial year of operation, MW h is the annual net
MWh of power that would be generated at 100% capacity factor, and LCOE}, is the levelized
cost of energy required to charge the ES system. The simplified LCOE factors were extracted
from an NETL report [32], and are shown in Table 6.

Lazard Ltd annually submits LCOE estimates for several energy sources ranging from
conventional coal to photovoltaics. Values from the November 2015 report were used in the
analysis presented here for LCOE_;, estimates [55]. The report was also used to obtain the

LCOE of conventional energy generation technologies used for comparison.



Parameter
Income Tax Rate

Value
38% Effective (24% Federal, 6%
State less 1% property and 1%
Insurance)

Repayment Term of Debt 15 years
Grace Period on Debt Repayment 0 years
Debt Reserve Fund None

Depreciation
Working Capital

20 years, 150% declining balance
Zero for all parameters

Plant Economic Life 30 years
LCOE Levelization Period 20 years
Investment Tax Credit 0%

Tax Holiday 0 years
Start-Up Costs (% of EPC) 2%

All other additional capital costs ($) 0

EPC escalation 0%
Duration of Construction 3 years
Debt (% of total capital) 50%
Equity (% of total capital) 50%
Debt Interest Rate 9%
Equity Internal Rate of Return 12%
Capital Charge Factor 0.164
All Levelization Factors 0.1618

45

Table 6: Parameters used for LCOE calculations.

3.2. Baseline Bot-PTES Design Performance

3.2.1. Baseline System Inputs
Table 7 shows the baseline inputs for the system model. In this table, “machine”

signifies all machinery in the system (i.e. compressors and expanders). The machine efficiencies
were obtained from published literature on PTES reciprocating compressors/expanders [18,57].
The high pressure limit was based on published values of supercritical steam plant pressures

currently available [53].

The proposed Hot TES design used concrete properties previously used by DLR [58], and
dimensions deemed fabricable based on work at Bright Energy Storage Technologies LLP. For all
design cases, the Hot TES was sized to obtain approximately 4 hours of storage when

discharged at nominal power. The Hot TES was scaled by varying the number of concrete blocks
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in parallel, where each concrete block contains one ammonia tube and one exhaust tube. The
design also ensured minimal pressure peak drop across the Hot TES (< 0.05 bar for exhaust and
< 1 bar for ammonia). A utilization factor of 20% was selected based on the results shown in the

utilization sensitivity section below.

Ambient Temperature 288 K
Ambient Pressure 1.01325 bar
Machine Isentropic Efficiencies 99%
Machine Mechanical Efficiencies 92%
Motor/Generator Efficiencies 97%
Nominal Ammonia Mass Flow 18.5 kg/s
Nominal High Pressure 25 MPa
Hot TES Concrete Conductivity 1.2 W/m/K
Hot TES Concrete Specific Heat 970 J/kg/K
Hot TES Concrete Density 2400 kg/m3
Length of Hot TES 100 m
Number of Ammonia Tubes in Hot | 7000

TES

Total Hot TES Concrete Volume 2450 m?3
Ammonia Hot TES Tube OD 9.53 mm
Ammonia Hot TES Tube Wall 1.65 mm
Thickness

Exhaust Hot TES Tube OD 50.8 mm
Exhaust Hot TES Tube Wall 1 mm
Thickness

Hot TES Utilization Factor 20%

Cold TES Design

Air-cooled heat exchanger, plain-
finned, 8 fins-per-inch, 4 rows

Cold TES Area

100,000m?

Exhaust Mass Flow

95 kg/s (Dry Air)

Exhaust Incoming Temperature

700K

Table 7: Key System Model Inputs.

The Cold TES used an air-cooled, plain-finned heat exchanger [51]. For this proposed
system, a 100,000 m? evaporator/condenser was selected. It was sized for a 20-25 K difference
between ambient air and ammonia condensation temperature during nominal bottoming

discharge. This requirement made the system comparable to steam condenser temperature
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differences shown in studies by NETL [53]. It was assumed that this temperature difference was
optimized for cost and performance for the steam bottoming system. It was also assumed that

a similar cost/benefit result would apply to an ammonia system.

3.2.2. Baseline Nominal Power Operation

ES Round Trip Efficiency 52.3%
Bottoming Efficiency 24.0%
Avg ES Charge Power [MW] 16.7
Avg ES Discharge Power [MW] 8.6
Avg Bottoming Discharge Power [MW] 9.7
Charge Time at Nominal Power [hours] 3.95
Discharge Time at Nominal Power [hours] 4

Table 8: Performance outputs of baseline system model under nominal conditions.

Table 8 shows the stand-alone ES and bottoming performances of the baseline system
under nominal conditions. The ES efficiency of this proposed system (52.3%) was lower than
those from other published PTES designs (typically over 60%). This reduced ES efficiency was
mostly due to the high temperature difference of the air-cooled evaporator/condenser, and the
evaporator/condenser fan power draw.

Results showed high electric charge power consumed during nominal operation. In an
optimized system, this charge power should be lowered for several reasons. First, a large
charge power requires increasing the capacity for all the electronics, which will increase cost.
Second, it is likely that the system would be designed to displace a target power level on the
grid (whether charge or discharge) and not an arbitrary value. For example, if it were connected
to a photovoltaic (PV) plant and able to charge 10 MW of the PV capacity, it should be able to
replace (discharge) that 10 MW of PV capacity when needed.

Nominal operation included a constant mass flow of 18.5 kg/s in both charge and
discharge. This value was specified to simplify the analysis; however, in a real case, the
reciprocating machines would operate with lower mass flow during charge mode due to lower

density of ammonia during evaporation compared to condensation. For example, with a 30 K
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temperature difference between evaporation in charge and condensation in discharge (State 4
in Figure 14), the density would be about 2-3 times lower in charge than in discharge mode.

Thus, during charge mode, the reciprocating CE device, operating as a compressor,
would receive lower density ammonia from the evaporator than the same device, acting as a
vapor expander, would eject to the condenser in discharge. If a single machine could function
as the CE for both charge (compression) and discharge (expansion), then the CE could run at 2-3
times the speed in charge mode to keep the mass flow constant. This process would create
higher pressure-drops across the valves and decrease efficiency. If a separate compressor and
expander were used as the CE, then the compressor would have 2-3 times the volumetric flow
as the expander, costing more capital. Instead, it is recommended that the system run at lower
power (mass flows) but longer charge times.

Table 8 also shows that the Bot-PTES system produced a low heating value (LHV)
bottoming efficiency of 24.0%. This value is lower than conventional steam bottoming cycles
currently available. In a 2015 NETL report where 876 K exhaust entering a steam bottoming
cycle was assumed, the steam system obtained approximately 39.1% efficiency at converting
absorbed heat into expander electricity [53].

To better compare the NETL results to the Bot-PTES system presented here, both
efficiencies were converted into a LHV efficiency at converting available heat to net expander
electricity (expander electricity minus compression work from State 4 to State 3, Figure 14).
With this new metric, the steam system obtained 32.2% LHV efficiency at converting available
heat into net expander electricity, while the Bot-PTES system obtained 24.7% efficiency.
Therefore, the Bot-PTES system was about 76.6% as efficient as the steam bottoming system
analyzed in the NETL paper.

This comparison is somewhat unequal, since the steam system from the NETL paper
used 876K exhaust, while the Bot-PTES system had only 700 K exhaust. As a reference, the
Carnot efficiency limit increases by 8.3% going from 700 K to 876 K with 288 K ambient
temperature. With the baseline Bot-PTES design, the net expander power was getting 42.0% of
the Carnot limit. Assuming the Bot-PTES system still achieves 42.0% of Carnot at 876 K brings

the bottoming efficiency up to 28.2%.
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Ammonia is not as efficient as steam at creating work at high temperatures for several
reasons. For any bottoming system, the low-pressure state (State 1, Figure 14) limits how much
the CE can expand from a given high pressure to generate work. State 1 is fixed by the fluid
condensation pressure. For example, expanding ammonia isentropically from 700 K down to
saturated vapor at 305 K (1.2 MPa) requires a pressure of 57 MPa. At the maximum of 25 MPa
for this system design, the CE can only expand isentropically down to about 356K, leaving 51 K
of superheat which is not utilized for work. Furthermore, at pressures above 25 MPa, ammonia
becomes highly incompressible (~< 0.03 %volume/MPa), requiring higher EC work compared to

the CE work generated.
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Figure 16: a) Temperature along the length of the Hot TES, and b) T-s diagram of ammonia for
the baseline Bot-PTES design during nominal bottoming operation. Fluid states are labeled from
1to4.

One advantage of using ammonia with the Bot-PTES system is that the specific heat is
fairly constant across all Hot TES temperatures at the supercritical high pressure of the system.
Additionally, the large heat transfer area required for the ES operation lowers the temperature
differences on the hot end. Both of these attributes improve the temperature difference

between ammonia and exhaust when compared to conventional steam bottoming. As a
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comparison, the proposed Bot-PTES system captured about 90% of the heat available at 700 K,

while the steam bottoming system presented by NETL achieves about 84% capture at 876 K.

3.2.3. Baseline ES Performance Maps
In energy storage mode without bottoming, the baseline Bot-PTES design showed a

range of performance depending on power levels and Hot TES charge states as illustrated in
Figure 17 to Figure 20. Figure 17 shows the overall (round-trip) efficiency as a function of power
level. For all cases considered, a 20% utilization was assumed for the Hot TES in both
charge/discharge modes. The efficiency increased with the lower power levels. The lower
power levels were achieved by lowering the system mass flow. This in turn lowered heat
exchanger temperature differences throughout the system and steepened the Hot TES

temperature gradients, both of which improved the round-trip efficiency.
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Figure 17: Effect of discharge power on round-trip ES efficiency.
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Figure 18 shows how COP‘" varies with charge state. Note that as the charge state
increases, the COP drops because the Hot TES captures less and less heat relative to the overall

Dis

TE asa function of the level of nominal

energy input for the system. Figure 19 shows n
discharge power. Note that n%s decreases more (i.e., steeper slope) at lower charge states, as
the temperature leaving the Hot TES decreases. These conflicting trends result in an optimum
instantaneous round-trip efficiency, as shown in Figure 20. Peak efficiencies occur at around a

charge of 0.60 for all power levels considered in this study (22 to 100%). The highest efficiency

determined was 65.2%, which occurred at a nominal power of 22%, near a charge state of 0.57.
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Figure 20: Effects of both charge state and power level on effective ES efficiency.



Results showed that with decreased power the instantaneous round-trip efficiency
became more sensitive to variations in charge state. At lower power levels, the Hot TES
temperature gradients increased, keeping the temperature lower on the cold end of the Hot
TES for more of the charge process. However, as the temperatures increased on the cold end
later in the charge process, they rose faster per increase in charge state due to these steeper

gradients, resulting in the observed increase in sensitivity of efficiency to charge state.

3.3. Sensitivity Results

3.3.1. Hot TES Utilization
Hot TES utilization is defined as the percent of Hot TES capacity that is utilized for the

energy (heat) storage operation. If 100% of the Hot TES is utilized, the entire block becomes
saturated at the maximum temperature of operation in the fully charged state, and then

completely cools to ambient temperature in the fully discharged state. The more a Hot TES is
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utilized, the lower capital cost needed for the same storage capacity. However, the more a Hot

TES is utilized, the more the efficiency will decrease due to incomplete cooling of the WF in
charge mode or incomplete heating in discharge. Consequently, optimization of this system

requires careful consideration of capital vs operating cost tradeoffs.
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Figure 21: Effect of Hot TES utilization on RT ES efficiency.

Figure 21 gives the ES round-trip (RT) efficiency for utilization levels varying from 10% to
50%. A quadratic function was fit to the data, revealing the nonlinear penalty on efficiency with
increasing utilization. Figure 22 is not-to-scale graphic to demonstrate the effects of the Hot TES
temperature gradients. The arrows represent the direction of flow during charge and discharge.
As the fully charged state increases (higher utilization), the cold side temperature increases,
leading to decreasing capture of heat by the Hot TES and decreasing efficiency. Similarly, as the
fully discharged state decreases (higher utilization), the hot side temperature of the Hot TES
decreases, reducing the work out through the CE during expansion, and reducing the overall

efficiency. These effects lead to the quadratic decline in efficiency with increasing utilization.
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Charge
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Figure 22: Not-to-scale representation of temperate gradients across the Hot TES length. Solid
lines represent fully charged and discharged states for low utilization; dashed lines represent
charged states for high utilization.

This study also investigated how utilization affects the liquid expander/compressor (EC)
design. Figure 23 shows the EC operating points near the end of the charge mode for varying
Hot TES utilizations. The red lines show an isentropic expansion from the fluid state leaving the
Hot TES (State 3, Figure 14), down to the LP point (State 4, Figure 14). During nominal
operation, the EC expands the relatively low temperature, high-density supercritical ammonia
down to a low pressure, mostly liquid state. As the utilization increases, the liquid expander
must handle higher fluid temperatures and qualities. This process ultimately leads to a wider
range of fluid densities, which the EC must manage throughout the charge and discharge

operation.



56

T-s Diagram

T T T T T T

650 - 1

600 - .

550 .

Temperature [K]
P (4]
3 8

8

2%

S00L.& .‘ |

I—Ammonia States |

1 l I J 1 I ' A d

2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Entropy [J/kg/K]

Figure 23: Liquid expander temperature ranges during charge mode for varying utilization. The
red lines show isentropic expansion points at the end of charge mode for the EC (State 3 to State
4).

For the proposed baseline Bot-PTES system, the selected nominal Hot TES utilization
was 20%. This value limited the design challenges of the EC, like the range of fluid densities,
while maximizing utilization and increasing system efficiency. Optimization of the Hot TES

utilization for this system will require an in-depth analysis of the ammonia EC as well as system

cost-performance trade-offs
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3.3.2. Evaporator/Condenser Size
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Figure 24: Evaporator/condenser area performance sensitivity.

The evaporator/condenser acting as the Cold TES was found to significantly affect the
performance of the Bot-PTES system. Figure 24 shows how the size of the air-cooled
evaporator/condenser affects both the bottoming and ES efficiencies. The area was normalized
by the ammonia flow rate. Note that the area of the evaporator/condenser has limited impact
on improving the system efficiencies. This is due to the inverse relationship between the
evaporator/condenser area and the evaporation/condensation ATcold —the temperature
difference between ambient temperature and the ammonia evaporation/condensation—and
the system efficiencies are linearly dependent on ATcold (Figure 25).

Figure 25 shows how the system efficiency declines linearly with ATcold during
discharge (condensation). The performance without the evaporator/condenser fan is included
in Figure 25 to show the impact the fan power has on the system efficiencies. The lines
represent linear fits through the data points, which extrapolate the results. The data points in
Figure 25 correspond to those in Figure 24. Figure 25 was included to help decouple the

evaporator/condenser design from the performance by showing the dependence of Bot-PTES



efficiencies on ATcold. This process is useful when comparing against other designs, such as a

water-cooled evaporator condenser, where the heat transfer coefficients can be about 16-68

times higher than with an air-cooled design [49].

Although a ATcold of 20-25 K is typical for steam bottoming systems, and also used for

the proposed baseline design, the economic optimum for a Bot-PTES system may differ.

Furthermore, Figure 25 shows that this baseline Bot-PTES system is significantly less efficient
than other quoted PTES systems. Other proposed PTES systems have had significantly smaller

ATcold by designing a Cold TES with higher heat transfer and no auxiliary power requirement
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(i.e. fan power). For example, the supercritical CO2 PTES system proposed by Mercangoz et al.

(2012) uses an ice/water phase change Cold TES in their design to obtain a ATcold of about 1-3

K [21]. They predicted their commercial system could obtain about 65% round-trip efficiency.
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3.3.3. Peak Pressure
The peak pressure had significant effects on the performance of both the ES and the

bottoming mode operations. Figure 26 shows the overall effect of peak pressure on system
efficiency. Similar to a steam bottoming system, this ammonia bottoming system showed
higher bottoming efficiency with increased pressure. This improvement in efficiency was due to
higher utilization of the high temperature heat from the exhaust gas, as well as reduced heat
load on the evaporator/condenser. As pressure was increased, the temperature of the
ammonia vapor at the exit of the expander (State 1, Figure 14) decreased during discharge (i.e.,
less superheat). This lead to more net work out of the system for the same exhaust heat input.
For the ES mode, the absolute ES capacity of the Hot TES was held constant (see E ¢ in
equation 3.1). With lower peak pressures, the peak temperature in the Hot TES also decreased;
therefore, to get the same total heat storage required the Hot TES to be charged/discharged
more. This process had a similar effect to lowering the utilization of a system while holding the

pressure constant (Figure 21).
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Figure 26: Effect of peak pressure on system efficiencies.
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3.3.4. Notes on Frequency Regulation
Frequency regulation is a common application for energy storage systems [59]. Accurate

analysis of this system for electric grid frequency regulation during rapidly fluctuating demand
requires a dynamic modeling approach, which is outside the scope of this investigation. The
results of this study, however, can inform the potential use of this system for this application.
For example, it is likely that a system used for frequency regulation would operate well below
its maximum power output most of the time, and make the additional capacity available to
absorb short, but rapid fluctuations in power.

If the Bot-PTES system oscillates between charge and discharge for short periods of
time, then the capacitance of the evaporator/condenser volume can help decrease ATcold and
the fan use. For example, when the system transitions from charge to discharge, the WF does
not change instantaneously from a temperature below ambient to a temperature above
ambient within the evaporator/condenser. Instead, the fluid mixes within the
evaporator/condenser volume, and the condensation pressure slowly increases over time,
leading to a transient variation in evaporation/condensation temperature. During the transient
portion, the fan may not be used at all if it is expected that the system will soon transition back
to charge to regulate frequency of the grid. Therefore, an efficiency close to 0 K temperature
difference with no fan in Figure 25 (~66%) may approximate the ES system in frequency

regulation mode.

3.4. Coupling Bottoming and ES Analysis
After evaluating the Bot-PTES system separately as a bottoming system and as an ES

system, an evaluation of a combined system was also performed.

There are many tradeoffs to consider when using a single system for two different
functions. For example, there are finite hours in a day, and finite power, which can be
consumed or generated by the system. This section covers one example of how such a system
could be implemented, as explained in the analysis methods section, and the performance that

can be expected from such a system.
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The coupled Bot-PTES efficiency results are summarized in Table 9. Notice that the
bottoming efficiency assumed in this example was the same achieved by the stand-alone

bottoming mode operation (Table 8).

Gross ES efficiency Mgs gross) 125.6%
Effective bottoming efficiency (Npo:) | 24.0%
Effective ES efficiency (Ngseffective) | 57.6%
Stand-alone ES efficiency (ngr) 58.1%
Total time of operation [hours] 19.0

Table 9: Coupled bottoming with ES efficiency results.

The synergistic functionality of Bot-PTES enables it to achieve 125.6% gross ES efficiency
when operating in this nominal mode. In a way, the Bot-PTES system can be viewed as an ES
system utilizing heat to improve its performance. In this example, the heat input available was
quite large: therefore, the Bot-PTES system generated net power while storing energy from the
grid.

The effective ES efficiency (Ngs effective) Was then calculated and compared to stand-
alone ES operation under the same power inputs. The stand-alone ES efficiency operating with
40% of nominal mass flow during charge and 66.7% nominal mass flow in discharge gives 58.1%
ES efficiency. When assuming an equivalent 24.0% bottoming efficiency for the coupled
operation, the energy balance shows an effective ES efficiency of 57.6%--only 0.5% different
than stand-alone operation. Therefore, for the case presented, there is effectively negligible

change in efficiency for coupled operation compared to stand-alone operation.

3.5. Levelized Cost of Energy
A range of expected performance parameters was used for the integrated Bot-PTES

system to compare it to other technologies in terms of LCOE. The range of values implemented
for the Bot-PTES system, as well as other two other typical ES systems—Compressed Air Energy
Storage (CAES) and lithium-ion batteries—are shown in Table 10. Hours in this table represent
hours at nominal (rated) power. The bottoming power factor is the relative system power in

bottoming mode relative to ES discharge mode. When a range of values is shown, the first value
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coincides with the lowest LCOE in the range, while the second value coincides with the highest

LCOE in the range. It was assumed that no tax credits were given for the ES system.

Bot-PTES CAES Lithium-lon

Installed Capital Energy Cost [$/kWh] 157 30 444
Installed Capital Power Cost [$/kW] 1303 1336 0
Storage Capacity [hours] 4 4 4
Fixed O&M [$/kW/year] 6 6 10
Variable O&M [$/MWh] 2.75 0 0
Average Stand-Alone ES Efficiency [%] 52-66 75 93
Average Bottoming Power Factor 1.1 N/A N/A
Storage Capacity [hours] 6-4 6-4 6-4
Average Hours of ES Discharge per Day 5.4-3.6 5.4-3.6 5.4-3.6
Average Hours of Bottoming per Day 10-2.4 N/A N/A
Charge Cost of Energy (LCOER ) [$/MWh] 32-50 32-50 32-50

Table 10: Assumed values for LCOE’s of the analyzed ES systems.

In Table 10, the overall installed capital costs were split between energy cost (S/kWh)
and power costs ($/kW). The current capital cost estimation for an installed Bot-PTES system by
Bright Energy Storage Technologies LLP is $157/kWh for energy-related components and
$1303/kW for power-related components. The costs listed for lithium-ion batteries were
obtained from Lazard [60]. The costs for CAES were derived from Lazard’s estimate of an overall
capital cost of $197/kWh for 8 hours by assuming the energy-related costs for CAES are
$30kWh.

The LCOE of renewables were selected as $32-50/MWh. The low end of $32/MWh
charging cost was obtained from Lazard’s lowest calculated LCOE of wind power [55], and

S$50/MWh was from Lazard’s own energy storage LCOE analysis [60].
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Figure 27: Predicted LCOE of various ES options (orange and green) along with Lazard’s LCOE for
conventional generation (brown) as of November 2015.

A comparison of the LCOE’s of conventional sources and ES systems integrated with
renewable energy plants is shown Figure 27. The wide Bot-PTES LCOE range shown on this
figure is mostly due to the wide range of potential hours of bottoming per day (2.4 to 10).
While the example application presented in this paper assumed four hours of bottoming, a
wider range of options was used to generate Figure 27 to show the economic incentive to run
more hours per day.

The Bot-PTES system is generally competitive with CAES and most forms of conventional
generation, and much better than battery systems for the estimated performance and cost
parameters. CAES is widely considered one of the lowest-cost options for utility-scale energy
storage, but it uses underground caverns for storage, limiting its implementation [61]. Bot-PTES
is particularly competitive with coal generation, which emits the most carbon-dioxide emissions
of any system [26]. As fossil fuel prices increase, and government incentives for energy storage

become available, the competitiveness of Bot-PTES will improve.



64

4. Chapter 4: Conclusions
The results presented here provide expected baseline performance for the proposed

Bot-PTES system. The baseline Bot-PTES system as a stand-alone ES system and a stand-alone
bottoming system is less efficient when compared to other state-of-the-art technology. The
proposed baseline Bot-PTES system is relatively inefficient and highlights the challenge of
designing one system to do two functions. Nevertheless, the dual-functionality of the Bot-PTES
is its greatest strength economically, as shown by the Bot-PTES LCOE when compared to other
ES systems. The fundamental advantage of the Bot-PTES system is that it can operate more
hours per day (high capacity factor) compared to other energy storage systems, which in turn
leads to more revenue generation on the capital investment.

While the results presented here seem to favor using the Bot-PTES system solely as a
bottoming system, the combined system has important advantages. Peaker plants are designed
for quick, on-demand capacity only during times of peak power demand. They typically do not
include a bottoming system because they do not operate enough to justify the capital costs that
would be incurred. Bottoming systems are the most expensive (per unit power) and slowest
component of a combined-cycle plant. The integrated Bot-PTES system, on the other hand, is
able to run more time generating more revenue and is also significantly more responsive than a
typical bottoming system. This improved responsiveness is possible because there is constant
heat available in the Hot TES ready for use, while conventional bottoming systems require the
heat flow to run through the natural gas plant before reaching the steam evaporator.

The analysis presented here is an initial investigation of the potential of Bot-PTES. More
detailed analyses are necessary to better understand the potential performance and cost of
such a system. More complex system configurations should be investigated, as well as alternate
waste heat harvesting applications. The results presented here, however, show a promising
option for lower-cost utility-scale energy storage, which could enable higher penetration of

renewable energy sources onto the grid.
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