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Abstract:
Decarbonisation of heating, cooling and/or power services through the utilisation of renewable en-
ergy sources relies on the development of efficient and economically-viable energy storage technolo-
gies, ideally without geographical constraints. Pumped thermal electricity storage (PTES) is a strong
candidate technology – along with reversible Rankine cycle, (advanced adiabatic) compressed air
energy storage (CAES), and liquid air energy storage (LAES). One of the leading PTES variants is
the reversible Joule-Brayton cycle engine, where energy is stored as sensible heat in hot and cold
thermal stores, while the temperature difference is achieved through gas compression and expansion
processes. For cost reasons, and to achieve high round-trip efficiencies, it is advantageous for the
compression and expansion machines used in PTES plants to be reversible. Positive-displacement
devices offer this possibility. In particular, recent developments in pneumatically or electromagneti-
cally actuated intake and exhaust valves could pave the way for high-efficiency reversible reciprocat-
ing compression-expansion devices based on variable-valve control in real time. Advanced variable
valve timing (VVT) is a promising feature that allows piston machines not only to be operated both
as reversible compression and expansion devices, but also to maintain high efficiencies over a wide
range of operating conditions, thanks to the possibility of adjusting the built-in volume ratio of a par-
ticular machine. With enhanced part-load performance, such disruptive piston machines offer great
potential for round-trip efficiency enhancement and cost minimisation of PTES storage plants. In this
work, a cost-benefit analysis of innovative VVT-fitted reciprocating-piston technology is performed
using: (i) comprehensive dynamic reduced-order models to predict the compressor-expander perfor-
mance for design optimisation, and (ii) Schumann-style one-dimensional models for simulating heat
and mass transfer in the packed beds. The aim of this techno-economic assessment is to quantify
the potential of adjustable volume ratio positive-displacement machines for energy storage technolo-
gies. Over the range of investigated charging/discharging rates, the round-trip efficiency of a VVT-free
PTES system lies between 32% and 52% and its levelised cost of storage (LCOS) between 180 and
300 £/MWh, while the same PTES system fitted with advanced adjustable valve actuation exhibits
round-trip efficiencies ranging from 40 to 53% and LCOS from 180 to 250 £/MWh. It is also found
that the PTES system that features advanced variable valve timing outperforms that with fixed valve
timing, with performance increase of up to 35% and lower LCOS by up to 25% in part-load conditions.
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1. Introduction
As the proportion of electricity supplied from renewable energy sources increases, the requirement
for energy storage becomes ever more pressing. Energy storage is required in order to manage the
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intermittency of supply that arises from solar and wind generation, while also providing a range
of additional services such as network constraint management, maintenance of the grid operating
frequency, and provision of reserve capacity in case of unexpected faults.
Pumped thermal energy storage (PTES) systems are a class of thermo-mechanical energy storage
technologies that store electricity by pumping heat between reservoirs, also known as thermal stores.
These systems can achieve high energy densities and very low marginal costs of energy capacity,
thanks to affordable thermal storage materials such as gravel or molten salts.
A range of PTES system architectures have been proposed and studied in the literature. Desrues
et al. [1] investigated a large-scale variant based on a closed Joule-Brayton cycle with argon as the
working fluid. During charging, heat is pumped from the cold store to the hot store by means of an
electrically-driven compressor that raises the gas temperature from ∼ 500 to 1000 ◦C. The gas then
transfers heat to the hot store, which is a thermocline-type store using refractory material to receive
the thermal energy. Once cooled to near ambient temperature, the gas is expanded through a turbine
to reach -70 ◦C, and passes through the cold store to cool the store further. To recover the energy, the
cycle operates in reverse, using a second set of turbomachinery, to act as a heat engine.
Laughlin [2] proposed a variation to this system, using liquid thermal stores based on molten salts for
the hot store and hexane for the cold store. He estimates a marginal cost of stored energy of $12.7 per
kWh of capacity. MacNaghten and Howes [3] proposed an alternative design based on reciprocating-
piston machines. The use of reciprocating-piston machines offers the possibility of operating the
devices in reverse: that is, the piston compressor used during charging can be operated as a piston
expander during discharging. The authors considered that piston machines offered the potential for
higher efficiencies than those afforded by turbomachinery.
A range of authors have assessed the practical implementation of such machines [4], thermodynamic
cycle performance [5,6], optimisation of the thermal stores [7,8] and incorporation of direct electrical
heating [9, 10] for this PTES variant. Alongside Joule-Brayton approaches, there have also been a
range of studies investigating alternative cycles. Latent heat PTES designs, such as those proposed by
Steinmann [11] use water or water-ammonia mixtures as the working fluid and phase change material
in the hot store. Mercangöz et al. [12] considered transcritical CO2 cycles with ice for the cold stores
and water for the hot stores. Morandin [13] explored different transcritical CO2 cycle configurations,
while Peterson [14] used a reversible vapour compression cycle with a sensible heat store on the hot
side and a latent heat cold store, with propane as the working fluid.
A common theme among many of these studies is to focus on the design-point operation of these
systems. For designs that use thermocline thermal stores, repeated charge and discharge cycles lead to
changes in the shape of the thermal front, so cyclic analyses such as those presented by White et al. [7]
and Wang et al. [15] are important to capture this effect. However, in addition to cyclic operation, a
practical energy storage system, particularly for renewable energy integration, will likely operate for
much of its lifetime at part-load conditions. A much smaller subset of studies address this kind of
part-load performance. Examples include the analysis performed by White [16], who considered the
effect of different charge times on the losses in the thermal stores, and that by McTigue et al. [6], who
explored both variable charge/discharge length and different pressure ratios during discharge. Both
studies assumed a fixed polytropic efficiency for the compressors/expanders.
The main determinants of part-load performance are the compressors, expanders, and thermal stores.
We focus here on positive-displacement compressors/expanders, with a view to investigating a 2-MW,
16-MWh Joule-Brayton cycle PTES system with thermocline thermal stores. Part-load operation of
these machines can be managed in different ways. Variable speed operation is one well-established
approach, though others include changing the volume ratio of the device, through variable geometry
or, for piston machines, through variable valve timing.

2



2. Pumped thermal electricity storage (PTES) system
In this paper, we explore the influence of fixed and adjustable volume ratio approaches for part-
load operation of reciprocating-piston machines in a 2-MW, 16-MWh Joule-Brayton cycle PTES
system, with argon as a working fluid, described in Figure 1. The energy-storage plant is made
of four main components: (i) two thermal stores – i.e., a hot and a cold reservoir (denoted with
subscripts "hr" and "cr", respectively), where energy is stored as sensible heat in a packed bed of
magnetite (Fe3O4) pebbles; and (ii) two reversible positive-displacement engines, the hot-side engine
(denoted with subscript "he") being operated as a compressor during the charging phase and as an
expander during the discharge, while the cold-side engine (denoted with subscript "ce") is operated
as an expander during the charge and as a compressor during the discharge. Two additional heat
exchangers are placed in the suction line of the hot-side compressor and in the admission line of the
cold-side expander to maintain nearly-constant inlet temperatures in the reservoirs during the charging
phase, thus avoiding exergy destruction through hot-tank cooling or cold-tank heating.
The baseline design considered here was first described by Howes [4], while the sizing of the main
components described above was carefully performed by McTigue et al. [6], as summarised in Table 1.
As argued in the latter, the reversibility of positive-displacement devices (e.g., screw or reciprocating-
piston) is an intrinsic advantage over turbomachines for use in PTES systems, as the same device can
be used as the hot-side, or cold-side, engine during both charge and discharge, which not only lowers
the investment cost but also allows rapid switch between charge and discharge. Moreover, the design
of a single non-reversible compression machine, to be used at very high temperature > 500 ◦C during
the charge and at very low temperature < -70 ◦C during the discharge, is most challenging and will
incur high heat-transfer irreversibility and low performance.
In particular, reciprocating-piston devices exhibit high polytropic efficiency at high pressure ratio
(rp > 10) [17] and can be reversed using active valve actuation - in opposition to passive, pressure-
actuated valves such as reed valves in piston compressors. Camshaft-actuated poppet valves, sleeve
valves or rotary valves can be used control the admission and exhaust processes and technically allow
reversed operation of piston devices. While these mechanically-actuated valve systems are available
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Figure 1: Schematic description of the investigated PTES system, composed of two thermal stores, namely the hot (hr)
and cold (cr) reservoirs, two reversible positive-displacement engines and two air-sourced heat exchangers.
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Table 1: Nominal storage conditions and dimensions of the cylindrical thermal stores and packed bed of spherical pebbles.
Subscripts "cr" and "hr" refer to the cold and hot reservoirs, respectively.

P T V Lcr/hr Dcr/hr cp Dp ε

(bar) (◦C) (m3) (m) (m) (J/kg/K) (mm) (-)

Hot reservoir 10.5 500 71 4.5 4.5 860 10 0.35

Cold reservoir 1.05 -150 117 5.3 5.3 520 10 0.35

at reasonable cost and are mature technologies, their timing is fixed and cannot be adjusted during
operation. This means that the built-in volume ratio remains the same, which can hinder the overall
system part-load performance for two main reasons: (i) the optimum valve timing for the compression
process might differ from that for the expansion; (ii) the optimum valve timing might vary with the
operating conditions (e.g., with the charging and discharging rates, and with the pressure ratio).
Variable valve timing (VVT) can ensure an optimal operation of the reciprocating engines over a wide
range of operating conditions. Cam-phasing, multiple cam profiles, oscillating cams are mechani-
cal solutions to achieve VVT control, while more advanced controls are currently being developed
(mostly for automotive industry for the moment) for continuous adjustment of poppet lift, opening
duration and timing. Referred to as camless valve trains, electromagnetic, hydraulic or pneumatic ac-
tuators offer a full, continuous control of the intake and exhaust processes. They allow to control the
ratios of the intake and exhaust-stroke durations to that of the compression and expansion strokes (i.e.,
to control the course of the piston during which air is sucked into, or pushed out of, the in-cylinder
compression/expansion chamber).
The potential to enhance the PTES round-trip efficiency using VVT is all the more significant as
four compression/expansion processes are involved during a full charge/discharge cycle. This study
aims at: (i) optimising the valve timing of the hot-side and cold-side reciprocating-piston engines
(described in Table 2), namely ∆θce,hp, ∆θce,lp, ∆θhe,hp and ∆θhe,lp (with intake and exhaust valves
of the compressor closing at bottom and top dead center, respectively, and with intake and exhaust
valves of the expander opening at top and bottom dead center, respectively) for various charging and
discharging rates at a fixed pressure ratio rp = 10; and (ii) measuring the benefits of VVT in both
thermodynamic performance and levelised cost of storage.

3. Assessment of the PTES techno-economic performance
The thermodynamic performance of the PTES system is determined using a transient model for the
gas-to-solid heat transfer in the packed-bed storage tanks and a reduced-order dynamic model to
predict the loss mechanisms (pressure losses through valves, mass leakage, instantaneous gas-to-wall
heat transfer, friction) in the reciprocating machines.

Table 2: Dimensions and range of operating conditions of the single-stage reversible reciprocating-piston devices. Sub-
scripts "b", "stk", "cl", "cyl", "lp" and "hp" refer to bore, stroke, clearance, cylinder, low pressure and high pressure,
respectively.

Db Lstk Lcl Ncyl ω ∆θlp ∆θhp

(cm) (cm) (mm) (-) (RPM) (π rad) (π rad)

Hot-side device 75 19 10 6 500-3000 0.8-1 0.25-0.6

Cold-side device 55 14 7.4 6 500-3000 0.8-1 0.25-0.6
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3.1. One-dimensional heat and mass transfer in packed-bed reservoirs
A packed bed of pebbles is a porous medium characterised by its porosity (or void fraction), ε, that
is the ratio of the void volume in the bed (i.e., the volume occupied by the gas) to the total volume
of the bed. The forced convective fluid-to-bed heat transfer is determined with a local volumetric
heat-transfer coefficient between the solid and fluid phases.
Due to local thermal non-equilibrium, macroscopic energy conservation equations must be written
for both phases. For low pebble-specific Biot numbers, the temperature gradients within the pebbles
can be neglected and, assuming a non-compressible flow and neglecting axial and radial conduction
through the solid matrix, the energy conservation equations are written as:

(1 − ε)ρscs
∂Ts
∂t

= αgs (Tg − Ts) , for the solid phase; (1)

ερgcg
∂Tg
∂t

+ ρgcgvg∇Tg = αgs (Ts − Tg) , for the fluid phase. (2)

In the above governing equations, vg denotes the fluid superficial velocity, which depends on the gas
mass flow rate, ṁg, density, ρg, and the cross-sectional area of the bed, Acr/hr:

vg =
ṁg

ρgAcr/hr

. (3)

The volumetric heat-transfer coefficient αgs describes the local heat transfer from the gas phase (sub-
script g) to the solid one (subscript s). Löf and Hawley [18] proposed a simple correlation to predict
the convective gas-to-particles volumetric heat-transfer coefficient in packed beds:

αgs = 650

(
ṁg

Acr/hrDp

)0.7

, (4)

where Dp is the pebble diameter.

3.2. Reciprocating-piston engines thermodynamic performance
A dynamic lumped-mass model is used to simulate the reciprocating-piston operation and determine
its steady-state performance. This model, which is described in more detail in [19], accounts for the
main loss mechanisms that affect the overall machine performance, namely:

• the pressure losses through the intake and exhaust valves – estimated using one-dimensional
compressible flow energy conservation equations, assuming isentropic flow upstream of the
throat and applying a discharge coefficient that corresponds to the ratio between the effective
flow-section area and the gap area (estimated with the correlation from Rakopoulos et al. [20]);
• the instantaneous gas-to-wall heat transfer, calculated using a complex-Nusselt number ap-

proach, which accounts for the phase shift between the wall-to-bulk temperature difference
and the actual heat transfer rate (the correlation used is that proposed by Lekic and Kok [21],
suitable for a large rang of pressure ratios);
• the mass leakage past the piston rings determined with a crevice-flow model similar to that

proposed by Rakopoulos et al. [20];
• the friction losses, calculated from correlations originally derived for diesel engines [22].

The part-load compressor and expander performance are determined for various shaft speeds (ω rang-
ing from 500 to 3000 RPM) and intake/exhaust opening durations, as reported in Table 2. The data is
assembled into steady-state performance maps (such as those presented in Figure 2), used as look-up
tables for the prediction of the overall PTES round-trip efficiency.
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3.3. PTES cyclic operation
The PTES round-trip efficiency, ηrt, is defined as the ratio between the total energy input to the system,
Win, and the recovered electrical energy, Wout:

ηrt =
Wout

Win

(5)

It is predicted using the steady-state hot- and cold-side engines performance maps (obtained as de-
scribed in Section 3.2.) to determine the actual mass flow rate and temperature inlets to the storage
tanks for a given electrical charging rate (Ẇin ranging from 1 to 3 MW) or electrical discharging rate
(Ẇout ranging from 1 to 2 MW).
Starting from a fully discharged system (i.e., for both tanks at 310 K), the transient behaviour of
the thermocline heat storage is simulated during the charging phase with the local non-equilibrium
macroscopic model described in Section 3.1., until the following end-of-charge criterion is met:

Qst ≥ 0.8Qst,nom, where Qst,nom = 16 MWh. (6)

The discharge is then simulated similarly, until the following end-of-discharge criterion is met:

Thr,out ≤ 300◦ C or Tcr,out ≥ −50◦ C. (7)

Starting from the newly obtained temperature profiles in the hot and cold reservoirs at the end of the
discharge, the calculation is repeated until convergence is met. It usually takes up to 5 cycles to obtain
a steady cyclic operation and determine the PTES performance for given charging/discharging rates
with specified valve timings.

3.4. Levelised cost of storage (LCOS)
The cost-benefit analysis is performed using the levelised cost of storage (LCOS) method, derived
from the levelised cost of electricity (LCOE) and described in detail by Jülch [23] and previously
applied to PTES systems by Smallbone et al. [24] and Georgiou et al. [25, 26]. The LCOS is defined
for a 20-year lifetime and is defined as the ratio between the total of expenses and the amount of
electrical energy recovered from the storage system:

LCOS =

CAPEX +
∑

lifetime

C

(1 + i)t∑
lifetime

Ẇout

(1 + i)t

, where : (8)

C = Cre + CelẆin, (9)

where Cre is the re-investment cost per year (assumed 4% of the CAPEX), Cel is the electricity price
(taken as the mean value in 2019 [27]: Cel = 46 £/MWh), and i is the discounted interest rate (as-
sumed to be 8%). The capital expenditure, CAPEX, is calculated from the conservative estimate of
the power-based CAPEX (664 £/kW) and the energy-based CAPEX (17.5 £/kWh), as obtained by
Smallbone et al. [24].

4. Results
4.1. Steady-state compressor-expander performance maps
Steady-state performance maps are obtained for the hot- and cold-side reciprocating-piston operated
both as compressors and expanders, for varying pressure ratio and spindle speed. Examples are shown
for engines operated at 1500 RPM in Figure 2, where the overall isentropic efficiency, ηis, is reported
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Figure 2: Cold and hot engines steady-state performance maps as functions of the intake/exhaust valve timings: contour
plots of the overall isentropic efficiency ηis at 1500 RPM for a fixed pressure ratio, rp = 10. The four contours represent
the efficiency values, respectively for: (a) the cold engine used as a compressor (i.e., ∆θce,lp is the intake-valve opening
range, ∆θce,hp is the exhaust-valve opening range); (b) the cold engine used as an expander (i.e., ∆θce,lp is the exhaust-
valve opening range, ∆θce,hp is the intake-valve opening range); (c) the hot engine used as a compressor (i.e., ∆θhe,lp is
the intake-valve opening range, ∆θhe,hp is the exhaust-valve opening range); (d) the hot engine used as an expander (i.e.,
∆θhe,lp is the exhaust-valve opening range, ∆θhe,hp is the intake-valve opening range). Performance maps obtained from
cubic-spline interpolation of simulated data points (indicated as grey dots), while optimum locii are drawn as red circles.

as a function of the intake/exhaust valve timing. By focusing on the cold engine performance contours
(Figure 2(a) and Figure 2(b)), it appears clearly that the optimum locus (i.e., the pair intake/exhaust
valve timing for which the efficiency is highest) differs whether the machine is operated as a com-
pressor or as an expander. A similar observation is made for the hot engine, the performance of which
is reported in Figure 2(c) and Figure 2(d). In other words, for a fixed built-in-ratio device, a trade-off
must be made between the charge or discharge efficiency, while both can be simultaneously optimised
with a camless valve train or, more simply, multiple cam profiles.
The fundamental reason why the ideal valve timing for a reciprocating-piston machine operated as a
compressor differs to that of the same machine operated as a expansion device is that the in-cylinder
loss mechanisms (especially the pressure losses during the intake and exhaust processes) affect dif-
ferently the indicated thermodynamic cycle undergone by the in-cylinder gaseous fluid. In particular,
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Figure 3: Indicated diagrams of the cold engine operated at 1500 RPM as an expander (i.e., during the charging phase),
both: (i) with an optimised valve timing, which corresponds to the optimum locus drawn as a red circle in Figure 2(b);
and (ii) with a non-ideal valve timing, which is the optimum valve timing for the same machine operated as a compressor
(i.e., during the discharging phase), drawn as a red circle in Figure 2(a).

an early closing of the exhaust valve (or a late closing of the intake valve) in a reciprocating-piston
expander leads to over-compression (or over-expansion) losses, which adversely and significantly af-
fect the device performance. This phenomenon is further illustrated in Figure 3, which shows the
indicated diagrams of the cold engine operated as an expander, both with: (i) an ideal valve timing,
which corresponds to the optimum locus drawn as a red circle in Figure 2(b); and (ii) with a non-ideal
imposed valve timing, which in fact corresponds to the optimum valve timing for the same machine
operated as a compressor, drawn as a red circle in Figure 2(a). The pressure-volume traces reported
in Figure 3, calculated by the deterministic model presented in Section 3.2., show that the indicated
work produced by the expander with optimal valve timing (quantified by the trace inner area) exceeds
that produced by the same expander with non-ideal (imposed) valve timing. In this particular case,
the valve timing fine-tuning capacity offered by VVT allows to increase the expansion isentropic
efficiency from 78% to 82.5% for the expansion process.
This suggests that, even in design conditions, the overall efficiency of the PTES system considered in
this study is larger with a variable valve timing feature. The full techno-economic potential of VVT
in a piston-based PTES in part-load operating conditions is estimated and reported in in Section 4.2.

4.2. PTES round-trip efficiency: VVT performance benefits
The PTES round-trip efficiency, defined in Eq. (5), is reported in Figure 4 for various charging and
discharging rates, for a system fitted with VVT and one without. Figure 4(a) presents the part-load
performance of a PTES system with fixed built-in volume ratio reciprocating engines, the valve timing
of which is optimised for Ẇin = 2 MW and Ẇout = 1.5 MW. On the other hand, Figure 4(b) presents
the part-load performance of a PTES system with fully adjustable valve trains fitted on the hot and
cold engines, the timing of which is optimised for each single point of the map.
While both engines reach similar efficiency maximum values of about 52% for Ẇin = 1 MW and
Ẇout = 1.5 MW, the VVT-fitted system outperforms the VVT-free one in off-design conditions,
especially at low charging/discharging rates, with a maximum performance increase of 29% for
Ẇin = 1 MW and Ẇout = 0.9 MW. It must also be emphasised that this comparison is performed
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Figure 4: Optimised part-load performance maps of the PTES system with and without variable valve timing, where the
PTES round-trip efficiency, ηrt, is reported for various charging and discharging rates: (a) for the PTES system with fixed
built-in volume ratio reciprocating engines, optimised for Ẇin = 2 MW and Ẇout = 1.5 MW; (b) for a PTES system with
fully adjustable valve trains fitted on the hot and cold engines, optimised for each single point of the investigated range.

at constant pressure ratio, rp = 10. Optimising the latter could increase the observed performance
difference and might offer more significant part-load efficiency enhancement.

4.3. Cost-benefit analysis
The cost-benefit analysis is performed with the levelised cost of storage (LCOS) method, described
in Section 3.4. The LCOS is a techno-economic metric used to assess the potential of storage tech-
nologies and compare different design choices. The present study compares the competitiveness of
fixed built-in ratio piston devices to VVT-fitted machines in PTES systems using the LCOS indicator.
Figure 5 shows a comparison of the LCOS for both systems as function of the charging and discharg-
ing rate. A similar minimum levelised cost of about 180 £/MWh is achieved for both systems. How-
ever, the performance decrease of the VVT-free solution in part-load operating conditions strongly
impacts its levelised cost, which increases up to more than 300 £/MWh for low discharge rates, while
the LCOS for the VVT-fitted system is maintained below 255 £/MWh for the investigated range of
charge/discharge power.
The cost of camless or multiple-cam actuation technologies is not discussed in this paper as very little
data is available, and as the price of these innovative technologies is expected to drop significantly
over the next years. However, it must be noted that: (i) only 37% of the LCOS can be attributed to the
CAPEX for the VVT-fitted system, and (ii) that an increase of 10% in the CAPEX leads to only 5%
increase in the final LCOS, while more than 35% difference is observed between the two systems.

5. Conclusion
Pumped thermal electricity storage (PTES) is a candidate large-scale technology for efficient and
economically-viable electricity storage. One of the leading PTES variants is the reversible Joule-
Brayton cycle engine, where energy is stored as sensible heat in hot and cold thermal stores, while
the temperature difference is achieved through gas compression and expansion processes. This
study presents a techno-economic analysis of a PTES system using packed beds of magnetite peb-
bles to store heat in porous thermoclines, while the compressor and expander units are reversible
reciprocating-piston machines. In particular, this study aims at measuring the technical and econom-
ical benefits of fitting variable valve timing (VVT) actuation systems on the piston devices.
VVT can ensure an optimal operation of the reciprocating engines over a wide range of operating
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Ẇ

o
u
t

(M
W

)

(b)
Figure 5: Levelised cost of storage (LCOS) in £/MWh of a PTES system reported for various charging and discharging
rates: (a) for the PTES system with fixed built-in volume ratio reciprocating engines, optimised for Ẇin = 2 MW and
Ẇout = 1.5 MW; (b) for a PTES system with fully adjustable valve trains fitted on the hot and cold engines, optimised for
each single point of the investigated range.

conditions. Cam-phasing, multiple cam profiles, oscillating cams are mechanical solutions to achieve
VVT control, while more advanced controls are currently being developed (mostly for automotive
industry for the moment) for continuous adjustment of poppet lift, opening duration and timing.
Referred to as camless valve trains, electromagnetic, hydraulic or pneumatic actuators offer a full,
continuous control of the intake and exhaust processes, which allows to adjust the built-in volume ra-
tio of the compression/expansion machine so as to minimise over- and under-compression/expansion
losses. In other words, advanced valve timing control ensures that the full potential of each recip-
rocating device is explored during both the charging and discharging phases, thus reaching higher
round-trip efficiencies.
Starting from a baseline optimised 2-MW 16-MWh PTES design, the characteristics of which are
found in well-documented articles available in the literature, the part-load performance of the PTES
system is investigated using: (i) a dynamic mass-lumped model for the piston engines, which accounts
for all main loss mechanisms (i.e., pressure losses through the valves, instantaneous gas-to-wall heat
transfer, mass leakage past the piston rings and friction losses); and (ii) a transient one-dimensional
heat and mass transfer model of the gas flow through the porous packed-bed thermocline heat stores.
The PTES round-trip efficiency, defined as the ratio of the recovered energy to the electrical energy
input, is used as an objective function to optimise the intake/exhaust valve timing for various charging
and discharging rates (ranging from 1 to 3 MW, and from 0.9 to 1.5 MW, respectively).
It is found that optimised adjustable valve timing leads to significant performance increase, especially
in part-load conditions, with a maximum of 35% increase in round-trip efficiency and up to 25%
decrease in the levelised cost of storage (LCOS). Over the range of investigated charging/discharging
rates, the round-trip efficiency of a VVT-free PTES system lies between 32% and 52% and its LCOS
between 180 and 300 £/MWh, while the same PTES system fitted with advanced adjustable valve
actuation exhibits round-trip efficiencies ranging from 40 to 53% and LCOS from 180 to 250 £/MWh.
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Nomenclature
A cross-section area, m2

c specific heat, J/kg/K

C cost, £
D diameter, m

h specific enthalpy, J/kg

i discount interest rate, %
L length, m

ṁ mass flow rate, kg/s

N number (of)
P pressure, Pa

Q thermal energy, MWh

rp pressure ratio
T temperature, ◦C

v superficial velocity, m/s

V volume, m3

W work (or energy), J

Ẇ power, W

Greek symbols

α heat-transfer coefficient, W/m3/K

ε packed-bed porosity
η efficiency
∆θ valve opening range, rad

ρ density, kg/m3

ω shaft spindle speed, RPM

Subscripts and superscripts
b bore
ce cold engine
cl cylinder clearance (dead volume)
cr cold reservoir
cyl cylinder
el electricity
g gas (argon)
he hot engine
hp high-pressure side
hr hot reservoir
in input
is isentropic
lp low-pressure side
nom nominal
out output
p pebbles
re re-investment
s solid
st storage
stk stroke
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