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ABSTRACT

Long duration storages (i.e. 6+4) could foster the power sector transitions towards renewable energy
sources. Among the many technologies proposed for such a task, pumped thermal electricity storage
(PTES) recently gained much attention from researchers. A PTES plant based on low-concentration
solar collectors, a vapour compression heat pump, and an organic Rankine cycle (ORC) is studied. In
the proposed configuration, the solar collectors produce the thermal energy required by the heat pump
during the charging phase. The heat pump operates with a reduced temperature lift and upgrades the
solar thermal energy to store it at a higher temperature in sensible heat storage. The electric roundtrip
efficiency is very high when the thermal energy is discharged through the ORC, thanks to solar thermal
energy contribution. In the paper, the system performance in and off-design are analysed. An off-design
model is used to map both heat pump and ORC for a set of representative operating conditions. Such
performance maps were then used to characterise the system performance when coupled with a solar
thermal energy production profile. In this way, the whole system operation was simulated for some
representative days of the year. Results show that the average round trip efficiency is between 0.85 and
0.87, and the system can operate in various radiation conditions.

1 INTRODUCTION

In the European Union, the power sector produces more than 75% of greenhouse gas emissions.
Therefore, increasing the power produced by renewable energy sources (RESs) is crucial to achieving
carbon neutrality by 2050. Electric energy storage enables RES growth and power sector
decarbonisation, as it provides the resilience often lacked by the non-dispatchable RES (Palizban and
Kauhaniemi, 2016), primarily based on solar and wind energy.

Researchers still debate the most appropriate technologies for each application, and many alternatives
are under scrutiny(Argyrou et al., 2018). A technology that recently gained interest for long-duration
applications (6+ 4 of storage) is Pumped Thermal Energy Storage (PTES) (Dumont et al., 2020).
PTES stores electric energy as thermal exergy and, even though it usually achieve roundtrip efficiencies
lower than electrochemical storage, features promising cost per kWh and employs environmentally
benign materials. Furthermore, since PTES stores thermal exergy (i.e. heat, in most cases), it can
synergically interact with systems where both heat and power are produced or required (Steinmann et
al., 2019). The PTES can be powered by electrical inputs and additional thermal exergy sources in such
contexts, leading to improved electrical roundtrip efficiency (Frate et al., 2017). In the literature, this
application is known as Thermal Integration (TI) (Frate et al., 2020a) and was proposed for thermal
exergy sources like district heating networks (DHNSs), solar collectors (Bellos et al., 2021), geothermal
wells and Waste Heat Recovery (WHR) (Dumont et al., 2020).

The TI thermodynamic effectiveness is mainly based on the thermal exergy source temperature level.
However, with different sources, there are different technical and economic issues: in DHNs and WHR,
the thermal exergy may be readily available, while, for solar and geothermal sources, it is necessary to
build a costly infrastructure to exploit the resource. In exchange, with solar and geothermal sources, the
TI-PTES plant is not bounded to the specific location where the thermal exergy is already produced
(Frate et al., 2020a). Quantifying the impact of these issues is not an easy task, which has never been
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performed comprehensively to the best of the authors’ knowledge. The coupling between TI-PTES
systems and renewable electric energy sources (Sanchez-Canales et al., 2020) or electric demand
profiles (Eppinger et al., 2021) has been previously investigated. However, these studies do not consider
heat source availability an operational constraint for the investigated TI-PTES system. On the contrary,
this may significantly limit the annual operating time and should be considered.

The present paper considers the interaction between the TI-PTES and a solar thermal source and
provides a detailed assessment of a solar-based TI-PTES plant thermodynamic performance as an
original contribution to this broader research quest.

Based on previous studies (Frate et al., 2020b), a TI-PTES system based on a vapour-compression High-
Temperature Heat Pump (HTHP), a sensible Thermal Exergy Storage (TES) and an Organic Rankine
Cycle (ORC) is studied. In the system, the solar thermal exergy powers up the HTHP evaporator during
the charging phase. In this way, the HTHP operates with a reduced temperature lift, i.e. with an
increased COP, and the electrical roundtrip efficiency is improved.

Both the design and off-design system operation are modelled to consider the solar resource fluctuating
behaviour. HTHP and ORC off-design models were developed to this end, and their performance was
mapped for several operating conditions. Such performance mappings were used in the system
simulation, which also considered the solar field thermal inertia and simplified control logic.

Several software tools were used for the study: design and off-design analyses of both HTHP and ORC
were conducted in ASPEN HYSYS to obtain the operating maps, whereas system simulations were
performed in MATLAB.

For the simulation, a case study from south Spain, a region with abundant solar resources, is selected,
and the plant operation was simulated for three months (January, April, and July) to consider the solar
resource variation along the year.

2 METHODOLOGY

2.1 Solar TI-PTES plant layout

The system layout is reported in Figure 1. The HTHP is powered by the thermal energy from the
Concentrated Parabolic Collectors (CPCs) and the electric energy from the grid power in the charging
phase and converts both into thermal exergy stored in the Thermal Exergy Storage (TES). The TES
exergy is converted into power by the Organic Rankine Cycle (ORC) in the discharging phase. A
detailed description of the TI-PTES operating principle is in (Frate et al., 2020a).

Although it is possible to conceive different layouts that directly store the solar thermal energy in the
TES or directly convert it into power with the ORC, they are not considered in the study.

Solar field

CPC

@)

Charging Storing Discharging

Figure 1: Solar TI-PTES plant layout.

2.2 Solar TI-PTES component sizing

Previous studies (Frate et al., 2020c) demonstrated that TI-PTES systems achieve similar performance
with different HTHP and ORC operating fluid combinations. Here, Pentane is selected for the HTHP
and R245fa for the ORC. For the TES, which operates as sensible heat storage, the Therminol 55
thermal oil is used. Finally, for the CPCs, pressurised water is selected as a heat carrier fluid.
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During TI-PTES design, the HTHP, ORC, and TES operating temperatures can be manipulated to
maximise thermodynamic, technical, or economic KPIs (Frate et al., 2020b, 2020c). The cited analyses
demonstrated how designing the system for the maximum electrical roundtrip efficiency may lead to
unrealistic designs from technical or economic standpoints. In solar TI-PTEs systems, maximising the
electrical roundtrip efficiency would lead to an unrealistically sizeable solar field since the electrical
roundtrip efficiency gives no value to the CPC thermal output. In this regard, further details are
discussed in (Frate et al., 2017).

Although technical and economic KPIs are not explicitly considered in the TI-PTES design, unfeasible
configurations are ruled out by giving importance to both electrical and thermal inputs/outputs.
Therefore, the proposed TI-PTES design maximises the second-law (exergy) efficiency i, which
properly accounts for the fact that both thermal and electric inputs/outputs are used/produced. Indeed,
a similar result can be achieved by designing the system to minimise a specific economic objective
function (i.e. the cost per kWh or per kW). However, an economic analysis may entail a significant
uncertainty since the component costs and electric energy prices are not always known or depend on
the specific case study. In this preliminary study, for generality, TI-PTES design was based purely on
technical and thermodynamic considerations.

For TI-PTES systems, the exergy efficiency i is defined as in equation (1):

Worc
Excpc+Whp

Y= (1)

Wore and W, are the net HTHP and ORC electric output and input, and Ex.,. is the thermal exergy
produced by the CPCs. It is worth noting that 1) does not consider the exergy losses inside the CPC,
which characterise solar radiation conversion into thermal exergy, as they are assumed as unavoidable
when CPCs are used. In equation (1), W, already considers ORC pump and condenser fan auxiliary
consumption, while both W,,. and W}, are calculated considering electrical and mechanical losses in the
generator, motor, HTHP compressor and ORC expander. Other minor auxiliary consumptions, e.g. TES
and CPC circulating pumps, were neglected.

The electric roundtrip efficiency ¢ is defined as in equation (2):
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Whp and W),,.. are HTHP and ORC power input and output, respectively, and 7, and 7, are the charging
and discharging phase durations.

The CPC area A, is calculated from the solar collector energy balance in steady-state conditions, with
the hypothesis that the HTHP evaporator absorbs all the CPC thermal energy and no buffer is used
(equation (3)):

. I .
Qcpc = (Ib + ?d) 'Acpc “Nepe = Qeva,hp 3)

where [, and 1, are the beam and diffuse solar radiation components respectively, evaluated for a tilted
surface, and #,. is the collector efficiency, calculated as in equation (4):

(TCpC,aUe_Text) (TCpC,aUe_Text)z
T I T a - - Iz (4)
Ib"'? Ip+—=

Nepe = Nope — A1
C

Nope 18 the CPC optical efficiency, Ty ave 1S the average CPC temperature between inlet and outlet, 7oy
is the environment temperature, a; and a, are characteristic CPC constants, and C is the concentration
degree.

The quantities in equation (1) — (4) and the HTHP and ORC characteristic parameters such as machine
isentropic efficiencies and maximum/minimum operating temperatures are kept constant during the
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system sizing. Such parameters are reported in Table 1. In the analysis, the adopted heat exchanger
technology is the corrugated plate one.

The sizing optimisation problem variables are the HTHP and ORC evaporating and condensing
temperatures, the subcooling and superheating degree at the HTHP evaporator and condenser outlets,
the superheating degree at the ORC evaporator outlet, the maximum TES temperature, and the inlet and
outlet CPC operating fluid temperatures.

For a complete system optimisation, several effects should be considered. In particular, the HTHP
condensation temperature should not be too high. It is true that the higher the HTHP condensing
temperature, the higher the TES temperature and the ORC efficiency (which measures the discharging
effectiveness). However, operating with high condensing temperatures usually implies having higher
pressure and volume ratios on the compressor, leading to lower isentropic efficiencies, higher TES costs
and lower HTHP COP (which measures the charging effectiveness). These considerations seem to point
towards low HTHP condensing temperatures (for example, to maximise COP and ¢). However, the
difference between HTHP evaporating and condensing temperatures should not be too low since
operating with a high COP implies a larger solar field area. This is because, with high COP, a larger
heat flow rate is required for each charged electric kWh. Since the solar field is a costly component,
maximising the efficiency could lead to unrealistically costly configurations. Therefore, a balance
should be searched between the different effects described above.

The optimisation problem is subject to some constraints, which guarantee the observance of each
component energy balance, avoid any temperature cross in the heat exchangers, and maintain the HTHP
and ORC operating temperatures and pressures within a technically feasible range. Furthermore, the
difference between the CPC inlet and outlet temperature cannot be lower than 10 K to avoid operating
with excessively high mass flow rates. The HTHP and ORC were modelled in Aspen Hysis®, and the
system was optimised using the software optimisation utilities. Further details on the optimisation
problem are not provided for the sake of brevity.

Table 1: HTHP, ORC, CPC and TES characteristic parameters

HTHP | ORC | CPC | TES

Nis,cmp T, max AT, po.hp Wisexp  WNispmp  Wis fan AT, pp,orc Hopt (1]2 . (122 ) C AT, tes
(1 [°Cl K] [ [1 [ K] [-] [Wm'K7] [WmK'] [-] [K]
0.8 180 2 0.85 0.7 0.6 2 0.63 0.885 0.001 1.25 30

In the study, a solar TI-PTES system with nominal Whp equal to 50 kW was considered. The nominal
Ty Was set to 8 /1, while the discharge one 7, to 4 4. Based on these assumptions and the outlined design
procedure, the resulting solar TI-PTES is reported in Table 2.

Table 2: solar TI-PTES system specifications

Whp Thp COP hp M/OTC Tore Horce Vtes & lp Acpc T cpe,in T cpc,out T, tes,max
(kW] [h]  [] kW] [h] [ ] [ [ ] [ [C] [C]
50 8 5.9 83 4 0.14 310 0.83 039 630 104 119 151

2.3 HTHP and ORC off-design modelling

The use of solar energy forces the TI-PTES system to operate continuously in off-design. Furthermore,
a storage system must be able to operate in part-load. Therefore, it is essential to consider the HTHP
and ORC off-design performance to simulate the impact of solar energy utilisation on the TI-PTES
operation realistically.

For the heat exchangers, varying heat transfer coefficients and pressure drops are considered using
equation (5) and (6):

)

. 0.8
mdes)

Qoff = Qges * (Thoff
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N
_ Moff Pd
Aporr = APges - (mdes) : pD;; (6)

where off and des subscripts identify off-design and design conditions, respectively. a is the convective
heat transfer coefficient, Ap is the pressure drop, 1 is the mass flow rate and p fluid density at the heat
exchanger inlet. In design conditions, « and Ap are calculated using Aspen EDR™ heat exchanger design
utility.

For the HTHP compressor, the operating map in Figure 2 was used to account for off-design
performance and calculate the pressure ratio f and isentropic efficiency #iscmp for any given combination
of RPM and volumetric flow rate chp at compressor suction. Even though the outlined methodology
can be followed for any compressing technology, the map in Figure 2 refers to a screw compressor.
Such compressor technology is suited for HTHP applications and can be applied for the size range
investigated in the paper.

The simplified modelling approach presented in (Frate et al., 2021a) was used for the ORC expander.
A turboexpander is used in the system, which results in higher efficiencies in design conditions for the
investigated ORC size range. The relationship for choked turbines (Cooke, 1985) was used, as the ORC
always operates with an expansion ratio beyond the critical one in this case. Therefore, the turbine inlet
Pressure pexp,in in off-design can be calculated from the fluid mass flow rate and the inlet density as in
equation (7):

= . off | Pdes

pexp,ln,off - pexp,m,des Tdes Poff (7)
Finally, the approach in (Manente et al., 2013) was adopted to calculate the off-design isentropic
efficiency, which varies according to the expander operating conditions. Since the characteristic curve
was analytically calculated, no expander operating maps were used in the analysis. Based on the
provided modelling, the HTHP off-design performance was mapped for several combinations of CPC
output temperature and heat flow rate provided to the TES (i.e. the HTHP thermal load). The results of
such mapping are reported in Figure 3. Similarly, the ORC off-design performance was mapped for
several combinations of environmental temperature 7., and heat flow rate provided by the TES (i.e. the
thermal load provided to the ORC). Constant superheating and oil temperature at the heat pump
condenser were imposed for the HTHP while sliding pressure was chosen as a control strategy for ORC
by keeping the superheating grade constant. The results of such mapping are reported in Figure 4. It is
worth noting that it is assumed that the TES temperatures do not vary despite the off-design operation.
Therefore, the HTHP and ORC performance are not mapped for different Ties max and Tresmin Values.

@RPM
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Figure 2: HTHP compressor operating map. On the y-axis, the compressor pressure ratio (£). On the
x-axis, the volumetric flow rate at compressor suction in m”/s.
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Figure 3: HTHP operating maps for different values of T, 0. and relative thermal load provided to
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Figure 4: ORC operating maps for different 7., values and relative thermal load provided by the TES
Qtes/Q?ey (@): Nore. (b): Wore.

2.4 Charging phase modelling and simulation

During the charging phase, only the solar collector field and the HTHP are operated. The solar collector
dynamic behaviour was considered, to realistically account for the impact of the system thermal
capacities and control strategy. The subsystem made up of the solar collectors, buffer tank, and heat
pump evaporator (Figure 5) has been modelled and simulated in MATLAB by defining the mass and
energy balance of both the solar field and buffer storage tank. The buffer tank is assumed to be perfectly
mixed, which makes the buffer internal temperature distribution easily calculable. This hypothesis is
conservative, as a thermocline temperature internal distribution would have reduced the system exergy
destruction.
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In the charging phase, the heat pump behaviour is based on the performance mappings in Figure 3. A
time step of 10 minutes was adopted to discretise the time derivatives accurately and consider a steady-
state heat pump operation. Pressurised water was used as the Heat Transfer Fluid (HTF) in the loop.
The system operation is controlled by using two variable speed pumps and a set of controllable mixing
valves. Such equipment allows varying the mass flow rates circulating in the branches represented in
Figure 5 while also maintaining an adequate temperature level at the heat pump evaporator inlet (75,i).
The system is controlled as outlined below: Referring to Figure 5 nomenclature:

e while the outlet collector temperature Tepe our < Tepe—on» With Tepe.on = 85 °C, then the system
is shut down, and the mass flow rates in all the branches are zero;

e while Tepeour > Tepe—-on (1.€. the CPC is operating) and Tepe our < Tpy (i.€. the CPC cannot
charge the buffer) the HTF fluid is circulated within the CPC, bypassing the other components.
Therefore, all the mass flow rates are zero except for M, and mp,,p;

e when the CPC outlet becomes warmer than the buffer (T¢pc oyt > Tpy), the last is charged until
its temperature reaches the HP-activation threshold, Tyr > Tj ¢ ny—on» With Thp.on = 110 °C. All
the mass flow rates except those in the branches connecting the CPC and the buffer are set to
zero during this phase;

e when Ty > Ty pp—on the buffer charging stops, and the CPC directly powers the HTHP
evaporator. In this case, until Tepe oy < Thp,in, (i.e. until the CPC outlet temperature has not
reached the setpoint Thp,in = 120 °C) all the mass flow rates except those in the branches
connecting the CPC and the HTHP are set to zero (the buffer is not charged nor discharged);

e while Ty our = Thp,in the system operates in its design conditions. When the solar radiation
is too intense, the excess heat flow rate is stored in the buffer (Figure 6 /' shows the buffer initial
and subsequent charging phases up to around 120 °C). In these operating conditions, the mass
flow rates in the branches that connect the CPC with the buffer and the CPC with the HTHP
are non-zero;

e when the Tepe our < Tpy — A, with A = 2 K, the buffer starts to power up the HTHP, while the
CPC mass flow rate is recirculated through the bypass. In this configuration, the mass flow
rates in the branches between the HTHP and the CPC are set to zero, while the HTF circulates
in the HTHP-buffer and CPC-bypass loops. If CPC outlet temperature increases again
(Tepe,out > Tpy + D), the direct connection between the CPC and the HTHP is re-established,
and the buffer stops powering the HTHP evaporator;

e whenbothand Tyr < Thf np—orf and Tepeour < Tps, With Thpip-op= 105 °C, the charging phase
stops, and the HTF circulates only in the CPC and the bypass;

e Finally, when Ty our < Tepe—ofy the system shuts down, with 7o = 80 °C.

As for the TES, the temperature is kept constant at 150 °C by adjusting the heat pump operation. The
heat pump electric load was assumed as equal to the minimum load (60%) in the first and last hours of
the day, while a sinusoidal profile was provided for the central hours to approximately match both the
collector load profile and the projected electric surplus daily trend which would be driven by PV
production.

n"leC*’hp

Mpfshp

n"lcpc—>bf

Refrigerant
loop

Figure 5: Solar collector field conceptual scheme during the charging phase.
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2.5 Case study

The system was simulated for fifteen continuous days of January, April and July. These three months
can be considered representative of winter, summer, and mid-season conditions. The beam and diffuse
radiation profiles are taken from the PVGIS dataset (European Commission Joint Research Center,
2021) and refer to Guadix (Granada, Spain), where the Andasol power plant is built.

3 RESULTS

As it resulted, the TI-PTES system was able to charge for all the considered July and April days (Fig.
6 a). In January, the system was turned off in two days only due to the low radiation (Fig. 6 d). Relying
purely on solar radiation may not be a problem if the system is conceived as storage for systems with a
high PV installed capacity: when the solar radiation is too low, there is no need for storing energy.
Focusing daily operation (Fig. 6 b, c, e, f), a significant solar field outlet temperature fluctuation over
time can be noticed. This behaviour is due to the bypass valve control: buffer bypass is enabled when
the solar field outlet temperature is above 90 °C, and the buffer temperature is above 120 °C. When the
radiation is low, e.g. in winter, collector temperature can decrease below the lower trigger threshold,
causing the bypass valve to close. In this condition, the buffer starts to power the heat pump.
Consequently, the solar field is fed by a higher temperature flow from the bypass, causing the outlet
temperature to increase, leading to opening the bypass valve again. This cycle may repeat until solar
radiation is not intense enough to heat the fluid above the buffer temperature. From this situation
onwards, the heat pump is powered only by the buffer until it is discharged.

As from Fig. 6, the heat pump operating temperature profiles are almost constant in July, and the solar
field outlet temperature is often equal to its maximum value (120 ° C). Therefore, the heat pump
operates most of the time and at a high average COP (Fig. 7 b). The operation time is significantly
shorter in winter than in summer (Fig. 7 d), but the system could charge when solar radiation reached
high values. Due to the average lower temperatures reached in winter, the average COP achieved by the
heat pump is slightly smaller than in the other months (Fig. 7 b)

As for the discharging phase, the ORC achieved the best efficiency in winter due to the low ambient
temperatures that reduce the condensing pressure. As a result, the average round trip efficiency results
maximum in winter rather than in summer (Fig. 7 a). As for the operating time and stored energy, the
charge phase is longer in summer than in winter due to the more prolonged insolation hours. More
extended daylight periods affects both the operating hours and the charged energy, which almost
doubled from winter to summer (Fig. 7 d and e). However, even in winter, the system operated for five
hours per day on average (Fig. 7 d). Such a result confirms that the proposed system is suitable for
electric energy storage for PV systems in all seasons. Finally, since the system is sized for summer
production, even the discharging phase becomes longer in July due to the amount of thermal energy
charged in the tank.

4 CONCLUSIONS

In this study, the behaviour of a solar TI-PTES under actual operating conditions has been tested. The
system is composed of a solar-heated high-temperature heat pump, a storage tank, and an ORC. The
heat pump and ORC design and off-design conditions were obtained through an Aspen Hysys model
by considering all the main system components. Results from Hysys simulations were used in a Matlab
model to simulate the TI-PTES under fluctuating radiation conditions. The system proved to be efficient
(round trip between 0.85 and 0.87) and flexible in all the tested conditions, making the solar PTES a
viable option as storage for systems with a high installed PV capacity.
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NOMENCLATURE
Symbol
Y exergy efficiency ()
€ electrical roundtrip efficiency  (-)
n efficiency ()
Subscript
bf CPC buffer
cpe compound parabolic collector
hp heat pump
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on/off on and off thresholds for the related component
opt optical

orc organic Rankine cycle

tes thermal exergy storage
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