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A B S T R A C T   

The growing share of Renewable Energy Sources (RES) is rising the amount of curtailed energy to preserve grid 
security. With the aim of evaluating a complementary storage solution to electric batteries for both new and 
revamping RES power plants, this study investigates the performance of a Thermally Integrated Pumped Thermal 
Energy Storage (TI-PTES) system integrated with a Photovoltaic (PV) power plant aimed to enhance the energy 
self-sufficiency of small-scale users. The assessment is carried out for a case study characterized by a demand of 
electricity, heating and cooling that vary throughout the year. The studied PTES system is based on the inte
gration of a High Temperature Heat Pump (HTHP), two Thermal Energy Storage (TES) sections and an Organic 
Rankine Cycle (ORC) power plant. Results show the influence of the main design parameters, such as PV size, 
HTHP size and TES capacities on the overall system performance, evaluated by means of the energy self- 
sufficiency, energy self-consumption, round-trip efficiency, Levelized Cost of Storage and the Grid Impact in
dicator, which quantifies the energy exchanges with the grid (feed-ins and withdrawals) to the overall user 
demand. The influence of seasonality on the energy performance indicators was studied as well. For the case 
study considered, the best combination of design parameters for the PV-PTES system is identified with reference 
to a PV plant whose yearly energy production equals the energy demand and for a 55 kWe High Temperature 
Heat Pump, a 10 kW ORC and a storage volume of 48 m3 for each of the two TES units. The PTES system is 
characterized by a LCOS of 0.72 $/kWh, a round-trip efficiency of 28.2 % and its integration offers several 
advantages over the use of a PV plant without any storage section. In particular, the PTES unit leads to a sub
stantial increase in the self-sufficiency, within the range 1–14 %, and a considerable decrease of the grid impact 
indicator, within the range 2–28 %.   

1. Introduction 

In many countries, the percentage of curtailed wind and solar 
Photovoltaic (PV) power for grid security reasons is rising along with the 
growth of Renewable Energy Sources (RES) production [1]. This trend is 
most notable in areas where grid infrastructure investments and market 
design and regulation are not in line with the rapid increase in RES 
development [2]. In Italy, for example, curtailment of wind energy 
production reached 4.2 % in 2020 [3]. Curtailment of RES generation 
reduces their economic attractiveness and diminishes the benefits from 
RES such as environmental advantages, cost-effective electricity, and 
fuel savings [4]. 

The grid security can be enhanced, in conjunction with investments 
and network management strategies, both by providing RES plants with 
energy storage systems (ESS) [5] and by increasing the number of 
flexible and agile electricity suppliers [6] able to smooth RES intermit
tent and variable output profiles [7,8]. In this framework, a promising 
solution can be found in Pumped Thermal Energy Storage (PTES) [9], a 
thermo-mechanical energy storage (TMES) technology [10]. With 
reference to grid-scale medium/long-duration energy storage systems, 
TMES is a promising alternative to pumped-hydro energy storage 
(PHES) system, which accounts for over 96 % of the total world energy 
storage capacity [11]. The major disadvantages of PHES systems are 
their constraints on location [12] and long construction-process time 
[13]. TMES systems overcome these disadvantages, keeping, and 
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increasing, PHES advantages. In fact, TMES systems have distinctive 
sector-coupling features, cyclical stability, long lifetimes, low ecological 
and installation footprints, low specific costs (often under 100 $/kWh), 
and round-trip efficiencies higher than 60 % [14]. These values are 
referred to the definition of round-trip efficiency as the ratio of the 
electric energy output during discharging to the electric energy input 
during charging and account for the beneficial effects of thermal inte
gration during the charging phase. In addition, TMES systems can supply 
thermal energy in parallel to electrical energy during discharge, as well 
as they can receive heat from other energy sources during charge, in the 
so-called Thermally-Integrated configurations. Differently from con
ventional cogeneration systems, in TMES the ratio between heat and 
delivered electricity can be varied depending on thermal demand 
without heat dissipation. These factors allow TMES systems to be well 
integrated with many thermal energy-based power generation systems. 
In particular, in PTES systems the thermal energy is stored at different 
temperature levels in two reservoirs. Also known as Carnot Batteries, 
these systems use thermodynamic cycles to convert electricity into heat 
during charging phases and vice versa during discharging phases. An 
interesting feature of PTES technology is that it offers a viable approach 
to enable time shifting of energy in those situations where safety regu
lations (i.e., fire prevention) impose restrictions on the utilization of 
conventional Battery Energy Storage Systems (BESS). Furthermore, they 
do not experience significant capacity degradation over time [15], they 
do not require critical materials [17], they are characterized by an 
operating life of more than 30 years [16] and exhibit a reduced envi
ronmental impact [18] both during operation (especially if storage 
media is water) and concerning their end-of-life disposal. Frate et al. 
[16] described the advantages of TI-PTES over BESS also in terms of 
OPEX, CO2 emissions, primary energy consumption and RES curtail
ment. In fact, due to their ability to store and provide multiple energy 
vectors [34], TI-PTES are regarded as a key complement of BESS in 
future scenarios featuring large penetrations of RES [16]. 

Depending on the thermodynamic cycle, PTES systems can be mainly 
classified into Joule-Brayton, transcritical (mostly using CO2 as working 
fluid) and Compressed Heat Energy Storage (CHEST). The last one uses 
conventional steam Rankine cycles or Organic Rankine Cycle (ORC) 
alternatives for the discharging phase and a Heat Pump (HP) for the 
charging phase: CHEST systems are conceived so that the HP raises the 

temperature of a storage medium using excess electricity produced by 
RES and (possibly) waste heat, and the ORC unit converts thermal en
ergy into electricity when needed. Using an ORC-CHEST system also 
allows to operate at lower temperature and pressure, making possible 
the use of already commercially available main components (i.e., heat 
pumps) [19]. It is noteworthy that, at power levels up to 5 MW, systems 
based on organic working fluids are more efficient than those based on 
water [14]. Referring to the main performance and cost characteristics 
of these systems, energy density of transcritical cycles is in the range of 
10 ÷ 15 kWh/m3, Joule-Brayton 20 ÷ 50 kWh/m3 and CHEST 40 ÷ 100 
kWh/m3. Power densities are in the range of 0.5 ÷ 17 kW/m3 for CHEST, 
2 ÷ 7.5 kW/m3 for transcritical and 1 ÷ 15 kW/m3 for Joule-Brayton. 
Technology Readiness Levels (TRL) vary from 2 to 5 for all cases 
[10,20–24]. 

Furthermore, PTES systems can be easily integrated with other en
ergy systems. Several studies involve the waste heat recovery for 
charging the reservoirs or in manufacturing processes. Other studies 
concern the integration of PTES systems with PV [25], solar thermal 
[26], geothermal [27] and Concentrated Photovoltaic (CPV) [17] en
ergy systems. Additional studies regard the re-use of existing parts (i.e., 
power block) of coal-fired power plants [28], or the inclusion of PTES in 
some contexts for improving energy independence [29,30]. A compre
hensive energy, exergy, and economic analysis of a MW-scale PTES 
electrically and thermally integrated with a CPV/T plant was carried out 
by Kurşun et al. [17], which studied a system configuration where the 
HP electric power derives from PV modules, a CPV/T system and wind 
turbines, while the HP heat sink is represented by the thermal energy 
produced by the CPV/T system. Still with reference to TI-PTES systems, 
Hu et al. [31] studied the influence on the round-trip efficiency and on 
the Levelized Cost of Storage (LCOS) of design parameters such as the 
evaporation temperature of HP, the storage temperature (two tanks), the 
compressor and turbine efficiency and the pinch point temperature 
differences (HP and ORC). 

The design aspects of a small-scale PTES system based on a HP-ORC 
plant have been studied by Steger et al. [32], who designed a 15 kW HP- 
ORC system with a storage of water at temperatures of 90–120 ◦C. With 
an ORC efficiency of 10.2 % and a HP COP of 5.8, the power-to-power- 
efficiency (calculated as the ratio of the electrical energy released by the 
storage and the electrical energy consumed to charge it) of the plant is 

Nomenclature 

Symbols 
c specific heat [kJ/kgK] 
E energy [kWh] 
Ė power [kW] 
h specific enthalpy [kJ/kg] 
M mass [kg] 
ṁ mass flow rate [kg/s] 
Q̇ thermal power [kW] 
t time [h] 
T temperature [◦C] 
V volume [m3] 
η efficiency 

Subscripts 
C cold 
CS Cooling System 
DC Data Center 
G grid 
H hot 
in inlet side 
out outlet side 

U user 
y year 

Acronyms 
2T-TES Two-Tank Thermal Energy Storage 
COP Coefficient Of Performance 
CHP Combined Heat and Power 
ESS Energy Storage System 
GI Grid Impact 
HP Heat Pump 
HTHP High Temperature Heat Pump 
HVAC Heating Ventilation Air Conditioning 
HX Heat Exchanger 
LCOS Levelized Cost of Storage 
ORC Organic Rankine Cycle 
PTES Pumped Thermal Energy Storage 
PV Photovoltaic 
RES Renewable Energy Sources 
R-TES Recovered Thermal Energy Storage 
SC Self Consumption 
SS Self Sufficiency 
TES Thermal Energy Storage 
TMES Thermo-Mechanical Energy Storage  
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59 % and the electrical storage density is 3.6 kWh/ton. Other projects 
consider higher temperature lifts, albeit at the expense of lower effi
ciencies. For example, within the CHESTER [33] project a HP with an 
input power of 4.15 kWe using R-1233zd(E) as the working fluid was 
designed. With a low temperature heat source of 40 ◦C, an evaporator 
temperature of 34.1 ◦C and a condensation temperature of 134 ◦C, the 
COP is around 2.3. 

As demonstrated by the cases reported above, several studies on HP- 
ORC PTES systems have been carried out, with the intention to 
demonstrate both the technical feasibility and the expected performance 
of such a system. However, to the authors' knowledge, no study in
vestigates the expected energetic and economic performance of a small- 
scale HP-ORC PTES configuration in a real operational context, 
considering daily and seasonal variations in both electrical and thermal 
energy demand and supply. For this reason, with the aim of meeting this 
research gap, an advanced energy system configuration, based on a PV 
power generation plant integrated with a PTES system, is herein 
modelled and studied. In particular, the energy storage system is based 
on the coupling between a High Temperature Heat Pump (HTHP), two 
Thermal Energy Storage (TES) sections and an ORC power unit. Apart 
from studying a system configuration which includes the recovery and 
valorisation of low-enthalpy waste heat in a small-scale application, the 
novelty of this study is the assessment of the seasonal and yearly per
formance of the proposed PV-PTES for a real energy context and through 
a new evaluation criterion, herein introduced. A parametric analysis was 
carried out on the main PV-PTES design parameters, such as PV size, 
HTHP size and TESs capacities, in order to assess their influence on the 
system overall performance. 

2. Case study 

The case study of the present work is represented by the University of 
Cagliari rectorate energy context, which is characterized by an annual 
electricity consumption of approximately 0.5 GWh. Out of this total, 28 
% is required for powering the data center cooling system (EDC,CS), 5 % is 
dedicated to the Heating, Ventilation, and Air Conditioning system 
(EHVAC), and the remainder is utilized for the other loads (ERESIDUAL). 
Beside the large share of electricity demanded by the data center cooling 
system, an important amount of thermal energy produced by the cooling 
system is released to the environment at a temperature level of about 
40–45 ◦C. More detailed information on yearly energy flows, power 
ranges and temperature levels can be found in [35], but main data are 
reported in Table 1. Moreover, Fig. 1 shows the monthly (a) and average 
daily (b) electricity consumption. 

The present study aims to propose an advanced energy supply system 
for small-scale applications based on the integration of a PV power plant 
with a PTES system. In particular, Fig. 2 shows the integration of the 

main components of the proposed PV-PTES system with the current 
devices (HVAC, DC-CS and Residual) in a simplified diagram. Energy 
flows are also highlighted. The waste heat generated by the data center 
cooling system is stored in a single tank Recovered Thermal Energy 
Storage (R-TES). The R-TES represents a low-temperature source for a 
HTHP driven by the PV plant. The high-temperature heat produced by 
the HTHP is stored, during light hours, in a Two-Tank Thermal Energy 
Storage (2T-TES) system and used, during night hours, by the ORC unit. 
Brazed plate heat exchangers (HE) are considered for the heat transfer 

among all system components. To minimize the environmental risks in 
case of leaks, water is considered as a storage medium for all TES 
systems. 

The operational logic of the PV-PTES system ensures that the energy 
generated by the PV plant is first used to meet the electrical loads 
(HVAC, DC-CS, Residual). If there is any surplus energy, it is used to 
operate the HTHP, and ultimately, any excess production is fed into the 
grid. Obviously, the HTHP can only be operated if the R-TES has a suf
ficient charge level. At the end of the day, or whenever the PV pro
duction is zero, the ORC unit can run using the heat stored in the 2T-TES. 

3. System modelling 

The model of the integrated energy system was developed in MAT
LAB® [36]. The main features of the different PV-PTES components are 
described in the following sections. 

3.1. Photovoltaic power plant 

The PV system power output was calculated starting from the yearly 
weather data for the site provided by the Meteonorm software [37], with 
the following equation reported by Petrollese et al. [38] 

ĖPV = nPV • SPV • GSI • fPV • ηINV • ηPV (1)  

where nPV is the number of PV modules, SPV the module surface, GSI the 
Global Solar Irradiation, fPV the derating factor for secondary losses, ηINV 
the inverter efficiency (as represented in Fig. 3) and ηPV the conversion 
efficiency of a module, calculated according to Duffie et al. [39] as: 

ηPV = ηPV,STC • [1+ γ • (TCELL − 25◦C) ] (2)  

where ηPV,STC is the conversion efficiency at standard test conditions 
(STC), γ is the temperature coefficient and TCELL is the actual operating 
cell temperature calculated according to [39] as:  

The main data and assumptions of the PV power plant are reported in 
Table 2. 

3.2. Organic Rankine Cycle unit 

The ORC unit herein considered is a 10 kWe hot-water-fed com
mercial unit operating with trans-1-Chloro-3,3,3-trifluoropropene 
(R1233zd) as working fluid. The ORC unit size was chosen consid
ering the products available on the market, the amount of recoverable 

Table 1 
Main characteristics of the case study energy demand.  

Overall yearly electricity demand (EU) 503 MWh 
Yearly data center cooling system electricity demand (EDC,CS) 141 MWh 
Yearly HVAC system electricity demand (EHVAC) 23 MWh 
Yearly residual electricity demand (ERESIDUAL) 338 MWh 
Overall electric power demand range 4–153 kW 
Data center cooling system electric power demand range 7–30 kW 
Data center cooling system thermal power range 31–127 kW 
Data center cooling system thermal power temperature range 40–45 ◦C 
HVAC electric power demand range 0–55 kW  

TCELL = max

⎛

⎜
⎜
⎝TAMB;

TAMB +
(
NOCT − TAMB,NOCT

)
• GI
GINOCT

•
(1− ηPV,STC•(1− γ•TCELL,STC)

τα

1 +
(
NOCT − TAMB,NOCT

)
• GI
GINOCT

•
γ•ηPV,STC

τα

⎞

⎟
⎟
⎠ (3)   
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Fig. 1. Monthly (a) and average daily (b) electricity consumptions of the case study.  

Fig. 2. Simplified diagram of the PV-PTES system.  

Fig. 3. Inverter efficiency as a function of the load.  

Table 2 
Photovoltaic power plant main data and assumptions.  

Nominal power of a PV module [40] 360 Wp 
Latitude 39.21 ◦

Tilt angle 0 ◦

Azimuth angle 15 ◦

Derating factor (fPV) 0.90 – 
Nominal inverter efficiency (ηINV) 0.978 – 
STC conversion efficiency of a module (ηPV,STC) 0.221 – 
STC cell temperature (TCELL,STC) 25 ◦C 
Net Operative Cell Temperature (NOCT) 41.5 ◦C 
Ambient temperature at NOCT conditions (TAMB,NOCT) 20 ◦C 
Global Solar Irradiation at NOCT conditions (GINOCT) 800 W/m2 

Solar transmittance and absorptance (τα) 0.9 – 
Temperature correction factor (γ) − 0.29⋅10− 2 1/K  

Table 3 
ORC unit main data.  

Nominal power 10 kW 
Heat source in-out temperatures (2T-TES) 98–68 ◦C 
Thermal power input 150 kW 
Cold source in-out temperature (air cooled condenser) 25–30 ◦C 
Turbine isentropic efficiency [43] 0.80 – 
Pump efficiency [43] 0.70 –  
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heat energy, the surplus PV production, as well as the size of the R-TES 
and 2T-TES. According to the manufacturer's technical data sheet [41], 
the considered ORC unit ensures the nominal power output of 10 kWe 
for heat source temperatures within the range 70–120 ◦C. Accordingly, 
the temperature of the Hot Tank of the 2T-TES system (later described in 
Section 3.3) was set to 100 ◦C. Based on the thermodynamic properties 
of the fluid [42] and some additional assumptions reported in Table 3, 
the operating cycle of the ORC unit was simulated, with no regeneration 
nor superheating, obtaining a nominal conversion efficiency ηORC =

0.07. A turbine isentropic efficiency of 0.80 and a pump efficiency of 
0.70 were considered, according to Chen et al. [43]. These values are 
also centred within the range of the parametric analysis carried out by 
Hu et al. [31]. In accordance with the results obtained by Dong et al., 
Weitzer et al. and Fatigati et al. [44–46], the nominal ORC efficiency 
varies within a range between 0.03 and 0.09 with changing in the input 
temperature of the heat source from the lowest to the highest limits of 
acceptability. The main thermodynamic points of the cycle are shown in 
Fig. 4 and reported in Table 4. 

3.3. Thermal Energy Storage system 

Thermal Energy Storage systems were modelled with a zero- 
dimensional approach, under the hypothesis of a perfect mixing. The 

R-TES is a single tank open-system with dual mass flow loops, while the 
2T-TES is a two-tank open system. Unlike the 2T-TES, the mass level 
within the control volume of the R-TES is constant. For this reason, 
according to Raccanello et al. [47], the R-TES dynamic behaviour was 
described by the time evolution of the temperature inside the tank 
(TR− TES) calculated by solving Eq. (4): 

MR− TES • c •
dTR− TES
dt

= ṁH,incp
(
TH,in − TR− TES

)
+ ṁC,incp

(
TC,in − TR− TES

)
− Q̇L

(4) 

The time variation of the energy stored in the tank is determined by 
the enthalpy difference of the hot and cold mass flows (ṁH,in, ṁC,in) 
passing through the tank and by its thermal losses (Q̇L). The 2T-TES 
dynamic was modelled by solving the mass (5) and energy (6) balances: 

dM2T− TES

dt
= ṁTANK,in − ṁTANK,out (5)  

M2T − TES • cp •
dT2T − TES

dt
= ṁ,incp

(
T,in − T2T − TES

)
− Q̇L (6) 

As suggested by Smallbone et at. [51], the thermal losses (Q̇L) for the 
two storage systems (2T-TES and R-TES) were calculated through a daily 
self-discharge rate of 1 % with respect to the stored energy. 

3.4. High Temperature Heat Pump 

The HTHP was modelled by increasing the size and reducing the 
temperature lift with respect to the one designed by CHESTER [33]. 
Based on the thermodynamic properties of the considered R-1233zd(E) 
fluid [42] and assuming a compressor isentropic efficiency of 0.80 [31] 
and an overall electromechanical efficiency of 0.95, the operating cycle 
of the HTHP unit was simulated obtaining a design Coefficient of Per
formance (COP) of 4.27 for a temperature lift of 65 ◦C. Although high 
evaporation temperatures allow to achieve high ηRT, as reported by Hu 
et al. [31], in the present case the evaporation temperature was 

Fig. 4. ORC cycle in the temperature-entropy (T-s) diagram.  

Table 4 
ORC cycle thermodynamic values (R1233zd).  

Point Temperature 
[◦C] 

Pressure 
[bar] 

Specific enthalpy 
[kJ/kg] 

Specific entropy 
[kJ/kgK] 

16  35  1.8  273.7  1.27 
13  35  5.0  274.1  1.27 
13B  69  5.0  316.9  1.40 
14  69  5.0  482.3  1.88 
15  44  1.8  467.2  1.89 
15B  35  1.8  459.6  1.87  
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constrained by the temperature of the low-enthalpy waste thermal en
ergy. When operating under partial load, the COP was assumed to vary 
according to the generalized COP profile reported in Fig. 5 (inverter 
operated HP compressor), calculated as described by UNI EN 
14825:2022 [48]. Values of the thermodynamic properties of the char
acteristic points of the HTHP cycle are graphed in Fig. 6 and reported in 
Table 5. 

3.5. Heat Exchangers 

Every heat exchanger herein considered was sized as a counterflow 
brazed plate unit, considering a steady-state energy balance, and 
neglecting thermal losses. Main HEs data are reported in the following 
Table 6. 

As known, the assumed pinch-point temperature differences (ΔTpp) 
influence the ηRT and consequently, the overall system performance. 
Reducing ΔTpp values also entails cost increments associated with the 
increase of heat exchange surfaces. The influence of the ΔTpp for the HE 
ORC-side and the HE HTHP-side on the system performance and on the 
LCOS was studied by Hu et al. [31] as well as by Iqbal et al. [49]. Both 
studies conclude that, for a Carnot battery similar to the one under 
consideration, the benefits on ηRT of reducing the ΔTpp below the con
ventional 5 ◦C are reasonable in terms of Levelized Cost of Storage 
(LCOS) only for the HTHP-side HEs. For this reason, in the present study 
a ΔTpp = 3 ◦C was assumed for the HTHP-side HEs, while a slightly 
higher value of ΔTpp = 5 ◦C was assumed for the ORC-side HE. 

4. Performance indicators 

The overall performance of the PV-PTES system was evaluated using 
conventional energy and economic performance indicators, such as the 
energy self-sufficiency (SS), the energy self-consumption (SC), the 
round-trip efficiency (ηRT), the Levelized Cost of Storage (LCOS) as well 
as the Grid Impact (GI) index [54], an energy indicator herein refor
mulated. The performance indicators are defined with reference to the 
energy flows shown in Fig. 7. The energy produced by the PV system EPV 
is split into EPV,SC (Self Consumed) and EPV,G (fed into the grid), while 
EPV,SC is further split into EPV,SC,PTES (the share of EPV,SC which is 
consumed by the heat pump) and EPV,SC,U (the share of the EPV,SC which 
is directly consumed by the user). The sum of the energy produced by 
the ORC unit (EORC,U) and EPV,SC,U gives ESS,U, which is the energy self- 
supplied to the user. The total user demand EU is given by the sum of the 
energy from the grid EG,U and ESS,U. 

The self-sufficiency index, defined by Eq. (7), quantifies the extent to 
which the system is capable to meet its own energy demand without 
relying on external sources. It is calculated by the ratio of the energy self- 
supplied to the user and the overall energy demand of the user: 

SS =
ESS,U
EU

=
EU − EG,U

EU
(7) 

The self-consumption index, as reported in Eq. (8), is obtained by 
dividing the amount of energy produced and self-consumed by the total 
energy generated by the PV system: 

SC =
EPV,SC
EPV

=
EPV − EPV,G

EPV
(8) 

The system round-trip efficiency, is the ratio of the energy output and 
the energy input in a closed-loop cycle: 

ηRT =
EORC,U

EPV,SC,PTES
=
EORC,U
EHTHP

(9)  

Fig. 5. Generalized COP profile (variation as a function of the load).  

Fig. 6. HTHP cycle in the temperature-entropy (T-s) diagram.  

Table 5 
HTHP cycle thermodynamic values (R1233zd).  

Point Temperature 
[◦C] 

Pressure 
[bar] 

Specific enthalpy 
[kJ/kg] 

Specific entropy 
[kJ/kgK] 

5A  68  1.8  488.4  1.96 
6  134  10.9  536.6  1.99 
6B  102  10.9  502.2  1.90 
6C  102  10.9  361.8  1.53 
7  71  10.9  319.6  1.41 
7A  48  10.9  290.0  1.32 
8  34  1.8  290.0  1.32 
5  34  1.8  458.9  1.87  

Table 6 
Heat exchangers main data.  

HE T in-out (hot 
side) [◦C] 

T in-out (cold 
side) [◦C] 

ΔTpp 

[◦C] 
Overall heat transfer 
coefficient [kW/m2K] 

R-TES | 
HTHP 

40–37 34–34  3  3.5 

HTHP | 
2T-TES 

134–71 68–105  3  3.5 

2T-TES | 
ORC 

98–68 35.2–69  5  3.5  

L. Migliari et al.                                                                                                                                                                                                                                 



Journal of Energy Storage 77 (2024) 109898

7

where EORC,U is the ORC energy production and EHTHP is the energy 
consumed by the HTHP unit (that equals EPV,SC,PTES). 

When comparing alternative solutions, systems that enable 
achieving the highest levels of SS and SC usually represent the best so
lution. This is true not only from the perspective of plant owners, but 
also from that of the grid operator, which take advantages of reduced 
impact on the grid. In fact, greater SC shares correspond to reduced 
energy feed-ins, whereas increased SS levels result in diminished grid 
energy withdrawals. Apart from the systems specifically conceived to 
provide flexibility services, both feed-ins and withdrawals are usually 
exchanges of energy with the grid, and therefore cause of increased grid 
impact. As stated by I.E.A. [1], in a global scenario of increasing RES 
penetration and energy demand, systems that generate the lowest grid 
impact are going to be preferred. Even if SS and SC give someway a 
measure of the grid impact of the system, a more specific index can be 
very useful for the comparison of different options. For this reason, the 
Grid Impact (GI) index [54] is herein reformulated and defined as: 

GI =
⃒
⃒EPV,G

⃒
⃒+
⃒
⃒EG,U

⃒
⃒

EU
=

|EPV (1 − SC) | + |EU(1 − SS) |
EU

(10) 

GI relates the absolute values of energy exchanges with the grid 
(feed-ins and withdrawals) to the overall user demand. The minimum 
impact on the grid corresponds to systems with the lowest values of GI, 
which is always greater than or equal to zero. The latter case (GI = 0) is 
represented by systems where all the energy required by the user is self- 
produced with no feed-ins. On the contrary, in a scenario without self- 
production systems, all the required energy is exchanged with the grid 
and therefore GI = 1. GI values greater than 1 represents those situations 
where energy exchanges exceed the energy demand. 

The system Levelized Cost of Storage (LCOS) [50,51] is calculated as: 

LCOS =
CAPEX +

∑L
i=1

Ai
(1+r)i

∑L
i=1

EORC,U
(1+r)i

(11)  

where CAPEX are the capital expenditures and Ai and EORC,U are, 
respectively, the annual cost and the amount of electricity discharged by 
the storage system for each year i of the lifetime L, both discounted using 
the discount factor r. Ai is given by: 

Ai = OPEX+ cel • EPV,SC,PTES (12)  

where OPEX is the yearly operation cost and cel is the unitary cost for 
buying the electricity EPV,SC,PTES used for charging. Table 7 reports the 
assumptions made for the LCOS assessment. Since the considered PTES 
system is charged with surplus energy coming from the PV, cel was 
assumed null. 

5. Results 

The results reported in this section were obtained based on the actual 
annual consumption data of the case study with hourly resolution. 

The performance of the PV-PTES energy system applied to the case 
study was assessed by varying three design parameters, specifically the 
size of the HTHP (expressed as its nominal electric power) and the 
storage volume of the two TES systems (2T-TES and R-TES). The sensi
tivity analysis was conducted by varying the electrical power of the 
HTHP from 10 to 60 kW and the capacity of both the 2T-TES and R-TES 
from 12 to 48 m3. Larger storage volumes were not considered to avoid 
unrealistic space occupation. The PV-PTES system performance was also 
compared with a reference scenario (named “PV-only”) where only the 
PV plant is implemented. Results are initially presented considering a PV 
system with a nominal size of 350 kWp. This size was selected to achieve 
an annual PV energy production (504 MWh) equal to the annual user 
energy demand (502 MWh). Successively, results are shown for a wider 
PV power range, from 100 kWp to 500 kWp. The generalized PV pro
duction profile is reported in Fig. 8(a) on a monthly basis and in Fig. 8(b) 
on a daily basis for three typical seasonal days. 

5.1. Influence of HTHP, 2T-TES and R-TES size 

The following figures show the trend of the five performance in
dicators SS, SC, ηRT , GI, and LCOS, as a function of the HTHP size, for 
different TES capacities and a PV size of 350 kWp. 

The SS ratio is displayed in Fig. 9 for the different PV-PTES cases, as 
well as for the PV-only scenario. It can be immediately noticed that in 
comparison to the PV-only scenario, the PV-PTES system is able to in
crease the SS level up to a maximum of 6 percentage points (55.0 % vs 
49.0 %). In fact, the PV-PTES is basically an addition of a storage system 
to the PV-only scenario, which allows for more solar energy to be self- 
consumed, stored, and later consumed. For a given PV yearly 

Fig. 7. Diagram of energy flows.  

Table 7 
LCOS assessment assumptionsa.  

Parameter Value Ref. 

Pumps CAPEX ($) 1, 120 • Ė0.8
el,pump 

[52] 

Heat exchangers CAPEX ($) 2, 143 • A0.514
HX [52] 

Turbine and generator CAPEX ($) 4, 405 • Ė0.8
el,turb +

107

(
Ėel,gen

1.6 • 105

⎞

⎟
⎠

0.7 

[52] 

Compressor CAPEX ($) 

98,400

(
Ėel,comp

250

⎞

⎟
⎠

0.46 [31] 

2T-TES and R-TES tanks CAPEX ($) 1, 200 • V [51,53] 
All components' OPEX ($) 0.015 • CAPEX [31] 
Lifetime (years) 30 [16] 
Discount factor r (%) 5 [31] 
Unitary cost for electricity cel 

($/kWh) 
0   

a Power in kW, area in m2 and volume in m3. 
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production, a simultaneous rise in R-TES and 2T-TES sizes results in an 
increase of SS. A larger R-TES means that more energy is available at the 
heat sink of the HTHP, just as a larger 2T-TES means that more energy is 
deliverable at the heat source of the HTHP. If more energy is stored for a 
future ORC production, SS shares are consequently higher. Obviously, 

the amount of energy that can be stored in the R-TES is constrained by 
the maximum energy recovery achievable from the data center cooling 
system. Similarly, the maximum energy that can be stored in the 2T-TES 
depends (apart from the energy available at the heat sink) on the 
available surplus energy from PV, which powers the HTHP. With 

Fig. 8. Monthly (a) and daily (b) generalized PV production.  

Fig. 9. Self-Sufficiency (SS) rate varying the size of the HTHP and the capacity of the two TESs (PV = 350 kWp).  

Fig. 10. Self-Consumption (SC) rate varying the size of the HTHP and the capacity of the two TESs (PV = 350 kWp).  
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reference to the influence of 2T-TES and R-TES capacities on SS, it's also 
interesting to note the curve distancing as the 2T-TES capacity increases. 
In fact, for the lowest considered 2T-TES capacity, all SS curves overlap 
due to the insufficient capacity of the 2T-TES to allow the increase of the 
ORC production alongside other parameters growth. As 2T-TES capacity 
increases, the SS curves spread apart because it becomes possible to 
utilize larger amounts of both the waste heat from the data center (with 
a larger R-TES) and the power from the PV system (with HTHPs oper
ating closer to their design power and at a lower degree of modulation). 

With reference to the influence of the HTHP size on SS, it can be 
noted that an increase in this size does not always lead to an increase in 
SS. This is particularly evident for 2T-TES capacities of 36 m3 and 48 m3, 
where three regions can be clearly observed: a first region where the 
influence of HTHP size on SS is strong (steep positive slope), a second 
region with no influence (horizontal slope) and a third region with a 
gentle negative slope. Within the first region, the influence of HTHP size 
on SS is strong because in this region the size of the HTHP is consider
ably smaller compared to the average power overproduction of the 
considered PV system. Therefore, even a slight increase in the HTHP size 
yields substantial benefits in terms of energy stored in the 2T-TES, and 
therefore produced by the PTES section. The absence of influence of 
HTHP size on SS of the second region is due to the fact that the HTHP is 
equipped with an inverter, allowing modulation down to a partial load 
of 35 % without compromising the COP. Therefore, larger HTHPs 
operate with significant modulation but comparable COP values to the 
smaller ones, resulting in the same SS rate. In the third region, SS slightly 
decreases by increasing the size of the HTHP (this is very clear for R-TES 
= 12 m3) because the average partial load of the HTHP is under the 
abovementioned 35 % and therefore the lower COP negatively affects 
the energy output. 

A final interesting outcome of the analysis of the SS trend is that, for 
every combination of 2T-TES and R-TES, there is an HTHP size that 
maximizes self-sufficiency. This HTHP size represents the minimum 
capacity needed to fully utilize the considered storage volumes and the 
available PV energy. 

Fig. 10 displays the trend of self-consumption varying the size of the 
HTHP and the capacity of the two TESs (PV = 350 kWp). As it can be 
seen, the SC trend is very similar to that of SS. In fact, the self-supplied 
energy directly depends on the self-consumed energy, being the former 
an energy transformation of the latter characterized by the round-trip 
efficiency shown in Fig. 11. As it can be observed, the SC of the PV- 
PTES increases with the three design parameters from a minimum of 
55 % up to a maximum of 70 %. In the PV-only scenario, the SC is 49 %. 
The maximum of SC is obtained for 2T-TES = 48 m3, HTHP = 55 kWe 
and R-TES = 48 m3, with 21 percentage points increase with respect to 
the PV-only scenario. Fig. 11 demonstrates that, except for minor dif
ferences, the only parameter that influences ηRT is the size of HTHP. In 
fact, for larger HTHP sizes, partial load operating conditions are more 
frequent, leading to lower COP values. 

Fig. 12 shows the behaviour of the GI index while varying the size of 
the HTHP and the capacity of the two TES systems. The GI index of the 

PV-PTES is within the range 0.75–0.95, meaning that for every kWh of 
user demand, the energy exchanged with the grid is within the range 
0.75–0.95 kWh. The lowest GI value is obtained for the combination of 
the design parameters that ensures highest values of SC and SS: this 
happens because a high SC means low grid feed-ins as well as a high SS 
means low withdrawals. Compared to a scenario without any internal 
energy production system, in which GI would be unitary, the PV-PTES 
solution allows to a beneficial reduction of grid impact. The GI reduc
tion achievable with the PV-PTES solution is even more favourable if 
compared to the PV-only scenario, whose GI = 1.02. In fact, the PV-only 
scenario increases the grid impact due to energy feed-ins. 

Finally, Fig. 13 shows the LCOS behaviour with the variation of the 
size of the HTHP and the capacity of the two TES systems. The LCOS 
initially decreases by increasing the HTHP power because the energy 
production of the ORC increases more than the HTHP relative costs. The 
LCOS reaches a minimum (particularly evident for each curve of 2T-TES 
= 12 m3). After that minimum, the LCOS values increase because the 
growth in HTHP cost is not compensated by a similar increase in ORC 
production. 

Yearly overall results for both the PV-only scenario and the lowest 
(Case 1), intermediate (Case 2), and the highest (Case 3) combinations of 
the considered PV-PTES design parameters are reported in Table 8. For 
the considered range of design parameters, EORC is included in the range 
8 MWh–30 MWh, SS shares are comprised between 49.0 % (PV-only) 
and 55.1 % (PV-PTES), SC shares are in the range 48.9 % (PV-only) and 
70.3 % (PV-PTES) and GI between 0.75 (PV-PTES) and 1.02 (PV-only). 

To evaluate the influence of a different demand profile on the sys
tem's performance, the existing demand profile was modified through 
hourly randomization within the range of 50–150 % and simulation was 
carried out for the highest combinations of the considered PV-PTES 
design parameters. The results, which are reported in the last column 
(Case 3*) of Table 8, show maximum differences of 1.5 %, compared to 
Case 3, for each considered parameter. 

5.2. Seasonal influence 

Fig. 14 shows the influence of the seasonality on the energy perfor
mance of the PV-PTES system (SS, SC and GI) for the combination of 
values of HTHP size and TES capacities that maximizes the performance 
indicators (HTHP = 55 kWe, 2T-TES = 48 m3, R-TES = 48 m3) for the 
considered PV size of 350 kWp. 

Fig. 14(a) reveals that the SS rate varies from a minimum of 
approximately 45 % (winter and autumn) to a maximum of around 65 % 
(spring and summer). This seasonal fluctuation is explained by exam
ining the seasonal PV production (EPV) reported in Fig. 14(b). The higher 
PV production during spring and summer leads to an increase of the self- 
consumed energy (EPV,SC), resulting in higher energy self-supplied to the 
user (ESS,U). The seasonal SC trend in Fig. 14(b) also indicates that 
during winter and autumn, the PV-PTES system can self-consume (and 
store) up to the 86 % of the PV energy. In contrast, during spring and 
summer, the system reaches an SC value around 60 %. The impact on the 

Fig. 11. Round-trip efficiency (ηRT) varying the size of the HTHP and the capacity of the two TESs (PV = 350 kWp).  
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grid of these SS and SC fluctuations is shown in Fig. 14(c): the GI values 
are higher during spring and summer, because the ratios of EPV,G + EG,U 
to EU are higher compared to winter and autumn, mainly due to the 
contribution of EPV,G. 

5.3. Influence of PV system size 

The following figures show the influence of the PV size on the energy 
performance of the PV-PTES system (SS, SC and GI) in comparison with 
the corresponding PV-only scenario. Results are shown for the combi
nation of values of HTHP size and TES capacities that maximizes the 
performance indicators herein considered (HTHP = 55 kWe, 2T-TES =
48 m3, R-TES = 48 m3). 

Fig. 15(a) displays the SS values of both the PV-PTES system and the 
PV-only scenario, while Fig. 15(b) displays the percentage increase of SS 
achievable with the PV-PTES system compared to the SS of the PV-only 
scenario. As expected, SS values increase along with the PV system size 

for both PV-PTES and PV-only cases, passing from 27.5 % (PV-only, 100 
kW) up to 58 % (PV-PTES, 500 kW). The influence of PV size on SC 
decreases as PV size increases for both cases, as shown by the SC trends, 
which tend to become horizontal for higher PV values. For the PV-only 
scenario, this occurs because the system reaches its maximum level of 
SS, that is the covering of the entire light-hours energy demand. For the 
PV-PTES scenario, the maximum level of SS of the PV-only case is 
increased by the energy production during the night hours, up to the 
maximum represented by the storage capacity. The percentage increase 
in SS of the PV-PTES shown in Fig. 15(b) reaches its maximum for the 
highest PV size, because the more the PV size, the more the excess en
ergy that is stored (and consequently produced) rather than being fed 
into the grid. 

On the contrary to SS trend, SC values (Fig. 16) obviously decrease as 
the PV size grows, and PV production exceeds the demand. The 
maximum SC values (close to 100 %) are obtained for the PV-PTES so
lution and a size of PV of both 100 and 150 kW, while the minimum SC 

Fig. 12. Grid Impact (GI) varying the size of the HTHP and the capacity of the two TESs (PV = 350 kWp).  

Fig. 13. Levelized Cost of Storage (LCOS) varying the size of the HTHP and the capacity of the two TESs (PV = 350 kWp).  

Table 8 
Yearly overall performance (PV = 350 kWp).  

Scenario  PV-only PV-PTES 

Case 1 Case 2 Case 3 Case 3* 

HTHP kWe 0  10  35  55  55 
2T-TES m3 0  12  36  48  48 
R-TES m3 0  12  24  48  48 
Photovoltaic production (EPV) MWh 504.1  504.1  504.1  504.1  504.1 
PV energy directly consumed (EPV,SC,U) MWh 246.5  246.5  246.5  246.5  243.8 
PV energy consumed by HTHP (EPV,SC,PTES) MWh 0  27.9  78.1  107.7  108.2 
PV energy fed into the grid (EPV,G) MWh 257.6  229.7  179.5  149.9  152.1 
ORC unit production (EORC,U) MWh 0  7.9  22.1  30.4  30.5 
Electricity purchased from the grid (EG,U) MWh 256.5  248.5  234.4  226.1  228.6 
Self-Sufficiency (SS) % 49.0  50.6  53.4  55.1  54.5 
Self-consumption (SC) % 48.9  54.4  64.4  70.3  69.8 
Round Trip efficiency (ηRT) % –  28.4  28.3  28.2  28.2 
Grid Impact (GI) – 1.02  0.95  0.82  0.75  0.76 
Levelized Cost of Storage (LCOS) $/kWh –  1.10  0.81  0.72  0.72  

* Randomized demand profile. 
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(36 %) is obtained for the PV-only case (PV size of 500 kW). It can be 
generally noted that SC shares of the PV-PTES system are always higher 
than those of the PV-only. When focusing on the percentage increase in 
SC of the PV-PTES system with respect to the PV-only (Fig. 16(b)), it is 
evident that the highest increases are obtained for powerful PV systems, 
because of the same reasons discussed for SS. 

Finally, the GI index is shown for both the PV-PTES system and the 
PV-only scenario in Fig. 17(a), and as the percentage decrease achiev
able with the PV-PTES solution compared to the PV-only scenario in 
Fig. 17(b). It is firstly notable that exists a PV size which minimizes GI, 
represented by 150 kW for PV-only and 200 kW for PV-PTES solutions. 
However, the minimum GI of the PV-only solution (around 0.7) is 
considerably higher than that of the PV-PTES one (0.6). In absolute 
terms, to the minimum GI of the PV-only scenario (PV = 150 kW) cor
responds around 50 MWh of more energy exchanges with the grid with 
respect to the minimum GI of the PV-PTES solution (PV = 200 kW). The 
initial decrease in GI as the PV size increases is due to the fact that the 
self-sufficiency levels increase considerably (mainly due to strongly 
reduced withdrawals), while the self-consumption levels remain very 
high (almost zero feed-ins for the PV-PTES system and very low for the 
PV-only). Beyond the minimum, the GI values rise because the self- 
consumption levels decrease (the feed-ins increase) while the self- 
sufficiency growth is slower (due to slightly reduced withdrawals). 

In conclusion, in a future scenario, the analysis of the GI index can be 
very useful to compare alternative energy storage systems with the aim 
of favouring those that generate the lowest grid impacts. In fact, in the 
specific case of Fig. 17(a–b), the lowest absolute value of GI is given by 
Fig. 17(a), while the maximum reduction in GI can be easily identified in 
Fig. 17(b), and it is represented by the PV-PTES system with a PV size of 
300 kW, in which the percentage decrease compared to a same size PV- 
only is around 28 %. 

6. Conclusions 

This paper investigated the performance of a PTES system coupled 
with a PV plant for small scale applications which represents a possible 
energy storage complement to electrochemical battery systems. The PV- 
PTES system was designed for enhancing the self-sufficiency of a real 

Fig. 14. Seasonal trend of Self-Sufficiency (SS) (a), Self-Consumption (SC) (b) and Grid Impact (GI) (c) rate (PV = 350 kWp, HTHP = 55 kWe, 2T-TES = 48 m3, R- 
TES = 48 m3). 

Fig. 15. Self-Sufficiency (SS) rate varying the size of the PV system (HTHP = 55 kWe, 2T-TES = 48 m3, R-TES = 48 m3).  

Fig. 16. Self-Consumption (SC) rate varying the size of the PV system (HTHP =
55 kWe, 2T-TES = 48 m3, R-TES = 48 m3). 

Fig. 17. Grid Impact (GI) varying the size of the PV system (HTHP = 55 kWe, 
2T-TES = 48 m3, R-TES = 48 m3). 
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energy context. The influence of the seasonality as well as of the main 
design parameters (PV size, heat pump size and capacities of the two 
thermal energy storage systems) on the system energy performance was 
assessed through the well-known indicators given by the energy self- 
sufficiency SS, the energy self-consumption SC, the system round-trip 
efficiency ηRT and the indicator GI, which quantifies the grid impact of 
the system. The influence of the main design parameters on the Lev
elized Cost of Storage was assessed as well. 

The analysis highlighted several advantages of the proposed PV- 
PTES system with respect to a scenario only based on a PV system. In 
fact, for a given PV size, the PV-PTES solution allows to achieve an in
crease in SS within the range 1–14 % with respect to the PV-only option, 
as well as a SC increase within the range 5–47 % and a GI decrease 
within the range 2–28 %. The improvement introduced by the PTES 
section on energy self-sufficiency and energy self-consumption increases 
by increasing the PV size. The values of the grid impact index of the PV- 
PTES are always lower than those of the PV-only and for both solutions 
the GI trend presents a minimum representing the best trade-off between 
feed-ins and withdrawals. The improvement of the GI performance 
index is achieved despite the low PV-PTES round-trip efficiencies 
(around 28 %), mainly due to the low ORC unit efficiency, the high 
latent to sensible heat ratio of the ORC working fluid and the high 
temperature lift of the HTHP. The main energy performance indicators 
vary throughout the four seasons within a range of ±20 % with respect 
to their yearly mean values. 

The study was also aimed to evaluate technological solutions com
plementary to batteries for small-scale energy storage solutions. The 
lowest LCOS for the case study is approximately 0.72 $/kWh, which 
today is considerably higher with respect to that of BESS [50]. However, 
in a future scenario, small-scale PV-PTES systems may potentially 
emerge as a viable solution, driven in part by the reduction in costs 
facilitated by the attainment of technological maturity as well as due to 
some favourable features such as low-capacity degradation over time, 
long operating life, reduced environmental impact and their suitability 
for multi-vector energy systems. 
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