
Academic Editor: Behzad Rismanchi

Received: 1 May 2026

Revised: 22 June 2026

Accepted: 30 June 2026

Published: 6 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Transforming CSP Plants into Thermally Integrated PTES
Systems: Unlocking Flexibility Through Cold Thermal Storage
Syed Safeer Mehdi Shamsi * and Stefano Barberis

Thermochemical Power Group, University of Genova, Genova 16126, Italy; stefano.barberis@unige.it
* Correspondence: safeermehdi.shamsi@edu.unige.it

Abstract

The increasing penetration of variable renewable energy sources (RESs) poses significant
challenges to power system flexibility and reliability, particularly in systems with high solar
generation. At the same time, existing Concentrating Solar Power (CSP) plants in Europe
face declining economic viability due to high capital costs and the expiration of incentivized
tariff schemes. This study proposes and evaluates a novel approach to repurpose CSP
plants as flexible energy assets through the integration of cold thermal energy storage
(CTES) within a Thermally Integrated Power-to-Heat-to-Power Energy Storage (TI-PTES)
framework. The proposed system combines an ice/water-based cold storage with a CO2-
based refrigeration cycle to enhance the efficiency of the CSP steam cycle by reducing
condenser temperatures, while also enabling temporal shifting of electricity consumption.
A techno-economic optimization model based on PyPSA is developed to determine the
optimal sizing and operation of the storage and refrigeration system under realistic load
and electricity price conditions representative of the Spanish market. Results show that the
integration of cold storage significantly alters system operation, shifting the chiller from a
continuous demand-following mode to an intermittent, high-intensity regime. This leads
to a reduction in annual operating expenditures by approximately 32% and an increase
in annual profit and net present value (NPV), despite higher capital investment. While
hourly net revenue becomes more volatile, with negative values during charging periods,
cumulative annual performance improves due to effective temporal optimization. However,
the absence of strong electricity price arbitrage and negative price signals limits the revenue
potential of the storage system, which primarily acts as a cost-reduction mechanism. The
findings demonstrate that cold thermal storage can successfully reposition CSP plants as
flexible, value-generating assets in modern electricity systems. The proposed concept offers
a promising pathway for extending the operational lifetime of existing CSP infrastructure
while supporting higher integration of renewable energy sources.

Keywords: concentrated solar power; pumped thermal energy storage; Carnot battery;
thermal energy storage; cold thermal energy storage

1. Introduction
The global transition toward a low-carbon energy system is accelerating at an un-

precedented pace [1], driven primarily by the large-scale deployment of renewable energy
sources (RESs), particularly wind and solar photovoltaics (PVs). These technologies have
experienced remarkable cost reductions and rapid scalability over the past decade [2],
positioning them as central pillars of modern energy systems. However, their inherently
variable and non-dispatchable nature introduces significant operational challenges for
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power system stability and reliability [3]. Grid operators are increasingly confronted with
issues such as frequency deviations [4], voltage fluctuations [5], and the well-known “duck
curve” phenomenon [6], which highlights the growing mismatch between solar generation
and demand profiles at the local level. This mismatch emphasizes the residual demand
that must be met by dispatchable generation and flexibility assets, thereby underscoring
the need for enhanced system adaptability.

To effectively address these challenges, a combination of cleaner and more flexible
fossil-based generation technologies [7], alongside energy storage systems deployed at
both distributed and utility scales [8], becomes essential. Such solutions are particularly
critical in a future energy landscape characterized by increasing electrification of industrial
processes [9] and the rapid expansion of energy-intensive infrastructures such as data
centers [10]. These emerging demands further amplify the need for reliable, flexible, and
dispatchable energy resources capable of maintaining grid resilience under high RES
penetration scenarios.

In this context, Concentrating Solar Power (CSP) technology emerged in the early
2000s as a promising pathway toward dispatchable solar electricity generation [11]. A key
advantage of CSP lies in its ability to integrate conventional thermodynamic power cycles
with thermal energy storage (TES) systems. Unlike PVs, CSP plants equipped with TES can
decouple solar energy collection from electricity generation, thereby enabling controlled
and dispatchable power output even during periods of low or absent solar irradiance. This
capability positions CSP as a strategic technology for mitigating variability and enhancing
grid flexibility [12], particularly when further integrated with advanced storage concepts
such as Carnot Batteries [13].

Despite these advantages, the economic competitiveness of CSP has been significantly
challenged in recent years. The sharp decline in PV costs since 2010 [2], combined with
the inherently high capital expenditure (CAPEX) associated with CSP plants—where the
solar field alone can account for approximately 60% of total investment costs [14], even
considering notable cost reductions achieved over the last decade [15]—has limited its
deployment in most markets [16]. Additionally, the lack of strong and sustained policy
incentives has contributed to a decline in CSP development, particularly in Europe [17].

This situation is especially critical for existing CSP assets, many of which are located
in Spain—the country hosting the majority of CSP installations in Europe [18]. These plants
typically feature standardized configurations, often with capacities around 50 MW [19],
and were primarily designed under feed-in tariff schemes. As these incentive mechanisms
approach expiration, many CSP plants face uncertain economic futures, creating a strong
need for alternative valorization strategies that can extend their operational viability and
adapt them to evolving market conditions.

In response to these challenges, there is growing interest in repurposing CSP infrastruc-
ture to deliver new services aligned with modern energy system requirements, particularly
by leveraging their potential as Carnot Batteries [20]. Existing CSP plants possess valuable
assets that can be re-utilized for advanced energy storage applications, including large-
scale thermal storage systems, high-capacity steam power cycles, and rotating machinery
capable of providing inertia and ancillary services. These characteristics enable CSP plants
to operate similarly to conventional thermal power plants in terms of grid support, offering
capabilities such as fast ramping and frequency regulation. Moreover, their TES systems
can be adapted for long-duration energy storage, addressing emerging needs for multi-day
and even weekly flexibility in RES-dominated power systems [21].

Building upon an innovative Carnot Battery concept previously proposed by the au-
thors and based on commercially available technologies [22], this study investigates a novel
approach for repurposing CSP plants through the integration of a low-cost cold thermal
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energy storage system based on ice/water slurry. This configuration is implemented within
a Thermally Integrated Power-to-Heat-to-Power Energy Storage (TI-PTES) framework,
which leverages existing TES and steam cycle infrastructure of CSP plants. The proposed
concept combines two complementary operational cycles: (i) a charging phase, where
electricity is converted into stored cold energy via a CO2-based refrigeration cycle, and
(ii) a discharging phase, where the stored cold energy is used to enhance the efficiency of
the existing steam cycle by lowering condenser temperatures. This thermally integrated
approach not only improves round-trip efficiency but also maximizes the utilization of
existing CSP assets by combining solar thermal input with advanced long-duration energy
storage functionalities.

Starting from a reference case based on a 50 MW parabolic trough CSP plant represen-
tative of the Spanish market, this paper presents a preliminary techno-economic assessment
of the proposed TI-PTES configuration with integrated cold TES. This study focuses on
the optimal sizing of the refrigeration system and cold storage capacity, with the objective
of quantifying performance improvements and evaluating economic feasibility. The re-
sults demonstrate the potential of this approach to reposition CSP plants as key flexibility
providers within European electricity markets, thereby supporting higher integration of
variable RESs while extending the operational lifetime and economic relevance of existing
CSP assets.

2. Materials and Methods
2.1. Concept

Figure 1 shows a “typical Spanish fed-in” CSP steam plant (like the ANDASOL
one [19]) that uses solar field heat production to generate power via a steam power plant
integrated with a cooling tower condensation system able to circulate water and to provide
a 30 ◦C inlet while the steam has a condensation temperature of 41 ◦C, as shown in Table 1,
modified through the integration of ice/water storage. Ice/water storage decreases the
condensation temperature from 30 ◦C to 6.9 ◦C, increasing the power cycle efficiency by
around 7 percentage points for the same amount and increasing the power output of the
CSP from 35 MW to 50 MW, as shown in Table 1.

The ice/water storage is integrated with a refrigeration cycle that uses peak production
electricity from the renewable grid to drive the compressor and then stores it as ice through
phase change to be used when required by the CSP plant to generate efficient electricity.
The detailed sensitivity, selection and optimization of parameters for the CO2 refrigeration
cycle for this application, as well as the selection of storage temperature, have already been
done in [22] and will be used as such in this study.

Table 1. Parameters of CSP plant compared with the refrigerated counterpart.

Parameter CSP CSP with Refrigeration

Hot salt temp 553 ◦C 553 ◦C
Cold salt temp 393 ◦C 393 ◦C

Molten salt mass flow
Condensation

pressure/temperature 0.1 bar/41 ◦C 0.01 bar/6.9 ◦C

Coolant temperature 30 ◦C (water) 0 ◦C (ice/water)
Total mass of molten salt storage 42,000 tons 42,000 tons

Power cycle (MW) 35 50
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Figure 1. Commercial CSP plant repurposed for grid flexibility.

2.2. Demand

The sizing of the cold storage will depend on several factors, one of which is the
load demand. Through time-series analysis using Ebsilon Professional [23], the CSP load
requirement for the cold storage over the year (i.e., 8760 h) will be determined by selecting
the representative day profile for the quarter of the year as shown in Table 2.

Table 2. CSP load representation over the year.

Quarter Season Representative Day

Jun–Aug Summer 1 Jul
Sep–Nov Autumn 1 Oct
Dec–Feb Winter 1 Jan

Mar–May Spring 1 Apr

For the time-series analysis, the discharging is always done on the design electric
load of 50 MW to harness the full efficiency of the power cycle of the CSP. The hours of
discharging and consequently the hours of thermal load required from the cold storage by
the condenser may vary from season to season and will be represented by the selected day
for the whole season/quarter due to seasonal irradiation variations.

2.3. Optimal Sizing Model for the Cold Storage and Refrigeration Cycle

The open-source model PYPSA [24] has been used here for capacity expansion mod-
eling. The model has been highly validated and has been used in various studies and is
quite reliable. Optimally sizing and operating a cold thermal energy storage (CTES) system
integrated with a CO2-based refrigeration plant. The goal of the model is to determine the
optimal:
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(1) Storage energy capacity Emax [kWhth];
(2) Charging power capacity Pmax [kW];
(3) Hourly operation (charging/discharging/refrigeration output) that minimizes

annualized total cost while meeting cooling load every hour of the year.

2.4. Inputs and Data Preparation

The total thermal load is a condenser-side thermal load from the refrigeration cycle
(provided for each quarter to be projected to make a year). Other constant parameters are
summarized in Table 3.

Table 3. Inputs for optimal sizing of the cold storage and refrigeration cycle.

COP 5.14
CC/DC storage efficiency (η) 0.98

Thermal loss/hr (λ) 0.0005
Emax (physically allowable) 700 MWh max

Pch,max (physically allowable) 100 MW max
TES energy capacity cost [€/kWh] 10

CC power capacity cost [€/kW] 80
Discount rate (r) 0.07

Lifetime [year] (n) 25
Price of electricity [€/kWh] (Spanish market

through ENTSOE [25]) Year 2025

2.4.1. Economic Parameters

Capital recovery factor (CRF) for annualization of CAPEX:

CRF =
r(1 + r)n

(1 + r)n − 1

where r is the discount rate and n is the number of life years CSP:
CSP only electrical revenue:

RCSP =
8760

∑
h=1

GCSP,h.ph
(v)

CSP annual fixed cost:

C f ixed = CAPEXCSP.CRF + CAPEXCSP.O&M

CSP annual profit:
ΠCSP = RCSP − C f ixed

FLEX CSP:
Electricity purchase cost:

Cgrid =
8760

∑
h=1

Egrid,h·p
(v)
h

Cooling revenue:

Rcool =

(
8760

∑
h=1

L2,h

)
·Pcool

Annualized cooling CAPEX:

Ccooling = Pchiller·CAPEXchiller·CRF + Estorage·CAPEXstorage·CRF
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CSP improved revenue:

Rint
CSP =

8760

∑
h=1

Gimproved
CSP,h ·p(v)h

FLEX CSP annual profit:

Πint = Rint
CSP + Rcool − Cgrid − Ccooling − C f ixed

Incremental cash flow will represent additional value created by cold storage and
chiller integration

∆CF = Πint − ΠCSP

Investment cost would be:

I = Pchiller·CAPEXchiller + Estorage·CAPEXstorage

2.4.2. Optimization Problem (PYPSA Formulation)

min∑
(

Egrid,h·p
(v)
h

)
+ Pchiller·CAPEXchiller·CRF + Estorage·CAPEXstorage·CRF

Constrained by energy balance:

COP·Echiller,h + Edischarge,h − Echarge,h = L1,h

Storage dynamics:

SOCh = SOCh−1 + Echarge,h − Edischarge,h

Capacity constraints:
Echiller,h ≤ Pchiller

SOCh ≤ Estorage

The chosen methodology has been summarized in Figure 2.
Figure 2 presents the overall workflow adopted in this study for the techno-economic

assessment of the proposed CSP plant integrated with a refrigeration system and cold
thermal energy storage (CTES). The methodology combines dynamic thermodynamic
simulations with optimization-based capacity expansion modeling to determine the optimal
design and operation of the flexible cooling system.

First, solar irradiation data are used as input to a detailed Ebsilon Professional model
of the reference CSP plant. Time-series simulations are performed over representative
operating conditions to evaluate the hourly condenser cooling requirements associated
with power generation. These simulations generate the cooling load profiles, which are
subsequently used as the demand input for the optimization framework.

In parallel, hourly electricity market prices representative of the Spanish market are
supplied to the optimization model. The cooling demand profile obtained from the Ebsilon
simulations and the electricity price time series are then integrated within the PyPSA
capacity expansion model.
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Figure 2. Methodology for the analysis.

Within the PyPSA environment, the refrigeration system is connected to an electricity
bus, representing electricity purchased from or valued against the grid, and to a cooling
bus, representing the production and distribution of cooling energy. The refrigeration unit
converts electrical energy into cooling according to its specified coefficient of performance.
The produced cooling can either be delivered directly to satisfy the instantaneous CSP
condenser load or stored in the cold thermal energy storage system.

The storage component introduces temporal flexibility by decoupling cooling produc-
tion from cooling demand. During periods when electricity is economically favorable, the
refrigeration system charges the storage by producing excess cooling. Conversely, during
periods when direct refrigeration operation is less desirable, the stored cold energy is
discharged through the cooling bus to meet the CSP condenser demand. The optimization
simultaneously determines the economically optimal storage energy capacity, refrigeration
power capacity, and hourly charging and discharging schedule while satisfying operational
constraints and energy balance.

Finally, the optimized component sizes and dispatch schedules are used to perform a
techno-economic evaluation, including comparisons of capital expenditure (CAPEX), oper-
ating expenditure (OPEX), annual profit, and net present value (NPV) between the baseline
CSP configuration, the CSP integrated with refrigeration only, and the CSP integrated with
both refrigeration and cold thermal storage.

3. Results
To establish the usefulness of the configuration of CSP + chiller and storage, the results

first compare the CSP + chiller with the CSP + chiller and storage concept, and then the
economics are compared with the base CSP configuration in which there is no refrigeration
cycle/chiller present.
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The results will first present the load requirements of the CSP plant around the year
for different representative quarters; these results informed the optimal sizing tool, which
then provides electrical power required by the chiller for the cases of with and without cold
storage, while for the latter case, the sizing of the storage is also optimized. For all the cases
(base CSP, CSP + chiller, CSP + chiller and storage), the techno-economics are evaluated
along with the results.

3.1. Load Demand for the Flex CSP Plant

Figure 3 shows the thermal load required by the condenser of the CSP plant to be
fulfilled by the cooling apparatus. The thermal load of the condenser of the CSP is shown by
the grey line, which is a constant 106,462 kW that enables the CSP the power of 50,000 kW.
While the yellow line shows the mass flow in the solar field, depicting the charging of the
molten salt tanks, during the day the charging peaks correspond to the solar irradiation
while the power production takes place simultaneously. At the start of the year, the two
tanks are assumed to be both at an equal state of charge, 50%. From the assumed start of
the year, the state shown represents all the days from June to August. The autumn state of
charge starts from where the summer state of charge ends, going then to winter and then to
spring, completing the whole year cycle with continuous state of charge representation. For
summer and autumn, the thermal load required by the condenser is continuous, whereas
in winter and spring it is intermittent. The intermittency of the load requirement is due
to the unavailable charge in the hot tank due to fewer hours of solar power available in
these months. These representative profiles extended to the concerned months are then
combined to form a whole year of load, which is then used to optimally size the chiller and
the storage.

Figure 3. Load identification of CSP through representative days to be extended over quarters for full
year representation.

3.2. Optimal Sizing of the Plant

Table 4 summarizes the optimal system characteristics obtained from the capacity
expansion model for the two configurations: CSP with chiller and CSP with chiller and
cold thermal storage.
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Table 4. Optimal characteristics.

Optimized Characteristics CSP + Chiller CSP + Chiller and Storage

Emax [kWhth] - 2,022,780
Pch

max [kW] 20,712 151,891

For the case without storage, no energy storage capacity is installed, as expected. The
optimal chiller capacity is sized at 20,712 kW, which is sufficient to directly meet the cooling
demand profile without temporal shifting.

In contrast, when cold thermal storage is introduced, the optimization results indicate
a substantial increase in both storage capacity and chiller capacity. The model installs
approximately 2.02 GWhth of storage energy capacity, along with a significantly larger
chiller capacity of 151,891 kW. This increase reflects the system’s strategy to decouple
cooling production from demand by shifting operation across time.

The optimized cold thermal storage capacity of approximately 2.02 GWhth corre-
sponds to an equivalent ice inventory of about 22,000 tonnes, or roughly 22,000–24,000 m3

of ice/water slurry depending on the storage configuration. Although this represents
a large installation, the concept is intended for utility-scale CSP plants, which already
accommodate extensive thermal storage infrastructure and large equipment footprints.
Consequently, the required storage size is considered compatible with the intended appli-
cation.

The larger chiller capacity in the storage case enables the system to operate intensively
during selected periods—typically when electricity prices are lower—producing excess
cooling that is stored for later use. The storage then discharges to meet the cooling load
during other periods, reducing the need for real-time chiller operation. This operational
flexibility explains the simultaneous scaling of both storage energy capacity and chiller
power capacity.

Overall, the results highlight that the integration of thermal storage fundamentally
changes the optimal system design, favoring higher installed capacities to exploit temporal
arbitrage opportunities in electricity prices and improve system-level economic perfor-
mance.

3.3. Weekly Profiles

Figure 4 illustrates the operational behavior of the system over a representative week
in April, comparing the configurations with CSP + chiller and CSP + chiller + storage.
The introduction of cold thermal storage fundamentally alters the system dynamics by
decoupling cooling production from demand. In the storage case, charging occurs in short,
high-intensity bursts, where excess cooling is produced and stored, while discharging takes
place over longer periods to meet the cooling load. This results in an asymmetric pattern,
with sharp charging peaks and more sustained discharging profiles, reflecting a strategy of
concentrated production followed by gradual utilization.

This behavior is further evident in the compressor power profile. Without storage,
the chiller operates at a relatively constant level, closely following the cooling demand
and maintaining steady electricity consumption. In contrast, the storage-enabled system
exhibits intermittent operation, with very high compressor power during charging periods
and near-zero operation during discharge periods. This indicates that the system shifts
cooling production to specific hours, rather than producing it continuously, thereby intro-
ducing significant operational flexibility. Although the storage-enabled configuration leads
to intermittent compressor operation, the charging strategy is based on a small number
of relatively long-duration charging events rather than frequent short cycling. Therefore,
excessive start–stop operation is not expected under the proposed dispatch strategy. Nev-
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ertheless, compressor start-up dynamics, mechanical fatigue, maintenance requirements,
and minimum up/down time constraints were not explicitly considered in the present
optimization and represent an important direction for future research. Incorporating these
operational constraints into the scheduling algorithm could further improve the practical
implementation of the proposed concept.

Figure 4. Sample week analysis of different parameters with storage (optimized size) and w/o
storage (baseline OPEX) where the dotted line shows the electricity price [EUR/kWh].

The impact of this shift is clearly visible in the hourly OPEX profile. In the absence
of storage, operating costs are moderate and relatively stable, reflecting continuous elec-
tricity use. However, with storage, OPEX becomes highly concentrated, with large cost
spikes corresponding to charging periods and minimal costs during discharge periods.
Consequently, the hourly savings profile shows alternating positive and negative values:
negative savings during charging hours due to increased electricity consumption, and
positive savings during discharge hours when stored cooling reduces the need for chiller
operation.

Overall, the integration of cold storage transforms the system from a demand-
following configuration into a temporally optimized system that concentrates production
into specific periods and relies on stored energy to meet demand. This results in higher
peak capacities and more variable cost patterns but enables strategic shifting of energy use
across time.

3.4. Annual Techno-Economic Assessment

Figure 5 presents the annual distribution of chiller compressor power for the two con-
figurations, CSP with chiller and CSP with chiller and storage. In the absence of storage,
the compressor operates predominantly at a nearly constant power level, as indicated by
the high frequency concentrated around approximately 20 MWel. This reflects a demand-
following operation, where the chiller continuously adjusts to meet the cooling load in real
time, resulting in stable and uniform utilization throughout the year.

https://doi.org/10.3390/thermo6030055
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Figure 5. Historgram of refrigeration cycle compressor power used over the full year.

In contrast, the introduction of cold thermal storage significantly alters the operating
profile. The compressor exhibits a bimodal distribution, characterized by a large number
of hours at or near zero power and a smaller number of hours at very high-power lev-
els, reaching up to approximately 150 MWel. This indicates that the system shifts from
continuous operation to an intermittent, high-intensity mode, where the chiller operates
at maximum capacity during limited periods to charge the storage and remains largely
inactive during the remaining hours while the stored cooling is used to satisfy demand.

This shift in the distribution highlights the role of storage in enabling temporal decou-
pling between production and consumption. While the non-storage case relies on steady
operation, the storage-enabled system concentrates cooling production into fewer hours,
increasing peak power requirements but reducing the total number of operating hours.
Consequently, the system transitions from a base-load-like operation to a more flexible,
peak-oriented strategy, which is consistent with the observed dispatch patterns and cost
dynamics discussed earlier.

The annual cumulative OPEX profiles clearly demonstrate the economic impact of
integrating cold thermal storage into the system. As shown in Figure 6, the configuration
with CSP and chiller exhibits a steadily increasing OPEX over the year, reflecting continuous
and relatively inflexible electricity consumption required to meet the cooling demand in
real time. In contrast, the CSP + chiller + storage configuration shows a consistently
lower cumulative OPEX trajectory. This divergence between the two curves increases
progressively over time, indicating that the benefits of storage accumulate throughout the
year. This effect is further highlighted in the cumulative OPEX savings plot, which shows
a monotonic increase in savings. The smooth and consistently upward trend indicates
that, despite short-term fluctuations in hourly operation—where storage may incur higher
costs during charging periods—the overall system benefits from sustained cost reductions.
These savings arise from the ability of storage to shift electricity consumption away from
less favorable periods and reduce reliance on continuous chiller operation. Together,
these figures confirm that cold thermal storage provides a significant long-term economic
advantage by enabling temporal optimization of system operation. While the storage-
enabled system introduces more variable and concentrated operating patterns, it ultimately
reduces total operating expenditures in a robust and cumulative manner over the annual
horizon.
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Figure 6. Cumulative OPEX comparison over the year for refrigeration w/o storage and with storage.

Figure 7 presents the average hourly OPEX savings as a function of month and hour
of the day for the CSP + chiller + storage configuration relative to the CSP + chiller case.
The heatmap reveals a distinct temporal pattern in the economic performance of storage.
Negative savings (shown in red) are concentrated around midday hours, particularly
between approximately 10:00 and 13:00, across most months. These periods correspond to
storage charging events, during which the system operates the chiller at high power levels,
leading to increased electricity consumption and thus higher operating costs compared to
the non-storage case.

Figure 7. Hourly OPEX saving over months of the year starting from January to December.
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In contrast, positive savings (shown in blue) are observed predominantly during early
morning and evening hours, where the system benefits from discharging stored cooling
and reducing the need for real-time chiller operation. These periods exhibit consistent cost
reductions, indicating that storage effectively offsets electricity consumption during times
when direct operation would otherwise incur higher costs. Seasonal variations are also
evident, with stronger positive savings in certain months, reflecting the interaction between
the load profile and electricity price dynamics.

Overall, the heatmap highlights the fundamental economic mechanism of cold storage:
it shifts energy consumption from periods of higher marginal cost to more favorable periods,
albeit at the expense of localized cost increases during charging. The net effect, as shown in
the cumulative results, is a significant overall reduction in annual operating expenditures.

Table 5 presents the final annual economic comparison between the CSP + chiller and
CSP + chiller + storage configurations. The inclusion of cold thermal storage leads to a
higher initial capital investment, increasing CAPEX from 200.7 M€ to 265.9 M€, which is
also reflected in the higher annualized CAPEX. However, this increase in investment is
offset by a substantial reduction in operating costs, with annual OPEX decreasing from
38.7 M€ to 26.4 M€. Notably, the annual revenue remains unchanged at 93.5 M€ for both
configurations, as it is primarily driven by CSP generation, which is identical in both cases.

Table 5. Economic comparison of CSP + Chiller and CSP + Chiller and storage.

Economical Parameters [M€] CSP + Chiller CSP + Chiller and Storage

Initial CAPEX 200.7 265.9
Annualized CAPEX 14.2 18.8

Annual Revenue (For base CSP 65.4 M€) 93.5 93.5
Annual OPEX 38.7 26.4

Annual Operating Cash Flow 54.8 67.09
Annual Profit 40.5 48.2

NPV 571.7 679.5

As a result of the reduced operating expenditures, the storage-integrated system
achieves a significantly higher annual operating cash flow, increasing from 54.8 M€ to
67.09 M€. After accounting for capital costs, this translates into an increase in annual
profit from 40.5 M€ to 48.2 M€. The long-term financial performance further confirms the
advantage of storage, with the net present value (NPV) rising from 571.7 M€ to 679.5 M€.

Overall, despite the higher upfront investment, the CSP + chiller + storage configura-
tion demonstrates superior economic performance due to its ability to reduce operating
costs through temporal optimization. This confirms that the integration of cold thermal
storage provides a robust financial benefit at the system level over the project lifetime.

3.5. Comparison with the Base Case

Figure 8a,b present the impact of system configuration on CSP-driven economic
performance, comparing the baseline CSP, CSP + chiller, and CSP + chiller + storage cases
in terms of hourly net revenue and cumulative annual profitability.
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(a) 

 
(b) 

Figure 8. Cumulative revenue comparison of CSP and CSP flex(for both with storage and without
storage configurations). (a) shows the weekly net revenue generation according the electricity price
market (b) shows the annual cumulative revenue generation.

The hourly net revenue profile over a representative April week reveals fundamental
differences in how CSP generation is utilized across the three configurations. In the baseline
CSP case, the net revenue follows a smooth and strictly positive profile, directly reflecting
electricity generation and market prices, with no internal consumption. When the chiller is
introduced, the net revenue is consistently reduced relative to the baseline, as a portion of
the generated electricity is diverted to operate the chiller, thereby reducing the amount of
electricity available for sale. This results in a downward shift of the revenue curve while
maintaining a relatively stable shape.

In contrast, the CSP + chiller + storage configuration exhibits a highly dynamic revenue
profile. While peak revenues exceed those of both other configurations, indicating more
effective utilization of CSP generation. This is accompanied by pronounced negative
spikes. These negative values occur during periods of intensive storage charging, where
electricity consumption by the chiller exceeds the instantaneous CSP generation, leading
to net electricity purchases from the grid. This reflects a deliberate operational strategy in
which the system incurs temporary losses to enable later gains through stored cooling.

These short-term dynamics are reconciled in the cumulative annual results. As shown
in Figure 8b the baseline CSP and CSP + chiller + storage configurations achieve similar
cumulative revenue-minus-OPEX trajectories, with the storage case ultimately slightly
outperforming the baseline. In contrast, the CSP + chiller case without storage consistently
underperforms both alternatives, resulting in a significantly lower cumulative value by the
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end of the year. This demonstrates that, while the introduction of a chiller alone reduces the
economic value of CSP generation due to continuous internal consumption, the addition of
storage restores and even enhances overall system performance.

The cumulative curves highlight an important insight: although the storage-enabled
system experiences intermittent negative revenue periods, these are offset by higher pos-
itive returns during other periods, leading to a net gain over the annual horizon. This
confirms that storage enables a form of temporal arbitrage, allowing CSP generation to be
effectively “reallocated” across time. As a result, the CSP + chiller + storage configuration
not only mitigates the efficiency loss introduced by the chiller but also leverages operational
flexibility to slightly surpass the baseline CSP case in long-term profitability.

Overall, these results emphasize that from a CSP-centric perspective, the integration of
cold storage is essential to preserving and enhancing economic performance when cooling
demand is introduced. Without storage, the coupling of CSP with a chiller leads to a
structural reduction in value, whereas the addition of storage transforms the system into a
flexible, time-optimized configuration capable of achieving superior economic outcomes
despite increased operational variability.

4. Discussion
The results presented across the operational, economic, and temporal analyses consis-

tently demonstrate that the integration of cold thermal storage fundamentally transforms
the behavior and performance of the CSP-based cooling system. This transformation is
evident in the dispatch patterns, cost structures, and overall economic outcomes when
comparing the three configurations: baseline CSP, CSP + chiller, and CSP + chiller + storage.

From an operational perspective, the system without storage exhibits a demand-
following behavior, where the chiller operates continuously at a relatively stable power
level to directly meet the cooling load. This results in a narrow distribution of compressor
power and a smooth OPEX profile over time. In contrast, the introduction of storage leads
to a highly intermittent operating regime. The chiller operates in short, high-intensity
bursts to charge the storage, followed by extended periods of low or zero operation during
which the stored cooling is used to meet demand. This behavior is reflected in the bimodal
distribution of compressor power, the sharp charge/discharge cycles, and the highly
concentrated OPEX spikes observed in the storage case.

Economically, this shift in operation introduces a clear trade-off between short-term
costs and long-term gains. The hourly and weekly analyses show that the storage-enabled
system experiences periods of significantly negative net revenue during charging events,
where electricity consumption exceeds CSP generation. However, these losses are compen-
sated by periods of enhanced positive revenue when stored cooling reduces the need for
real-time electricity consumption. This temporal redistribution of costs is clearly captured
in the heatmap of hourly OPEX savings, where charging hours consistently show negative
savings and discharging hours exhibit positive savings.

When evaluated over the full year, the benefits of storage become evident. The
cumulative OPEX curves show a steadily increasing gap between the CSP + chiller and CSP
+ chiller + storage configurations, with the latter achieving substantial total savings. This is
further confirmed by the monotonic increase in cumulative OPEX savings, indicating that
the advantages of storage accumulate consistently over time despite short-term fluctuations.
These operational savings translate directly into improved financial performance, as seen
in the higher annual cash flow, profit, and net present value (NPV) for the storage-enabled
system.

From the CSP-centric perspective, the results highlight an important distinction. The
CSP + chiller configuration reduces the economic value of CSP generation, as a portion
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of the generated electricity is continuously consumed by the chiller, leading to lower net
revenue and cumulative returns. In contrast, the CSP + chiller + storage configuration
restores and slightly enhances CSP value by enabling temporal flexibility. Although the
hourly net revenue profile becomes more volatile—with both higher peaks and deeper
troughs—the cumulative revenue-minus-OPEX curve shows that the storage case ultimately
outperforms the chiller-only configuration and closely matches or slightly exceeds the
baseline CSP case.

A critical factor underlying these results is the structure of the electricity price signal.
In the current analysis, electricity prices remain strictly positive and do not exhibit extreme
variability or negative values. As a result, the economic benefit of storage is primarily
derived from reducing total electricity consumption rather than exploiting strong price
arbitrage opportunities. This limits the revenue potential of the storage system, particularly
during charging periods, where electricity must be purchased at a positive cost. Conse-
quently, the storage system achieves reduced costs (lower OPEX) rather than significantly
enhanced revenue streams.

If the electricity market exhibited stronger price volatility or included negative pricing
periods, the role of storage would become even more advantageous. Under such conditions,
the system could generate additional revenue by charging storage during negative price
periods, effectively being compensated for electricity consumption. This would transform
storage from a cost-reduction mechanism into a direct revenue-generating asset, further
improving the economic performance of the CSP + chiller + storage configuration and
potentially creating a clear advantage over the baseline CSP case.

Finally, it is important to note that the current analysis does not account for the
potential value of cold energy as a standalone service. In practice, stored cooling could be
directly supplied to external consumers such as data centers, industrial facilities, or district
cooling networks. Incorporating such revenue streams would significantly enhance the
economic attractiveness of the storage system, as it would allow the system to monetize
not only electricity-based arbitrage but also the delivery of thermal energy services. This
additional value stream could further justify the higher capital investment associated
with storage and shift the system from a cost-optimization framework to a multi-revenue,
service-oriented model.

In summary, the results demonstrate that while CSP + chiller alone reduces system
efficiency and economic performance, the integration of cold thermal storage enables a
flexible, time-optimized operation that significantly improves overall outcomes. The extent
of these benefits, however, is closely tied to electricity price dynamics and the inclusion
of additional revenue streams, suggesting that the full potential of such systems is best
realized in markets with high price variability and in applications where cooling demand
itself can be monetized.

5. Conclusions
This study demonstrates the technical and economic potential of repurposing existing

CSP plants through the integration of cold thermal energy storage within a Thermally
Integrated PTES framework. The results consistently show that while the addition of a
chiller alone reduces the economic value of CSP generation due to continuous internal
electricity consumption, the incorporation of cold storage fundamentally transforms system
operation and restores, and in some cases enhances, overall economic performance.

From an operational standpoint, the system transitions from a demand-following con-
figuration to a temporally optimized system characterized by intermittent, high-intensity
chiller operation. The storage-enabled configuration decouples cooling production from
demand, enabling concentrated charging periods and extended discharge phases. This be-
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havior is clearly reflected in the compressor power distribution, storage charge/discharge
cycles, and the observed OPEX patterns, which shift from smooth and continuous to highly
concentrated and time-dependent.

Economically, this transformation introduces a trade-off between short-term ineffi-
ciencies and long-term gains. The storage system incurs higher costs during charging
periods, as evidenced by negative hourly net revenue values; however, these are offset by
reduced operating costs during discharge periods. Over the annual horizon, this results in
substantial cumulative OPEX savings and improved financial metrics. The CSP + chiller
+ storage configuration achieves lower total operating costs, higher annual profit, and a
significantly increased net present value (NPV) compared to the CSP + chiller case, thereby
demonstrating the economic viability of the proposed concept.

From the CSP perspective, the results highlight a critical insight: without storage,
coupling CSP with cooling demand reduces the value of generated electricity, whereas
the addition of storage enables temporal flexibility that recovers and enhances system
performance. The cumulative revenue-minus-OPEX analysis confirms that the storage-
enabled system can match or slightly outperform the baseline CSP configuration, despite
increased operational variability.

However, the extent of these benefits is strongly influenced by electricity market
conditions. In the present study, electricity prices remain strictly positive and exhibit
limited volatility. As a result, the storage system primarily acts as a cost-reduction mecha-
nism rather than a revenue-generating asset. In markets with higher price variability or
the presence of negative price periods, the system could exploit arbitrage opportunities
more effectively, potentially generating additional revenue during charging phases and
significantly improving overall profitability.

It is also important to note that the current analysis does not account for the potential
monetization of cold energy as a standalone service. In practical applications, stored cooling
could be directly supplied to external consumers such as data centers, industrial facilities,
or district cooling networks. The inclusion of such revenue streams would further enhance
the economic attractiveness of the system and could fundamentally shift its role from cost
optimization to multi-service value generation.
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Abbreviations
The following abbreviations are used in this manuscript:

Abbreviation Definition
CAPEX Capital expenditure
CB Carnot Battery
CC Charging Cycle
CHP Combined Heat and Power
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COP Coefficient of performance
CSP Concentrating Solar Power
CTES Cold thermal energy storage
DC Discharging Cycle
ENTSOE European Network of Transmission System Operators for Electricity
FLEX CSP Flexible Concentrating Solar Power Plant
MILP Mixed-Integer Linear Programming
NPV Net present value
OPEX Operating Expenditure
PTES Pumped thermal energy storage
PV Photovoltaic
PyPSA Python for Power System Analysis
RESs Renewable energy sources
SOC State of charge
TES Thermal energy storage
TI-PTES Thermally Integrated Power-to-Heat-to-Power Energy Storage
Symbol Description Unit
E Cold thermal energy stored kWhth

Emax Maximum cold thermal storage energy capacity kWhth

P Power kW
Pmax Maximum refrigeration charging power kW
Pch Charging power kW
Pch,max Maximum allowable charging power kW
Pdis Discharging power kW
SOC State of charge of the cold thermal storage kWhth

SOCt State of charge at time step t kWhth

SOCt+1 State of charge at time step t + 1 kWhth

COP Coefficient of performance of the refrigeration cycle –
η Charging/discharging efficiency –
ηCC Charging efficiency –
ηDC Discharging efficiency –
ηCC/DC Round-trip charging/discharging efficiency –
λ Thermal loss coefficient h−1

r Discount rate –
n Project lifetime years
CRF Capital recovery factor –
Q Thermal energy or cooling load kWth or kWhth

Qload Required cooling demand kWth

Qstorage Stored cold thermal energy kWhth

Pel Electrical power consumed by the compressor kWel

Pcomp Compressor electrical power kWel

R Annual revenue €/year
T Temperature ◦C
Thot Hot molten salt temperature ◦C
Tcold Cold molten salt temperature ◦C
Tcoolant Coolant (ice/water) temperature ◦C
Tcond Condensation temperature ◦C
pcond Condensation pressure bar
ṁ Mass flow rate kg/s
m Mass kg
V Volume m3

cp Specific heat capacity kJ/(kg·K)
h Specific enthalpy kJ/kg
t Time index h
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∆t Simulation time step h
πe Electricity price €/kWh
λloss Hourly storage heat loss factor h−1
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