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Kurzfassung: Carnot batteries (CB) are discussed as large-scale electricity storage systems 

that can simultaneously provide heat and cold. However, their performance is constrained by 

operation imbalance and export imbalance, which arise from the mismatch between charging 

and discharging efficiencies and from temperature mismatches between storage and thermal 

consumers. This work presents a systematic analysis of these imbalance mechanisms and 

evaluates their impact on three CB concepts. 

Based on the Lorentz equation and the given storage temperatures of the three CB, the 

individual subsystem’s performances are derived. From the given roundtrip efficiencies (RTE) 

quality factors are derived. The operation imbalance is considered as surplus heat, quantified 

analytically as a function of coefficient of performance (COP) and RTE. Export imbalance is 

assessed by comparing storage temperature profiles with representative heat consumer 

temperature profiles. The analysis covers low-temperature transcritical CO₂ systems as well 

as high-temperature molten-salt-based concepts such as Water-Rankine and Air-Brayton. 

The results show that low-temperature systems achieve high COP and thus comparatively low 

operation imbalance. High-temperature systems exhibit pronounced operation imbalance, 

which must be managed through heat export or dissipation. While the former increases overall 

energy utilization, export imbalance limits the usable fraction, particularly for low-temperature 

systems. Perfect balance requires an exact match between storage and consumer 

temperature profiles; a condition rarely met in practice. 

The findings highlight that imbalance is a central design constraint for CB. Meaningful 

assessment of CB performance therefore requires joint consideration of operational strategy, 

temperature level, and heat integration from the earliest design stages. 

Keywords: Thermal Export, Electricity Storage, Trigeneration, Mixed-Integer Linear 

Programming 
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1 Introduction 

Achieving climate neutrality requires a fundamental transformation of the energy sector, with 

a significant expansion of renewable but fluctuating electricity generation. To ensure supply 

security, these intermittent sources must be complemented by large-scale energy storage 

systems [1]. The Carnot Battery (CB) is a promising and scalable concept which converts 

electricity into thermal energy and back, while also enabling direct heat and cold exports. CBs 

are proposed as an alternative to large-scale electrical energy storage systems such as 

pumped hydro energy storage or compressed air energy storage, as the components used are 

well scalable, both in terms of size and cost, and do not have any specific geographical 

requirements [2]. 

The charging phase deploys electrical heaters or heat pumps. The discharging phase can 

deploy a range of heat engine technologies, typically Rankine- or Brayton-cycle based [3]. A 

good overview of CB is given in [4]. 

A schematic graphical representation of a CB is displayed in Figure 1. 

 

Figure 1 Schematic representation of CB 

If the charging cycle of the CB uses a heat pump process, typically thermal energy storage is 

considered at the hot and cold end of the process. A key challenge during operation of these 

systems is the imbalance, a thermal asymmetry between the hot and cold storage capacity 

resulting from different cycles for the charging and the discharging process, machine 

inefficiencies and pinch point temperature differences within the heat exchangers (among 

others) as well as unmatched thermal profiles during thermal exports (if present). These origins 

of imbalance can be classified in two categories: operation imbalance and export imbalance. 

A schematic representation of both types of imbalances is displayed in Figure 2. 

  ar in  isc ar in 

 i   

 emperature

 o  

 emperature

 lectrical

po er

 lectrical

po er

 mport and e port of  eat

 mport and e port of cold



19. Symposium Energieinnovation, 11.-13.02.2026, Graz/Österreich  

   

Seite 3 von 12 

 

Figure 2 Schematic representation of a) operation imbalance, b)  

For the operation imbalance, the unmatched heat-to-cold ratios of the charging and 

discharging process leads to an inherent surplus of heat. As a result, two different effects can 

be observed: first, if the hot storage is undersized or equally sized compared to the cold 

storage, the hot storage would run full; second, for an oversized hot storage compared to the 

cold storage, the cold storage would run full. An equally sized storage system here refers to a 

capacity ratio between hot and cold storage equal to the coefficient of performance (COP) of 

the heat pump process. To move the system back into equilibrium, there are three options: 

1) discharge to the environment, 

2) export to a heat consumer, 

3) compensation by an additional refrigeration system. 

However, as the latter adds more complexity to an already complex system, it is not further 

evaluated at this stage. If a heat pump-based CB system is connected to a heat consumer, the 

inherent operation imbalance can be leveraged for further earnings for the system operator. If 

considered as a pure electricity storage system, however, this surplus heat must be considered 

as an additional loss, which reduces the effective COP, the overall round-trip efficiency (RTE) 

and economic performance of the system. Although operation imbalance is widely known and 

accounted for in literature, a systematic assessment across CB concepts is still missing. Thus, 

the present study will fill this gap by analysis the operation imbalance of three representative 

configurations: transcritical CO2, Air-Brayton and Water-Rankine. 

In case of a thermal export, an additional source of imbalance might occur: the export 

imbalance. Principally, thermal export imbalance can occur only on the hot side. In case of hot 

thermal export, if the hot storage temperature profile does not match the temperature profile 

of the heat consumer, namely if the return temperature of the heat consumer is higher than the 

“cold”  ot stora e temperature, additional heat must be discharged. If the export imbalance is 

not disc ar ed, t e “cold”  ot stora e temperature  ould increase in temperature,   ic  

reduces the effective storage capacity and negatively affects the charging and the discharging 

process performance of the CB. In case of present temperature glides on the hot end of the 
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CB process (for example for transcritical CO2 or Brayton-based processes), this would lead to 

exergy destruction as the thermal profiles would further diverge. 

Export imbalance is conceptually introduced by Sanz Garcia et al. [5]. They investigated the 

impact of export imbalance on the effective COP of the thermal export as a function of supply 

and return temperature of the heat consumer. They found that export imbalance increases with 

both return and supply temperature. However, if the system design is fixed and the hot storage 

temperature is sufficiently high, the export imbalance should be independent1 of the supply 

temperature. The authors claim that the supply temperature has an impact on the required 

pressure ratio of the charging cycle. While this is correct, it indicates that the authors optimized 

each cycle to the respective heat consumer temperature profile. The associated RTE of these 

cycles is missing. Thus, no general conclusion for a bi-generation system can be drawn. This 

work aims to close that gap. 

2 Methods 

The objective of this work is to perform a theoretical assessment of imbalance effects in heat 

pump-based CBs. As all three investigated systems exhibit sensible heat transfer, the Lorentz 

equation is employed and evaluated for different quality factors (𝜗), storage temperatures (Th 

and Tc) to evaluate RTE of the systems. 

𝜂L,ch =
𝑇m,h

𝑇m,h − 𝑇m,c
 (1) 

𝜂L,dc =
𝑇m,h − 𝑇m,c

𝑇m,h
 (2) 

𝑇m,h =
𝑇hh − 𝑇hc

ln(𝑇hh) − ln(𝑇hc)
 (3) 

𝑇m,c =
𝑇ch − 𝑇cc

ln(𝑇ch) − ln(𝑇cc)
 (4) 

The Lorentz equation can be multiplied with the quality factor 𝜗, leading to the efficiencies of 

the charging and the discharging process: 

𝐶𝑂𝑃 = 𝜂L,ch ∙ 𝜗 (5) 

𝜂HE = 𝜂L,dc ∙ 𝜗 (6) 

𝜗 is representing all losses such as finite temperature difference within the heat exchangers, 

machine efficiencies, etc. 

The theoretical RTE of the system can be assessed by the following formula: 

𝑅𝑇𝐸theo = 𝐶𝑂𝑃 ∙ 𝜂HE (7) 

 
1 In case of sensible heat transfer and non-constant fluid properties, the supply temperature 

might have an impact when finite temperature differences are considered within the heat 

exchangers. 
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A formula for operation imbalance, 𝑄̇imb,operation, is derived by comparing the heat-to-cold-

ratios of the charging and the discharging process: 

𝑄̇imb,operation = 𝑄̇c|ch ∙ (
𝑄̇h

𝑄̇c

|
ch

−
𝑄̇h

𝑄̇c

|
dc

) = 𝑃ch ∙ (𝐶𝑂𝑃 − 1) ∙ (
𝐶𝑂𝑃

𝐶𝑂𝑃 − 1
−

1

1 − 𝜂HE
)

= 𝑃ch ∙
1 − 𝑅𝑇𝐸

𝐶𝑂𝑃 − 𝑅𝑇𝐸
 

(8) 

Assuming that the same cold power shall be produced/used in the charging/discharging cycle, 

the surplus heat (𝑄̇imb,operation) can be calculated. In the representation of Equation (8), 

𝑄̇imb,operation accounts for surplus heat, which needs to be discharged to the environment 

within the charging process. The position of surplus heat discharge can be different, for 

example in the discharge cycle. However, the impact on cycle performance is minor [6]. 

The operation imbalance-adjusted RTE (oi-adj) of a system can be assessed by the following 

formula: 

𝑅𝑇𝐸oi−adj = (𝐶𝑂𝑃 −
1 − 𝑅𝑇𝐸

𝐶𝑂𝑃 − 𝑅𝑇𝐸
) ∙ 𝜂HE (9) 

For better reference, three systems will be exemplary compared based on commercial 

architectures: a transcritical CO2-based system (tCO2, ETES design of Everllence [5]), a 

water-steam-based system (Water-Rankine, SEMS design of Malta [7]) and an air-based 

Brayton system (Air-Brayton, OPTES design of Storasol [8]). The associated information is 

displayed in Table 1. 

Table 1 KPI of investigated storage systems 

System Hot 

medium 

Thh 

[K] 

Thc 

[K] 

Cold 

medium 

Tch 

[K] 

Tcc 

[K] 

RTE 

[%] 

Ref. 

tCO2 Press. water 423 288 Ice / Glycol 270 266 40-60 [5] 

Rankine Molten salt 838 553 Press. water 363 393 >55 [7] 

Brayton Molten salt 823 495 n/a 300 180 66 [8] 

 

Export imbalance is assessed by comparing the return temperature (Tr) of the export process 

 it  t e “cold” (Thc  and “ ot” (Thh) hot storage temperature (in Figure 1 illustrated for a thermal 

export from the hot storage) according to the following equation: 

𝑄̇imb,export = 𝑄̇h,ch ∙
𝑄̇export

𝑄̇storage

= 𝑄̇h,ch ∙
∫ 𝑐p(𝑇)𝑑𝑇
𝑇r
𝑇hc

∫ 𝑐p(𝑇)𝑑𝑇
𝑇hh
𝑇hc

 (10) 

However, this analysis is highly system and heat consumer dependent. As a result, the 

analysis of the thermal export imbalance will be demonstrated on a specific system layout 

taken from literature, namely the tCO2-based Carnot battery system, which is envisioned as a 

trigeneration system [2][3][5]. 
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3 Results 

This section comprises the individual results obtained from the analysis of operation imbalance 

and export imbalance. 

3.1 Operation Imbalance 

As indicated by Equation  (8), an analysis of operation imbalance requires knowledge not only 

of the performance on system level but also on subsystem level. Evaluating the given 

temperatures of the hot and cold storage media (presented in Table 1), Equation  (1) and 

Equation  (2) can be used to identify the subsystem’s ideal performance. The results are given 

in Table 2. 

Table 2 Calculated subsystem performance 

System 𝜂L,ch [-] 𝜂L,dc [-] 

tCO2 4.22 0.24 

Rankine 2.24 0.45 

Brayton 1.57 0.64 

Assuming an equal distribution of inefficiencies from the ideal system performance, the quality 

factor is equal to the square root of the given RTE. The results are presented in Table 3. 

Table 3 Calculated quality factors 

RTE [-] 0.4 0.5 0.6 0.7 

𝜗 [-] 0.63 0.71 0.77 0.84 

The ideal system’s performance can now be combined with different quality factors to obtain 

t e real system’s and subsystem’s performance using Equation  (5) and Equation  (6). 

In the next step, the operation imbalance can be calculated following Equation  (8) and the 

RTEoi-adj can be calculated following Equation  (9). The results are displayed in Figure 3. 

The x-axis shows the calculated COP of the three investigated systems, the y-axis shows RTE 

(both RTEtheo and RTEoi-adj). The calculated imbalance is displayed by means of a heat map. 

Moreover, four dashed lines indicate the four RTEtheor investigated. The markers are 

associated with the lines in ascending order: the lowest marker connects with the lowest 

dashed line and the highest marker connects with the highest dashed line. 
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Figure 3 Calculated charging performance, operation imbalance and RTEoi-adj 

Figure 3 displays the general relationship between operation imbalance, COP and RTE: 

Generally, operation imbalance increases for low COP and for low RTE. The impact of COP is 

more pronounced compared to RTE. The relative impact of COP increases the higher RTE. 

As a result, high temperature systems such as Brayton and Rankine suffer from high imbalance 

due to the comparatively low COP. This becomes exceptionally obvious for the Brayton 

system: the imbalance ranges between 49-100 %, resulting in a significant reduction of RTE 

up to a value of 0. This is trivial given the fact that principally no cold is produced if the COP 

approaches 1. This finding is less pronounced for the Rankine system as the COP is generally 

higher given the lower temperature lift (compare Table 1). For the Rankine system, imbalance 

ranges between 26-59 %, which reduces RTE down to 23-60 %. The lowest imbalance can be 

seen for the high COP system, namely the tCO2 system. Imbalance ranges between 15-26 %, 

thus RTE reduces to 36-57 %. 

An overview of the development of RTEtheo, RTEoi-adj as well as the relative reduction is given 

in Table 4. 

Table 4 Comparison of RTEtheo, RTEoi-adj and relative reduction for the three investigated systems 

System RTEtheo [%] RTEoi-adj [%] ΔRTE [%] 

Brayton 40-70 0-48 37-100 

Rankine 50-70 35-60 14-29 

tCO2 40-60 0-44 5-10 
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3.2 Export Imbalance 

As indicated by Equation (10), an analysis of the export imbalance requires substantial 

knowledge on the thermal export temperature profile as well as on the system temperatures, 

specifically the storage temperatures, potentially also the medium of the intermediate loop if 

the storage cannot be accessed directly by the heat consumer. As these variables are objective 

to optimization studies, this study can only serve as an indication of the impact of export 

imbalance on the system performance. 

The system under investigation is a tCO2 CB. As specified in Table 1, the hot storage medium 

is (pressurized) hot water operated between 15-150 °C. As an example, thermal export to a 

district heating network is investigated. This example seems plausible as the thermodynamic 

properties of CO2 favor sensible heat transfer. Once the thermal storage temperatures are 

defined, the export imbalance depends only on the return temperature of the heat consumer. 

The export imbalance is investigated for two return temperatures: 45 and 65 °C, which 

correspond to comparatively new and old district heating networks, respectively. The export 

imbalance can then be applied to the COP of the system to evaluate the effective performance 

of the thermal export (COPeff). The results of this analysis are displayed in Figure 4.  

 

Figure 4 Export imbalance and effective thermal export     as function of heat consumer’s return temperature 

The x-axis shows the return temperature of the heat consumer. The left y-axis shows the export 

imbalance, the right y-axis shows COPeff. The three colored lines represent the COP 

associated with the three RTE investigated. 

As expected, the COPeff suffers the higher the return temperatures as more heat needs to be 

discharged. While the export imbalance is around 22 % for a return temperature of 45 °C, it 

increases to around 37 % for a return temperature of 65 °C. As a result, COPeff decreases to 

around 1.7-2 from 2.7-3.3. 
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4 Discussion 

In this section, the results presented in Chapter 3 shall be discussed. 

4.1 Operation Imbalance 

From the simple analysis presented in Chapter 3.1, it becomes clear that the choice of system 

and thus temperature has a significant impact on the operation imbalance, thus on the use 

case of the system. For a pure electricity storage system, the operation imbalance should be 

minimized to maximize the utilization of the heat produced, thus maximizing RTEoi-adj. To 

ac ieve t is, t o options e ist: first, t e system’s COP should be maximized, which leads to a 

low temperature system such as the tCO2 system. The second option suggests RTE 

maximization through more efficient subsystems, which leads to the Rankine system and 

generally to more complex systems, thus higher equipment cost.  

Given the fact that typical high-temperature heat pumps can reach quality factors up to 70 % [9] 

and power generation technologies can reach quality factors up to 76 %2 , the high quality 

factor of 84 % seems ambitious. 

For a bi-generation system, meaning electrical and thermal export, the operation imbalance 

can be provided to a heat consumer. However, several challenges remain: The temperature 

profile of the operation imbalance and the heat consumer must match for an efficient provision. 

In the first place, this considers that the supply temperature of the heat consumer is well below 

the hot storage temperature of the CB. In the second place, the penalty of export imbalance 

must be evaluated carefully. Another challenge is that the demand and supply of heat might 

diverge: The availability of surplus heat from the CB is coupled to its operational profile on the 

electricity side, particularly the charging process. Assuming that CB are considered as a (multi-

) day storage system, charging might occur during times when there is vast renewable power 

generation within the electricity grid, for example during the day for PV. This gives a day-night 

schedule to the operation imbalance availability. Although the heat storage disconnects 

demand and supply, it must be considered that the surplus heat can also decrease the flexibility 

of t e    as it “occupies” usable capacity  it in t e stora es for re-electrification. As a result, 

it is suggested that the heat consumer should be sufficiently large and not rely solely on the 

CB operation imbalance. Consequently, the heat consumer must deploy additional heat 

generators to comply with security of supply requirements. However, it is questionable if such 

a  eat consumer  ould pay t is “unplanned”  eat supply as it mi  t disrupt its o n  eat 

generation schedule. 

4.2 Export Imbalance 

Thermal export imbalance strongly depends on the match between the hot storage 

temperature profile and t e  eat consumer’s return temperature. For t e  i  -temperature 

systems investi ated, t e  ot stora e medium is molten salt, t us t e “cold”  ot stora e 

 
2 Evaluated based on Carnot equation, turbine inlet temperature of 1600 °C [10], ambient 

temperature of 15 °C and combined cycle efficiency of 64 % [11]. 
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temperature is around 260 °C, which covers a wide range of industrial heat demands [9]. In 

such cases, thermal export imbalance is less critical, as the stored heat can be used directly. 

For low-temperature systems such as tCO2, the situation is fundamentally different as the 

“cold” hot storage temperature must be chosen as low as possible for RTE maximization [5]. 

This implies that t e return temperature of a  eat consumer  ill be likely bet een t e “cold” 

and “ ot”  ot stora e temperature.  t follo s t at low-temperature Carnot batteries are 

particularly sensitive to the choice of heat consumers and their operating temperature levels. 

As a result, the export temperature profiles should be considered already during the design 

process, which leads to customized solutions with challenges for standardization and thus 

higher investment cost. 

Operation imbalance generates surplus heat that can, in principle, be exported. However, this 

surplus is subject to export imbalance if the temperature profiles do not match. For example, 

for tCO2, operation imbalance is between 15-26 %, which must be scaled with the export 

imbalance (22-37 % . As a result, t e “real” imbalance loss is only around 3-10 %, while 12-

16 % of operation imbalance can be exported to the consumer, effectively increasing the 

combined-heat-and-power efficiency. However, it follows that a perfect balance can only be 

ac ieved if t e stora e temperature profiles matc  t e  eat consumer’s temperature profile 

exactly. This condition is rarely met in practice, implying that a certain degree of imbalance is 

unavoidable in case of a bi-generation system.  

True balance between hot and cold storage can only be achieved if both, heat and cold, are 

exported in a ratio that compensates operation and export imbalance simultaneously. In 

practice, this requires heat and cold consumers with sufficient capacity or flexibility in their 

demand profiles, e.g., by the introduction of storages. Such conditions are difficult to 

guarantee, as operation imbalance depends on the electricity market-driven operating profile 

of the CB rather than on heat consumer heat demand profile. 

As a result, providing a controlled discharge path for surplus heat to the environment increases 

operational flexibility. It decouples electricity storage operation from heat demand profiles and 

allows the system to follow electricity price signals more closely. However, this flexibility comes 

at the cost of additional losses, which directly reduces the effective RTE.  

5 Conclusion 

This work analyzes operation and export imbalance in Carnot battery (CB) systems, which use 

heat pumps for charging, and shows that imbalance is not a secondary effect but a defining 

characteristic that strongly shapes feasible use cases. The results demonstrate that system 

temperature level, subsystem performance, and the intended mode of operation, pure 

electricity storage versus combined electricity and heat export, jointly determine achievable 

roundtrip efficiency (RTE). 

The analysis is based on a unified, thermodynamically consistent framework using the Lorentz 

equation combined with realistic quality factors for the performance of the charging and 

discharging process. This approach enables a transparent comparison across system 

concepts while maintaining a clear link between idealized limits and practical performance. 

Operation imbalance is quantified analytically from RTE and COP, while export imbalance is 

evaluated by comparing storage temperature profiles with heat consumer return temperatures. 



19. Symposium Energieinnovation, 11.-13.02.2026, Graz/Österreich  

   

Seite 11 von 12 

This separation allows the combined impact of both imbalance mechanisms to be assessed 

without relying on detailed component-level models. 

The results show that minimizing operation imbalance is essential for pure electricity storage 

applications, favoring low-temperature systems with high COP. However, low-temperature 

systems generally exhibit lower RTE given the low share of exergy stored [3]. High-

temperature systems, however, exhibit higher RTE but suffer from higher operation imbalance. 

If connected to a heat consumer, a significant fraction of operation imbalance can be exported 

as useful heat. In low-temperature systems, export imbalance can reduce the usable share of 

operation imbalance as well as heat export, whereas high-temperature systems benefit from 

broader compatibility with the required temperature of industrial heat demands. Even under 

favorable conditions, perfect balance remains unlikely, as operation imbalance follows 

electricity market-driven charging patterns rather than heat demand. Providing an 

environmental heat rejection path increases operational flexibility but reduces effective RTE. 

The results suggest that neither low- and high-temperature systems should be operated solely 

as electricity storage but integrate heat export considerations from the outset to maximize the 

utilization of t e c ar ed ener y. “ ommercial” systems follo  t is approac  [5][7]. 

Future work should extend the methodology beyond the Lorentz-based approximation to cycle-

specific models that better capture real operating characteristics. In addition, flexible operation 

under realistic dispatch, including start-up, shut-down, and dynamic load changes, must be 

analyzed to quantify imbalance and loss mechanisms under non-steady conditions.  

6 Nomenclature 

Abbreviations 

Symbol  Name 

Brayton  Brayton-based Carnot battery 

CB  Carnot battery 

Rankine  Rankine-based Carnot battery 

tCO2  Transcritical CO2 

 

Greek Symbols 

Symbol Unit Name 

𝜂 - Efficiency 

𝜗 - Quality factor 

 

Latin Symbols 

Symbol Unit Name 

𝑄̇ W Thermal power 

cp kJ/kgK Specific heat capacity at constant pressure 

T K Temperature 

P W Electrical power 

RTE - Roundtrip efficiency 

COP - Coefficient of Performance 

 

Subscripts 

Symbol  Name 

c  Cold 

ch  Charging process 
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dc  Discharging process 

eff  Effective 

export  Export 

h  Hot 

HE  Heat engine 

hh  „ ot“  ot stora e temperature 

imb  Imbalance 

L  Lorentz 

oi-adj  Operation imbalance adjusted 

r  Return 

s  Supply 

theor  Theoretical 

7 References 

[1] Sterner, M., & Stadler, I. (Hrsg.). (2017). Energiespeicher – Bedarf, Technologien, Integration. 

Berlin, Heidelberg: Springer Vieweg. http://doi.org/10.1007/978-3-662-48893-5 

[2] Frate, Guido Francesco & Antonelli, Marco & Desideri, Umberto. (2017). A novel Pumped Thermal 

Electricity Storage (PTES) system with thermal integration. Applied Thermal Engineering. 121. 

10.1016/j.applthermaleng.2017.04.127. 

[3] Steinmann, W., Jockenhöfer, H. and Bauer, D. (2020), Thermodynamic Analysis of High-

Temperature Carnot Battery Concepts. Energy Technol., 8: 

1900895. https://doi.org/10.1002/ente.201900895 

[4] Vecchi, Andrea & Knobloch, Kai & Liang, Ting & Kildahl, Harriet & Sciacovelli, Adriano & 

Engelbrecht, K. & Li, Yongliang & Ding, Yulong. (2022). Carnot Battery development: A review on 

system performance, applications and commercial state-of-the-art. Journal of Energy Storage. 55. 

105782. 10.1016/j.est.2022.105782. 

[5] Sanz Garcia, Luis & Jacquemoud, Emmanuel & Jenny, Philipp. (2022). Large Scale Tri-

Generation Energy Storage System for Heat, Cold and Electricity based on Transcritical CO2 

Cycles. 

[6] White, Alexander & Parks, Geoff & Markides, Christos. (2013). Thermodynamic analysis of 

pumped thermal electricity storage. Applied Thermal Engineering. 53. 291–298. 

10.1016/j.applthermaleng.2012.03.030. 

[7] Engur, E. (2024). The future of energy storage [Präsentation]. Sandia National Laboratories. 

https://www.sandia.gov/app/uploads/sites/256/2024/10/Main-Room_Session5_5_Eren-Engur.pdf 

[8] Schneider, Guenter & Maier, Hartmut & Häcker, Jonas & Siegele, Simeon. (2021). Electricity 

Storage With a Solid Bed High Temperature Thermal Energy Storage System (HTTES) - A 

Methodical Approach to Improve the Pumped Thermal Grid Storage Concept. 

10.2991/ahe.k.210202.005. 

[9] Zühlsdorf, B., Lundsted Poulsen, J., Dusek, S., Wilk, V., Krämer, J., Rieberer, R., Verdnik, M., 

Demeester, T., Vieren, E., Magni, C., Abedini, H., Leroy, C., Lang, L., Pihl Andersen, M., 

Elmegaard, B., Turunen-Saaresti, T., Uusitalo, A., De Carlan, F., Gachot, C., ... Arpagaus, C. 

(2023). IEA HPT Annex 58: High-Temperature Heat Pumps. Task 1 report: 

Technologies. https://heatpumpingtechnologies.org/annex58/wp-

content/uploads/sites/70/2023/09/annex-58-task-1-technologies-task-report.pdf 

[10] Gulen, J. (2021). Gas Turbines Past, Present & Future (Efficiency Focus). 

https://netl.doe.gov/sites/default/files/netl-file/21UTSR_Gulen.pdf 

[11] Siemens Energy Global GmbH & Co. KG. (2021). HL-class gas turbines: The next generation of 

advanced air-cooled gas turbines [PDF]. Siemens Energy. 

https://p3.aprimocdn.net/siemensenergy/6a81abd9-6c46-42c9-9034-b036013f322b/210923-HL-

ClassFactSheet-05-pdf_Original%20file.pdf 

http://doi.org/10.1007/978-3-662-48893-5
https://doi.org/10.1002/ente.201900895
https://www.sandia.gov/app/uploads/sites/256/2024/10/Main-Room_Session5_5_Eren-Engur.pdf?utm_source=chatgpt.com
https://heatpumpingtechnologies.org/annex58/wp-content/uploads/sites/70/2023/09/annex-58-task-1-technologies-task-report.pdf
https://heatpumpingtechnologies.org/annex58/wp-content/uploads/sites/70/2023/09/annex-58-task-1-technologies-task-report.pdf
https://netl.doe.gov/sites/default/files/netl-file/21UTSR_Gulen.pdf
https://p3.aprimocdn.net/siemensenergy/6a81abd9-6c46-42c9-9034-b036013f322b/210923-HL-ClassFactSheet-05-pdf_Original%20file.pdf?utm_source=chatgpt.com
https://p3.aprimocdn.net/siemensenergy/6a81abd9-6c46-42c9-9034-b036013f322b/210923-HL-ClassFactSheet-05-pdf_Original%20file.pdf?utm_source=chatgpt.com

