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ABSTRACT 
 Thermal energy storage (TES) plays a crucial role in 

waste heat recovery and decarbonisation of the 
industrial sector and energy efficiency improvement.  
The combination of two energy storage technologies 
makes TES a promising asset for managing different 
types of energy in a single system; however, such an 
opportunity has not received attention so far. To 
overcome the traditional view of TES based on a single 
approach only, this study investigates the techno-
economic value of using hybrid TES (HTES) as a multi-tech 
energy storage asset for the provision of energy streams 
either in low or high energy density for the industrial 
applications. The system is envisioned to consist of sub-
sections which to provide fast-response TES as well as 
longer-duration TES. The selected case study is a hybrid 
water-latent heat system. The former accept steam 
while the latter can support the former and optionally 
receive energy from an additional source. The study 
discusses the technical characteristics and the 
interaction of the compartments. Compared to a 
conventional TES, the proposed HTES provides a relevant 
20-30% increase in overall storage capacity based on 
fixed equipment size. The economic analysis revealed 
that the potential reduction in investment cost and O&M 
cost are found between 6 to 20%, making this technology 
an appealing solution for waste heat recovery. 
 
Keywords: waste heat recovery, techno-economic 
analysis, Thermal energy storage, thermal battery, 
Hybrid energy storage. 

1. INTRODUCTION 
Industries take advantage of the progress made in 

recent years in the development of waste heat recovery 
methods, and one of the emerging ones is thermal 
energy storage (TES) which has an increasing trend in the 
research to be integrated into the various industrial 
application. TES has the potential to enhance energy 
management and support taking more aggressive steps 
toward decarbonisation. Thermal energy can be stored 
as sensible heat by changing the temperature, latent 
heat by changing the phase, or chemical heat by 
reversible reactions. 
The wide range of TES applications turns to motivation 
for the researcher to enhance the performance and 
flexibility of the system. One potential solution is 
hybridisation and simultaneously taking advantage of 
multiple technologies. The TES hybridisation concept 
was proposed by Zauner et al., who formulated a hybrid 
sensible-latent heat with the shell and tube heat 
exchanger configuration. The PCM was put within the 
tube, and the heat transfer fluid flowed through the shell 
and tube configuration was mentioned as the limit of 
PCM share [1]. Similar studies performed by Geissbühler 
et al. and Zanganeh et al. provided technical proof for 
industrial applications of HTES. They conducted 
experiments evaluating the HTES performance in high 
temperatures based on a packed bed with an 
encapsulated PCM with a limited percentage of the total 
volume due to construction limits [2,3]. Dusek et al. 
evaluated a new combination of technologies, including 
Ruth's steam storage and PCM. The study was based on 
a one-dimensional model and showed that the steam 
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capacity increased by 29% [4]. A more in-depth 
numerical analysis was performed by Pernsteiner et al. 
using a two-dimensional model discussing the thermal 
coupling of the sub-sections of the hybrid steam-PCM 
system [5]. Hoffman et al. extended the study of Dusek 
et al. by modelling various mechanical arrangements for 
the sub-sections within the hybrid TES. The research 
efficiently attempted to optimise the design, but 
economic aspects were limited to the cost of investment 
[6]. In a comparative study, Beck et al. evaluated various 
energy storage technologies, including steam storage, 
latent heat, PCM and concrete, discussing the energy 
price for individual and dual-technology solutions. The 
study focused only on the investment cost for the TES 
neglecting the impact on plant design and O&M cost [7]. 
Each of the above carried on research on a specific case 
study with the concept of hybrid TES but did not deeply 
examine the economic benefits of the hybridisation to 
the industrial end-users. The research gap is a more 
comprehensive high-level assessment to extract 
representative data for technical and economic benefits. 

According to Fig. 1, the present study aimed to 
discuss how the hybrid configuration gives the industries 
additional economic benefits by saving energy and 
reducing the cost of investment. The hybridisation 
concept potentially reduces the cost of investment for 
storing the energy. Moreover, the enhanced flexibility of 
the HTES in accepting multi-energy types will increase 
the return of investment by reducing the cost of 
operation. The present study aimed to represent 
qualitative data by techno-economic analysis. 
Integration of HTES as an emerging technology is more 
likely to be adopted by the industries when they have 
certainty regarding technical superiority and long-term 
profitability. 

 

2. METHODOLOGY 
The industrial case study includes a gas boiler fueled 

by natural and a Hybrid TES; both support an industrial 
process with steam demand. The case-study boiler is 
determined to provide low-pressure steam for a process 
case with a demand of 52 GWh per year and an 
approximately 7 MW capacity. 

The boiler detail is used for the economic assessment 
while the HTES needs to be technically implemented, and 
then the outputs are used for the economic analysis. 
The hybrid section includes primary and secondary TES 
subsections. Each can operate independently whilst 
internally supporting the other by transferring the heat 

through the interface, contributing to overall efficiency 
enhancement. The primary TES is a steam storage system 
composed of a cylindrical tank of water heated by steam 
injection reaching the saturation condition. On peak 
stem demand, the discharge valve opens, and water is 
flashed to steam. The water and steam proportions are 
variable, and the system is working in the approximate 
range of 100-400°C. Modelling of HTES provides 
knowledge on the energy capacity of both subsections 
and the hybrid one. The primary subsection model 
determines phase change in the water-steam 
equilibrium state; however, the total volume is constant. 
The mass balance in the liquid and vapour zones are 
based on the phase change rate: 

 = �̇� , −�̇� , +�̇� −�̇�  (1) 

 = �̇� , −�̇� ,  −�̇� +�̇�  (2) 

in which �̇� ,  and �̇� ,  are the inlet and outlet 
of liquid (L) or vapour (V) phase mass flow rate. The 
following terms represent condensing and evaporating 
rates.  

 
Fig. 1. Structure of the study 

 
Fig. 2. The outline of industrial application for hybrid TES  
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The water can heat or cool depending on the heat 
transfer between the tank and the environment. Eqs. 3 
& 4 are the energy balance in the liquid and vapour 
zones, Respectively. 

𝑀 + 𝑢 =𝜙 , − 𝜙 , + 𝜙 − 𝜙 +𝑄  (3) 

𝑀 + 𝑢 =𝜙 , − 𝜙 , −𝜙 + 𝜙 +𝑄  (4) 

in which 𝜙 , 𝜙 , 𝜙 , 𝜙  are inlet, 
outlet, condensation and evaporation energy flow rates. 
The heat transfer between liquid or gas and the 
environment are 𝑄 and 𝑄 . The PCM part is 
implemented separately, and the link between steam 
storage as TES I and the PCM as TES II is determined 
through conduction heat from the tank surface. The 
sensible heat within the PCM part is defined as Eq.5 and 
Eq. 6:  

𝑄 =
𝑑𝑚

𝑑𝑡
𝐶 𝑇 − 𝑇 − 𝑚 𝐶

𝑑𝑇

𝑑𝑡
 (5) 

𝑄 =
𝑑𝑚

𝑑𝑡
𝐶 𝑇 − 𝑇 − 𝑚 𝐶

𝑑𝑇

𝑑𝑡  (6) 

in which the 𝑄  is the heat flow to phase one (liquid 
at the charging phase) through the steam tank surface 
and 𝑄  is for phase 2 (solid at the charging phase) 
located in series after phase 1. Meanwhile, 𝑚  and 𝑇  
represented the corresponding mass and temperature. 
Further details on the joint operation of HTES 
subsections can be found in the related study developed 
by Dusek et al. [4]. 

The cost associated with the industrial plant 
benefiting the HTES can be assessed as generation cost 
(GC), accounting for the lifetime fuel costs and other 
operating costs as well as the capital cost. 

GC = CAPEX + TL (O&M + FC) (7) 

in which CAPEX is the cost of investment mainly for 
the equipment. TL is the technology lifetime which is 
commonly 25 years for the boiler systems. The O&M and 
FC are the operating and maintenance cost and fuel cost. 
CAPEX is calculated by the cost curves for the boiler as a 
function of capacity [8]. The average unit price for the 
TES subsections is estimated based on literature within 
40 to 80 €/kWh for the steam storage and about 
20€/kWh for the PCM systems. The results are updated 
for the year 2020 CEPCI index. Moreover, O&M costs are 
estimated based on the literature data as a function of 
the CAPEX value. The annual O&M cost is within 1 to 6% 
of the CAPEX, while the fuel cost (FC) highly depends on 
the gas price, roughly within 4 to 20% of the CAPEX. 
However, the exact fuel cost is estimated based on 7500 

yearly operating hours and the EU average price for non-
household consumers, which was 0.0279 €/kWh in 2020. 

Table 1-Assumptions for the cost calculations 
Parameter Range mean Ref. 

Tech 1 (SS) specific 
energy price [€/kWh] [20 140] 40 

[9, 10, 11, 
12, 13, 14] 

Tech 2 (PCM) specific 
energy price [€/kWh] 

[10-50] 15 [15, 16] 

 &   [%] [4-21] 4.5 [14, 17, 18, 
19, 20, 21] 

Boiler fuel cost [c€/kWh]  2.79 [22] 
Natural gas net calorific 
value (NCV) [MJ/m3]  

[34.2-
37.2] 35.3 [23] 

NG boiler Lifetime [yr] - 25 [14] 
TES Lifetime [yr] [25-40] 25 [14] 

3. RESULTS AND DISCUSSION 
The state of charge of the HTES over the whole 

duration of the charging/discharging is illustrated in 
Figure 3. Furthermore, the result also presents the 
fraction of energy stored in steam storage (SS) and PCM. 
The system allows different response times because the 
steam storage is a fast response compared to the PCM, 
which provides a longer duration storing the heat. The 
HTES performance includes the charging phase, idle 
period, and discharging time, shown in Fig. 3. The SS 
subsection has a dominant role over PCM in energy 
capacity. The PCM part supports the steam storage 
section in the charging phase. The difference is more 
highlighted in the discharging step when the SS delivers 
the energy quickly whilst the PCM fulfils the energy 
demand for a more extended period. 

 
The above results related to employment if the PCM as 
the secondary TES in the hybrid configuration with the 
volumetric share of 5%. As shown in Fig. 4, The 
corresponding energy assessed energy capacity 
enhancement is found to be more than 27% in the same 
storage volume. 

 
Fig. 3. State of charge of the HTES 
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A sensitivity analysis is performed to investigate the 

role of the PCM subsection in the HTES. The ratio of HTES 
energy capacity to the TES is assessed in different PCM 
volumetric allocations and types. In this analysis, the 
remaining parameters, including the radius of steam 
storage ( 𝑅 ) are kept unchanged. In the cylindrical 
configuration, the PCM share can be represented as a 
volumetric fraction or the ratio of total radius (𝑅 ) to the 
base design. As shown in Fig. 5, by adding PCM to the 
steam storage, the capacity can be increased up to 50%. 
The PCM share of up to 30% of total volume positively 
affects energy capacity enhancement. Conversely, a 
higher PCM share reduces the overall energy capacity. In 
that case, the PCM response time will not be aligned with 
the steam storage; thus, the large part of the PCM 
doesn't involve the phase change; conversely, it 
performs as a sink which potentially reduces the 
capacity. So the optimal HTES configuration benefits 
from the PCM contribution when it is fully involved in the 
phase-change. 

 

Either the conventional steam storage or the HTES is 
capable of storing the surplus steam produced by the 
boiler at times of low demand for subsequent release to 
supplement the output of the boiler at times of high 
demand. The industrial steam demand usually fluctuates 
over time, and the process energy efficiency highly 
depends on the alignment of the boiler and the process 
and how the process benefits from energy recovery 
technologies like energy storage. A sample steam 
demand profile from food industries is selected [24]. 
There are several up and down peaks over a 2-hour time 
window. The boiler design capacity can be adjusted to 
the maximum load or lower levels which are marked as 
A, B, C and D in Fig 6. For example, the difference 
between steam demand and the supplied steam from 
the boiler is highlighted for the reduced capacity B.  

 
The HTES supports the boiler with lower capacity, 

and the steam is instantaneously released from storage 
to meet sudden changes in demand. Any inconsistency 
between boiler and steam storage capacity contributes 
to the failure of steam supply. According to case D, the 
optimum capacity is found around 37.5% of the 
maximum level, where charging and discharging are 
equal (Fig 7). The boiler is expected to operate steadily 
at this capacity while the peaks in steam demand are 
fulfilled by the TES/HTES. 

 
Fig. 4. HTES capacity compared with conventional storage 

 
Fig. 5. Energy enhancement by various PCM proportions 

 
Fig. 6. Steam demand profile (data from [24]) 
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By using the optimal capacity of the boiler, further 
analysis is assessed for the configuration of HTES. Four 
TES configurations are defined which can support the 
reduced-capacity boiler fulfilling the maximum capacity.  
i) Steam storage (SS) only;  
ii) SS jointly working with PCM (energy duty 80%-20%); 
iii) SS jointly working with PCM (energy duty 50-50;  
iv) SS with PCM (50-50), where 10% of HTES energy input 
is provided from an additional energy source. 

 The generation cost is assessed for all cases and 
compared with the base design in which the boiler fulfils 
the total steam demand, which is shown in Fig. 8. Since 
the fuel cost has a dominant share in GC, the CAPEX is 
separately compared to reveal the impact of TES & HTES 
in the investment cost.  

 
The financial impact for the end-user is assessed by 

the estimation of the generation cost of the plant 
lifetime. All capital, non-fuel O&M, and fuel costs are 
notably reduced by 6%, 10% when TES and HTES are 

implemented. These values for O&M are 16.5% and 21% 
for TES and HTES, respectively. Moreover, the effect of 
an additional source (which provides 10% of HTES) for 
charging HTES is 1% in the industrial plant generation 
cost. 

4. CONCLUSIONS 
In this paper, we proposed the use of Hybrid TES to 

enhance the performance of an energy storage system 
and reduce the cost. Three configurations were studied: 
a steam boiler, steam boiler with steam storage, steam 
boiler with hybrid TES. The results indicate that optimal 
hybrid configuration brings substantial performance 
improvements: and the energy capacity increases by 
about 27% when HTES benefits from secondary TES 
technology. The positive contribution of PCM in HTES 
performance is technically limited to PCM allocation of 
up to 30%. The internal design of HTES was evaluated to 
reveal how different combinations bring cost savings to 
the industrial end-user. The economic analysis was 
carried out by estimation of investment cost and O&M 
cost. The employment of HTES noticeably reduces both 
the investment and O&M costs. Therefore, the long-term 
generation cost is reduced between 6 to 20% when both 
boiler and HTES are in service. Considering the cost 
impact and efficiency improvement, the HTES has more 
chance to be accepted by the industries. 
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