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ABSTRACT 
Early-stage system-level assessment of emerging technologies is essential for achieving climate 
neutrality and a circular economy; however, such assessments are often constrained by the lack 
of representative life cycle inventory data. In thermal energy systems, performance strongly de-
pends on scale, making direct application of laboratory- or bench-scale experimental data poten-
tially misleading in life cycle assessment (LCA). This study investigates the influence of experi-
mental scale on system-level evaluation using a zeolite-based thermal energy storage (TES) sys-
tem as a case study.LCAs were conducted using performance data from laboratory-, bench-, and 
pilot-scale experiments and compared with predicted commercial-scale performance derived 
from numerical simulations. The TES system stores waste heat via water vapor desorption from 
zeolite and generates pressurized steam using a moving-bed with indirect heat exchanging sys-
tem. Heat recovery ratios of 36%, 50%, and 61% were obtained at laboratory, bench, and pilot 
scales, respectively, while commercial-scale performance was predicted to reach approximately 
80% due to reduced heat losses. Accordingly, LCAs based on small-scale data indicated higher 
greenhouse gas (GHG) emissions than conventional technologies, whereas assessments using 
commercial-scale data demonstrated clear GHG reduction potential.The results highlight the risk 
of erroneous conclusions when small-scale data are directly used for system evaluation. By inte-
grating experimentally validated numerical modeling with computer-aided process engineering, 
scale-dependent data can be transformed into system-representative inputs, enabling fair and 
consistent assessment of emerging technologies. 
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INTRODUCTION 
Achieving global visions such as climate neutrality 

and a circular economy requires the early adoption of 
emerging technologies and their system-level assess-
ment using tools such as life cycle assessment (LCA) and 
techno-economic analysis (TEA) to quantify environmen-
tal and economic performance. In particular, LCA has 
been increasingly applied as a decision-support tool in 
the emerging technology development to guide research 
priorities [1, 2]. However, conducting LCA for emerging 

technologies is inherently challenging, as detailed life cy-
cle inventory (LCI) data are often unavailable in existing 
databases, which predominantly represent mature, com-
mercial-scale processes. For chemical and thermal pro-
cesses, missing inventory data are frequently generated 
using process engineering approaches, including mass 
and energy conservation calculations, numerical model-
ing, and computer-aided process engineering (CAPE) 
tools [3, 4]. While such approaches enable the estimation 
of prospective system performance, a critical methodo-
logical challenge remains: determining which scale of 
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experimental or modeled data—ranging from laboratory 
and bench scale to pilot and commercial scale—should 
be incorporated into system-level assessments. This 
choice is nontrivial, as key performance indicators such 
as efficiency, heat loss, and conversion yield often ex-
hibit strong scale dependency [5]. 

For thermal energy systems in particular, efficiency 
generally improves with increasing scale due to reduced 
relative heat leakage and more favorable surface-to-vol-
ume ratios. As a result, system evaluations based only on 
laboratory- or bench-scale experimental data tend to un-
derestimate achievable performance at commercial 
scale, potentially leading to overly conservative or even 
misleading conclusions regarding environmental bene-
fits. In contrast, assessments based on full-scale demon-
stration or operational data provide higher accuracy but 
are typically time-consuming, capital-intensive, and im-
practical during the early research and development 
phases when key design decisions must be made. 

To address this methodological gap, the present 
study employs a thermal energy storage system as a 
case study to systematically investigate how the scale of 
experimental data influences system-level evaluation 
outcomes. By explicitly examining the role of scale in 
LCA-relevant performance parameters and integrating 
experimental results with process-based modeling, this 
work aims to clarify the conditions under which small-
scale data can be reliably transformed into system-rep-
resentative inputs for fair and consistent decision-mak-
ing in the development of emerging thermal energy tech-
nologies. 

MATERIAL AND METHODOLOGY 
LCAs using data from laboratory-, bench-, and pilot-

scale demonstration tests were conducted and com-
pared with predicted commercial-scale performance de-
rived from numerical simulations in a case study of ther-
mal energy storage technology. The objective was to 
quantify the uncertainty arising from scale differences 
and to explore methods to mitigate such uncertainty in 
the evaluation of emerging technologies. 

Thermal energy storage technology enables the re-
covery and regeneration of waste heat across temporal 
and spatial gaps through the use of thermal energy stor-
age materials[6]. Fig. 1 shows the schematic of thermal 
energy storage system using zeolite water vapor adsorp-
tion and desorption process[7]. Thermal energy is stored 
by desorbing water previously adsorbed in zeolite using 
waste heat. The water-desorbed zeolite is packaged and 
stored in sealed containers to prevent adsorption of am-
bient humid and is transported to the heat demand site 
when required. On the demand side, a heat discharged 
equipment named "zeolite eco-boiler" capable of contin-
uous generation of pressurized steam is being developed 
by adopting a moving-bed reactor combined with an 

 
Figure 1. Schematic of thermal energy storage and transport system  
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indirect heat exchange system[8].  
In the proposed system, dried zeolite particles are 

continuously supplied from the top of the chamber and 
discharged at a constant flow rate from the bottom, 
thereby forming a moving bed. Cooperative operation 
with an existing boiler is assumed. Steam generated from 
the existing boiler is injected into the chamber, where it 
is adsorbed by the zeolite, resulting in the release of ad-
sorption heat. A plate-finned-tube heat exchanger is in-
tegrated within the chamber, and the released adsorption 
heat is transferred to feedwater flowing inside the heat 
exchanger to generate pressurized steam. As a result, 
the amount of steam generated exceeds the injected 
steam by approximately 20–30%, enabling a reduction in 
the fuel consumption of the existing boiler. 

A series of experiments for zeolite eco-boiler across 
multiple scales: laboratory-scale tests using around 5 
grams of storage material, bench-scale tests using 
around 200 kg[8, 9], and pilot-scale tests using around 2 
tons[10] were conducted as shown in Fig .2. ) Inventory 
data for LCA were generated from these experiments, as 
well as from performance data predicted for commercial-
scale systems using numerical modeling that combines 
energy conservation (for zeolite, gas, and water), mass 
conservation (for zeolite, gas, and steam), and momen-
tum conservation[11]. 

The life cycle boundary was kept consistent across 
all scales to ensure comparability of results. Additionally, 
the same numerical modeling framework was applied to 
predict large-scale system performance without any 

 
Figure 2. Demonstration tests at various scales for zeolite-based thermal energy storage technology 
 

 
Figure 3. Experimental and numerical analysis results for bench- and pilot- scale zeolite eco-boiler demonstration 
test 
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fitting, by separately modeling heat and mass transfer 
phenomena. The life cycle boundary was defined to 
cover the entire system from equipment manufacturing 
to end-of-life disposal, and the operational lifetime of the 
equipment was assumed to be 15 years. The size of each 
component was set to that of a commercially scaled sys-
tem designed through numerical simulations. Among the 
performance parameters, only the heat recovery rate—
defined as the recovery rate of generated steam relative 
to the heat storage capacity and relevant to fuel reduc-
tion rate—was derived from experimental data obtained at 
different scales. The functional unit of LCA was defined 
as the annual steam supply delivered through boiler op-
eration. 

RESULT AND DISCUSSION 

Fig. 3 shows the axial temperature distribution dur-
ing steady-state operation for the bench scale and pilot 
scale of zeolite-eco Boiler, alongside the results pre-
dicted by numerical analysis. In both cases, continuous 
superheated steam generation and fuel reduction effects 
were demonstrated. Furthermore, it can be seen that the 
numerical analysis model incorporating heat and mass 
transfer simulates the experimental results for both 
scales.The results clearly demonstrated the scale de-
pendency of TES system performance. The thermal re-
covery ratio was found to be 36% at the laboratory scale, 
50% at the bench scale and 61% at the pilot scale. In con-
trast, for commercial-scale systems, the predicted ther-
mal recovery ratio reached approximately 80%, indicating 
a substantial improvement with increasing scale due to 
reduced heat leakgae. These findings underscore the 
substantial discrepancy between small-scale exper–

 
Figure 4. Results of lifecycle GHG emissions 
 

   
Figure 5. Relationship between experimental works, CAPE, and system-level assessment  
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imental data and real-world large-scale performance. Im-
portantly, the numerical model developed in this study, 
which separately models heat and mass transfer phe-
nomena without introducing scale-up correction factors, 
successfully reproduced the performance trends ob-
served in scaled-up systems, thereby confirming the va-
lidity of the modeling approach. 

 The implications of these results were further ex-
amined through life cycle assessment. Fig. 4 shows the 
results of relative lifecycle GHG emissions compared to 
existing boilers. LCAs conducted using laboratory-, 
bench- and pilot- scale data indicated higher greenhouse 
gas (GHG) emissions compared to conventional technol-
ogies, primarily due to the lower heat recovery ratio at 
smaller scales. However, when performance data from 
commercial-scale systems were used, the results 
showed a clear reduction in GHG emissions, demonstrat-
ing the potential environmental benefits of thermal en-
ergy storage technology. This contrast reveals a critical 
methodological issue: using laboratory-, bench-, and pi-
lot- scale data directly for system evaluation of develop-
ing technologies can lead to incorrect conclusions and 
misguided policy or investment decisions.  

Furthermore, this study highlights the potential of 
combining numerical modeling and process engineering 
methods to bridge scale gaps in system evaluation. When 
only small-scale experimental data are available, vali-
dated numerical models that explicitly account for heat 
and mass transport phenomena can be used to extrapo-
late reliable large-scale performance estimates as shown 
in Fig. 3, thereby reducing uncertainty in environmental 
and techno-economic assessments. Such hybrid ap-
proaches enable more accurate and timely evaluations of 
emerging technologies without the need for time-inten-
sive full-scale demonstrations. 

Fig. 5 illustrates the relationship between experi-
mental works, computer-aided process engineering 
(CAPE), and system-level assessment as a function of 
technology maturity. The vertical axis indicates the level 
of data used for system assessment, while the horizontal 
axis represents the technology readiness level (TRL) of 
the evaluated technology. For technologies with high 
TRLs (TRL 8–9), operational data from real-world sys-
tems are already available and major uncertainties have 
been eliminated; therefore, additional support from CAPE 
is generally unnecessary. In contrast, for technologies 
with intermediate TRLs (approximately TRL 3–7), direct 
use of experimental data to system assessment, as 
demonstrated in the thermal energy storage case study, 
may lead to erroneous decision-making, including rever-
sals in the sign of greenhouse gas (GHG) impacts relative 
to existing technologies. Accordingly, CAPE that inte-
grates modeling and process simulation is required to 
transform experimental data into system-representative 
data at a level suitable for fair and consistent system 

assessment. For technologies at very low TRLs (TRL 1–2), 
however, the uncertainty associated with scale-up pre-
dictions using CAPE becomes excessively large. In such 
cases, CAPE should instead be used to support goal set-
ting by applying backcasting approaches, such as break-
even analysis, to delineate the feasible performance 
range of the technology. 

CONCLUSION  
This study provides a framework that integrates ex-

perimentation, numerical modelling, process engineering, 
and life cycle assessment, thereby enhancing the relia-
bility of system evaluations for emerging technologies. 
By demonstrating the impact of scale on both perfor-
mance and environmental effects, it emphasises the im-
portance of scale-aware methodologies in achieving cli-
mate neutrality and circular economy objectives. The ap-
proach presented here is extendable beyond thermal en-
ergy storage to diverse emerging technologies, providing 
a practical pathway to accelerate sustainable technology 
development while ensuring robust, information-based 
decision-making in the early stages of emerging technol-
ogy development. 
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