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ABSTRACT. Sensible thermal energy storage (STES) infrastructures, such as hot water tanks and pressurized steam
accumulators, are critical for industrial waste heat recovery, solar thermal integration, and district energy balancing.
However, long-term round-trip efficiency and exergy are severely constrained by transient standby heat losses. This paper
provides a comprehensive review of thermal insulation systems across STES domains. Conventional materials (mineral
wool, polyisocyanurate, polyurethane foam) are systematically evaluated alongside advanced superinsulations (silica
aerogel blankets, vacuum insulation panels) and emerging bio-based alternatives. Beyond initial material properties, we
analyze multi-year operational degradation mechanisms, detailing the physics of moisture transport, interstitial
condensation, macro-mechanical settling, gas-diffusion kinetics (thermal drift), and vacuum integrity decay. Furthermore, a
unified thermo-economic optimization framework based on life-cycle cost analysis (LCC) demonstrates how accounting
for urban spatial footprint valuation financially justifies thin-profile superinsulations. Finally, critical research frontiers—
including structural thermal bridging mitigation, non-destructive degradation testing, smart sensor arrays, and
aerodynamically optimized cladding—are highlighted. This review provides a roadmap to guide engineers and researchers
toward optimal thermal insulation design in a carbon-neutral energy landscape.
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1. INTRODUCTION

Global decarbonization initiatives have accelerated the
deployment of large-scale thermal energy storage (TES) as
a critical mechanism to bridge the temporal gap between
intermittent renewable energy generation, industrial waste
heat capture, and variable consumer demand [1,2]

Among competing storage pathways, sensible thermal
energy storage (STES) utilizing water or steam as the
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water loops, and heavy industrial process heat networks,
storage vessels must preserve elevated thermal states
relative to fluctuating ambient conditions over timescales
expanding from diurnal cycles to seasonal storage [5-9].
Furthermore, as industries seek to decarbonize medium-
temperature operations, steam accumulators and high-
pressure hot water vessels have become crucial for
balancing power-to-heat conversion schemes [10,11].

A primary thermodynamic bottleneck limiting the long-
term round-trip efficiency of these water and steam
storage structures is transient standby heat loss through the
container boundaries [1]. Parasitic heat dissipation through
the tank envelope does not merely represent a quantitative
reduction in stored Joules; it also initiates localized,
buoyancy-driven downward fluid currents along the
internal container walls [12]. This convective fluid
movement induces mixing across the vertical density
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profile, directly destroying thermal stratification, the
density-driven thermal layering that maintains high-
temperature extraction zones at the apex of the vessel and
cold fluid at the base [13,8]. Consequently, maintaining a
high-performance, durable insulation barrier is essential to
safeguard both the quantitative thermal energy content and
the qualitative thermodynamic exergy of the stored fluid.
While conventional insulation systems such as mineral
wool, fiberglass blankets, and expanded polystyrene (EPS)
have historically dominated infrastructure applications due
to low initial capital costs, meeting modern carbon-neutral
efficiency standards requires substantial physical
insulation thicknesses [4]. This physical bulk drastically
escalates the spatial footprint of the system, creating
severe implementation bottlenecks in urban indoor
configurations or space-constrained industrial facilities
[14]. Furthermore, pressurized steam and hot water
applications operating at elevated temperature ranges
(100 °C to 250°C) subject insulation envelopes to extreme,
sustained thermal gradients, which severely accelerate
structural aging and environmental degradation [15-17].
This has sparked significant interest in deploying thin-
profile, next-generation superinsulation technologies, such
as vacuum insulation panels (VIPs), vacuum-jacketed
double walls, and nano-porous silica aerogel blankets [18,
19].

Although thermal insulation material characterizations
exist within structural and materials engineering literature
[20], the energy storage domain still lacks a systematic,
consolidated review evaluating these materials under the
unique cyclic thermal, mechanical, and environmental
stressors inherent to hot water and steam systems. This
paper addresses this gap by providing an overview of
conventional and advanced insulation options. It
systematically analyzes their temperature-dependent
thermal properties, complex mechanical and moisture-
driven degradation mechanics, and real-world thermo-
economic feasibility, ultimately establishing a clear
roadmap for future industrial insulation optimization.
While Figure 1 establishes the comprehensive landscape
of TES technologies, this review focuses explicitly on the

sensible branch, where fluid containment insulation
remains the primary efficiency bottleneck.

2. REVIEW METHODOLOGY

This review synthesizes peer-reviewed literature

concerning insulation materials for sensible thermal
energy storage systems employing hot water and steam as
storage media. Literature was collected from Scopus, Web
of Science, ScienceDirect, SpringerLink, and Google
Scholar databases using combinations of the keywords:

e thermal energy storage insulation
e hot water storage tank insulation
e steam accumulator insulation

e vacuum insulation panels

e silica aerogels

e thermal degradation

e thermal conductivity
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e thermo-economic optimization

Priority was given to publications from 2000-2026
addressing material properties, degradation mechanisms,

insulation performance, and techno-economic
considerations relevant to thermal energy storage
applications.

3. CHARACTERIZATION OF TARGET STORAGE
SYSTEMS & ANALYTICAL GOVERNING
EQUATIONS

3.1 System Classifications and Thermal Domains
Sensible thermal energy storage (STES) infrastructures are
strictly categorized based on their operational fluid state,
pressure boundaries, and thermal regimes. Understanding
these parameters is essential because they define the
temperature gradient A T that drives all environmental
heat loss [21].

Low-to-Medium Temperature Liquid Water Storage:
These systems typically operate within an atmospheric
thermal band of 40 °C to 95°C [1,22]. They are widely
used in solar domestic hot water (DHW) loops and
decentralized district heating storage tanks. The
containment structures are typically carbon steel or
stainless-steel tanks operating at or near atmospheric
pressure, meaning that fluid loss is minimized, and
thermal considerations are focused entirely on radial heat
conduction through the tank shell.

High-Temperature  Pressurized Water and Steam
Accumulators: Operating between 100 °C and 250°C,
these systems include pressurized liquid water vessels and
Ruths steam accumulators used for buffering industrial
process heat [23]. Because steam saturation pressures
scale nonlinearly with temperature—reaching up to 40 bar
at 250°C, these containers feature thick-walled, high-
strength carbon steel pressure vessel shells. This high
operational temperature creates large thermal gradients
relative to the ambient air, presenting a severe challenge
for standard insulation materials.

3.2 Analytical Governing Equations of Cylindrical Heat
Loss

To evaluate the performance of insulation envelopes, the

system is modeled as a multi-layered cylinder undergoing

steady-state radial heat conduction coupled with internal

and external convection boundaries [24].

For a vertical or horizontal cylindrical storage tank of
length L, with an arbitrary number of insulation layers n,
the total standby heat loss rate (¢, in Watts) is expressed
using the classic radial Fourier heat transfer formulation:

q = Tinternal - Tambient Equation 3.1
)
In|—
1 n Tj 1
hyA; J=1 2miGL " oA,
Where:

o Tiuternar 1S the bulk temperature of the stored
fluid (water or steam) [K or °C].
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o  Tambient 18 the temperature of the surrounding
environment [K or °C].

e r; and 144 are the inner and outer radii of the
individual insulation layer j [m].

e L is the characteristic height or length of the
insulated tank shell [m].

e A; 2nr,L ) and A, (2mr,,1L ) are the inside
and outside surface areas of the total system
envelope [m?].

The convective heat transfer coefficients (h; and h,, in
W/m?.K) dictate the boundary layer resistances. For
internal liquid water or condensing steam, the internal
convective coefficient (h;) is typically very large (h; >
1000W /m?. K), making the internal boundary resistance
(ﬁ) negligible.

Conversely, the external convective coefficient (h,)
represents a critical, highly variable boundary determined
by ambient wind speeds and buoyant air behavior. Under
natural outdoor convection, h, is calculated using
empirical Nusselt number (Nu) correlations for vertical
cylinders [25]:

— h,L
NuL= °

air

2
=10.825 + 0.387Ra,’*
e [1+ (0.492/Pr)%/16]8/27

Equation 3.2

Where Ra; is the Rayleigh number based on tank height,
and Pr is the Prandtl number of ambient air.

3.3 Variable Thermal Conductivity Boundaries

A common error in baseline thermal modeling is treating
the material thermal conductivity (k) as a static constant.
In real-world operation, the thermal conductivity of
porous media is a highly dynamic function that increases
nonlinearly with the mean temperature of the insulation
layer (T,,) [24,26]:

k;(T,) = ko + aT,, + BT, Equation 3.3

Where ki is the baseline conductivity at a reference
temperature (20°C), and a and P are empirically
determined material-specific temperature coefficients.

AS Tinternar shifts from a low-temperature domestic water
state (50 °C) to a high-temperature industrial steam state
(200°C), the internal microscopic heat transport
mechanisms within the insulation pores change. At higher
temperatures, the rate of radiative heat transfer across the
micro-pores scales with the third power of temperature
(T?), causing a sharp increase in the material's effective k-
value.

This temperature dependence links the external insulation
performance directly to the preservation of internal fluid
stability. When an insulation material suffers from a
temperature-induced increase in conductivity, the resulting
surge in wall heat loss causes cold fluid layers along the
internal tank wall to slide downward under gravity. This
boundary flow directly disrupts internal thermal
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stratification, causing mixing that rapidly degrades the
thermodynamic exergy of the system [27].

4. MATERIAL SELECTION AND MATERIAL
PROPERTY PROFILES

4.1 Mineral Fibers and Granular Matrices

Fibrous insulation variants, primarily encompassing
rockwool (stone wool) and glass fiber blankets, remain the
industrial baseline for high-temperature thermal storage
insulation due to their exceptional thermal resilience and
non-combustibility. These materials are fabricated by
melting basaltic rock or slag at temperatures exceeding
1500 °C, subsequently spinning the melt into fine,
interlocking filaments bonded with phenolic resins.

The baseline thermal conductivity (k) of commercial
rockwool ranges between 0.033W/m.K and 0.045W/
m.K at an ambient reference temperature of 20°C, with
typical bulk densities spanning 40 kg/m? to 160 kg/
m3 [28]. The structural core of fibrous matrices contains
a high open-porosity volume fraction (e~ 0.92 — 0.96),
meaning that heat transfer is heavily dominated by gas-
phase conduction of the stagnant air trapped within the
voids.

The reason rockwool is good is that it is made of inorganic
oxides. This means rockwool can handle high
temperatures and harsh chemicals. Rockwool is a good
choice for things like pressurized steam accumulators and
high-temperature solar salt-to-water heat exchangers. This
is because rockwool is very safe to use. However, it has
one problem. It is made in a way that allows air to move
through it easily. This means that rockwool can lose heat
easily when it is exposed to air currents or moisture.

From a thermal energy storage perspective, rockwool is
one of the most popular insulation systems. It is used in
district-heating storage tanks, seasonal hot-water storage
facilities and industrial steam accumulators. Rockwool is
used much because it can handle high temperatures, it
does not catch fire easily and it stays strong even when it
is exposed to high temperatures for a long time. Rockwool
needs to be thicker than some insulation materials to work
well. Rockwool is remains a good choice for big thermal
energy storage projects. It provides a balance, between
how well it insulates, how long it lasts and how much it
costs for big thermal energy storage applications.

4.2 Closed-Cell Polymeric Foams

Polyurethane (PU) and Polyisocyanurate (PIR) rigid
foams are the primary choices for low-to-medium
temperature hot water storage, such as domestic hot water
(DHW) cylinders and decentralized district heating
buffers. These materials are produced via exothermic
polymerization reactions between isocyanates and polyols,
incorporating liquid blowing agents that vaporize to create
a closed-cell matrix (¢ > 0.95).

The outstanding performance of PU and PIR foams stems
from trapping these heavy blowing gases (such as
hydrofluorocarbons or cyclopentane) inside their closed
pores. Because these gases have a lower thermal
conductivity  (kgqs~0.010 — 0.014W/m.K)  than

ambient air, pristine PU foam achieves an exceptionally

Copyright © and. Published by Erciyes Energy Association
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low  baseline  thermal  conductivity
0.024 W /m. K) at room temperature [29].

(0.020 —

Modified polyisocyanurate (PIR) formulations introduce
cyclic isocyanate ring structures, which boost the
material's thermal threshold from the standard 100 °C up
to 140°C [30,31]. Despite this enhancement, cellular
polymer foams cannot be applied to steam storage systems
operating above 150 °C. Exceeding this boundary triggers
rapid thermal degradation, core scorching, and mechanical
collapse of the polymer walls [32].

Consequently, polyurethane and polyisocyanurate foams
are primarily restricted to low- and medium-temperature
hot-water thermal energy storage systems, including
domestic hot-water cylinders, solar thermal storage tanks,
and decentralized district-heating  buffers.  Their
exceptionally low thermal conductivity enables compact
storage configurations with reduced standby heat losses;
however, their limited thermal stability prevents
widespread deployment in high-temperature steam storage
applications

4.3  Advanced  Superinsulation and  Vacuum
Environments

To overcome the physical thickness limitations of

conventional materials, advanced superinsulation systems

leverage nanoscale material structures or vacuum

environments to eliminate gas-phase conduction entirely

[33,34].

Silica aerogel blankets are synthesized via supercritical
drying of silica gels, yielding an ultra-porous amorphous
structure with an exceptionally low density (80 —
180 kg/m?3). The defining characteristic of silica
aerogels is that their average pore diameter (~20 nm) is
smaller than the mean free path of ambient air molecules
(~ 68 nm). This design triggers the Knudsen effect,
restricting molecular collisions within the pores and
reducing gas-phase thermal conduction to near zero [33].
Consequently, aerogel blankets achieve a remarkably low
thermal conductivity (0.013 — 0.018 W/m.K) while
retaining high thermal stability up to 650 °C [35-40].

Vacuum Insulation Panels (VIPs) represent the practical
performance limit of modern insulation performance. A
VIP consists of a highly porous core material—typically
compressed fumed silica—sealed within a gas-tight multi-
layer polymer-aluminum laminate envelope and evacuated
to an internal pressure below 5 mbar. By removing gas
molecules, the center-of-panel thermal conductivity drops
to an ultra-low range of 0.004W/m.K to 0.008 W/
m.K [41].

However, VIP integration is constrained by two critical
engineering limitations: standard protective polymer skins
cannot withstand continuous operating temperatures above
80 °C, and the panels cannot be cut or modified in the
field without causing a significant degradation of the
internal vacuum core.

For thermal energy storage installations where available
installation space is limited, advanced superinsulation
technologies provide a compelling alternative to
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conventional fibrous and polymeric materials. Silica
aerogel blankets have attracted particular interest for
retrofitting existing storage vessels because they offer
substantial reductions in insulation thickness while
maintaining high-temperature capability. Similarly, VIP-
based systems are increasingly being considered for
compact TES units where maximizing storage capacity
within a constrained footprint is a primary design
objective

4.4 Unconventional Bio-Based Alternatives

In response to increasing environmental regulations and a
focus on circular construction, natural bio-based insulation
alternatives have emerged as potential replacements for
standard carbon-intensive materials [42]. Prominent
materials evaluated for hot water tank insulation include
compressed agricultural hemp fibers, loose-fill sheep’s
wool, and expanded natural cork slabs.

The baseline thermal conductivity of eco-friendly
insulation options matches traditional mineral fibers well,
typical values ranging between 0.038 W/m.K and
0.050 W/m. K [42]. Cork slabs, for instance, utilize the
natural closed-cell structure of suberin tissue to restrict
radiant energy pathways. Unlike nano-porous silica
aerogels, which employ chemical surface treatments to
achieve hydrophobicity, untreated natural cork structures
readily absorb interstitial moisture, accelerating effective
thermal conductivity degradation.

While these materials offer exceptionally low embodied
carbon footprints and negative global warming potentials
(GWP), their use in thermal energy storage is limited by
low thermal tolerance (90 °C) and extreme vulnerability to
biological decay when exposed to tank moisture or
humidity [43]. This restricts their application to low-
temperature residential hot water tanks equipped with
premium, fully sealed outer vapor shells.

Although bio-based insulation materials remain relatively
uncommon within industrial thermal energy storage
infrastructure, they offer potential opportunities for low-
temperature residential hot-water storage systems where
sustainability objectives and embodied-carbon reductions
are prioritized. Their long-term wviability in TES
environments, however, remains dependent on effective
moisture management and improved resistance to
biological degradation.
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4.5 Comprehensive Materials Properties Synthesis Matrix
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This synthesis matrix cross-examines all verified literature sources, providing a clear comparison of engineering parameters

for system design:

. Baseline Density Maximum Embodied P“ma.ry Primary
Material .. . Technical
Classification Conductivity (ko Range (p, Continuous Energy Failure Data
0 . 3 o
at 20°C, W/m-K) kg/m”) Temp (°C) (MJ/kg) Mechanism Source

Gravity sagging;

Rockwool / Stone 40 o structural

Wool 0.033 — 0.045 — 160 650 °C 15 — 20 compaction  at [28]
base

Rigid Thermal  drift

Polyurethane 0.020 — 0.025 30 — 50 100 °C 70 — 100 due to blowing [28]

(PU) gas outgassing
Core scorching;

Polyisocyanurate _ _ o _ cell wall

(PIR) 0.022 — 0.028 35 - 55 140 °C 80 — 110 structural [30,31]
cracking
Structural

Silica Aerogel 80 o _ .

Blanket 0.013 — 0.018 180 650 °C 300 — 400 dustmg. ur}der [35-40]
severe vibration
Envelope

Vacuum 160 o .

Insulation Panel 0.004 — 0.008 — 220 80 °C 200 — 250 puncture causing [41]
vacuum loss
Mold  growth;

Expanded _ 100 o _ . L

Natural Cork 0.038 — 0.043 — 130 90 °C 8 — 12 high .m01sture [42]
absorption

As illustrated, while rigid polyurethane exhibits a low
o itial .. its sl .
4.6 Temperature-Dependent Thermal ~Conductivity initial conductivity at room temperature, its slope rises

Evolution
To model real-world heat loss, designers cannot rely on
baseline ambient conductivity (k). Figure 2 demonstrates
the non-linear relationship between insulation material
performance and the operational temperature profile of the
energy storage tank.

0.060 4

0.050 4

Rigid Polyurethane
0.040 -

Rockwool
0.030 1
0.020 4

0.010 A
Silica Aerogel Blanket

Effective Thermal Conductivity, k (W/m-K)

0.000 7 T T T —
0 50 100 150 200 250
Mean Insulation Temperature, T, (°C)
Figure 2: Effective thermal conductivity (k) as a function
of mean insulation temperature (T,,) across conventional,
advanced, and nano-porous insulation materials.

sharply as it approaches its maximum thermal threshold
(100 °C), driven by increased molecular movement within
the trapped gas cells [32]. In contrast, silica aerogel
blankets maintain a highly stable, flat trajectory up to
250 °C. This stability occurs because the nano-pores
restrict gas molecule velocity vectors, allowing the
material to easily withstand high-temperature steam
storage gradients [35].

5. PERFORMANCE DEGRADATION MECHANICS

5.1 Moisture Ingress and Condensation Dynamics

The penetration of environmental moisture into an
insulation envelope represents the most mathematically
volatile degradation mechanism affecting sensible thermal
energy storage (STES) systems [44]. For open-pore
fibrous matrices (such as rockwool and glass fiber
blankets), moisture transport occurs via two simultaneous
pathways: capillary liquid absorption stemming from
external weather-barrier breaches, and vapor diffusion
driven by the steep partial pressure gradient (VP,)

Copyright © and. Published by Erciyes Energy Association
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between the humid ambient air and the hot tank shell [45-
48].

When water vapor migrates inward through the insulation
layers, it encounters a declining temperature gradient
(VT). Once the local temperature drops below the dew
point of the air-vapor mixture, interstitial condensation
occurs directly within the material's voids [49]. The
introduction of liquid water fundamentally shifts the heat
transfer regime of the material. Because stagnant air
features an exceptionally low thermal conductivity
(kgir~0.026W /m. K at ambient conditions), the baseline
insulating property of porous media relies entirely on
suppressing gas-phase convection. However, liquid water
possesses a thermal conductivity (K,,qzer~0.60 W/m. K)
that is more than twenty times higher than that of air [50].

As liquid water progressively replaces air within the
porous volume fraction (&), the effective thermal
conductivity (kess) of the composite medium increases
nonlinearly. This behavior can be bounded mathematically
using a parallel thermal resistance model for a simplified
multi-phase system:

keff =& [S “kwater + (1 - S) ' kair]

+ (1 —-¢)ksyyqg  Equation5.1

Where s represents the local liquid water saturation degree
(0 £s<1) and kgyq is the intrinsic thermal
conductivity of the raw fiber skeleton [50]. Empirical
tracking validates that even a minor volumetric moisture
accumulation of 5% to 10% can trigger an exponential
spike in k.ss, increasing overall standby thermal energy

losses by 150% to 300% [49].

Furthermore, in high-temperature steam accumulators
operating above 100 °C, trapped moisture undergoes
localized, repeating cycles of rapid vaporization near the
hot wall followed by migration and condensation near the
cooler outer shell [44]. This internal latent heat transport
loop creates a localized heat-transfer pathway. In contrast,
nano-porous silica aerogel blankets retain their
performance under high humidity due to built-in chemical
surface treatments that render the silica cluster chains
highly hydrophobic, effectively preventing water
molecules from settling in the pores [51-52].

5.2 Mechanical Settling, Compaction, and Structural
Sagging

In large-scale vertical STES wvessels, such as district
heating accumulator towers or industrial steam buffers,
insulation materials are subjected to continuous macro-
mechanical stress [53-55]. For fibrous insulation blankets
wrapped around tall wvertical vessels, mechanical
degradation manifests as progressive vertical settling and
localized compaction, driven by a combination of
gravitational forces acting on the material's self-weight
and structural cyclic thermal loading [56].

As the storage tank undergoes charging and discharging
cycles, the metal tank shell continuously expands and
contracts radially and axially. The displacement of the
tank wall exerts alternating cyclic shear stresses on the
inner boundary of the insulation layer [57]. Over multi-
month operating cycles, these micro-movements fatigue
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and fracture the resin binder junctions holding the
individual mineral fibers together, causing the cohesive
blanket structure to lose its elastic recovery and slump
downward under its own weight.

The structural consequences of this sagging are twofold:

1. High-Density Compaction at the Base: The lower

sections of the tank insulation become
mechanically compressed, reducing the local
structural  porosity (g). This compression
increases the solid-to-void volume ratio,

accelerating conductive heat loss through the
dense fiber-to-fiber contact points [56].

2. Void Formation at the Apex: The slumping
leaves completely uninsulated annular gaps at the
top dome of the vessel. Because the hottest fluid
layers reside at the top of the tank due to thermal
stratification, these bare metal gaps create a
severe thermal shortcut. The high localized
temperature gradient drives rapid external
ambient convection currents, accelerating overall
tank standby decay [58].

5.3 Thermal Drift, Outgassing, and Structural Core
Degradation

Closed-cell polymeric foams (e.g., rigid polyurethane and
polyisocyanurate) suffer from a slow, continuous
degradation mechanism known as thermal drift, which
stems from gas diffusion kinetics within the polymer
matrix [59]. The exceptional initial thermal performance
of pristine polyurethane foam depends on trapping heavy
blowing agent gases (such as cyclopentane or
hydrofluorocarbons) within its closed cells to block gas-
phase conduction [60].

However, because of concentration and partial pressure
differences between the inside of the cell and the ambient
air, a slow, continuous gas exchange occurs over time
[59]. The low-conductivity blowing gases slowly diffuse
out through the thin polymeric cell walls, while ambient
nitrogen and oxygen diffuse inward. Because air features a
significantly higher thermal conductivity than the
specialized blowing agents, this outgassing causes a
steady, permanent increase in Dbaseline thermal
conductivity [60]. Long-term field evaluations of insulated
industrial tanks reveal a permanent 15% to 20% drop in
overall thermal resistance (R-value) over a twenty-year
operational lifespan due to this gas exchange process.

This degradation is severely accelerated when the storage
system operates near the material's upper thermal limit.
Subjecting standard polyurethane foam to continuous
boundary temperatures exceeding 120 °C causes the
polymer matrix to experience micro-cracking, cell wall
collapse, and localized core scorching [60]. This structural
breakdown turns closed cells into open channels,
accelerating outgassing and exposing the shell to moisture
ingress

5.4 Vacuum Integrity Loss and Edge Heat Bridges

For Vacuum Insulation Panels (VIPs) utilized in
advanced, space-constrained hot water tanks, the dominant
degradation mechanism is the slow loss of internal
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vacuum core integrity over time [41]. The ultra-low
thermal conductivity of a VIP depends entirely on
maintaining an internal pressure below 5 mbar to
eliminate gas-phase conduction. However, standard
polymer-metallized outer laminate envelopes are not
completely impermeable [61].

Over extended service lives, air molecules and moisture
vapor steadily permeate through the outer barrier
membrane and along the sealed edges, causing the internal
panel pressure to rise [61]. This internal pressure increase
can be modeled using a linear gas permeation rate
equation:

dPint —
dt

Where A is the envelope surface area, Vis the internal
evacuated core volume, P,,; is the atmospheric pressure,
and Qgqs represents the specific gas permeation
coefficient of the laminate skin [41]. As the internal
pressure rises, gas-phase conduction within the fumed
silica core recovers, causing the panel's thermal
conductivity to jump from its pristine state (0.004 W/
m.K) toward standard atmospheric values (0.020 W/
m.K) [62].

A -
V ' (Pext - Pint) : qus Equation 5.2

This aging process is further compounded by localized
high temperatures. Elevated storage tank boundaries
accelerate gas molecule transmission across the laminate
skin, while the multi-layer aluminum protective films
create significant perimeter "thermal bridging" around the
panel borders, leading to localized heat leaks [63].

6. THERMO-ECONOMIC AND SPACE-
EFFICIENCY TRADE-OFFS

6.1 Analytical Life-Cycle Cost (LCC) Framework

The design optimization of thermal energy storage (STES)
insulation envelopes requires balancing upfront capital
expenditure (CAPEX) against lifelong operational energy
savings [64, 65]. To determine the absolute financial
optimum for insulation thickness, a rigorous Life-Cycle
Cost Analysis (LCC) is deployed utilizing the universally
accepted Py — P, economic model [66].

The lifetime total cost per unit of tank surface area (LCC,
in $/m?) is expressed as the sum of the direct insulation
material installation cost and the net present value of the
escaping thermal energy over the system’s complete
operational horizon:

LCC = (Cins : x) + (CE ' Qann
-Py) Equation 6.1

Where:

e (;,s represents the bulk volumetric cost of the
chosen insulation material [$/m3].

e x is the absolute thickness of the insulation layer
[m].

e (g is the unit cost of thermal energy generated by
the system heating source [$/kWh].

Energy, Environment and Storage, (2026),06-02: 50-62

®  Qunn is the cumulative annual standing heat loss
escaping through the envelope [kWh/
m?. year).

e P, is the dimensionless Present Worth Factor,
which accounts for the system lifetime (N),
market interest rates (i), and annual energy
inflation rates (d) [66]:

1 1+ad\"] .. )
Pl—d_i-[l—(l_l_i)]lfl;td Equation 6.2

The total annual heat loss escaping a flat tank boundary

wall is dictated by the thermal resistance of the insulation

layer coupled to external convective boundaries:

8760 (Tinternal - Tambient)
=+ Rext

Qunn = Equation 6.3

Where 8760 represents the total operational hours in a
standard year, k is the temperature-dependent thermal
conductivity of the material, and R,,; is the external
convective and radiative thermal boundary resistance
[m2. K/W].

By substituting Qgu,, back into the LCC expression,
differentiating with respect to thickness (% =0), and

solving for x, the mathematically optimized insulation
thickness (X4 ) is isolated [65]:

0.5
_ 8760 - Cr - Py - k- (Tinternat — Tambient)
Fove = Cins

— (k- Rexp) Equation 6.4

6.2 Cylindrical Optimization Geometry and Payback
Metrics

For high-curvature cylindrical pressure vessels or compact
hot water cylinders, flat-surface assumptions break down
due to the volumetric expansion of insulation layers as
radius moves outward. The radial expansion increases the
exterior surface area, accelerating convective losses and
requiring a geometric correction factor for the LCC
framework [67].

For a storage cylinder with an inner insulation radius r4
and an outer radius r,, the cost function must be
formulated using the volume of insulation consumed per
meter of tank length:

LCC,y,
=Cins.n.(r%—r%)+CE‘P1
) 8760 - (Tinternal - Tambient)

In(ry/r1) 1
2wk 2nrah,

Equation 6.5

Iteratively minimizing this expression yields the precise
geometric outer boundary for optimal savings [68].

To calculate the time required for energy savings to
completely pay back the upfront insulation material
expenditure, the Discounted Payback Period (N, in years)
is calculated by setting the net lifecycle savings (LCS)
expression to zero [66]:

Copyright © and. Published by Erciyes Energy Association
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Cinsx-(d—i)
_ in [1 + Cg-AQann (14D
(2 1+d
In (—)
1+i
Where AQu.. represents the net reduction in annual
standing energy loss achieved by shifting from an
uninsulated baseline state to the target insulated state
(Quninsutated — Qinsulated) [68]. For  conventional
materials like rockwool or fiberglass wraps, N,, typically

spans an incredibly favorable 0.5 to 2.5 years, depending
heavily on the baseline cost of fuel [68].

N

Equation 6.6

6.3 Space-Efficiency Metrics and Spatial Floor Area
Valuation

Traditional optimization models treat physical thickness as
a variable with no external penalties. However, in modern
indoor thermal energy networks, basement utility
mechanical rooms, and dense urban building layouts, thick
insulation layers carry a major penalty: they consume
valuable real estate floor area [69].

If a traditional rockwool insulation blanket requires a
thickness of 150 mm to achieve a target thermal U-value,
switching to an advanced superinsulation material like a
silica aerogel blanket or a Vacuum Insulation Panel (VIP)
can match that performance at a fraction of the thickness
(20mm to 30mm) [35].

The floor area recovered (Agqpeq, in M?) by utilizing a
thin advanced insulation wrapper around a cylindrical
storage vessel of outer radius R and height H is derived
as:

Asqpeq =T [(R+ xtraditional)z
— (R + Xqavancea)?] Equation 6.7

By integrating the local commercial real estate or rental
lease value (Cgpqee, in $/m?. year) into the lifecycle
equation, the adjusted Lifecycle Savings (LCSq4j) formula
becomes [69]:

Lcsadj = (CE ' AQann : Pl) + (Asayed ° Cspace . Pl)
- (Cins,adv
: xad,mnced) Equation 6.8

w
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Figure 3: Thermo-economic optimization pathways
demonstrating the shift in optimal thickness (X\textopt)
when incorporating spatial real estate credits.

As illustrated in Figure 3, while advanced nano-porous
materials exhibit high baseline material acquisition costs
(Cins), Incorporating space savings (Asa,,ed.Cspace) into
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the financial model completely changes the balance. In
areas with high real estate costs, this spatial credit offsets
the initial capital expenditure of aerogels, dropping the
discounted payback period from over 15 years down to a
highly competitive 1.2 to 2.5 years [69]. This makes
advanced thin-profile systems highly viable for space-
constrained indoor installations

7. CHALLENGES AND FUTURE OUTLOOK

7.1 Mitigation of Geometric Thermal Bridging

While optimizing the continuous center-of-panel or
center-of-blanket thermal performance is critical, real-
world sensible thermal energy storage (STES) vessels
suffer from substantial localized heat leaks known as
geometric thermal bridges. Even when a tank features a
thick, optimized insulation jacket, the structural necessity
of anchoring heavy steel vessels to concrete foundations
introduces significant thermal short circuits. Uninsulated
tank support legs, bracket attachments, and foundational
tie-downs cross directly through the insulation barrier,
creating high-conduction pathways that link the hot inner
shell to the ground or ambient environment [70]. Numeric
three-dimensional models reveal that these structural
anchors can account for 10% to 15% of total standing
energy losses during extended standby periods.

Furthermore, the mechanical operation of hot water and
steam storage requires multiple pipe penetrations,
maintenance manholes, and instrument ports. Every
nozzle connection breaks the physical continuity of the
surrounding insulation layer. Because it is highly complex
to mold insulation perfectly around intricate, multi-valve
manifold junctions, field installations often leave these
connections poorly insulated or bare. This exposed metal
drives rapid natural convection loops, drawing heat from
the tank core and accelerating local thermal degradation
[70]. Future research must focus on developing
standardized, load-bearing thermal breaks made from
high-strength composites (such as glass-reinforced
polymer matrices) that can isolate support structures
without sacrificing mechanical stability.

7.2 Advanced Field Diagnostics and Smart Insulation
Systems

Because hidden moisture absorption and structural gravity
sagging happen inside the protective external aluminum
cladding, plant operators rarely catch insulation
degradation until it causes a massive drop in system
efficiency or catastrophic Corrosion Under Insulation
(CUI) [71]. To address this, the industry is shifting away
from reactive maintenance toward advanced, non-
destructive testing (NDT) methodologies. Infrared (IR)
thermography has emerged as a powerful tool for scanning
large vertical tanks, identifying internal moisture pockets
and structural sagging voids by mapping surface
temperature discrepancies [71]. Additionally, ultrasonic
wave propagation velocity mapping is being developed to
calculate internal compaction densities and pinpoint wet
zones without breaking the outer vapor seal.

The frontier of insulation technology lies in transitioning
from passive thermal barriers to active, "smart" insulation
networks [72]. Recent field trials have successfully
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integrated flexible fiber-optic Bragg grating (FBG) sensor
arrays directly into the structural matrix of silica aerogel
blankets and polyurethane cores. These integrated sensors
allow for continuous, real-time monitoring of internal
temperature gradients and structural strain throughout the
insulation profile:

Adg = ZneffA((l — Pe)€axial
+ (ay + an)AT) Equation7.1

Where AAg is the shift in reflected Bragg wavelength,
which maps changes in internal physical strain (€gyiqa1)
caused by material settling alongside shifting thermal
fields (AT) [72]. This integrated tracking network allows
operators to pinpoint the exact coordinates of structural
sagging, moisture buildup, or cell collapse before a major
system failure occurs.

7.3 Next-Generation Hybrid Envelopes

To squeeze maximum performance out of spatial
boundaries, researchers are exploring hybrid insulation
envelopes that combine multiple physical heat transfer
suppression mechanisms. A prominent focus is integrating
microencapsulated Phase Change Materials (PCMs)
directly into conventional mineral wool fibers or rigid
polyurethane foam matrices. During system charging
phases, when high-temperature fluid or steam first floods
the tank, the embedded PCM layer undergoes an
isothermal phase change, absorbing the initial thermal
shock and storing it as latent heat [73]. During standby
periods, this latent layer slowly releases its stored heat
back toward the tank shell, flattening the external
temperature gradient (V T) and significantly slowing down
steady-state heat loss to the ambient air.

Finally, because large-scale accumulator towers are
heavily exposed to outdoor weather, optimizing the
aerodynamic profile of the external protective cladding is
a key priority [74]. High external wind speeds drastically
escalate the external convective heat transfer coefficient
(h,), causing rapid heat removal from the tank surface.

Future cladding designs are moving away from traditional
flat cylindrical sheets toward textured, aerodynamically
optimized skins that incorporate vortex breakers and
boundary-layer boundary guides [74]. By forcing passing
wind currents to bypass the tank surface via laminar fluid
streams, the local Nusselt number (Nu) drops
significantly. This optimization reduces wind-induced
convective cooling losses by up to 25%, providing stable
insulation performance even during severe weather cycles

8. CONCLUSIONS

This review has systematically deconstructed the critical
role of thermal insulation envelopes in preserving the
quantitative energy and qualitative exergy of sensible
thermal energy storage systems. Traditional fibrous
materials remain the structural baseline for extreme high-
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