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Review of Roof Insulation Technologies: A
Systematic Analysis of Material Properties
and Structural Design

Abstract:

Chongyi Xu Objective: To optimize roof thermal insulation performance
for reducing building energy consumption (accounting for
32% of global energy use) and roof heat loss (10-25%),

ingdao Senior High School of . .
Qing £ thereby contributing to carbon neutrality goals.

Technology, Qingdao, Shandong,

266101. China Method: A systematic review of core elements was
Email: ;;xzxzw058263399@1 63. conducted, encompassing: (1) insulation material properties
com (organic polymers, inorganic fibers, eco-materials); (2)

structural designs (conventional, inverted, ventilated, green
roofs); and (3) techno-economic analysis.

Results:

- Materials: PIR exhibits superior fire resistance; XPS
offers excellent waterproofing; aerogel demonstrates
extremely low thermal conductivity.

- Structures: Inverted roofs extend waterproofing
membrane lifespan; ventilated roofs effectively reduce
cooling loads; green roofs provide ecological benefits.

- Techno-economics: Analysis identified XPS-based
inverted roofs as the most cost-effective solution (lowest
lifecycle cost, shorter payback period). Region-specific
optimizations were recommended (e.g., PU/PIR with
ventilation for cold climates; rock wool/glass wool with
reflective coatings for hot-humid zones).

- Emerging Technologies: Potential was noted for phase
change materials (PCMs), building-integrated photovoltaic-
insulation systems (BIPVIS), and self-healing membranes.
- Design Principle: System design must comprehensively
consider fire safety, economic viability, and ecological
requirements.

Keywords: Roof insulation technology, Thermal insula-
tion material properties, Insulation structural design, Life

cycle cost analysis, Building energy efficiency




1. Introduction

Building energy consumption constitutes 32% of global
energy use, with envelope heat loss being a primary fac-
tor. Studies indicate roofs, as the “fifth fagade,” contribute
10-25% of total building energy loss [Pérez-Lombard
et al., 2008], particularly under extreme climates. Amid
global carbon neutrality initiatives, optimizing roof insu-
lation is pivotal for improving energy efficiency and re-
ducing operational carbon emissions. The performance of
roof insulation systems hinges on the scientific selection
of materials and rational structural design, which collec-
tively determine thermal efficiency, long-term durability,
fire safety, environmental impact, and economic viability.
This paper comprehensively reviews physical, thermal,
fire-resistant, and environmental properties of mainstream
insulation materials; analyzes the operating principles,
advantages, limitations, and applicability of structural
systems (conventional, inverted, ventilated, green roofs);
evaluates techno-economic performance and regional
adaptability; and explores emerging trends. It aims to pro-
vide architects, engineers, developers, and policymakers
with robust theoretical and practical insights for selecting,
designing, and assessing roof insulation systems.

2. Comparative Study of Insulation
Material Performance

Insulation materials are central to system efficacy. They
are categorized as follows:

2.1 Organic Polymeric Materials

Derived from petrochemicals, these offer low density, low
thermal conductivity, and ease of installation.

- Polystyrene-Based:

0 Expanded Polystyrene (EPS): Formed by steam-mold-
ing expandable polystyrene beads. Advantages include
cost-effectiveness and adequate thermal performance (A:
0.032-0.040 W/(m-K)). However, its open-cell structure
leads to high water absorption (4-5% [Schmidt et al.,
2018]), degrading insulation under prolonged moisture. A
University of Chicago study confirmed 100 mm EPS re-
duces roof U-values by 62% [Kim & Park, 2020]. Suitable
for cost-sensitive, dry environments with low structural
loads.

0 Extruded Polystyrene (XPS): Manufactured via extru-
sion, featuring a continuous closed-cell structure (>98%
closed-cell content), yielding minimal water absorption,
high compressive strength (150-700 kPa), and stable
long-term thermal performance (A: 0.028-0.035 W/
(m-K)). DIN EN 13164 mandates >80% long-term ther-
mal resistance retention [Kosny et al., 2015]. Its compres-
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sive strength and hydrophobicity make it ideal for invert-
ed roofs (IRMA).

- Polyurethane-Based:

o Polyisocyanurate (PIR): A high-performance variant
of polyurethane (PU) with enhanced fire resistance. PIR
exhibits low smoke density (<200, ASTM E84) and 300%
improved fire performance over standard PU [Williams,
2021]. Its ultralow thermal conductivity (A: 0.020-0.028
W/(m-K)) ranks highest among organic insulants. Demon-
strated in London’s financial district, PIR achieved U-val-
ues of 0.15 W/(m?-K) [BRE Report, 2019]. Suitable for
fire-critical applications and inverted roofs. Drawbacks
include higher cost and carbon footprint.

2.2 Inorganic Fiber Materials

Sourced from minerals or recycled glass, these offer
non-combustibility (Class A), high-temperature resistance,
and chemical stability.

- Rock Wool Systems: Produced by melting basalt and
centrifugal fiberization. Key strengths are fire resistance
(Class Al non-combustible), maintaining structural integ-
rity at 800°C [BS EN 13501-1:2018], and delaying fire
spread by 45 minutes [Fischer et al., 2022]. Capillary wa-
ter absorption must be controlled (<1 kg/m?, ISO 29767).
Density ranges from 40-200 kg/m?>.

- Glass Wool Applications: Primarily from recycled glass/
silica sand. Superior acoustic performance (NRC >0.9
[Asdrubali et al., 2015]) and stability in humid climates. A
French residential project demonstrated 28% cooling en-
ergy savings using double-layer installation [Dubois et al.,
2020]. Softer and more compressible than rock wool, with
a service temperature limit of ~250°C.

2.3 Advances in Eco-Materials

Sustainable, low-impact, renewable, or bio-based materi-
als are gaining traction.

- Cellulose Insulation: Comprising recycled newsprint/
paperboard treated with fire retardants (e.g., 15% borates)
and mold inhibitors. Advantages include the lowest carbon
footprint (1/3 of rock wool [RICS, 2021]) and Class 1 fire
rating (ASTM E84) [Lstiburek, 2016]. Applied via blow-
ing/wet-spraying, ideal for irregular cavities. Limitations
include low density, settling risk, and moisture sensitivity.
- Aerogel Technology: Noted for its nanoporous struc-
ture (2—50 nm pores), inhibiting air molecule movement
to achieve ultra-low thermal conductivity (A: ~0.015 W/
(m-K)) [Gao et al., 2020]. Commercial aerogel blankets
offer equivalent performance to XPS at 1/8 thickness (10
mm ~ 80 mm XPS [IEA Annex 65, 2023]). Revolutionary
for space-constrained retrofits but hindered by high cost.
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Table 1: Key Performance Parameters of Insulation Materials

Density (kg/ | Th 1 Conduc- | Service Life|Carbon Footprint
Material ensity (kg . .erma onduem|setvice Lite) Larbon Tootprin Key Advantages Key Limitations
m?) tivity (W/m-K) | (Years) (kgCO2eq/m?)
Low cost, good insula High water ab-
EPS 15-30 0.032-0.040 30-40 25-35 ) ,.g . sorption, flamma-
tion, easy installation .
ble (requires FR)
High compressive|Moderate cost,
XPS 28-45 0.028-0.035 50+ 40-50 strength, low water | medium environ-
absorption, closed-cell | mental footprint
Optimal insulation | Highest cost, high
PIR 30-50 0.020-0.028 50+ 60-80 efficiency, high fire|environmental
resistance footprint
Class A non-combus- | Water absorption
Rock Wool 40-200 0.035-0.045 50+ 20-30 tible, high-temp resis- | control, installa-
tance, acoustic tion PPE
10-48 Superior acoustics Moderate moisture
_ u u , . .
Glass Wool 0.035-0.045 50+ 25-40 P . resistance, fiber
(batts) cost-effective .
irritation
Lowest carbon foot Settling, moisture
W -
Cellulose 30-60 0.038-0.042 25-35 5-10 . sensitivity, spe-
print, renewable L
cialized install
L -t Ultra-thin high effi-
Aerogel Blan- on'g e.rm . ra-t 1g' o Extremely high
ket 150-200 ~0.015 validation|80-150* ciency, extreme insula- )
¢ pending tion o8
(Sources: ISO 10456:2007; EPD International 2022; BRE Green Guide, Industry Reports)

3. Analysis of Insulation Structural
Systems

Material performance is realized through rational structur-
al design.

3.1 Conventional (Warm) Roof

Waterproofing layer above insulation (Fig. 1a).

- Structure (top-down): Surfacing — Waterproofing —
Insulation — Vapor Retarder (if required) — Slope Fill —
Structural Deck.

- Advantages:

o Protects waterproofing from UV, thermal cycling, and
mechanical damage (40% lower maintenance [Johansson,
2019)).

o Insulation remains dry.

- Limitations:

o Condensation risk if vapor retarder fails (moisture con-
tent 115-30% [Hens, 2017]).

o Requires continuous, high-performance vapor retarder.
0 Waterproofing exposed to weather.

- Applicability: Universal, but demands rigorous conden-
sation control in cold/humid climates.

3.2 Inverted Roof Membrane Assembly (IRMA)

Insulation above waterproofing (Fig. 1b).

- Structure (top-down): Ballast (gravel/pavers) — Filter
Fabric — Insulation — Waterproofing — Vapor Retarder
— Slope Fill — Structural Deck.

- Advantages:

o Maximizes waterproofing lifespan (>40 years [Ziircher,
2021]) via UV/mechanical protection.

o Reduces thermal stress on waterproofing.

o Lowers condensation risk.

- Requirements:

o Insulation must have very low water absorption (<1%
vol., EN 1609), high compressive strength, and closed-
cell structure (XPS preferred).

o Requires effective drainage above insulation.

- Applicability: 1deal for flat roofs in rainy/snowy regions.



3.3 Ventilated (Cold) Roof

Features a ventilated air cavity above insulation.

- Structure: Roof covering — Ventilated Air Gap (=50
mm, ASHRAE 90.1) — Insulation (within/below deck).

- Advantages:

o Reduces summer surface temperature by 12°C in tropics
[Wong et al., 2020].

o Expels moisture, prolonging roof life.

- Limitations:

o Increases winter heat loss by ~18% [Building and Envi-
ronment, 2021].

o Requires adequate cavity height and clear ventilation
paths.

o Fire-stopping needed at cavities.

- Applicability: Optimal for hot-humid climates; common
in pitched roofs.

3.4 Green (Vegetated) Roof

Integrates vegetation and growing medium.

- Structure (top-down): Vegetation — Growing Medium
— Filter Layer — Drainage/Retention Layer — Root
Barrier — Insulation — Waterproofing (root-resistant) —
Vapor Retarder — Deck.
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o Summer cooling (surface AT: 3-5°C [Getter et al.,
2016]).
o Stormwater management (runoff reduction >70% [EPA,
2022]).
o Carbon sequestration, biodiversity, aesthetics.
- Requirements:
o Minimum structural load capacity: 300 kg/m? (extensive)
to 500+ kg/m? (intensive) [FLL, 2018].
o Root-resistant waterproofing (FLL-certified).
o Specialized drainage and irrigation.
- Applicability: Urban settings for heat island mitigation
and stormwater control.

Fig. 1: Insulation System Schematics
(a) Conventional: Structural Deck — Slope Fill — Vapor
Retarder — Insulation — Waterproofing — Surfacing
(b) IRMA: Structural Deck — Slope Fill — Vapor Retard-
er — Waterproofing — Insulation — Filter — Ballast
(Source: Adapted from NRCA, 2023 Roofing Manual)

4. Techno-Economic Research

4.1 Cost-Benefit Analysis

Evaluation metrics: Initial cost, operational cost, life cycle

- Benefits: i
cost (LCC), payback period.
Table 2: Economic Comparison of Roof Systems (Climate Zone 5)
System Initial Cost (USD/m?) | LCC (USD/m?/yr) Payback (Years) Notes
XPS Inverted Roof 85-110 0.72 8-10 Lowest LCC, short payback
L initial t d fi
Rock Wool Conv. Roof 70-90 0.85 10-12 ewer Tital cost, good ire
safety
High perft fi is-
PIR Conv./Inverted 95-130 0.78-0.82 911 181 performance, fire resis
tance
High initial t logical
Green Roof (Extensive) 120-180 1.20 15-18 161 1Al COSE, ecotogica
benefits
L t initial t, short
Cellulose (Attic) 40-60 0.90-1.00 7-9 owest HitHat cost, shot
payback
(Source: NIST BEES 5.0,
2022)

- Interpretation: XPS IRMA offers optimal lifecycle eco-
nomics. Green roofs provide non-quantifiable ecological
value. Aerogels are currently uneconomical. LCC is sen-
sitive to energy prices, discount rates, and maintenance
assumptions.

4.2 Regional Adaptability

- Cold Climates (ASHRAE Zones 5-8): Prioritize high
R-value, condensation control, and snow load. Recom-
mended: PU/PIR with ventilation layer; rock wool/XPS

conventional roofs with robust vapor retarders.

- *Hot-Humid Climates (ASHRAE Zones 1-4A):* Focus
on solar reflectance, moisture management, and ventila-
tion. Recommended: Rock wool/glass wool with reflective
coatings; IRMA (XPS); ventilated roofs; green roofs.

- Mixed Climates (ASHRAE Zone 4): Balance winter in-
sulation and summer heat rejection. Hybrid approaches
(e.g., reflective coatings + insulation, ventilated roofs) are
advised.
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5. Emerging Technology Outlook

1. Phase-Change Materials (PCMs): Microencapsulated
paraffins/fatty acids integrated into insulation enhance
thermal mass by 40% [Zhou et al., 2022], stabilizing in-
door temperatures. Challenges: Cost, cycling stability.

2. BIPV-Insulation Integration: PV modules bonded to
aerogel blankets enable simultaneous energy generation
and insulation (61% combined energy savings [NREL/TP-
6A20-80979]). Challenges: System complexity, cost, code
compliance.

3. Self-Healing Waterproofing: Microcapsule-based mem-
branes autonomously repair cracks, potentially extending
service life to 60 years [Advanced Materials, 2023]. Chal-
lenges: Healing efficiency, scalability.

6. Conclusion

1. Material Safety & Performance: Prioritize A2-s1,d0-
class rock wool or PIR in fire-critical applications.

2. Structural Durability & Economics: XPS-based IRMA
maximizes waterproofing lifespan (>40 years) and offers
optimal LCC (payback: 810 years).

3. Ecological Value: Green roofs provide indispensable
stormwater management and urban cooling despite longer
payback (15-18 years).

4. Technology Drivers: Aerogels enable ultra-thin sys-
tems; PCMs, BIPVIS, and self-healing membranes repre-
sent multifunctional, long-life solutions.

Roof insulation has evolved into a holistic solution inte-
grating safety, durability, economics, ecology, and intel-
ligence. Future work must emphasize multi-objective op-
timization tailored to climate, function, and sustainability
goals.
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