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Background

Evaluate energy-saving technologies utilizing above-
sheathing-ventilation (ASV), phase change material
(PCM), low-e surface and rigid insulation

Multi-year, 3-phase study sponsored by Metal Construction
Association (MCA)

Metal roofing systems applicable to both new and retrofit
construction (possible application over existing shingle
roofs)
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Envelope Systems Research Apparatus (ESRA)

« Test roofs were built on side-by-side attics in Oak Ridge, TN

» One of 4 natural exposure test (NET) facilities (others are in
Syracuse, NY, Charleston, SC, and Tacoma, WA)

- ESRA contains several test attics built over a temperature and
humidity-controlled basement

»  Attics are separated by 8 inches of foam (thermal isolation)

Charleston, SC NET facility
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Onsite weather station to measure outdoor temperature
and solar irradiance on the sloped roofs.

Heat flows into the attic and the conditioned space

below are positive (heat gain) and negative out of the

attic/conditioned space (heat loss). % OAK RIDGE
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Dynamic Energy-Saving Technologies

Metal panel
Metal panel

Air gap for ASV (heat removal by natural convection)

/ Low-e surface (reduced radiation absorption and emission)

Rigid insulation

Thermocouple

array PCM (latent energy storage and release)

Heat flux

transducer (HFT)

% OAK RIDGE

- National Laboratory



Test phases

* Phase 1. November 2009 — December 2010
* Phase 2: December 2010 — April 2012
* Phase 3: May 2012 — December 2013
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Phase 1
(Nov, 2009 - Dec, 2010)
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Test roofs

* PV-PCM roof: Macro-encapsulated PCM, 1.5 inch (R4.3) rigid
fiberglass insulation with low-e surface, 2 inch air gap (ASV), and
metal panels with photovoltaic (PV) laminates

* |IRR metal roof: “Cool-color’ coated metal on roof deck

 Shingle roof: Used as the baseline, for comparison
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PV-PCM Roof - Construction Details

OAK RIDGE

- National Laboratory



PCM Details

* Bio-based, macro-
encapsulated PCM
* Phase change enthalpy —
185 J/g
. . o 10000
» Melting point — 30 C : o0 | e 0 inognaid
| - (27.2°C)
» Freezing point — 26°C £ oo ]
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PCM thermal storage characteristics*

* Reprinted from Solar Energy, Volume 86, Issue 9, September 2012, Jan Kosny, Kaushik Biswas, William Miller,
Scott Kriner, Field thermal performance of naturally ventilated solar roof with PCM heat sink, Pages 2504-2514,
Copyright (2012), with permission from Elsevier.



Roof Surface
Temperatures

Solar reflectance of the roof
surfaces

» Shingle — 0.095, IRR metal
- 0.3, PV -0.18

- Peak surface temperatures:
IRR metal < Shingle/PV
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Roof Heat Flux

* PV-PCM roof reduced peak
roof heat flux by 89%
compared to the shingle roof
during the summer day; the
IRR metal roof reduced
peak heat flux by 39%

* PV-PCM roof also reduced
the night-time roof heat
losses by 66% (winter) to
95% (summer)
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Attic
Temperatures

 Impact of roof surface
temperatures and roof heat
fluxes are reflected in the
attic temperatures

* Attic temperature
fluctuations: PV-PCM < IRR
Metal < Shingle
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PCM Behavior
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Phase 2
(Dec, 2010 - Apr, 2012)
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* Fiberglass insulation was replaced by 0.5 inch foil-faced
polyiso (R3.2)

* PV roof — similar to PV-PCM, except the PCM layer was
replaced by “coravent” strips ¥ OAK RIDGE
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PCM Behavior
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Phase 3
(May, 12 - Dec, 13)
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.

Test Roofs

Lane 6 - Shingle

Metal panel

Air ga

Fiberglass

Thermocouple

Heat Flux Transducer

Lane 2 - ASV HG Lane 2 - ASV HG
(with PCM) (without PCM) Lane 4 - PCM ASV

 Lane 3 same as lane 4, except it had no additional air gap above
the PCM
* In February, 2013, the PCM layer from lane 2 was removed; lane

4 remained unaltered. ¥, OAK RIDGE



PCM Behavior

* Weekly maximum and minimum PCM surface (top and
bottom) temperatures

Phase 1 — PCM below rigid insulation** Phase 3 - PCM above rigid insulation
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Roof Heat Fluxes
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«  80-90% reduction in peak roof heat flux compared to shingle roof
» Lane 2 (PCM below insulation) exhibited reversal of heat flow,

presumably during the melting of PCM

» PCMin lane 4 (above insulation) is exposed to higher
temperatures and rate of temperature change, therefore could be

melting very quickly

» Lane 3 characteristics/behavior was very similar to lane 4
« Lower night time heat losses than shingle roof (negative roof heat flux)



Roof Heat Fluxes (Contd.)
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. Hourly, bin-averaged data: Summer (Jun-Sep) and winter (Nov-Dec)
. PCM impact seen in peak roof heat flux through lane 2 roof (summer of 2012 vs 2013)
» No PCM during summer/winter of 2013 in lane 2

» Lane 2 also benefitted from the low-e surface, which is very effective in reducing
radiation heat transfer
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* Reduced attic temperature extremes, i.e. lower attic-generated peak space-
conditioning loads.

 Lane 2 — lower peak summer temperatures

» 2012 - PCM below insulation and low-e surface; 2013 — low-e surface
Lane 4 — warmer during winter

» PCM above insulation, underwent phase change throughout the year



EnergyPlus Modeling of A
Test Roof
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EnergyPlus™ (E+) Modeling

« Widely used whole-building simulation software
(https://energyplus.net/)

« Validation modeling using measured data (roof heat flux
and attic temperature — phase 3, lane 4)

Exterior boundary conditions:
Data from on-site weather station
(solar irradiance, ambient
temperature, wind, etc.)

Interior boundary condition:
Measured temperatures on
underside of ceiling (attic floor)
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https://energyplus.net/

Calculations vs. Measurements
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Parametric Study

- Parametric study of ASV height and roof slope

Exterior boundary conditions: TMY3*
weather data (solar irradiance, ambient
temperature, wind, etc.)

Interior boundary condition:
Assumed temperature in
conditioned space below attic
(24C/75F)

TMY3* - Typical meteorological year
(http://rredc.nrel.gov/solar/old data/nsrdb/1991-2005/tmy3/)
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Impact of ASV Height

Ceiling Heat Flux (Btufhr-ft%)
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Ceiling heat fluxes for different ASV heights (0.5, 2.0 and 4.0 inch)
» Celling (attic floor) heat flux determines heating and cooling loads
Peak daytime heat flows are affected by ASV height — air gap height is

expected to impact the natural convection.

» Modeling PCM and ASV in E+ required extensive tuning of the model
parameters to match the experimental data

» Verifying the accuracy of the parametric study is difficult



Impact of Roof Slope
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Ceiling heat fluxes for different roof slopes (10°, 20° and
309), with 2 inch ASV air gap

» Actual test roof slope - 18°

Calculated heat fluxes were not very sensitive to roof
slope; in a real roof some variation can be expected



Summary and Conclusions

« EXxperimental testing

» All test roofs were effective in reducing the fluctuations in the attic
temperature (cooler in summer and warmer in winter), with
potential benefits in reducing the space-conditioning loads.

» The potential energy-savings are due to the combination of ASV,
PCM, low-e surface and rigid insulation.

» Heating and cooling load reductions were sensitive to the location
of PCM in the test roof

* EnergyPlus Modeling

» Attempt to isolate energy-savings due to individual technologies

» Preliminary modeling performed, but uncertainties in the model
parameters and calculation methodologies need further
Investigation
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Other Research Activities/Interest

;
T
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Modified Atmosphere Insulation (MAI) panels on
high-density (HD) foam substrate

Foam application on manufacturing line Finished composite insulation boards Ad d |tlve m an U faCt U I'I n g fO I’ b U | I d | n g

. . : applications
Vacuum-insulation based composites

* Phase change materials for wall and roof systems (multiple
publications and a book chapter)

* Beyond insulation: alternate thermal management methods for
buildings

» Leveraging material science expertise at ORNL for building
applications % OAK RIDGE
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