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1 Abstract

Adhesive mounting of residential rooftop photovoltaics (PV) is an alternative to traditional rack mounting
that reduces installation costs. Adhesive mounting is fast, simple and reduces the need for skilled labor.
In our novel design that further reduces the installation costs, a lightweight (glassless and frameless) PV
module is directly adhered to a shingled roof using an adhesive tape, creating a <5 mm air gap between
the PV back-panel and the roof shingle surface. Although the gap is sufficient for moisture and rainwater
transport under the PV panel, potential heat buildup under the module may adversely impact the long-
term durability of the shingles. Heat buildup may also increase the heat flux through the roof, resulting in
an overall increase in building cooling loads. This study investigates the thermal behavior of the roof
under an adhered PV system. Two identical test huts with dark shingle-covered roofs were located in the
hot, desert climate of Albuquerque, NM. Adhesively-mounted lightweight PV modules were installed on
the south-facing roof of one of the test huts (PV hut), with the other one serving as a reference hut.
During the summer season, the asphalt roof shingles under the PV modules experienced a 13°C reduction
in daytime peak temperature compared with the exposed shingles. No evidence of heat buildup under the
PV module was observed. It was also found that the temperature of shingles underneath the adhesive was
up to 6°C higher than for shingles underneath the gap space at the daily peak time. Thin but ventilated air
gap between the PV back-panel and the roof shingles helped remove the heat, while the adhesive pads
(patches) served as thermal bridges between the PV module and the roof. Daily peak heat flow through
the attic ceiling was almost 49% lower in the PV hut compared to the reference hut. These results show
no evidence of an adverse thermal impact of the adhesive-mounted PV system on the roofing materials,
while demonstrating a potential for a notable reduction in space conditioning energy requirements.

2 Introduction

Substantial reductions in the PV module cost in recent years has fueled a rapid rise in US residential
rooftop PV installations. In 2015, the residential PV installations exceeded 2 GW ¢Kahr2015). By
comparison, the National Removable Energy Laboratory (NREL) estimates that the technical potential for
residential PV in the US is approximately 731 GW (Gagebal, 2016). To realize this huge market
potential, however, the non-hardware (soft) material and installation costs must be reducede(Aidani
2013; Barboset al, 2013; Morriset al, 2013; Morriset al, 2014). These soft costs remain higher in the

US than in most other countries, due in part to a higher cost of installation and complicated code
approvals (Barbose & Darghouth, 2015). Traditional rack-mounting of PV modules on the residential
roofs is both time and skill intensive and involves: drilling mounting holes into the roof, attaching and
flashing the mounts, attaching rails to the mounts, and securing PV modules to the rails. The complexity
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and cost of rail-based mounting has led to an asmén popularity of rail-less mounting methodsr(ida
2016). However, both mounting approaches requivé penetration, which increases the risk of mogstur
damage to the building.

In a United States Department of Energy (US DOmEdad Plug and Play project, we investigated the
adhesive mounting of lightweight (glass-less, frdess) PV modules as a mean to reduce the sof cost
(Fraunhofer CSE, 2016; Honeket al, 2016). The use of adhesives to attach lightwei) modules
directly to a residential roof has the advantagespeed, simplicity and reduction of skilled lab8y
removing the frame and the glass frontsheet, theltieg lightweight module is well suited for adhes
mounting and may not require structural permittimgich is both time consuming and adds to the
installation cost. The design of this frame- amdkrless PV system does not include any metal
component, which avoids the need for electricalugding, saving on the associated materials and
electrician labor cost.

To ensure the sufficient structural integrity, viedsed the wind uplift, creep performance and dilitgb

of the adhesives (Honeket al, 2016). Wind uplift tests performed in the wingthel suggest that,
properly installed, the adhered modules can witltstaind gusts up to 150 mph. During field exposure
tests performed in Albuquerque, NM, it was foundttta slow displacement of the module over time
(creep), may occur under extreme conditions of lagble, high temperature and high loads. Finally, a
series of adhesive durability tests performed imalic chambers, demonstrate that the thermoplastic
adhesive bond gains strength on exposure to highdratures as temperature facilitates the adhasive’
ability to wet into the granulated shingle surface.

To examine the impact of adhesively-mounted roofigptweight PV on the moisture transport of the
underlying roof elements, we conducted an outdesir hut study in cold, humid climate of Boston, MA
(Shuklaet al, in publication). Lightweight PV modules wereaatied using 0.15 cm (0.6 in.) thick
adhesives and covered approximately half of Nonith &outh roofs of the test hut. Moisture contené da
collected over two winter periods showed no advexSect of the adhesively-mounted PV on the
hygrothermal behavior of the underlying roof detsogent.

A series of field experiments focused on the thérefiects of adhesive mounting on the PV module
electric performance were performed in Albuquergh®] (Beutneret al, unpublished). The study
compared the temperature and power output of glass/ modules mounted at gaps of 17.78 cm (7 in.),
10.16 cm (4 in.) and 0.32 cm (0.125 in.) (adhesior)the test huts. The recorded average annual
temperature of adhesively mounted glass/glass raoslak found to be 3.4°C and 4.3°C higher than the
10.16 cm (4 in.) gap and 17.78 cm (7 in.) gap medimhodules, respectively. This temperature increase
resulted in an average annual yield loss of 4% @&Be#o, respectively. To complement the above study,
this study focuses on the effects of adhesive niogimin the roof temperature and building coolingds.

In a conventional rail-based rack-mounted PV system10 cm gap between the roof surface and the
module back surface enables significant air coneectnder the panel, minimizing heat build-up
(Brinkworth & Sandberg, 2006; Gan, 2009a; Gan, 200Blirunlabh et al, 2001). In addition,
conventional rack-mounted PV modules act as roofslsades by blocking the incident sunlight. In
contrast, adhesive-mounting leaves a < 0.5 cm gapden module back-surface and roof shingles. From
building physics viewpoint, there is a concern tttds small gap limits the air-flow below the PV
module, which will result in heating of the roofrface i.e. roof shingles. Increased temperatures a
known to accelerate the degradation and reducécseife of common types of shingle materials used
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today such as asphalt shingles. Although adhesimenting of PV systems on flat commercial
membrane roofs and sloped metal roofs is well-kngudm-Solar, 2015), few data exists on the thermal
effects of the adhesively-mounted PVs on residerdas.

3 Technology Background

Compared with conventionally rack-mounted framed mbdules, the adhesively-mounted lightweight
(frameless, glassless) PV modules are expecteitetotlae heat transport through the roof becaugbeof
following reasons:

(a) reduced air gap thickness between the PV and #sngl the adhesive-mounted modules
compared to the rack-mounted approach may redwcedhvective heat transfer underneath the
PV module

(b) different surface radiative characteristics (emiggiand reflectivity) of the polymeric frontsheet
of the lightweight PV module, compared with thesgldrontsheet of the conventional framed
module

(c) local thermal bridging caused by the adhesive pads

These heat transfer mechanisms may increase tlpetatare of the roof under the adhered PV module.
Please note that the excessive shingle temperatuagsaccelerate their degradation by increasing oil
migration and asphalt oxidation (ARMA, 1996; Berblat al, 2008; Cash, 2000; Terrenabal, 1998).

In addition, since a typical roof accounts for abbdfb of the total cooling loads in a residentiailding
(Buildings Energy Databook, 2010), the potential ieat build-up caused by adhesive-mounted rooftop
PV may increase the cooling demand of the build&kdurther PV performance-affecting factor is the
conversion of a portion of the solar radiation kecticity (PV effect). Since an increase in tengtere
reduces PV cell efficiency (Dubey al, 2013), many studies have investigated the thesffects of PV
system design parameters (including gap spacipgcasatio, radiation properties etc.) on the rgofPV
module performance (Beutnet al, unpublished; Hirunlabket al, 2001; Singhet al, Gran, 2009a;
Moshfegh & Sandberg, 1998; Sandberg & Moshfegh,81%ilson et al, 2011). In contrast, fewer
studies are available on the thermal impacts oftepoPV systems on underlying roof elements.
Generally, the literature shows that rack-mount¥dskPstems shade the building envelope, resulting in
reduced building cooling loads.

Yang et al. (2001) have simulated the effect of gap spacinghentemperature and performance of
rooftop PV systems. Natural ventilation was foundrémove a large amount of heat, reducing the
building cooling demand. The roof thermal load éased by almost 35% with the application of rooftop
PV. Tianet al. (2007) modeled the effect of PV systems on theaulonate of the urban canopy layer.
Simulations for Tianjin, China showed that PV sgstewith ventilating gaps significantly reduce roof
surface temperature and heat flux density throbglraof envelope compared to roofs without PV dyrin
the daytime; night differences were found to belbma

Kosny et al. (2012) performed a field study to investigate thermal performance of a novel roofing
technology utilizing amorphous silicon PV laminatetegrated with the metal roof panels. The system
featured phase change material (PCM), a ventilakathnel over the roof deck and thermal insulation
with an integrated reflective layer to suppressrtia bridging and reduce thermal loads throughrdiog.
The test results showed an approximately 90% remtudh peak daytime roof heat flux and a 55%

Page 3 of 30



reduction in roof-generated cooling loads compaoea shingle roof control. However, no attemptsewver
made to isolate the impact of PV laminates on lteenhal performance.

Trinuruk et al. (2007) investigated the effect of a completelyles®ed gap below a PV panel, which
represents a worst-case condition from the stantipdi PV performance, on the heat flux through the
underlying building envelope component. At 15° (ifttitude in Thailand) and low wind speed, results
indicated that air gaps larger than 4 cm were ret¢aleeduce the heat transfer from the back ofPiie
modules to the envelope component. It was concltld@dan appropriate air gap could reduce the heat
load of the building by at least 1.85 kWH/per year. Bigoet al. (2009) investigated the effect of PV
rooftop panels on the roof-generated heat loadsknfilding in tropical and humid climate of La Ream
Island. Ceiling temperature was reduced by up © &3d roof thermal loads were decreased by ~51%
under a PV-covered roof compared with a non-covesetl

Samady (2011) used small-scale building model®topare the thermal behavior of roofs with different
PV designs. Two designs are of particular intergst flush-mounted system with no air gap and 2)
rail-mounted system with a 7.6 cm gap. The roof perature of the flush-mounted system was
significantly higher than the system with the ghpfact, the roof temperature of flush-mounted esgst
was found to be even higher than the exposed (@nedy roof temperature. The temperature differences
between the roof surface and the ceiling were higtrethe flush roof compared to the roof with gap,
indicating higher thermal loads in the flush roae. Further analysis showed that the flush mogintin
yielded about 60% higher cooling load than thegtesiith the 7.6 cm gap.

Dominguezet al. (2011) demonstrated the behavior of rooftop PVesystas thermal insulation on a
commercial building in San Diego, California. TW& designs were studied: a flush-mounted system
and a south-facing tilted system with a 4° tilt and0 cm gap. Thermal (infrared) imaging showed tha
the ceiling under both designs was cooler thancthing under the exposed (uncovered) roof surface,
with the tilted design showing a higher maximumtiag cooling of about 2.5°C. Numerical simulations
showed an approximately 38% reduction in annualiegdoad due to the PV systems as compared to the
exposed roof. No benefits in annual heating loackveted.

Mei et al. (2009) performed laboratory tests to assess tlkeofisoverheating of PV tiled roofs. An
excessive rise in PV tile temperature was repantater the indoor test conditions, which was attedu
to inability of the applied test arrangement to deie a realistic level of radiative cooling to tbley.
Locations within Southern Europe that have the iakfor overheating of PV roof tile designs witb
back ventilation were identified. Numerical anagyshowed that using counter batten helps in reducin
the PV roof tile temperature by 3°C by providingfow convection.

In summary, the literature on the thermal impaét®oftop PV on the roof indicates that roofs apeled
when covered by rack-mounted PV with ventilatedgaips and roofs are warmed when covered by flush-
mounted PV with no gap. This study investigatesthigegmal impact of adhesively-mounted rooftop PV,
which has a small air gap intermediate betweenhflasunted systems (no gap) and rack-mounted
systems (> 10 cm gap).

Page 4 of 30



4  Experimental Analysis
Conditioned Test Hut Construction

Two identical wood-framed test huts of 2.44 m x631®& (8 ft. x12 ft.) footprint were located in
Fraunhofer CSE’s outdoor test facility in Albuqueeg NM. The huts were built according to standard
building practice and positioned to minimize sadaading. Each test hut consisted of a 4.5:12 pitche
single-slope, south facing roof with a ceiling sgpiag the attic from the conditioned space below
(Figure 1). Design details and thermal insulatewels are presented in Table 1.

15# synthetic felt underlayment was applied ovéi tm (7/16 in) thick OSB sheathing. 3-tab composit
asphalt shingles (Timberline, GAF, Parsippany, Wéje installed following standard practice. Asphalt
shingles were selected for the roof covering makdyecause it represents an almost 60% of the U.S.
roofing market (162.5 million square in 2014) (Kferia, 2016). Charcoal was chosen as the shingle
color as it has a relatively low Solar Reflectiordéx (SRI) value (ASTM E 1980). Since SRI is a
measure of how well a surface reflects solar radiatshingles with a lower SRI will increase thefro
temperature, which may amplify the thermal impatttioe adhered module. An increased roof
temperature also improves analytic sensitivity.

A [2 rows x 3 columns] array of lightweight PV pénevas adhesively-mounted on one of the huts (PV
Hut), while the other hut (reference hut) servead asference (Figure 1b). PV modules are labeleti-PV
PV6 (Figure 4). The lightweight (glassless, frarag)ePV modules were provided by Lumeta Solar
(Sunnyvale, CA; Model LPP-150). The modules cdedisof mono-crystalline silicon solar cells
encapsulated using standard processes except thiat polymeric film replaces the front-glass, ange
rigid back-panel replaces the back-sheet and tmialim frame is eliminated. The 155W modules are
approximately 3 mm (0.12 in.) thick, weigh 5.5 Ki2(Ib.) and have dimensions of 1.01 m x 1.01 m.
Heliobond® PVA 600BT (Royal Adhesives and Sealarsuth Bend, IN), a high performance
thermosetting adhesive tape with high tack and sidhe was used to attach the PV modules to the
shingled roof. Adhesive pads of 10 cm x 10 cm sigee cut from the adhesive tape and arrangedn a [
rows x 4 columns] array on each PV module. Twoeddht adhesive thicknesses were chosen: the top
row of the array was attached with 4.5 mm thickemie pads, while the bottom row was attached with
1.5 mm thick adhesive pads. The reference and R&/ara shown in Figure 1c.

A standard roof ventilation strategy was adopted 1. nf of net free-vent area (NFVA) per 30C wof
attic space. Equally sized vents were installedhenfront and back soffits to allow a total NFVA of
approximately 0.03 frin each test hut (Figure 2a). A portable air cbading (AC) unit (14,000 BTU/h
capacity) was installed in each test hut to prowideling (see Figure 2b). The setpoint was colatipte
to a temperature resolution of about 0.6°C (1°F).

Measurement Sensors and DAQ Strategy

The temperature and heat flow measurements weferped using thermocouples (TC) and heat flow
transducers (HF sensors), respectively. These engere placed in various locations of the huts
including above and below the shingles and PV mexjuh attic space, in conditioned space, inside th
attic insulation, on the ceiling surface, and orlsvand floor (Figures 4 and 5). Type T thermocespl

junctions were welded and prepared in-house usinge@’'s 24-gauge stranded pair of copper and
constantan wires. Surface-mounted TCs were adhesed) a fast-cure, thermally conductive epoxy
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(Figure 3a). For air temperature measurements,We&2e hung in the locations of interest. To improve

the accuracy of the TC measurements, a thermadlylated reference box containing the connection
point between the TC wire and lead wires of theagd measurement device was placed inside the
conditioned space. Thermal isolation reduces tlilience of the junction potential caused by the

dissimilarity of the TC wire and the wire leads.

Thermopile based HF transducers (Concept Engirgge@id Saybrook, CT; Model: F-002-4) with a 5
cm x 5 cm surface area were mounted with a congrittiermal paste to improve thermal contact (Figure
3b). HF sensors were calibrated using a heat fl@iemapparatus to correlate the heat flux and S&ebe
voltage. The linear correlation was used to convertHF sensor voltage into the heat flux values.

A data acquisition (DAQ) unit (CR1000, Campbell etific, Logan, UT) in combination with a
multiplexer (MUX) (AM16/32B, Campbell Scientific) a8 used to record the temperature and heat flux
data. Temperature and heat flux data were scanr@@second increments and recorded every minute.

A Kipp and Zonen CMP11 pyranometer and a VaisalatiAgx Transmitter WXT520 were mounted near
the test hut site to measure and record solariamad, wind speed/direction and exterior (ambient)
temperature data.

Sensor Arrangement

The sensor arrangement on the roof was given dpatbgation (Figure 4). A vertical array of TCs was
installed through the roof cross-section at keyatmns of both huts: one TC on the module surfaoe,

TC on the shingle surface, one between the overigmhingle tabs (Figure 3d), and one under thé roo
deck. A TC array was installed at the center pafit8V2 and PV5. TC arrays were also installedvat t
locations of the roof of the reference hut. Iniadd, a single TC was attached at the center under
modules PV1, PV3, PV4 and PV6 on the shingle sarfadOne TC each was installed between
overlapping shingle tabs located under the adhgmdeadjacent to the centerpoint TC arrays of PR a
PV5.

Except the roof envelope, the sensor layout in beghhuts was kept identical (Figure 5). Thredivalty
distributed TCs were hung in the center of theriateconditioned space to measure its temperatieat
flow through the ceiling was measured by two HFsses placed on the underside of the ceiling.
Additional TCs were located on the walls, gablepfland attic to monitor the temperature of each hu
(Figure 5).

Conditioned Space Temperature

During the test hut experiments, the conditionedceptemperature was kept at 21.1°C (70°F). It is
consistent with the optimum thermal comfort corulitias described by the ASHRAE Handbook of
Fundamentals (2009)The AC unit setpoint temperatures were adjustechitomize the differences in
the measured conditioned space temperature ovihdadits. A comparison of temperatures measured by
one of the three TCs located in the conditionedsmd the reference and PV huts during a typicakwve
shows a difference of approximately 0.3°C (0.5%yqre 6).

Experiments were conducted for a five-week perroanf08/09/2014 to 09/12/2014 representing the late
summer in Albuquerque, NM. A summer season testithgved us to study the thermal impact of
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adhesive mounting during a time when temperatuex® \wighest for the year. As described previously,
higher temperatures hasten the shingle materiatadation; therefore, a summer experiment was
designed to investigate the highest-risk scenaoim imaterial degradation viewpoint.

5 Results and Discussion

Effect of Adhesive Mounting on Shingle Temperature

Figure 7 compares the temperatures of shinglesredusith the adhesive-mounted PV with that of the
exposed shingles on the reference hut. The dateol@red shingles were collected from the TC arrays
located at the center of PV2 and PV5 (Figure 4 Témperature values are from the TCs embedded
between overlapping shingle tabs (Figure 3d). Tddation is insulated from the variable effectdlwéct
exposure to wind and solar radiation and thus pesvia cleaner (less-noisy) temperature measurement
compared to the signal from TCs placed on the searfdi the shingles. The covered shingle data is fio
shingle located underneath the air gap (betweenni®dule and shingles) and thus may experience
limited convective cooling. Figure 7 shows that tovered shingles are at least 10°C cooler than th
exposed shingles on the reference hut during mydadeen the temperature peaks.

Figure 8 quantifies the difference in maximum terapgre between the exposed and the covered
shingles. In Figure 8, the exposed shingle temperat represented as the average of thermocouple
readings on two locations of the reference hut,levthe covered shingle temperature is taken as the
average of shingle temperatures under PV2 and B&& Figure 4 for thermocouple locations). Over the
one-month period (Aug.-Sept.), the reduction imglé temperature due to adhesive mounting varied
between 4.8°C and 16.1°C, with an average dailyk peanperature of 13°C. This reduction in
temperature was determined for the hottest path@fAlbuquerque summer; it is expected to be less
during the cooler months. In comparison, a nunaéneodel, which included PV thermal and electrical
performance, determined a reduction of roof tentpegadue to conventionally mounted PV of 9.4°C in
the summer in Tianjin, China (Wilson & Paul, 2011).

The amount of cooling depends on the temperatarézidure 9, the average temperature of shingles
covered by PV2 and PV5 (i.e. covered shingle teatpeg) is plotted against the average temperafure o
two exposed shingles on the reference hut (i.eogegb shingle temperature) for the entire duraticth®
experiment. The hysteresis in the curve is dua tione-shift (lag) of the covered shingle tempetu
behind the exposed shingle temperature during ¢fagirig stage (as the morning sun heats the system).
This lag is reversed during the cooling stage wihenexposed shingle temperature drops faster tiean t
covered shingle temperature. The shape of the ceflexts how the irradiation, ambient temperaamd
wind affect the dynamic heat transfer of the costemad exposed shingles temperatures differently. In
general, the temperature of the covered shinglagases with the temperature of the exposed shkingle
At lower temperatures of the exposed shingle, tbheeied shingle appears to closely follow the
temperature of the exposed shingles as the hyistdegsperature data appear to lie on 1:1 straighbt |
However, as the temperature of the exposed shingleases, there is an increasing and downward
separation in the temperature of the covered sksnffbm the 1:1 straight line, suggesting the aoole
temperatures of the covered shingles compared doedposed shingles. This observation may be
attributed to the increasing solar conversion efficy and air ventilation with increasing temperesu

Page 7 of 30



Figure 10 depicts a temperature histogram plothef éxposed and covered shingles. There are two
distinct peak profiles in the histogram — highed éower temperature peaks are attributed to daytinte
nighttime, respectively. A similar nighttime temptrre profile is observed for both exposed and iem/e
shingles. However, for daytime temperatures, thgew shingles are at a significantly lower
temperature than the exposed shingle. The maxinemnpéeratures attained in the exposed and covered
shingles are at around 78 and 85IC, respectively. The plot is a clear evidence that covered
shingles remain at a lower temperature than thesegshingles.

Figure 11 plots the daily peak temperature of tiiagdes under the PV module vs. the exposed stingle
of the reference hut. The daily peak temperaturthefcovered shingle increases with exposed shingle
temperature, but with a slope of <1 (0.79). Adinét yields the relation:

Tcoverea = 3.5+ 0-79TExposed (1)

where Teovered @Nd Texposea @re the daily peak temperatures of the coveredeapdsed shingles (in °C),
respectively.

The peak cooling effect can be made explicit byritavg equation (1) in terms of the difference beém
the temperature of the exposed shingles and theredshingles:

Peak Cooling = TExposed — Tcoverea = 0-21TExposed —-35 (2

Equation (2) shows that the peak cooling effech iunction of increasing temperature. As the peak
daytime temperature of the exposed shingle incsedbe peak cooling effect of the adhered module
increases. Conversely, as the peak temperaturbeokxposed shingle decreases, the cooling effect
diminishes.

It is important to emphasize that the temperatesponse of the roof shingle of the test hut issaltef a
multitude of environmental conditions such as eatdemperature, solar irradiation, wind speeceriior
temperature, level of thermal insulation below shengle, etc. Therefore, Equations 1 and 2 arateel
analysis are valid only for the environmental ctiods to which the test huts were subjected torduri
the experiment, such as solar irradiance, amb@mperature, and wind speed and direction as shown i
Figures 6—7. These relationships should not beapatated beyond the range of peak exposed shingle
temperature that were observed as shown in Fidire 1

Effect of Adhesive Mounting on Heat Flow

Figure 12 compares the heat flux through the gilimo the conditioned space of the PV hut and
reference hut. Each heat flux curve representsvanage of the two sensors located underneath the
ceiling. On a daily basis, the peak of heat flboithe reference hut is found to be much greatar the
peak of heat flux into the PV hut conditioned spathe reduction in heat flux through the ceilirgised

by adhesive-mounted PV relative to exposed roof beagalculated as the difference in peak ceilirgf he
flux of the reference and PV huts and then dividimg difference by the peak ceiling heat flux loét
reference hut. The percent reduction in the dadgikpheat flux through the ceiling calculated irsthi
manner are depicted in Figure 13. A reduction d¢fveen 45% and 55% in the ceiling heat flux of the P
hut is noted relative to the reference hut. In,fet average reduction in peak daily heat fluntlgh the
ceiling over the Aug.-Sept. monitoring period 949
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Integrating the heat gains i.e. positive heat flo@is into the conditioned space through the ceilivgro
time, t, yields the roof-generated cooling energy demand:

t
Roof — generated Cooling Demand = Q"(t)dt 3
t=0

where t; is the monitoring duration. Since the heat fludad#@ collected in discrete one-minute
increments, equation (3) can be rewritten as:

tr tr
Roof — generated Cooling Demand = 2 Q"(HAt = 602 Q"(t) (4)
t=0 t=0

The daily roof-generated cooling load for each tant be calculated using equation (4) and compared.
Considering that the ceiling heat flux are lowetha PV hut than the reference hut, it is anti@dahat

the roof-generated cooling demand will also be lofeethe PV hut when compared to the reference hut
Figure 14 plots the percent reduction in daily rgeherated cooling load requirements of the PV hut
relative to the reference. A reduction in the aoglioad of 49% is evaluated over the Aug.-Sept.
monitoring period. The identical reduction in cogliload as in heat flux is attributed to the simdhape

of the heat flux curves from the PV hut and refeeshut. Due to this similarity, the reduction oé gheak
heat flux is coincidentally equal to the reductinmut flux area.

The reduction of cooling load due to rooftop PVIwipend on the area of the roof covered by theyarr
For example, the State of California restricts f\é array coverage to half the total roof area toicv
adding significant inertial mass and seismic ldtkrads to the roof (Caiet al, 2015). No restriction is
placed on any portion of the roof (e.g. a southirigcoof-section) so long as the PV coverage oker t
total roof area does not exceed 50%. 69% of the totd af the single-sloped roof of the PV hut is
covered by the PV array, which exceeds the Calidolimit. Since rooftop PV is typically mounted on
sun-facing roofs in sunny (warm) climates, theiolew effects are maximized. Thus, maximizing PV
array coverage on south-facing roofs not only maes energy production but also maximizes the
cooling effect.

Effect of Adhesive on Shingle Temperature

During the summer period measurements, the peakmayemperature of the shingle under the adhesive
pad was found to be consistently warmer than tlighe shingle under the gap beneath the module
(Figure 15). The difference in temperature expeeaenby a shingle underneath the adhesive compared
with a shingle under the gap is up to 6°C duringwarmest part of the day (Figure 16). The adhesive
pad adds a small thermal resistance which shoulseca small decrease in the temperature of thglshin
(<11C) compared to a hypothetical case where the PVutead flush-mounted to the shingle. Lower
daytime temperature of the shingle under air gappared to the shingle under the adhesive pad sisyges
that the gap, although small, allows for the awfithat removes a portion of the impinging heatrfrithe

PV panel above.

The area fraction of the adhesive underneath theerad modules will significantly affect the heat
transfer from the module to the shingles. In thase; approximately 25% of the module back-panel is
covered by adhesive pads. Due to the non-flat sadfce, not all of the adhesive makes intimateamn
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with the shingle surface, however. The adhesivéambriraction (ACF) depends on the adhesive spacing
pad size, shingle type as well as the applied pressn installation. The result is that the mayoot
shingles under module may not be covered with adhes

6 Conclusions

A field study to investigate the thermal effects tbé adhesive-mounted rooftop PV panels on the
underlying roof shingles was performed in AlbuquergNM. Two identical test hut structures, one with
adhesively-mounted lightweight, glass-less PV mesglulwere exposed to the hot, desert conditions
during a five-week summer test period. Asphalff reltingles under the PV panels were found to be
significantly cooler than the exposed shingles.\Dpeak temperatures of shingles covered by the PV
modules were approximately 13°C lower than expatedgles during the Aug.-Sept. monitoring period.
The cooling effect of the adhered modules increas#ls increasing temperature. Heat flow to the
conditioned space through the ceiling barrier duoed by 49% compared to the reference hut. The
adhesive pads were found to thermally bridge theduil® with the underlying shingles. Shingles
underneath the adhesive pads were up to 6°C walaerrshingles underneath the gap region under the
adhered modules.

By acting as a sunshade and intercepting the intigteadiation, the adhered modulemderatethe
energy exchange of the roof with the environmetite Beasonal and diurnal temperature swings that
exposed shingles experience is dampened. Thesaegedilects can be maximized by maximizing south-
facing roof coverage in warm (sunny) climates. Bhaall gap resulting from the adhesive mounting
restricts convective heat flow. A full understargliof the thermal balance would require accountory f
the mounting geometry, thermal properties of theesy as well as the boundary conditions of sulestrat
solar isolation and weather conditions.
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8 DISCLAIMER

This report was prepared as an account of worksped by an agency of the United States Government.
Neither the United States Government nor any agémeseof, nor any of their employees, makes any
warranty, express or implied, or assumes any ldgdiility or responsibility for the accuracy,
completeness, or usefulness of any informationaigips, product, or process disclosed, or represent
that its use would not infringe privately ownedhtgy Reference herein to any specific commercial
product, process, or service by trade name, trademaanufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendatisrfavoring by the United States Government or
any agency thereof. The views and opinions of asthgpressed herein do not necessarily state lectref
those of the United States Government or any agerergof.
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Table 1: Basic Design of Test Structures

Envelope Description
Element
Floor - 2x6 floor joist w/R-19 fiberglass (FG) batt below

- Protective layer under floor to hold in R-19 indida
- ¥ TIG plywood
- R-10 XPS board on top of floor

Walls - LP Smartside siding

- Wall studs 2x4 @16" o.c.

- R-13 FG batt in wall cavity

- R-10 XPS board on walls below ceiling joists

Ceiling - 2x6 @16” o.c. ceiling joists
- %"0SB
- R-10 XPS board on ceiling joists below ceiling

Roof - 2x4 roof rafters @16” o.c.

- 7/16” OSB decking

- 15# roof membrane

- 3-tab FG asphalt shingles; charcoal color
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@) (b)

(d)

Figure 1: Schematic of (a) PV and (b) reference hut s, (c) PV hut (left) and reference hut (right), and
(d) adhesive-mounted PV on the roof of the PV hut.
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(a) (b)

Figure 2: (a) Soffit vent installed in each hut, (b ) Portable air conditioning unit.
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@) (b)

Shingle TC

(© (d)

Figure 3: (a) Thermocouples (TCs) attached to the s  hingle surface of the PV hut, (b) Heat Flow
sensor installed on the underside of the roof deck of the Reference hut, (c) TC attached between
overlapping tabs of the shingles and (d) schematic representation of TC embedded between
overlapping single tabs.
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it Heat Flux Sensor O TCArray © TCon Shingle Surface

EAST
—
PV Test Hut Roof Reference Test Hut Roof
1401  LOi
/ PV Module
#4/ Adhesive Patch
() *—— Shingle

I S —__ cb Roof Deck

Figure 4: Sensor layout for roof of the Reference a  nd PV test huts. Top row (PV1, PV2, PV3) was
attached with 4.5 mm thick adhesive pads; the botto  m row (PV4, PV5, PV6) was attached with 1.5
mm adhesive pads. Note that thermocouple (TC) under adhesive pad is mounted for PV2 and PV5
modules only.
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@ Heat Flux Sensor
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Figure 5: Sensor layout implemented in both the ref  erence and PV test huts below roof boundary.
Roof sensor layout for both huts is shown in Figure 4,
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Figure 6: Solar irradiance and ambient (exterior)t  emperature at the test hut location. A Kipp and
Zonen CMP11 pyranometer was used to measure global horizontal irradiance, while a Vaisala
Weather Transmitter WXT520 collected exterior tempe  rature data.
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Figure 7: Wind speed and direction at the test hut

Transmitter WXT520.
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PV Hut — Reference Hut

Temp Diff ————

Figure 8: Top: Temperature of the conditioned space in the PV and reference huts as measured by
a thermocouple in the center of each hut. Bottom: T he difference of the temperatures. The average
difference is 0.3°C (0.5°F).
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Shingle Temperature fC]

Aug 15 12:00 Aug 16 12:00 Aug 17 12:00
PVv2 —— PVs ——— Exposed Shingle - Reference Hut ————

Figure 9: Temperature of shingles under the center of modules PV2 and PV5 as well as the
average of two exposed shingles on the reference hu t. Note that shingle temperature is
represented by a thermocouple embedded between over  lapping shingle tabs.
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Figure 10: Reduction in daily daytime peak temperat  ure of shingles under PV modules (average of
PV 2 and PV5) compared to exposed shingles on the r  eference hut. The average reduction in peak
temperatures is 12.5°C. The horizontal dotted line  represents the average reduction.
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Figure 11: Cross-plot of the average of shingle tem  peratures under PV2 and PV5 vs. the average
of two exposed shingles on the reference hut for th e entire duration of the field experiment. In all

cases data stem from TCs embedded between shingle t  abs (Figure 3d). The data were separated
into two time-periods: blue data points representin g time between the occurrence of the lowest

shingle temperature to the time the highest (peak) shingle temperature was observed in the PV
hut for a given day; red data points representing t  ime between the occurrence of the highest

shingle temperature to the time the lowest shingle temperature was observed in the PV hut for a
given day. The solid line represents a 1:1 straigh  tline.
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Figure 12: Histogram of temperature of the shingles under the PV modules as well as the exposed
shingles on the reference hut. Shingle temperature under PV module is evaluated as the average
temperature of shingles located under the center of modules PV2 and PV5; reference hut shingle
temperature is evaluated as the average of two expo  sed shingles on the reference hut.
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Figure 13: Daily peak temperature of the shingles u  nder the PV modules vs. the exposed shingles

on the reference hut. Shingle temperature under PV module is evaluated as the average
temperature of shingles located under the center of modules PV2 and PV5; reference hut shingle
temperature is evaluated as the average of two expo  sed shingles on the reference hut. The dotted

green line is the linear fit to the data, while sol  id gray line represents a line with slope of 1.
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Figure 12: Average heat flux through the ceiling of the reference and PV huts.
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Figure 13: Percent reduction in daytime peak heat f  lux through the ceiling of the PV hut compared
to the reference hut.
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Figure 15: Comparison of shingle temperature of as  hingle underneath the air gap with a shingle
underneath an adhesive pad for PV5 module in PV hut . Shingle temperature of Reference hut is
also included as a comparison. Data stems from TCs embedded between shingle tabs (Figure 3d).
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Figure 16: Difference plot showing the increase in temperature of the shingle underneath an
adhesive pad compared with a shingle underneath the gap space of PV5 module in PV hut.
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