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1. Executive summary

The innovations addressed in this project revolkeurad an aerogel-based thermal insulation
system applied to industrial steam distributiontesyss. Thermal losses in this area in the US
alone accounts for 977 trillion Btu/year, more tHa#% of total domestic energy consumptton.
The successful deployment of this technology ifte industrial marketplace could produce
annual energy savings of 149 trillion Btu’s by glear 2030.

Aspen Aerogels worked with DOE’s Industrial Tecloges program from 2006-2010 to
specify, develop, scale-up, and deliver Pyrogel Xa®aerogel-based pipe insulation (ABPI), to
market to reduce the energy loss experience irstnidlisteam processing systems. The product
developed has become Aspen’s best selling flexdlglogel blanket insulation, with sales in
excess of 20 MM square feet of material as of the & 2010. These sales of Pyrogel XT by
Aspen have led to over 60 new jobs (mainly in maatufring) since the project began.
Additionally, and very importantly, this productdiaso far, delivered more than an estimated
0.537 TBTU of energy savings to the nation basethdustrial installations of Pyrogel XT. The
commercial success is based on the value propoddrahe Pyrogel XT product, that it delivers
better thermal performance, improved durabilityd &ster installation times than the incumbent
insulation materials used in industrial steam ajgpions.

The project work was initiated by thoroughly defigithe insulation product requirements for
the targeted industrial steam line market. Themaltdated which of the requirements were
already met by the existing aerogel insulation miatpreviously developed by Aspen Aerogels.

Subsequent work focused on improving the aerogahiat insulation to withstand the high-
temperature environment and provide excellent thérperformance at those conditions.
Specifically, the aerogel insulation blanket fibeinforcement material was optimized for
performance and cost, the hydrophobic agents wpielient corrosion under insulation were
modified, and the aerogel phase of the blanket stngthened. In parallel to the product
development, manufacturing throughput of Pyrogels wacreased significantly through

extensive optimization of the process steps oftagdincorporation into the aerogel phase of the
blanket, improvement in casting aerogel precursote the fiber blanket substrate, and
optimization of aerogel aging in the gelled blank&dditionally, Aspen Aerogels developed

complimentary aerogel products to offer a compfepe insulation system. This was done by
working with its partner, Sproule Manufacturing, ieth designed aerogel coverings for pipe
elbows, pipe flanges, and small bore pipes whigedpnstallation and ensure proper fit. Now a
complete line of Pyrogel XT products is availatldertatch most standard pipe sizes.

Finally, the product was demonstrated and docurdeate5 facilities. The 3 industrial sites

included Air Liquide (LaPorte, TX), ExxonMobil (Ptderome, FRANCE), and Archer Daniels
Midland (Marshall, MN); and the 2 government instabns were the Pastore Center
(Providence, RI) and Naval Station Newport (RIhe¥e demonstrations validated Pyrogel XT’s
superior performance and cost savings relativacdombent insulation materials.

This investment by DOE has paid back at least 8Difoproduct sales to date, created dozens of
U.S. manufacturing jobs, and contributed tens odfions of dollars of exports to the U.S.
economy.



Aspen Aerogels, Inc. DE-FG36-06G016056
Final Report AAIl # R-07013

2. Introduction

The overall goal of this project was to reduce dsiceenergy consumption and bolster US
exports by developing a revolutionary thermal ia§oh material — aerogel — for industrial steam
systems. This goal was pursued according to aymrenged approach:

1. development of a set of performance objectives,taedormulation of a basic material
architecture that would meet those objectives.

2. product improvements to meet the performance target process development reduce
the cost of the base material to the point whevead economically competitive with the
other players in the market.

3. commercial activities to achieve industry acceptanocluding the development of
complimentary products, literature and training enials, and conducting demonstration
projects. Partners in these field demonstratiohsaeyogel insulation included Air
Liquide, ProTherm, Sproule Manufacturing, ExxonMpB#ircher-Daniels Midland, and
Newport Naval Station.

Aerogel, formed of intricate networks of nanoporosiica, possess the lowest thermal
conductivity of any known solid. Although this reaal has been used everywhere from
planetary spacecraft to particle accelerators dnly recently that it has become cheap enough
and strong enough to be considered for industpglieations. Industrial steam distribution
systems loss energy via heat loss through pipdsesjatraps, and other line components.
Thermal losses in this area alone accounts for t@llibn Btu/year, more than 1% of total
domestic energy consumption.

In 2006, Aspen Aerogels competitively won an R&Daask from the Department of Energy’s
Industrial Technologies Program to deliver an aekbgsed pipe insulation (ABPI) to market
with the goal of reducing the energy loss in thegstems. This work culminated in the
development and commercial deployment of Pyrogel X3pen Aerogels’ best selling flexible
aerogel blanket insulation. To date, this prodwues delivered more than 0.5 TBTU of energy
savings to the nation. It is applied to pipes Eny to incumbent technologies such as mineral
wool, fiberglass, calcium silicate, perlite, andrivas foams; however, Pyrogel XT delivers
better thermal performance, improved durability,d afaster installation times than the
incumbents. The record-low thermal conductivityaegfogel, coupled with a strong geometric
effect in systems with radial heat flow, enablesitisulation to provide equal thermal resistance
with 65-95 percent less material. Furthermore, dbespondingly smaller surface area loses
less heat through radiation and convection, eveheasame touch temperature (typically 120-
140°F).

Pyrogel XT relies on the same field-proven desigohitecture as existing pipe insulation
products. It consists of one or more layers ofilzgng material applied to the hot pipe surface.
These layers are sold in standard thickness inarenoé 5mm and 10mm. The insulation is then
encapsulated by a weather and abrasion resistamvap, and mechanically secured in place
with circumferential fasteners. Tight fitting Igpints between adjacent parts prevents water
infiltration and thermal shunting. In certain cimstances, mastic, caulk, or pressure-sensitive
tape can be applied to the joint areas to incréfasdevel of protection. However, Aspen’s
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aerogel blankets are both durably hydrophobic,\aatdr vapor permeable. This ensures that if
water does penetrate the envelope, it will neitt®nage the insulation, nor get trapped inside.

The benefits of ABPI to the US industrial sectarlue:

« Reduced Energy Usage Aerogel’s low conductivity allows thinner institan; thinner
insulation provides less surface area; and ledacarea reduces heat loss. For typical
pipe insulation applications, the magnitude of tea&vings will range from 5-40%,
representing a considerable costs savings to taet miperator, and a reduction in
domestic energy consumption estimated at 14%milBtu per year by 2030.

« Lower Material Costs: Although aerogel is likely to remain more expeasper unit
volume than fibrous products, its 30-90% lower agitvity means that far less material
must be used for a given level of thermal protectidhis means that aerogel is the low-
cost solution for pipe diameters below 6”.

« Lower Installation Costs. The combination of a thin material and high istta-failure
means that aerogel can be rolled on-site to conforail but the smallest pipe diameters.
This enables a one-step installation process irclwkiie aerogel is pre-bonded to the
metal sheathing, and the integrated unit is snapgedlace and secured. Labor savings
from this aspect alone are typically to be in tege of 30-50%.

« Smaller Logistical Footprint: Aspen’s flexible blanket form of aerogel allowse
material to ship as a flat stack or on a spoobh@sosed to the industry standard of pre-
formed annular parts nested in a box. Betweenahdtits intrinsically lower material
volume, ABPI requires considerably less shippind anbsequent handling on the job-
site. For example, on a 4 inch pipe requiringches of calcium silicate insulation, thirty
pallets (48x48x60 inches) are required for evemgdr mile. Aerogel would provide the
same level of thermal protection with just 4 pallet

« Lower Total Cost-of-Ownership: Lower installation costs, lower shipping cosiad
consistent thermal performance of the materiatolifecycle translate to lower cash out-
of-pocket for steam system operators wishing toragbg their thermal protection. That,
coupled with dramatic and enduring energy savilgs produced the type of total
ownership-costs to garner the rapid and widespadagtion of Pyrogel XT.

« Long Term Water Resistance Unlike calcium silicate, fiberglass, and somanfs,
Pyrogel XT is durably and strongly hydrophobic. dddition, its porous structure and
vapor transmission characteristics allow it to dmyt rapidly, even after prolonged
submersion. This has been illustrated convincintglyough performance testing
performed during the execution of this project.

« Corrosion Under Insulation (CUI): Because of Pyrogel's ability to wick water away
from hot pipes, the wet and warm conditions thaermflead to corrosion can be
prevented. Further, aerogel's chemical stabilitd aomposition ensure that it will not
decompose into corrosive by-products. It may dsepossible, later in the development
stages, to dope the aerogel material with corromibibitors like sodium silicate, making
it anactivedefense against CUI.

« Passive Fire Protection A variant of Pyrogel XT, Pyrogel XTF, can alse bsed for
situations in which the thermal insulation mustoalsct as passive fire proofing.
Pyrogel XTF, which is artificially colored gray tmake it visually distinct from
Pyrogel XT, uses a slightly modified fibrous baftito maintain its structural integrity
even during a severe, 2000°F fire event.

10
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2.1. Energy Benefits, Economic Viability and Environmenal Benefits

Analysis of both the energy and economic benefiSRBPI are predicated on assumptions about
the type and distribution of steam piping within Wfslustry. As shown in Figure 1, the total
pipe inventory was parsed into discrete bins agogrtb diameter and steam temperature. This
analysis is based on Aspen’s and Protherm’s essrait relative prevalence, where the unit of
measure is pipe length (in miles). This assumas W5 steam systems are skewed strongly
toward sub-10 inch plumbing, and sub-600°F steanpézatures.

100%
P
S
E 80% -
]
E
a
TR B> 600°F
8 = m350-600°F
5 O<350F
2 40% A - Total
e
[=]
| o
S ..
S 20% -
o
L

DD({D T T T

13-4 4-10 10- 16 16 - 36

Pipe Diameter (in)
Figure 1. Estimated US industrial steam pipe popuaition by diameter and temperature.

For each of the diameter-temperature bins, 3E"Roftware was used to calculate energy loss
per unit length for calcium silicate, mineral woalnd aerogel-based pipe insulation. The
calcium silicate and mineral wool values were agedaon the assumption that their aggregate
energy performance (in a 50:50 ratio) is repressat@f the total industry, including fiberglass,
perlite, and foams. Assuming line components anegdigible contributor, the incumbent heat
loss per unit length was then integrated acrossieli@r and temperature distributions, and set
equal to the steam pipe energy losses (977 tribitdyear) called out in Ref..2The result is an
estimate of approximately 160,000 miles for thaltdéngth of steam piping in US industry.
(Note that a completely different approach, basedh® work in Ref. 3, arrived at a similar
value, providing a reasonable level of confidencéhe result.) This value was then divided up
among the bins to enable detailed energy and edesoralculations for each combination of
diameter and temperature.

Market penetration was calculated by assuming 8tatpercent of the overall steam pipe
insulation market could be technically addressedB#1, and of that only 50 percent was likely
to be captured. This yielded an asymptotic petietraf 40 percent.

2.1.1. Energy Benefits

Based on these heat loss and market penetratidgsasathe annual reduction in industrial
energy consumption was estimated. Aspen calcuthtdsif aerogel insulation was applied to

11
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40% of the 160,000 miles of U.S. industrial steapeg, annual energy savings of 16 trillion
British thermal units and energy cost savings df#@illion could be achieved by 2025.

2.1.2. Environmental Benefits

The primary environmental benefit of ABPI is thelwetion in atmospheric emissions due to
lower energy consumption in boilers. Using typipalformance metrics for industrial boilers,
cumulative savings of 3.5 million tonnes carboniegjent CQ, and 85,000 metric tonnes of
SO, and NOx were calculated. Secondary benefits cbaldlaimed from the manufacturing of
aerogel instead of incumbent insulation materibésed solely on the fact that aerogel-based
insulation requires one-third to one-tenth the maltdor a given application. All else being
equal, less material produced means less wasteageddoth during production, and for end-of-
life disposal. However, since little is known abamcumbent manufacturing processes, all else
may not be equal. So, for the purposes of thisoese the net environmental impact from the
manufacturing and solid waste side is conservatiastumed to be zero.

2.2. Industry Involvement and Commercialization Plan

At the start of the effort, the Aspen team devetbpetwo-pronged commercialization plan to
saturate the addressable pipe insulation markétdyear 2030. As shown in Figure 2, the first
component of this plan was to reduce material coseduced costs would allow ABPI to
compete in larger pipe diameters, where the gednativantage of low conductivity is not as
strong. So for example, ABPI entered the marke20087 being competitive in pipes smaller
than 6 inches, and temperatures under 350°F — Ifhlgercent of the total market (in units of
pipe length). Within two years, however, the astuction activities would swell the

competitive segment of the market to 52 percent.

100%
== . } > B00°F
ol 350°F
e 0% Market V& i il (.0
& 70% { Segments / | 600°F
@ Where ABPI |5 i 7 ﬁ
% B0% 9 Competitive B /
% 7
= 50% - % 2018
4 7, :
& 40%1 L A
2 a0 | 7 77/ Nk
© 20% A Z : s
10% - s . Reducad 7,
= ~Cost A
ODIJFD e L] T 1 T T 1 T T T 1] r. T T T T L T | !...l 'l L l] L l| T ll | | | | "j
112 3 4 g 12 16 20 24 28 32 36

Pipe Diameter (inches)

Figure 2. ABPI two-pronged market penetration straegy developed at the project start.

The other prong of the commercialization plan wastrease ABPI performance and durability
at high temperatures. Aspen Aerogels had alreambensignificant gains in this regard, and the
work performed under this project solidified thissgion.

12
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3. Background

Little had changed in the industrial pipe insulatimarket in the last 40 years. Since the
introduction of polyurethane foams in the 60’s,major new material systems have been widely
adopted. Change has been incremental, and prymatdting to cost reduction. However, no
real game-changing performance enhancements haue fhade in recent history. This is
unfortunate, since thermal losses in US indusstehm systems waste the energy-equivalent of
one supertanker every four days.

Aspen Aerogels was founded in 2001 with the int@htommercializing its novel, patented
aerogel blanket technology. Aspen’s first commeérsieccess was delivering aerogel insulation
in subsea oil pipeline applications, and shortréafter the value of ABPI became apparent, as
is described below.

Even with well-designed and -maintained insulasgatems, thermal losses approaching 10% of
the bare-pipe values are common. This is becawst systems are designed not to minimize
flux, but simply to reduce surface temperatures aav 120-140°F, a safe so-called “touch”
temperature. There is also an economic constiraiterms of the cost of insulation vs. the cost
of heat loss, although that calculus may be changism energy prices continue to increase.
Annular pipe insulation (as opposed to flat parmidricks) is particularly sensitive to this
balance, because shielding cylindrical heat souerads to be a process of diminishing returns.
The ever expanding surface area renders eachmeatal layer of insulation less effective than
the last.

ABPI would alter the balance between insulationpifed) costs and energy (operations and
maintenance, or O&M) costs. To do this, ABPI won&kd to compete in three primary market
areas: retrofit, repair, and new construction. TEngest domestic market today is in retrofitting

existing systems. This market is estimated to c@8®,000 linear miles of US industrial steam

pipe, ranging from ¥ to 36 inches in diameter, & 200 to 1200°F. Since steam pipe

insulation is typically replaced every 5-20 yeaspending on severity of use, it is estimated that
more than 5% of this market is in-play during anxeg year.

Repair is another area lacking good solutions, eh®BPI was targeted. Characterized by
smaller jobs and a more improvisational installafoocess, repair still represents a large market
segment. In fact, it has been estimated thatngtgiven time, more than 20% of existing
refinery pipe insulation is compromis€dNew construction can also be potentially sigaifig
especially in the international market, but is mdricult to project out to 2030. Aerogel is
expected to play heavily here, since the reducedlation thickness would allow for tighter,
more efficient pipe spacing when designed in fromlieginning.
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4. Results & Discussion

This chapter is organized according to the threpmyaongs of the project: 1) basic material
development, 2) product improvements and cost temlycand 3) industry acceptance. Each of
these is described below.

4.1. Material Development

4.1.1. System Requirements

The development of materials for use in indusstaam systems required a detailed knowledge
of the conditions that they would be exposed toval as the testing requirements desired for
material specification by the installer and the eisér. The selected performance criteria are
summarized in TableError! Reference source not found.

Table 1. Status of performance requirements for snd spriral of development

Material Property Compliance Verification Target Performance
Non-Combustibility and Fire Performance
Flame Spread Index ASTM E84 FSI <50 (Class A)
Smoke Developed Index ASTM E84 SDI < 400 (Class A)
Calorimetry ASTM 1354 informational
Method of test for determining the
non-combustibility performance ISO 1182 A2 rating
Toxicity BSS 7239 informational
Rapid-Rise Hydrocarbon Fire UL 1709 > 30 min a2
Dimensional Stability
Hot Surface Performance ASTM C411 at 1200°F (650°C) Pass
Shrinkage at Max. Use Temp. ASTM C356 < 2.5%
Water Permeability
Liquid Water Uptake ASTM C1511 No target
Water Vapor Absorption ASTM C1104 No target
Water Wicking ASTM C1559 No wicking
Corrosion Performance
Leachable lons ASTM C871 Pass
Mechanical Resilience
Compressive Properties ASTM C165 No target
Tensile Strength ASTM D5034 informational
Thermal Conductivity ASTM C177 < 25 mW/m-K at 350F (177°C)
Fungal Resistance ASTM C1338 Resistant
Stress Corrosion Cracking of
Austenitic Stainless Steel ASTM C795 Compliant
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4.1.2. Fire Performance

4.1.2.1. ASTM E84 — Standard Test Method for Surface BurningCharacteristics of
Building Materials

When specifying insulation materials for use in efrpchemical environment, it is not only
important to assess combustibility, but materiahimability as well. It is vitally important that
an insulation material not propagate a flame whebjest to a fire event. The traditional
measure of flammability is afforded by ASTM E84 (GL 723), also known as the Steiner
Tunnel Test. This test method affords both a flapeead index (FSI) and a smoke developed
index (SDI) for a specific material by subjectingl®’ x 24’ specimen to flaming fire for a
duration of 10 minutes. Shown in Table 2 are thH&TR E84 results for Pyrogel XT in
comparison to a number of other common insulatiatenmials. Pyrogel XT exhibited no ignition
and no subsequent flame spread for the duratidheofest. The flammability performance of
Pyrogel XT is in stark contrast to both mineral waod glass fiber based insulation, which
exhibit inferior flame spread indices due to thenbastion of binder and/or thermoset resins.
Clearly, the results from ASTM E84 and E1354 tegtunggest that the use of Pyrogel XT in a
petrochemical environment does not pose a sigmifitammability or combustibility risk when
subjected to an intense fire event.

Table 2. ASTM E84 Test Results

ASTM E84 Test Results
Material Flame Spread Index Smoke Developed Indek
Mineral Wool Pipe Insulatich 5 0
Perlite Pipe Insulatidh 0 0
Glass Fiber Pipe Insulatidon 25 50
Pyrogel XT Pipe Insulation 0 5

4.1.2.2. ASTM E1354 — Standard Test Method for Heéand Visible Smoke Release
Rates for Materials and Products Using an Oxygen Gwumption Calorimeter

Pyrogel XT was tested in accordance with ASTM E1864n incident heat flux equivalent to a
cellulose fire (50 kW/f). The testing was performed in triplicate with signs of ignition for
all samples, resulting in a peak heat releaseofatd.0 kW/nt and effective heat of combustion
of 730 J/g. Additional ASTM E1354 testing for Pgeb XT was conducted at the lower incident
heat fluxes of 10 and 25 kW/m These heat fluxes were specifically chosen wewstand the
heat release characteristics of Pyrogel XT wherogag to heat fluxes consistent with a typical
field install. The results of this testing revehtbat Pyrogel XT exhibited no ignition and peak
heat release rates of 1.4 and 5.3 kMipon exposure to a heat flux of 10 and 25 k¥V/fhese
heat release rates are mild, comparable to mienalck —wool type insulation materidf5and
consistent with the low fuel content of Pyrogel XT.

4.1.2.3. 1SO 1716 — Bomb Calorimetry

The gross calorific potential of Pyrogel XT wasatatined by the methods outlined in ISO 1716
— Reaction to Fire Tests for Building Products, HeatsCombustion. This test specifically

determines the potential maximum heat release wfaterial when burned completely in an
oxygen atmosphere. The testing of five samplesaied that Pyrogel XT exhibits an average
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calorific potential of 1.82 MJ/kg (433 cal/gram).his value is consistent with other insulation
materials that achieve a Euroclass Fire RatingloFANon-combustible).

4.1.2.4. IS0 1182:1990 — Test for Non-Combustikii

The non-combustibility of Pyrogel XT was assessidtive methods outlined in ISO1182. The
mean duration of flaming, average specimen temperand average furnace temperature for a
representative sample of Pyrogel XT was 0 seC32nd 27°C, respectively. This performance
meets the criteria for non-combustibility as setlfon the 1990 edition of 1ISO1182 and is
consistent with a Euroclass A2 Fire classification.

4.1.25. BSS-7239:88 — Test Method for Toxic Gaeferation by Materials on
Combustion

Quantitative analysis of potential toxic combustgeses was determined for Pyrogel XT via
Boeing Support Specification 7239. Specificallgpnesentative production samples were
exposed to flaming combustion conditions (25 k\j/as dictated by ASTM E662. The levels
of CO, HF, HCI, NQ, SG, and HCN were determined via Drager colorimetris gaalyses. All

of the gases were below the detection limits whih éxception of CO and NQOwhich exhibited
levels of 100 and 5.0 ppm, respectively. Whilespecific pass/fail criteria exists for BSS7239,
the measured levels of CO and Nie significantly below the accepted transportaimmustry
standards of 3500 and 100 ppm, respectively.

4.1.2.6. UL 1709 — Test Method for Rapid Rise Fire Tests d?rotection Materials for
Structural Steel

A series of vertically-oriented carbon steel I-bsapre-insulated with Pyrogel XT at a nominal
thickness of 10, 25, 35 and 50 mm, were subjeciea simulated rapid-rise hydrocarbon pool
fire (2000°F, 204 kW/f). The temperature rise of the steel surface weasnred at various
elevations along the I-beam. The time to failueswneasured for each I-beam, with the failure
point being defined as either an average steebsartemperature exceeding 1000°F, or an
individual thermocouple reaching 1200°F.

Testing of Pyrogel XT has indicated that the firel@rance of this material is independent of
material thickness with failure occurring within 8tinutes for all tests. Root cause analysis of
this failure has indicated that the substandaeddimdurance behavior of Pyrogel XT is attributed
to a gross material degradation (i.e. melting, gilagy shrinking) owing from the use of low-
purity silicate-based fiber reinforcements, knowrEaglass.

During this project, work was done to shore up fire endurance of Pyrogel XT with higher
purity fiber reinforcements. This resulting seriefs sub-scale screening tests assessed four
batting variants under consideration for use inoBgl XT. The tests were performed using the
small scale UL 1709 test method. In this methd@, material to be tested is applied to a
structural steel tube with a 3/16 inch wall thickse The steel tube is to be provided with steel
caps and covered with the protective material bamgstigated. The four batting variants were
each tested at a thickness of 40 mm. All fourar@s showed significantly improved fire
performance compared to the E-glass baseline, @atth passing the 30 minute survivability
threshold by up to 48 minutes. Sample resulthisftesting are shown in Figure 3.
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Small scale UL 1709 of Pyrogel XT Batting Variants
(40mm thickness)
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Figure 3. Test results from small scale UL 1709 seening tests performed in June, 2008.
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Figure 4. Comparative performance in a UL1709 firdest.
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4.1.3. Dimensional Stability

4.1.3.1. ASTM C411/C447 - Standard Test Method for Hot-Surfae Performance of
High-Temperature Thermal Insulation

The installation of insulation material to equiprndhat is already in service at elevated
temperature poses a significant risk for mateialstaining non-negligible quantities of organic
materials. For instance, it is well-known acrdss insulation industry that binder decomposition
in mineral- and rock-wool insulation products casuit in an appreciable exothermic heat
release upon hot installatiéhi’?> Pyrogel XT has been specifically developed witiaimal
amount of organic content in order to simultanepusthieve water repellency and non-
combustibility.  Although the organic content haseb kept at a minimum level, the
exceptionally low thermal conductivity of PyrogellXcould potentially increase the risk of
exothermic behavior and thermal runaways duringrisiallation.

The hot surface performance of Pyrogel XT duringihstallation has thus been assessed using
the standard methods outlined in ASTM C447 and C43fecifically, the thermal performance
and the extent of thermal degradation were detexdhior 48 and 60 mm of Pyrogel XT upon
application to a flat plate preheated at 1080°F &RO0°F, respectively. The average mid-
thickness and surface temperatures for each testfarsction of time are shown respectively in
Figure 5 and Figure 6. The average surface teryrerabserved during both tests was 43 and
115°F, values that are well below the limits forgmnal protection and consistent with the low
thermal conductivity of Pyrogel XT as determinedA$TM C177. The average mid-thickness
temperature observed during hot installation at0tB8vas consistently measured at a value of
710°F with no signs of exothermic heat releasecking, delamination or any other material
degradation. A mild exotherm was observed for BgroXT upon hot installation at 1200°F.
This exotherm was of short duration and intensagalized to the interior of the specimen and
never exceeded the process temperature for théaud the test.

This behavior is in stark contrast to mineral wogde insulation materials which according to
the Standard Specification of Mineral Fiber Pipsulation (ASTM C547) can exhibit internal
temperature rises of up to 111°C (200 °F) abovegs® temperature when tested under identical
conditions. It is also important to note that ttesting was specifically conducted to ascertain
the material behavior of Pyrogel XT when installed equipment already in service (hot-
installation). Previous ASTM C411/C447 testing docted under ambient conditions and
ramped to a temperature of 1200°F, has indicatatiRlgrogel XT will not exhibit exothermic
heat release, cracking, delamination or any sige®mbustion. Cold installation of Pyrogel XT
is thus a safe practice for any process intendegéoate at temperatures below 1200°F.
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ASTM C447 - Temperature Profile
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Figure 5. Average mid-thickness and surface tempatures of Pyrogel XT (48mm) upon
hot-installation at a temperature of 1080 °F.
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Figure 6. Average surface and mid-thickness tempatures as a function of time for
Pyrogel XT (60 mm) when hot installed at a temperaftre of 1200 °F.

4.1.4. Water Resistance/Permeability

4.1.4.1. ASTM C1559 — Standard Test Method for Determining Wcking of Fibrous

Glass Blanket Insulation (Aircraft Type)
It is widely accepted that corrosion under insolat{CUI) is exacerbated by materials that
readily wick and absorb water. We have thus stégePyrogel XT to test methods outlined in
ASTM C1559-04 -The Standard Test Method for Determining Wickinglafss Fiber Blanket
Insulation. In this test, insulation materials measuring 125 mrength are suspended in water
and the distance that water wicks is measured @yperiod of 168 hrs at a temperature of 68 and
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122°F. This wicking procedure is performed foreseived samples, samples aged at 160 °F for
336 hrs and samples leached in water for 24 hrsdaied. Shown in Table 3 are the water
wicking results (expressed as mm) as a functicimed for all three sample sets. In all cases the
materials exhibit zero or negligible wicking (<2%gonsistent with the highly hydrophobic
nature of Pyrogel XT.

Table 3. ASTM E1559 water wicking results observetbr Pyrogel XT.
Max Height (mm)

Drl: ration As Received Heat Aged Leached
(hours) 20 °C 50 °C 20 °C 50 °C 20 °C 50 °C
24 0 0 0 1 0 0
48 0 0 0 1 0 0
72 0 0 0 1 0 1
96 0 0 0 1 0 1
168 0 0 0 2 0 1

4.1.4.2. ASTM E1338 — Standard Test Method for Detmining Fungi Resistance of
Insulation Materials and Facings

Any insulation material that is periodically expdge conditions of high humidity is subject to
detrimental fungal growth during long-term use. ohder to ascertain the propensity of Pyrogel
XT to support fungal growth, samples were testedomiing to the methods outlined in
ASTM E1338 —The Standard Test Method to Determine the FungalsRace of Insulation
Materials and Facings. Specifically, triplicate samples of Pyrogel XT weegposed to an
inoculum of various fungi. Materials were inculzhtd 86 °F for 4 weeks and examined weekly
to assess the extent of any fungal growth. Mdt&erneere then assigned a value of O to 4
depending on the extent of fungal growth relative fpositive control sample. In all three cases,
Pyrogel XT was assigned a value of zero, indicatimgcomplete absence of any fungal growth
when tested according to this standard. This kehag consistent with the high water
repellency and relatively low organic content a§ tmaterial.

4.1.5. Corrosion Performance

4.15.1. ASTM C795 — Standard Specification for Thermal Insdation for Use in

Contact with Austenitic Stainless Steel
Aspen Aerogels optimized the compatibility of PyebdXT with austenitic stainless steel.
Specifically, we evaluated formulations and proessaimed at achieving compliance with
ASTM C795, the “Standard Specification for Thermiasulation for Use in Contact with
Austenitic Stainless Steel”. This standard inveltgo sets of distinct testing:

1. Measurement of extractable pH, sodium, silicatdorae, and fluoride according to
ASTM C871 and...
2. 28-day corrosion testing of material according ®TM C692.

The formulation for Pyrogel XT has been specificafiodified to consistently afford alkaline

extractable pH values. This was achieved via therporation of an insoluble additive
possessing high isolectronic points (IEP) at logslitess than 1 wt%. The use of this additive
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has been shown to consistently afford extractablegdues in excess of 8.0 with no detrimental
impact to key material properties and product yieldlthough the mechanism for chloride-
induced stress corrosion cracking of austenitimiss steel is not completely understood, it has
been shown that crack initiation time (time to osron) and crack frequency are highly pH
dependerif. It is thus reasonable to assume that thermalatisn materials exhibiting alkaline
extractable pH values and low levels of chloridgghsas Pyrogel XT, will perform well when
tested according to ASTM C692, “Standard Test Metlior Evaluating the Influence of
Thermal Insulations on External Stress Corrosioacking Tendency of Austenitic Stainless
Steel”. Aspen thus assessed the stainless steekmm performance of Pyrogel XT according
to the methods outlined in ASTM C795 and ASTM C6%becifically, four sets of Pyrogel XT
coupons were fitted over sensitized coupons of @@le stainless steel that were stressed at
fixed tension in a U-configuration (Figure 7). @ftsubjecting the aerogel coupons to a constant
flow of deionized water for 28 days, the stainlessel coupons were examined macro- and
microscopically for any evidence of corrosion.

Figure 7. A photograph depicting the apparatus (l&) and aerogel coupons (right) used to
assess ASTM C692 performance.

Shown in Table 4 are the ASTM C692 results for BgtdoXT in conjunction with ASTM C871
results for the same lot of material. Becauseettieactable ions and pH for Pyrogel XT fall well
within the chemical requirements for ASTM C795 dhdre was no evidence of corrosion after
28 days when tested to ASTM C692, it is evident thes insulation material is optimized for
compatibility with austenitic stainless steel ahdttPyrogel XT is compliant with ASTM C795.

Table 4. ASTM C795 results for Pyrogel XT (BLKT12®)

ASTM C871 Results
Sodium Silicate Chloride Fluoride pH ASTM C692 Results

No signs of stress

41 7349 33 9 8.8 g .
corrosion cracking
were observed for all
40 7230 32 9 8.8 four coupons

4.1.6. Other Testing

4.1.6.1. System Level Testing of Pyrogel XT with AlkalineModifiers.

Aspen Aerogels performed extensive system levéintgso assess long-term durability of the
hydrophobe additive, and to assess any changesaterial pH after being in service for
extended durations. Utilizing a heated pipe rigetigped specifically for this project, Aspen
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Aerogels conducted two system level tests of Pyroage at 500 and 400 °C at a nominal
thickness of 40 and 30 mm, respectively. Showirigure 8 and Figure 9 are the interply
temperatures as a function of time for both systewel tests. Remarkably, the cold face
temperatures for all pipe rigs remained absolusédple throughout the 68 day exposure period,
indicating that no loss in system-level thermalf@enance has occurred. Additionally, the
interply temperatures experienced little to no dearover the course of the experiment,
indicating the absence of any gross material degi@u This testing clearly suggests that the
long-term thermal performance of Pyrogel XT is retiio temperatures up to 500 °C.
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Figure 8. Interply temperatures as a function of ime for Pyrogel XT (500°C, 40mm)
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Figure 9. Interply temperatures as a function of ime for Pyrogel XT (400C, 30mm)

4.1.6.2. Hydrophobe Durability of Materials — Post Testing

In order to prevent the occurrence of corrosioneundsulation (CUI), it is imperative that
thermal insulation material exhibit little to no tea wicking or absorption while in use.
Although CUI is most evident in equipment operatatgtemperatures from 0 to 150 °C, the

22



Aspen Aerogels, Inc. DE-FG36-06G016056
Final Report AAIl # R-07013
occurrence of periodic shutdowns due to schedulemintenance suggests that higher
temperature applications could also be susceptiblevater absorption and subsequent CUI
issues. Aspen Aerogels has thus completed a wapallency assessment of Pyrogel XT
material (containing corrosion mitigants) samplednf long-term system level pipe testing.
Specifically, the water repellency of samples a#8day testing at 400 and 500 °C were
assessed on a per-ply basis using the test methuldsed in ASTM C1511. Specifically, water
uptake values were determined after submersinglsamp6” of deionized water for a period of
15 minutes. Shown i&rror! Reference source not found.are the determined water uptake
values as a function of ply number and mean exgomperature. It is evident from this data,
that Pyrogel XT exhibits long-term hydrophobe duligbat or below a mean temperature of 300
°C (572 F). All plies exposed to a mean tempeeaatior below 300 °C exhibited minimal water
uptake.
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Figure 10. Water repellency of material as a funabn of ply number and mean exposure
temperature after 68-day testing.

The extractable pH of Pyrogel XT after being invem for a significant period of time was
determined according to the methods outlined in MST871. Shown in Figure 11 are the
extractable pH values as a function of mean tentperaexposure for Pyrogel XT after long-
term system level testing for 68 days. Interesyingll plies with the exception of the outer ply
(at 500 °C pipe temperature) exhibited pH valuemlpedentical to those observed for pristine
material (>8.0). At face value, the lower pH foetouter ply during 500 °C pipe testing may
seem somewhat surprising. However, Aspen Aeroggierience has shown that the salt by-
products (ammonium phosphate and sulfate) of akrogaufacturing thermally decompose at
temperatures in excess of 250 °C. This decompasitsually occurs via loss of ammonia to
produce minute quantities of the parent acids ¢mtlosphoric and sulfuric acid) originally used
during aerogel precursor sol preparation. Showikrigure 12 are the phosphate and sulfate
content (as determined via ion chromatography) &metion of ply number for both system-
level tests. While the sulfate content remainesersally constant for each test, a steady
increase in phosphate content was observed, imegetem inner to outer plies. One may thus
surmise that due to the increased volatility ohophosphoric acid (relative to sulfuric) that the
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products of this thermal decomposition essentiatipdense on the underside of the jacketing
material, resulting in the accumulation of smallcamts of phosphorous oxides on the outer
plies for both tests. It appears that the levélhese acidic contaminants are highly dependent
on both the volume of material installed and thregerature of exposure. Clearly for the case of
the 500 °C system level test, the levels of phospi®oxides accumulated under the jacketing
exceeded the buffering capacity of the insolubleasion mitigant, resulting in a substandard
extractable pH value for this outer ply.
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Figure 11. Extractable pH as a function of ply nurber and mean exposure temperature
after 68 day testing.
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lllustrated in Figure 13 are the changes in ambileatmal conductivity values for Pyrogel XT
materials before and after long-term system lesgtinig at 400 °C and 500 °C. Materials that are
subject to mean temperatures greater than 300 p€aapo exhibit a slight increase in thermal
conductivity after exposure to high temperatur@is increase is likely attributed to a partial
degradation of hydrophobe and a concurrent incréaseater uptake values. Long term
exposure of the thermal insulation system at 40@p@eared to have little overall effect on the
ambient thermal conductivity values. This suggéistd these materials will retain long-term
thermal performance in field applications. It amoggests that Pyrogel XT retains sufficient
hydrophobicity at these exposure temperatureseeent catastrophic water ingress and collapse
of the aerogel pore morphology.
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Figure 13. Thermal conductivity (37.5 °C, 1 atm) ad water repellency as a function of ply
number after 68-day testing.

4.2. Product Improvement and Cost Reduction Activities

4.2.1. Hydrophobe Retention

Aspen Aerogels also focused on the further improeu@nof yield during production of Pyrogel
XT. Yield loss from earlier production runs wemggmally attributed to inadequate hydrophobe
retention, attributed to an unforseen extractiorhydrophobe from the wet gel structure upon
exposure to compressive and tensile stresses caysadosure to super critical €@uring the
manufacturing process. Minor modifications in thed formulation significantly improved the
hydrophobe retention for early production runs gfdgel XT and resulted in a moderate
improvement in product yield. It was observed, boer, that portions of an aerogel blanket
subjected to non-ideal aging conditions could exhiduced hydrophobicity upon extraction.
This situation is particularly important for matds located in the inner portion of a production
roll, as these materials are subject to reducedstricted aging flows. Demonstration of this on
the laboratory scale is exemplified by the datawshon Figure 14 which summarizes the
influence of aging chemistry (water content) onrtieterial outcomes for Pyrogel XT. This data
clearly shows that mild excursions in water contean result in drastic decreases in water
repellency. Further laboratory testing has alswveated similar dependencies on time,
temperature and pH. Specifically, conditions thaimote silanol condensation reactions and
consolidation of the gel structure lead to robugdrbphobic properties. Any deviations from
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these ideal aging conditions will eventually leaddiminished hydrophobicity. This situation
unfortunately necessitates the constant use ofjfa purity alcohol source and excessively long
aging times (>18 hours), conditions that are ndti@@ble using the current manufacturing
process for Pyrogel XT. In order to enable largales manufacture of Pyrogel XT, a
supplemental hydrophobe agent is instead addeddltive aging process. While the use of this
agent eliminates most of the aging sensitivitieshef baseline chemistry, it does present some
notable disadvantages. The use of a hydropholtwadelxternal to the gel not only adds cost to
the product, but it also necessitates the impleatiemt of strict quality controls and careful
monitoring of aging chemistry in order to ensurattthe overall organic content of Pyrogel XT
does not exceed specifications. Efficient grafirighis external reagent is also time dependent,
necessitating a minimum aging time of 14 hours todpce product in high yield. Aspen
Aerogels identified chemical remedies that are bkgpaf imparting hydrophobic properties to
Pyrogel XT when aged under conditions that deviaten the ideal (elevated water, low
temperature, reduced pH).

Aspen Aerogels has fortunately discovered that fizadion of the hydrophobe agent in Pyrogel

XT to improve conformational flexibility will elirmate any sensitivity to aging chemistry.

Specifically, substitution of the current hydropkadgent with a low-cost plasticizer at levels as
low as 10% can allow for the production of hydropicoPyrogel XT materials when subject to

aging conditions that deviate significantly frometideal (Figure 15). For instance, highly

hydrophobic materials were obtained in 8 hour®ael than normal aging temperatures (45 °C).
This modification has been shown to completely glate the need for an external hydrophobe
agent and extended aging times.
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Figure 14. Hydrophobicity (water uptake) and thermal conductivity (Tc) of Pyrogel XT
(laboratory prepared) as a function of water contehin aging.
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Figure 15. Improvements in hydrophobicity for Pyragel XT as a function of hydrophobe
plasticizer content.

4.2.2. Fiber Reinforcement

At the outset of this project, Aspen’s standardgel products used organic fiber reinforcement
stable to 390 °F. To go beyond this point, Aspempleyed both carbon felt and quartz fibers.

These battings exhibit low density and good med@nproperties, but are generally too

expensive to achieve broad penetration of the ipip@dation market. To produce low-cost, high-

temperature aerogels, Aspen successfully investigabhd adopted low-cost 100% fiberglass (e-
glass) batt material and eliminated more expensavibon fiber from the Pyrogel XT product.

4.2.3. Lattice Strength at High Temperatures

Resistance to moisture and thermal cycling can la¢sobtained by increasing the strength of the
aerogel cell structure. Stronger aerogels haven lpgepared by aging the gels in solutions

containing additional silica sources. During agitltese sources deposit silica in the necks
between particles and act as cement that strergytheraerogel structure. We also investigated
this approach for preparing thermally stable, moestesistant aerogels. Stronger aerogels also
experience less shrinkage during aging and dryhgw us to produce products with the desired

density. Being able to prepare aerogels with mahigihrinkage during processing also reduces
volumetric costs. During this task Aspen develogedcesses to introduce these materials
resulting in improvements in both product perfore@and manufacturing cycle time.

4.2.4. Manufacturing Process Scale Up

Aspen Aerogels’ plant operations team concentrateinproving the throughput rate of Pyrogel
XT in the manufacturing plant, consistent with Fgui6. These efforts were focused in the
following areas.
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Figure 16. Aspen Aerogels’ current flexible blankemanufacturing process.

4.2.5. Installation of Unit Operation for Pyrogel XT Addit ive during Casting

Pyrogel XT requires a combination of several pregany additives during the blanket casting
process. These additives are received in solith famd must be blended in alcohol solvent prior
to being precisely metered to the casting operatidime additive stream contributes to the
thermal performance of the XT materials, specificaly metering in additives to the casting
process that improving insulation performance vifared radiation and mitigating loss of
performance at elevated temperatures.

A new unit operation was installed to receive tlodéidsadditives and the blending solvent,
disperse the solids kinetically in the fluid, anéter this stream accurately to the casting line.
The system consists of a process vessel to cottiairfluid plus additives; a solids addition
station by which the additives may be weighed added to the vessel; an alcohol solvent
receiving station in which a prescribed amounta¥ent may be metered into the tank; and a
discharge station through which the blended adsliplus solvent stream may be metered to
casting. The process vessel has a specially dasigigh shear agitator and is fully instrumented
and automated to allow operation via the plantithisted control system.

4.2.6. Blanket Casting Optimization

Aspen Aerogels’ aerogel blanket may be consideréidea reinforced aerogel composite, i.e. a
silica aerogel which is structurally reinforced fiprous batting. To create this aerogel

composite, the free flowing silica containing shlgadditive mixture coats and impregnates the
fibrous batting, and after a prescribed time petioel catalyzed sol increases in viscosity and
forms a gel composite, referred to as an alcogehKdt. This occurs during the casting

operation. The alcogel blanket travels throughrtfaufacturing process and is turned into an
aerogel blanket when the liquid solvent is removiedsupercritical carbon dioxide during the

extraction operation. It is important for prodyald that the silica sol thoroughly impregnates
the fibrous batting, thereby ensuring uniformitythim the aerogel blanket. This is particularly

significant for high temperature materials sucliPgogel XT.

Aspen’s engineers improved the rate at which tlstireg process produces alcogel blankets to
ensure that there is no loss in product qualityhasline speed of the casting process increases.
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This is a highly iterative exercise, as the teanmsra number of blankets at the greater line speed
with the necessary improvements in fluid flow pledi and impregnation; then observes the
results of the finished aerogel blanket in termsheirmal performance, product form factor etc;
and finally evaluates the success of these castmdjfications. This process continues until the
casting operation may be run at a higher rate witimegatively affecting product performance.
Aspen was able to increase the rate of blankeincasy 12%.

4.2.7. Increasing Throughput of Pyrogel XT in Aging

The operations group has focused on reducing tble ¢tyne necessary for aging of Pyrogel XT
material. This has involved conducting numerousdpction scale trials using Design of
Experiments methodology to investigate the effexftycle time, aging reactant level, and
temperature on successful product outcome. Tlaediproducts are tested thoroughly for
performance according to Aspen’s quality speciftceg. This shall be an ongoing effort in the
manufacturing facility to continuously drive dowhet cycle time of the aging process and
thereby increase the production rate of XT in therent manufacturing line. These efforts are
considered part of Aspen Aerogels’ continuous improent process and are expected to
continue beyond the scope and schedule of thiggiroj

Aspen Aerogels increased the production capacityPgfogel XT in our Rhode Island
manufacturing plant by twenty percent in 2010. attdition, the construction for doubling the
manufacturing capacity by mid-2011 via installatafra second manufacturing train is currently
in process.

4.3. Industry Acceptance Activities

This section comprises two activities: 1) developtd additional aerogel parts for elbows and
small diameter pipes, to expand the product raagd;2) demonstration of the new product in
real-world applications.

4.3.1. Development of Product Line Accessories

To offer a complete pipe insulation system, it wasessary to develop accessories specifically
for insulating fittings. This was done by workingth Sproule Manufacturing, which developed
all the necessary patterns, cutting techniques, paottaging, as well as the distribution chain
necessary to get product into the field. Theselyets include lobster-tail patterns for long- and
short-radius elbows, “diapers” for socket weldifigls and tees, V-grooved insulation for small-
bore pipe, and pre-engineered head segments fks &@md towers. Now a complete line of
Pyrogel XT accessories is available to match aldard pipe sizes.

4.3.2. Product Demonstration at Industrial Sites

The demonstration sites for this project were chdsesed on the following criteria: appropriate
operating conditions allowing Pyrogel XT to shaw value; willingness of the site to allow
Aspen to measure results; and Aspen gaining ayfaibad distribution of site owners and
industrial processes.

4.3.2.1. Air Liquide Installation

To accomplish the project’'s goals, an aggressivaeotstration schedule was pursued. This
strategy offered the fastest method for evaluathey field performance of aerogel insulating
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blankets, as well as providing an extended perardeivaluation of the materials long term
stability and performance in an actual applicatidia achieve these goals, the cooperation and
participation of a strong project partner was reggli offering a facility for use as a test bedr Ai
Liquide’s steam production facility in La Porte,XBs offers a great location, and Air Liquide’s
interest and willingness to participate in the pobjcompleted the equation. Additionally,
Protherm had an insulation maintenance contradt it Liquide, completely closing the loop
on site selection and availability.

Air Liquide offered contributions to the projectunghasing and installing aerogel insulation
materials inside the scope of the project. Examplenstallations at this facility are shown in
Figure 17.

.' Ik ' UL S
Figure 17. In Service Demonstration Installs

In December of 2006, a project was initiated atAanLiquide steam generation facility in
La Porte, TX. This project was to investigate dantgnance concept in which a single layer of
6 mm Pyrogel could be installed over the top ofrddgd insulation to improve its thermal
performance. The advantages of this strategy wesdold. First, by upgrading the insulation
performancein sity, it avoided the cost, time, and operational diBoup associated with
stripping and re-insulating the equipment. Secdodhe extent that the underlying insulation
has become saturated with water, the additionalrlafinsulation would serve to drive moisture
out. Cellular and fibrous insulation products highly sensitive to water content and can lose
more than half of their efficiency with as littles @% moisture uptake. Thus by driving out
moisture, some of the original performance cangoaptured, as illustrated in Figure 18.

In addition to the sections installed by Air Ligaidan Infrared (IR) survey was done on a section
of Air Liquide’s 5 mile steam delivery line in ondéo identify a test bed location for the
installation of a 100’ section of Pyrogel 6350 (dder name for the product that would become
Pyrogel XT) over the top of their existing steameliinsulation. This was accomplished on
December 5, 2006. Sample photos from the IR survey are shaviAigure 19.
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The IR survey showed significant underperformancehie insulation on the steam line, and
there were multiple locations where a demonstratias feasible. The selected sight can be
accessed easily from a service road, and was cHosdioth its performance and accessibility.
The location is shown in Figure 20.

Immediate Benefit Damaged Insulation
Btu

837

} Assumed Conditions:
Potential Benefit FI°F, 7.3mph, 5=013

Figure 18. Insulation overwrap concept.

Trefl=68 Tatm=68 Dst=1.5FOV 24 Trefl=68 Tatm=68 Dst=1.5FOV 24 Trefl=68 Tatm=68 Dst=1.5FOV 24
2006-12-05 23:10:27 +30 - +930 e=0,16 °F 2006-12-05 23:10:09 +30 - +930 e=0.16 °F 2006-12-05 23:11:12 +30 - +930 e=0.167 °F

Figure 20. Installation Site
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The areas identified as “hot spots” where the gisuh was showing clear signs of damage or
underperformance were marked on the line with a Bray painted “A”. These markings offer
the opportunity to evaluate the touch temperatwdopmance of the insulation following the
application of Pyrogel 6350.

Twelve days after the site survey, an experienced of insulators from Protherm came to the
demonstration site to install a single ply of Pywlb§350 to the existing steam line. Three
insulators applied the aerogel insulating blan&ghe pipe, and one insulator transferred the hot
location markings during the installation. The kmags were transferred from the original
cladding to the outer layer of the retrofit so tpatiodic inspections can be performed on the
same locations. This allowed us to monitor perfomoe over time. The last section that was
insulated utilized two plies of aerogel insulatidor comparative performance purposes.
Additionally, Aspen personnel installed thermocasplin key locations for performance
monitoring. The aerogel was applied to the pipeid5 minutes, including instrumentation.
Photos of the installation are shown in Figure 21.

Figure 21. Field Installation and Instrumentation

Following the aerogel installation, the pipe waskged with standard 0.016” aluminum
jacketing, and banding. The thermocouple leadsewgulled through the jacketing for
continuous access. The leading and trailing edfése jacketing installation were crimped and
sealed with silicone sealant, shown in Figure 2ddiflonally, one of the pipe supports was
insulated to reduce its touch temperature, showsgare 23.

Figure 22. Crimped and Sealed Edges
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Figure 23. Insulated Pipe Support

The measured temperature changes to the sectioaubdited pipe are given in Table 5.

Table 5. Test data and analysis from overwrap tribat Air Liquide.

Parameters Pre- Dec 17, Dec 10, Comments
Overwrap* 2006 2007
Process Temp. (°F) 708 708 708.8
Ambient Temp. (°F) 68 68 78.6
Wind Speed (mph) 10 10 10
Interface Temp (°F) N/A 256 2745 Eetween the calcium silicate and
yrogel
o Between the Pyrogel and the
Surface Temp. (°F) 111.9 96 114.8 new cladding
Heat Loss (Btu/hr-ft)* 851.3 672.5 664.2
U-Value (Btu/hr-ft-°F) 1.33 1.05 1.05
e Relative to pristine calcium
* 0, 0 0
Calsil Efficiency 44% 44% 44% silicate (ASTM C533)
Overall Efficiency i o o Relative to the performance of
Improvement +21% +21% the line prior to Dec. 17, 2006

* Estimated with the heat transfer analysis prograBiPlus

What these data indicate are that the overwrapudide a 21% boost in the efficiency of the
line immediately upon installation. If that waspéged to the entire 3.6 miles of line, it would
save Air Liquide 24,500 MMBtu/yr or about $230,0004t current energy prices. This is the
equivalent energy consumption of 700 typical homdke Houston metro area.

What was not seen in the data is any evidence difiadal performance recovery through dry-
out of the degraded calsil between December 20@6 @cember 2007. There could be a
number of reasons for this, but the most likelyhiat calcium silicate may not have been wet.
Although the effective conductivity of the calsibe/ calculated to have increased by 125% since
it was installed, this is not necessarily due t® pnesence of liquid water. It is recommended
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that for future work, the moisture content of tredsd be measured directly before and after
overwrap, rather than being inferred indirectlytesnperature measurements.

4.3.2.2. Naval Station Newport

Aspen Aerogels worked with utility managers at Ne&ttion Newport to replace a section of
damaged insulation and pipe cladding with Pyrog€l X'he purpose of this installation was to
demonstrate: 1) energy savings achievable withribis material, and 2) installation methods
and materials to fit the Pyrogel XT on pipelineagieers from Aspen performed a site audit to
measure the thermal performance on the pipelinewgddrt operates their steam distribution
system from mid September to mid April. There aw® main branches to the base steam
distribution system, supplying the south and naithe of the base. The installation site is
located on the north distribution line approximat@00 ft upstream of the boiler. Figure 24A
provides an overview of the installation site atsdlocation relative to the boiler plant. During
the audit on 26 February, 2010, the ambient tenwperavas 33°F and relative humidity was
approximately 90%. At that time, 24,000 Ibs/hrstéam was being delivered to the north
distribution line. Factoring in the steam demamdtivo buildings which branch off the mainline
before the installation site, approximately 22,08hr of steam was flowing through the line at
the installation site. Steam leaves the plant5it % under 60 psi of pressure. The surface
temperature of the pipeline measured at the cl@sestss to the installation site was measured at
an expansion joint bend in an outdoor access chlfimarked in Figure 24A). The audit
identified severe performance loss in the existirggilation on the section of pipe line identified
as the installation site in Figure 24B; the pipe ikishown in red in the figure.

Figure 24. A) Wide view of NS Newport showing ba@r location and proposed steam line
installation site and B) close up of installationige behind Bldg 1.

The section of the steam pipe which was exposdd natcladding inside a maintenance cabinet
close to the installation site provides the mosuagte measurement of pipe surface temperature
at the installation site. Visual and infrared imagé the exposed pipeline are show in Figure 25.
It should be noted that the temperature reading fifee IR camera was calibrated to consider the
emissivity of the pipe surface and the ambient tenapire in the maintenance cabinet using
FLIR software after the IR image was captured. sTéxplains the variation in the temperature
reading displayed on the console in the visual enag
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A) B)
Figure 25. A) bare pipe in maintenance cabinet, BR image shows 390°F surface
temperature

Surface temperature measurements of the pipe dgddnged from 165°F at the northernmost
point of the installation to 211°F at the centarshown in Figure 26 and Figure 27. According
to the thermal utility manager, a 3 inch layeribfdus insulation was applied to the pipe in the
1980’s. These cladding surface temperatures irgisighificant damage to the insulation likely
caused during trench flooding. The temperaturesewesed to model the thermal losses
experienced over the 300 ft section of the pipelihat was inspected. A process pipe
temperature of 315°F was assumed for the instaflatrea. This is based on the 390°F nearby
surface temperature; assuming more heat loss otaivgeen this point and the start of the
pipeline section planned for refit, and a tempermteading of 315°F on an un-insulated flange
in the middle of the planned installation site.

Figure 26. A) Visual image of break in trough covewith pipe underneath on North side of
installation site, and B) infrared image of pipe wih 165°F surface temperature.
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A B

Figure 27. A) Visual image pipe central to the irtallation site, and B) infrared image of
pipe with 211°F surface temperature.

The energy audit data was used to model previoas Ibes on the pipe line and estimate the
performance improvement expected by applying 2riapé Pyrogel XT10 (20mm total). The
model calculated best and worst case scenariosthiemmal performance of the existing
insulation, based on the audit temperature measmsm The pipeline lost between 610 and
1210 MBtu of energy during the seven months of yhar it was operating. The 20 mm of
Pyrogel was expected to reduce these losses tViBi6, or a potential fuel savings between
3,770 and 8,770 gallons of heating oil each yeRased on the average retail costs of No. 2
heating oil in New England during the 2009-2010tetrn(not considering taxes), Naval Station
Newport would save between $10,500 and $24,600 gaeh in fuel costs after aerogel
installation. This translates to a payback pelietiveen 2 and 5.25 years based on the total cost
of installation, as shown in Table 6.

Table 6. Potential savings achieved with PyrogelTXinstallation on 300 ft pipe section.

In-service Thermal Performance vs. Performance with
Aerogel Installation
Fiberglass, in-service Aerogel
Property Best-case | Worst-case | PGXT, 20mm

Surface Temp [F] 149 217 97.4
Heat Loss [million BTU/yr] 614 1,209 166
Energy savings [million BTU/yr] 448 1,043 n/a
Fuel Savings per year (gal) 3767 8771 n/a
Cost Savings per Year ($) $10,548.71 | $24,558.72 n/a
Estimated Payback 2 - 5.25 years

4.3.2.2.1. Aerogel Installation Summary

Aspen Aerogels removed the damaged insulation @l gdadding on the section of pipeline
behind Building #1 at Naval Station Newport andlaepd it with Pyrogel XT. After the old
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material was removed, two layers of Pyrogel XT (ed® mm thick) were installed on the 10”
pipeline. Approximately 1500 square feet of thetemal was needed to complete the
installation. The material was cut into sheet®mpto delivering it to the work site. All the
material needed for the installation fit onto aginpallet. To meet the same heat lost
performance, 2 to 2.5” of cellular glass would bguired, more than doubling the logistical foot
print for the material. Since this material igidi, it must be pre-shaped by the manufacturer to
match the pipe contour. This further reduces pagkefficiency and requires unique part
numbers to cover pipes of different sizes, elbosts, Since Pyrogel XT is a flexible blanket
product that can be cut to fit any size pipe oa, sttsignificantly reduces the logistical burden
(and hence cost) for installation, especially widkfierent sized pipes are encountered.

After the old pipe cladding and insulation was reeth a three person crew installed the aerogel
material in 1-¥2 working days, a rate of ~18 linezetfper hour. Some areas of the trench were
packed with debris from flooding over the yearsahkhallowed very little clearance between the
bottom of the pipe and the mud and dirt. Thereevaso other obstructions such as intersecting
pipe runs, shown in Figure 28. In order to fithacker material around the pipeline, the trench
would have needed to be dug out, and in circums&sach as intersecting pipelines, thicker
insulations would need to be thinned in order to Tfihere was enough room to fit the full 20mm
of Pyrogel XT across the entire installation site.

Figure 28. Pipe obstructions encountered in the énch such as this intersecting water line.

While the installers were applying the Pyrogel X@ngineers from Aspen Aerogels were
installing data monitoring equipment. Thermocoapiere installed at the beginning and end of
the treated section of the pipeline. The thermptasiwere placed directly on the surface of the
process pipe, between the insulation and the atgd@ind on the outer surface of the cladding.
The ambient temperature of the trench was alsagbmionitored at both the start and the end of
the treated section. Finally, the outside ambiemiperature was being monitored at the site. All
the thermocouples were attached to an Omega OM-CPFEMP-A data logger set to record
data points every 10 minutes. A schematic of Henocouple placement is shown in Figure
29.
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Monitoring Materials
Thermocouples: — =
Trench ambient L Embossed Aluminum Jacket
Top of cladding

o . Two Layvers of Pyrogel XT-10
Top of insulation

Pipe surface Carbon Steel Pipe

Outside ambient

Data Logger:
Omega OM-CP-OCTTEMP-A
Figure 29. Data monitoring schematic - thermocous were place in same locations at
start and end of installation section.

4.3.2.2.2. Installation of Incumbent Material

In order to provide a side by side comparison @ithincumbent insulation material that is used
on the steam line at Newport, a section of pipeimean outdoor cabinet near the aerogel
installation site was insulated with 2” cellularagé which should deliver matched thermal
insulation value. Thermocouples were applied te $lection of pipe in the same fashion as the
section insulated with aerogel. This is the sapuw svhere surface pipe temperature readings
were collected during the energy audit. Due totithiet proximity of the condensate return line,
the foam glass was shaved in this section in axlét the tight space between pipes. The same
shaping would have been required at the aerogglliaon site should a thicker material have
been used; however, the full aerogel thicknessdcbalve been applied at either site without
interference from adjacent equipment or objecigurieé 30 shows the foam glass installation site
before and after the material was applied. Thé@eof pipe was approximately 10’ long with
two 90° elbows at the top and bottom of the secti@dl four elbows and the entire 10’ of
straight pipe length were covered with cellularsgla The thermocouples were applied in the
center of the installation length and the sectial e monitored in the same fashion as the
aerogel installation.

Figure 30. Pipe section (A) before and (B) afterpplication of cellular glass

The installation at Naval Station Newport demonstiathe performance of Aspen Aerogels’
Pyrogel XT insulation material and introduced theduct to energy managers in the Department
of the Navy. Steam distribution systems are a comrheating system used on military
installations. In the process of coordinating tisnonstration installation at the Newport site,
Aspen Aerogels interfaced with representativeshian Energy and Utilities Department of the
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Naval Facilities Engineering Service Center, resgua for evaluating energy efficiency
products for use across all Navy facilities. Bemauthis work followed the Navy
recommendations for evaluation of a new energyciefiicy product, it will help expand the
acceptance of Pyrogel XT across a large user group.

4.3.2.2.3. Results of Pyrogel Installation

Two methods of analysis were used to evaluate thie dollected by the thermocouple
datalogger unit. The experimental design for tleogel insulated test section provided
temperature data at both in start and finish oftés¢ section and because the run of aerogel was
of sufficient length, it was possible to measuréemperature drop (approximatel ~5 °F)
between these monitoring stations. This tempezattas enough to provide data that could be
correlated to the available mass flow from the N&wpNort steam plant on an hourly basis.
Therefore, the full thermocouple data set was @tew to match with the mass flow data
available during times when the steam plant wawelgt heating the NS Newport buildings.
Figure 31 shows the temperature profiles and astmtimass flow for the analyzed time period
of 11/2/2010 through 12/10/2010.
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Figure 31. Pyrogel XT Aerogel Insulated Test SectioTemperature and Mass Flow Plot

Knowing the hourly mass flow allowed an energy baéato be performed on the system. This
showed good agreement with an ASTM C680 heat lagsulation performed using the pipe
surface temperature and cladding temperature dt pamt. The corresponding heat loss is
plotted in Figure 32 on an hourly basis for each diathe analysis. This shows some evidence
of diurnal cycles of changing heat loss based obi@mh temperature changes.
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Figure 32. Heat Loss (BTU/ft-hr)/ at the Inlet andOutlet of Pyrogel Test Section

The cellular glass test section was analyzed usintg the ASTM C680 heat loss calculation, as
there is enough run length to provide the tempesatiata required for a mass balance.
However, the Foamglass material showed good agmaewith predicted performance, which
was expected to be similar to the 20mm Pyrogel Y& discussed earlier, cellular glass of 2
inches thickness was required to provide similathess protection compared with 0.8 inches
Pyrogel XT. This provides significant advantageewhspace is limited and it may not be
possible to use an extra 4 inches of materialdalate the service pipe. The results are shown in
Table 7.

Table 7. Predicted Performance of Insulation Materals Used at NS Newport

Thickness (in) Q' (Btu/hr-ft) AQ' T surf (F)
Cellular Glass 2.0 179.8 - 109.4
Pyrogel XT 0.8 178.2 +1% 115.6

Note: Pyrogel XT thickness determined to maintainilar heat loss as 2inches cellular glass

The table below (Table 8) is a summary of averhgental performance observed during the test
period. Note that Newport NS normally runs steaomfrOctober 15 through May 15. The

aerogel results are listed in two ways based ontltemethods of analysis described above.
Based on the potential for heat leakage throughinsuiation related means (support shoes, air
infiltration, etc.) and the very likely potentiabrf variation in steam mass flow, it is fair to say

that these two results show a range of expectddrpeance for the Pyrogel XT installation and

good agreement. The observed heat loss is in ggaeement with predicted values from Table
7. This means that the predicted payback periesl y2ars) can be achieved if the incumbent
insulation were replaced entirely. Additionallg, this demonstration was installed on 300 linear
feet of pipe, we calculated the annual benefit ppde of pipe on an installation site at 8000

MMBtu.
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Table 8. Summary Table of Measured Insulation Perfanance at NS Newport

In-Service Thermal Performance vs. Performance withAerogel Installation
Property Measured Performance
Aerogel Aerogel Cellular Glass
Insulation Product PGXT, 0.8in | PGXT, 0.8in | 2.0 in Foamglass
Analysis Technique Temperature | Mass Flow Temperature
Cladding Surface Temp [F] 145 145 105
Heat Loss [million BTU/yr] 140 166 170

4.3.2.3. Installation at Archer-Daniels Midland facility in Marshall, MN

A major installation was carried at an Archer-Dé&ididland facility in Marshall, MN in
September 2009. This facility is a corn-procesgilagt which processes corn from all over the
Midwest. One of the processes the grain goes gifwas called gluten drying, where it is
exposed to air streams ranging from 200 to 700FRe ductwork on these dryers (pictured in

Figure 33) must be insulated, both to conserve ggneand to prevent condensation from
occurring within the duct.

Figure 33. Gluten drying equipment in Marshall, MN.
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This installation is significant because it represeone of the first major jobs where Pyrogel XT

was able to directly replace mineral wool, which tiee global market leader and, not

coincidentally, the cheapest industrial insulaggwaduct available. According to the owner, the
primary reason for the replacement was that previostallations of mineral had gotten wet and
heavy, resulting in corrosion, loss of efficienapd increased structural loads. That Pyrogel XT
could prevail, despite costing 2-3 times more, d¢atis that this project’'s emphasis on quality,
performance, and hydrophobicity is paying off.

=

Figure 34. Installation of Pyrogel XT on various sctions of ductwork.

4.3.2.4. Field Trials at ExxonMobil in Port Jerome, France

During this project, Aspen Aerogels worked with BrR¥obil to identify a field test location at
one of their global refineries. Their facility Port Jerome, France, was identified as the best
site, as it offered the opportunity to test seveliffierent parameters of the in-use operating
conditions that Pyrogel XT will be subjected toliming hot installation, and exposure to water.
Three pipelines were selected for the installatrals, totaling approximately 150 linear feet of
pipe. The completed installation is discussed anametail below.

43.2.4.1. Hot Install on a 734°F Steam Line

The first pipeline to be fitted with aerogel was&router diameter pipe. The pipeline maintains
a process temperature of 734°F and is suspendedxapptely 5 meters off the ground in a
network of pipe racks. The line had a pre-exitmgeral wool insulation covering it to a
thickness of 110 mm. Of the total 30 meters ideutifor installation, the first half of the line
was refitted with mineral wool (preformed shellgdahe second half with Pyrogel as shown in
Figure 35. The thickness of both materials wascéetl so that the heat losses are comparable
(and provide the desired insulation for the progegsspen’s engineers calculated the thickness
of the aerogel insulation to match the heat losdebe mineral wool installation. The design
calculations are detailed in Table 9. The pretexgsmineral wool was removed and new
products (Pyrogel XT and mineral wool) were applig@ctly to the surface of the pipe.
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Mineral Wool (15 m) Pyrogel (15 m)

Figure 35. Depiction of pipe installation at ExxoMobil Port Jerome Gravenchon,
including elbows and vertical elements.

Table 9. Design calculations for insulation of 8ipe at ExxonMobil, Port Jerome.

Parameters Values Notes & Comments
MPS (in): B8
Length (m): 10 15 m mineral wool, 15 m Pyrogel
MNo. of L90's: 0 Based on 20 L90's total
Mo/ of L45's: 0 45 degree elbows
Mo. of Valves: 0 Based on three valves total
Process Temperature (°C): 390
Surface Emissivity: 0.1 Weathered aluminum or galvanized steel (Uginox F17})
Fluid: Steam
Internal Flow rate (kg/s): NIA Line is too short for end-to-end AT to be a factor
Heat Traced?: Mo
Surface Temperature Limit (*C): 60 Industry standard
Cost of Energy (€/GJ): £4,74 Includes 85% boiler/distribution efficiency
Assumed Conditions’ Winter Storm Annual Average Hot, Still Day
Design Criteria: BB ks ety Heat conservation Personnel
Ambient Temperature ("C): i 11 35
Wind Speed (m/s): A 45 1
Insulation Heat Loss | Efficiency |Heat Loss | Efficiency | Energy | AEnergy | Surface | aATemp
Design (W/m) | vs. Base | (Wim) | vs. Base |Cost (€/yr)[Cost (€/yr)] Temp ("C) ("C)
110 mm MW Pipe Cover (Base): 2290 - € 357 - 58,3 -
25 mm Pyrogel XT: 268.3 -17% £418 £61 71,0 +12,7
30 mm Pyrogel XT: 2251 +0% £ 357 €0 65,4 +7.1
35 mm Pyrogel XT: 200.8 +12% € 313 £44 61,4 +3.1
—= 40 mm Pyrogel XT: 1794 +22% €279 £77 58.2 0.1
45 mm Pyrogel XT: 162,7 +29% £ 253 £ 103 55,7 2.6
1. Based on 2006 weather data for Le Havre, France (http://www.weatherunderground.com)
2. Assumes 110 mm mineral wool pipe cover
3. Recommended Pyrogel thickness is 40 mm {4 layers at 10 mm)
4. Pyrogel material requirement (excluding fittings) is 38 sqm of PGXT-10
D 5 Tl‘:‘is ?hickness of F'?,rmgel ShDE.IH pruw'dge: %) !
- Roughly equal touch temperatures
- € 77 (22%) annual energy savings on a 15 m line
- 31% reduction in accessory costs (cladding, bands, etc)

The mineral wool insulation that covered the pipeveed significant wear before being stripped
off for the new installation. The pipeline priar the new installation is shown in Figure 36.
Following the removal of the old mineral wool, n®yrogel XT and Mineral Wool were applied

directly to the surface of the pipe to provide @esby-side comparison. The pipe with Pyrogel
XT installed is shown in Figure 37.

This section also required fitted elbows to beahstl on the line. Both 45° and 90° elbows were

covered using material cut into the lobster tagige. Using this cut design, the sections are cut
to a taper so that the flat material will formtfie elboow. The spine of the lobster tail is placed
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on the outside radius (“heel”) of the pipe elboWext, each tail section is joined on the inside

Figure 38 demonstrates the progressive work rediumeinstall a lobster tail on a 90° elbow.
Figure 39 shows the same work on a 45° elbow.

.

Figure 38. Fitting a lobster tail elbow section ora 90° elbow at Port Jerome.
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Figure 39. Fitting a lobster tail elbow section ora 45° elbow at Port Jerome.

Four (4) temperature measurement locations (T 1séd simplified drawing shown in Figure 40)
were identified prior to performing the work, ortetlee start and end of each of the two isolated
section. Before insulation of the Pryogel, skierthometers were installed on locations T1-T4
(with local read-out). The TC measurement siteeeveelected to ensure that the measurement
locations on each material are subjected to corbpaenvironmental conditions, such as wind,
rain, sun, and radiated heat from other equipment.

15 m mineral wool 15 m Pyrogel

Figure 40. Thermocouple placement on 8" pipe instkation.

After completion of the insulation installation, tperature readings were taken from T1-T4
every day for 3 weeks at 7.30 AM. The cladding terafures were monitored at the same
location using an IR thermometer, and the ambiemditions during the temperature
measurements will be recorded.

A long horizontal tank known as a “bullet” was iteted at ExxonMobil's Port Jerome
Gravenchon refinery in France. Half of the tank weslated with Pyrogel XT and the other
half with mineral wool blanket. Images of this installataoe shown in Figure 41 and Figure 42.
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Figure 41. Installation of Pyrogel XT on “bullet” tank at Port Jerome Refinery: a) full
tank image and b) close up of aerogel installatiom progress.

Figure 42. Workers installing Pyrogel XT on a bulet tank: a) top half, b) bottom half.

The results of this test showed that, for this paldir situation of four layers of 10 mm
Pyrogel XT against one layer of 100 mm mineral wdahket, the mineral wool offered the
faster installation, by approximately 2:1. Althoudisappointing, this result is consistent with
our understanding of labor productivity with flelebblanket materials. The redeeming factor
here is that the ExxonMobil global specificatioriuadly precludes the use of mineral blanket in
this kind of service because of its tendency to crush, sagedvaet.

Effectively, this trial showed that Pyrogel XT wile more expensive to install than the cheapest
and lowest quality competitive product on the mark@neral wool blanket. This is a point that
we cannot and would not dispute. In terms of théeffeciency and heat loss, the two systems
show approximately the same level of performancehat beginning of their service life.
However, we do expect some vindication as the weathermal performance of the two
insulation products begins to diverge over timegasiRyrogel XT has the more convincing track
record of in-service durability.
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4.3.2.5. In service Installation at Pastore Center in Provignce, Rhode Island

Anchor Insulation, one of Aspen Aerogels’ instabatipartners in the industrial insulation
market, performed an installation trial at the Pa§lenter in East Providence, Rhode Island.
The Pastore Center is a state-run campus with at@nal and mental health facilities on the
property. The buildings are heated via an onséamstgeneration plant which feeds a campus-
wide steam distribution system. The steam plaotised by the state and operated by Noresco,
an Energy Savings Company (ESCO) that is certifiader the DOE run Energy Savings
Performance Contracting (ESPC) program.

To demonstrate how Pyrogel XT can be used in custgtallations, Anchor fabricated a valve
cover using Pyrogel XT which was installed on atesys operating at 600°F (70 psi steam).
There were six valves operating in parallel atittgallation site. The Pyrogel XT valve cover
was fabricated with one layer of PGXT-10 as showrFigure 43A, Aspen’s 10mm (0.4 in)

material. The other valves were covered with a 2 inch glassmaterial (Figure 43B).

Figure 43. PGXT valve cover installation (A) and ss mat valve covers (B) at Pastore
Center in Providence, RI.

The thermal performance of both the PGXT and ghkagsvalve cover was calculated using the
3EPIus software program. This program calculatesexgmected surface temperature using
industry accepted thermal conductivities for stadduaaterials, such as glass mat. The program
also allows the user to enter thermal conductivities fer-dsfined materials. The thermal curve
values for Pyrogel XT were entered into the progtsimg the ASTM C-177 test values that
were obtained during the material qualification twor of the project. The actual surface
temperature for each material was measure usingangter. Figure 44 illustrates the actual
measurements that were performed on the glass ahet cover. Figure 45 shows the same
measurements being performed on the Pyrogel XT valve cover.
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Figure 45. Pyrometer reading and infrared imagingof Pyrogel XT valve cover

4.3.2.6. Results and Conclusions

The results of this in service thermal assessméstedl in Table 10, confirm the thermal
performance advantage that is achieved with Pyrg@el Less than 1/2” of Pyrogel XT resulted
in a surface temperature that was within 5 °F of the perforenactueved using 2” of glass mat.

Table 10 . Measured and calculated* (with 3EPlugemperature of glass mat vs. Pyrogel
XT valve cover

Surface Temperature
Material V'C‘;.earllt Thickness P
9 Calculated Measured
Glass Mat 10 oz/sq ft | 2 inches 120.7 °F 161.5 °F
Pyrogel XT | 6.50z/sqft | 0.4inches | 163.9 °F 165.9 °F

It is important to note that the 3EPIlus calculation the glass mat product calculated an
expected surface temperature that was 40.8°F Idwaerthe measured performance temperature.
The calculated and measured surface temperatur@yfogel XT were within 2°F. 3EPlus is a
free-ware product that is developed and distrimgtiby the National Insulation Association. It
is an industry accepted tool that is often usedl@sign an insulation solution for industrial
process pipelines.

The large difference in the measured and calcula&ce for glass mat illustrates the disconnect
that can occur between real-world performance aidutated design performance. This can
lead to energy losses that far exceed those speédifi the insulation system design. The
performance deltas can be explained by understgridenmaterial properties of insulations such
as glass mat. First, the insulation value of glagsmalies in part on its fibrous loft; however, it
is compressible and will lose loft over time. Tipeafied 2” of insulation that was applied to
this system has lost a portion of its performanaseld on this loss of loft. This compression is
illustrated in Figure 46. The pipe was insulatethv# layers of glass mat, each 1” thick. Over
time the vertical pipe insulation has lost 22% of its loft.
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Figure 46. Measured thickness of in-use section @f glass mat shows the material
compressed to 0.78”

The second factor to consider is water uptake. hoiraid environment, such as a steam plant,
insulations like glass mat will retain water. Tlusther decreases the thermal performance of
the insulation. Pyrogel XT reduces this delta beeahe material properties remain consistent
from the installation through the in-use lifecyclByrogel’'s compression resistance ensures that
the material thickness is maintained over time, tlewmsuring that the insulation design
specification are met throughout the life expecyammé the system. Second, Pyrogel’s
hydrophobic surface doesn’t allow liquid water toilth up within the material. Since the
Pyrogel maintains its permeability to water vagory water that may drip behind the insulation
through seam cracks will be released as water vapor.
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5. Benefits Assessment

The primary environmental benefit of ABPI is theluetion in atmospheric emissions due to
lower energy consumption in boilers. Based on tle¢hodology of Section 2.1, this includes
cumulative savings of 3.5 million tonnes carboniegjent CQ, and 85,000 metric tonnes of
SO, and NOx through the year 2030. Secondary benefitsid be claimed from the
manufacturing of aerogel instead of incumbent @soih materials, based solely on the fact that
aerogel-based insulation requires one-third totenéh the material for a given application. All
else being equal, less material produced meansvieste generated both during production, and
for end-of-life disposal. However, since little isxdwwn about incumbent manufacturing
processes, all else may not be equal. So, for thpopes of this exercise, the net environmental
impact from the manufacturing and solid waste side is coategly assumed to be zero.

Based on the heat loss and market penetrationsegafyom Section 2, the annual reduction in
industrial energy consumption was estimated. By yhar 2025, this savings will reach
16 trillion Btus per year. At an average energyt ©@s$3.59/MMBtu for industrial boilers, this
equates to $117 million per year (2011 dollars).

The very significant energy savings results acldewame quite close to the expected
performance calculations done following the productirequents portion of the project. From a
commercial perspective, the project and resultihgssaf Pyrogel XT exceeded Aspen Aerogels’
expectations.
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6. Commercialization

The network of distribution and installation parse¢hat Aspen has developed for ABPI has
grown appreciably during the project, and this higsificantly accelerated this growth rate.
Aspen does not install its insulation at sites aftén does not supply it, unless orders are of
sufficient size. Therefore the network of over 4@tribution partners which now exist
throughout the world are critical to getting Pyrbgeld to and installed at industrial sites.
Existing pipe insulation vendors and installers @eying ABPI as a standard product, and will
have converted better than half of their new installs tontiaiterial system by 2015.

Through these steps, Aspen hopes to dominate then gpge insulation market with Pyrogel
products, dramatically reducing domestic energy eonion. Within its first three years,
Pyrogel XT has already grabbed 10% of the domesticket for steam pipe insulation,
outselling all North American manufacturers of exged perlite combined. Pyrogel XT will
over the next 18 months eclipse the sales of thké mest popular insulation material, calcium
silicate. Within five years, Aspen projects that dgygl XT will grow to be comparable to
fiberglass and mineral in terms of total share of the méoketteam pipe insulation.
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7. Accomplishments

The project objectives that were met that enable the owenalinercial success of Pyrogel XT in
the marketplace were a combination of technical@oduct demonstration, manufacturing, and
business:

Technical and Product Demonstration Objectives:

« Assembled comprehensive set of system requirements fpetf@eum refineries.

« Built a design tool for straight pipe sections for varioassiand temperatures.

« Developed sheathing, fasteners, and sealing componehsa@redures.

 Installed a test section on a representative pipe runxamnBiiobil.

« Demonstrated ABPI's durability and thermal performanca stressing environment.
« Validate thermal performance equal to or better than qhesti

« No material degradation or visible corrosion on pipe

« Projected 5-year costs equal to or better than main coogdtir all pipe sizes

Manufacturing Objectives

« Identified and sourced non-quartz batting for high tertpee product.
« Reduced production costs by $0.10 per square foot.

« Opened aerogel Production Plant #2.

Business Objectives

« Got formal commitment from ExxonMobil, Air Liquide,d\al Station Newport, the Pastore
Center, and Archer-Daniels Midland to install Pyldo¥& at their facilities, a significant
result at a wide variety of sites.

« Secured first domestic and first international saleerstd

« Established co-marketing and product distribution nekwor

« Increase visibility through tradeshows, advertisiagd write-ups in publications such as
Hydrocarbon Processing

Aspen Aerogels worked with Anchor Insulation onistritt energy steam pipe project at Brown
University, to replace the poor quality fiberglassppes in a confined space. The project went
very smoothly and Brown submitted the project to Associated Builders and Contractors
(ABC) Excellence in Construction awards contestdotstanding projects in 2010. The project
won the Rhode Island chapter competition and wasnitdd to the National ABC awards
competition, with winners to be announced in Feb 2011 nlAtb the completion webpage is:

http://www.abc.org/Business_Development/Awards/Excelé in_Construction_Awards.aspx

This project was a great example of Aspen's adgenita this area, highlighting the safety and
congestion aspects of confined space work with Pyrogel XT.

Other publications relevant to Pyrogel XT include:

o Spring 2007, Power & Energy Technology, “Nanotedbgp comes to Industrial
Insulation”
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Fall 2007, The Chemical Engineer, “Space materialtsieelustry - How your plant can

benefit from the world’s best thermal insulator*
July 2008, Hydrocarbon Engineering Magazine, “Kegphe Heat In - A new insulation

solution for high temperature industrial applications”
April 2011, BIC Magazine, “Pyrogel XT: A superior insulatiarigion to CUI”
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8. Conclusions

Aspen Aerogels delivered Pyrogel XT™, an aerogeédaspe insulation (ABPI), to market to
reduce the energy loss experience in industrianstprocessing systems. The product became
Aspen’s best selling flexible aerogel blanket iasion, and to date, has delivered more than
0.7 TBtu of domestic energy savings primarily throutjs durability against water, heat and
mechanical abuse; compared to incumbent insulatiaterials, the efficiency of Pyrogel XT
simply does not degrade over time. Pyrogel XT sdlase been due to better thermal
performance, improved durability, and faster inatadh times than the incumbent insulation
materials. This 4 year project thoroughly achieved thewing:

o Defined the insulation product requirements for dpecific industrial market segment
targeted and then validated which of the requiremeats aiready met by the material.

o Improved the aerogel blanket insulation to withdtéine environment, including high-
temperatures (to 1200°F), moisture and water, epecifically, the aerogel blanket fiber
reinforcement material was optimized for performeanader these conditions and cost;
the hydrophobic agents were modified to resist tnoesdurably at high temperatures,
and the aerogel phase of the insulation was stiengd through formulation
optimization.

0 Increased throughput of Pyrogel significantly ie timanufacturing environment through
extensive work on process steps including additiveorporation techniques and
optimization, improvements in casting aerogel prectg onto the fiber blanket, and
optimization of the aging process to strengthen the atoognposition.

o Demonstrated and documented Pyrogel XT installatatrb facilities, 3 industrial and 2
government, to validate its superior performance @st savings relative to incumbent
insulation materials.

The $2 million investment by DOE has paid back Isangdely: 1) $60 million in sales of
Pyrogel XT have been recorded to date; 2) rouglip ®f the Pyrogel XT sales have been
exported ($36 million); and 3) at least 50 manuféng jobs have been created in Aspen’s East
Providence, RI plant that can be attributed to productid?yodgel XT.
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9. Recommendations

Future product development efforts should focusimproving the high-temperature thermal
conductivity and reducing the dust generation kewélIPyrogel XT. In addition, the XT family
should eventually be extended to address the followijagadt market segments:

» Fire protection for structures, ducting, and cable trays
* Acoustic insulation for industrial facilities

* Hull-board insulation for marine applications

* Heating, ventilation and air conditioning applications
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