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Abstract.  In general, the purposes of this paper are to elucidate the crucial importance of durability and service lifetime prediction (SLP) for electrochromic windows (ECWs) and to present an outline for developing a SLP methodology for ECWs.  The specific objectives are (a) to illustrate the generic nature of SLP for several types of solar energy conversion or energy conservation devices; (b) to summarize the major durability issues associated with ECWs; (c) to justify using SLP in the triad of cost, performance, and durability rather than just durability; (d) to define and explain the seven major elements that constitute a generic SLP methodology; (e) to provide a background for implementing the SLP methodology for ECWs, including the complexity of the potential degradation mechanisms; and (f) to provide an outline of studies using ECWs for improving the durability of ECW materials and predicting a service lifetime for ECWs using the SLP methodology outlined in objective (d).  Our major conclusions are that substantial research and development is necessary to understand the factors that limit ECW durability, and that it is possible to predict the service lifetime of ECWs. 

1.0 Introduction

The objectives of this paper, stated in (a) through (f) in the abstract, are all driven by and related to achieving a goal of a > 20-year service lifetime for electrochromic-window (ECW) systems [1].  Goals for developing commercially viable ECWs are (i) to identify, understand, and then mitigate the causes of performance degradation or premature failures (or both) in ECWs that limit the service lifetime of the ECWs and (ii) to develop new or improved materials and new designs, incorporate them into prototype ECWs with different multilayer device schemes, and determine if they offer greater promise for an ECW service life expectancy of more than 20 years.  These goals are generic for most multilayer, energy efficiency (e.g., conservation) or renewable energy (EERE) conversion devices and can be modified by simply changing "ECWs" in (i) or (ii) to some other EERE device such as a solar mirror, photovoltaic (PV) module, or flat-plate collector.  For the service lifetime of other parts of an integrated, operating ECW, the word "materials" may be replaced by "component" or "subassembly."  In keeping with the generality of the stated goals, we first discuss the general principles behind the requirements for establishing the service lifetime of EERE multilayer devices used for solar energy conversion or conservation and then show how these principles can be applied to ECWs.

2.0 The Solar Environment and Collecting Solar Energy
The major problem in solar energy technologies is not discovering how to collect the radiant flux but rather establishing how to collect it at a competitive cost [2].  The solar energy reaching the Earth has a typical power density of 500 to 1000 W/m2, which means large collection areas are required for any solar technology [2].  The cost of the materials used, device production processes, and the operation and maintenance of systems must be held to a minimum.  This requires, for example, using multilayered stacks of superstrates, substrates, and active thin (or thick) films or coatings for various collection schemes, e.g., ECWs, mirrors, PV systems, and flat-plate collectors (as illustrated in Fig. 1). These must be made from inexpensive, durable, and easily processed materials.

The materials chosen provide not only device-specific functions but also environmental protection, which is crucial for the long service lifetimes that will reduce life-cycle costs and increase the market value of the devices.  When in use, man-made solar energy conversion systems are subjected to a unique set of "real-world" stresses that may alter their stability and, hence, their performance and life-cycle costs in addition to the initial costs of the systems.  These stresses include ultraviolet (UV) radiation, temperature, atmospheric gases and pollutants, diurnal and annual thermal cycles, and, in concentrating systems, a high-intensity solar irradiance.  In addition, internal film stresses (such as those from deposition or intercalation), rain, hail, condensation and evaporation of water, dust, wind, or thermal expansion mismatches may cause additional losses in the performance of a solar device. These stresses and factors must be considered both individually and collectively for degradative effects that may result from their synergistic action on any part of the system.  The first prerequisite is that the bulk properties of the superstrate, substrate, thin film, coating, and other materials be stable and that the intercalation processes in ECWs be reversible without causing "side reactions" in the active electrochromic (EC) materials.  After the requisite stability of the "bulk" materials is achieved, interface reactions that are known to be thermodynamically driven because of the higher free energy state of atoms at interfaces must be considered [3].  It may then be necessary to choose the different materials carefully to permit achieving a > 20-year "stability" [4] or to modify the interfaces for attaining the same goal [5].  A service lifetime goal of more than 20 or 30 years is targeted for all the devices listed in Fig. 1.  To project a service lifetime that yields the desired time-dependent level of performance, substantially more work directed to service lifetime predictions (SLP) is needed.  Furthermore, the detailed application of the SLP methodology will be more challenging for an active ECW than, for example, a passive solar mirror construction.

The goals cited in (i) and (ii) in Section 1.0 are for the type of research needed to develop an understanding of the behavior of low-cost, high-performance, active materials or encapsulation materials, or both, that can be used to extend the service lifetime or to identify materials that offer new options for use in the device.  In the conventional triad of requirements--low (initial) cost, high performance, and long-term durability (reliability)--we substitute "service lifetime" to replace "durability" (reliability), because this is what is really desired.  A service lifetime prediction, or SLP, is the ability to project the future time dependence of the performance that defines the durability.  Service lifetime must be known to determine the life-cycle cost for using a device of known initial cost and initial performance (i.e., contrast ratio [CR] in ECWs).  The cost-effective deployment of any EERE device is partly limited by the durability and life-cycle cost of the materials used.  Research on the active or encapsulating materials, or both, and studies that address the influence of materials degradation on device performance are of critical importance.  This is especially true if we are to understand the degradation of the materials used in ECWs, the soiling of surfaces, the effects of oxygen and water vapor permeation, corrosion, the active materials degradation, and degradation at surfaces and interfaces.  The ultimate need is to identify materials that will not decrease the performance during exposure to actual use conditions for the desired or required service lifetime of the device.  Establishing a service lifetime prediction requires an interdisciplinary team of experts plus supporting diagnostic expertise.  These experts include people who have (or can access) sophisticated diagnostic and measuring equipment and are knowledgeable in the disciplines of materials science, materials engineering, surface science, corrosion science, polymer science, solid state physics, physics, physical and analytical chemistry, and electrochemistry.  Also required are theorists and people knowledgeable in statistical methods about lifetime prediction.  Appropriate capabilities for accelerated and real-time weathering of devices are also essential.  If done properly, predicting a service lifetime of any device requires significant resources, but it is essential before major investment decisions will be made.

3.0 Background about Electrochromic Windows
Electrochromic windows have emerged in the last decade from laboratory studies to become a promising energy-conserving technology for buildings applications.  A number of industrial firms are now fabricating ECWs in a number of different designs, such as Li-ion- and H-ion-based devices, and four- or five-layered devices made from all-solid-state inorganic or all-solid-state mixed organic and inorganic materials.  Industry is confident that manufacturing costs in dollars/ft2 can be reduced sufficiently so that the installed costs will meet the expectations of commercial buildings applications. A number of different designs are routinely meeting the essential performance parameters of a CR in the photopic transmittance of at least 5:1 in the bleached and colored states (e.g., 60-70%: 12-14%, respectively), coloring and bleaching times of a few minutes, switching with applied voltages from 1 to ca. 5 V, and open-circuit memory of a few hours.  However, the desired durability of ECWs for 15,000 to 100,000 cycles at operating temperatures from -30oC to 90oC has not been established, and the early introduction of ECWs into commercial markets requires that durability be validated and a predicted service lifetime of >20 years be based on dependable research and development (R&D). ECWs are expected to be used as coatings on the inside of double-pane insulating glass units (IGU) with an argon fill in the closed space.  Accordingly, high humidity should not be a problem affecting durability.  Furthermore, it is clear that no durability testing parameters are as yet accepted [1,6,7] that can be used to validate the long-term stability of the performance parameters.  Thus, establishing the testing criteria from which ECW durability can be validated is an extremely crucial element, even for niche markets, for the commercialization of ECWs.

It is clear from the literature from IME-1, the first international meeting on electrochromism [8-15], and from the talks given at IME-2 [16-28] that most of the issues addressed in this paper remain to be resolved.  We reference these papers appropriately as we discuss the issues involved.

As reported earlier [1], the performance parameters needed for evaluating ECW performance includes measuring (a) solar and optical transmittance, reflectance, and absorbance; (b) the injected charge/unit area or charge capacity and correlating these with the data in (a); (c) I-V curves in which V is cycled between the voltages to provide the colored and bleached states and performance degradation monitored with the optical measurements in (a) and the times to color and bleach; (d) the temperature-dependence of the response time for which definitions of the coloring and bleaching limits are established; and (e) the parameters in (a) through (d) simultaneously, if at all possible.  Measuring many of these performance parameters has also been mentioned recently [14].  For the coloration efficiency [1], Lampert indicated it is not a good indicator of performance or performance changes [22].  Our most recent work, however, indicates that coloration efficiency may be used as an indicator of performance changes [29].  Granqvist has summarized the electrochemical characterization, physical characterization, and optical properties of tungsten-oxide (EC) films deposited in several different ways as well as several performance parameters for several types of WO3-based complete devices [30].

A number of criteria are necessary for accelerated testing to be successful with a goal of making service lifetime predictions.  These are discussed in some detail by Fischer et al. [31] and outlined to varying degrees in a prior publication [32] and from conference records from various forums in the electrochromic windows [1] and PV [33-38] communities.  These include, for example, that the accelerated lifetime testing must be made on "full-size" specimens and complete devices (not partial ones); e.g., Wittkopf stated that the scale-up of ECWs invariably results in new durability issues [20]; the accelerated life testing must not alter the degradation mechanism(s); the mechanisms and activation energies of the dominant reaction(s) must be the same at the normal operating conditions and accelerated test conditions; both the specimens (including materials and components only) and multiple accelerating parameters (such as UV, temperature [T], relative humidity [RH], and product entrapment, etc.) must simulate reality; ECWs that simulate reality (i.e., they must be complete devices) must be used in the initial accelerated tests; and the time-dependent performance loss (e.g., loss in CR in ECWs) must be correlated with the degradative reactions.  Ultimately and ideally, the accelerated tests must be made on commercial-scale ECWs that are the same size as those sold to the consumer, but this ideal may not be necessary if predictions from laboratory-scale specimens are reliable predictors of the commercial products.  Obviously, a SLP requires a definition of "failure," i.e., the loss in CR that is acceptable after a certain number of years, and failure needs to be defined for ECWs.

Accelerated lifetime testing (ALT) is also used to narrow the choices of materials used until the "final" materials and design of the multilayer stack is achieved [1].  A diagrammatic overview of how this is done appears later in this paper.  The ALT needs to be combined with deducing the causes of degradation, mitigating the causes with new or modified materials or new designs, and again using ALT to assess the durability of the modified or new multilayer stack.  Extensive durability testing is most effective after the final materials and design are established.  The ECW community as a whole has not agreed on the optimum EC, ion conducting (IC), or ion storage (IS) materials in ECWs.  For example, Brotherston et al. recently determined that a modified vanadium oxide IS material has promising stability but that PrO2 does not [13], Panero et al. observed the onset of degradation of polyaniline after 100 cycles [12], and Kullman et al. found that adding Ti to MoOx improves durability [18].  In anticipation of the influence of ALT at elevated temperatures, Li and Kudo measured the decrease in thickness of layers of MoO3, V2O5, and MoyV1-yOz on heating from 20oC to 200oC [11].  A number of other papers at IME-1 [8] and IME-2 are concerned with optimizing the properties of only one material in an ECW, improving the materials performance based on studies of the processing conditions, or lowering the production cost.

4.0 What is and is not known about Durability Testing of ECWs
We base the content of this section on the comprehensive summary of degradation in EC devices made in 1990 by Czanderna and Lampert [1], on papers published in 1995 about the durability of ECWs or EC devices from IME-1 [8-15], and from talks given in 1996 at IME-2 [16-28].  It is clear from the presentations at IME-2 and the responses of participants that our assertions below are correct.  We emphasize that the ion insertion process or the reverse process during bleaching can compromise the long-term stability of the EC, IC, and IS materials.  Degradation rates can be increased dramatically by forcing the ion transfer processes too rapidly, which, in turn, is caused by departing too far from an ideal thermodynamic intercalation process.  For example, Masetti et al. [15] showed intercalation processes cause degradation in WO3 films.  Dini et al. used a laser beam deflection method (LBDM) to analyze H+, Li+, and Na+ intercalation processes in WO3 films [16]; the LBDM has the potential to be sensitive to degradative changes in these films at large intercalation levels and to detect irreversible changes.  Cogan et al. also indicated that rapid ion insertion causes transient heating that also may result in an increased rate of degradation [23].  Wang et al. reinforce the importance of using slower intercalation rates from their diffusion studies in which slower diffusion rates result in fewer structural changes [19].  We concur with Granqvist [7] and Scrosati [8] that lifetime, reliability, and contrast ratios are vastly more important than switching speed for ECWs that are used primarily to reduce energy consumption in buildings.

4.1 What is known about ALT and Durability Testing of ECWs
(a)
The cyclic I-V must not exceed the voltage limits for any ECW design as deduced by the fabricator, i.e., testing must simulate use conditions.  This point is generally implicit [10]; it is important because overpotentials applied to an ECW are known to cause degradation.  Furthermore, increasing the coloration depth (to larger CRs from lower %T in the colored state) reduces EC device lifetimes [22].

(b)
Cyclic I-V can be applied too fast (i.e., continuous coloring or bleaching with no "relaxation" permitted) and cause degradation that is not encountered in practice.  The need to validate the switching performance of ECWs for 15,000 to 100,000 cycles with switching times of a few minutes has resulted in the widespread "abbreviated life testing (ABT)" practice of continuously coloring and bleaching ECWs with no pause times in the duty cycle.  Antinucci et al. indicate that pause times are needed after coloration or bleaching, but they did not specify how long these pause times should be [14].  Realistic pause times need to be established.

(c)
Most studies of ABT have emphasized I-V cycling at room temperature and invariably have resulted in some loss of performance or failure.  This could be the result of applying color-bleaching cycling continuously as given in (b).  Cycling at or near 22oC is simply not an adequate test.  More realistic elevated temperature conditions are required [22], but the higher temperatures need to be established.

(d)
Degradation modes especially depend on the particular materials and chemistry used for the EC/IC/IS layers and the operating conditions.  As noted above, changing any materials used for the EC, IC, or IS (or counter electrode, [CE]) layer may change the rate-controlling degradation mechanism [1].

(e)
Although hydrogen embrittlement is thought to degrade WO3 in protonic devices [1], other serious issues are related to phase changes, electrochemical decomposition of the electrolyte, and reactions of the EC or CE layers with the electrolyte [10].  Bludská et al. [17] reported that the water content must be at a critical level for reversible intercalation behavior in WO3; their result may have implications when using WO3 EC layers in sealed window units.

(f)
In specific devices, film dissolution, corrosion, transparent conducting oxide (TCO) etching, and hydrogen embrittlement have been observed [1].  Other additional degradation effects have been reported more recently [10, 13, 15-17].  Skyrabin and Bell [26] reported degradation in the charge capacity of WO3, in LiC104 (bubbling), and corrosive dissolution of V2O5 in devices they studied.

(g)
Increases in the time to bleach (tB) and time to color (tC) typically precede losses in performance [1, 28].

(h)
There are no widely accepted procedures or testing protocols for ECWs [1, 6, 21, 22, 24, 25, 28].

(i)
It is best to measure %T in situ [1].  Because of the wavelength dependence of oscillatory changes in %T in some devices, measuring %T at a particular wavelength (e.g., 550 nm) may result in misleading conclusions about stability changes in a particular ECW.  Thus, a better approach is to make spectral measurements and to integrate the %T data to obtain the photopic %T. 

4.2 What is NOT known about Durability Testing of ECWs
(a)
What stresses dominate the degradation of ECWs in service, e.g., UV, T, RH, pollutants, T, and others?  How do they depend on device materials/design/composition?  How well do the testing stresses simulate the reality of use in a building?  Also, Cogan has indicated that dimensional changes during switching of Li+ devices produce stresses, and that greater intercalation amounts increase these stresses [23].

(b)
How rapidly can cyclic I-V be applied without causing unrealistic  degradation?  Are there relaxation effects?  In applications, an ECW may be cycled only once daily compared with cycling once every 1 to 10 min in some continuous testing protocols.

(c)
What voltage waveform is best for I-V accelerated cycling?  Does the waveform simulate reality? Does the waveform impose any overstress?  Baker [9] indicated that the appropriate voltage waveform needs to be applied during the coloring of a two-layer device to obtain optimum coloration.  However, Antinucci et al. [14] determined that applying a square wave voltage results in a current pulse that is too high and that a trapezoidal waveform produces less current. The implication is that trapezoidal waveforms result in less stress and may be more realistic for cyclic I-V testing of ECWs.  Cogan et al. not only concur [23], they also indicate that step voltages, polarization, and transient voltages are also avoided by a trapezoidal waveform.  Others are also using trapezoidal wave forms [6, 28, 29].

(d)
How important is water (vapor) in causing degradation?  For what kind of devices?

(e)
Is UV an important stress for all solid-state ECWs with or without polymers?

(f)
Does a gradient in UV impose unrealistic degradation?  If so, what % areal variation in UV intensity is acceptable during testing?

(g)
How much overstress is permitted without changing degradation mechanisms?  Can we apply (i) 100x UV, 10x UV, or only 5x UV?  (ii) 100, 10, or only 5 "suns" at AMU 1.5?  (iii) 120oC, 100oC, or 85oC?  What % RH should be used versus actual applications?  Which air pollutants cause degradation?  How much can the enhancement be in pollutant concentration­10X, 30X, or 100X?

(h)
For thermal tests, what ramp rates and what T extremes simulate reality (e.g., 85oC, -25oC, and 2oC/min)?

(i)
Does degradation depend only on the time at an elevated T, or does cyclic elevated T (daytime) and ambient T (nighttime) result in new degradation mechanisms or retard their rates from relaxation effects (diurnal cycles)?

(j)
Do increased sample sizes (e.g., 30 cm x 30 cm from 15 cm x 15 cm or 7.5 cm x 7.5 cm) result in new degradation mechanisms?  (Wittkopf has addressed scale-up issues [20].)

(k)
Are degradation mechanisms different in Li+- and H+-based ECWs?

(l)
Do contaminants at interfaces play a role in accelerating performance losses?  How great is this role?  What materials combinations are involved?

(m)
How important are real-time stress variations at different climatic sites?

(n)
What degradation modes result from sudden thermal shock (e.g., decreasing T from 70oC to 25oC in a few minutes)?

(o)
What particular ECWs degrade because of gas generation (especially in protonic devices), humidity, photoreactions, volume changes, irreversible trapping of insertion ions, and water formation?

(p)
What is the importance of delamination or loss of adhesion at interfaces?

(q)
What degradation will occur in ECW controls, e.g., electrical contacts from the power source?

(r)
How important is the lowest T of operation (e.g., < 0oC) in causing new degradation modes (e.g., ice in a-WO3 pores)?

If all of the questions (a through r) are answered, the results obtained will determine whether we will be able to make a SLP or only establish relative rankings.

5.0. Proposed Testing Conditions and Expectations
The following testing conditions are proposed for the ECW community to consider.  No substantive objections to these proposals were registered by those in attendance at IME-2, but perhaps this paper will prompt some concerns.  The ECWs will be subjected to the following conditions:

(a)
Thermal cycling with temperature extremes from 85oC to -30oC with heating and cooling ramps between the extremes of 2oC/min (operating T extremes).

(b) 
Rapid cooling of approximately 30oC in 1 min from the colored state and at temperatures of 70oC when the cooling is applied to the #1 glass surface and the EC coatings are on the #2 glass surface (simulates sudden rain).

(c)
Constant temperature testing of an EC device at a temperature of 85oC at relative humidities between 5% and 20%, and in the presence of AMU 1.5 solar radiation, by using appropriately filtered xenon-arc lamps to simulate 1 sun equivalent irradiance from 250 to 1100 nm with concurrent electrical cycling; see (d) (accelerated testing at near the maximum operating temperature anticipated in buildings applications).

(d)
Electrical (I-V) cycling through 50,000 cycles using the coloring and bleaching voltages as specified by the manufacturer and no "rest" periods between cycles, or switched at least once every 10 min or when the bleached state has again been reached, whichever is the least amount of time.  (For buildings applications, 2 complete cycles per day for 20 years, which could be double the amount needed in actual practice, is 14,605 cycles; I-V cycling without any "rest" periods does not simulate the real use procedures, but it may be done [with obvious risk] to complete cyclic testing in a timely manner.)

(e)
Electrical cycling testing at a constant temperature of 5oC at the prevailing RH in the absence of simulated solar radiation (see [d]) while maintaining the 5oC temperature.  (The maximum RH corresponds to a RH of 20% at 22oC.)

Modest variations in (a)-(e) were indicated by others at IME‑2.  For example, Lampert et al. cited T ranges of -20oC to 90oC [22], Nagai et al. used 4.5 suns in a "super" weatherometer [24], and Badding et al. [28] tested at temperatures as high as 120oC.  Those who tested without UV [23,25] are aware of the need to include it during ALT.

The following is a summary of nine questions raised and comments made by the IME-2 participants during our open forum discussion about ECW durability at IME-2.  (a) Is there useful information to be learned from case histories in the development of commercial low-emissivity coatings?  Response:  Multilayers of oxides and silver-film low-emissivity coatings required about 15 years to gain acceptance in the window market.  The window industry has a very liberal replacement policy that makes failures very expensive for them.  (b) Should testing procedures and criteria include the cosmetic appearance?  Response:  Transition cosmetics (during switching) are less important than permanent nonuniformity in appearance.  (c) What is a working definition of failure?  Response:  An agreed-upon set of minimum acceptable performance parameters is needed to help define failure.  (d) What are some sensitive parameters that can be used to indicate performance degradation?  Response: Electrochemical impedance spectroscopy may be a useful method to sense incipient degradation.  Switching-time increases may also be useful as indicators of degradation.  I-V curves and changes in them can indicate early signs of degradation, as can increases in "leakage" currents.  It is difficult to quantify the degradation from I-V curves.  A nondestructive, fast, and efficient (computer-controlled) technique is needed to be practical.  (e) What information is required to allow accurate extrapolation of accelerated testing results?  Response:  Identifying the degradation rate-limiting mechanism to extrapolate accelerated testing results and predict service lifetime may be too ambitious a goal.  Perhaps it is sufficient to measure rates of degradation, and its dependence on factors such as temperature and the number of I-V cycles, and then extrapolate without understanding the exact mechanism.  (This comment is dangerous if the dominant degradation mechanism changes.)  The Arrhenius relationship may not be followed if the degradation is photo-induced or mechanically induced, e.g., by thermal stresses caused by thermal gradients.  However, durability testing must include comparisons of degradation rates of similar devices in both accelerated and real-time testing to demonstrate that the accelerated testing results are realistic.  (f) How do we judge the cost-effectiveness of EC windows?  Response:  The life-cycle cost must be known, and this cannot be established without knowing the confidence limits for a SLP.  Service lifetime depends on the size of the ECW.  (g) Should the durability of controls be included in the durability of the EC window system?  Response: Small samples should be tested initially, but ultimately EC windows need to be tested as a system­-including controls.  (h) Should durability tests include susceptibility to cracks in the window?  Response:  Yes.  The testing should simulate the temperature gradients in a window resulting from changes in the surface temperature when in a sealed insulating glass unit.  (i) What is an acceptable failure rate?  (No response was given.)

6.0 Major Elements of Service Lifetime Prediction 
The service lifetime of materials, devices, or systems is the time at which their (time-averaged) performance degrades below a prescribed or required value, i.e., a failure or a failure to perform at the preassigned value.  We deduce this definition from the American Society for Testing and Materials [39] definitions for durability, serviceability, and service life.  Durability [39] is the capacity of maintaining the serviceability of a product, component, assembly, or construction over a specified period of time.  Serviceability [39] is the capability of a product, component, assembly, or construction to perform the function(s) for which it was designed and constructed.  For EERE devices, the effective definition of durability is the capability of the device to perform its designed function, i.e., device performance versus time.  ("Reliability" is interchangeable with this operative definition of "durability.")  Service life [39] is the period of time after installation during which all properties exceed the minimum acceptable values when routinely maintained.  Thus, service life requires the selection of some minimum performance criteria; e.g., an ECW with a photopic CR of 5.0 may be a "failure" when its CR falls below 4.0.  The minimum acceptable performance (i.e., "failure") needs to be defined for ECWs.  SLP is the estimated service life based on criteria and calculated using the protocol outlined later in this section.

Desired lifetimes of typical EERE devices are as follows: ECWs, >20 years; polymeric or glass reflector constructions for mirror applications, >20 years; PV modules, >30 years; flat-plate collectors, >10 years; and low-emissivity coated windows, >20 years.  Because the desired lifetimes range from >10 years to >30 years, ALT in (simulated) weathering environments and a predictive methodology must be used.  The lifetimes of EERE devices are not unique in U.S. technology; several first-rate SLP groups have been developed at a few major U.S. corporations. As is the case with EERE devices, U.S. industry (e.g., coatings, lighting, polymeric-based devices) cannot wait for the results from real-time testing (RTT), so ALT and SLP must be used.  Many U.S. companies are at a critical juncture for marketing products with a stated lifetime and need a SLP.  Without a SLP, warranties will either be stated conservatively or have an associated high risk.

We now summarize the seven major elements of a SLP methodology.  The first sentence in each of these states the element, and subsequent comments clarify the element.  The major advantage of the sequence of these elements is that the first four elements can be used to improve multilayer devices until the optimum design and materials are found.  Examples of how some of these elements have been used are available for mirrors [36, 37, 40, 41], PV encapsulants [42], and coatings [35].

SLP Element 1.  The "final" design and materials selections are needed for the multilayer stack.  To improve the durability of the device, each prototype design and the materials used can be considered as "final" for elements 1 through 4.  When several prototype designs are studied, statistical methods are used to identify a test matrix of the best candidate combinations.  Ultimately, a set of materials and a particular design will be identified from this "screening" of likely candidates that permits proceeding to element 5.

SLP Element 2.  The "stresses" imposed on the device in real-time use and the same types of stresses for ALT need to be identified and quantified.  As discussed in the introduction, the "stresses" have been identified for EERE devices used in a solar terrestrial environment.  For accelerated environments and for simulating the reality of the solar UV and visible radiation, it is essential that any UV source match the wavelengths reaching the Earth's surface, which means having precise knowledge of the spectral irradiance incident on the EERE device, and that the UV source intensity be a reasonable multiple of the solar intensity.  For these reasons, NREL scientists have used filtered Xe-arc lamp sources since 1978 [32, 43] and have rejected other sources, such as fluorescent lamps, because they do not simulate reality.  Zussman indicates that the solar spectrum cutoff at sea level is 285 nm, and radiation between 290 nm and 300 nm is routinely incident at the Earth's surface [44]. UV radiation can severely damage polymers if their activation spectra are at wavelengths from 290 to ca. 380 nm [45].  With appropriate filters [46, 47], the Xe-arc light source simulates the solar spectrum very well from 285 to 500 nm.  The source intensities usually refer to the number of suns, which are simply multiples of the solar intensity at the wavelengths of interest.  The materials degradation from a Xe-arc light exposure may not match the in-service experience [44].  This may result, in part, from the promotion of chemical effects of secondary processes in materials by the synergism of temperature, humidity, O2, and other weathering factors [45].  Similar detailed considerations are required for all imposed stresses unless it is shown that the degradation in performance is not related to a particular stress.

SLP Element 3.  The complete devices are subjected to ALT and RTT to determine their durability and the most sensitive measurement(s) of the performance loss (or of a parameter that can be correlated to the performance) is measured periodically as a function of exposure time.  Typically, the device performance is evaluated periodically with time from measurements made by moving the samples to the instrument(s).  Ideally, the measurement(s) should be made in situ either by using probes so the sample is never removed from its test location (i.e., an outdoor exposure rack or accelerated test chamber), or by using portable measuring equipment at the sample test location.  Success in correlating ALT and RTT results depends crucially on the sensitivity, accuracy, and reproducibility of the measurement of the performance parameter.  For example, if a device performance is degrading at 1% per year, a measurement of the changes in the performance of 0.1% or even less is needed if the ALT data are to be correlated with the RTT data for "reasonable" RTT exposure times.  For solar mirrors, specular reflectance is correlated to loss in performance, and changes can be measured accurately and reproducibly [36].  A measurement of ECW performance with a sensitivity comparable to the specular reflectance of solar mirrors needs to be identified for ECWs.

SLP Element 4.  The mechanisms of degradation of bulk materials and reactions at interfaces must be identified and understood.  The degradation mechanism must result in a loss in performance of the device, or compromise the materials function, or both, to be of concern.  If the rate of performance loss from the degradation is fast relative to the expected service lifetime, the cause of degradation must be mitigated, and the sequence of elements 1 through 4 must be repeated for the new or modified materials or new design.  If the rate of degradation is slow and the activation energy can be determined for the rate-controlling reaction, it is reasonable to proceed to element 5.  At present, the design for silvered polymeric mirrors (Fig. 1) is the only EERE multilayer stack that is ready for us to proceed to element 5.  Substantial additional efforts are still required with PV cells, and even more effort for ECWs.

SLP Element 5.  Models need to be developed for correlating ALT data and RTT data taken at several geographic sites with diverse stresses.  The rate of degradation is site dependent, because the stresses that cause degradation vary from site to site.  For example, the total UV insolation in the sunny southwestern deserts of the United States is a more aggressive stress than it is in the cloudy northeastern states.  The models for correlating ALT and RTT data must be able to accommodate different magnitudes of the stresses, including time-dependent variations and any synergism of the stresses that occurs.  For a successful SLP, it is critical that correct mathematical interpretations be made of the experimental results that relate or correlate the key environmental stresses (e.g., UV, T, and RH).

SLP Element 6.  Data bases of stresses and materials response must be established that include data from different outdoor sites.  This element follows directly from element 5.  While some latitude may result from considering similarities in sites, enough data must be accumulated at sites with the climatic extremes and those in between to permit reasonable interpolation to any site for planned deployment of EERE devices.

SLP Element 7.  Predictive service lifetime models are then developed from the data obtained in elements 2 through 6 by using statistical approaches and life distribution models.  A sufficient number of replicate samples must be part of the test matrix to deduce the life distribution model from the measured performance loss data [48].  For example, an initial set of samples, which may range from a minimum of about 12 to 15 up to 50 and that all have "identical" performance, will degrade into a distribution of performances during use or aging.  The Gaussian distribution, which is a special case of several types of distributions [31], can be used to illustrate this point.  Initially, the Gaussian distribution is characterized by a full width at half maximum (FWHM) that is limited only by the uncertainty in measuring the initial performance parameter.  As the sample set ages, the FWHM broadens because the performance of each individual device will degrade differently in comparison to others in the set [49].  Thus, the distribution for aged samples will be the superposition of the distribution itself and that imposed by the uncertainty in measurement of the performance parameter(s).  With the definition of "failure," the distribution of aged samples yields the time-dependence of failures.  Various types of models can be applied to describe the aged distribution [31, 48].  Large sample sets and ultrasensitive measurements of the performance parameter are required if we are to achieve the best prediction results.  Both these requirements increase the cost of making a SLP.  Obviously costs increase with increasing sample numbers.  The performance parameter may require several measurements or developing a beyond-the-state-of-the-art measurement capability to achieve the desired result; in either case, the cost for making a SLP is increased.  Therefore, it is critical to use efficient, statistical, experimental designs.

Obtaining a SLP for performance may be difficult for several reasons.  These include the challenges of dealing with a large variability in failure times, determining the appropriate stresses causing performance degradation, extrapolating the results from ALT at elevated stress levels to the normal stress level, defining what is a "failure" of material(s) or system(s), having to use small lifetime data sets for economic reasons, and demonstrating that the degradation mechanism in ALT is the same as in RTT.  Nevertheless, the ability to predict service lifetimes is being pursued vigorously for solar reflectors by Jorgensen et al. [36, 37, 40, 41, 49], and it has also been initiated for PV encapsulants [42], PV cells [50], and PV minimodules [50].

For future work, the experimental protocol should be based on preparing ECWs as active devices consisting of the multilayer stack, which is required for the seven elements of a SLP methodology. A typical example of Element 1 of this approach is illustrated in Fig. 2 for a typical all-solid-state ECW, as illustrated in Fig. 1.  The multilayer stack may consist of a glass or polymer superstrate with a TCO coating, a-WO3, oxide IC, oxide IS or CE, TCO coating, and a glass substrate.  The active devices will be of the same construction as those in contemporary or future ECWs, and they will be a minimum of 7.5 cm x 7.5 cm and a maximum of 30 cm x 30 cm (for pragmatic testing reasons) with output leads suitable for I-V cycling.  During this element, the EC community should be developing an ALT protocol and preparing replicate test specimens.  The stresses (SLP Element 2) have been identified and will be quantified for ALT chambers (WeatherOmetersTM such as the Atlas 1600 or XR260 and Oriel solar simulators).  After characterization with sensitive measures of performance behavior, sets of "identical" test specimens (Element 3) will be subjected to ALT in the controlled T and RH chambers, and with (a) a Xe-arc light source of 1 or 2 suns or (b) a condensed Xe-arc light source (solar simulator) of 5 to 17 suns from 290 nm to 400 nm in which all the test variables simulate reality.  We would also like to be able to subject specimens to UV accelerated testing in an outdoor environment in which the ECW temperature is maintained at normal operating temperatures, but natural sunlight will be concentrated at 10 times (e.g., by using modified DSET EMMATM test capabilities that presently concentrate natural sunlight by about 5 times).  When sufficient stability is demonstrated for the multilayer stacks made in SLP Element 2, and the degradation mechanisms have been mitigated or are sufficiently slow, we would then (SLP Element 5) deploy ECWs at six or more sites in the United States with representative, diverse, and carefully recorded natural environmental exposure conditions.  For SLP Element 6, we can benefit from NREL's present activities in establishing and using sites for testing candidate solar mirror materials and constructions [36, 37, 48, 51] and methodologies developed by them [40, 41].  Specimens at these “real-time testing” sites would be periodically monitored for their ECW performance and other measurements that correlate with the ECW performance will also be made.  Degradation mechanisms will be deduced from specimen “failures” from ALT and RTT.  When they are the same, models will be developed to relate the complexity or simplicity of the multiplying factor from ALT to that for RTT and the service lifetime will be estimated based on the interpretation of all the data acquired (SLP Element 7).

7.0 Conclusions
The durability forum at IME-2 has been an important first step toward developing a consensus about ECW testing issues.  Although we have some knowledge of what limits durability, including limits for specific devices, there are far too many unanswered questions to identify (with confidence) the definitive sets of testing conditions to evaluate the durability of any particular device.  A set of ECW testing conditions and expectations, which were generated by NREL scientists, is a reasonable starting point.  Two essential imperatives emerge from the present state of our understanding of durability testing:  (1) Large numbers of small samples need to be studied to determine which stresses are the predominant causes of the degradation of ECWs.  (2) A durability workshop should be held that brings together scientists and engineers from industry, federally funded labs, and academic institutions to identify collectively the parameters (stresses) that are the most likely causes of degradation in different ECW designs.

A methodology for predicting the service lifetime of multilayered EERE devices has been outlined and related specifically to ECWs.  The SLP methodology is not limited to ECW and other EERE devices but can also be applied to U.S. industrial needs.  Developing the technology base for predicting >20-year ECW lifetimes requires a multiyear research effort with appropriate resources. A "failure" in the performance levels needs to be defined for ECWs, and is necessary for making a SLP.  Furthermore, an extremely sensitive measurement of ECW performance, or one that is directly correlated to performance, also needs to be identified.  The multiyear effort must also result in an understanding of degradative reaction mechanisms and their relative importance, establishing the expected levels of degradation, and utilizing the most appropriate experimental methods.  ECW service life prediction and material system concepts depend on correctly identified degradation mechanisms that reduce the performance or limit the service life of the ECW and their applicability to reality.  Long-term degradation mechanisms are likely to result from complex synergistic reactions between the environment and ECW materials.  The predominant degradative reactions may change during the ECW life, making analytical modeling a significant challenge.  Degradation of polymeric materials can be catalyzed by their own reaction products, by ECW materials, or from ion transport into them; this can eventually result in enhanced discoloration, cracking, moisture ingress, and failures in other EC component materials.  All of these and other degradative phenomena are critical to ECW durability.  NREL now has the capabilities and equipment to proceed with SLP elements 1 through 4.  NREL will make progress toward establishing a durability testing protocol, validating the protocol, and then predicting service lifetimes of ECWs at a rate that depends on the resources available.  With appropriate investment in R&D, a service lifetime prediction methodology will be implemented to allow both manufacturers and consumers to have confidence in the viability of ECWs.
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FIGURE 1.  Cross sections of typical multilayer stacks used for solar reflectors, electrochromic (EC) windows, and photovoltaic (PV) cells.  The front coat and paint layers are optional additions for solar reflectors.  Different detailed mechanisms of failure are expected for the passive reflectors when compared with the active (ion or electron transport) EC or PV devices.

FIGURE 2.  Technical approach for specifically applying service lifetime prediction elements 1 through 7 for electrochromic windows.  This scheme can also be used for other EC components (e.g., device controls) and other renewable energy or energy-efficiency multilayered devices.  IC is ion conducting, IS is ion storage, and TCO is transparent conducting oxide.
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