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An estimated 1.0%-1.5% of the total cooling energy need in U.S. buildings, and 10%-30% of 
_ the peak electric utility power demand, is caused by unwanted solar heat-gain through 
windows. A large fraction of the approximately two billion square meters of building 
windows in the United States could benefit from the use of some solar gain control strategy. 
If a cost-effective, retrofit, electrochromic (EC) window covering were available, this energy 
savings potential could be realized in a relatively short time. 

· · · 

A II glue on, II retrofit :EC window treatm:ent, similar to conventio:ria:l-static ·solar�gaiif coritrc>l · · 

.films, could acc�lerate the application of this new technology in buildings. However, the 
costs of electrical wiring for each retrofitted window could dominate the economics of the 
retrofit decision and slow market acceptance of EG windows. By incorporating a photovoltaic 
(PV) power source into the EC window retrofit, this wiring cost could be reduced or 
eliminated, and the installation of the EC window treatment could be greatly simplified. 

. . 

In this paper, we suggest the use of an integrated, photovoltaic-powered electrochromic (PV
EC) window treatment that can be applied to an existing window in much the sa�e way that 
conventional, static, solar-gain control films are now applied. This concept is the subject of a 
new three-year research �nd development(R&D) project at our laboratory� We pr�sent our .

. 

design concepts and rationale and identify some of the technical challenges involved. 

PV -EC window treatments 

The PV-ECwindow treatment will consist of multi-layer, thin-film devices applied to a 
flexible polymer sheet. This sheet will be glued to the indoor side of the existing window. 
The PV and EC components may be applied in either a side-by-side or tandem arrangement. 
The side-by-side design would orient the thin-film PV power source around the perimeter of 
the window area and the EC film in the central portion of the window (Fig. 1A). The tandem 
design would apply both the PV and EC coatings over the entire area of the window so that 
the sunlight would pass through both components (Fig. 1B). 

The operation of the PV-EC window could be controlled from a �entral location, such as an 
automatic building energy management system, locally by the building occupant, or perhaps 
by an integral control box attached to each window. In many applications, occupant override 
controls will be necessary, as will a secondary storage battery to provide power at night and 
at other times when direct PV power is inadequate. A daylighting control system would 
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include a sensor to detect the lighting level in the adjacent workspace and a means for the 
occupants to adjust the control setting of the PV-EC window to maintain the desired lighting 
level (so long as sufficient daylight were available). The automatic control of lighting level 
would operate best and provide the maximum conservation of electrical power if the PV-EC 
window were used in conjunction with self-dimming, energy-efficient fluorescent lighting in / 
the workspace. These self-dimming lights would operate automatically as needed to provide 
the set level of lighting whenever the daylight through the window became inadequate. 

A control system designed to maximize energy conservation would also include sensors to 
detect both indoor and outdoor temperatures so that the window control strategy could be 
different under weather conditions requiring building heating versus building cooling and so 
that solar overheating of the adjacent workspace could be avoided. The addition of an 
occupancy sensor in the window controls would allow the window to operate automatically as 
a solar heat-gain modulator whenever daylighting was not needed by an occupant. An 
energy-conserving control strategy for "smart" windows using all of these concepts has been 
described by Bartovics [1]. A block diagram of the control elements is shown in Fig. 2. 

Applicability of PV -EC for retrofit 

The EC window coatings are primarily solar energy absorbers. They are effective in blocking 
solar heat-gain to the extent that the solar heat absorbed by the EC is preferentially rejected 
outside the building rather than conducted into it. Consequently, the best location for an EC 
would be on the number 1 surface (numbering from outdoors to indoors) if it were not for 
weather-related durability concerns. The best location, taking durability into account, is the 
number 2 surface of a sealed, insulating glass window unit (SIGU), where the EC can be 
protected and where it obviously has a better heat conduction path to the outside than to the 
inside of the building. 

How well might an EC treatment reject solar heat-gain if it were applied to the indoor surface 
of a window (the number 2 surface of a single glazing or the number 4 surface of a SIGU)? 
Estimates of the heat-gain through EC windows with the EC on different surfaces were made 
using a thermal model for window performance [2]. Standard summer conditions were 
assumed for a typical, large (1.2 m wide x 1.8 m high), vertical, south-facing window (3). 
Conditions modeled were as follows: outside temperature= 31.7oC; inside temperature= 
23.9oC; solar irradiance = 783 W/m2; and wind speed= 3.3 m/s. The window frame was 
assumed to be made of aluminum with the outside part of the frame thermally isolated from 
the inside part of the frame by a polymer coupling (a so-called "thermal break"). The EC 
was assumed to be constructed so as to have a reduced emittance (0.2) on its exposed surface. 

Figure 3 shows the estimated total heat gain through the windows as a function of their total 
solar transmission, assuming that the EC atten�ates the solar irradiance by absorption. Three 
different curves are shown for three different cases. Curve C is the estimate for the optimum 
case with the EC on the number 2 surface in a SIGU. Curve A is the case of a retrofit EC 
on surface number 4 of the same SIGU. Curve B is the case of a retrofit EC on the number 
2 surface of a single-glazed window. In the model, the total heat gain through the window 
was calculated as the product of the shading coefficient and the solar heat gain factor plus the 



product of the window conductance and the difference between indoor and outdoor 
temperatures [3]. In all of these cases, as shown in Fig. 3, the EC is predicted to be 
significantly useful in reducing solar heat gain whenever solar transmission is below 75%. 

Without the reduced emittance, the EC performance estimates are not nearly as favorable. / 
Figure 4 shows a comparison of the predicted solar heat-gain through a double-glazed SIGU 
with EC on surface number 4 with and without reduced emittance. The reduced emittance 
surface is an important component in the design of the retrofit EC because a large fraction of 
the heat transfer into the building occurs by radiation from the solar-heated EC, and this 
radiative heat transfer is proportional to the EC emittance. 

Potential advantages 

There are several advantages of a retrofit EC window treatment and particular advantages of a 
retrofit PV-EC treatment. Obviously, a retrofit EC provides an opportunity to improve the 
thermal performance of a very large number of existing windows long before these windows 
would be replaced with new EC windows. Less obvious is the possibility that retrofit EC 
windows might more readily find market acceptance. This easier market acceptance could 
occur if the building industry is concerned about the unproven durability, reliability and 
lifetime of an EC window. A retrofit EC could be more easily removed or replaced if it 
should fail. Indeed, a retrofit EC may be acceptable to the building market if it is designed 
with a much shorter service lifetime than a new window; perhaps 5 to 10 years for a retrofit 
versus 15 to 35 years for a "permanent" EC window. 

The PV-EC window retrofit may also reduce the installed cost of EC windows by reducing or 
eliminating the costs of electrical wiring and electrician labor. 

Proof of concept 

Table 1 lists some typical characteristics of EC coatings and thin-film, hydrogenated 
amorphous silicon (a-Si:H) PV cells and shows their general compatibility. The output 
voltage of an a-Si:H, thin-film PV cell is less than 1 V, and the voltage required to switch a 
conventional EC device is just over 1 V. The typical PV current density output is 
compatible with the switching requirements of an EC device, as are the overall energy and 
power densities. A small area of PV cells provides sufficient electrical power to switch a 
large-area EC window slowly, as would be appropriate for an architectural window. In the 
side-by-side PV-EC design, the PV array can be interconnected to provide multiples of the 
individual cell voltages. In the tandem PV-EC design, the single-cell PV voltage can be 
increased to over 1.4 V by incorporating a dual-junction cell at some cost in window 
transparency. 

It is a straight-forward experiment to connect a PV array to an EC device and produce 
switching with the power from incident sunlight, and we demonstrated this at NREL. It is 
not so easy to show that the power from a semi-transparent PV cell can switch an EC 
deposited onto the PV cell in a tandem arrangement. 



A simple EC design that could be deposited by sequential thermal evaporation was selected 
for testing in a laboratory proof-of-concept PV-EC device. This EC was the so-called Deb 
design shown on the left in Fig. 5. This EC requires about 1.4 V for coloration because it 
depends upon the ionization of water in the hydrated magnesium fluoride. This relatively 
high EC operating voltage dictates the use of a tandem PV cell, such as that shown on the 
right in Fig. 5. 

A thin (1 micron) a-Si:H tandem PV device was available and was used as the substrate onto 
which the EC was deposited. The EC film layer thicknesses were selected to produce an EC 
device with an internal resistance of about 1000 ohms to allow the PV device to operate at its 
highest voltage (near open-circuit condition) during coloration. We found that a very thin 
layer of gold between the EC and PV devices provided the needed ohmic interconnect. 

The overall transmittance of the PV-EC test device was only a few percent because of the 
semi-transparent gold interconnection layer and because wide-band-gap amorphous silicon 
alloys were not incorporated in this test device. This limited transmittance was sufficient to 
allow us to monitor the coloration of the EC layer with a helium-neon laser (633 nm 
wavelength). Figure 6 shows the test setup and a typical recording of the PV-powered EC 
relative transmittance switching under tungsten light illumination (approximately one sun 
equivalent). The PV open-circuit voltage under this illumination was 1.55-1.59 V. During 
coloration, the PV voltage imposed upon the EC layer was about 1.5 V and the coloration 
current was a maximum of 2.5 rnA, decreasing as the EC darkened. 

Technical challenges 

While the experiments show the laboratory feasibility. of the PV-EC tandem design, they also 
show that many improvements will.be necessary for a practical -PV-EC tandem design. For a 
single PV cell to be used (rather than a more expensive and more opaque tandem stack), the 
EC layer will need to operate at a voltage of less than 1 V. This lower-voltage operation may 
be accomplished with a properly configured lithium-ion insertion EC. 

The optical band gap of the PV cell will have to be extended to above 2.0 e V to make it 
sufficiently transparent and not too colorful. Figure 7 shows the theoretical limiting current 
density as a function of the abrupt optical band gap, along with some recent experimental 
measurements of thin PV cells [4]. Single-junction a-Si:H PV cells have produced short
circuit current densities Osc) of 16 rnNcm2 before light-soaking [5]. This result compares 
well with the theoretical limit of about 18 rnNcm2• Alloying the silicon with carbon 
increases the band gap at the cost of increased defect density and reduced cell efficiency. 
Single-junction a-SiC:H PV cells with band gaps of 1.9 eV have produced maximum power
point currents greater than 6 rnNcm2 [6]. Note that less than 1 rnNcm2 is required to operate 
the tandem design PV-EC window with reasonable switching times. A more transparent 
interconnection layer, such as a transparent conductive oxide, will have to replace the semi
transparent gold layer used in the laboratory proof-of-concept experiments. 

The complete stack of layers in the PV-EC tandem design may look something like the 
diagram shown in Fig. 8. A total of nine layers is required with a total deposited film 
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thickness of about three microns. One of the two polymer films will be the deposition 
substrate, and the other will be a protective superstrate adhesively bonded to the completed 
PV-EC stack. An abrasion-resistant coating will be needed to protect the exposed polymer 
superstrate from the normal wear and tear of periodic window cleaning. As indicated 
previously, a low-emittance coating on the exposed surface of the polymer superstrate would / 
increase the EC window thermal performance significantly. If such a low-emittance coating 
is used, then the anti-abrasion coating over it will have to be transparent in the thermal 
infrared wavelength range (7 to 14 microns) in order for the low-emittance coating to be 
effective. 

Developing processes to deposit all of these layers on polymer substrates in a cost-effective 
manner is a major technical challenge. 

Conclusions 

A PV-EC retrofit window treatment for buildings may have advantages of wider applicability 
and lower installed costs. Estimates suggest that the retrofit EC would not perform as well in 
reducing unwanted solar heat-gains as would a new, permanent EC window. However, the 
retrofit EC is predicted to provide significant energy conservation benefits in addition to its 
primary functions of daylighting control and glare reduction. 

The integral PV power source in the proposed retrofit is expected to reduce the installed cost 
of the EC window by reducing or eliminating wiring and electrician labor costs. 

Because the retrofit PV-EC window treatment can be readily removed or replaced, it may 
reduce market concerns about unproven EC durability, reliability, and lifetime and may 
thereby accelerate market acceptance of EC windows. 

Two different design options, a design with PV side-by-side with the EC and a design with 
the PV and EC stacked on top of one another, are being evaluated at NREL. We have shown 
both designs to be technically feasible, but many technical barriers must be overcome before 
the practical feasibility of these design concepts can be determined. 
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Table 1. PV and EC Compatibilities 

PV 
General characteristics (a-Si:H, 5% efficient) 

Voltage (V) 0.85 

Current density (Nm2) 35+ 

PV Requirements for PV area x conversion 
switching one meter Ec+ efficiency (m2) 

0.005 

0.05 

*EC switching, 1m2 area, 50%-10% Tsolar in <60 seconds 
•Assume 600 W/m2 solar irradiance 

EC 
(Li+ ion based) 

/ 
0.80 

10* 

Switching time· 
(s) 

80 
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Figure Captions 

1. Schematic diagram of two PV-EC window design concepts: Side-by-side deployment of PV 
and EC components (A, left), and tandem deployment with PV and EC components covering 
entire window area (B, right). 

2. Block diagram of PV-EC control elements. Arrows indicate information flow. 

3. Estimated total heat transfer through large windows with PV-EC treatments on different 
surfaces. Arrows indicate incident sunlight. 

4. Estimated total heat transfer through a PV-EC window with and without a low-emittance 
coating on the exposed surface of the EC. The PV-EC treatment is on the number 4 surface 
of a SIGU. 

5. Schematic cross-section of an experimental, tandem, proof-of-concept PV-EC device. 

6. Test setup schematic and optical switching results for a tandem, proof-of-concept PV-EC 
device. 

7. Theoretical limiting PV current under solar illumination with two examples of recent thin
film PV cell measurements. 

8. Cross-sectional diagram of a possible tandem PV-EC device. 
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Block Diagram of a PV-EC Window 
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PV-EC Window Heat Gain 
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Electrochromic 
Coating 

Thin Film a-Si 
PV Cell 

Typical PV/EC 
Coating Design 

Transparent conductor (450 nm) 
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Ionic conductor (1 00 nm) 
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