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Statement of the Problem: 
In the U.S., billions of dollars are spent annually on energy lost through the use of 
inefficient windows. Even wall systems with advanced static glazings and moveable 
shading devices are not optimal because they can’t effectively respond to changing solar 
and environmental conditions. 

How Problem was Addressed: 
- Electrochromic (EC) smart windows can dynamically control the amount of solar light 
and heat entering a building. The energy saving performance of fully dynamic wall 
systems containing EC windows was compared with that of static systems using the DOE 
2.1E building simulation program. The unique optical and thermal properties of the 
SAGE EC window were measured and input into the model. Total costs for different 
scenarios were computed over the expected lifetime of the window/wall systems. 

Phase I Project Results: 
0 

0 

SAGE demonstrated the capability to produce double pane EC windows in which the 
transmittance could be repeatedly varied between 2% and 58%. 
The relative impact of switchable EC glazings in buildings when compared to high 
performance static glazings is 10% to 20% energy savings across all climatic regions 
investigated. Computer analysis by Carnegie Mellon University 
Significant life cycle cost savings are predicted for SageGlass EC architectural 
windows when compared to conventional solar control windows over an estimated 
product lifetime of 20 years. 

I 

Commercial Applications and Other Benefits: 
Advanced wall systems containing EC windows could be incorporated into a wide range 
of residential and commercial buildings. The estimated annual reduction in energy use 
could exceed $6 billion if EC captures just 10% of the market. There will also be 
significant reductions in peak demand, AC capacity, building operating costs, and 
pollutants for the burning of fossil fuels. Over 10,300 development and manufacturing 
jobs could be created by 2020. 
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Phase 1 Final Results 

Introduction: 
The primary objective of Phase I was to investigate the performance benefits of 
architectural windows fabricated using EC glazings when compared to those assembled 
using commercially available static glazings. The DOE 2.1 E energy simulation program 
was the evaluation tool for assessing the total annual cooling, lighting, and heating 
energy use (including peak demand) as a fbnction of glazing type, size, and 
environmental conditions. EC devices fabricated on the SAGE pilot line were optically 
characterized: and the data was input to the energy simulation program. The computer 
simulation compared Sageglass@ with tinted low-e glazings used currently. 

Approach: 
The prototype building for this computer analysis is a 9368 m2 office building (12.5 
widtlrlength aspect ratio), with baseline enclosure and HVAC characteristics based on 
the ASHRAE 90.1 standard. 

While performance benefits for a specific building will vary based on the construction, 
occupancy patterns, and context, these parametric simulations provide a broad measure of 
the extent of performance benefits for a range of building configurations and climatic 
contexts. The parametric analyses yield annual building energy use and costs, and W A C  
equipment sizes. These were used as the basis for developing the frst costs and lifecycle 
costs of the EC glass options. 

Base Building Description: 
Figure 1 indicates the schematic plan and elevation of the building. 

I Interior-W I Interior-E 16 I $"2m 

South 4.6m 

I I  I I I I .  

'4.6;n 25.9m' 12.2h 25.9m '4.Sh 

I I I  
I 

Figure I :  Prototype Building Configuration 

Tables 1 , 2, and 3 summarize the specifications for the enclosure, HVAC and occupancy 
characteristics respectively. 

\ 

SAGE is grateful for the help of Lawrence Berkeley National Laboratories in optically characterizing the 
EC devices. 

1 



SBIR Phase I DE-FG02-99ER82875 

Occupancy 
People 
Lights 

Final Report 

Specification 
25.6 m’per person (gross). Schedule as per ASHRAE 90.1 
Combined task-ambient fluorescent down lighting, with a power density of 17.2 

Table I 
SystedComponent 
External Wall 

I W.m” .Schedule as per ASHRAE 90.1 
I 10.8 WmJ .Schedule as per ASHRAE 90.1 Equipment 

Internal Walls 
Internal floor 
Ceiling 
Roof 

\ 

Ground Slab 

Glazing 

Table 2 

Specification 
From outside to inside: metal panel, GWB sheathing, metal stud with fiberglass 
insulation, drywall. Solar absorptance = 0.5. U-value = 0.43 W-m-*K’ 
Metal stud wall with drywall facing. 
10 cm concrete slab over metal decking. Floor is assumed to be carpeted. 
Hung ceiling between the plenum and the space is 12mm acoustic tile. 
From outside to inside: gravel ballast, black EPDM surface, expanded 
polystyrene insulation on metal decking. Solar absorptance = 0.8. U-value = 
0.28 Wrn-*-K-’ 
lOcm concrete slab. The horizontal perimeter insulation consists of 60cm. R-1 1 
expanded polystyrene. 
The effective heat transfer through the slab is modeled according to 
Winkelmann 1998. 
Glazing area and type are parametric - see below. 
Window frame area is 10% of window area. Frames are thermally broken 
aluminum (U-value = 4.6 W-m’2-K-’) 
Static glazing cases have manually deployed internal blinds; Blinds reduce 
shading coefficient by 20% and visible transmittance by 50%; reopen 
probability = 0.3 
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Parametric options: 
The parameters for the study included climatic context, glazing configuration, glazing 
type, EC glass control. These are described further below: 

Table 4: Climatic context 

Glazing configuration: 
Four window-to-wall ratios (WWR) were considered, as shown in Figure 2 below: 

I I . -  
1.2 m plenum 

0.9 m 

1.2 m 

, 0.9 m 

- 0  

. -  

. .  
- -  

1 e 

0.14 WWR 0.29 WWR 0.50 WWR 0.71 WWR 

Figure 2: Window Conzgurations 

For the EC glass cases, two further configurations were explored 
EC glass on South, East, West facades, with static glazing on north facade 

0 EC glass on all facades 

Glazing Type: 
3 SageGlassB prototypes were analyzed. These are switchable double pane windows in 
which the visible transmittance can be varied over the ranges indicated. The best 
performance was obtained using SAGE 457B. Five static glass types were used as a basis 
for comparison. 
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The optical performance of 457B SageGIass@ (Figure 3) was measured by the Windows 
and Daylighting Group at Lawrence Berkeley National Laboratory. 
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Figure 3: SageGlassB Transmittance Spectra 

As the voltage is increased from -2.OV to +3.0V, the transmittance ranges from fully 
bleached to fully colored. In fact, the tint of the window can be continuously varied in 
order to control the solar energy entering the building. 

The WINDOW 4.1 s o h a r e  was used convert the measured optical data into the format 
suitable for use in the DOE 2.1 E energy simulation program. The EC insulating glass 
unit (IGU) consisted of an EC outer lite with 0.15 emissivity on the film side. The inner 
lite was clear and the spacing between the lites was 0.5” and filled with air. The IGU 
with the 0.15 emissivity glazing and U value 1.87 was labeled EC-daylt. As the EC 
product approaches maturity, anticipated film improvements will result in a lower 
emissivity estimated at 0.08. The U value in this latter case is 1.76, and the IGU is 
labeled EC2-daylt in the energy usage tables (Figures 5-10). EC2-daylt values will be 
used in the lifecycle analyses since these reflect window costs at product maturity. 

Table 6 and Figure 4 show the U-value, Shading Coefficient, and Visible Transmission 
for an EC IGU as the voltage is varied from -2.0 to +3.0 volts. As the window 
transmittance is linearly decreased, the shading coefficient initially decreases at a rate 
greater than linear. Our preliminary analysis did not indicate a further significant 
improvement in energy savings due to this non-linear performance. 
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Table 6: WmDO W 4. I Results 
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Figure 4: Plot of WIND0 W 4 Data 

EC Glass Control: 
Three types of control for the EC glass were explored 

0 

Daylight-based: The EC glass is controlled to meet lighting setpoint of 538 lux 
Load-based: The EC glass is controlled proportional to space load i.e. it changes 
from bleached to colored state with increasing cooling load 
Insolation-based: The EC glass is controlled proportional to incident diiect solar 
radiation i.e. it changes from bleached to colored state with increasing direct solar 
radiation 

Simulation Results: 
A number of exploratory simulations were carried out to determine the most critical 
variables for a detailed parametric analysis. This initial simulations revealed that: 

Of the three SageGlassB options, Sage 457 had the best performance. Therefore, 
the other two SageGlassB options were not considered for additional simulations 

0 As expected, the impact of the glass area was in proportion to the window-to-wall 
ratio. Hence, only 2 WWR options were considered for additional simulations 

The remaining options were considered for a detailed and comprehensive parametric 
analysis, the results of which are given below. 
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Figures 5 through 10 indicate the annual energy use and costs for various parametric 
cases in each climate. The total energy use in the building included energy used by office 
equipment not related to EC performance. When the equipment contribution was 
removed, the total building energy usage is listed in the column labeled WAC-Lt. These 
values were used to compare and contrast the different glazing systems. The energy 
savings were referenced to the Tinted 1 static glazing. For example, in Phoenix total 
energy usage in a prototypical building with EC glazings (0.3 window-to-wall ratio, 
WWR) and daylighting control (EC-daylt) was 9.1% less than for a building with Tinted 
1 glass. The lower emissivity glazing, ECZdaylt, had improved energy savings - 9.8% 
less energy than Tinted 1 glass. Figures 5 through 10 also include peak loads and system 
capacities for each climate. It should be noted that energy usage estimates for buildings 
with EC glazing are calculated with Tinted2 glass on the north faGade. 

Figure 11 indicates the % savings for different cases in each climatic context. 

Figures 12 and 13 indicate the impact of using EC glass on all facades for the Pittsburgh 
and Phoenix climates respectively. 

Discussion of Simulation Results: 
The results indicate that the use of EC glass in commercial buildings is both technically 
feasible and beneficial for life-cycle energy efficiency. Based on the results from the 
energy simulations, the following conclusions may be drawn: 

The relative impact of EC glazings (as measured in terms of % total energy savings) 
is between 10% and 20% across all climatic contexts (Figure 11). Note that these 
percentages are particularly significant given that over 50% of the floor area of the 
simulated office building is internal zones not affected by EC glass. These 
percentages would be far greater if only perimeter zones are considered. 
SAGE demonstrated the capability to produce switchable double pane windows in 
which the visible transmittance could be repeatedly varied between 2% and 58%. As 
the window transmittance is linearly decreased, the shading coefficient (SC) initially 
decreases at a rate greater than linear. Our analysis did not indicate a further 
significant improvement in energy savings due to this non-linear performance. 
The effectiveness of EC glass varies based on the type of control scheme used. The 
analyses showed that the switching based on space load and incident solar radiation in 
particular need to be calibrated to specific enclosure configurations and climatic 
contexts (Figures 5 and 6). 

0 As expected, an analysis of the data showed that EC glass was of minimal benefit on 
north-facing facades, at least in terms of energy use (Figures 12 and 13). 

0 As figures 5 through 10 show, EC-glazing with optimal switching control is able to 
reduce the equipment sizes and peak electric demands when compared to Tinted 1 
static glazing. This translates into first-cost savings in W A C  equipment. 
It is anticipated that the EC glass U-value can be reduced further in the short term, 
from 1.87 to 1.7. This will result in additional energy savings of 2%-2.5% as well as 
reduced equipment loads. 

0 

0 

Life Cycle Cost Comparison: 

annual operating expenses (including energy costs). Tables 7 through 12 show LCC 
The Life Cycle Cost (LCC) comparison includes first costs (explained below) and 
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Annual Energy Use and Cost - PWburgh 
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Annual Energy Use and Cost -Charlotte Peaks Loads and Capacity - Charlotte 
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Annual Energy Use and Coat - Houaton 

’ 120 

- 100 H 
1 Bo 

$ 6 0  

$ 40 

s 20 

0 

Glass: I u m  I sc I M E  
Tinted1 l~ incad I 2.411 0.351 0.41 

-ConW: 
dsvtI Swllchkwr based on daYliW Io meet 540 Ix 
load SwltcMmr based on 8- coolina load 
aolrad SwlMIlna based on Incident dkec( solar r a d i s h  

Peak. Loads and Capaclty - Hourton 

L I Fan CEO I Cod Cao. I Boiler Cap. 1 Peak Elec I 

.ECdaVnCWl) 11.6 52.9 52.5 39.0 
11.4 $1.8 38.0 52.3 .EC2davll (w1) 
12.2 48.2 41.7 55.1 ECload (wl) 

67.61 ’ 46.0 16.61 85.01 
EC-load(W3) I 18.81 72.11 88.01 40.1 

_ .  ._ . . . . . . . .  

I Peak Loads and Capacitiea 

I. ......... -... . ._ . . . . . . .  

Fig. 8 



Annual Energy Use and Coat - Madlson 
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Annual Energy Use and Cost - San Francisco 
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comparisons between SageGlass@ and conventional static glazings for the six climatic 
areas. For each comparison EC2 daylt characteristics were used. Calculations were 
carried out for window-to-wall ratios of 0.3 and 0.7. The initial analysis will focus on 
the 0.3 WWR (Table IIIA) with additional comments regarding 0.6 WWR as appropriate. 

First Costs: 

For first costs, we have included the IGU, a mechanical shading system for static 
glazings, controls and installation for SageGlassQ and W A C  equipment costs. In 
estimating these first costs, the amounts listed were the estimated costs from the 
fabricator or the manufacturer. 

IGUs. Estimated IGU prices were as follows: $60 per sq. meter for spectrally 
selective, $60 per sq. meter for reflective, $45 per sq. meter for tinted, and $65 for tinted 
+ low-e. The SageGlassB IGU is priced at $100 per sq. meter (the estimated price when 
high volume manufacturing has been reached). 

Mechanical Shading Systems. Because SageGlassB can achieve a transmission of 
2% in the darkened state today, we believe that interior shades and blinds as well as 
exterior shading devices will not be needed to control glare. (LBNL has reported that a 
visible transmission level of roughly 2% would provide sufficient glare control for a 
video display terminal positioned immediately adjacent to a west-facing window at peak 
sun conditions.’) We have included an estimated cost for mechanical shades for the static 
glazings. 

Controls. Estimated EC control costs include electronics, sensors, wires, s o h a r e  
and installation costs. The window controls will be integrated with the automated 
building management system. 

increased HVAC equipment capacities would be required for the static glazed windows. 
There are also added costs for larger ducting, reinforced roofs, increased plenum space 

. (space between the floors) and other equipment. 

HVAC Costs. Referring back to Figures 5 through 10, the analysis showed that 

Annual Operating Expenses: 

consumption values (WAC-lt) in Figures 5 through 10 and the energy costs for each 
locality in Table 4. There are additional operating costs for the four static g l m g s  
including shade replacement and cleaning, U V  fading of textiles and fabrics, increased 
HVAC maintenance, and reduced life of the HVAC system. This latter W A C  system 
expense is based on the increased cycling of the equipment to maintain temperatures 
within the comfort zone (68-72OF). EC windows give building owners the ability to 
modulate heat gain through the window, reducing cycling stress on HVACmotorsandothex 
equ@mnt The reduced stress from use of EC windows is estimated to lower annual 
maintenance costs and increase equipment life time (reducing depreciation costs). The 
above considerations translate into higher annual operating costs for static coated 
windows over the 20-year life of the windows. 

The annual cooling, lighting, fan and heating costs are calculated from the energy 

’ M. Moeck, E.S. Lee, K. Papamichael, M. Rubin, and S. Selkowitz, “Visual Quality Assessment of 
Electrochromic and Conventional Glazings” SPIE International Symposium on Optical Materials 
Technology for Energy Efficiency and Solar Energy Conversion XV, Freiburg, Germany, September, 1996. 
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Investment Comparisons: 

-_ 

Life cycle costs for the various window types in a commercial building were 
calculated over a period of 20 years. To allow comparison of the six investments, the 
expenses in years 2 through 20 were discounted using a 10.0% rate. This gives us the 
LCC or net present value (NPV) of each investment. A lower NPV or LCC is more 
desirable. 

For the Phoenix example (0.3 WWR), SageGlassB with daylight-based controls is 
compared to the tinted glazing. It is seen from Table 7 that the electrochromic windows 
are initially more costly by $33,189. This cost differential is offset by the lower EC 
operating expenses. In the first year, the operating expense reduction is $1 7,889, which 
represents an initial return on investment (ROI) of 53.9%. The ROI is defined as the 
percent recovery of the first cost differential from the annual savings in operating 
expenses. In this case the time for simple payback of the first cost differential is 1.9 
years. Payback for the other glazing systems could be as long as 4.7 years (Tinted + low- 
e). A review of Tables 7 - 12 indicates lifecycle costs for SageGlassB over a range of 
climatic conditions for two window to wall ratios. 

Summary 

In a majority of cases, significant life cycle cost savings are predicted for 
SageGlassO EC architectural windows when compared to conventional solar control 
windows over an estimated product life time of 20 years. 

The energy savings and the time to recover first costs (simple payback) vary for 
the different climate conditions chosen. 
EC Windows with 0.3 WWR had lower life cycle costs for daylight based control 
as opposed to load based control. For Houston and Madison, 0.7 WWR data 
showed lower lifecycle costs for the load based control approach. 

20.0 - 
10.0 - 

Figure I I :  Percentage total energy savings of EC glass cases compared to Tinted I in di3erent climates 
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Figure 13: Impact of using EC glass on all facades (Le. north also) for Phoenix, AZ 



SBlR Phase I DE-FG02-93ER82875 Final Report 

LIFE CYCLE COST COMPARISON 
Static Glazings vs Electrochromics 
(Total Dollars for a 9,368m2 buildiq h Phoet%k, AZ) 

0.3 Window-to-Wall Ratio 

Insulated glass unn 

0.7 Window-to-Wall Ratio 

5103.680 5103.680 5103.680 5103.680 - 
cooling. Ughting. heating 6 fan 
Added WAC. shade 6 textile e q .  

LCC = FC + OEl + discounted OE in years 2 through 20 
ROI = PV yr 1 savingdadded FC 
Payback when the W of OE savingdadded FC = 0 

Table 7 

11 

. 



SBlR Phase I DE-FG02-99ER82875 

LIFE CYCLE COST COMPARISON 
Static Glazings vs Electrochromics 
(Total Dollars lor a 9,- building in Pittsburgh. PA) 

0.3 Window-to-Wall Ratio 

Final Report 

- 
Cooling. lighting. healing 6 fan 
HVAC. shade 6 textile exp. 

0.7 Window-to-Wall Ratio 

Insulated glass unit $272,160 $393.120 $362.880 $362.880 
$1 03,680 $103.680 $103.680 $103.680 

AWed HVAC. shade 6 texhle exp. 

Life Cycle Cost (20 yrs) $1,887,762 $1,781,642 $1,854,536 51,778,004 

I I 
LCC I FC + OEl +discounted OE in years 2 through 20 
ROI = PV yr 1 savingdadded FC 
Payback when the PV of OE savingsladded FC = 0 

Table 8 

12 



SBlR Phase I DE-FG02-99ER82875 Final Report 

LIFE CYCLE COST COMPARISON 
Static Giazings vs Electrochromics 
(Total Dollars for a 9,368m.2 building in Charlotte, NC) 
, 

0.3 Window-to-Wall Ratlo 

HVAC equipment 
ITotaI 

$274.648 $236,270 $259,857 $241.867 - $167,907 $176,303 
$424,941 $434.932 $448.427 $428.437 ~ $125,748 $434.143 - Co~l in~ ,  lightng. heat& & fan 

HVAC, shade & textile exp. 

Insulated ohss unit 
Mechanical shading system 
Controls 
HVAC equipment 
Total - 
Cooling. lighting, heating 6 fan 
Added HVAC, shade & textile exp. 
Total 

0.7 Window-to-Wall Ratio 

Tinted Spectrally 
I m e d * L a w - E S e l e c t l v e R e t l e e t l v e  

$272,160 $393,120 
$103.680 $103,680 

I I 
LCC = FC + OEl +discounted OE in years 2 through 20 
ROI = PV yr 1 savingsladded FC 
Payback when the PV of OE savingsladded FC = 0 

Table 9 

13 



SBlR Phase I DE-FG02-99ER82875 Final Report 

LIFE CYCLE COST COMPARISON 
Static Glazings vs Electrochromics 
(Total Ddlars for a 9,368m2 buiHiw in Houston. Tx) 

0.3 Window-to-Wall Ratio 

Insulated glass unit $108,833 $157.203 
$41,460 $41,460 

HVAC, shade 6 textile exp. 

0.7 Window-to-Wall Ratio 

$272.160 $393,120 5362.880 $362,880 
$103,680 $103,680 $103,880 $103,680 - 

Cooling, lighting, heating 6 fan 
Added HVAC. shade 6 textile exp. 
Total 

ILife Cycle cost (20 yra) $1,774,439 $1,682,872 $1,780,750 $1,690,703 51,731,375 51,659,164 

I 

LCC = FC + OEl +discounted OE in years 2 through 20 
ROI = PV yr 1 savingdadded FC 
Payback when the PV of OE savingdadded FC = 0 

Table 10 

14 



SBlR Phase I DE-FG02-99ER82875 Final Report 

LIFE CYCLE COST COMPARISON 
Static Giazings vs Electrochromics 
(Total Dollars for a 9,368m2 building in Mad-, WS) 

0.3 Wlndow-to-Wall Ratio 

Tinted Spectrally 
First Cpstp; 
Insulated glilss unn 
Mechanical shading system 
Controls 
HVAC equipment 
Total 

I i r l w + L o w c E S e l e c t l v e R e t l e c t l v a  EC-Load 
$108.833 $157,203 $145.110 $145.110 $220.688 
$41,460 $41,460 $41,460 $41,460 

HVAC, clhade 6 textile exp. 
Total 

Life Cycle Costs (20 yrs) $1,281,223 $1,199 402 $1 179 998 $1 232 567 

0.7 Window-to-Wall Ratio 

- 
Cooling. lighting, heating 6 fan 
Added HVAC. shade 6 textile exp. 

LCC = FC + OEl +discounted OE in years 2 through 20 
ROI = PV yr 1 savinggadded FC 
Payback when rhe PV of OE sawngdadded FC = 0 

Table 11 
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Final Report SBlR Phase I DE-FG02-99ER82875 

LIFE CYCLE COST COMPARISON 
Static Glazings vs Electrochromics 

(Total Dolhrs for  a 9.368m2 building in San Francisco. CA) 

0.3 Window-to-Wall Ratio 

$108.833 $157,203 
$41,460 $41,460 

0.7 Window-to-Wall Ratlo 

Added HVAC, Shade 8 textile exp. 

891,575 51,712,043 

LCC = FC + OEl +discounted OE in years 2 through 20 
ROI = PV yr 1 savingdadded FC 
Payback when the PV of OE savingdaddad FC = 0 

Table 12 
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