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ABSTRACT: Energy consumption is a significant issue that encompasses environmental concerns, financial aspects, 

code compliance, operations and maintenance over the lifetime of the building, and occupant comfort. One critical 

large impact on future energy consumption is the early decision making process during the design phase of a building 

regarding the choice of windows. One technique for saving energy is to harvest daylight; this lessens the amount of 

electricity needed for indoor artificial lighting while maintaining adequate lighting levels. There are trade-offs, 

however, as larger windows that allow more daylight can be detrimental in other areas, such as increased heating 

and cooling loads depending on the location of the building, the climate, and even the season as benefits and 

drawbacks change over the year. This paper explores balancing daylight harvesting and energy demands of 

fenestration in the early design stage for office buildings in two climate zones in California (CZ 06 and CZ 15). 

Window orientation, height, aspect ratio, window-to-wall ratio, lighting design level, and glazing are parameters that 

were analyzed by DIVA for Grasshopper and eQUEST. The simulation results provide guidelines for designers for 

reducing cooling loads and electric lighting use throughout the year. Results indicate that a window-to-wall ratio of 

10%-30% is recommended for south facade and window-to-wall ratios of 30%-60% promise better energy 

performance on the north, and a window-aspect-ratio of 2/1 saves most energy load for all orientations for these 

climate zones.  
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INTRODUCTION  

Buildings consume approximately 49% of all energy 

produced in the U.S. and 75% of electricity 

consumption
1
. Breaking down the end use energy of 

commercial building by investor-owned utility (IOU), 

electric lighting used 35% of total energy and cooling 

consumed 16%
2
. Many studies of electric lighting focus 

on the installation of specific lighting fixtures, and the 

interaction and control of the lighting system as a whole 

decides the energy usage and operating cost while 

maintaining lighting quality and quantity.  

 

In order to design lighting systems efficiently, the 

quantity and quality of light and light source should also 

be decided based upon the office orientation and local 

climate. This study will be conducted for typical office 

buildings in Climate Zone 06 and 15 in California. 

Moreover, lighting control strategies should be applied 

to minimize energy use. Daylight harvesting is an 

energy-conserving strategy to reduce electric lighting. 

Although there are concerns of additional heat and glare, 

well-designed fenestration system can maximize the 

daylight harvesting while block the excessive heat and 

unnecessary glare. 

 

This research focuses on primary fenestration 

parameters, such as window size and window height in 

the initial stage of design. Choices made at this stage can 

help reduce operation and maintenance cost. Five 

parameters of fenestration will be studied:  orientation, 

window-to-wall ratio, window height, window aspect 

ratio, and glazing system. Locations of the buildings are 

also considered in this paper. Window size, also 

expressed as the window-to-wall ratio (WWR), is the 

most direct parameter that affects both daylight 

performance and energy demand. Window height is a 

parameter that affects lighting use and lighting 

distribution. A window placed higher on a wall is likely 

to provide more evenly distributed daylight than a lower 

window based on DFcalc
3
 daylight calculation (Fig. 1). 

Window aspect ratio (width / height), is also a factor that 

would affect daylight availability and heating and 

cooling usage (Fig. 2). According to the study of Le 

Corbusier’s “Five Points of Architecture”
4
, rooms are 

daylit more copiously with horizontal windows (Fig. 3). 

Moreover, selecting the correct types of window glazing 

is considered essential to control solar heat gain and the 

amount of daylight that enters the interior space.  

 



PLEA2012 - 28th Conference, Opportunities, Limits & Needs Towards an environmentally responsible architecture Lima, Perú 7-9 November 2012 

 

 
Figure 1 DFcalc daylight calculation results-window on top 

and mid-height window 

 

 
Figure 2 DFcalc daylight calculation results-horizontal 

rectangular window versus square window 

 

  
Figure 3 Villa Savoye, horizontal windows versus vertical 

windows 

 

Some previous papers have taken the energy trade-offs 

between daylight harvesting and energy consumption 

into consideration. One fenestration study in 1984 

considered the impact of energy use and peak loads for 

daylit commercial buildings.
5
 The results indicated that 

daylight strategies produce approximately the same 

amount of cooling load as electric lighting does. An 

integrated energy performance simulation method was 

discussed with an incorporation of daylight utilization 

technology
6
. The relationship of daylight and solar heat 

for cooling dominated offices was analyzed under two 

comparative schemes, with and without daylight. 

Optimizations of using different glass types for different 

orientations to achieve minimal energy use were 

recommended
7
. Another study using DIVA 2.0 for 

daylight and thermal simulation was conducted
8
. This 

paper continues this work by trying to find a good 

window configuration for optimizing energy 

performance of cooling and electric lighting for different 

orientations and climate zones.  

 
 

CURRENT SIMULATION TOOLS 

Many daylighting analysis software programs provide 

hourly daylight distribution and annual daylight 

availability ratio. They also provide space heating, 

cooling, and electric lighting usage data. But for the 

purpose of this study, one software program must be 

able to calculate both daylight performance and energy 

usage of electric lighting and cooling. Three simulation 

tools were used for preliminary analysis. These are 

COMFEN
9
, eQUEST

10
 and DIVA for Grasshopper

11
. 

COMFEN is a free tool created by LBNL for systematic 

evaluation of commercial fenestration systems based on 

the EnergyPlus engine. It simulates key variables of 

energy consumption, peak demand, visual and thermal 

comfort. The limitation is that the HVAC default 

system, packaged single zone, cannot be changed. Only 

four scenarios can be compared at one time, and internal 

load and schedules are not user customizable. EQUEST 

is a free and professional simulation program using the 

DOE-2.2 simulation engine. It provides accurate 

simulation results of whole building systems such as 

envelope mass, interior mass, fenestration, shading, 

HVAC, and lighting. The detailed interface has the 

capability to perform parametric runs and compare up to 

13 different scenarios at one time. The modeling 

capability is limited, but it is an accurate simulation tool 

for comparative study. DIVA for Grasshopper is a 

relatively new analysis program designed by GSD-

Squared (Graduate School of Design-Sustainable 

Design, Harvard University), a plugin for Rhinoceros 

3D NURBs modeling program with addition of the 

generative modeling program Grasshopper. There are 

two components: DIVA (for daylight performance 

analysis) and Viper (for energy consumption analysis). 

It is easier for modeling and inputing variables than 

COMFEN and eQUEST. One limitation is that some of 

the parameters, like lighting control system, occupancy 

schedule, and HVAC systems are not shown in the 

Grasshopper interface, but users can still make changes 

in them through the EnergyPlus basic settings. DIVA for 

Grasshopper 1.9 was selected for this study and 

simulation results were validated using eQUEST 3.64.   

 

 

BUILDING CODES 

Title 24, ASHRAE 90.1-2007, and LEED are used in 

this study to determine conditions of the simulated 

office model and to examine the validity of the given 

fenestration guidelines. Title 24
12 

is a building and 

energy efficiency standard for residential and 

nonresidential buildings in California. It provides 

daylight regulation according to daylit area and lighting 

power reduction, and mandatory lighting controls are 

required for all buildings. The basic criteria of windows 

for nonresidential buildings limits them to a maximum 

window-to-wall ratio of 40%. The mandates of Title 24 

are required in California.  Specific issues that affect this 
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study are the mandatory requirements of maximum 

window-to-wall ratio and glazing parameters. This study 

will determine if some of these numbers are better for 

energy reduction. ASHRAE 90.1-2007
13 

provides a 

baseline of design strategies. Most of the parameters for 

this study, such as glazing parameters, lighting power 

density, equipment load and illuminance level are 

chosen according to ASHRAE’s recommendations. 

LEED NC 2009
14

 is a rating system for green buildings. 

Some LEED credits are based on Title 24, ASHRAE, 

and other green building regulations. A summary of 

potentially achievable credits for LEED-NC is included 

in the final discussion of results.   

 

 

METHODOLOGY 

The purpose of the study is to investigate minimum 

energy cooling and lighting use by optimizing 

fenestration systems and geometry conditions for typical 

office buildings in California. It discusses several 

critical parameters and finds out 

their impact of energy load.  

 
Figure 4 Office model for energy simulation 

 

A box-shaped office model was constructed in DIVA for 

Grasshopper (Fig. 4). For the envelope construction, the 

three non-window walls, floor, and ceiling are set for an 

adiabatic condition. The wall with the window is created 

according to ASHRAE 90.1-2007 wall requirements in 

two climate zones in California. The HVAC (heating, 

ventilation and air-conditioning) is a packaged single 

zone DX with furnace. Operation and occupancy 

schedules are set according to ASHRAE 90.1-2007 and 

left at the default setting in eQUEST and DIVA. The 

designed heating and cooling temperature is 70F and 

75F during the occupied hours. The equipment load and 

lighting load are set to 1.0w/sf based on the ASHRAE 

standard value. The model assumes one person per 100 

square feet. A daylight control photo-sensor is placed in 

the center of office space, and it is used to dim electrical 

lighting to a minimum of 10% light output (Table. 2).  

 
Figure 5 DIVA for Grasshopper definition 

 
Table 1 Settings of main parameters 

Office: 20'*15'=300f2  Ceiling height: 10’ 

Lighting load =1.0w/f2 

(ASHRAE90.1-2007) 

Equipment 

load=0.8w/f2 

People=1 

(0.039people/

f2) 

Lighting control:  

Continuous dimming 

Lighting control point:  

1 point in the center 

Interior wall& Ceiling: 

Adiabatic 

HVAC:  

Single packaged 

 

 

Energy performance of cooling and electric lighting is 

affected by the weather and the building's geographical 

location. Two climate zones
15 

in California were chosen 

for this study. One is Climate Zone 6 (Los Angeles), 

where the temperature is relatively mild throughout 

summer and winter; another is Climate Zone 15 (Blythe) 

with an extremely hot summer and a moderate winter. 

Both of the climate zones would suffer from an over-

abundance of solar heat gain and cause significant 

cooling energy load for offices. Two lighting design 

levels are compared in this study. According to criteria 

from IESNA handbook
16

, for offices with task lighting, 

a 500lux lighting level with lighting power density of 

1.0w/sf is recommended, and a 350lux lighting level 

with lighting power density of 0.8w/sf should be 

matched. The studies are conducted for a window on 

one wall and one orientation at a time in order to keep 

the inputs separate. Window-to-wall ratio (WWR) of 

0%, 10%, 20%, 30%, 40%, 60% and 80% are simulated 

for four orientations. Window placements of 0.1m, 0.7m 

and 1.5m from top of the wall are compared. Window-

aspect ratio ranges from horizontal rectangular (width to 

height ratio 4/1) to vertical rectangular window (width 

to height ratio of 1/2). Two types of glazing system, 

base and better performance low-e glazing are chosen 

for further cooling and lighting load reduction (Fig. 6 

and 7).  
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Figure 6 Simulation parameters for different fenestration 

configurations 

 

 
Figure 7 Diagram of window-to-wall ratio, window placement 

and window-aspect ratio 

 

 

COMPARISON OF RESULTS  

Energy simulations of four different fenestration 

variables were run, changing only one parameter at one 

time.  

 

1. Window placement 

The window placements shown are top (0.1m from top 

of the wall), 0.7 (0.7m from top of the wall) and middle 

(1.5m from top of the wall). From the summarized chart 

(Fig. 8), the best performing window-to-wall ratios for 

south, north, east and west are 10%-30%, 30%-60%, 

30%-60% and 30%-60% for almost every window 

height. The window placements of 0.1m from top of the 

wall and 0.7m from top of the wall result in similar 

energy consumption, while a window placed in the 

middle height always consumes much more energy. In 

order to make a comparison of conditions, windows on 

top are selected for the following studies of variables. 

The window-to-wall ratios have a tendency to be smaller 

when changing the desired illuminance level from 500 

lux to 350 lux. The simulation results are based on 

certain conditions, so they are used for giving guidance 

in decisions for specific window parameters. However, 

the best performance range would change under 

different conditions. Furthermore, by decreasing the 

designed illuminance level, the total energy use is 

reduced. So changing the required illuminance level can 

be used for energy reduction, but task lighting might be 

needed depending on activities in the office. 

 

2. Window aspect ratio 

Studies of window aspect ratios are conducted for the 

best performing window-to-wall ratio range and at the 

illuminance level of 500 lux. Windows with an aspect 

ratio of 2/1 indicate better energy performance (Fig. 9). 

For south facing windows, window aspect ratios of 4/1 

and 2/1 are recommended. For north facing windows, 

width to height ratios of 2/1 and 1/1 would be 

recommended. For the east and west, window aspect 

ratio of 2/1 would have the best energy performance; 

however other aspect ratios of 4/1 and 1/1 tend to have 

similar energy performance. For all four orientations, 

vertical windows of ½ aspect ratio are not 

recommended. The optimal performance ratio from 

Galapagos optimization (Galapagos is a module in 

Grasshopper for optimization studies) shows a slightly 

lower or an equal energy use compared with the best-

performing window aspect ratio from manual 

simulations. Overall, horizontal windows are 

recommended for energy conservation; incidently this 

helps support Le Corbuiser's design idea that strip 

windows are good for lighting as he discussed in his 

“five points of architecture.” Different window aspect 

ratios can affect energy performance.  However, 

compared to the influence of window placement and 

illuminance level, the energy reduction is much less for 

changing the aspect ratio.  This may be related to the 

fact that there is only one sensor, placed in the center of 

the space.  Multiple sensors and zones might benefit 

more. 

 

 
Figure 8 Energy load of different window placement and 

illuminance level, kwh/sf 
 

 
Figure 9 Energy load of different window aspect ratio 

 
3. Window glazing 

Base and better glazing properties are simulated for four 

orientations. The base glazing has a light to solar gain 

ratio (LSG) of 1.33, while the better glazing has a LSG 
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of 2.4. The better glazing shows (Fig. 10) the most 

energy savings, as much as 0.52 kwh/sf for WWR 20% 

and 0.73kwh/sf for WWR 30%, for south facing 

windows. It is shown that better glazing tends to save 

more energy for bigger windows rather than smaller 

window sizes for the south. In contrast, for east and west 

facing windows, the energy savings for WWR 30% and 

40% are similar. Better glazing fails to save as much 

energy for the north as it does for the south, but the 

energy reduction is more than that from the analysis of 

window aspect ratios. Moreover, better glazing predicts 

a bigger window-to-wall ratio for east, west, and north 

in light of energy savings.  

 

 
 

 

FENESTRATION GUIDELINES &BUILDING 

CODE COMPLIANCE 

Guidelines for fenestration choices for balancing energy 

tradeoffs between cooling and lighting load are shown 

(Fig. 10), including window placement, window-to-wall 

ratio, window-aspect ratio, and glazing type.  

 

For Climate Zone 06, the best choice of window height 

for south and east windows is 0.1m from the top of the 

wall, and for north and west, it is 0.7m from the top of 

the wall. These best performance scenarios of window 

height are chosen based on the results from all window-

to-wall ratios of 0%-80%, except for WWR 10% facing 

south, which shows less energy load for window height 

of 0.7m from top. The best performance range of 

window-to-wall ratios for an illuminance level of 500 

lux is 10%-30% for the south, and 30%-60% for the 

north, east and west. However, under a lower design 

illuminance level of 350 lux, the best choices for 

window sizes are generally smaller for all the 

orientations. For the south, it turns out to be from 0%-

20%, and for other orientations, the best performance 

ranges are either wider or smaller: 20% to 60% for north 

and east, 20% to 40% for west. From the simulation 

results of window-aspect ratio of 4/1, 2/1, 1/1 and ½, the 

best performance width to height ratio is 2/1 in general. 

This is true in all orientations and their best performance 

WWR range, except that for WWR 20% on the north, 

w/h ratio of 1/1 would be the best choice. The optimal 

choices of window-aspect ratio from Galapagos 

optimization are different for every orientation. Its 

optimized solution is a small square size window for 

south, and as large as 40% window area rectangular 

window for east, west, and north. Choices for glazing 

are, as expected, to be high performance low-e glazing 

with light to solar gain ratio of 2.44.  

 

For Climate Zone 15, windows on the south tend to 

consume less energy for cooling and lighting when 

placed 0.1m from the top of the wall, but for windows 

on north, east and west, lower windows at 0.7m from the 

top of the wall show a reduced energy load compared to 

0.1m and mid-height conditions. Unlike Climate Zone 

06, the best-performing window-to-wall ratio for east 

and west orientations are 10%-30% for Blythe with the 

required illuminance level of 500 lux. However, 

changing the requirement for lighting level to 350 lux 

does not show a difference in the result of optimum 

WWR ranges for south, east and west. For the north 

facade, a lower lighting level of 350 lux shifts the 

optimum WWR from 20%-60% to 20%-40%. The 

recommended window-aspect-ratios and glazing 

properties for Climate Zone 15 are almost the same as 

the results from Climate Zone 06, which are width to 

height ratio of 2/1 and high-performance low-e glazing 

with LSG 2.44. 

 

 
Figure 10 Fenestration guidelines for CZ06 & CZ15 
 

ASHRAE 90.1 2007 has no baseline or requirement for 

window placement or window-aspect ratio. However, as 

it is shown (Fig. 11), moving windows from middle to 

top would provide energy savings of as much as 12% for 

windows placed on North. Moreover, a window with the 

best window-aspect ratio for south and north facades can 

save up to 16% of cooling and lighting energy, but it 

fails to save as much for the east and west. When it 

comes to better performance glazing, it would help save 

about 20%-40% compared to the baseline glazing from 

ASHRAE 90.1 2007. 

 

The results of this study, if used for building design, 

could help achieve LEED credits (Fig. 12). The major 

credits are most likely to be achieved by energy savings. 
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Other credits such as lighting control systems, daylight, 

and view could be achieved by installing continuous 

dimming light sensors, daylight harvesting, and by 

informed placement of the windows. 

 

 
Figure 11 Energy savings under different conditions for CZ 06 
 

 
Figure 12 Summary of credits and prerequisites that this study 

would help achieve 

 

 

CONCLUSION 

The results for optimal fenestration configurations are 

summarized based on simulation results of four 

fenestration variables for typical office building in 

Climate Zones 06 and 15 in California.   Generally, the 

optimal window-to-wall ratio is 10%-30% for the south. 

However, it tends to be larger (20%-60%) for the north, 

based on the results conducted for an illuminance level 

of 500 lux with windows placed 0.1m from top of the 

wall. For east and west orientations, it depends on 

different climate conditions. For Climate Zone 15, the 

results suggest smaller windows, 10% to 30% window-

to-wall ratios; on the other hand, the optimum window-

to-wall ratios for Climate Zone 06 are from 20%-40%. 

For the parameter of window height, for most 

configurations, a higher window placement is better at 

energy reduction of cooling and electric lighting. For 

window-aspect ratios, width to height ratio of 4/1, 2/1, 

1/1 and 1/2 were compared. For all orientations and 

WWR from 10% to 40%, it was found that a lower 

energy load resulted in the condition of a 2/1 aspect 

ratio. Galapagos was used to get minimal energy load in 

terms of window parameters. To obtain further energy 

reduction, using a better glazing system of LSG ~2.4 

had a great effect regardless of orientations. The results 

were conducted under specific conditions and some 

parameters, for example, lighting power density, 

equipment power density, lighting control strategies, 

thermostat set-points for heating and cooling, occupancy 

schedule, internal blinds, etc. may affect the simulation 

results, and thus change the fenestration choices in the 

guidelines. 
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