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1 Introduction 

 

Designs for low‐energy office buildings increasingly incorporate operable windows for the benefits of 

personal control, environmental quality, and architectural value. “Mixed‐mode” design, which combines the 

use of natural ventilation and mechanical cooling, posits a “best of both worlds” opportunity to achieve 

superior energy performance as well as comfort, satisfaction and occupant health. There is a great deal of 

literature establishing a strong theoretical basis for this perspective. Operable windows offer improved 

indoor air quality  (Seppanen and Fisk, 2001) and increased occupant satisfaction from greater personal 

control and connection to the outdoor environment (Brager and Baker, 2008). They also have the potential 

for energy savings based on downsizing cooling equipment and/or offsetting fan‐driven ventilation (Daly 

2002; Rowe 2003; Ogden et al 2004; Emmerich and Crum 2005). 

 

The benefits of operable windows are acknowledged by national building standards based on the adaptive 

comfort theory (Brager and de Dear 1998a), and the Leadership in Energy and Environmental Design (LEED) 

rating system has embraced the operable window as a workplace quality amenity. Designers are limited in 

the tools they can use to fully account for the benefits of operable windows in their designs. For example, 

U.S. design standards assume that adaptive comfort does not apply in buildings when an air conditioning 

system is operating. In addition, although there are proposed models for incorporating window use behavior 

into energy simulation, integrating human behavior into mechanical system design is inherently problematic. 

For these reasons, designers who pursue mixed‐mode design lack the ability to be very aggressive about 

using manually‐operated windows for energy efficiency. Additionally, like other architectural decisions, 

operable windows are not necessarily proposed based on measurable benefits. There is an important 

symbolic rationale, and where operable windows are installed, client and architect often share the same 

values and beliefs about their benefits. 

 

Typically, mixed‐mode buildings are classified as either "concurrent," in which operable windows and active 

cooling can occur in the same place at the same time; "changeover," in which the two modes occur in the 

same place but at different times; or "zoned," in which some select areas of the building are isolated and 

naturally‐ventilated. In practice however, there is a wide range of technologies and control strategies that are 

used to balance the benefits of operable windows (Brager, Borgeson and Lee, 2008). The strategies range 

from the fully manual to the fully automatic.  
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To understand the diversity of control options, it is important first to distinguish between the different 

functions of natural ventilation. Other than providing fresh air, natural ventilation can refer to the use of 

outside air either a) to provide increased air movement for comfort; b) to lower the indoor temperature by 

introducing cooler outside air; or c) to cool the structure, by utilizing night‐time ventilation and thermal mass. 

Mixed‐mode buildings can employ any combination of these functions, at different times and in different 

spaces within a single building. Ideally, a building with operable windows, particularly manual ones, will be 

designed to avoid excessive internal gains by external shading, night ventilation, and thermal mass to 

dampen or buffer against indoor swings. 

 

It is also critical to note that decisions regarding natural ventilation control are made concurrently with the 

selection of cooling and air delivery technologies that are to be coupled with the operable windows.  This 

decision‐making process is driven by several factors, including design philosophies and architectural ideas, 

programmatic goals, budgetary constraints, site context, and climate.  

 

1.1 Statement of the Problem 

The goal of a mixed‐mode control strategy is to achieve an optimal operating schedule that invokes 

mechanical cooling only when conditions are not appropriate for natural ventilation. However, integrating 

operable windows with mechanical systems to achieve their full benefits is an unresolved energy challenge. If 

operable windows are left up to the control of the occupants, designers run the risk of putting unpredictable 

or unnecessary loads on the HVAC system, causing air pressure balancing issues, or providing unreliable 

ventilation rates. However, if windows are automated for natural ventilation, the building design loses the 

comfort benefits, amenity, appeal and robustness of manually‐controlled windows. 

 

On the fully‐automated end of the spectrum, some designers prefer using computer‐actuated windows or 

vents because they are more reliable and easy to control. But they can also raise costs and remove much of 

the amenity windows usually provide. The more sophisticated and automated the control solution, the more 

the building runs the risk of installation, operations and maintenance issues. Another, more clean and simple 

approach, is to install controls that shut off the HVAC system in response to occupants opening a window. 

However, this strategy only works in buildings where each occupied space – a private office, for instance – is 

thermally compartmentalized with its own individual control system, usually a prohibitive cost outside of 

certain building types (like dormitories). Some buildings in which this strategy has been used with a 

conventional office zoning scheme have had to deactivate the system. Window‐HVAC interlock also relies on 

the occupants understanding the best times to open and close windows. On the fully manual end of the 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

3 

 

spectrum, the building design does its best to reduce loads and provide high‐efficiency cooling and 

ventilation systems, and occupants are allowed to use their windows as they please. This approach 

maximizes personal control but also raises the potential for energy waste and balancing issues. 

 

Signaling devices that inform occupants about when to open and close their windows (such as red/green 

lights or lighted signs) have become a popular, low‐cost solution that addresses the shortcomings of other 

control strategies in balancing the benefits of manual and automatic control. Although this approach has 

exciting potential in its mix of automation and manual control by way of an occupant feedback mechanism, 

little research has been done to characterize how these systems operate in practice, and whether they 

influence how occupants use their windows.  

 

1.2 Objectives  

The over‐arching objective of this project is to identify key issues associated with window signaling as a 

natural ventilation control strategy. These key issues may relate either to the design of the system (control 

sequence, installation strategy) or to human and situational factors that influence occupant response. This 

project takes a broad look at window signaling systems in existing buildings in the U.S. Through interviews, 

site visits and occupant survey, we investigated 16 projects across the country to better understand a) why 

signaling controls were implemented in the project; b) how “open windows” mode was defined; and c) the 

extent to which the signals play a role in window use behaviors.  

 

Because there is virtually no previous research about window signaling systems, this study combines 

different forms of both qualitative and quantitative subjective data, and offers a number of secondary 

contributions. The first is the development of a framework for categorizing the design rationale and control 

strategies of the 16 mixed‐mode buildings that took part in the study. Another secondary contribution is the 

development of a survey module that asks for occupant input on the control logic of mixed‐mode buildings. 

Overall, the study adds substantially to systematic post‐occupancy data that is available for mixed‐mode 

buildings in the U.S., both in terms of input from occupants of the buildings as well as written case study 

information (Appendix C). 

 

1.3 Significance 

The results from this project are intended primarily to inform designers of best practices when considering 

signaling as a way to manage window use. In addition, signaling systems provide a unique opportunity to 
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investigate the ability for informational devices (or occupant education, more broadly) to bring design 

objectives and occupant control behaviors into better alignment. Recent research suggests that occupant 

understanding of unconventional systems in low‐energy buildings in particular is often low (Brown, 

Dowlatabadi, and Cole 2009).  Concurrent with this debate is a growing interest in the use of building 

information systems, including energy dashboards and other “feedback” devices, to encourage occupants in 

commercial buildings to conserve energy. The use of feedback devices to prompt specific actions is a small 

but emerging area of research. But in buildings with this type of device, the importance of occupant 

education and active participation is made explicit in the design, creating a unique opportunity to explore the 

relationship between information and occupant control behaviors.  
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2  Background 

 

Window signaling controls occur within a design paradigm in which building operations is a shared 

responsibility between the building’s energy management system and its occupants. The decision to use 

operable windows alongside a mechanical cooling system in an office environment rests on beliefs about the 

value of operable windows and a faith in the idea that occupants will actively participate in maintaining 

indoor environmental quality (compared to a conventional, sealed office environment).  Assuming these 

ideas hold true, the energy efficiency of such a building becomes a function of how well the HVAC system is 

controlled to integrate with manual window operation. Because optimizing for natural ventilation and 

accounting for human behavior are both very difficult, understanding the performance of mixed‐mode 

buildings is complex. One central issue is determining the relative merits of manual versus automatic control. 

Informational controls propose a compromise between the two, asserting that information from the building 

can effectively influence behavior while retaining the fundamental benefits of manually‐operated windows. 

 

This topic addresses two active fields of research. The first involves ongoing attempts to characterize and 

account for window control behavior in energy models. While this project is not intended to contribute to 

behavior models, understanding previous research about how and why people use windows is central to 

documenting the influence of signaling systems. The second area of research relevant to this project includes 

studies looking at the relationship between occupant behavior, information feedback, and energy efficiency 

in buildings. This chapter reviews the current state of knowledge regarding the following: 

 

2.1 The rational for operable windows 

2.2 Integrating operable windows and mechanical cooling 

2.3 Factors that drive window use 

2.4 Feedback, knowledge, and informed behavior 

 

2.1 The rationale for operable windows 

This section reviews the known benefits of operable windows, and reasons they are incorporated into 

contemporary commercial buildings. 
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2.1.1   Symbolic value 

The operable window is a mediator between indoor and outdoor environments, providing choice between a 

connection with, or a barrier from, a range of environmental factors (gasous pollutants, particulates, sounds 

(noise), temperature, humidity, air movement, light transmission, view, and precipitation). Whereas fixed 

windows assume one is trying to create a homogenous, neutral, “ideal” indoor environment that is protected 

from the variability of the outdoors, operable windows inherently welcome the benefits and delights of this 

variability.  

 

In the era before air conditioning, fluorescent lighting, and high‐density urban construction, typical office 

designs depended on operable windows for environmental quality. Buildings had narrow floor‐plates, private 

operable windows, and transom windows in the corridors for cross‐ventilation.  The ability to control 

temperature and humidity and mechanically filter air behind a fixed glass facade became a reality in the 

1930s, beginning with the Philadelphia Savings Fund Society Building. By the 1950s, this practice was the 

norm.  By 2000, Americans’ expectation of narrow‐band climate control became embedded in our culture 

and building design practice (Ackermann 2002).  

 

In recent decades, the building industry has started to re‐examine operable windows in commercial buildings. 

Most people attribute this trend to the “green” building movement, but this is probably too generic an 

explanation; rather, the choice between operable and fixed windows has firm roots in the attitudes people 

have about what makes a “good work environment,” which have changed through the 20th  century.   While 

this change goes hand‐in‐hand with unprecedented market transformation for “green” buildings, it is 

important to discern that the decision to include operable windows in a contemporary commercial building is 

based first on an idea about their benefits that is then subject to reconciliation with how energy efficiency is 

handled in conventional practice (Lin, 2005).  Across the board, operable windows are ultimately chosen not 

based on a consensus of their environmental benefits but based on someone’s advocacy for them (ibid). In 

advocating for operable windows, developers, owners, and building designers elevate their building over the 

conventional office model by evoking the familiar, domestic‐scale, touchable, livable environment.  

 

The following sections outline what is known and what is still under debate about the environmental and 

energy benefits of operable windows. 
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2.1.2   Health and Productivity 

The health and productivity benefits of operable windows are minimally debated in the literature.  The most 

extensive and heavily cited study drawing a connection between natural ventilation and health was a cross‐

sectional analysis of 12 field studies from six countries in Europe and the USA, totaling 467 buildings with 

approximately 24,000 subjects (Seppänen and Fisk, 2001). The air‐conditioned buildings showed 30‐200% 

higher incidences of sick building syndrome symptoms compared to naturally‐ventilated buildings. Although 

smaller in scope, results from Hedge (1989) and Rowe (2003) conclude that these results extend to mixed‐

mode buildings. Carnegie Mellon’s Building Investment Decision Support tool (BIDS), has claimed that 

buildings with operable windows (naturally ventilated or mixed‐mode) can lower health costs by around 1% 

and result in a 3‐18% productivity gain. These results are modeled based on a large database of data from 

building owners and researchers from across the globe, but are not demonstrated in the field. 

 

2.1.3   Indoor air quality 

Under the right conditions, open windows can increase air change rates and improve indoor air quality, but 

how much and at what time is inherently unpredictable. The Chartered Institute of Building Service Engineers 

(CIBSE) in the UK indicates that, in naturally‐ventilated buildings in cities (in the U.S., usually pre‐World War II 

buildings with operable windows), 2‐5% of windows can be expected to be open for most of the year, 

providing ventilation rates of 0.5 to 1.0 air changes per hour (ACH) (CIBSE 2000). They go on to speculate, 

based on a limited number of case studies in the UK, that these numbers are even lower in mixed‐mode 

buildings, suggesting that manually operated windows can not be relied upon for maintaining adequate 

background ventilation.  Hellwig (2008) similarly found operable windows not to maintain adequate 

temperature or air quality conditions in some European Schools. The implication is that people are not 

sensitive enough to the build‐up of CO2 to rely on them to provide themselves with adequate ventilation 

while they are doing other things.  

 

2.1.4  Personal control and thermal adaptation 

One central argument in favor of operable windows is the idea that providing this type of thermal control to 

occupants enhances their overall workplace satisfaction and relaxes their thermal comfort expectations. The 

basic theory of thermal comfort used in international standards (Fanger, 1970; ISO, 1994) defines ideal 

operative temperatures for the human body according to the predicted percentage of people who are 

dissatisfied (PPD) at those temperatures, based on extensive controlled laboratory experiments.  While this 

model is widely accepted as a way to describe heat balance in the human body under static conditions, many 
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researchers and engineers contend that this model ignores the role of various contextual factors that 

influence thermal perception and has reinforced an over‐dependence on tight and energy‐intensive 

mechanical temperature control in buildings. 

 

Drawing from a world‐wide database of field studies, de Dear and Brager (1998a) proved a positive 

correlation between acceptable indoor temperatures (minimum and maximum “adaptive temperatures”) 

and monthly average outdoor temperatures. This “adaptive” model of thermal comfort has been 

incorporated into standards ASHRAE 55 (2010) and EN 15251 (2007) in the U.S. and Europe as a basis for 

allowing broader thermal variations in naturally‐ventilated buildings. The phenomenon of thermal adaptation 

can be attributed both to relaxed thermal expectations from past thermal history in the building, as well as 

personal access to thermal controls (Brager and de Dear 1998b).  

 

Numerous field studies in naturally‐ventilated buildings have found a strong link between the perception of 

personal control and thermal comfort (Paciuk, 1989; Oseland, 1997; Baker and Standeven, 1996; Humphreys 

and Nicol, 1998; Leaman and Bordass, 1999; Roulet et al 2006; Yun, Steemers, Baker 2008; Haldi and 

Robinson 2008; Andersen, Toftum and Olesen, 2009). Brager, Paliaga, and de Dear (2004) measured the 

behavior and subjective thermal response of occupants in a single office building and found a 2.7ºF 

difference in the reported “neutral” temperatures of occupants with “high” and “low” degrees of control. 

 

The inclusion of the adaptive comfort model in international standards caused a shift in the standard of care 

for comfort in buildings based on the provision of personal control, and launched a wave of current research 

towards developing environmental control algorithms that better account for how building occupants 

interact with features such as windows. Brager and de Dear (1998b) summarize the advantages of developing 

control algorithms that incorporate adaptive actions, as follows: 

• Energy savings from setpoint temperatures that track outdoor weather  

• Comfort improvements by relating mechanical control to the “context‐dependent and variable 

preferences of the occupants” 

• Enabling an integrated approach to designing buildings involving both “passive” and “active” modes 

of operation.  

• Enabling the use of adaptive control features as a low‐cost retrofit strategy in lieu of air conditioning 

installation or replacement 

 

Each of these opportunities implies a theoretical potential for mixed‐mode solutions whereby the 
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combination of thermal control features – specifically, operable windows – with active cooling systems allows 

for a reduction in mechanical system operation and improvements in comfort. However, it has been difficult 

to verify whether adaptive comfort and other benefits of operable windows apply to mixed‐mode buildings 

(section 2.2), and it has been equally challenging to generate reliable behavior models and optimization tools 

that are needed to reap the potential benefits (Section 2.3).  

 

2.2  Integrating operable windows with a mechanical cooling system 

The concept of mixed‐mode cooling was originally proposed by Max Fordham and Partners, revised by Bill 

Bordass and Adrian Leaman of the Usable Buildings Trust, and described at length in CIBSE (2000) and Ring 

(2000). The definition and objectives of mixed‐mode as a design strategy is continually under revision, as 

there are no prescriptive design guidelines. Existing mixed‐mode buildings are furthermore so case‐specific 

that it is difficult to establish a satisfying classification scheme or performance metric to evaluate 

performance and establish best practices.  

 

The most widely used mixed‐mode taxonomy differentiates three main operational strategies: concurrent 

(where natural ventilation and cooling can occur in the same place at the same time); change‐over (where 

they occur in the same place at different times); and zoned (occurring in different places). A fourth class, 

“contingency,” describes buildings that are “natural‐ventilation‐ready;” they may normally operate like a 

conventional building, but in the event of a power outage or other disruption, built‐in measures keep the 

building livable. Given the diversity of existing mixed‐mode buildings, this taxonomy is useful to describe 

what is happening within a given space, but it has insufficient resolution to fully describe whole‐building 

operations with all of the complex factors that are involved in making design decisions. 

 

Bill Bordass suggested that mixed‐mode buildings may be classified according to the level of innovation or 

aggressiveness the design team is aiming for. He distinguishes “traditional,” “integrated,” and 

“opportunistic,” according to the technological solutions that have been typically achieved in real buildings. 

“Traditional” refers to a fairly conventional air conditioning system combined with simple operable windows, 

where the windows are primarily a value‐added amenity for occupants. This type is most commonly 

concurrent, and energy savings, if any, is not dramatic. The “integrated” design approach is typified by a 

building that relies little on mechanical refrigeration and may incorporate night ventilation or thermal mass 

effects to reduce loads and allow for alternative forms of cooling such as radiant slab. “Opportunistic” is a 

catch‐all term for more advanced approaches that achieve an almost entirely naturally‐ventilated building. 

Ring (2000) proposed that mixed‐mode buildings are best classified based on how natural ventilation and 
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mechanical cooling strategies, at varying levels of complexity and automation, are combined; the options are 

summarized in Table 2.1. 

 

 

Table 2.1 Window and Mechanical System Options for Mixed‐Mode Buildings 

  Window Systems 
 

Mechanical Systems

Increasing cost and/or com
plexity 

 

Simple Manual Operable Window
The most basic and common way to 
allow natural ventilation. Usually refers 
to view‐level windows. 
 
Multi‐element operable window  
More expensive but sometimes more 
preferred to allow more precise control 
over ventilation, air movement and heat 
exhaust functions of windows 
 
Automated operable window 
Actuators control some or all elements, 
may be used exclusively for night 
ventilation, may or may not have manual 
over‐ride. 
 
Advanced Natural Ventilation (ANV) 
Used by Bordass et al (1998) to describe 
large, complex buildings with 
sophisticated automated natural 
ventilation systems.  

Minimal “Background” Ventilation  
Trickle ventilators, stack assist fans and other low‐
energy devices that induce a minimal amount of 
ventilation.  
 
Mechanical (economizer) Ventilation  
Outside air (no refrigeration) centrally delivered 
to larger, more complex buildings  
 
Static Cooling  
Radiant cooling panels, chilled beams  
 
Single zone air conditioning 
Window or wall AC units, PTACs, RTUs with one 
system serving one zone. 
 
Distributed Air Conditioning  
Fan coil units, variable refrigerant volume heat 
pumps and water‐source heat pumps. Units may 
include dedicated ventilation intake or paired 
with a separate ducted ventilation system. 
 
Central Air Conditioning  
One or more central air handling units (AHUs), 
each providing both ventilation and cooling. 
Individual zone controllers control, mix, and/or 
reheat supply air at the zone. 

(simplified from Ring 2000) 
 

Because mixed‐mode design is ultimately based on project‐specific considerations, Brager, Borgeson and Lee 

(2008) propose a new framework that places concurrent, changeover and zoned classifications in the context 

of how “spatial,” “temporal.” and “practical” factors that drive a mixed‐mode project. Based on a series of 

case studies of mixed‐mode controls in existing buildings, they underscore the lack of consensus in the 

industry regarding an ideal balance of manual control versus automation. They find that a wide variety of 

input values, modifying criteria, and control functions (ventilation, thermal comfort, space cooling and 

structural cooling) are used, even among projects with similar goals and approaches.  
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2.2.1   Performance of mixed‐mode buildings 

Assessing the performance of mixed‐mode buildings is particularly challenging; energy simulations are limited 

by oversimplified or unrealistic models of human behavior and HVAC control (Arnold 1996, Daly 2002, Rowe 

2003, Cron et al 2003, Ogden et al 2004, Emmerich and Crum 2005). Meanwhile, measuring energy savings 

and comfort satisfaction in real buildings suffers from the common difficulty of isolating the performance 

benefits of natural ventilation alone (Torcellini 2006). Furthermore, the advantages of mixed‐mode dictate 

that design strategies are selected according to the unique circumstances of the project, making quantitative 

results difficult to generalize.  

 

Performance assessment depends in part on whether the adaptive comfort model is applicable to mixed‐

mode buildings. Simulation results suggest that the comfort model that is used to evaluate a mixed‐mode 

design makes a difference of about 10 percentage points in the number of hours that can be claimed to 

exceed acceptable limits (Brager and Borgeson, 2011).  The comfort standard used in North America (ASHRAE 

55) restricts the use of the adaptive model to buildings that are purely naturally ventilated, while standards in 

Europe expand its application to mixed‐mode buildings when operating in a ‘free‐running’ (passive) mode 

(ASHRAE 2010; EN 15251, 2007).  

 

Very little is known about how occupants take adaptive measures (use the windows for comfort) in buildings 

with a mechanical cooling system. Preliminary findings suggest that people in mixed‐mode buildings 

generally use windows similarly to those in naturally‐ventilated buildings (Rijal, Humphreys, and Nicol 2009). 

However, the type of control system or the appearance of the building might have a real effect on 

expectations.   

 

In terms of comfort, mixed‐mode buildings tend to receive high occupant satisfaction scores (Bordass et al. 

2001, Rowe 2003, Brohus et al. 2003, Principi et al. 2003, Brager and Baker 2008). Bordass and Jaunzens 

(1996) found that occupants of mixed‐mode buildings report their perceived air movement and peak 

temperatures to be better than occupants in naturally‐ventilated or air‐conditioned buildings.  

 

Post‐occupancy studies in real buildings although they don’t attempt to quantify energy or comfort 

achievements, are perhaps more useful to understand the success of particular design strategies. For 

example, Lomas, Cook and Short (2008) find, during the commissioning of a deep‐plan mixed‐mode library in 

Chicago, that easily accessible and visible control points for air flow was the chief benefit of the mixed‐mode 

approach, while several operational issues – including poor louver performance, incorrect control logic and 
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construction detailing –  could be attributed primarily to coordination failures and miscommunication among 

members of the design team.  

 

Other post‐occupancy studies focus on the success of combining automatic and manual control solutions. In 

the UK, the PROBE project represents perhaps the most comprehensive attempt to characterize how well 

mixed‐mode design ideas materialize in operation.  The principal finding from this work is that buildings that 

have more automated and complex natural ventilated control solutions require tighter management to 

ensure performance. They cite the following common shortcomings of automated window controls (Cohen, 

et al 1998): 

• Draughts from windows opened to remove heat on sunny but cool days 

• The inability to close windows which were letting in fumes, noise or insects 

• The denial to occupants of the opportunity to trade off different types of discomfort (noise, versus 

overheating) 

 

The project establishes important principles of automation, including the claim that automatic controls must 

be “imperceptible to the user;” if not, user overrides must be provided. Manual window operation is also 

limited. The CIBSE Applications Manual 13 (CIBSE 2000) for mixed‐mode buildings advises avoiding manual 

window control by occupants in light‐weight buildings subject to high internal loads, since occupants are 

“unlikely to respond early or frequently enough.” Operable windows are most appropriate where the mass of 

the building does most of the work to attenuate temperature extremes.   

 

Evans (2008) took a closer look at the cycles by which manual and automatic control of air conditioning takes 

place and points out a tradeoff with thermal storage benefits. While an air conditioner will automatically 

cycle on every hour to maintain temperatures within a three‐degree band (72‐75 F), people will exercise 

control on a 3‐4‐hour cycle, allowing temperatures to oscillate between 70 and 81 F. If control is left up to 

the occupants, the space risks becoming uncomfortable, but there is also a higher potential for thermal 

storage to play a role in regulating loads.  The author proposes “intelligent” temperature control that allows 

the average indoor temperature to rise slowly throughout the day to allow thermal mass of materials in the 

building to take some of the load. 

 

In sum, although there is research to support energy and comfort benefits of mixed‐mode buildings, 

standards and design guidelines, particularly in North America, do not provide a good way for designers to 

account for these benefits, because they are difficult to reliably quantify. Furthermore, there is little that has 
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been done to extend the lessons learned from UK studies to the U.S.  As the next section describes, mixed‐

mode performance is tied up in the psychological, social and logistical factors relating to how people use 

windows.  

 

2.3  Window control factors and behavior models 

The next two sections outline relevant research in human‐building interaction. The broader fields of research 

within which these studies are diverse, including those that attempt to predict behavior (this section) as well 

as those that attempt to quantify the energy impact of behavioral diversity and analyze the factors driving 

this diversity, how behavior is influenced, and how control interfaces contribute to a break‐down in building 

legibility and efficient operation (section 2.4). 

 

Historically, window behavior has been modeled with very limited evidence from the field. Assumptions 

about behavior are made based on either occupancy or on outdoor conditions, usually outdoor temperature. 

Models also commonly assume occupants will behave in accordance with ideal (design) thermal conditions 

and ventilation rates. This is particularly problematic when analyzing air flow rates from window operation, 

as human perception of and adaptation to elevated CO2 levels is not reliable for maintaining indoor air 

quality.  

 

For the most part, attempts to characterize human interactions with windows and other controls are 

grounded in the principle of adaptation, which states: “If a change occurs such as to produce discomfort, 

people react in ways which tend to restore their comfort.” (Humphreys and Nicol, 1998).  Adaptive actions 

either fall into the category of modifying the environment – such as adjusting the thermostat, ceiling fan or 

window – or modifying one’s clothing or activities to adapt to changing conditions.  

 

2.3.1   Environmental Factors 

Field studies about window operation and its impact on energy consumption (heating, primarily) date back to 

the 1950s.  Studies in homes found that outdoor weather (temperature, humidity, wind) could explain a 

majority (~65‐70%) of window interactions (Dick and Thomas 1951; Brudrett 1977). Extending this 

investigation to office buildings, Warren and Parkins (1984) applied similar methods to five naturally‐

ventilated office buildings in the UK and found outdoor air temperature to explain 76% of variance in window 

state, and that solar gain and wind speed also played a role (8% and 4% respectively). In addition to field 

monitoring, the study asked occupants why they used windows, and found fresh air to be the most common 
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reason for opening windows in both winter (51%) and summer (74%) and of equal importance to “keeping 

cool” during the summer. It should be noted that “air movement” was not provided as a selection. Although 

air quality wasn’t used as an independent variable for analyzing behavior, an analysis of small/slightly open 

windows compared to large open windows led to the conclusion that there are two control modes for 

windows, one related to air quality and the other to temperature.  

 

Until recently, subsequent attempts to characterize and predict window operation have been based 

exclusively on outdoor and/or indoor temperatures (Fritsch et al 1990; Nicol 2001; Raja et al 2001; Nicol and 

Humphreys 2004; Inkarojrit and Paliaga, 2004). The models are based on empirical data of control actions 

collected predominantly from buildings without cooling systems in Europe and the UK. The focus on 

temperature makes intuitive sense given that windows aren’t likely to be opened if it is too hot or cold 

outside, and given the important role of indoor temperature in maintaining occupant comfort. However, 

consensus has not been reached on whether to use indoor temperature, outdoor temperature or both as the 

independent variable when simulating window use, because of the inherent interactions between indoor and 

outdoor temperature in naturally‐ventilated buildings. For instance, rising indoor temperatures might drive 

the opening of windows, but how long the window stays open might depend more on outdoor temperature. 

As Robinson (2006) points out, the use of indoor temperature is more appropriate given that models based 

on outdoor temperature alone are entirely independent of building design and context. 

 

Fritsch (1990) was the first to propose a mathematical model to predict window state based on a strong 

correlation observed between window angle and outdoor temperature. A discrete Markov chain was used to 

predict the transitions among six window states. Wind speed and solar radiation were ruled out as significant 

parameters. Nicol (2001) and Nicol and Humphreys (2004) proposed the use of probability distribution for 

window state based on outdoor temperature and then ultimately indoor and outdoor temperature. The 

correlations were based on empirical data including “binary” (open/close) states of windows and other 

controls, collected in the 1990s from naturally ventilated buildings in the UK, Pakistan and 5 European 

countries.  Their method later evolved into the “Humphreys window opening algorithm,” which used multiple 

logistic regression based on outdoor and indoor temperature combined with a “deadband” to distinguish 

temperature triggers for opening and closing actions (Rijal et al, 2007).  

 

The research team validated their model by comparing observed and simulated open windows, and tested 

their model using the open‐source ESP‐r simulation tool to demonstrate the comfort impact of various design 
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features, such as external solar control and thermal mass, and the resulting window use behavior and impact 

on heating demand (ibid).  

 

The Humphreys algorithm is useful for analyzing naturally ventilated buildings in order to avoid the addition 

of air conditioning. Although the correlations with temperature are significant, such models are not agile 

enough to address interacting factors that inevitably influence behavior, such as non‐thermal comfort needs 

or environmental constraints. In part, this is because these parameters simply aren’t present in the datasets 

with enough resolution. There is also a limitation in the method of logistic regression, in which the probability 

of an outcome (open window) is determined, rather than determining the probability that a variable will 

change from one state to another.  

 

2.3.2   Psychological and social factors 

In addition to interacting factors, focusing on the adaptive principle necessarily ignores psychological, social, 

temporal and other reasons for using windows that might be pro‐active, rather than adaptive. For instance, 

researchers have found a strong correlation between window adjustment and time of arrival and departure 

(Yun and Steemers 2007; Haldi and Robinson 2008; Pfafferott and Herkel 2008). Although these studies use 

this analysis to modify algorithms for predicting behaviors, one implication of their observations that is not 

further studied is that many window control actions could be a function of routine, habit or state of mind 

rather than simple environmental response. In fact, related research on thermostat control has found that 

major differences in control patterns were largely related to the habits and routines of households (Xu et al. 

2009). Wallace et al. (2002) and Pfafferott and Herkel (2008) found a strong link between time of year 

(season) and the amount of time a window stayed open, suggesting that adaptive behaviors are not 

necessarily in reaction to a thermal stimulus directly, but may be influenced by long‐term experience or 

simply habit. In naturally ventilated buildings, this behavior could be interpreted as an avoidance of 

discomfort that has evolved to become a daily routine.  

 

The current state of the window also plays a role in how likely it is to be adjusted. Several studies find that 

windows that are opened tend to stay that way (Fritsch 1990; Yun and Steemers 2007; Rijal et al 2008). These 

findings led to alternative regression equations similar to the Humphreys algorithm that add occupancy 

status and previous window state to the inputs. This “inertia” phenomenon has been found to be true of 

other control features as well. Occupants tend only to take action once they reach a “crisis of discomfort,” 

which may occur some time after the undesirable conditions have set in (Haigh 1981). Furthermore, once the 
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occupant has taken action, they usually will not revert back to the original state once comfort has been 

restored, but are more likely to wait until another crisis of discomfort is reached (Leaman and Bordass, 1999).  

 

Building on the work of Yun and Steemers (2007) and Herkel (2008), Haldi and Robinson (2008) studied eight 

office buildings in Lausanne, Switzerland over the summer of 2006, comparing logistic regression of 

numerous adaptive behaviors based on indoor and outdoor temperature. They concluded that, although 

window operation is better correlated with indoor versus outdoor temperature, “indoor temperature alone is 

not sufficient” to model behavior. They observe that other actions, such as clothing adjustments, many of 

which are preventative actions rather than reactive actions, show similar relationships to indoor 

temperature.  

 

In a separate study spanning five years of continuous monitoring of the Solar Energy and Building Physics 

Laboratory in Laussane, Haldi and Robinson (2010) present an alternative technique to logistic regression, 

using Markov chains and survival analysis to produce a stochastic model that predicts the probability of 

transition from one state to another. Their algorithm uses indoor temperature as well as occupancy status, 

the prior window state, the presence of rain, and a Weibull distribution to determine the length of time the 

window is to stay open or closed. Based on additional data on clothing and other environmental adjustments, 

the latest iteration attempts to account for the feedback among adaptive actions, allowing the reference 

neutral comfort temperatures to be derived from available adaptive actions in a particular context rather 

than the running mean outdoor air temperature, as was the case in all previous models. (ibid) 

 

The social dynamics of shared office space can also have a dramatic impact on window operating behavior. 

As observed by Cohen et al (1998), manual controls (windows, blinds, lights) in open‐plan offices tend to 

“lapse into default states that minimize conflict and inconvenience but are not optimal, e.g. ‘blinds down, 

lights on.’”  In part, this phenomenon points to differences in office inhabitants’ natural disposition towards 

or awareness of their environment while they are working.  Several researchers have looked into establishing 

user “types” with respect to lighting control (e.g. Reinhart 2004). Borgeois et al (2005) proposed modifying 

the Humphreys algorithm to distinguish “active,” “medium” and “passive” occupants based on the 

distribution of behavior he observed in a Quebec office building. Haldi and Robinson (2010) also proposed 

assigning “active,” “ average” and “passive” modes to given proportions of an occupant group based on their 

own field data. Their probability distributions show that, for a minority of occupants, temperature has a 

weaker influence on their behavior as it does for the whole sample. 
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2.3.3   Summary of window control models 

Taken together, existing literature agrees that window use is not deterministic (that is, predictable and 

repeatable), and models intended for use in building simulation become increasingly complex as they 

develop. Secondly, although there is ample evidence to suggest that occupants generally use windows when 

given access to them, field observations agree that people do not manage windows very actively throughout 

the day, and therefore can’t be relied upon to provide optimum control. In fact, aggregate patterns of control 

throughout the year may have more to do with ideas and expectations about seasonal conditions rather than 

real‐time variations in temperature. In addition, it is still unknown whether any of the observed patterns 

apply to mixed‐mode buildings, particularly within a U.S. context, where operable windows are much less 

common or accepted. 

 

Another lesson learned from existing field studies is the inherent limitation of emerging models given the 

wide spread in individual behaviors observed even under similar circumstances. The latest advances in 

window control modeling struggle to account for multiple interacting variables. The more control options are 

available, as is often the case in mixed‐mode buildings, the less agile models are at predicting the 

consequences of human diversity.  Numerous studies have pointed out a +/‐ 50% spread in the energy 

consumption attributed to differences in building use and behavior patterns (e.g. Socolow 1977; 

Sonderegger, 1977; Marchio & Rabi, 1991; Gram‐Hanssen 2010; Masoso and Grobler 2010). Most of these 

studies focus on personal differences and habits to explain the variation (heating and cooling setpoints, 

systems left running, etc).  

 

For the purposes of modeling, industry may be best served by estimation methods that allow designers to 

define upper and lower limits of possible control variations rather than a single algorithm that approximates 

a “most likely” pattern of aggregate behavior (Roetzel et al 2010). For the purposes of building design 

practice, the discipline would benefit from further examining the spread of individual behaviors, and the 

extent to which building legibility, ease of use, occupant education and other factors can bring behaviors into 

alignment with designers’ expectations (and vice versa).  

 

2.4 System Legibility, Knowledge and Informed Behavior 

Within the discipline of building science, remarkably little research has been devoted to understanding the 

mechanics of human disposition and decision‐making as they pertain to adaptive behaviors. Research tends 

to focus on either a) behavior prediction (for building simulation), or b) behavior modification (usually for the 
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purposes of conserving energy).  When it comes to anticipating the use of a building by its users, however, 

between these two book‐ends is a wealth of knowledge to be gained about the user experience, that is, how 

the user‐building relationship is defined in more symbiotic terms (“user‐centered theory,” Vischer 2008). For 

instance, we have identified the existence of “passive” and “active” users but have few clues into what 

factors determine whether a person is an “active” or a “passive” window user, and how fixed these 

distinctions are for individuals. 

 

First, it is worth taking a closer look at the theory of adaptation as stated by Humphreys and Nicol (1998) (see 

the beginning of section 2.3), Typically, evoking this theory assumes that all adaptive responses achieve the 

same end result. But as building design research becomes more interested in the human‐environment 

relationship, it is valuable to see how psychologists understand this dynamic. Coelho, Hamburg and Adams 

(1974) define four different types of adaptation: adaptation, mastery, coping, and defense, where basic 

“adaptation” is essentially a neutral compromise between a person and the environment.  Mastery is when 

the compromise has a favorable outcome, coping is the surrender to sub‐optimal outcome, and defense is 

the rejection or escape from the environmental circumstance altogether. In other words, identifying an 

“active” window user does not describe the interaction in terms that become useful feedback for building 

designers.   

 

2.4.1 Energy Conservation 

Research into how individual differences plays out in building operations focuses primarily on energy‐saving 

behavior, for example, understanding the behavior and influence of energy “champions” (Hitchings, 2009) or 

motivations for energy‐saving behavior (e.g. turning off lights), which are best predicted by personal values 

(or “environmental personal norms”) (Scherbaum, Popovich and Finlinson 2008). This is relevant to the 

current study insomuch as occupant response to window signaling is conceived as “energy consciousness.” 

However, numerous studies have found that energy‐saving behavior is seldom motivated by generic values 

like “saving energy,” and that programs to influence behavior are most successful when designed from the 

perspective of the audience, appealing to the social norms and/or tangible benefits familiar to the user 

(Abrahamse 2005; Gardener and Stern 1996; McKenzie‐Mohr and Smith 1999; Stern 2002; Campbell et al. 

2000; Staats et al. 2004). For thermal control behaviors, which have clear personal motivations, this is 

particularly relevant. 
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2.4.2 Legibility and User‐Centered Design 

The simplicity and legibility of a building design to users is a major factor that affects behavioral outcomes. 

Bordass and Leamann (2007) establish a set of usability criteria to evaluate lighting and thermal‐related 

controls, based on the following variables: 

1. Clarity of purpose 

2. Intuitive switching 

3. Labeling/annotation 

4. Ease of use 

5. Indication of system response 

6. Degree of fine control 

 

Considerations of legibility and usability typically corresponds to wayfinding or interface design, but the 

legibility of how manual, mechanical and electrical systems work is also important in building usability. 

Bordass and Leaman (1993) discovered from surveys and field observations that, “when discomfort arises, 

what gets operated first is what comes easiest, not what is desirable technically.”  

 

Lutzenhiser (1993) points out the importance of examining adaptive behaviors alongside the design of 

control interfaces themselves. In the case of a thermostat, he finds manual dial control to be superior to 

digital setpoint‐driven control because it is predicated on the user acting on their preference rather than a 

pre‐defined “ideal temperature,” even if it is the user defining the setpoint.  Finding the right degree of 

adjustability is an added challenge; maximizing flexibility is not often optimum (Nielsen 2004). 

 

As stated in the CIBSE Applications Manual for mixed‐mode buildings (CIBSE 2000), the Usable Buildings Trust 

(www.usablebuildings.co.uk) and other UK researchers have concluded that people are less likely to operate 

controls in a space “for the common good.” Because ease of use is the primary factor determining whether 

occupants behave according to designers’ expectations, they find occupants seldom appreciate acting on 

“good practice” principles. These include messages such as ‘open the windows on mild days, but keep them 

shut when the outside temperature exceeds that indoors.’ The CIBSE manual also states that individuals are 

not good at making “anticipatory responses,” for example, opening vents for night‐cooling. The text does not, 

unfortunately, cite research specifically related to these findings. 
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As stated in section 2.3.2, much of the literature, operates under the assumption that people predominantly 

take actions as an adaptive (reactive) response, and that behavioral tendencies are generally fixed. It should 

be fairly obvious, however, that an individual’s personal logic and habits for operating thermal controls is 

tied, at least in part, to different levels of knowledge about how controls work, levels of interest in using the 

controls, and the design of the controls, as several studies point out (Karjalainen, 2007; Kempton, 

Feuermann, & McGarity, 1992; Kempton & Montgomery, 1982; Lutzenhiser, 1992; Meier et al., 2010; 

Rathouse & Young, 2004). As an example, Rathouse and Young (2004) found a wide variance in thermostat 

adjustments tied to a lack of knowledge about how to use them. 

 

2.4.3 Knowledge 

Guidance on mixed‐mode controls (Bordass and Leamann 2007, CIBSE 2000) specify that occupants “must be 

aware of the building control concepts” as a pre‐requisite to successful operation. The CIBSE manual goes on 

to state that making control systems legible might mean adopting a “’standard’ control solution unless there 

are over‐riding benefits in adopting an innovative approach.”  

 

More recently, Brown and Cole (2009) combined web‐based surveys with expert interviews to investigate 

similar performance gaps in green buildings.  A first study conducted surveys in six Canadian office buildings 

with varying degrees of energy efficiency, and a second study (Brown Dowlatabadi and Cole 2009) conducted 

surveys in two green buildings to relate knowledge levels about innovative features and the use of personal 

controls. The surveys were supplemented by interviews and walk‐throughs to provide an “expert baseline” 

for evaluating knowledge and documented how building information was disseminated to occupants. The 

authors found that contemporary green buildings seldom communicate how building systems function and 

that occupants are only active participants if they receive effective feedback for their behavior that supports 

their understanding of the building; findings suggest that occupants become passive when they lack 

knowledge and positive feedback (ibid).  

 

2.4.4 Feedback 

In the energy‐efficiency community, the term “feedback” has many different definitions. Seligman, Becker 

and Darley (1981) summarize different ways that feedback is framed in literature: 

• Human Factors Approach 

The teaching of new skilled responses (McCormick 1976), as in the use of information that helps an 

airplane pilot make control decisions 
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• Reinforcement Approach 

The use of feedback and reward interchangeably (Bilodeau and Bilodeau 1961), as in a Pavlovian sort 

of “feedback” that conditions users to behave a certain way 

• Motivational Approach  

The ability for feedback to aid goal‐setting and benchmarking behaviors against others (Locke, 

Cartledge and Koeppel 1968)  

 

Feedback mechanisms can include information dissemination techniques, indicator signals, real‐time energy 

monitors and dashboards and other means of energy visualization (i.e. the “Energy orb” tested by California 

utilities as a way to indicate time‐of‐use electricity price changes). Feedback also includes institutionalized 

person‐to‐person communication, such as standardized utility bills and informal conversations with a building 

operator. 

 

Becker and Seligman (1978) compared the electricity consumption of households given three different types 

of feedback: a) daily electricity usage (producing 10.5% savings over the test perior), daily electricity usage 

accompanied by goal‐setting (yielding 13% savings) and c) a simple indicator device that signaled to 

homeowners when the outside temperature was low enough that they could use their windows instead of 

their air conditioner (saving 15.7%). The authors concluded that the signaling device was more effective than 

simple energy use feedback in modifying behavior because the light had a very simple, clear message. They 

do not discuss that the signal – a blinking blue light in the kitchen – could only be disabled by turning off the 

air conditioner. 

 

Numerous studies have been done on the energy reduction potential of information provided by energy use 

monitors, the vast majority in households. A 2005 review of 38 field intervention studies from the 70s and 

80s (Abrahamse et al 2005), included antecedent interventions (educational campaigns) as well as 

consequence interventions (pricing, discounts, or rewards). They found that when information or education 

was provided, this did improve knowledge levels, but not necessarily behavior change without a device to act 

as a reminder. They also concluded that more frequent feedback leads to more behavior change, as does the 

addition of social‐motivational mechanisms. In a similar comparative analysis, Darby (2006) found that the 

simple presence of a monitoring device produced savings that range from 5% to 15% and pointed out a 

number of important success factors. For instance, they note that new behaviors must be reinforced long 

enough to become routine in order to persist (they specified a three month period); they also suggest that 

information one has to seek (for instance, an online dashboard) is much less successful than direct, in‐person 
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feedback; and finally, the type and frequency of feedback should be tailored to the type of behavior change it 

is intended to inspire.  

 

Although available studies deal with bulk energy reductions in households, the principles of how feedback 

facilitates targeted behavior change are worth exploring in a commercial context. We are aware of just one 

study that specifically investigates the use of information and education to modify specific control habits in a 

commercial office setting (Owen, McMurchy and Pape‐Salmon 2010).  At the Jack Davis Building, Pulse 

Energy compared energy use and behavior patterns before and after a lighting retrofit in which automatic 

lighting controls with occupancy and photosensors were compared to simple light switches plus email 

prompts reminding occupants to turn their lights off when they leave for lunch. They found that during the 

campaign, lighting use in the areas of the office that received manual control and active prompting was 

reduced by half, 12% better than the technology‐based approach; however, people went back to their 

previous, more wasteful habits after the campaign was over. The research team recommended that a long‐

term plan for sustained energy‐saving practices in office buildings must involve setting new norms through 

company or organizational policy, empowering internal champions, removing barriers by giving people simple 

switch‐type controls, and providing customized information so that occupants see immediate feedback on 

their actions. Although this is the only study about active behavior prompting we found, it is important to 

note that the goals of this system were energy reduction, whereas the signaling controls in this study are less 

about energy conservation and more about ongoing operational management. 

 

2.5 Summary 

 

The common thread that links the relevant post‐occupancy evaluations and case studies in mixed‐mode and 

naturally‐ventilated buildings is that users need to be better educated about their building’s environmental 

control systems, and building designers and managers need to better understand building users.  Even as 

high performance buildings become more mainstream along with ideas about greater personal control, 

connection with the outdoors and adaptability, the means of transforming these ideas into an operational 

reality remains lacking. Ongoing research is making more tangible the complex dynamics of adaptive 

behaviors so that designers might better harvest the technical benefits of manual window use in their 

designs, and avoid liabilities. What post‐occupancy studies teach us, however, is that it is not just access to 

environmental controls that can lead to a reduction in energy use, but the habits and interest of occupants, 

as well as the extent to which they understand their building may influence adaptive actions significantly. 
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3 Methods 

 

As stated in chapter 1, the over‐arching objective of this project is to identify key issues associated with 

window signaling as a natural ventilation control strategy. Because these systems have not yet been studied, 

the most important issues may relate either to the design of the system (control sequence, installation 

strategy) or to human and situational factors that influence occupant response.  Therefore, I chose a multi‐

method approach, combining occupant surveys, expert interviews and site observations, to collect 

information that investigates the technical strategies employed as well as the human dimensions of the 

systems in operation.  

 

3.1 Learning from Occupants 

As shown in the previous chapter, studies into human dimensions of building operations run the gamut of 

study methodologies; but most commonly, they include some form of occupant survey and/or physical 

measurements and behavior monitoring. For example, these methods have successfully been used to record 

the comfort impacts of a control intervention, the reasons for taking an action, or to compare manual and 

automatic control responses (e.g. Inkarojrit and Paliaga 2004; Inoue,1988).  Longitudinal field studies would 

be suitable for future investigations into signaling controls, but are beyond the scope and timeline of the 

current study. Evaluating how occupants interact with window signals first requires describing the contextual 

factors, some of which reach back to the design phase.  This study follows the model of other types of multi‐

method post‐occupancy studies (Bordass and Leamann 1993, 1998; Brown and Cole 2009) that combine 

surveys with expert interviews, on‐site observations and other professional assessments to describe the 

complex dynamics at play among a building’s human, mechanical and passive control systems, which can be 

difficult to anticipate.  

 

3.2 Building selection 

In an initial recruitment phase we cast a wide net to identify any building with a visual method for prompting 

or informing user‐controlled—rather than building automation system (BAS) controlled—building operations.  

We identified 16 office and mixed‐use buildings in the U.S., drawing from existing databases of high 

performance buildings and by reaching out to the Center for the Built Environment industry partner network.  
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This study was restricted to office spaces in North America with full‐time occupants, where a visual signaling 

device linked to window use is installed. User‐based control systems targeting building managers or transient 

occupants (including the Aldo Leopold Center, and Berkeley Civic Center) were not included. Although email, 

web interfaces, and word‐of‐mouth methods were left out of the study, findings about educational strategies 

that reinforce the visual signals in each building is an important element of the discussion.  

 

Figure 3.1 Locations of 16 Study Buildings 

 
Basemap: US Department of Energy 

 

3.3 Survey Development  

Occupant surveys are typically used for research purposes to measure comfort satisfaction as an indication of 

indoor environmental quality. Less often, surveys include questions that ask occupants to report their own 

behavior as an indication of the building’s overall operational effectiveness, for example to indicate how 

frequently they use a given feature (like a window), or to rate their level of personal control.  The two major 

databases of building occupant satisfaction data widely used by researchers are inconsistent in making this 

type of assessment. The Building Use Studies (BUS) survey instrument, developed in 1981 in the UK, asks 

occupants to rate the degree of personal control over heating, lighting, cooling, ventilation and noise on a 
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seven point scale. It then asks how frequently they take actions that influence these five factors, and how 

they would rate the accessibility, usability and responsiveness of controls available to them.  

 

This study builds on the core Indoor Environmental Quality survey produced by the Center for the Built 

Environment (CBE), which is not designed with the same focus on usability. The purpose of the CBE survey is  

“to assess the performance of a building, identify areas needing improvement, and provide useful feedback 

to designers and operators about specific aspects of building design features and operating strategies.” 

(Zagreus et al 2004) In addition to assessing The core CBE survey asks occupants to tick the personal controls 

they have access to, but does not include ratings of satisfaction with these controls. Additional modules 

about workplace adjustability, operable windows, ceiling fans and window blinds do include these questions 

but they not make up a usable portion of the database.  This limits the ability of the current study to compare 

and benchmark certain control satisfaction results against other types of buildings.  

 

An operable windows module within the CBE survey was developed for a 2004 study on window use at the 

Berkeley Civic Center (Paliaga 2004), and is offered to clients of the general survey for an additional fee. The 

module has been used in a very limited number (~5) of benchmarked office buildings in the CBE database 

prior to this study and in 60 recent school surveys. A central contribution of the current study was to expand 

the information about occupant interactions with windows in the CBE survey database, tripling the number 

of office buildings with operable windows, mostly mixed‐mode. 

 

Table 3.1 Methods used in 16 study buildings 

Building  Nickname Location Interview Visit  Survey
654 Minnesota Ave, UCSF  UCSF San Francisco, CA    
Orinda City Hall  Orinda Orinda, CA    
NBBJ Architects Offices  NBBJ Seattle, WA    
Savery Hall, U of Washington  Savery Seattle WA    
Boora Architects Offices  Boora Portland, OR    
ZGF Architects Offices  ZGF Portland, OR    
Kroon Hall, Yale School of Forestry  Kroon New Haven, CT    
ARD Facility, Northern Arizona U  ARD Flagstaff, AZ    
Compton Union Building, WSU  CUB Pullman, WA    
Lincoln Hall, Berea College  Lincoln Berea, KY    
Kirsch Center, de Anza College  Kirsch Cupertino, CA    
Hewlett Foundation  Hewlett Menlo Park, CA    
Zoomazium, Woodland Park Zoo  Zoom Seattle, WA    
Thornburg Headquarters  Thornburg Santa Fe, NM    
Boalt Hall, UC Berkeley  Boalt Berkeley, CA    
Chesapeake Bay Foundation  CBF Annapolis, MD    
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3.3.1 About the CBE survey 

The Center for the Built Environment (CBE) developed a web‐based occupant questionnaire and online 

reporting tools as a quick and inexpensive means to gather occupant feedback information on nine 

categories of indoor environmental quality (IEQ), including thermal and visual comfort as well as workplace 

amenity.  (Zagreus et al 2004)  

 

The survey is invitation‐based, sent to building occupants via email from a building or office manager. The 

core survey takes roughly 10‐15 minutes to complete, and responses are totally anonymous. Core questions 

includes multiple choice questions for basic workspace facts and 7‐point likert scale questions used for 

individual evaluation of environmental conditions and building features. Four or Five‐point likert scales are 

typically used to evaluate the frequency something occurs or an action is taken.  

 

Administration of the survey lasts two weeks, including at least one reminder to raise response rates. The 

target response rate for this study was >65% in buildings with fewer than 200 occupants, or a minimum of 

100 responses (no building received less than 50%, which is the standard target for the core CBE survey 

implementation procedure). Incentives in the form of three $25 Amazon.com gift certificate were offered 

using the web‐based instrument if building management expressed concern about the timing of the survey or 

the ability to draw responses.   

 

3.3.2  Survey Pilot 

In fall, 2009 we developed and pilot‐tested a version of the operable windows survey module that included 

additional questions about window signals (Appendix A). In the survey we asked occupants to report:  

 

1. How frequently they actively respond to the “open” and “close” signals;  

2. How likely they are to open the window even in “close” mode;  

3. Whether the signals interfere with their sense of personal control; and  

4. To describe any conflicts that arise between the system and their own preferences.  

 

The pilot survey was based in part on lessons learned from a set of questions on window signals included in 

an earlier survey at the Hewlett Foundation. Writing and revising the questions was an iterative process that 

took place in collaboration with other CBE researchers, and included input from designers and staff 

associated with the study buildings and familiar with the key issues. The survey was issued to Orinda City Hall 
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staff in late 2009. The most difficult question to refine was occupant feedback about the “logic” of the signal 

modes. This question was the only question substantially modified, converted to an open‐ended question in 

the final module.  

 

3.4 Data Collection 

A framework to integrate different strands of subjective data is provided by an “embedded” comparative 

case study model, where analysis is done at multiple levels and then compared across cases:   

 

Table 3.2 Embedded Case Study Methodology 

Analysis Level  Data

Level 1: Occupant tendencies and attitudes
• Occupant survey 
• Informal occupant interviews on 

site 
 

• The extent to which signals play a role in window 
use behavior  

• Trends in willingness to disregard signals 
• Document most common reasons for disregarding 

signals 
Level 2: Building attributes 

• Design team interviews 
• Building manager/operator 

interviews 
• Site observations   

 

• Diversity of building attributes  
• Range of design intentions and control strategies  
• Education/management framework 
 

Level 3: Cross‐ case comparison 
 

• Control algorithm classification 
• Relative importance of project attributes (office 

type, culture, interface type, placement, 
education, etc) 

• Common interfering circumstances  
• Individual case study narratives 

 

The schedule for collecting occupant and building‐level data evolved somewhat over the first few months of 

the project. For instance, site visits and conversations with professionals were necessary to fine‐tune the 

survey instrument and interview guides. Ultimately, however, surveys were conducted first, and then 

interviews were combined with follow‐up conversations about the survey results, on site if possible. For 

those buildings where formal interviews were conducted before the survey, a shorter, follow‐up interview 

was scheduled to discuss findings.  
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3.4.1  Survey Implementation 

Other than the pilot survey at Orinda City Hall, which is included in our results, surveys were conducted in the 

summer between May and August 2010.  The intention was to highlight behavior during warm weather (this 

was specified in the questions). Because of the academic schedule, campus buildings were surveyed in the 

late spring; unfortunately, 2010 had an unusually long winter, so survey results at Savery Hall and Kroon Hall 

in particular were more biased toward the heating season than what would have been ideal, and survey 

results are augmented by conversations with building management that extended through the summer.  

 

We were unable to conduct surveys in six of the 16 buildings. This is because either a) fewer than 10 

occupants occupy the office space (three buildings); b) the buildings have been studied extensively and there 

was no interest in a second survey (2 buildings); or c) we simply could not sell the idea (1 building). Many of 

the buildings are mixed‐use; in these buildings, only the full time office employees were surveyed.  

 

3.4.2 Interviews 

For all 16 buildings, we contacted at least one member from the design team (architect and/or engineer) and 

at least one representative of the building management team (building coordinator, manager or operator) to 

understand the original intent of installing window signaling controls, how the signals are programmed, and 

any relevant operating issues. Building documentation, including system description, as‐designed sequence 

of operations and/or building diagrams and plans, were made available for six of the buildings.  

 

Appendix B includes a full interview guide. Building manager interviews took place in person during site visits 

where possible, but most of the interviews occurred by phone. The individuals most knowledgeable about 

the design process and operation of each building differed dramatically case‐to‐case. In many cases, 

compiling answering the interview questions was piece‐meal; for example, a building manager who was the 

initial point of contact turned out to know little about building operations, and would refer me to an off‐site 

controls contractor. Interviews were implemented informally, and in some cases developed into an ongoing 

conversation. 

 

After the survey results were recorded, results were discussed with members of the design team as well as 

the main facilities manager as a part of the interviews. Each interviewee was asked what factors they think 

contribute the most to the survey results. 
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Ultimately we invited all interviewees to review the accuracy of the final case study narrative and the validity 

of our conclusions about each building. 

 

3.4.3   Site Visits 

I was able to visit 13 of the 16 buildings to record general impressions and observations about the office 

spaces and the placement of the signaling devices in context. The three I was not able to visit were simply too 

expensive to get to.  During the site visits, I conducted a few brief informal interviews with occupants where I 

was able to get permission (22 interviews in all, 3‐5 in six of the buildings). Ideally, this form of occupant 

feedback would have comprised a larger portion of the research. Appendix B shows a 2‐page template was 

developed to summarize the key features of each building in a way that can be easily compared to others.  

 

3.5 Limitations of the Study 

Occupant questionnaires provide a practical, quick, inexpensive and relatively noninvasive way to collect a 

large amount of data about that can be benchmarked and analyzed statistically. However, surveys have a 

number of limitations.  The notion of “satisfaction” as a metric of performance has been called into question, 

since it is impossible to disassociate reported satisfaction from occupants’ own coping behaviors and routines 

(e.g. are occupants satisfied with or without their space‐heater?), let alone attitudes (Vischer 2008). 

Furthermore, occupants’ self‐assessments of behavior can be very different from their actual behavior. 

Lutzenhiser (1993) notes that people have a tendency to over‐represent their technical competencies and 

report behaviors that are “better” than actual (i.e. lower‐than actual thermostat settings), even if they known 

the actual settings are being recorded. Most importantly however, surveys by themselves do not fully 

capture situational, social and psychological factors that are known to influence how people experience 

buildings. 

 

Because the survey data set has numerous mediating variables and weak control, the data collected in this 

study is not intended to identify generalizable correlations between specific building attributes and level of 

response. The survey data serves primarily as a basis for showing the range of responses across buildings and 

to provide standardized feedback about the benefits and challenges of the system from the occupants’ 

perspective.  

 

The value of this study rests in the quality of the narratives constructed for each building (Appendix C). 

Conclusions that are drawn base on comparing case studies depends on how well subjective information was 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

30 

 

triangulated, for example, categorizing the design intent for each project.  During the study, access to key 

members of the design team, design documents and as‐built control sequences, representative survey 

responses, and representative or thorough observations, photos and occupant perspectives during site visits 

was inconsistent building to building. The most important limitations are explained within the narrative 

offered for each. The case studies that we feel are the best documented include 654 Minnesota Ave, 

Thornburg Headquarters, ARD Facility, NBBJ offices, Savery Hall, Orinda City Hall and Boora Architects. The 

least documented are Boalt Hall, Zoomazium, Kirsch Center for Environmental Studies, Hewlett Foundation, 

and the Chesapeake Bay Foundation. This is primarily because these buildings were already studied or 

surveyed in detail and/or were too small or specialized in program. For some buildings, such as Lincoln Hall, 

Chesapeake Bay Foundation and Hewlett Foundation, the interviews were skewed towards the present 

management since design team members were difficult to reach (usually because too much time had 

passed).   
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4 Comparison of Signaling Strategies 

 

This chapter summarizes the “level 2, building attributes” component of the study. It explores the diversity of 

control applications we found, within the context of the design objectives and circumstances specific to each 

project (such as size, occupant type, cooling system and climate). Understanding the diversity of design 

intents and operational issues is important to interpret the occupant level results presented in Chapter 5. 

 

4.1 Reasons for Choosing Signaling Controls 

Although literature on mixed‐mode buildings discusses signaling controls (a.k.a. “informational controls”) as a 

“changeover” strategy in lieu of sensors, actuators and other computer‐automated controls, we found 

signaling systems to span a range of control concepts in practice.  The common theme is that the signals are 

conceived as a sustainable design feature. But comparing applications reveals differences in how the design 

team understood the priorities and limitations in achieving the benefits of operable windows. From our 

interviews we found three primary reasons a signaling device was chosen: 

 

1. Moderating personal control 

The client or architect values operable windows as a workplace amenity, but they are a hard sell to 

engineers or facilities managers without some measure of oversight for manual window use.  

 

 

2. Cost‐effective natural ventilation 

The design team intended for windows to offset mechanical cooling and ventilation, but window 

actuators or HVAC lock‐out controls were deemed too expensive and/or value engineered out of the 

project. Three projects decided on a signaling strategy post‐design development. 

 

3. “Green” message 

The client or design team thought the signals would highlight operable windows to occupants or visitors. 

All projects claim one of the above two options as the primary reason for installing the system; however, 

the visibility factor had equal importance in three projects.  
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4.2 Defining “Open Window” Mode 

Whether the decision to use operable windows was driven more by occupant satisfaction or by energy 

reduction translated loosely into how the “open” and “close” signals were defined in the building’s sequence 

of operations. We were able to collect the as‐designed control algorithms for each of the 16 buildings, and 

we were able to verify the as‐operated sequence in all but four of the buildings.(Refer to Appendix C for 

details on key projects.) 

 

We developed a graphic tool (Figure 4.1) to visualize the differences among control strategies based on the 

main temperature criteria employed (outdoor temperature displayed on the x‐axis and indoor temperature is 

displayed on the y‐axis). The green shaded region indicates the setpoints defining when the “open” signal is 

on. Outside of this shaded region, the “open” signal is off and the “close signal” is on (if there is one). The 

blue, hatched region shows the setpoints determining when air is mechanically supplied to the zone (either 

outside air or conditioned). Where the diagram is not hatched, the air supply fan is off and windows are 

relied upon exclusively for ventilation. Note that outside air is modulated based on demand control in some 

buildings. 

 

In all but one project, the algorithm for “open” mode was written based on outdoor and indoor temperature 

criteria. In other words, the operation of the signals is related to but technically independent from the HVAC 

system operation. The exception is Thornburg Headquarters in Santa Fe, NM, in which the “open” signal was 

Figure 4.1 Sample Control Algorithm Diagram
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tied directly to chilled and hot water supply “enable” commands. In four buildings, humidity, wind speed and 

CO2 were additional environmental criteria for “open” mode.  

 
Figure 4.2 compares the diagrams of the control criteria for 15 buildings (not including Thornburg). Using this 

scheme we can distinguish five general approaches (Groups 1‐5) related to whether indoor temperature 

input criteria was used (the two rows), and whether mechanical air supply was regulated during “open” 

mode (the four columns).  If the mechanical system continues to supply air during “open” mode (first column, 

Groups 1 and 2), this is similar to a “concurrent” approach, where the windows are essentially supplementing 

the building’s economizer mode (thus the green area overlaps with the blue hatch).  

 

If the mechanical air supply is discontinued (middle two columns, Groups 3 and 4), we may refer to this as a 

“changeover” approach, where the windows are intended to serve all of the building’s cooling and ventilation 

requirements while in “open” mode. (Note: one example in group 4 combines both changeover and 

concurrent operating strategies, depending on the state of the combined indoor and outdoor temperatures). 

The last column, Group 5, distinguishes strategies in which the windows are relied upon exclusively for 

ventilation These buildings have no mechanical ventilation in the perimeter zones, and the windows are 

designed to supplant active cooling via fan coil units and radiant panels, respectively, when possible. Note 

that even though these buildings have no mechanical ventilation in “open” mode, similar to the 

“changeover” approaches, these buildings more technically “concurrent” by design. 
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4.3 Control strategies in operation 

4.3.1  Group 1: Concurrent air supply; outdoor temperature control.  

In this group of projects, the buildings rely on an air‐side economizer and a conventional, compressor‐chilled 

water system for cooling.  The “open” signal is designed to coincide with the building’s normal economizer 

cycle, typically using an outdoor temperature range of 55°F – 75°F to approximate this mode, so there is little 

conflict between bringing in outside air through the ducted system or directly through the windows. 

 

In these projects, the building operates more or less the same regardless of whether people open their 

windows, although some energy savings does result if open windows reduces the amount of air that supply 

and relief fans need to move. If windows help to meet the cooling setpoint, then a lower volume of air can be 

supplied; open windows would also reduce the need for the relief fan to maintain static pressure. However, 

these energy savings are somewhat of a “bonus” in these buildings; by and large, the windows were included 

primarily as an amenity, and mechanical systems are responsible for maintaining environmental quality, and 

temperature setpoints are kept within a fairly conventional range. In all three, red‐green signals were used as 

a mechanism mainly to prevent windows from being opened, or left open, when they shouldn’t be (in other 

words, the red or “closed” mode was most important).  

 

Table 4.1 Cases in Group 1 

Building  Loc  Year  # People  Perimeter 
program  Occupant type  Cooling and air systems 

1. UCSF  CA  2007  150  Open office  University Staff  Central chiller, overhead air 
distribution 

2. Boalt  CA  2009  8  Open office, 
classroom  Law students  Central chiller, overhead air 

distribution 

3. ZGF  OR  2009  175  Open office  Architects  Central chiller, underfloor air 
distribution 

 

4.3.2  Group 2: Concurrent air supply; outdoor + indoor temperature control.  

This group of buildings resembles those in Group 1 in that “open” mode is intended to coincide with the 

building’s normal economizer mode. But in these cases, the control algorithm for “open” mode is more 

sophisticated, where a relationship between the outdoor temperature and coincident indoor space 

temperature (or return air temperature) must be satisfied for the “open” signal to go on. Demand control is 

also used in one of the buildings to minimize mechanical ventilation air during green mode to maximize the 

energy benefit of natural ventilation. In all of these buildings, however, it is unclear how often the green light 

is on. In all but Thornburg, the “close” signal is reportedly on most of the time despite being located in ideal 
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climates. For example, insufficient heating in the core office spaces in the Hewlett Foundation has reduced 

the number of hours the building spends in economizer mode. At the ARD Facility and Kirsch Center for 

Environmental Studies, the control sequence suggests that the “open” signal goes on only when the 

building’s indoor temperature rises above the setpoint; which doesn’t happen if the mechanical system is 

working. Unfortunately, we were unable to verify this or attribute the performance of the signals to the 

control strategy. 

 

Table 4.2  Cases in Group 2 

Building  Loc  Year  # People  Perimeter 
program  Occupant type  Cooling and air systems 

4. Thornburg  NM  2004  175  Private and 
open office  Financial group  Evaporative cooler, chiller, 

underfloor air distribution 

5. Kirsch  CA  2005  8 
Private 
office, 
classroom 

University Faculty 
(Enviro mission) 

Central chiller, underfloor air 
distribution 

6.  ARD  AZ  2007  50  Private 
office 

Environmental 
Research 

Central chiller, underfloor air 
distribution 

7. Hewlett  CA  2002  150  Private 
office  Foundation  Evaporative cooler, Ice storage, 

underfloor air distribution 
 

4.3.3  Group 3: Changeover/Discontinued air supply; Outdoor temperature control.  

These projects are designed to switch completely from a mechanical cooling mode to a fully passive mode by 

shutting down the central air handler within an acceptable outdoor temperature range. As in Group 1, 

because the “open” mode is controlled by outdoor conditions alone, the signals are relatively predictable and 

reliable, assuming the instruments that take these measurements are working. Because mechanical air 

supply is discontinued based on outdoor temperature only, occupant behavior does not impact the building’s 

operating status, but it may result in uncomfortable indoor conditions if a sufficient number of people do not 

actually open the windows, or if solar gain in the building is higher than expected. Building form, upper‐level 

automated openings and thermal mass are all used to minimize this impact. At Chesapeake Bay Foundation, 

MIT and NREL researchers found issues with solar control and overheating, and recommended that the upper 

and lower outdoor temperature setpoints for “open” mode be lowered. (Griffith et al, 2005; Chang, 2003) At 

the Zoomazium, an environmental education center at the Seattle Zoo, the algorithm includes a small range 

of outdoor air temperatures in which the green light is on but air supply is still enabled. This might be useful if 

there’s an assumption that people won’t open their windows at the lower acceptable outdoor temperatures.  
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Table 4.3   Cases in Group 3 

Building  Loc  Year  # People  Perimeter 
program  Occupant type  Cooling and air systems 

8. Lincoln  KY  2002  60  Private 
office  University Faculty  District chilled water, 

overhead air distribution 

9. CBF  MD  2000  50  Open office  Foundation  
(Enviro mission) 

Ground source heat pump, 
overhead air distribution 

10. Kroon  CT  2009  60  Private 
office 

University Faculty  
(Enviro mission) 

Ground source heat pump, 
underfloor air distribution 

11. Zoom  WA  2003  3  Shared 
office  Administrative Staff  Rooftop packaged AC 

Underfloor air distribution 

 

4.3.4 Group 4: Discontinued air supply; Outdoor + Indoor temperature control 

Similar to Group 3 buildings, these three projects aspired from the outset to rely on passive cooling and 

ventilation for as many hours as possible throughout the year.  At Savery Hall and NBBJ Architects offices 

(both in Seattle), the signaling system was a late‐stage design decision once it was determined that 100% 

natural ventilation wasn’t feasible and automated controls were too costly. Cost and the desire for simplicity 

also drove the decision to install a signal at Orinda City Hall. 

 

These buildings differ from buildings in Group 3 simply because the natural ventilation mode includes an 

indoor temperature setpoint that must be satisfied for the building (or zone) to remain in a passive mode. 

The control strategy at Orinda City Hall, however, can be considered a hybrid of group 1 and 2 approaches, 

since the “open” signal is tied to outdoor temperature only. If indoor temperature setpoints are met, the 

zone will operate in a passive mode, relying on the windows exclusively for ventilation. In all three buildings 

however, because there is an indoor temperature setpoint, occupant participation does impact how long a 

given zone remains in a passive mode, depending again on the rate of internal gains and thermal lag factors.  

If occupants do not act on the “open” signal, the indoor temperature may rise more quickly, and mechanical 

conditioning will be initiated. When in natural ventilation mode, windows are relied upon exclusively for 

fresh air at NBBJ and Orinda City Hall; at Savery hall, a CO2 alarm triggers minimum mechanical air supply to 

the zone, switching the light from green to red. 

 

In these buildings, the range of acceptable outside temperatures is generally warmer than in other cases but 

still fairly broad, with 60°F‐63°F being the acceptable minimum, and 78°F the maximum. The maximum 

acceptable indoor temperature is the same in all cases (78°F); whereas the minimum indoor setpoint is 

treated differently in each building. At NBBJ, there is none; window use is allowed as long as the indoor 

temperature does not exceed 78°F. At Savery Hall, the system asks occupants to shut their window if the 
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indoor temperature falls below the heating setpoint of 68°F. At Orinda, the signal does not change, but the 

mechanical system is allowed to supply heated air below 68°F, which is adjustable down to 64°F.  

 

Functionally, it is clear that this group includes both concurrent and changeover operating strategies, and in 

some ways can be viewed as a more or less conventional control strategy that uses a higher cooling setpoint, 

with windows provided to relieve discomfort between, roughly, 72°F and 78°F. Relying on a high setpoint for 

useful natural ventilation requires buy‐in from occupants and the building operator. At Savery Hall and NBBJ, 

the building operator has managed to maintain a high cooling setpoint of 78°F. At Orinda City Hall, the 

building operator adjusts the cooling setpoint quite a bit based on season and comfort expectations from 

occupants; during hot summer months, the setpoint is a more conventional 72°F, while during milder periods 

the setpoint is 74°F – 76°F.  

 
Table 4.4 Cases in Group 4 

Building  Loc  Year  # People  Perimeter program  Occupant type  Cooling and air systems 

12. NBBJ  WA  2003  315  Open office  Architects  Central chiller,  
Underfloor air distribution 

13. Savery  WA  2009  200  Private office, 
classroom 

University 
Faculty 

VRF heat pump, overhead air 
distribution 

14. Orinda  CA  2007  40  Private and shared 
office 

Municipal 
government. 

Evaporative cooler, overhead 
air distribution 

 

4.3.5   Group 5. Decoupled cooling and ventilation 

At the Compton Union Building (CUB) and Boora Architects office, air supply is decoupled from the hydronic 

heating and cooling systems in the perimeter zones, and no air is supplied to these spaces other than via the 

windows and infiltration from the core. At CUB, radiant panels are controlled centrally based on outdoor air 

temperature, and a setpoint of 76°F initiates the chilled water and “close” signal simultaneously. In this 

building, failure to use the windows according to the signals does have potential comfort and energy 

consequences since the radiant panels can’t cool people as effectively if the windows are open when they 

shouldn’t be, as they try to compensate for warmer indoor temperatures. Condensation risk is handled by an 

alarm system that regulates the supply water temperature if the dew point rises.   In a sense, the control 

solution has a “change‐over” intent, although the energy risks are not considered to be serious. The initial 

lower setpoint for “open” mode of 60°F was, however, deemed too cold and adjusted up to 71°F, reducing 

the ability for the windows to contribute substantially to cooling, especially in situations were internal gains 

are high but outdoor temperatures are moderate and would have contributed to cooling.   
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At Boora, heating and cooling is provided via a three‐pipe system to perimeter fan coil units, and “open” 

mode for windows coincides with a fairly wide and warm temperature range (62°F – 80°F). Because control is 

localized, coordinating how occupants use windows, ceiling fans, and their local fan coil units to enhance 

both comfort andenergy performance is, importantly, a matter of education beyond the “open” signals 

alone.  

 

Table 4.5 Cases in Group 5 

Building  Loc  Year  # People  Perimeter 
program  Occupant type  Cooling and air systems 

15. CUB  WA  2008  25  Open office  University Staff  Radiant panels 

16. Boora  OR  2008  60  Open office  Architects  Perimeter fan coil units 

 

4.4 Determining outdoor temperature setpoints 

Figure 4.3 shows the variation in acceptable outdoor temperature ranges for “open” mode. The chart roughly 

differentiates strategies in which open windows are understood as part of the economizer mode (allowing 

window use at very cool temperatures), and strategies that adopt adaptive comfort principles (allowing 

higher indoor temperatures). Note these strategies are not mutually exclusive. Naturally, the setpoints also 

differ according to building size, climate, internal loads and system design. 

 

Figure 4.3  Variation in Acceptable Outdoor Temperature Ranges for Opening Windows 
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4.5 Humidity control 

As discussed, environmental parameters other than temperature are included in control sequences for only 

three projects.  At Kroon Hall, Lincoln Hall and Chesapeake Bay Foundation, “open” mode is over‐ridden if 

humidity is too high. At Kroon Hall wind speed must also be below 15 miles per hour for a period of five 

minutes for the green light to go on.  Other buildings that associate window use with the building’s 

economizer (all on the west‐coast) use outside temperature as a proxy for simplicity, even if the economizer 

has enthalpy control. Depending on climate and cooling system type, it may make sense to tie the open and 

close signals directly to the mechanism that initiates active cooling (chilled water supply) rather than outdoor 

or indoor temperatures, as is the case at Thornburg Headquarters.  The downside to this approach is 

managing frequent cycling of the chilled water supply during the swing seasons. Because of this issue, the 

green light at Thornburg is disabled completely between November and April.  

 

4.6 Air quality control  

At Lincoln Hall, a separate blue light indicates to occupants if CO2 levels are high enough to warrant opening 

the windows for air quality reasons. We did not ask the occupants specifically about their response to this 

signal. In some buildings that associate windows with economizer mode, demand‐control is used to modulate 

fan speed for efficiency and air quality. Only in one building, Savery Hall, does CO2 influence the status of the 

red and green light. In this situation, CO2 sensors in each zone may over‐ride natural ventilation mode and 

trigger air supply, switching the indicator from green to red.  

 

For buildings in which air supply is shut off in “open” mode (changeover approach), all workstation zones are 

within 20 feet of the perimeter, and windows are assumed to be adequate for ventilation.  

 

4.7 Signal Design and Placement 

As shown in Figure 4, there are nearly as many signal types as there are buildings. Interviews revealed that in 

most cases there was little discussion about the design of the signaling device. The decision to go with a 

red/green light, a single green light or “open windows” sign was usually a matter of “off‐the‐cuff” judgment, 

sometimes influenced by cost or previous experience. For the vast majority of interviewees, providing 

“guidance,” as opposed to a directive, was a high priority, but this was addressed explicitly in only one case: 

in which there one design team opted for an amber light over the more commanding “red.”   
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Of the 16 projects, eight use un‐labeled red‐green or amber‐green indicator lights; three use indicator lights 

with explanatory text, two use un‐labeled on/off green indicators, and three use on/off “open windows” 

signs. The survey did not find any relationship between the presence of text and the percentage of occupants 

to report being aware of the signals. In terms of occupant response, our results suggest that all interface 

types were more or less equally likely to be overlooked unless occupants were given a compelling reason to 

regard them by way of orientations, periodic emails, or regular, less formal reminders from the building or 

office manager (see next section).  

 

The decision to place the devices in workstations or common areas was also in most cases a matter of 

designers’ best judgment and/or cost savings. Several design teams elected to place the signals in places 

where occupants walk while others thought visibility from as many workstations as possible was preferable. 

In our survey, one of the most common comments was that occupants reported being more likely to use the 

signals if they could see them from their desk. 

 

Figure 4.4  Signaling Device Designs 
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4.8 Education of Occupants 

A number of education and reinforcement methods were used to communicate the meaning of the signals. 

We identified three “tiers” of educational strategies. In the first tier, the majority of projects relied upon an 

initial staff notice, usually in the form of an orientation given by the design team or building manager, which 

described the signaling system in the context of all of the other “sustainable” features of the building. In two 

cases, the initial notice came in the form of an information card. A new‐hire orientation with the building 

manager is placed in the next tier, providing a more targeted and one‐on‐one explanation of the controls 

(windows, fans, thermostats, etc) available to occupants, even if this only happens once. In the highest tier, a 

building or office manager is active in an ongoing discussion with occupants, either in person or by email, 

regarding what is going on with the building (e.g. reminders when the summer makes itself official). For the 

most part, awareness of the system is highest where there is personal or ongoing contact such as this, even if 

it is just on a seasonal basis. In other cases, such as in Boora Architects’ offices, a high level of knowledge and 

positive attitude regarding the signals most likely relates to the fact that many of the staff were involved in 

the design of the space. Not all ongoing reinforcement is effective. Emails sent automatically by the building 

management system can easily be regarded as spam and ignored, particularly if they are received more often 

than a few times a week, according to occupants at Kroon Hall. 

 
Table 4.6 Education approaches used in study buildings 

Building  Num. 
People  Perimeter program  One‐time 

staff notice 
Ongoing 
discussion 

New hire 
orientation 

Info. 
card 

Auto 
email 

1. Thornburg   175  Private/ open office           
2. UCSF  150  Open office           
3. Boalt  8  Open office, classrm           
4. ZGF*   175  Open office           
5. Lincoln  60  Private office           
6. CUB  25  Open office           
7. Boora*  60  Open office           
8. CBF  50  Open office           
9. Kroon  60  Private office           
10. Zoom  3  Shared office           
11. Kirsch  8  Private office, classrm           
12. ARD  50  Private office           
13. Hewlett   150  Private office           
14. NBBJ*   315  Open office           
15. Savery  200  Private office, classrm           

16. Orinda   40  Private and shared 
office 

         

* Indicates occupants are architects and are thus more likely to be knowledgeable about the office design  
 Indicates on‐site building operator 
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5 Occupant Response 

 

We evaluated how engaged occupants are in observing the signaling systems, including how “actively” they 

respond to the signals and how likely they are to disobey the signals. We were able to survey occupants in 10 

of the 16 buildings, and we conducted a few brief, informal interviews during site visits in six of the buildings.  

As shown in Tables 4.1‐4.5, the type of organization and the number of occupants we surveyed varied widely 

building to building.  Also note that the survey asked occupants to report their own behavior, and these 

responses were not necessarily reflective of actual behavior, but are still useful to compare buildings with 

similar attributes and understand the range of responses. 

 

5.1 General Comfort Satisfaction 

Indoor environmental quality assessment for the buildings in this study represent a range of occupant 

satisfaction scores, as shown in Figures 5.1‐5.3. Figure 5.1 shows the average performance of the buildings 

included in the study (including those surveyed previously) compared to all buildings of a similar vintage  

(constructed since 2000) and the scores show a consistent, minor improvement on average, particularly 

 

 

Figure 5.1 Average occupant satisfaction scores compared to CBE IEQ survey database 
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in general satisfaction and air quality.  These results coincide with the findings of Brager and Baker (2008), 

who use a sub‐set of this data to demonstrate high occupant satisfaction scores for mixed‐mode buildings.   

Their findings are reproduced in Figures 5.2 and 5.3 including the added records generated for this study 

(mixed‐mode buildings shown as black circles and other mixed‐mode buildings depicted as white diamonds, 

both sets compared to the curve for the entire CBE database as compiled in late 2009). The new records 

occupy a similar range of the distribution curves, with much wider distribution in the thermal comfort 

category. For the majority of projects, air quality scores seem promising. It should be noted that the base 

curve for these figures includes the entire CBE database, not just buildings of the same vintage.  

 

 

 

Figure 5.2 Thermal comfort benchmark: buildings with signals and all mixed‐mode buildings 

 
Figure 5.3 Perceived indoor air quality: buildings with signals and all mixed‐mode buildings 

 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

45 

 

The survey data does not send a strong enough signal of the perceived thermal comfort or air quality benefits 

of operable windows, even at this high level.  Upon closer analysis of the data, there was no relationship 

found between general workspace satisfaction or comfort satisfaction and how occupants responded to 

questions regarding the windows or the signals.  

 

5.2 Active Response to “Open” and “Close” signals 

Figures 5.4 and 5.5 show the percent of occupants in each building that report acting on the signals after they 

notice the status has changed.   Each bar represents all responses for one building, and the buildings are 

ordered from most active in “open” mode to least active in “open mode” according to mean response. The 

mean is based on numerical values assigned to each answers, from 1.0 (never opens) to 4.0 (always opens). 

“Not aware” responses are not counted in the mean.  We are defining “active” occupants as those who 

report adjusting the window “always” or “usually. 

 

Figure 5.5 shows that in most buildings, a consistent minority – 10‐20% of respondents – report actively 

opening their window when the “open” signal is on, with very few saying they “always” act. This pattern 

seems to be independent of what control strategy and interface is used, and the percentage of respondents 

who say they are unaware. There are three outstanding buildings in which over 50% of occupants report 

being active and with very low percentages of respondents in the "not aware" category. These are NBBJ 

Architects in Seattle, Boora Architects in Portland, and Lincoln Hall at Berea College in Kentucky, and they 

share only one characteristic: they are the three in which internal management is actively engaged in 

educating occupants. In the case of Boora Architects, there is less direct discussion about the signaling 

system among staff, but it is a smaller office and most employees are very familiar with the system if not 

directly involved in the project. These results may suggest that, in the absence of a more consistent 

education effort, there are likely to be a minority of people who figure out, or remember, what the system is 

for and find it to be useful or important. It could also be an affect of the survey question itself, in which 

respondents are reminded of the system and provide a "good behavior" response. 
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Figure 5.4  Occupant Response to "Open" Signal

 
 

Figure 5.5 Occupant Response to "Close" Signal 

 

Overall, the mean responses for acting on the "close" signal are higher and more variable (Error! Reference 

source not found.). The projects for which “closing” responses diverge significantly from the “opening” 

responses include those with on/off “green only” signals, which exhibit lower response rates (Lincoln Hall, 

Boora Architects, and Orinda City Hall), and those in which the importance of closing windows was 

particularly emphasized to occupants, which exhibit higher response rates (ZGF Architects and Savery Hall).  

 

The survey results are as problematic as they are promising. For any given building, including those with the 

highest “active” response rates, there are about as many people who are unaware or generally ambivalent 

about the system as there are those who pay attention and actively participate. This varies somewhat based 

on the type of office and education occupants received as well as their general interest and knowledge level; 
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but no building achieved a mean response rate to either "close" or "open" signals as low as 2.0 ("usually"). 

The risks of this general ambivalence are reduced somewhat in open office spaces (as discussed in more 

detail later), where the ‘active’ users end up taking responsibility for a group of coworkers who share window 

access. It is also easier for building managers to walk through and correct for windows accidentally left open.  

 

5.3 Willingness to Act Against the “Close” Signal 

Occupants were also asked how likely they would be to open a window if they want to, even if they know the 

signal indicates otherwise.  In Figure 5.6, the buildings are re‐ordered from most compliant to least 

compliant. For this question, responses in the buildings represent a full spectrum of tendencies, from over 

70% reporting being compliant in one building, to less than 10% in another. With a few exceptions, generally 

40‐60% of occupants in any given building report adjusting windows as they see fit.  

 

Given that most design teams underscored the importance of protecting occupants’ sense of personal 

control, these results do not necessarily indicate the “success” of each system. Rather, the wide distribution 

points to the importance of identifying the most common conflicts and personal factors that determine why 

someone responds the way they do, and then determining which of these factors are in the control of the 

design team or building management (or even should be).   

 

 

 

Figure 5.6 Willingness to Disregard the Signals
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5.4  Factors that contribute to disregarding the signal 

5.4.1   Personal reasons for using windows 

Our survey revealed that, across all buildings, most people value having operable windows very highly and 

consider windows to be an effective way to relieve discomfort (Figure 5.7).  

 

 

However, this positive attitude is not necessarily associated with a regular awareness or frequent use of  

windows, much less an appreciation for the encouragement that the “open” signal offers.  Based on brief 

interviews with 22 occupants in six of the buildings, 15 (70%) said that the signals don’t play any significant 

role in how they use windows. The most common reason was simply a tendency not to pay attention to 

windows – or the signals ‐ because they are generally comfortable and focused on other things at work. 

Corroborating these findings, a similar sizable minority of survey respondents (30%) included the signals as a 

reason they opened their windows, on average; however, this average varies widely across buildings.  

 

Figure 5.7 Occupants' Satisfaction with Windows
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Of the seven people interviewed who said the signals did play a role in how they use their windows, four 

expressed a general tendency to like to have their windows open on a daily basis, and as a result were more 

likely to see the “open” signal as a “good reminder” or “a treat.” Likewise, they were more likely to 

acknowledge the “close” signal (or wonder why it was on). Others found particular value in following 

directions, whether it was an opportunity to take a break from work, a reminder that it was nice outside, or a 

belief that following the system is important for the operation of the building. In the survey, 30% of 

respondents in each building cited a “connection to the outdoors” as a reason they open windows1.  

 

                                                              
 

 

 
1 In previous studies that used occupant surveys to understand window control factors, psychological factors are typically not 

included (e.g. Warren and Perkins, 1984) 

Figure 5.8 Reasons for Opening and Closing Windows
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5.4.2   Office Type 

Survey results uncovered a significant divide between the responses of people in open vs. private offices, as 

shown in Figures 5.9 through 5.12. Overall, people in private offices are less likely to actively respond to the 

signals, even though they generally have better access to both windows and an indicator installed in their 

personal space. There is also a strong correlation between office type and one’s willingness to disobey the 

signals, private office inhabitants being less compliant. There are a number of possible explanations. During 

interviews with occupants, a few open‐office workers commented that the signals acted as a “neutral third 

party,” giving permission to window‐users who would otherwise be concerned about disturbing their 

coworkers. In fact, the vast majority of survey respondents who said the signals enhanced their sense of 

personal control were located in open offices (Figure 5.10), while those who said the signals interfered were 

predominantly in private offices. In a sense, signaling systems may work in open offices by leveraging the 

behavior of those who regularly use windows, even if they are a minority.  
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Figure 5.11 Effectiveness of Windows  Figure 5.12 Frequency of window use

              

Figure 5.9 Open vs Private Offices: Willingness to Disregard the Signals

 
 

            Figure 5.10 Open vs. Private Offices: Personal Control 
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5.4.3  Reported conflicts 

In the survey, we asked occupants to comment on whether the signals coincided with their “own sense of 

when to open/close windows,” and reviewed, coded and tallied the most common issues. A total of 274 

comments were offered (roughly 20% of total survey participants), and responses were normalized by the 

number of occupants surveyed in each building. Of the weighted total, 35% dismissed the devices in some 

way, either remarking that they don’t let the signals dictate their behavior, or that the signals easily go un‐

noticed. The rest were more constructive; roughly 40% critiqued the logic of the signals, and another 20% 

noted interfering circumstances such as difficult window hardware, wind, dust and noise. The most common 

comments are as follows: 

 

A.  The “close” signal is on too often. Next to simply not paying attention, the most recurring reported issue 

(15% of comments) was that the “close” signal was frequently on at times that seemed nice enough to use 

windows. In five buildings, there were reports that the "close" signal was "always on."  Although we were 

unable to verify whether the number of hours spent in "open" mode really seemed unreasonable, in all five 

cases it does appear that a malfunction, mis‐translation of the design intent, or adjustment in response to 

unrelated HVAC service issues, was responsible. 

 

For buildings in which the signals are functioning as intended, this type of comment usually referred to the 

space being too warm and stuffy during times windows were not allowed.  Another recurring complaint was 

that air conditioning would come on too early; that is, occupants thought the "open" signal turned off when 

it still seemed nice enough outside. Most of these occurred in buildings with high (78 F) cooling setpoints. 

These kinds of reported conflicts are at the heart of adaptive comfort in mixed‐mode buildings and worthy of 

further research.  These comments suggest that some occupants adjust their thermal preferences based not 

only on season and workspace conditions but also on their understanding of how the building operates. 

 

B. Fresh Air. Ten percent of comments referred to a conflict of wanting fresh air when the “close” signal was 

on. In most cases, air movement and fresh air were coupled in the comment, but the perception of stuffiness 

and need for fresh air was the dominant factor. In the results from our survey as well as other survey‐based 

studies, air quality is an equally important reason for opening windows as temperature.  However, air quality 

perception is complex and more difficult to assess in measurable terms than temperature, and it has been 

excluded as an independent variable from window control models. Research has shown that a perception of 

“stuffiness” is influenced by air movement, humidity and temperature (Fang et al 2000; Arens et al 2008). 
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More research is needed to determine whether increased air movement or CO2 over‐rides in the control 

algorithm for signaling systems would effectively manage these conflicts. 

 

C. Visibility from workstations. As noted earlier, over 10% of those who offered comments remarked that 

they may pay more attention to the signals if they were more visible from individual workstations. Our 

analysis was not detailed enough to correlate survey responses and distance from or orientation to a 

signaling device. However, given our findings that most people tend not to pay attention to their windows as 

they go about their workday, its seems reasonable that a highly visible device would serve as a reminder, 

assuming occupants already find value in the system.  

 

D. Unique situations. Most of the comments, even if they are not shared by other respondents in the study, 

point to the diversity of attitudes and preferences among office occupants as well as the range of local 

circumstances that affect comfort and can not be anticipated by a single control algorithm or window‐

opening policy. Aside from personal disposition, mood and personality, we documented extrinsic interfering 

circumstances including the location of furniture, the location of the thermostat, the presence of drafts from 

floor air diffusers (noted by several occupants), proximity to the façade, conditions directly outside (such as 

noise, wind, or pollen), surface temperatures, and direct sun exposure. In theory, these circumstances are 

the very justification for providing measures of personal control like operable windows. However, in many 

buildings, how the meaning of the signals is described to occupants does not go far enough to make 

allowances for these circumstances.  
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Figure 5.13 Top Conflicts Reported in Open‐Ended Survey Questions
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6 Summary and Conclusions 

 

Signaling controls for operable windows are an unusually explicit way of negotiating between occupant 

behavior and automatic control in buildings. This study provides a closer look at both the range of 

circumstances to anticipate when designing with operable windows as well as how successful an information 

system is in moving occupant behavior towards design team expectations. Building designers who are 

considering signaling controls should be comfortable with the idea that the number of people who reliably 

(“usually” or “always”) respond – to either “close” or “open” signals – is not likely to exceed 50%. This is in 

the best case, in which occupants are exposed to a higher degree of education than the normative initial 

meeting or notice. Otherwise, a smaller percentage (10‐20%) of reported active participation is typical in 

“open” mode. Response in “close” mode is more varied. 

 

Based on survey responses and informal interviews with occupants, we think it’s reasonable to conclude that 

signals are generally disregarded because the majority of office inhabitants have a tendency not to pay 

attention to their windows unless they’re uncomfortable. When comfortable, they are likely to maintain the 

status quo and not react to the signals; and when they are uncomfortable, it matters little what the signals 

say anyway. It is perhaps counter‐intuitive that the minority of occupants who have stronger psychological 

motivations for using windows (such as a “connection to the outdoors”) are the ones who may be more 

naturally active “window‐users,” and more likely to pay attention to the signals.  

 

Given the right circumstances, however, our findings also show that it is possible to get occupants who 

normally wouldn’t think about their windows to start doing so.  We find that such a change in behavior is 

most likely associated with an increase in personal control, since those who follow the signals do so because 

they have discovered personal value in the system. To improve the success of a signaling system, we highlight 

the following key considerations. 

 

6.1 Linking the signals with tangible benefits.   

In the majority of projects, the signals were presented to occupants as a “green” feature designed to save 

energy by providing natural ventilation and/or avoiding energy waste. Our findings seem to align with the 

numerous studies that have found energy‐saving behavior to be seldom motivated by generic values like 

“saving energy,” and that programs to influence behavior are most successful when designed from the 
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perspective of the audience, appealing to the social norms and/or tangible benefits familiar to the user 

(Abrahamse 2005; Gardener and Stern 1996; McKenzie‐Mohr and Smith 1999; Stern 2002; Campbell et al. 

2000; Staats et al. 2004).  

 

Connecting the meaning of the signal to “green building” is not likely, by itself, to substantially influence the 

majority of occupants. This may be particularly true in private offices, where there is less social reinforcement 

of “doing good” or “breaking the rules.” Examples of personal benefits that occupants volunteered in our 

survey and interviews, which could be better incorporated in the “message” or education about these 

signals, include:  

 

• a better understanding of how to use windows for comfort, separating air movement and cooling 

benefits (i.e. “if it’s warmer than 80F, opening the window may make you more uncomfortable.”) 

• the ability to avoid discomfort (“if you let the cool air in now, it will prevent overheating later”),  

• the opportunity to take a mental break from work by going to open the window, and  

• an enhanced knowledge of the outdoor environment.  

 

6.2 Leveraging behavior of “window‐users.”  

The idea that a significant minority (25‐30%) of office inhabitants may have a psychological motivation to use 

windows is worth further attention.   In an open office, although there were a greater number of people who 

reported acting on the signals and having an enhanced sense of personal control compared to private offices, 

these responses still represented a minority. In fact, overall, people in open offices reported using their 

windows less frequently than did people in private offices. Presumably, people with private access to a 

window will use it whenever they want, whereas window use in open offices is inherently more tied to the 

signals or other directives from coworkers. Therefore, signaling systems are more successful in open offices 

not necessarily because they prompt a kind of socially‐reinforced collective effort in which everybody gets up 

and becomes frequent window users (the “army mentality,” in the words of one building manager describing 

the intent of the signal). Rather, I posit that the potential in an open office space may have more to do with 

the ability of a signal to validate and leverage the behavior of those who naturally like to have their windows 

open. There also may be a greater discouraging effect from opening the windows in “close” mode in open 

offices.  
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6.3  Visibility from individual workstations.   

Assuming people have found value in the system, direct visual access to the signal is also important for taking 

action. Many occupants said explicitly in the survey that they would probably use the signals more if they 

could see them from where they sat. This is one rationale behind the PC desktop indicator strategy, used at 

ZGF Architects Portland offices, and also at the National Renewable Energy Laboratory’s Research Support 

Facility (not in this study).  From a small sample of interviews at ZGF, it seems this signal was easily 

overlooked because it blended too well with other task bar icons. Thus, what is considered “visible” at any 

given site can be highly contextual. 

 

6.4 Climate and routine 

The study was not designed to determine whether occupant response differs substantially in mild climates 

versus more extreme climates, or in response to weather at a particular time (which would involve a much 

more detailed on‐site field study).  And while these may certainly have some influence, our findings suggest 

that occupant culture and system reliability are probably even more influential to how people regard the 

devices.  Once culture and reliability are established, however, climate remains an important factor in 

determining the routine of opening and closing schedules, which may be more or less in sync with personal 

preferences. For instance, for buildings in extreme climates, the green light may only come on for part of the 

day in the spring and fall and is red for much of the rest of the year. If occupants see “close” mode as the 

norm, they may come to regard the windows as inoperable. Likewise, in areas with pronounced swing 

seasons, where temperature variability throughout the day is unpredictable, we found examples of 

occupants ignoring the system if called on to make more than one or two adjustments over the course of a 

day.   

 

6.5 Control logic 

The type of control logic is probably less important than the consistency with which it coincides with the 

design intent as communicated to occupants. Whether the windows are allowed concurrently or as a part of 

a changeover strategy, is likely to be a function of the design team and owner’s wishes and priorities. For 

either approach, however, the case studies reveal a number of further considerations: 

 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

58 

 

6.5.1  Economizer logic and minimum acceptable temperatures 

For buildings in mild, dry climates, controlling signals based on outdoor temperature is a clear, simple 

strategy. It is a reasonable proxy for when outside air can serve the building, and it can be informative to 

occupants. The potential downside is that the control of the quantity of airflow is not as precise as with an 

economizer. In a large office space, it can be uncomfortably cool to open windows at 55°F or 60°F, 

particularly if there is wind, even if this may minimize internal gains and cooling needs later in the day.   

 

The “windows‐as‐economizer” approach takes two forms in our set of case studies. Group 1 buildings allow 

the use of windows during economizer mode, offering some supplementary benefit depending on the 

sophistication of air supply zoning and demand control. The chief advantage of this approach is its resilience 

to the uncertainties of occupant participation. The conditioning system has been selected for maximum 

efficiency, and any further energy savings is a bonus. However, participation (i.e., opening windows when 

acceptable) is not likely to be high, since the mechanical system keeps the space comfortable within fairly 

conventional limits. In places where there is higher participation, open windows during “close” mode pose a 

greater liability. In sum, greater energy savings comes with substantially greater management with this 

approach. 

 

Windows are also sometimes used in place of the economizer – that is, they are entirely relied upon for 

cooling over a similar outdoor temperature range. The Zoomazium and the Chesapeake Bay Foundation offer 

extreme examples of this approach, in which occupants are considered human actuators for large banks of 

windows that are not immediately adjacent to the workspace. At NBBJ, the system is more about providing 

guidance for personal window use according to an “economizer” rationale. At 63°F (outside), when 100% 

outside air is ideal to cool the building, the central fan shuts off and the building enters a “free‐running” 

mode until either the indoor or outdoor temperature reaches 78°F.  The staff are told to open the clerestory 

level windows first, and they are generally well‐informed and relatively responsive to the system. This seems 

a reasonable approach that is worth further monitoring; unfortunately, the overall thermal comfort score in 

this building is low due to complaints of overcooling, related to both the windows and the underfloor air 

system.  

 

6.5.2  Upper setpoints for cooling system “changeover”  

In setting a maximum indoor temperature for natural ventilation, the NBBJ strategy is related to those used 

at Savery Hall and Orinda City Hall, in which passive operations are based ultimately on indoor temperature 
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criteria. This approach differs from economizer‐driven control logic in two ways: first, outside air is still 

supplied to the zone by the air handler when temperatures may be too low for occupants’ taste. Secondly, 

the energy savings from natural ventilation in these buildings relies primarily on maintaining a high indoor 

comfort limit, based on an interpretation of the adaptive comfort principle. In other words, windows are 

provided to relieve discomfort and displace mechanical cooling between roughly 72°F and 78°F (indoor). CUB 

and Boora operate under similar expectations (with 76°F and 82°F upper limits, respectively). If occupants do 

not adapt to and find the higher setpoint acceptable, or if they do not actively use their windows, these 

buildings run the risk of operating more like fully‐conditioned (though highly efficient) buildings. Fortunately, 

this occurred in only one case; in fact, comments from NBBJ staff suggested that their 78°F setpoint could be 

pushed higher, perhaps due to their climate, Seattle, in which a connection to warm, sunny weather might be 

highly valued. 

 

6.5.3  Localized control 

The combination of windows with other local thermal control features was not very common. Savery Hall, 

Orinda City Hall and Boora were the only three examples that each allowed for ventilation and cooling 

control by zone (every 2‐3 workstations/offices). These cases reveal advantages and potential pitfalls of 

providing local control. First and foremost is the potential to modulate operating modes based on local 

conditions or personal preferences. At NBBJ by contrast, overheating in one location has the potential to 

initiate mechanical cooling for an entire floor. However, realizing the potential of local control involves the 

assumption that occupants will decide to use their windows (and/or ceiling fans) and thermostats in the right 

sequence. Signals alone can’t influence these decisions, but they can provide useful guidance if designed 

well. There is also the risk of increased complexity with local control. At Savery hall, variable refrigerant flow 

(VRF) heat pumps were an appropriate solution for encouraging natural ventilation while handling variable 

loads through the large, heavily partitioned building. However, by tying the signal to VRF operation zone by 

zone, it is common for adjacent spaces to be in different signal modes, and for signals to cycle frequently. 

Orinda City Hall avoids this by linking the signals only to outside temperature, communicating to occupants 

that the potential is available, while the VAV fans modulate between zero and full speed as necessary. 

 

6.5.4  Combining signals with thermal mass and other control strategies  

There are several controls that could theoretically be combined with signaling systems to enhance the use of 

natural ventilation, including sensors or actuators that could provide alarms or automatic overrides in order 

to address windows left open over night or during critical periods. In practice, however, none of the study 
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buildings involved such controls because they were deemed too expensive. Instead, the use of thermal mass 

to dampen or buffer against temperature swings and reduce loads (as in Kroon Hall, Orinda City Hall) stands 

out as the most robust way to increase the viability of manually‐operated windows, given the inevitable 

diversity of occupant tendencies and unique circumstances.  

 

6.6 Management 

Ultimately signaling controls are balancing the dual objectives of enhanced comfort through manually 

operated windows, and improved energy‐efficiency. As the case studies show, building designers are often 

faced with tradeoffs between these objectives and resolve them in many different ways. None of the 

designers we interviewed ever assumed that everyone in the building would follow the signals perfectly.  By 

necessity, each building is designed with low‐energy systems and/or other passive features (night cooling for 

instance) so that window use transgressions don’t pose any serious performance risks. As one building 

manager put it (echoed by other designers and operators we interviewed), “if you’re serious about natural 

ventilation, you can’t leave it up to the occupants.” So why propose a signaling systems at all, and how is 

money and time best invested? 

  

Based on what we have observed, we think the answer is to take advantage of signaling systems as an 

informational device supporting an explicit internal policy, rather than thinking of them as being just another 

part of the building’s controls. The policy should be based on what occupants need to know about the 

features they have access to (windows, fans, thermostats) and environmental conditions so that their needs 

are met, rather than the building’s needs. Assuming the building is designed well, these would coincide. 

  

For example, Stanford’s Yang and Yamazaki Energy and Environment Building (Y2E2), a large faculty office 

building in Palo Alto, CA, opted out of a signaling system in favor of a simple word‐of‐mouth policy. In Palo 

Alto, natural ventilation is adequate most of the year except for summer days that can get too hot in the 

afternoon; so, the design team has disseminated the message that “if it is above 80°F outside, please don’t 

open your window.” This is similar to the policy established at ZGF (although the two buildings have very 

different conditioning strategies). The implication is that, even if occupants are not following the policy to be 

“green,” they learn over time that it is best for their own comfort. Staff at Kroon Hall learned this lesson on 

their own as well, without looking at the signals. In these buildings, a simple digital read of outdoor and 

indoor temperature may suffice, similar to what is placed on ZGF staff computers. At Boora, the approach is 

more legible, with a digital temperature monitor wired to each “open windows” sign and installed by the 

window at eye‐level. At Y2E2, staff must access an online dashboard system to figure out what the operating 
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status is, a strategy which is still more informed by the objective of “getting people to do good for the 

environment” rather than simply making a building design legible to its users, (even though the dashboard 

solution is certainly less Pavlovian than indicator lights). 

  

There are a number of reasons that a signaling system should be secondary to a management strategy. First, 

as has been shown by others (Brown and Dowlatabadi 2009), the occupant learning curve for unconventional 

building systems in office spaces in particular is steep, and some strategies, such as wider dead‐bands, may 

require a shift in occupant expectations or routines. Secondly, internal policy and education is the only way 

to address the unforeseen interactions among thermal, visual, acoustic, and other conditions and 

preferences unique to a specific workstation. A few examples of messages that a signal could represent:  

 

“the red light means that your air conditioner is operating when it might not need to be – if this is what you 

prefer, please make sure the window is closed. Also, remember you have a ceiling fan”  

 

or, “it’s 5:00, before you leave please make sure your window is closed so it’s not freezing when we all come 

in tomorrow morning.”  

 

This reinforcement probably needs to be ongoing and not too frequent. Only some messages can reasonably 

be tied to a signaling device. 

  

Finally, interest level appears to be a key factor in getting occupants to use the signals. For example, the 

survey results showed that architects scored high while city officials scored low. Furthermore, about half of 

the buildings house organizations that have an environmental mission. Ideally, window use policies should be 

tailored to the values of the occupants via management.  

 

6.7 Future Work 

We see this study as one step forward in the ongoing inquiries into occupant behavior in mixed‐mode 

buildings, and what appears to be the first systematic study of signaling devices. Digging deeper into 

quantifying how much behavior is influenced by signals, or how much signaling devices impact fan and/or 

cooling energy requires field studies of a strong sample of buildings that are generic enough in size and use, 

and are working as designed. The buildings in this study together provide a useful set of best practices for 

implementing signaling controls, but no project stands out as a model application for one reason or another, 

and setting up a controlled study would probably require some initial interventions. For instance, one 
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building’s control strategy may be particularly robust, but the signals are not visible to occupants; or 

occupants are particularly well‐informed and engaged with the system, but the control sequence happens to 

be faulty or confusing. 

  

This project combined multiple methods in order to collect as much information as possible about a 

technology that has been little studied. Future research could go in several directions: 

  

• Monitoring of actual window use behavior to better understand the influence of a signaling device 

compared to other environmental stimuli or physical characteristics in an office (open, private, 

distance form window). 

• Intervention studies that monitor window use behavior before and after targeted policies, 

campaigns or interfaces are introduced (may or may not be associated with a signal) 

• Field monitoring of fan operation in “open” mode resulting from window use compared to demand 

control ventilation or compared to window‐HVAC interlock controls 

• Field studies incorporating both physical measurements and surveys to test acceptable upper 

temperature limits in natural ventilation mode 

• Investigating the use of signals in combination with other building information feedback tools, such 

as dashboard systems. 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

63 

 

References 

Abrahamse, W., Steg, L., Vlek, C., & Rothengatter, T. (2005). A review of intervention studies aimed at 

household energy conservation. [doi: DOI: 10.1016/j.jenvp.2005.08.002]. Journal of Environmental 

Psychology, 25(3), 273‐291. 

Ackermann, M. E. (2002). Cool Comfort: America's Romance with Air‐Conditioning. Washington and London, 

Smithsonian Institution Press. 

Andersen, R. V., Toftum, J., & Olesen, B. W. (2009). Simulation of the effects of window opening and heating 

set‐point behaviour on indoor climate and building energy performance. Healthy Buildings 2009. 

ASHRAE. (2010). ANSI/ASHRAE Standard 55‐2010: Thermal Environmental Conditions for Human Occupancy. 

Atlanta, GA: American Society of Heating, Refrigeration and Air‐Conditioning Engineers, Inc. 

Arens, E. A. et al. (2008). “Impact of a Task‐ambient Ventilation System on Perceived Air Quality.” Center for 

the Built Environment 08‐17‐2008, Center for Environmental Design Research, UC Berkeley: 

Berkeley, California. 

Arnold, David. (1996). Mixed‐Mode HVAC: An Alternative Philosophy. ASHRAE Transactions. Paper AT‐96‐8‐1. 

Vol.102 (1): 687‐692. 

Baker N, & Standeven M. (1996). Thermal comfort for free‐running buildings, Energy and Buildings (23): 175‐

182. 

Becker, L.J. & C. Seligman. (1978). Reducing air conditioning waste by signaling it is cool outside. Personality 

and Social Psychology Bulletin (4): 412‐415. 

Bilodeau, E. A., & I. Bilodeau. (1961). Motor‐skills learning. Annual Review of Psychology, 1961, 12, 243‐280. 

Bordass, W. & A. Leaman. (1993). User and Occupant Control in Buildings. Proceedings of the International 

Conference on Building Design, Technology and Occupant Well‐Being in Temperate Climates, Brussels 

Feb 17‐19. 

Bordass, W. & D. Jaunzens. (1996). Mixed Mode: The Ultimate Option? Building Services Journal. November 

1996, p. 27‐29. 

Bordass B., A. Leaman & P. Ruyssevelt. (2001), Assessing building performance in use 5: Conclusions and 

implications. Building Research and Information 92 (2): 144‐157. 

Bordass, B., Leaman, A., & Bunn, R. (2007). Controls for End Users: a guide for good design and 

implementation. Building Controls Industry Association (BCIA). 

Borgeson, S. & G. Brager. (2011). Comfort standards and variations in exceedance for mixed‐mode buildings. 

Building Research and Information 39(2): 118‐133. 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

64 

 

Bourgeois, D., Reinhart, C., & MacDonald, I. (2005). Assessing the total energy impact of occupant 

behavioural response to manual and automated lighting systems. Paper presented at the Buildings 

Simulation, 15‐18 Aug 2005, Montreal. 

Brager, G. S., & Baker, L. (2009). Occupant satisfaction in mixed‐mode buildings. Building Research & 

Information, 37(4), 369‐380. 

Brager, G. S., Borgeson, S., & Lee, Y. S. (2007). Summary Report: Control Strategies for Mixed‐Mode Buildings.  

Berkeley, CA: University of California, Berkeley Retrieved from www.cbe.berkeley.edu. 

Brager, G. S., & de Dear, R. (1998a). Developing an Adaptive Model of Thermal Comfort and Preference. 

ASHRAE Transactions, 104(SF‐98‐7‐3 (4106) (RP‐884)). 

Brager, G. S., & de Dear, R. (1998b). Thermal adaptation in the built environment: a literature review. Energy 

and Buildings, 27(1996), 83‐96. 

Brager, G. S., Paliaga, G., & de Dear, R. (2004). Operable Windows, Personal Control and Occupant Comfort. 

ASHRAE Transactions, 110(Part 2), 4695 (RP‐1161). 

Brohus H., C. Frier, P. Heiselberg & O.J. Hendriksen. (2003). Measurements of hybrid ventilation performance 

in an office building, International Journal of Ventilation (1): 77‐88. 

Brown, Z., & Cole, R. (2009). Influence of occupants' knowledge on comfort expectations and behaviour. 

Building Research & Information, 37(3), 227‐245. 

Brown, Z. B., Dowlatabadi, H., & Cole, R. J. (2009). Feedback and adaptive behaviour in green buildings. 

Intelligent Buildings International, 1(4), 296‐315. 

Brundrett, G.W. (1977). Ventilation: a behavioural approach. Energy Research (1): 289–298. 

Campbell, M, D. Buckeridge, J. Dwyer, S. Fong, V. Mann, O. Sanchez‐Sweatman, A.  Stevens, and L. Fung. 

(2000). A systematic review of the effectiveness of environmental awareness intervention.  Canadian 

Journal of Public Health (91): 137‐143. 

Chang, J.C. (2002). Case Studies of Naturally Ventilated Commercial Buildings in the United States. MSc Thesis. 

Cambridge, MA: Department of Mechanical Engineering. Massachusetts Institute of Technology. 

CIBSE (Chartered Institution of Building Services Engineers). 2000. Mixed Mode Ventilation – Applications 

Manual AM13: 2000. 

Coelho, G. V., Hamburg, D. A., & Adams, J. E. (1974). Coping and Adaptation. New York: Basic Books. 

Cohen, R., P. Ruyssevelt, M. Standeven, B. Bordass and A. Leaman. (1998). Building Intelligence in use: lessons 

from the PROBE Project. Building Use Studies, Ltd. Retrieved from http://www.usablebuildings.co.uk. 

Cron F., C. Inard & R. Belarbi. (2003). Numerical analysis of hybrid ventilation performance depending on 

climate characteristics. International Journal of Ventilation (1), 41‐52. 

Daly, A. (2002). Operable windows and HVAC systems. HPAC Engineering (12): 22–30. 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

65 

 

Darby, S. (2006). The Effectiveness of Feedback on Energy Consumption. Oxford, UK: Environmental Change 

Institute, University of Oxford. 

Dick, J.B. & D.A. Thomas. (1951). Ventilation research in occupied houses. Journal of the Institution of Heating 

and Ventilating Engineers 19 (194): 279–305. 

Emmerich, S.J. 2006. “Simulated performance of natural and hybrid ventilation systems in an office building.” 

HVAC&R Research, 12(4): 975–1004. 

EN 15251. (2007). Indoor environmental input parameters for design and assessment of energy performance 

of buildings addressing indoor air quality, thermal environment, lighting and acoustics. European 

committee for standardization. 

Evans, J.M. (2008). The Comfort Triangles: Influence of temperature swings on comfort with artificial cooling, 

natural conditioning and mixed mode systems. Proceedings of the Air Conditioning and the Low 

Carbon Cooling Challenge, Cumberland Lodge, Windsor, UK; July 27‐29 2008.  

Fang, L, G. Clausen & P. O. Fanger. (2000). Temperature and humidity: important factors for perception of air 

quality and for ventilation requirements. ASHRAE Transactions 106, 503‐510.  

Fanger, P. O. (1970). Analysis and applications in environmental engineering. Thermal comfort. Analysis and 

applications in environmental engineering. 

Fritsch, R., Kohler, A., Nygard‐Ferguson, M., & Scartezzini, J. (1990). A Stochastic Model of User Behaviour 

Regarding Ventilation. Building and Environment, 25(2), 173‐181. 

Gardner, G. T., & Stern, P. C. (1996). Environmental Problems and Human Behavior.  Needham Heights, MA:  

Allyn & Bacon. 

Gram‐Hanssen, K. (2010). Residential heat comfort practices: understanding users. Building Research & 

Information, 38(2), 175‐186. 

Griffith, B., M. Deru, P. Torcellini, & P. Ellis. (2005). Analysis of the Energy Performance of the Chesapeake 

Bay Foundation’s Philip Merrill Environmental Center. NREL/TP‐550‐34830. Golden, Colo.: National 

Renewable Energy Laboratory. 

Haigh D. (1981). User response in environmental control, in Hawkes D and Owers J (eds), The Architecture of 

Energy, Construction Press, Harlow, pp 45‐63. 

Haldi F. & D. Robinson. (2008). On the behaviour and adaptation of office occupants. Building and 

Environment 43, 2163–77. 

Haldi F. & D. Robinson. (2010). On the unification of thermal perception and adaptive actions. Building and 

Environment 45, 2440‐2457. 

Hedge A., P.S. Burge, A.S. Robertson, S. Wilson & J. Harris‐Bass. (1989). Work related illness in offices: A 

proposed model of the sick building syndrome, Environment International 15, 143‐158. 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

66 

 

Hellwig, R., F. Antretter, A. Holm, & K. Sedlbauer. (2008). The use of windows as controls for indoor 

environmental conditions in schools. Proceedings of the Air Conditioning and the Low Carbon Cooling 

Challenge, Cumberland Lodge, Windsor, UK; July 27‐29 2008. 

Herkel, S., U. Knapp, & J. Pfafferott. (2008). Towards a model of user behaviour regarding the manual control 

of windows in office buildings. Building and Environment 43, 588‐600. 

Hitchings, R. (2009). Studying thermal comfort in context. Building Research & Information, 37(1), 89‐94. 

Humphreys, M. A., & J.F. Nicol. (1998). Understanding the adaptive approach to thermal comfort. ASHRAE 

Transactions 104(1), 991‐1004. Atlanta, Ga.: American Society of Heating, Refrigerating and 

Airconditioning Engineers 

Humphreys, M.A., J.F. Nicol, & P. Tuohy. (2008). Modeling window‐opening and the use of other building 

controls. Proceedings of AIVC Conference, Tokyo, Japan. 

Inkarojrit, V. & G. Paliaga. (2004). Indoor climatic influences on the operation of windows in a naturally‐

ventilated building.” Proceedings of the 21st international conference on passive and low energy 

architecture, 19–22 September. Netherlands. 

T. Inoue, T. Kawase, T. Ibamoto, S. Takakusa & Y. Matsuo. (1988). The development of an Optimal System for 

Window Shading Devices Based on Investigations in Office Buildings. ASHRAE Transactions, 94(2). 

ISO (1994) International Standard 7730. Determination of PMV and PPD indices and specification of 

conditions for thermal comfort, International Organisation for Standardisation, Geneva. 

Jelsma, J. (2004). The Engineering Approach and Social Aspects of Energy Use: Mind the Gap, but Can It Be 

Closed? Proceedings of the ACEEE 2004 Summer Study on Energy Efficiency in Buildings, Asilomar, 

CA. 

Kempton, W., Feuermann, D., & McGarity, A. (1992). "I always turn it on super": user decisions about when 

and how to operate room air conditioners. Energy and Buildings, 18(1992), 177‐191. 

Karjalainen, S. (2007). Why It Is Difficult to Use a Simple Device: An Analysis of a Room Thermostat. Human‐

Computer Interaction, LNCS 4550, 544‐548. 

Leaman, A. & W. Bordass. (1999) Productivity in buildings: the ‘killer’ variables. Building Research & 

Information, 27(1), 4–29. 

Leaman, A. & W. Bordass. (2007). Are users more tolerant of ‘green’ buildings? Building Research & 

Information 35(6): 662‐673. 

Lin, J.C.H. (2005). The Practice of Designing Operable Windows in Office Buildings. M.S. Thesis. Department of 

Architecture, University of California Berkeley Berkeley, Calif. 

Lomas, K.J., M.J. Cook and C.A. Short. (2008). Commissioning hybrid advanced naturally‐ventilated buildings: 

A U.S. Case Study. Building Research and Information 37(4), 397‐412. 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

67 

 

Locke, E. A., N. Cartledge, & I. Koeppel. (1968). Motivational effects of knowledge of results: A goal‐setting 
phenomenon? Psychological Bulletin 70, 474‐485. 

Lutzenhiser, L. (1993). A question of control: alternative patterns of room air‐conditioner use. Energy and 
Buildings, 18, 193‐200. 

Marchio, D., & Rabl, A. (1991). Energy‐efficient gas‐heated housing in France: predicted and observed 
performance. Energy and Buildings, 17, 131‐139. 

Masoso, O. T., & Grobler, L. J. (2010). The dark side of occupants’ behaviour on building energy use. Energy 
and Buildings, 42(2), 173‐177. 

McCormick, E. I. (1976). Human engineering (2nd ed). New York: McGraw‐Hill. 
McKenzie‐Mohr, D., & W. Smith. (1999). Fostering Sustainable Behavior:  An Introduction to Community‐

Based Social Marketing.  Gabriola Island, British Columbia, Canada:  New Society Press. 
Meier, A. K., Aragon, C., Hurwitz, B., Mujumdar, D., Peffer, T., Perry, D., & Pritoni, M. (2010). How People 

Actually Use Thermostats. Paper presented at the ACEEE Summer Study on Energy Efficiency in 
Buildings, Asilomar, CA.  

Nicol, J.F. (2001). Characterizing Occupant Behavior in Buildings: Towards a Stochastic Model of Occupant 
Use of Windows, Lights, Blinds, Heaters and Fans. Proceedings of the seventh international IBPSA 
conference, Rio, 1073 – 1078. 

Nicol, J.F., and M.A. Humphreys. (2004). A stochastic approach to thermal comfort – Occupant behavior and 
energy use in buildings, ASHRAE Transactions 110 (2): 554‐568. 

Nielsen, J. (2004). Designing web usability: Pearson Education. 
Ogden, R.G., C.C. Kendrick, C.C. & N.S.R. Walliman. (2004). Modelling of enhanced passive and conventional 

cooling systems. Building Research & Information, 32(1), 17–26. 
Oseland N.A., D.K. Brown & C.E. Aizlewood. (1997). Occupant satisfaction with 

environmental conditions in naturally ventilated and air‐conditioned offices. CIBSE National 
Conference, 227‐235. 

Owen, T., B. McMurchy and A. Pape‐Salmon. (2010). Employee Engagement and Energy Management 
Software Supporting Carbon Neutrality. Proceedings of the ACEEE 2010 Summer Study on Energy 
Efficiency in Buildings, Asilomar, CA. 

Paciuk M. (1989). The role of personal control of the environment in thermal comfort and satisfaction at the 
workplace. PhD thesis, University of Wisconsin‐Milwaukee. 

Paliaga, G. (2004). Operable windows, personal control and Occupant Comfort. M.S. Thesis, Department of 
Architecture, University of California, Berkeley 

Pfafferott, J., & S. Herkel. (2007). Statistical simulation of user behaviour in low‐energy office buildings, Solar 
Energy 81 (5): 676‐682. 

Principi P., C. Di Perna & E. Ruffini. (2003). Five years of laboratory and in situ test 
experiences to verify thermal comfort conditions in an innovative hybrid ventilated building. 
International Journal of Ventilation 1, 21‐32. 

Raja, I.A., J.F. Nicol, K.J. McCartney, & M.A. Humphreys. (2001). Thermal comfort: use of controls in naturally 
ventilated buildings, Energy and Buildings 33 (3), 235‐244. 

Rathouse, K., & Young, B. (2004). Domestic Heating: Use of Controls. (RPDH15). London: Defra Market 
Transformation Programme and the Energy Saving Trust. 

Reinhart, C. (2004). Lightswitch‐2002: a model for manual and automated control of electric lighting and 
blinds. Solar Energy, 77(1), 15‐28. 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

68 

 

Rijal, H.B., P. Tuohy, M.A. Humphreys, J.F. Nicol, A. Samuel, & J. Clarke. (2007). Using results from field 
surveys to predict the effect of open windows on thermal comfort and energy use in buildings. 
Energy and Buildings 39 (7), 823‐836. 

Rijal, I.A., M.A. Humphreys, & J.F. Nicol. (2008). Development of Adaptive Algorithms for the Operation of 
Windows, Fans and Doors to Predict Thermal Comfort and Energy Use in Pakistani Buildings. ASHRAE 
Transactions (SL‐08‐056) 

Ring, E. W. 2000. Mixed‐Mode Office Buildings: “A primer on design and operating of mixed mode buildings 
and an analysis of occupant satisfaction in three California mixed‐mode office buildings”. MSc Thesis. 
Berkeley, CA. Department of Architecture. University of California, Berkeley.  

Robinson D. (2006). Some trends and research needs in energy and comfort prediction. Proceedings of 
Comfort and energy use in buildings: Getting them right. Cumberland Lodge, Windsor, UK. 

Roetzel, A., A. Tsangrassoulis, U. Dietrich & S. Bushing. (2010).   A review of occupant control on natural 
ventilation. Renewable and Sustainable Energy Reviews 14, 1001‐1013. 

Roulet C.A., N. Johner, F. Foradini, P. Bluyssen, C. Cox, E. de Oliveira Fernandes. (2006). Perceived health and 
comfort in relation to energy use and building characteristics. Building Research and Information 34. 

Rowe, D. (2003). A study of a mixed mode environment in 25 cellular offices at the University of Sydney. 
International Journal of Ventilation 1, 53–64. 

Scherbaum, C. A., Popovich, P. M., & Finlinson, S. (2008). Exploring Individual‐Level Factors Related to 
Employee Energy‐Conservation Behaviors at Work. Journal of Applied Social Psychology, 38(3), 818‐
835. 

Seligman, C., L.J. Becker and J.M. Darley. (1981). Encouraging Residential Energy Conservation Through 
Feedback. Advances in Environmental Psychology Vol. 3, Energy: Psychological Perspectives. Andrew 
Baum and Jerome E. Singer, Eds. Hillsdale, N.J.: Lawrence Erlbaum Associates, Inc.  

Seppänen, O. & W. Fisk. (2001). Association of ventilation system type with sick building symptoms in office 
workers, Indoor Air, 2001, pp. 98‐112. 

Socolow, R. H. (1977). The Twin Rivers Program on Energy Conservation in Housing: Highlights and 
Conclusions. Energy and Buildings, 1, 207‐242. 

Sonderegger, R. (1977). Movers and Stayers: The Resident's Contribution to Variation across Houses in Energy 
Consumption for Space Heating. Energy and Buildings, 1, 313‐324. 

Staats, H., P. Harland, & H.A.M. Wilke. (2004). “Effecting durable change:  A team approach to improve 
environmental behavior in the household.” Environment and Behavior 36, 341‐367. 

Stern, P.C. (2002). Changing behavior in households and communities:  What have we learned? National 
Research Council, New Tools for Environmental Protection:  Education, Information, and Voluntary 
Measures.  Committee on the Human Dimensions of Global Change, T. Dietz and P.C. Stern, eds.  
Washington:  National Academy Press.  

Torcellini, P., Pless, S., & Judkoff, R. (2006). Lessons Learned from Case Studies of Six High‐Performance 
Buildings. (NREL/TP‐550‐37542). Golden, CO: National Renewable Energy Laboratory. 

Vischer, J. (2008). Towards a user‐centred theory of the built environment. Building Research & Information, 
36(3), 231‐240. 

Wallace L.A., S.J. Emmerich, & C. Howard‐Reed. (2002). Continuous measurements of air change rates in an 
occupied house for 1 year: The effect of temperature, wind, fans, and windows. Journal of Exposure 
Analysis and Environmental Epidemiology 12, 296‐306 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

69 

 

Warren, P.R. and L.M Parkins. (1984). Window‐Opening Behavior in Office Buildings. ASHRAE Transactions. 90 
(1B), 1056‐1076. 

Yun, G.Y., S. Koen & N. Baker. (2008). Natural ventilation in practice: Linking facade design, thermal 
performance, occupant perception and control. Building Research and Information 36(6), 608–624. 

Yun, G. & K. Steemers (2007). Time‐dependent occupant behaviour models of window control in summer. 
Building and Environment 43(9), 1471‐1482. 

Zagreus, L., Huizenga, C., Arens, E., & Lehrer, D. (2004). Listening to the occupants: a Web‐based indoor 
environmental quality survey. Indoor Air, 14(8), 65–74. 

Xu, B., Fu, L., & Di, H. (2009). Field investigation on consumer behavior and hydraulic performance of a 
district heating system in Tianjin, China. Building and Environment, 44(2), 249‐259. 

 

 

 

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



 

 

 

70 

 

Appendix A: Survey Module 

 

Below is the text of the questions that were added as a self‐contained module to the existing CBE Indoor 

Environmental Quality survey   http://www.cbesurvey.org    Like the core survey, questions are a 

combination of multiple choice and those that ask the respondent to rate an attribute on a 7‐point scale. Text 

was modified according to the type of control system, for instance instead of “green light” and “red light” the 

text might read “the ‘open windows’ sign is on” or “the ‘open windows’ sign is off,” etc. 
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Appendix B: Interview Guide 

 

For each building, the following template was constructed. Interviews were not conducted in every category 

for every building, but each building had at least one design team member and one on‐site management 

position represented in the interview results.  The same questions were asked of all individuals where 

appropriate. 

 

Contact ID       

Date      

Describe how the building works.  
What were the main design goals of the project?  
What was the main reason for/ idea behind using a mixed‐
mode strategy?  

    

How would you describe the purpose of the indicator?        

How were decisions made about design/placement of the 
devices? 

    

What are “open” mode criteria, what happens in “open” 
mode? 

    

When does green light tend to go on/off?     

Is the building operating as intended? What are main 
complaints/hurdles? 

    

Do people use their windows?     

Are people aware of the system/follow it?     

How were/are occupants informed?     

Lessons learned/stories      
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Window Signaling Systems: Case Study Summaries  
Appendix C

Group 1  Concurrent air supply, outdoor temperature control

1. 654 Minnesota Avenue, UCSF, San Francisco CA
2. Boalt Hall, University of California Berkeley, Berkeley California
3. ZGF Architects Offices, Portland, OR

Group 2  Concurrent air supply, outdoor + indoor temperature control

4. Thornburg Headquarters, Santa Fe, NM
5. Kirsch Center for Enviromental Studies, De Anza College, Cupertino, CA
6. Applied Research and Development (ARD) Facility, Northern Arizona University, Flagstaff, AZ
7 . William and Flora Hewlett Foundation Building, Menlo Park, CA

Group 3  Discontinued air supply, outdoor temperature control

8. Lincoln Hall, Berea College, Berea, KY
9. Phillip Merrill Chesapeak Bay Foundation Building, Annapolis, MD
10. Kroon Hall, Yale University School of Forestry Building, New Haven, CT
11. Zoomazium, Woodland Park Zoo, Seattle, WA

Group 4  Discontinued air supply, outdoor + indoor temperature control

12. NBBJ Architects Offices, Seattle WA
13. Savery Hall, University of Washington, Seattle WA
14. Orinda City Hall, Orinda, CA *This could also be considered a variation of Group 1 or Group 3 building

Group 5  Decoupled cooling and ventilation

15. Compton Union Building (CUB), Washington State University, Pullman, WA
16. Boora Architects Offices, Portland OR
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Project 
Scope

Owner-occupied adaptive re-use of 
1980s industrial building with operable 
windows

Architect STUDIOS Architecture

Mechanical 
Engineer

Taylor Engineering

Year 
Completed

2008

Perimeter 
Program

Large open office plan, three 
workstations from window

Occupants 150

Intent of Signals

To moderate personal window control. Window use is 
allowed when outdoor temperatures are between 55-
75° F (roughly the building’s normal economizer cycle), 
and discouraged otherwise.

1. 654 Minnesota Avenue, UCSF, San Francisco CA
Group 1 Concurrent air supply, outdoor temperature control

System Description

This project exemplifies the type of application in which the de-
sign team wanted to provide operable windows primarily as a 
personal control amenity for occupants. The existing industrial 
building had original operable windows, and the central goal of 
the project was to be as low-energy as possible. But the depth 
of the floor plates made it difficult to justify a dependence on 
the operable windows for air supply entirely. In a climate where 
a large percentage of operating hours are spent in economizer 
mode, however, keeping the windows operable was a reason-
able gesture towards a more flexible, adaptable envelope.  The 
signals were installed to maintain some measure of oversight 
and discourage open windows at times the HVAC system is 
actively cooling or heating. A set of red/green lights is sus-
pended from the ceiling at either end of each circulation cor-
ridor. Placards that explain the meaning of the red and green 
lights were planned but ultimately rejected during project close-
out. As a result, only the occupants who were present for 
an initial building orientation were directly informed about the 
system. Many others didn’t notice the presence of the lights.

Operating Conditions and Occupant Response

Based on interviews, site observations and survey responses, 
the lights function well and the green light is on at times that 
make sense, but the occupants are generally disengaged from 

Typical operable window adjacent to 
workstation. 

Red/green signals are located  overhead in 
corridors, with other utilities
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the routine of operating windows, either because they are unaware, busy, comfortable, physically removed from the 
window, or off-site, where many staff spend a good portion of their workdays. Because comfort satisfaction is very 
high, and the building operates as it would otherwise when the green light is on, there is little reason or incentive 
to reinforce the system. By and large, preventing energy waste during the red light mode is a more direct energy 
consequence, and the most important oversight issues include people leaving their windows open and the light turns 
red. Survey results show that over 40% of occupants are unaware of the system. In other projects where little has 
been done to educate, the responsibility has been assumed by the office manager, who goes around at the end of 
the day or when the light turns red to make sure windows are closed. Fortunately, because the space has an open 
plan and the windows aren’t used very much, this places little burden on the building or its users.
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Project 
Scope

Renovation

Architect Ratcliff

Mechanical 
Engineer

Taylor Engineering

Year 
Completed

2009

Perimeter 
Program

Small open office, classrooms, lounge

Occupants 2-3 full-time, mostly transient

Intent of Signals

To regulate manual window use. Window use is allowed 
when outdoor temperatures are between 55-75°F (roughly 
the building’s normal economizer cycle), and discouraged 
otherwise.

2. Boalt Hall, UC Berkeley, Berkeley CA
Group 1 Concurrent air supply, outdoor temperature control

System Description

During a recent renovation of Boalt Hall, operable windows 
were installed on the first floor, which contains two 
classrooms, a student lounge area, and the California law 
review office. The windows face south and west onto the 
public courtyard and busy plaza bounded by Bancroft ave, 
Wurster Hall, and Boalt. For security reasons, the windows 
open only four inches. The windows were installed to earn an 
additional LEED credit for increased thermal control. Because 
the building was to be mechanically cooled and ventilated, a 
set of red and green lights was installed to help avoid energy 
waste, or in the words of the engineer, provide “a way out of a 
bad situation.” They are placed just above head height next to 
each bay of windows.

Operating Conditions and Occupant Response

Because the space is occupied by student staff with irregular 
schedules and annual turn-over, we chose not to study this 
building in detail. However, we interviewed students on multiple 
occasions to get a feel for how much the windows are used. 
Although the people we spoke with were unaware what the 
signals were for, (there is no signage associated with them 
and they didn’t recall receiving an email), they were very 
enthusiastic about the idea once they learned about it. Even 
though the windows don’t open very far, the blinds are often 
drawn and it is noisy outside, the students we interviewed said 
that the windows do get used, because they like the fresh air 
and connection to the outdoors. 
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Project 
Scope

Mixed use office/residential high-rise 
in downtown urban area designed by 
primary tenants

Architect ZGF Architects

Mechanical 
Engineer

Stantec

Year 
Completed

2008

Perimeter 
Program

Large open office plan, 2 workstations 
deep

Occupants 245

Intent of Signals

To regulate manual window use. Window use is 
allowed when outdoor temperatures are between 55-
75°F (roughly the building’s normal economizer cycle), 
and discouraged otherwise.

3. ZGF Architects, Portland, OR
Group 1 Concurrent air supply, outdoor temperature control

System Description

In this project, the building was originally designed 
without a signaling system.  The central idea was to 
provide a low-energy under-floor air distribution system 
and operable windows for personal control, given 
Portland’s mild climate. The signaling system came 
about after a heat wave soon after move-in, when 
management noticed that staff were using the windows 
when it was too hot outside. The design team decided 
on a policy to inform and remind occupants about 
efficient window use based on outside air temperature. 
A digital indicator icon mounted on each occupant’s PC 
taskbar was chosen, with blue (too cold), green (okay 
to open windows) and red (too warm) icons. The team 
decided against a “pop-up” notification to minimize the 
nuisance or “spam” factor. 

Operating Conditions

No interview was conducted with the building operator 
and we are unaware of any major commissioning issues 
regarding the cooling and air distribution systems.

Operable slender awning windows 
are removed a few feet from 

workstation clusters
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Occupant Response

654 Minnesota Ave (case #1) and ZGF offices recieved almost identical thermal comfort and air quality 
satisfaction scores. However, compared to the occupants at 654 Minnesota in San Francisco, staff at 
ZGF are more active window users, perhaps due to office culture, schedules, or more variable thermal 
conditions within the office. There were several complaints of overcooling in this building, attributed either 
to local drafts or to the set-points for “green light” mode being too broad. The level of knowledge and 
interest of the occupants is revealed in their survey comments; many put forth conflicting theories or 
proposals for how the system could be more effective.

Similar to Boora Architects (see Group 2) and NBBJ Architects (see Group 4), this project benefits from 
an occupant group that is relatively well-informed about the system (and potentially proud of their new 
space) compared to other buildings in the study. ZGF has the highest percentage of respondents (25%) 
who report “always” acting on the red or blue icons (55% responded in the categories of always + 
usually, which is second place). These results are promising considering the stated intent of the icons, 
which is to enlist staff in keeping an eye on outdoor temperature when the windows are open. However, 
because the building is larger and ZGF staff are more active window-users compared to those in 654 
Minnesota, there could be higher risks associated with the equally large percentage of staff (~50%) who 
remain fairly ambivalent about or unaware of the system.  
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Project 
Scope

110,000 square-foot, 3-story office building 
in suburban area

Architect Legoretta + Legoretta; Dekker/Perich/
Sabatini Architects (Architect of Record)

Mechanical 
Engineer

Arup (Design Engineer); Bridges and Paxton 
Consulting Engineers (Engineer of Record)

Year 
Completed

2009

Perimeter 
Program

Private offices and open office bays 2 
workstations deep

Occupants 195

Intent of Signals

To remind occupants that the building has low-energy 
systems and they have the opportunity to use their 
windows. Window use is allowed in the building as long as 
there is not a call for chilled water between the months of 
April and November

4. Thornburg Headquarters, Santa Fe, NM
Group 2. Concurrent air supply, outdoor and indoor temperature control

System Description

The local climate of Santa Fe is well suited to natural ventilation, 
but requires active cooling for significant periods as daily 
temperature can vary by as much as 30 degrees with high 
seasonal variation. In developing a mixed-mode system for 
the building, the design team was able to meet most of the 
cooling loads with evaporative cooling, and provided additional 
conventional chilled water to meet the few hundred hours 
per year evaporative cooling would be insufficient. The green 
indicator light used at Thornburg ultimately became a way to 
celebrate the building’s low-energy design and to encourage 
people to use their windows when the building is either in 
evaporative cooling or economizer modes. Some members 
of the design team emphasized the psychological benefit of 
reminding occupants that they do not work in a sealed office 
environment, a message that was unique to this case.  

Operating Conditions

Thornburg is the only case in which the control commands for 
the window indicator are tied directly to the commands for the 
mechanical system’s operation. The building maintains fairly 
conventional heating and cooling setpoints of 72º and 75º F. 
Occupants do not have local thermostat control but can control 

Typical private and open office areas
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air flow at local floor air diffusers. Initially, the green window signal was set to be normally “off,” unless the 
economizer was enabled (outside air temperature must be below 65º F and at least two degrees below 
the return air temperature). This caused the lights to cycle on and off as the building modulated between 
modes. It was particularly confusing in one central area of the building, where cross-over within a double-
height space connecting floors served by different air handlers made it difficult to control temperature. 
To address this problem, the control for the lights was set to default to “on” in all modes, unless there 
was a call for chilled or hot water. This provided some measure of coordination among the lights, but the 
consequence of this solution was the possibility for the green light to turn on during the heating season, 
when hot water supply cycled off and air was simply recirculated. As a result, the building operations team 
decided to disable the green light completely between the months of November and April, during which 
period they presumed no one would miss their windows.

Occupant Response

We were not able to survey occupants in this building, but a few informal interviews suggest that, despite 
the intent of making natural ventilation legible in the building, many people are still not in the habit of using 
their windows.  One issue is the placement of the furniture next to the window in such a way that the 
hardware is out of reach without a special device that was fashioned by the building manager. However, 
access is probably not the primary reason; more commonly, it seemed that occupants are generally busy 
and comfortable, and don’t feel the need to use them. A sizable minority do appreciate the connection to 
the outdoors, as we found in other buildings. In the open office spaces, there is more conversation about 
adjusting windows and blinds, but this depends on the group of people sharing access.

Although there was no initial orientation about the system and no signage accompanying the green light, 
the building manager communicates regularly via email about the system; he finds the green light useful 
as a way to communicate what the building is doing generally. Based on talking to staff, they seem to 

There is no control sequence diagram 
for this project
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Project 
Scope

22,000 ft2 classroom and faculty office 
building in campus/suburban area

Architect Van der Ryn Architects (Design archtiect) 
and VBN Architects

Mechanical 
Engineer

ARUP

Year 
Completed

2005

Perimeter 
Program

private offices, classrooms, student lounge

Occupants 8

Intent of Signals

The purpose of the signals is two-fold: to keep the windows 
closed while the building is being actively heated or cooled, 
and to make the natural ventilation strategy visible to 
students and other occupants. 

5. Kirsch Center for Environmental Studies, de Anza College, Cupertino, CA
Group 2. Concurrent air supply, outdoor and indoor temperature control

System Description

The building design is split into east and west wings, 
with radiant slab cooling in the west wing and underfloor 
conditioned air on the east. A core goal for the project 
was to provide a “teachable” building with highly visible 
efficiency features. Operable windows were a part of the 
original design proposal, but campus facilities staff were 
skeptical, arguing that acutators were necessary to keep 
pressure and temperature balanced. The signals were 
selected as a compromise, providing some measure of 
oversight to prevent windows from being left open.   

Operating Conditions

The Kirsch Center has been celebrated as an example 
of successful high performance design, and achieved 
among the highest occupant satisfaction scores in 
the CBE survey database out of roughly 400 buildings 
(conducted in 2005; we did not run another survey for 
this study).

The operation of the signaling system itself is less clear, 
particularly how much time the building spends in “open” 
mode. According to the design engineer, the original 
intent was for the light to be green “most of the time” 

A red/green light with instructional text is 
mouted at eye level on the wall next to each 

window in private offices, classrooms, and 
shared worspaces. In the classrooms, they 

are mounted next to the thermostat and blind 
controls.  

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



	 C-11

because the climate is so mild. But the signals seem to work primarily in the swing seasons during the 
evenings. According to the controls contractor, the signals are not intended to work during the summer 
months while the chilled water plant is serving the building. As written in the design documents, the 
control algorithm is designed to encourage natural ventilation when outdoor temperatures are either warm 
or cool enough to meet indoor needs, and indoor temperatures exceed the adaptive comfort range. For 
this condition to be met however, the mechanical systems must allow the building to float beyond the 
established comfot setpoints. In this building and the ARD facility (next case), which was designed the 
same way, a mis-translation of this principle may be causing the “close” signal to be on more.

Occupant Response

The building has approximately 8 full-time staff with variable schedules, in one private office cluster. The 
building is otherwise occupied by transient users (teachers and students). From talking to one teacher who 
uses the classrooms, knowledge about the signals varies. One student staffing an information desk said 
she was aware of the system and would go to open the windows when the light turned green, although 
this didn’t happen often. Because there are few full-time staff, communication and reinforcement about 
the signs happens mostly verbally, or “by example.” A few faculty take the lead in informing students and 
teachers about the system, emphasizing that the signals “are a should, not a shall.” Because of frequent 
confclits, private office occupants have been told that it probably makes little difference how they use their 
windows, but to close their office door anyway if they want to open their window while the light is red. 

The “teaching tool” aspect given the academic setting is unique to this project, and it introduces questions 
about what is exactly being taught, since it is unclear to users of the building how the signals are 
programmed.  The building manager (who is a faculty liaison, not campus facilities staff) said she wished 
she had better access to the building controls and as-built design documents. 
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Project 
Scope

 56,000 ft2, 4-story building housing faculty 
offices, classrooms and a student lounge 
area    

Architect Hopkins Architects and Centerbrook 
Architects and Planners

Mechanical 
Engineer

ARUP

Year 
Completed

2009

Perimeter 
Program

Private and shared enclosed offices, open 
student lounge on fourth floor

Occupants 60

Intent of Signals

As stated in the sequence of operations: “The indicator 
lamps are intended to inform the building occupants when 
it is appropriate to open the building’s northwest perimeter 
windows to improve comfort conditions in the space and 
when it is inappropriate to open them”

6. Applied Research and Development Facility, Northern Arizona University, Flagstaff AZ
Group 2. Concurrent air supply, outdoor and indoor temperature control

System Description

The ARD facility has narrow floorplates that curve to the south, 
with private offices lining the north facade and open offices 
three workstations deep situated in the core. The south facade 
encloses a triple-height gallery space that acts as a thermal buffer 
for the building, with well-designed exterior solar control and 
exposed thermal mass. The gallery is naturally ventilated and has 
a supplemental zoned radiant floor system that is separate from 
the primary heating and cooling circuits in the rest of the building. 
Natural ventilation louvers operate in stages to maintain the 
temperature in the gallery between 68 and 79 F and CO2 levels 
below 900 ppm. The radiant floor is operated in cooling mode 
based on predictive temperature controls and a wide deadband 
(65-80) so that pre-cooling of the slab and natural ventilation do 
the most work to maintain comfort. 

The labs and office spaces are served by 5 air handling units. 
In cooling mode, the economizer, evaporative cooling coil 
and cooling coil modulate in sequence to achieve a supply air 
temperature of 65 F. Back-up chilled water is available between 
April and October when outside air temperature is above 65 F. Air 
is delivered via an underfloor plenum and motorized VAV diffusers 
are controlled by room temperature sensors with an override for 
CO2 detection (700 ppm setpoint). Because the atrium and the 

The atrium provides a termal buffer 
for the  north-facing offices

Signals are located below the 
window in ecah private office

MS Thesis, Dept. of Architecture, UC Berkeley 2011 http://escholarship.org/uc/item/8043748x



	 C-13

office areas are served by independent systems, the windows serve different functions: in the atrium, they 
are primarily for night ventilation, while in the offices they are intended for local supplemental cooling and 
ventilation.  In theory, using the windows would offset fan energy by allowing the demand-controlled VAV 
system to modulate air supply in response. 

Operating Conditions and Occupant Response

The ARD facility houses several different university departments and environmental research groups. 
Comments about the windows in our survey suggested over-arching control issues, rather than persistent 
comfort complaints. Due to the success of the gallery design and Flagstaff’s sunny, mild, dry climate, 
thermal comfort may not always be an issue; but when there are comfort concerns, the reliability and 
responsiveness of controls do not meet occupant expectations. The primary example noted by the 
building manager referred to the lighting controls, which malfunction frequently and are managed by 
an off-site controls contractor in Phoenix. Occupants of this building are the least satisfied with their 
windows as well as their the windows’ ability to provide comfort (55% dissatisfied, 40% say window is 
only somewhat effective); this does not mean that dissatisfaction is widespread, but there are various 
interfering factors, including difficulty controlling the windows on windy days, as noted by several people. 

This building also received the lowest scores in terms of occupants’ “active” response to the signals. Most 
people who offered comments about the signals said that the red light is “always on” (the others said 
the signals weren’t visible to them, they hadn’t been told about them, or the system was flawed because 
stuffiness was an important factor). Like the Kirsch Center, which was designed the same way, a mis-
translation of the control algorithm may be causing the “close” signal to be on too often, but we were 
unable to confirm the as-built controls.
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Project 
Scope

48,000 ft2, 2-story building

Architect BH Bocook, Architects, Inc

Mechanical 
Engineer

Critchfield Mechanical, Inc

Year 
Completed

2002

Perimeter 
Program

Private offices

Occupants 150

Intent of Signals

The purpose of the indicators are to improve the efficiency 
of the building by keeping people from opening windows 
when the building is actively heating or cooling the building.

7. William and Flora Hewlett Foundation
Group 2. Concurrent air supply, outdoor and indoor temperature control

System Description

Cooling is provided by an evaporative cooling and ice storage 
system to reduce peak demand. Two air handlers supply 
conditioned air to each wing of the building via an underfloor 
plenum with manually-operable floor diffusers. In the perimeter 
zones, heating coils are placed in the raised floor.

The operable windows were one of several features that are 
meant to give people more control over their environment, 
creating a more domestic, “family” feel for the building. In the 
building controls, the windows were considered as part of 
the building’s economizer cycle. The design documents state 
that, when sensors determine that the return air is warmer 
than the outside air and the outside air is between 50 and 78 
degrees Fahrenheit, the BMS initiates an economizer mode, 
simultaneously opening clerestory windows for stack-driven 
exhaust and initiating the green light. 

Operating Conditions and Occupant Response

An earlier occupant survey of this building in 2004 revealed 
that thermal comfort satisfaction was relatively poor (52% 
satisfied). The survey also happened to ask some custom 
questions about the signaling systems, and discovered 
that many people reported the light to be red most of the 
time, or “always.”   Although we were not able to survey 

Signals are installed in the circulation 
areas between perimeter and core offices

Typical perimeter office
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occupants again or monitor the hours spent in green mode, this issue seems to persist. Again, we were 
unable to confirm the as-built control sequence, but the problem seems to stem from ongoing challenges 
the building management team has had heating the building, particularly the core. It could be that the 
economizer is over-sized, requiring outside air to be heated to address comfort complaints in the core.  
As stated by the building manager, “because the building is always doing something, the light is not often 
green.”

We were unable to administer a second survey or interview occupants, but the building operations staff 
are above average in their interaction with occupants and understanding of comfort conditions. Each new 
hire is given a building orientation with the building manager when they move into their office. They are 
told that there are five ways to effect room temperature in each office, particularly in the perimeter offices. 
Occupants can adjust the air flow or placement of their floor diffusers, adjust the windows and blinds, or 
request a change in the zone set point. People are informed of the red/green light system, encouraged to 
use their windows, and are instructed to close the window at the end of the day. They are not encouraged 
to check the red/green light system throughout they day to dictate their behavior, because “people should 
feel like they can open the window if they want to.” There is a policy that asks occupants to close their 
door if they wanted to open the window when the light was red. But the building manager also wanted to 
be clear that the window signals are by and large seen as a “nice idea” that, like other design ideas, when 
confronted with the reality of how people work don’t play a big role in how people use the building.  In the 
2002 survey, most comments regarding the lights reflected a general awareness and respect for the idea 
amidst ambivalence about acting on it.  However, one peculiar comment unveiled the complete thought 
process of a conscientous window-user when presented with conflict:

“I assume the red light means that energy is being used to modify the temparature inside and therefore if 
I open my window it will waste energy.  Even so I open the window frequently, but when I do this I close 
the office door.  However I don’t like the way that the closed door separates me from co-workers.  So I 
put a sign on the door to let them know they can come in any time.  But having the door closed is still 
very isolating, even though it is glass.  I would open the window more if the light were green more and if I 
didn’t feel I needed to close the door, ie. if I knew that opening the windown wouldn’t waste energy.”
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Project 
Scope

Gut rehab and modernization of historic 
campus building

Architect EOP Architects

Mechanical 
Engineer

CMTA Engineering Consultants

Year 
Completed

2002

Perimeter 
Program

Private and shared enclosed offices

Occupants 50

Intent of Signals

To remind occupants to use their windows on warm days, 
to maximize hours the building can be served by outside 
air only, and to minimize air conditioning, particularly during 
swing seasons.

8. Lincoln Hall, Berea College, Berea, KY
Group 3 Discontinued air supply, outdoor temperature control

System Description

After a minor collapse of the central interior in 2001, 
Berea college decided to fully renovate the building, 
taking advantage of the new, unplanned central 
atrium to enhance natural ventilation. Lincoln Hall was 
renovated when the campus switched from coal-fired 
central steam boilers to new central natural gas boilers 
and central chillers. During the renovation the building 
was fitted with a new central air handling system with 
local thermostats and VAV boxes in each room that 
regulate overhead air supply based on demand (CO2). 
The building is designed to save 30% over ASHARE 
standard 90.1-1999, primarily by shutting the air handling 
system down and prompting occupants to open their 
windows within given outdoor temperature and humidity 
limits (55-75 is assumed, not confirmed). Because of 
Kentucky’s climate, the benefits occur primarily during 
the swing seasons. 

Operating Conditions and Occupant Response

Staff in Lincoln Hall are very well informed about the 
green light system in the building. They are each 
given a personal orientation about the system and 

Photos courtesy EOP Architects

We were unable to collect images of the office 
and the green light signal.
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the importance of using windows to offset air conditioning. This is most likely the reason over 50% of 
occupants surveyed reported “always” or “usually” responding to the green light.  This level of training 
is the only commonality linking the three buildings that achieved this level of success. However, comfort 
issues from overheating are recurring and fairly common based on survey comments, and so when the 
light is red, occupants operate the windows as they see fit to stay comfortable regardless of what the 
green light says. This could be a failure to emphasize the importance of keeping the window closed 
when the red light is on; however, one occupant reported indoor temperatures as high as 83 degrees, 
even with the green light on, and two occupants reported that the green light is routinely not on when it 
seems comfortable outside and its too hot inside. We were not able to discern what this discomfort can 
be attributed to, but given the high humidity in Kentucky, it could be reaching the limits of mixed-mode 
applications. It would be important to understand whether this problem persists during the summer when 
chilled water is available, or if it’s just a swing-season problem. When windows are needed, window use 
is also complicated by a few window access problems (people climbing on fixed furniture in at least two 
offices), pollen issues that seem like they could be serious, and sometimes noise. A couple people were 
troubled by the necessity of the windows given that pollen was such a problem.
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Project 
Scope

32,000 ft2 2-story office building for 
environmental protection organization, first 
LEED Platinum building in the US 

Architect Smithgroup

Mechanical 
Engineer

Smithgroup

Year 
Completed

2000

Perimeter 
Program

Open offices

Occupants 105

Intent of Signals

To enlist the occupants in operating the building for natural 
ventilation in lieu of window actuators

9. Chesapeake Bay Foundation, Annapolis MD
Group 3 Discontinued air supply, outdoor temperature control

System Description

Chesapeake Bay Foundation is the earliest and most 
well-known application of window signaling systems in 
the U.S. The idea of using operable windows to passively 
cool the building was identified during schematic design. 
The team did some modeling to estimate what percent 
of the year natural ventilation could serve the building 
(10%, mostly during swing seasons was the expectation; 
this turned out to be conservative). The client couldn’t 
afford motorized controls so the engineer proposed a 
modified exit sign as a low-tech, subtle way to compel 
users to participate. The value of engaging occupants 
was an unspoken understanding between the design 
team and the client and never questioned. 

The windows are cranked casements, four on one crank, 
one crank every ten feet. Twelve people share access 
to a crank. The idea was an “army mentality” where the 
occupants were meant to be very active in responding 
to the signs, according to the building manager.

Operating Conditions and Occupant Response

We were unable to conduct a site visit or survey; 
however, this building was previously surveyed by the Photos from: NREL 2004

Photo: Smithgroup
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CBE, and the operation of the signaling system was studied by the National Renewable Energy Laboratory, 
who found little persistence in occupant response to the signs; and by a graduate student at MIT, who 
recommended shifting the “open” signal setpoints down to 46-72 F to compensate for internal gains. 
(Chang, 2002)

The person in charge of operating the building during the first several years of its life did a lot to tweak 
the setpoints and worked with staff to see how low wide he could set the comfort range without having 
people complain. Thanks in part to the diligence of the building operator in continuous monitoring and 
tuning the building systems, the building is acclaimed as exceeding its energy saving goals, spending 
more hours than anticipated in natural ventilation mode. However, researchers we spoke with who have 
worked on the building agree that, based on anecdotal evidence, occupants have not been persistent in 
acting on the signals. 
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Project 
Scope

 56,000 ft2, 4-story building housing faculty 
offices, classrooms and a student lounge 
area    

Architect Hopkins Architects and Centerbrook 
Architects and Planners

Mechanical 
Engineer

Arup

Year 
Completed

2009

Perimeter 
Program

Private and shared enclosed offices, open 
student lounge on fourth floor

Occupants 60

Intent of Signals

To allow the building to be purely naturally ventilated given 
outdoor air temperature, humidity and wind conditions. 
Signals intended to inform occupants about what the 
building is doing, but building operates independently of 
occupant behavior.

10. Kroon Hall, Yale School of Forestry, New Haven, CT
Group 3 Discontinued air supply, outdoor temperature control

System Description

The design goals for Kroon Hall stemmed from an 
ambition to push the envelope of sustainable design 
practices and create a building that did not rely on the 
campus’ chilled water or steam system. Narrow floor 
plates, effective exterior shading and the use of thermal 
mass was intended to keep cooling loads down. The 
building is served by four air handlers, which are coupled 
to ground-source heat pumps and deliver conditioned 
air via and under-floor plenum. Three of the four air 
handlers serve the office spaces with windows, and the 
central fans shut off during natural ventilation mode, 
reducing overall power consumption from 30 kW to 8 
kW. Natural ventilation mode falls between 55 and 75 F 
outside air temperature, depending on humidity and wind 
speed criteria, and these conditions are all monitored 
by a dedicated weather station. The fourth air handler 
serves the classrooms, operates full-time, and slows to 
provide minimum outdoor air based on CO2 levels. A set 
of green and amber lights, notifying occupants of natural 
ventilation mode, are installed in the central corridors 
at either end of each floor. They are installed high on 

Signals are installed at either end of each floor 
in public circulation areas. 
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Typical office “tilt-turn” window

the wall and are not accompanied by signage. However, the system emails staff automatically when the 
building enters and leaves “green light” mode.

Operating Conditions and Occupant Response

By design, this project is similar to the cases in group 1, except that the operable windows are intended to 
essentially replace the building’s economizer cycle in spaces where people have daily access to windows. 
However, this building differs from the buildings in group 4 because occupant behavior has no bearing 
on the status of the lights or the supply of air to the zone.  If people fail to open their windows during 
the “open” mode, the consequences are comfort-related only, and survey results and informal interviews 
suggest that the mass of the building seems to do a good job regulating indoor temperatures. Whether 
or not occupants follow the green light is not of great concern to the building operator. However, similar 
to other buildings in Group 3, failure to observe the amber light could cause serious temperature control 
problems since the climate experiences both cold and hot-humid extremes. 

When the system is working, Kroon Hall spends most of its operating hours in natural ventilation/”green 
light” mode during the swing seasons (April, May, September, October). However, the red light was on 
for the majority of 2010, either due to commissioning issues with the ground-loop system that resulted 
in adjustments to the humidity set-points, or a malfunctioning of the weather station. We were unable to 
confirm which one, but the weather station seems the most likely culprit.

The simplicity of the building’s overall design and the control logic for the green light provide a good 
model for future mixed-mode buildings with signaling controls. However, there are a number of lessons to 
be learned.  First, the signals themselves are very easy to miss, especially for staff working in the middle 
of the hallway. According to staff interviews, email notifications turn into spam if received on a daily basis, 
as is the case during a typical fall day. In general, similar to Savery Hall, occupants are given very little 
reason to take the system seriously given that they are situated in their own, private offices, and have 
experienced other commissioning issues with the building.  As a result, active response to the green and 
amber lights, awareness levels, and willingness to comply with the red light are all among the lowest in 
the study, despite overall positive indoor environmental quality satisfaction. 
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Project 
Scope

8,500 ft2 Interactive natural science exhibit 
space 

Architect Mithun

Mechanical 
Engineer

Flack + Kurtz

Year 
Completed

2006

Perimeter 
Program

Interactive nature “play space”

Occupants 1 full-time office staff, mostly transient staff 
and visitors.

Intent of Signals

To instruct staff to open manually operated windows 
intended to supplement automatic windows for natural 
ventilation and cooling.

11. Zoomazium, Woodland Park Zoo, Seattle WA
Group 3 Discontinued air supply, outdoor temperature control

System Description

The Zoomazium was designed to take advantage of the 
building’s small program and Seattle’s cool climate and 
use natural ventilation as much as possible. The building 
is served by a constant volume, variable temperature 
air handling unit and heat pump that delivers air via 
an underfloor plenum. The system maintains a cooling 
setpoint of 78 F and a heating setpoint of 72 F with a 
4 degree deadband. When the outdoor temperature 
is between 60 F and 76 F, the green light turns on, 
indicating that opening the windows is allowed. When 
outdoor temperatures reach 66F, the air handler is 
disabled completely, and motorized transom level 
windows open to promote natural ventilation. The 
building also features a nigh flush mode between 1:00 
and 4:00 am if the outdoor temperature is below 72 F 
and the indoor temperature is above 70 F.

Operating Conditions and Occupant Response

Because of the building’s unique program, we did not 
focus on this building in the study, but a few anecdotes 
from zoo staff and the building manager provide 
interesting lessons learned. Because of the nature of 
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Excerpt from Sequence of Operations, 2005

3.6 MANUAL OPERABLE WINDOW INDICATOR LIGHTS.
A. The Operable window indicator lights shall operate as follows:
1. When the outside air temperature is between 60°F (adj.) and 76°F (adj.) the 
    green light shall be on and the amber light shall be off.
2. At all other times the amber light shall be on and the green light shall be off.

the building, staff see opening the windows as a part of their job, so the lights seldom go un-heeded; 
however, given the demands of the child-oriented, public interactive space, opening the windows can 
become a nusiance. Staff said they were confused about why all the windows could not be automated, 
and they reported that the sytem works best in the summer, when the window opening task hits a 
predictable routine with one or more adjustments; during the swing seasons, when outdoor temperatures 
fluctuate more throughout the day, the signals can go on and off several times during the day, which gets 
cumbersome and annoying. 

We weren’t able to  
obtain a photo of the 

office space.
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Project 
Scope

New 5-story office/mixed-use development, 
designed by primary tenants, 2 floors 
leased to other tenants

Architect NBBJ Architects

Mechanical 
Engineer

WSP Flack and Kurtz

Year 
Completed

2008

Perimeter 
Program

Large open office plan, three workstations 
deep

Occupants 315

Intent of Signals

Operable windows and signaling system are intended to 
provide cost-effective natural ventilation, and use HVAC 
energy only when necessary. Central air handler shuts off 
and window use is encouraged between 63-78°F outdoor 
temperature, or when indoor temperatures reach 78°, 
whichever comes first.

12. NBBJ Architects, Seattle WA
Group 4 Discontinued air supply, outdoor temperature control

System Description

NBBJ Architects worked closely with the property 
developer and building engineer to push for an 
aggressive low-energy design that was 100% naturally 
ventilated.  When the building owner discovered risk 
associated with leasing office space that didn’t have air 
conditioning, the project shifted to a deep plan design 
with exterior fixed shades and a central air handling 
system serving all spaces via an under-floor plenum. The 
idea is that the building is naturally ventilated most of 
the year except for a few days when AC is needed.  A 
low-profile green/amber light system is installed on the 
wall of the circulation corridor facing the office spaces, 
and is intended to enlist occupants in manually operating 
windows in place of a fan-powered economizer cycle. 
It was the first project where the engineers proposed a 
signaling system on such a large scale.

Operating Conditions and Occupant Response

In this project, the occupants include the architects 
involved in defining the goals of the project, and the 
building operator and office management are in close 

Window banks include view-level and 
clerestory operable windows.
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partnership educating occupants about the system and addressing issues as they arise. As a result, 
survey results show very high awareness and active response rates (over 50% reporting “always” or 
“usually” acting on the green light). 

Interestingly, occupant survey results show that the nuisance factor is also low; staff are not only more 
compliant but also more positive about the system than in other buildings, and are more likely to report 
that the system enhances their sense of personal control rather than interfering with it. Informal interviews 
in this and other buildings suggest this may be because signals favor window users in shared office 
settings who would otherwise be concerned about disturbing their coworkers. 

From the perspective of management, however, the system is not flexible enough to meet the diverse 
expectations and preferences of different people in a large, open office, and speaking with occupants on 
site suggested general apathy about the system. Although survey results are positive, several comments 
point out ways the system could be improved.  The main issue raised was a general over-cooling of 
the space and the complaint that the building shifts over to air conditioning mode too quickly. Indeed, 
because two floors are controlled by one air supply system, any one zone that reaches the relatively 
low indoor set-point of 78°F initiates the HVAC system throughout the spaces served by that air handler. 
Savery Hall and Boora Architects offices, which are also located in the Pacific Northwest and designed 
for natural ventilation, attempt upper set-points of 80-82°F.  The width of the dead-band also affects 
how disruptive the signals are during the work-day. Survey comments suggested that the signals are a 
nuisance if the windows have to be adjusted more than twice a day, which happens during the swing 
seasons. Complicated window hardware and the tendency for windows to be left open over night were 
also concerns. 

Overall, the success of the system in a building where there have been a number of operational and 
comfort issues points to the significance of occupant knowledge, culture and values in achieving design 
intent.  

These signals were the most 
stylized in the study.
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Project 
Scope

Owner-occupied historic gut renovation/
modernization

Architect SRG Partnership

Mechanical 
Engineer

Wood-Harbinger

Year 
Completed

2009

Perimeter 
Program

Private faculty offices and classrooms

Occupants 120

Intent of Signals

To provide cost-effective natural ventilation, using HVAC 
energy only when necessary. Window use is allowed when 
outdoor temperature is within 60° and 75°F and indoor 
temperatures are within the comfort setpoints (68°-82° F). 
Once the cooling mode is initiated, the VRF will cool to 2° 
below the setpoint, allowing the green light to cycle back 
on.

13. Savery Hall, University of Washington, Seattle WA
Group 4 Discontinued air supply, outdoor temperature control

System Description

During a recent gut renovation and modernization, the 
design team for Savery Hall was dedicated to enhancing 
natural ventilation to avoid the installation of a large air 
handling system. However, a number of circumstances 
made 100% natural ventilation difficult, including east-
west exposure and restrictions on exterior solar control 
because of the building’s historic status. When CFD 
analysis showed risk of overheating on peak summer 
days, the design team decided to incorporate a small 
VAV system with distributed variable refrigerant flow (VRF) 
units for cooling and heating. To minimize the operation 
of the VRF system in cooling mode, red-green light 
indicators were installed to encourage occupants to use 
their windows. The signals are installed near or above 
the door to each office space and classroom and are 
accompanied by placards that explain the purpose of the 
red and green lights.

Operating Conditions and Occupant Response

Relative to other buildings in the study, it was common 
for occupants in Savery Hall to report instances in which 
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the red light was on when conditions outside seemed preferable to those inside (both cooler and warmer). 
This may be a function of factors such as cool surface temperatures or internal gains that cause variable 
thermal conditions not accounted for by the mechanical system, or it could be related to the control 
strategy for the lights. 

To address the expected variation in loads among different spaces in the building, the control sequence 
for the green light includes indoor as well as outdoor temperature criteria, and each zone operates 
independently, which is unusual. Because indoor temperatures must be within the comfort range for the 
green light to be on, the mechanical system essentially assumes the responsibility for maintaining comfort. 
In Savery Hall, the cooling set-point is adjustable between 78° and 82°F, which is high, and thermal mass 
likely does a good job dampening gains during the summer, allowing the building to coast if people don’t 
respond to the green signal. However, if internal gains are sufficient to raise the indoor temperature on 
a temperate day, it is possible for the red light and VRF to come on during hours that are theoretically 
still suitable for natural ventilation.  One would have to monitor the operating hours in each mode to 
understand whether VRF units are operating for more hours than intended. 

The fact that the building is large and occupants work in private offices on their own schedules is also an 
important factor. For the first year, general awareness of the system was low and communication about 
the meaning of the green and red lights was inconsistent. Since our study was conducted, a manual 
explaining the meaning of the signals was distributed to occupants. It tells them to regard the green light 
as an  “option to satisfy temperature needs” within the wide comfort range defined by the building. The 
message for the red signal is stronger, that “it is important to close windows completely.” Based on our 
findings regarding why people naturally use windows, we expect that a minority (~15 %) of occupants 
will still act on the green signal unless there’s a stronger imperative; the majority will wait until they are 
uncomfortable; again, whether this matters to energy use isn’t clear. It’s also important to note that a 
bigger concern for management is how to ensure windows are not left open over night, particularly in 
classrooms. This is most likely the biggest energy question related to the operable windows, and it is 
unrelated to the signaling system.
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Project 
Scope

Small, 2-story public building

Architect Siegel and Strain

Mechanical 
Engineer

Taylor Engineering

Year 
Completed

2007

Perimeter 
Program

Combination of small open office space, 
shared workstation clusters and private 
offices

Occupants 40

Intent of Signals

Operable windows and signaling system intended to 
provide cost-effective natural ventilation. The “open” signal 
is controlled by outdoor temperature, and is on between 65° 
and 78°F. Air supply is shut off at the zone if temperature is 
within the acceptable comfort range (70 – 78°F).

14. Orinda City Hall, Orinda, CA
Group 4 Discontinued air supply, outdoor temperature control

System Description

The starting point for the design of Orinda City Hall was 
to eliminate compressor cooling by reducing internal 
lighting loads, using aggressive exterior solar control and 
high performance glass, and by providing occupants 
operable windows and ceiling fans to justify a wider 
range of acceptable indoor temperatures. The lower floor 
is partially earth-bermed to enhance passive nighttime 
cooling. When additional cooling is required, the building 
relies on an indirect evaporative cooling system. 

The design team weighed several options for providing 
meaningful natural ventilation at low cost. A true change-
over system would have been ideal but was prohibitively 
expensive because it would have required each office 
space to be thermally compartmentalized.  Instead,  
“open windows” signs were installed in corridors, visible 
from open workstations and hard to miss when leaving 
private offices. The “open” signal corresponds to outdoor 
air temperature, similar to the cases in group 1; however, 
even though the system is technically “concurrent,” 
allowing the simultaneous use of central air supply and 
windows, ventilation energy is minimized by shutting off 
air supply at the VAV box when the zone temperature is 
within heating and cooling setpoints. 

Glazed interior corridors with operable transom 
windows are intended to enhance daylight and 

ventilation when the signs are on. 
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Operating Conditions

During its first year of operation, the building experienced overheating and humidity issues due to a series 
of heat waves combined with an undersized evaporative cooler that was mistakenly installed. Even after 
the problem was fixed, the building received very low thermal comfort and thermal control satisfaction 
scores in our survey, and it is unclear whether these responses have to do with the legacy of the first 
summer, ongoing issues, occupant attitudes, or a combination. Currently, the building operates with tighter 
set-points than in the initial design. Almost all areas are operated to a heating setpoint of 68-70°F heating 
during the winter, and 72-74°F cooling setpoint during the summer.  

Occupant Response

Survey results for Orinda City Hall showed the highest percentage of survey respondents reporting “never” 
responding to the signals as well as being “very likely” to open the window if they want to, regardless 
of the sign. There are a number of circumstances that probably compound to produce these results. 
First, the green film used in the sign is fairly luminescent, and it can be hard to tell if the signs are on 
or off. Secondly, transom-level windows rarely get used and doors are often closed, which removes the 
notion that the windows benefit the building generally. Finally, there is very little social reinforcement of 
the type observed in other buildings in this study, which can be a function of interest level (architects, 
environmental researchers), office layout (big spaces shared by many people), and/or a coordinated 
education effort. There was an initial orientation and information card prepared for occupants and ongoing 
sporadic efforts by the building manager, but comfort issues early on may have produced a general 
apathy.   During a site visit I perceived an attitude that the “open windows” signs are a nice idea, but 
more of a “green” gesture than something that is informative or otherwise of benefit to one’s daily routine. 

Sequence of Operation, April 2005

3.02.C.6 Isolation Area operating modes
b.  Natural ventilation mode:
1)  An Isolation Area is in the Natural Ventilation Mode when all of the following are true:
a)  The zone is in occupied mode
b)  The outside air temperature is greater than 65°F (adjustable)
c)  The outside air temperature is less than 78°F (adjustable)
d)  The signal from the “manual close upper window & skylight” (disables natural ventilation) switch is 
     not enabled
e)  The isolation zone is above the heating setpoint
f)  The isolation zone is below the cooling setpoint plus 2°F (adjustable)
2)  An Isolation Area is in the Natural Ventilation Mode when the associated window is proven open.

3.02.D.2. Setpoints
a.  Each zone shall have separate unoccupied, window open and occupied setpoints,and separate 
     heating and cooling setpoint.
1)  As a default, the occupied heating setpoint shall be 70°F and the occupied cooling setpoint shall 
     be 78°F.

3.02.E Dual-Duct VAV boxes (non-CO2 zones)
3.b.  If the VAV box is tied to the natural ventilation mode, Vcool-max, Vheat-max and Vmin shall be 
        zero when the room is in natural ventilation mode.

3.02.F Dual-Duct VAV boxes (CO2 zones)
3.c.  During natural ventilation mode boxes serving zones that are served by operable windows shall 
        operate with Vmin at zero unless the Natural Ventilation has been overridden. CO2 reset shall 
        operate to reset Vmin*, see 3.02F.3.e and 3.02F.3.fC. All zones will have Vmin at zero during 
        Natural Ventilation mode except zones 1-3, 1-4, and 2-8.
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Project 
Scope

Major LEED renovation of top floor in 
historically significant building, designed by 
tenants

Architect Boora Architects

Mechanical 
Engineer

Arup

Year 
Completed

2008

Perimeter 
Program

Small open office, 2 workstations deep

Occupants 50

Intent of Signals

To lend visibility to the building’s original design, so that 
comfort is maintained without ducted air supply and cooling 
energy is minimized. “Open Windows” signs illuminate when 
outdoor temperatures are within 62° and 80°.

15. Boora Architects Offices, Portland, OR
Group 5 Decoupled cooling and ventilation

System Description

When Boora was looking to expand and modernize 
their offices, they decided to remain on the top floor 
of a historic multi-story building, and undergo a 
renovation that would return the building to its original 
design and provide an example to other tenants. A 
reconfiguration of the office space into perimeter 
open workstations accompanied the downsizing 
of mechanical equipment and the installation of 
daylighting controls and ceiling fans. The building is 
heated and cooled by a three-pipe hydronic system 
with perimeter fan-coil units. Occupants can manually 
change the temperature and fan settings of their units, 
and a central building management system turns off 
the fans at 6 pm every day to save energy. Because 
the tenants could not remove the cooling system 
altogether, they had to find a way to remind staff 
to take advantage of their windows and discourage 
using windows and cooling units simultaneously. One 
“open windows” sign is installed in the center of each 
office wing, and it is individually wired to an outdoor 
temperature sensor and indoor thermostat, making the 
controls the simplest and most legible among buildings 
in the study.

Original double-hung windows line the 
perimeter offices, which are now open-plan.
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Occupant Response

Indoor environmental quality satisfaction is very high according to our survey.  Similar to ZGF 
Architects (Group 1) and NBBJ Architects (Group 4), this project benefits from an occupant group that 
is very well-informed and positive about their space. The biggest issue noted by occupants is the 
tendency for the signs to go un-noticed because of their location  (half the people on each wing face 
away from the sign), and their similarity to the exit signs. The next most common comments refer 
to unique personal temperature preferences, reports that the signs go on when conditions are either 
warmer or cooler than certain individuals would choose. A few people also commented that fresh air 
and air movement should be taken into account. 

Based on these comments and interviews with the design team, there are two aspects of the system 
that could be refined. First, given their location on the 8th floor in a downtown area, the acceptability 
of the temperature set-points depends a great deal on wind, which isn’t taken into account. 
Secondly, because the mechanical systems have already been downsized, further energy reduction 
opportunities may require staff education regarding the control of their fan-coil units and ceiling 
fans, rather than a focus on the windows alone. Overall, because the project is such a simple and 
successful application of signaling systems, it provides a unique opportunity to study how different 
educational strategies or adjustments to the control algorithms can maximize participation or reduce 
cooling energy. 
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Project 
Scope

Major renovation and modernization of 
1950s 250,000 s.f. student union building 
with original operable windows

Architect Pfeiffer Partners, Integrus Architecture

Mechanical 
Engineer

WSP Flack and Kurtz

Year 
Completed

2008

Perimeter 
Program

Private and shared enclosed offices

Occupants 24

Intent of Signals

To remind people to use their windows for ventilation and to 
keep them closed above 76 F for maximum cooling benefit.

16. Compton Union Building, Washington State University, Pullman, Eastern WA
Group 5 Decoupled cooling and ventilation

System Description

The original 1950s building was designed to depend on a large 
central air-handling system. The goal during the renovation 
was to open up the building by reducing ductwork and relying 
on radiant heating and cooling where possible. Once it was 
determined that staff liked having operable windows, they were 
retained in office spaces and combined with radiant panels 
for the perimeter offices, reducing fan energy from 100 to 20 
cfm/person. A set of green and amber lights are placed in 
common/circulation areas near the offices. Both the lights and 
the cooling system operate based on outdoor air temperature. 
Above 76, the cooling system does a better job at keeping 
people comfortable, so it goes on and people are told to keep 
their windows closed for maximum benefit.

Operating Conditions

The green mode range, originally designed to be 60-77 F, 
was adjusted by campus controls staff to 71-77 F, which is 
closer to the indoor temperature setpoint range. The building 
manager wasn’t sure why this was done, probably because 60 
F seemed too cold an outdoor temperature to let in. A potential 
consequence is that indoor air temperatures might reach the 
76 F sooner than they would otherwise, depending on the 
balance point of the building.  

photo courtesy: Tim Griffith photogrpher

photo courtesy: Integrus Architecture

Casement-type operable windows are 
available to the small office space on 

the 4th floor.
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Occupant Response

Without having visited the building, there are not enough survey comments to get a clear picture of what 
conflicts are most common, but it seems that the signs are more likely to go unnoticed in this building 
than others both because of their placement and a lack of internal policy/reinforcement. This building has 
the largest percentage of “dismissive” comments, including the “I dont’ pay attention” as well as “i do 
what I want.” Three out of ten total comments noted fresh air as a main reason they open the window 
regardless of the lights. One respondent said that the light was counter-intuitive; that the light has been 
red when it could be green.

We were unable to collect 
images of the offices or 

the lights. This is a similar 
indicator used  in a different 

project by the engineer.
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