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Abstract

Detailed simulations of lighting and HVAC energy consumption were performed on a prototype
office building in six North American climates. The goal of these simulations was to calculate
the overall energy savings attributable to reductions in lighting power density (LPD) from 25.8
W/m? (past practice) to 17.2 W/m? (current code) to 8.6 W/m? (low). Results showed that as
LPD decreases, reductions in cooling energy, due to reductions in heat produced by lighting,
could substantially increase cost savings over the cost savings attributable to lighting in isolation,
particularly in warm climates. Further, nine different lighting designs were installed in a
windowless, 83 m? (880 ft?), mock-up open-plan office space, containing six workstations. The
nine lighting designs resulted from a combination of the three LPDs used in the simulations,
created using three ambient lighting technologies (recessed troffers with prismatic lenses;
recessed troffers with parabolic louvers; indirect or direct/indirect fixtures); in the low lighting
power density options, the ambient lighting systems were supplemented with task lighting. At
least thirty participants, in groups of three to six, worked for a full day under one design (292
participants in total). They performed a variety of computer-based and paper-based tasks
designed to be representative of modern office work, and completed questionnaires to assess
satisfaction and impressions of lighting quality. Ratings of environmental satisfaction, lighting
quality, task difficulty, and self-reported productivity indicated that participants preferred
parabolic louver fixtures over prismatic lens fixtures, and preferred the low energy lighting
designs.

1.0 Introduction

Jurisdictions in many countries have model energy codes that restrict building energy
consumption for all uses, including lighting [ASHRAE/IES, 1989; Canadian Codes Centre,
1995]. Critics fear that as lighting power drops, the quality of the lit environment will decline
[e.g., Benya & Webster, 1977; Begemann, 1983]. Poor lighting quality is commonly assumed to
have a detrimental effect on the ability of people to perform their work; nevertheless, no widely
accepted measure of lighting quality currently exists [Veitch & Newsham, in press].

Previous attempts to develop such a measure in an experimental setting have suffered from a
number of shortcomings, including: a narrow definition of what constitutes quality lighting, short
exposure time to lighting systems, small numbers of participants, participants that are
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unrepresentative of the general population, and tasks that are unrepresentative of modern office
tasks [Veitch & Newsham, in press]. The National Research Council of Canada (NRC) is
carrying out a series of experiments addressing lighting quality, experiments designed to avoid
the shortcomings listed above.

NRC also conducted detailed energy simulations to assess the impact on office building energy
consumption of various lighting power densities (LPDs). LPD differences do not affect the
energy consumption of the lighting system alone. Lighting systems also produce heat: reducing
LPD reduces the amount of heat produced by the lighting system, which increases the load on the
building heating system during the heating season, and reduces the load on the building cooling
system during the cooling season. When assessing the energy impact of LPD reductions, it is
important to consider these interactions. In a hot climate the overall savings may be substantially
larger than those attributable to the lighting system in isolation, whereas in a cold climate the
opposite may be true.

Any rational evaluation of an office lighting system should consider both the effect on the overall
building energy consumption, and the effects on occupants’ satisfaction and performance. Our
hypothesis was that the quality of the lighting design as judged by lighting practitioners
(Designers’ Lighting Quality, or DLQ) directly relates to the performance, satisfaction, and mood
of occupants, but that these outcomes are not necessarily compromised by LPD reductions. If
supported, this hypothesis would endorse the view that energy efficiency and lighting quality are
not fundamentally opposed.

2.0 Materials and Methods
2.1 Energy simulations

We performed detailed building energy simulations using the DOE-2.1E package [Winkelmann,
Birdsall, Buhl, Ellington, Erden, Hirsch & Gates, 1993].

2.1.1 Definition of Cities for Simulation
We chose six cities as representative of a variety of North American climates: Washington, DC;
Edmonton, Alberta; Houston, Texas; Montréal, Québec; Phoenix, Arizona; and, Seattle,
Washington.

2.1.2 Definition of Commercial Building Prototype
We chose to model a single storey of a typical office building. This single storey was considered
to be sandwiched between two other identical storeys, and thus there was no thermal transfer to

other storeys. Table 1 summarises the building parameters.

Table 1. Characteristics of the office building used in the energy simulations; parametric
options are indicated by the numbers in square brackets.

| Building Element || Characteristics |
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Storey Plan 36.6 x 36.6 m; central core 12.2 x 12.2 m
Occupant Density || 15 m? per person

External Wall || [1] Pre-cast concrete panel (U-value = 0.39 Wm™“K™)
[2] Glass/Metal curtain (U-value = 0.39 Wm?K™)
Window Double-glazed, bronze-tinted (U-value = 2.74 Wm?K ™,

Shading coefficient = 0.57, Visual transmittance = 0.47)
Frame @ 20 % of window area (U-value = 3.97 Wm*?K™)
[1] Window-to-Wall ratio 0.15 (pre-cast concrete panel)
[2] Window-to-Wall ratio 0.50 (glass/metal curtain wall)
Office Equipment | 10.8 Wm™ (1.0 Wft™?)

Load

Lighting Load In the occupied zones:
[1] 8.6 Wm™ (0.8 Wft™)
[2] 17.2 Wm™ (1.6 Wft™)
[3] 25.8 Wm™? (2.4 Wft?)
In addition, there was 10.8 Wm™ (1.0 Wft?) in the core,
and 5.4 Wm (0.5 Wft™) security lighting in all zones
Infiltration 0.2 ach™

HVAC criteria || 5 zones (center + 1 perimeter zone per facade)
Heating 21°C, Cooling 24°C during occupied hours plus
one hour start-up; no heating or cooling outside occupied
hours
Temperature controlled economiser (max. outside air temp.
=22°C); RH =30 % (min), 70 % (max).
Outside air: 10 Is™person™

We based lighting use schedules on occupancy schedules predicted by a stochastic model of
office occupancy [Newsham, Mahdavi & Beausoleil-Morrison, 1995]. Figure 1 (a) shows the
lighting load profiles generated by the stochastic model. We derived use profiles for office
equipment from field measured values for desktop personal computers and photocopiers
[Newsham & Tiller, 1994; Szydlowski & Chvala, 1994]. Figure 1 (b) shows these office
equipment load profiles.

2.2 Experiment in the mock-up office
2.2.1 Setting

NRC’s Indoor Environment Research Facility (IERF) isa 12.2 x 7.3 x 2.7 m (40 x 24 x 9 ft)
chamber designed for acoustics, lighting, ventilation, and indoor air quality research [Shaw,
Barakat, Newsham, Veitch, & Bradley, 1995]. The IERF was outfitted as a standard mid-grade
open-plan office containing six 6 m? (64 ft?) workstations separated by 1.68 m (66 ") high
partitions. The workstations were of standard modular systems furniture and each featured a
computer, storage space, a keyboard shelf, and an adjustable-height chair. For this experiment,
the office was windowless. Ventilation, temperature, humidity, and noise were controlled over
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all experimental sessions within normal guidelines for office environments. Table 2 details the
conditions prevailing over the period of data collection.

Table 2. The mean and standard deviations in various physical parameters over the study
period. Ventilation rate was based on 25 spot measurements, other values were based on
measurements at 30 minute intervals throughout the study period.

Ventilation Temperature Relative A-weighted
Rate (l/s) (°C) Humidity (%) | Sound (dBA)
336+15 23.2+0.5 36+ 14 48.3 % 2.0

* 25 % outdoor air
2.2.2 Lighting designs (independent variable)

A panel of three experienced lighting practitioners developed nine lighting designs for the six-
person open-plan office. The nine configurations are all possible combinations of three LPD
levels (representative of: past practice (high), current energy codes (medium), and future energy-
use targets (low); and close to the LPD levels used in the energy modelling), and three levels of
DLQ (low, medium, and high). The configurations are described in Table 3. The validity of the
DLQ levels for North American offices was subsequently determined by surveying international
lighting designers [Veitch & Newsham, 1996]. All lighting designs meet at least the minimal
criteria for visibility and task performance for office work [Rea, 1993]; indeed, all are designs
that can exist in the field The lighting designs were installed on at least three separate two-day
periods in a random sequence during the period of the study (January to September, 1996).

We made detailed measurements of relevant lighting parameters using both spot measurements
and a video photometer system [Rea & Jeffrey, 1990]. Table 4 shows selected spot luminance
and illuminance measurements for each of the designs.

2.2.3 Participants

There were at least 30 participants in each experimental condition, tested in groups of up to six at
a time. The participants were assigned randomly to the lighting designs; each participant
experienced only one of the lighting conditions. The participants were recruited from an office
temporary agency, and hired at the standard rate for a day’s clerical work. The participants
ranged in age from 18-61; there were 142 women and 150 men. Participants were required to
have experience with Windows™-based word processing and spreadsheet software and to pass a
minimum level on their agency’s Word Fluency test. They were not told initially that the study
concerned lighting or energy-efficiency because this knowledge might have biased their
behaviour during the day, but they were given a complete verbal description of the experiment
upon the completion of the day’s tasks.
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Table 3. The lighting equipment used to create the nine lighting designs, and their measured

LPD (including task lighting where applicable).

K12 prismatic
lens

lamps (x 12)

9.3 W/m? (0.9 W/ft?)

12.9 W/m? (1.2 WI/ft?)

LPD
DLQ 1 (low) 2 (medium) 3 (high)
1 (low) electronic ballasts electronic ballasts magnetic ballasts
Recessed 1’x 4’ fixture with 1- 1" x 4" fixture with 2-  [1' x 4" fixture with 2-
troffer with lamp T8 (x 20) + task |lamp T8 (x 20) lamp T12 (x 20)

19.8 W/m? (1.8 W/ft?)

2 (medium)
Recessed

electronic ballasts
8” x 4' fixture with 1-

electronic ballasts
1’ x 4' fixture with 2-

magnetic ballasts
1' x 4’ fixture with 2-

direct/indirect

lamp T8 (x 8) + task
lamps (x 12)
furniture-mounted
indirect

8.0 W/m? (0.7 W/ft?)

32 4’ lamps T8 (x 2)

suspended
direct/indirect
11.3 W/m? (1.1 W/ft?)

troffer with lamp T8 (x 20) + task [lamp T8 (x 20) lamp T12 (x 25)
parabolic lamps (x 12)
louver
9.3 W/m? (0.9 W/ft?) [13.3 W/m? (1.2 W/ft?) |25.1 W/m? (2.3 W/ft?)
3 (high) electronic ballasts electronic ballasts magnetic ballasts
Indirect or 4’-long fixture with 2- |36'-long fixture with  |36'-long fixture with

32 4’ T8 lamps (x 2)
suspended indirect

20.9 W/m? (1.9 W/ft?)

All task lamps: each workstation had one angle-arm fixture and one undershelf fixture.
Lamp wattages: T8 lamps: 32 W; T12 lamps: 40 W; angle-arm task lamps: 13 W PL compact fluorescents;
undershelf task lamps: 17 W T8 27, all 3500 K colour temperature.

Table 4. Selected spot luminance and illuminance measurements.

Lighting Desktop Illuminance | Desktop Luminance | Partition Luminance
Design (lux) (cd/m?) (cd/m?)
DLQ LPD left right left right upper lower
1 1 745 365 93 50 29 22
1 2 430 395 57 64 46 34
1 3 525 490 77 72 62 42
2 1 748 400 110 57 21 22
2 2 510 465 65 60 30 27
2 3 540 450 70 61 33 27
3 1 540 320 74 46 33 24
3 2 655 560 98 88 47 43
3 3 705 618 100 90 72 54
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2.2.4 Dependent measures

During the day, the participants worked on a variety of tasks selected to be representative of the
common visual, motor, and cognitive elements of office work (e.g., typing, reading for
comprehension, proofreading) and were also asked to respond to questionnaires concerning their
mood, comfort, and aesthetic judgements of the room. In addition, demographic information,
office furnishing preferences, and relevant personality variables were also measured. Only a
subset of these will be discussed in this paper.

Most tasks and questionnaires were computer-based, and were presented using custom software
[Newsham, Veitch & Scovil, 1995; Newsham & Tiller, 1995]. Using computerised tasks greatly
increased the efficiency of data collection, and allowed us to analyse a variety of dependent
variables for sensitivity to changes in lighting conditions. For example, the computerised typing
task allowed us to measure overall typing speed and accuracy, as well as changes in typing speed
and accuracy minute-by-minute. Some tasks were presented on paper (e.g., reading
comprehension), such that the overall mix of computer-based and paper-based tasks was not
atypical of real office work.

Visual performance was assessed at both the beginning and end of the day using the Vision and
Lighting Diagnostic Kit (VALID) [Rea, 1988]. Participants were tested one at a time in a private
booth outside the IERF. Using these data we were able to evaluate whether changes in visual
performance over the day could be attributed to lighting design.E

3.0 Results
3.1 Energy simulations

Tables 5 and 6 show the results of the energy simulations for window-to-wall ratios (WWR) of
0.50 (glass-curtain wall) and 0.15 (concrete panel wall), respectively. The tables show annual
delivered energy consumption for cooling, heating, lighting and office equipment, and fans,
normalised by total occupied floor area. Delivered energy is the energy supplied to the space and
does not account for system efficiencies.

Figure 2 plots the normalised, annual delivered energy consumption vs. LPD for Edmonton and

Houston, at a WWR of 0.50. We chose these cities because they represent the extremes of
heating- and cooling-dominated climates in our sample of six cities.

Tables 5 & 6. Annual delivered energy consumption for cooling, heating, lighting and office
equipment, and fans, normalised by total occupied floor area, WWR = 0.50, and WWR = 0.15,
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respectively.

WWR = 0.50 WWR =0.15

LPD, | Annual Energy Consumption, LPD, | Annual Energy Consumption,

W/m? kWh/m? W/m? kWh/m?
Cooling Heating Light+ Fans Cooling Heating Light+ Fans
Off Eqgp Off Eqgp

Washington, DC Washington, DC

8.6 92.5 55.6 68.7 33.0 8.6 716 440 68.7 18.5
17.2 | 103.3 499 904  36.7 17.2 | 81.8 38.1 90.4 22.3
25.8 | 1145 460 1121 405 25.8 | 92.7 347 1121 26.3
Edmonton, AB Edmonton, AB

8.6 25.2 153.9 68.7 34.9 8.6 16.0 1275 68.7 18.4
17.2 | 28.7 1450 904  38.2 17.2 | 19.2 1181 90.4 22.0
258 | 324 1376 1121 417 25.8 | 229 1105 1121 25.8
Houston, TX Houston, TX

8.6 || 162.2 15.4 68.7 34.1 8.6 || 128.6 11.8 68.7 19.3

17.2 | 1795 13.4 904  38.0 17.2 | 145.1 9.7 90.4 23.4
25.8 | 197.4 124 1121 421 25.8 | 162.7 89 112.1 27.7
Montréal, QC Montréal, QC

8.6 47.7 1140 68.7 31.7 8.6 35.4 92.7 68.7 17.9

17.2 | 54.1 105.2 904  35.2 17.2 | 415 83.1 90.4 21.7
258 | 60.7 97.6 112.1 38.0 25.8 | 48.0 76.0 112.1 25.6
Phoenix, AZ Phoenix, AZ

8.6 || 1719 25.4 68.7  41.2 8.6 || 120.5 19.5 68.7 21.7

17.2 | 187.4 25.5 904 446 17.2 | 1355 19.2 90.4 25.5
25.8 || 203.7 26.6 112.1  48.3 25.8 | 151.5 206 112.1 29.6
Seattle, WA Seattle, WA

8.6 335 52.8 68.7 31.9 8.6 23.3 37.1 68.7 17.5

17.2 | 383 440 904 354 17.2 | 27.6 28.5 90.4 21.2
258 | 43.3 37.2 1121 39.0 25.8 | 325 23.0 112.1 25.1

3.2 Responses from experiment participants

No statistically significant differences between groups were found on a variety of measured

individual difference variables. This gives us confidence that any differences between groups in
the outcomes related to lighting design were not biased by the characteristics of the individuals

within the groups.

This paper presents the results of a two multivariate analyses of variance (MANOVA). We
grouped together conceptually related subsets of the measured outcomes. One analysis

considered the ratings of Environmental Satisfaction [Sundstrom, Town, Rice, Osborn, & Brill,
1994], Environmental Features [Stokols & Scharf, 1990], and Lighting Quality [Collins, Fisher,

Gillette, & Marans, 1990]. The second analysis considered nine items from a Workday
Experiences questionnaire. Both MANOVAs used the same model, testing eight planned

- Page 7 -



Jennifer A. Veitch
 As you see, I agree.  In fact, there are very few places outside the Appendix of the full-blown client/internal report where that degree of detail would be necessary.

Institute for Research in Construction
 This also seems to be a bit of a confusing mouthful with which to begin this section, it also confused SAB -- it is perhaps made worse by the fact that some of these variables have names that are very similar to the outcomes of interest.  I wonder whether this can also be moved to the Appendix and replaced with a simple sentence or two, something like: “No statistically significant differences between groups were found on a variety of measured individual difference variables.  This gives us confidence that any differences between groups in the outcomes related to lighting design were not biased by the characteristics of the individuals within the groups.”  In fact, now that I’ve attempted to accomodate the latest round of revisions, I fear I’ll be over 20 pages once the tables have been paginated.  How do you feel about using only the above couple of sentences, and not expanding on them in the Appendix?


comparisons, each with one degree of freedom, based on hypotheses derived from the
experimental design (Table 7).

Table 7. The planned comparisons tested for the ratings data. Comments column expresses the
comparisons in terms of the associated lighting technologies.

Comparison Levels Tested Comments
DLQA DLQ3 vs (DLQ1&2) | direct/indirect vs recessed troffers
DLQOB DLQ1 vs DLQ2 prismatic lens vs parabolic louver
LPDA LPD3 vs (LPD1&2) | magnetic ballast vs electronic
ballast
_____ LPDB LPD1 vs LPD2 task lighting vs no task lighting
DLQA x LPDA
DLQA x LPDB Interactions of the above effects
DLQB x LPDA
DLQB x LPDB

We conducted a data reduction process to convert the responses to individual questions into
simpler and more interpretable constructs, or composite ratings (see Appendix). This process
resulted in seven dependent variables related to quality or satisfaction judgements about the
physical environment, which we used in the first MANOVA: overall ratings of environmental
satisfaction (ES), and lighting quality (LQ), and five components derived from ratings of
environmental features: noise and distraction (REF_NOIS), ventilation (REF_VENT), furniture
(REF_FURN), washrooms(REF_WASH), and lighting (REF_LITE). Data reduction was not
beneficial for the responses to the Workday Experiences questionnaire. We therefore treated the
responses to the nine questions as separate dependent variables (WKQ1 to WKQ9) in the second
MANOVA. E

Tables 8 & 9 summarise the results of the statistical analyses of satisfaction judgements and
work-related judgements, respectively. In keeping with common practice, we interpreted only
those univariate tests that were associated with significant multivariate effects (p < 0.05); this
procedure offers some protection against experimentwise Type | statistical errors. Only the
statistically significant outcomes are shown here. The table includes a measure of the effect size
(R?) expressed as the percentage of explained variance associated with the effect. For the
multivariate tests, this is the average of the effect sizes for all the variables in the analysis (e.g.,
seven for the satisfaction judgements; nine for the work-related judgements).

- Page 8 -


Jennifer A. Veitch
This looks fine to me.


Table 8. MANOVA summary table of significant multivariate effects, and their associated
significant univariate effects, for the satisfaction judgements.

Multivariate Univariate | Wilks’ A F df R’
Comparison Effect
DLQOB x LPDA 0.942 2.40 7,274 0.013
ES 6.17 1,280 0.022
LQ 4.13 1,280 0.015
REF_NOIS 4.04 1,280 0.014
R REF LITE | __________.337 . 1,280 | 0.019

LPDB 0.949 2.10 7,274 0.016
ES 4.98 1,280 0.017
LQ 9.26 1,280 0.032
REF_VENT 4.00 1,280 0.014
REF_FURN 4.77 1, 280 0.018
REF LITE 7.13 1, 280 0.025

Table 9. MANOVA summary table of significant multivariate effects, and their associated
significant univariate effects, for the work-related judgements.

Multivariate Univariate | Wilks’ A F df R’
Comparison Effect
DLQB 0.920 2.59 9, 269 0.009
WKQ8 4.36 1,277 0.015
o lowkQe| 1015 1,277 0035
LPDA 0.929 2.29 9, 269 0.004
WKQ7 7.21 1,277 0.027

Figures 3-5 show the means of the significant univariate constructs related to the overall office
environment (ES) and specifically to lighting (LQ; and REF_LITE), and to the work-related
judgements (WKQ8, overall task difficulty; and, WKQ9, self-reported productivity). Tables 10
& 11 present the values and standard deviations for the data points shown in Figures 3-5.
Discussion of the other significant univariate effects in Tables 8 & 9 is beyond the scope of this
paper; these will be discussed elsewhere.

Table 10. Means and standard deviations of satisfaction judgements at the various LPD and
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DLQ levels for the significant effects.

Multivariate Univariate
Comparison Effect
DLQB x LPDA ES LPD
DLQ 1&2 3
1 292+0.81 246+0.78
2 2.94+0.69 3.05+0.65
LQ LPD
DLQ 1&2 3
1 -0.06 £0.92 -0.24+£0.85
2 0.16+0.83 0.16 £0.76
REF_LITE LPD
DLQ 1&2 3
1 504+151 4.70+1.48
2 507+132 520+1.18
LPDB LPD
1 2
ES 3.00+£0.67 2.76+0.82
LQ 0.21+0.76 -0.17 £0.92
REF_LITE 529+1.24 474+148

Table 11. Means and standard deviations of work-related judgements at the various LPD and

DLQ levels for the significant effects.

Multivariate Univariate
Comparison Effect
DLQB DLQ
1 2
WKQ8 157+0.78 1.33+0.64
WKQ9 413+181 4.96+1.68

4.0 Discussion

4.1 Energy simulations

Figure 2 shows that, as expected, as LPD decreases the energy for heating increases and the
energy for cooling and fans decreases. In Edmonton, energy for heating increases at a greater
rate than energy for cooling and fans decreases -- therefore decreasing LPD incurs an overall
HVAC energy penalty, and the total delivered energy saving is less than the energy saving
attributed to lighting in isolation. In Houston the result is reversed: decreasing LPD provides an
overall HVAC energy benefit, and the total delivered energy saving is greater than the energy

saving attributed to lighting in isolation.
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To quantify the overall energy effect, consider the case of reducing LPD from 25.8 W/m? to 17.2
W/m?, at WWR = 0.50. For Edmonton, the delivered energy for lighting and office equipment
drops by 21.7 kWh/m?, whereas the total delivered energy for heating, cooling and fans increases
by 0.2 kWh/m?. In this case, the HVAC penalty is marginal, and the overall delivered energy
savings are only 1 % less than the savings due to lighting in isolation. For Houston, again, the
delivered energy for lighting and office equipment drops by 21.7 kWh/m?, whereas the total
delivered energy for heating, cooling and fans decreases by 21 kWh/m?. In this case, the HVAC
benefit is substantial, and the overall delivered energy savings are 97 % greater than the savings
due to lighting in isolation.

The actual energy cost benefit of reducing LPD is not as straightforward to assess. The amount
of fuel required to deliver the energy will depend on the efficiencies of the heating and cooling
plants, and the fans; these efficiencies will vary from building to building. The cost of the fuel
will depend on the billing rates of the local utility company. Therefore, we cannot present
general results for the cost benefits of LPD reduction, we can, however, looking at relative costs.
The overall cost saving compared to the cost savings due to lighting in isolation is:

{(EL1-EL2)M1}eRC| + {(Ec1-Ec2)Mc}eRCc + {En1-Er2)Mn}eRCh + {(Er1-Er2)/m:}eRCs
{(EL-EL2)mi}*RC,

where,

EvL1, Ec1, Eni, EFr - = annual energy consumption for lighting, cooling, heating, fans at
the higher LPD level

Ei2, Eco, En2, EF2 - = annual energy consumption for lighting, cooling, heating, fans at
the lower LPD level

N, Ner Nhy N = efficiency of lighting, cooling, heating, fans equipment

RC,, RC,, RCy, RCs = relative cost of fuel for lighting, cooling, heating, fans

Typical equipment efficiencies are: boiler (gas): 0.75; chiller (electricity): 3.40; lighting, fans
(plug electricity): 1.00. Typical average ratio of electricity-to-gas price: 4.

Applying these assumptions to the energy savings for Edmonton described above, we find that
the overall cost savings are 10 % greater than the cost savings for lighting in isolation. In
Houston, the overall cost savings are 42 % greater than the cost savings for lighting in isolation.
Therefore, in both extremes of climate overall energy cost savings are greater than lighting cost
savings in isolation, though this was not the case for delivered energy savings. This is due to the
relatively high cost of electricity in our example, such that cost savings for cooling and fans
dominate cost savings for heating in the numerator of the above equation. Also note, however,
that in the cooling-dominated climate of Houston, the ratio of overall savings to lighting savings
in isolation is not as great in cost terms as it was in delivered energy terms. This is because the
assumed chiller efficiency is high and thus reduces the overall effect of cooling savings.
However, it bears repeating that these cost savings calculations are examples only, and are not
intended to be representative.

4.2 Responses from experiment participants
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Figures 3 (a-c) show the LPDA x DLQB interaction, for environmental satisfaction (ES), and for
two separate ratings of lighting quality (LQ, and REF_LITE). The graphs show that the effects
are consistent across all three outcomes. At DLQ2 (parabolic louver fixtures) there is little
difference in ratings between LPD conditions, whereas at DLQ1 (prismatic lens fixtures) ratings
are worse at LPD3 than at LPD1&2 (taken together). The lower ratings for prismatic lens
fixtures at LPD3 may be caused by greater glare from these fixtures, particularly at this LPD
level, with its higher illuminance (Table 4). Glare control is a principal feature of parabolic
louvers, which may explain the stability of ratings across the two LPD conditions at DLQ2, and
the generally better rating for the parabolic louvers on the two measures of lighting quality..

Another possible explanation involves flicker rate. The LPD3 condition used magnetic ballasts
(which oscillate at 120 Hz) and T12 lamps, whereas the LPD1&2 conditions used electronic
ballasts (which oscillate at 20-60 kHz) and T8 lamps. Electronic ballasts can reduced the
incidence of headache and eyestrain [Wilkins, Nimmo-Smith, Slater, & Bedocs, 1989] and can
improve visual performance [Veitch & McColl, 1995]. It is possible that this type of effect
influenced the lighting quality ratings in this experiment, although only for the prismatic lens
fixtures. Future papers will address these effects in the visual performance and physical
sensations data in an attempt to provide a deeper explanation of this phenomenon. The fact that
only the prismatic lens fixtures are rated more poorly at LPD3 indicates that ballast type is not
the only explanation of these data.

Interestingly, the “traditional” lighting design of relatively high power prismatic lens fixtures
obtained the lowest ratings on all three satisfaction measures. Improving lighting quality, in
terms of the satisfaction of occupants, could be achieved by replacing prismatic lenses with
parabolic louvers, or by replacing T12 lamps and magnetic ballasts with T8 lamps and electronic
ballasts: The latter solution has the added benefit of saving energy (see Tables 5 & 6). Future
papers will address the stability of this finding across other behavioural indicators of lighting
quality, including objective measures of task performance, physical sensations (e.g. eye strain,
headache), and aesthetic judgements of the space.

Figures 4 (a-c) show the LPDB comparison, for the ES, LQ, and REF_LITE constructs. LPD1
differs from LPD2 by having a lower ambient lighting level with supplementary task lighting, at
a reduced overall power requirement. On all three constructs, LPD1 is rated more highly than
LPD2 (for all levels of DLQ). Again, the more energy-efficient lighting option is preferred by
the participants.

Figures 5 (a-b) show the DLQB comparison, for the workday experiences ratings. Tasks were
rated as being more difficult under prismatic lens fixtures than under parabolic louver fixtures
(for all levels of LPD). Participants also rated their own productivity as being higher under
parabolic louvers (the mean ratings correspond to a difference in self-reported productivity of 8
%). Again, the obvious explanation is the reduced glare due to parabolic lenses; parabolic lens
fixtures are recommended by the Illuminating Engineering Society of North America
[ANSI/IESNA, 1993] for VDT workplaces.

For all the significant effects reported in this paper, the percentage of variance in dependent
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variables explained by lighting design (R? in Tables 8 & 9) is small: 1.4 to 3.5 %. However, all
of the lighting designs were designed by experts, and the laboratory itself was newly designed
and furnished. These aspects of the situation, in combination with the relatively short one-day
exposure, are likely to dampen differences between the experimental groups. In fact, many
participants remarked that the laboratory was more attractive and better equipped than their usual
work settings, leading us to suspect that larger differences would be obtained in more typical
settings.

Nevertheless, small effects, if translated into real world behavioural effects, can have a large
impact. For example, parabolic louvers were rated significantly better than prismatic lenses in
terms of self-reported productivity. The difference in the means translates into an estimate of 8
% higher productivity under the parabolic louver fixtures. Further interpretation of this result
awaits analysis of the objective task performance data. However, if the difference in self-
reported productivity translated into a difference in real-world white-collar productivity, then
adoption of parabolic louvers could have a substantial economic benefit. Others have also
reported significant differences of this magnitude in self-reported productivity through changes in
office lighting systems [e.g., Hedge, Sims & Becker, 1995]. Further analyses of the luminous
conditions created by different lighting systems should permit comparisons between the various
experimental and field results to refine lighting recommendations.

The findings in this paper are important because they support current recommended practice for
offices with VDTs (in that participants preferred parabolic louvers over prismatic lenses), and
because they contradict some of the critics of energy-efficiency building codes: energy-efficient
lighting designs can be preferred by occupants. Our study addressed a limited number of lighting
designs, and one should be wary of concluding that all parabolic louver systems are better than
all prismatic lens systems. Nevertheless, our results do suggest that it is not necessary to
sacrifice lighting quality for energy efficiency, in fact, one can even improve on quality while
saving energy. Thus, it may be possible to use the ancillary benefit of improved lighting quality
to promote lighting energy savings.

Only a subset of the behavioural data is presented in this paper, and further data analyses will be
required to confirm the above findings. Future papers will feature these analyses including: the
effect of lighting design on task performance, visual acuity, and aesthetic judgements of the

workspace, and multiple regression relating the dependent measures to specific physical
measures of the lit environment (e.g., luminance distribution).

5.0 Conclusions
Results of the computer simulations showed that as LPD decreases:

e the penalty of increased heating energy requirement is small compared to the savings in
lighting energy, in delivered energy terms, even in the cold climate of Edmonton;

- Page 13 -



the additional benefit of reduced cooling and fan energy is substantial compared to the
savings in lighting energy, in delivered energy terms, being over 90 % of the lighting energy
savings in the warm climate of Houston;

the relatively high cost of electricity (the principal fuel for cooling) compared to gas (the
principal fuel for heating) means that even in Edmonton, the cooling cost savings can be
greater than the additional heating costs.

Results of the experiments in the mock-up office space showed that:

participants preferred parabolic louver fixtures over prismatic lens fixtures, (possibly because
of the lower glare induced by parabolic louvers). Participants’ preferences concurred with
the lighting designers who prepared the lighting designs for our experiment, who considered
designs incorporating parabolic louvers to be of higher quality than designs incorporating

prismatic Ienses;

participants preferred the low energy lighting designs, even designs with LPDs below current
energy code levels.

Therefore, our results support:

recommendations of parabolic louvers over prismatic lenses for quality lighting in VDT
workplaces (assuming the installation is appropriate for the location of VDTS).

adoption of energy-efficiency building codes, by demonstrating that energy-efficient lighting
designs can actually be preferred by occupants.
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Institute for Research in Construction
 SAB wanted something in the conclusions to tie back the results to the DLQ levels.

Jennifer A. Veitch
 I see his point, but please make it clear that this is not true of our survey results - so “panel” has to be clearly the people who created the designs, not the ones who judged them for Veitch & Newsham, 1996.
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Here we further describe the data reduction process whereby we created simpler and more
interpretable constructs (or composite ratings), which we used as the dependent variables in our
statistical analyses. These procedures are described in such texts as Kerlinger [1986] and
Tabachnick and Fidell [1983]. We evaluated the internal consistency of these constructs using
Cronbach’s alpha [Ghiselli, Campbell, & Zedeck, 1981].

The Environmental Satisfaction questionnaire contained four items [Sundstrom et al., 1994]. Our
overall rating of environmental satisfaction (ES) was the mean of the four environmental
satisfaction ratings for each participant (Cronbach’s alpha = 0.83). Similarly, our overall rating
of lighting quality (LQ) was the mean of all four items on the Lighting Quality questionnaire
[Collins et al., 1990], with the additional step that the ratings were standardised prior to
averaging because some were made on five point scales and others on four point scales
(Cronbach’s alpha = 0.89).

The Environmental Features questionnaire comprised 23 ratings of various environmental
features [Stokols & Scharf, 1990]. We conducted a principal components analysis (PCA)
followed by a varimax rotation, which reduced the original 23 rating scales into five interpretable
components. The criterion for judging which ratings loaded on each component was a factor
loading of 0.5. The five components were: Noise and distraction (REF_NOIS, Cronbach’s Alpha
= 0.83); Ventilation (REF_VENT, Cronbach’s Alpha = 0.87); Furniture (REF_FURN,
Cronbach’s Alpha = 0.76); Washroom (REF_WASH, Cronbach’s Alpha = 0.59); Lighting
(REF_LITE, Cronbach’s Alpha = 0.90).

All of the above constructs were considered good to very good in their internal consistency
(Cronbach’s alpha > 0.7 or 0.8), except for one (ratings of the washrooms), which did not
involved the laboratory space itself.

The Workday Experiences questionnaire comprised eight ratings of the difficulty of the day’s
tasks, and one question in which the participant estimated the percentage effect the environment
had on his or her productivity. PCA for the 8 ratings of task difficulty did not result in
interpretable components. We therefore treated the ratings, along with the productivity effect
estimate, as nine separate dependent variables (WKQ1 to WKQ9).
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Figure 1. Use profiles for lighting (a) and office equipment (b) used in the energy simulations.

Edmonton, AB Houston, TX
200 200
_ 180 _ 180 %
o 160 w o 160
< 140 + g 140 +
~ 120 + ~ 120 +
~ light & off e . light & off e
5100 9 ap >100 9 ap
2 80 | 2 80|
i L
8 60 + 8 60 +
2 fans 2 fans
:': 40 + é 40 +
/ H
o0 cooling 20 I heating
0 1 0 1
8.6 17.2 25.8 8.6 17.2 25.8
LPD, W/sg.m LPD, W/sg.m

Figure 2. Delivered energy consumption, by end use, vs. lighting power density, for Edmonton
(a), and Houston (b).
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Figure 4. LPDB comparison: significant univariate effects for constructs of environmental
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Figure 5. DLQB comparison: significant univariate effects for ratings of overall task difficulty
(a), and self reported productivity (b).
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