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NOTICE

This report was prepared by Lawrence Berkeley Laboratory in the course of perform-
ing work contracted for and sponsored by the New York State Energy Research and
Development Authority (hereafter the "Authority"). The opinions expressed in this
report do not necessarily reflect those of the Authority or the State of New York
and reference to any specific product, service, process or method does not neces-
sarily constitute an implied or expressed recommendation or endorsement of same.
Further, the Authority and the State of New York make no warranties or representa-
tions, expressed or implied, as to the fitness for particular purpose, merchanta-
bility of any product, apparatus or service or the usefulness, completeness or
accuracy of any processes, methods or other information described, disclosed or
referred to in this report. The Authority and the State of New York make no
representation that the use of any product, apparatus, process, method or other
information will not infringe privately owned rights and will assume no liability
for damages resulting upon any information contained in this report.
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Section 1
INTRODUCTION

This report provides a broad overview and summary of the status of daylight utili-
zation in nonresidential buildings as of the early 1980s. Since the oil embargo
of 1973 and subsequent changes in energy policy and costs in the U.S., daylighting
has been increasingly viewed as an important energy-conservation option. As with
many other aspects of energy use in buildings, the design community's perspective
on daylight utilization has changed dramatically in the past 12 years and has
moved through three distinct stages. For the first three to five years after
1973, there was 1little recognition of the potential role of daylighting as an
energy strategy on the part of all but the leading edge of the profession and
researchers. However, by the late 1970s, daylighting began to be more enthusiast-
ically embraced by a larger fraction of practitioners, to the extent that by the
early 80s "daylighting" was almost a cliche associated with any building described
as "energy efficient".

As we move into the middle of this decade, we see a reduced emphasis overall on
the energy crisis, a more critical examination of energy-saving claims, and at the
same time an increased concern for occupant satisfaction and productivity. bDay-
Tighting fits well in this context, for there are still substantial real savings
to be generated in daylighted buildings, although we recognize that greater care
must be taken to properly integrate daylighting strategies with efficient electric
Tighting strategies and to control cooling loads and electrical demand. Building
occupants desire the views associated with daylighting and generally appreciate
the color rendition, modeling effects, and hourly variability that fenestration
provides, although these desires may not always be forcefully expressed. During
the coming decade, successfully daylighted buildings that meet energy, cost, and
occupant response criteria will require increasing attention to design integration
issues, to technical detail in several fields, and to 1lighting quality in our
indoor environments. Key decision makers throughout the building design process
will be asked to make cost-conscious evaluations and critical performance trade-
offs.

This Daylighting Technology Assessment was written to describe the state of the
art in daylight utilization; identify gaps in our knowledge, tools, or techniques
for applying daylighting strategies effectively; and recommend activities that
could be undertaken to provide the information, data, products, tools, etc., to
fill these gaps. The focus is on identifying specific research tasks that would

1-1



advance the state of the art. No attempt is made here to assign priorities to the
many research tasks jdentified. After a summary of our key recommendations (Sec-
tion 2) and a brief historical perspective (Section 3), Section 4 presents quanti-
tative estimates of daylighting's potential savings. Sections 5 through 11 assess
a number of key performance-related issues that determine the effects of daylight-
ing strategies. Section 12 discusses constraints and incentives in the building
community that might dinhibit or accelerate effective daylighting utilization.
Additional supporting data collected in thelcourse of this study are provided in
several appendices. Each of sections 4 through 12 closes with a set of recommen-
dations in addition to the overall summary given in Section 2.
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SUMMARY

Section 2
SUMMARY AND RECOMMENDATIONS

Increased utilization of daylighting to reduce electric lighting requirements can
have beneficial impacts on utility costs (energy and peak demand) and can enhance

the visual quality of indoor environments. At this time however, these benefits

exist largely as potentials. Our review of the state of daylighting applications

suggests the following generalizations:

@

General interest in daylight utilization as an energy-saving and Tload
management strategy is high and increasing.

Potential benefits include not only energy savings but also reductions
in peak demand, load shaping, and reductions in HVAC size and cost.

Unlike some conservation strategies that have unknown or undesired side
effects, daylight utilization is linked in most peoples' minds to other
positive attributes: view, health, increased productivity, etc.

Although interest may be high, the general level of understanding of the
design and technical issues and solutions is low. This is due in part
to the almost complete lack of successfully daylighted buildings that
can be examined.

The technical and design skills needed to optimize daylighted building
designs and to maximize energy and load savings (while maintaining or
jmproving visual quality and comfort) are virtually non-existent. The
designers and consultants who venture beyond the simplest of proven
solutions find themselves in unexplored territory.

The real cost to a building owner of an unsuccessful daylighting solu-
tion (reduced productivity) can be very high.

Continued improvements in 1lighting design strategies and Tighting
hardware will reduce the dollar impact of daylighting savings. Stra-
tegies for an economically optimal combination of electric 1lighting
hardware and daylighting are not well understood.

These observations can be best summed up by noting that the potentials are high,

but that the risks and uncertainties remain high as well. Extensive computer
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simulations discussed in Section 4.0 allow us to estimate potential savings. In a
daylighted perimeter zone of a building, 70 percent of lighting energy consumption
can be saved. In an office occupancy with typical installed power levels of 2.3
watts per square foot (W/ft ) lighting will require 5.8 ki]owatt—hours per year
(kWh/yr). Daylighting could thus displace approx1mate1y 4 th/ft -yr. An effec-
tive lighting control system might provide 2.4 w/ft savings under peak conditions
for 8 months per year (this includes 1ighting savings and associated cooling load
reductions). At $0.10/kwWh for energy and $20/kW-month for peak demand, the annual
savings come to $O.80/ft2-yr. This provides a powerful incentive to examine the
potential savings in more detail.

RE COMMENDATIONS

Our review of the current state of the art in daylighting utilization in buildings
and the potential energy savings and peak load reductions suggests several criti-
cal and promising areas for research activities. In developing our 1ist of recom-
mendations we use the following general criteria:

1. The activity would initiate or accelerate the technical solution to a problem
that obstructs widespread daylight utilization.

2.  The activity would provide information and/or design tools to educate or
facilitate decision-making that would lead to greater daylight utilization.

3. The activity complements or accelerates high priority daylighting research
underway elsewhere.

Major project themes are jdentified below. More detailed recommendations in some
areas are found in individual sections of the report.

Education and Technology Transfer

There is a need for two types of activities in this area: transfer of emerging
research results to designers and decision-makers; and collection, packaging, and
dissemination of existing information to the appropriate audiences. The projects
are clustered into two major areas:

Development and implementation of educational programs on daylighting potentials,

issues, and design techniques, should emphasize existing educational channels and

organizations. This includes continuing education programs, university-level pro-
grams 1in architecture, engineering and lighting design, professional society

2-2



activities, trade shows, utility programs, etc. Material for these programs can
come from many sources including activities such as demonstrations in New York
State. In many cases, it should be possible to co-fund activities with these
other organizations. Utilities and the Illuminating Engineering Society are
organizations that have existing commitments in this area and thus may be more
1ikely than others to participate in joint programs. We suggest developing a
state-wide infrastructure of expertise on daylighting based on existing educa-
tional institutions that already have a demonstrated commitment to working closely
with design professionals. One would start development of the infrastructure with
the goal of having the participants financially self-supporting in 2 to 4 years
based on user fees and local utility/industry support. This network would provide
the average designer with access to specialized tools (e.g., computer models, pho-
tometric instrumentation) they would otherwise be unable to use. The network
would also provide the design community with seminars, data bases, and other
reference materials and expertise.

Design tools and other design data for daylighting are in short supply. Efforts

to develop, evaluate, and promote use of appropriate daylighting design tools
should be supported. Some examples are mentioned in the text. In the area of
design tools, emphasis should be placed on techniques to compare and evaluate
tools since we expect many new tools to emerge from the public and private sector
over the next few years. There are DOE-supported projects in this area tnat mignt
be accelerated. Data on product performance, measured building performance, test
criteria, etc., are universally required to assist designers and are rarely avail-
able in up-to-date and usable formats. Appropriate data bases on many of the sub-
jects discussed in this report should be developed and updated. An institution or
organization that is viewed as both competent and objective is required to col-
lect, filter, and disseminate these data. After initial implementation it is
Tikely that these activities could be financially self-supporting. In some sub-
ject areas they can build on work started elsewhere and might continue as joint
efforts.

Daylight Resource Availability

Data on daylight availability are essential for design purposes and to make accu-
rate estimates of the potential savings in daylighted buildings. A two-fold
effort is suggested. In the short term the applicability of existing data bases
and calculation techniques to New York climates should be investigated and avail-
able information should be expanded or modified to ensure that adequate interim
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data are available for all design and analysis purposes. This could be accom
plished at modest cost if the end use of data was well defined. This work might
also define the level of technical data and detail required for the longer term,
effort outlined below. For the longer term, one or more data collection projects
should be undertaken to ensure that accurate data are available for key New York
population centers. This might be done in conjunction with existing university
and/or utility studies of solar energy availability. Another way to reduce costs
is to piggyback photometric instrumentation on other demonstration or data collec-
tion projects. Carefully conceived collection, calibration, and analysis proto-
cols must be developed prior to collecting data. There is now sufficient (pain-
ful) experience with solar data collection to assemble an advisory group to ensure
that old mistakes are not repeated. Specialized studies. should also be undertaken
to explore subjects such as daylight available in built-up urban areas, ground
cover (e.g., snow) effects on daylight, and other unique microclimate influences.

New Technologies

Detailed examinations of the performance of existing buildings and computer simu-
lation studies of energy use in daylighted buildings will suggest areas where new
fenestration and lighting control technologies might be wuseful. A number of
specific topics are suggested in the body of the report. We suggest support of
new technology development but urge caution at the same time. The product
development cycle is expensive if followed from concept to marketplace, and the
funding required to make a substantial positive impact is often large. Products
uniquely suited for New York applications might be candidates, although there are
probably few in this category. Products in which New York-based industry has a
substantial stake might also be candidates for special consideration. Otherwise,
one should look for situations in which novel, high-risk concepts can be advanced
to the stage where normal market development processes take over, emphasizing co-
funding situations that provide high leverage for the new funds invested. New DUE
solicitations for advanced glazing developments will be initiated in the future
and might present possibilities for co-funding. Most product research and
development occurs at a national level so it will be important to ensure that
local or state funds do not duplicate private or publicly supported projects else-
where. Because of the nigh cost and long development time for most new preducts,
we believe that development of performance data from laboratory testing or field
measurements in demonstration buildings is probably a more cost-effective way to
accelerate market introduction and acceptance of new technologies unless co-
funding agreements are possible or unless the available support can critically



Teverage a promising product concept.

Energy and Peak Load Simulation Studies

This report discusses results of energy and peak load simulation studies in
several building modules for different daylighting approaches in different cli-
mates. This type of study provides basic guidance for the design community and
manufacturers who are concerned that their products meet real performance needs.
However, simulation of daylighted building performance is still in its infancy.

Additional studies are required to gquantify more precisely the impact of daylight-
ing on additional building types and design strategies, and to determine the
potentials for load management and peak load savings. This may involve some new
algorithm development, although much of what is required is under development with
support from other sources. Since designers do often lack the luxury of detailed
analysis of daylighting impacts due to fee 1imitations, it might be useful to sub-
sidize additional analysis efforts in exchange for access to the building after it
is built to determine the effectiveness of the additional design data. Candidate
simulation results should be examined to determine if they can be readily con-
verted into simplified calculations procedures that might be added to the design
tool section. Results of simulation studies should also be converted into more
extensive economics studies that identify the range of cost-effective savings from
the perspective of different owners and investors. Finally, simulation studies
are in desperate need of validation and verification--this is discussed in the
next section.

Building Monitoring Program

Performance data for daylighted buildings are virtually nonexistent. A review of
over 40 "daylighted" buildings described in the architectural and engineering
press provided little useful data on the magnitude of daylight savings. A few
'bu11d1ngs have been monitored with DOE support under the auspices of the Passive
Solar Commercial Buildings Program. These data are necessary, not only to vali-
date computer models that provide guidance to designers, but also to convince
hard-nosed decision-makers that these approaches are viable and cost-effective.
We propose a series of major interrelated activities in this area.

Data Base. Develop and maintain a data base on daylighted building performance,
including both new and retrofitted buildings of all types. This should contain
not only buildings in New York State but in similar climates in the U.S. The
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emphasis should be on measured performance data although, it is recognized that
only a small number of buildings will have such data available initially. The
ideal data base would contain a relatively fine level of detail on the best solu-
tions.

Monitoring Program. Since few performance data are currently available for day-

lighted buildings, we suggest a major but carefully conceived and focused effort
to collect such data. Monitoring should be done at several levels (daylighting
impact only, daylighting/cooling impact, total energy impact, peak load impact,
etc.) and on several time frames-- e.g., walk-through, short-term, and long-term.
The buildings to be monitored should include a range of daylighting strategies as
utilized in appropriate building types. Prior to implementation of a monitoring
program, every effort should be made to identify sources of existing measured data
from utilities, building/owner associations, etc. A properly executed building
monitoring program will be a major and expensive program. However, we believe the
benefits of such a program justify this undertaking from the perspective of (1)
increasing our technical understanding of how to design effectively daylighted
spaces; (2) identifying future research needs; and (3) convincing building owners
and decision-makers of the value of daylighted buildings. A monitoring program
should include some investigations of occupant response and issues related to the
quality of the daylighted spaces. Building monitoring is both complex and expen-
sive, so0 we suggest that improved monitoring techniques be developed (discussed
below) and that efforts be made to involve other interested parties such as utili-
ties and building owners. The needs and interests of the groups that might be
influenced by the results of the monitoring program should be considered
throughout program development and implementation.

Measurement Techniques. Existing experience with monitoring nonresidential build-

ings suggests that the cost of traditional monitoring is very high. We believe it
will be possible to develop new instrumentation and monitoring procedures that
would reduce costs while improving the usefulness of data collected. Some work in
this area is now underway and the status of this work should be investigated prior
to undertaking new efforts in this area.
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Section 3
HISTORICAL PERSPECTIVE

Unlike some of the newer and more exotic strategies to reduce building energy con-
sumption, daylighting has a long and varied history. Prior to the invention of
the electric 1light, buildings and their fenestration systems were routinely
designed to admit daylight and utilize natural ventilation. Candles and oil or
gas lamps could not compete with the quantity and quality of light provided by the
sun and sky. Even after the invention of the electric 1ight and through the first
three decades of the twentieth century, daylight as a light source compared favor-
ably with incandescent sources. Recommended illuminance levels were sufficiently
Tow that moderate-sized windows could provide adequate i1Tuminance throughout much
of the year. Large floor-to-ceiling dimensions accommodated good daylight pene-
tration and natural ventilation. The patent literature from 1880 to 1930 is
filled with practical and fanciful solutions for admitting light from the sun and
sky to building interiors.

From 1930 to 1950 profound changes occurred in building technology and design that
combined to reduce the value of daylight. The introduction of the fluorescent
Tamp and the continued decline in the relative cost of electricity made it cheaper
and more convenient to maintain higher interior illuminance levels with electric
1ighting. Mechanical ventilation systems and mechanical cooling systems replaced
natural ventilation as the mechanism for controlling thermal comfort. To minimize
the volume of air exchanged and to reduce heat gains, floor-to-ceiling heights
dropped and window size was reduced. As land and building costs increased, the
economic pressures for reduced building height, greater net usable space, and more
compact buildings increased. All of these actions tended to reduce the opportuni-
ties for effective daylight utilization.

From the 1940s to the 1970s these technical and economic trends accelerated. In
addition, the building design profession was guided by the assumption that appear-
ance was the primary objective because our technological prowess (and cheap
energy) made it possible to build any design in any climate and ensure that it
could be heated, cooled, and lighted. The design profession had the ability to
overwhelm any natural energy flow in buildings with a brute-force approach to pro-
viding climate control and desired illuminance. Daylight is rarely discussed as a
determinant of building designs in this period, and, when it is, its relationship
to view and aesthetics is the primary focus. The use of daylight as an energy and
load management strategy is rarely mentioned.



Following the recent period of rapidly rising energy costs (and rising building
costs), the varied potentials of daylight have been rediscovered. However, there
has been a painful and awkward growth in interest and activity, since most of the
infrastructure for evaluating daylight (e.g., professional education) has long
since disappeared in architectural curricula. Furthermore, the past decade was a
time of great turmoil in the 1lighting design profession, as designers struggled to
adjust their long-standing concerns for lighting quality to newly imposed require-
ments for energy efficiency. It is probably fair to comment that architects
quickly rekindled their dinterest in daylight, but have lacked the skills to
translate that interest into workable buildings; 1ighting designers traditionally
saw daylight as a minor and peripheral adjunct to their fundamental business of
lighting buildings, and engineers generally lacked the interest and skills to
address the problems. Building owners and other decision-makers were not con-
vinced that daylight as a design and energy strategy was a safe, low-risk, cost-
effective investment. The existing data base of buildings that could serve as
models of good daylighting design was (and still is) largely non-existent.

The next 10 years should see substantial change in this situation. New and more
efficient fenestration systems and 1lighting controls will become available.
Design tools, skills, and confidence have increased to the point where daylighting
strategies are more frequently incorporated into new buildings. ODuring the next
10 years, results from these buildings and advances in other areas should
accelerate identification and more widespread use of successful approaches. It is
our hope that this report will help identify some of the actions that might
advance effective daylight utilization.



Section 4
POTENTIAL ENERGY SAVINGS

INTRODUCTION

Fenestration's influence on total building energy performance involves a complex
interaction among the fenestration's thermal and optical characteristics and other
building parameters, set within the context of climate and orientation.

Defining the benefits of daylighting is difficult for several reasons. First, it
is a complex problem that is linked to many aspects of commercial building perfor-
mance. Second, until recently the large computer models used for energy analysis
were unable to model daylighting effects accurately. There is little or no
operating experience and few measured performance data on the thermal performance
of fenestration, and even less information on the effects of daylighting. In
order to understand fully the energy-conservation and economic benefits of day-
lighting, it is necessary to consider lighting energy consumption, thermal perfor-
mance, and peak electrical demand.

Detailed data on peak electrical demands are necessary to completely analyze the
costs/benefits of daylight-responsive electric lighting systems and to accurately
determine total electrical costs. Reducing both consumption charges and demand
should provide substantial operating savings.

The studies discussed here focus on improving our understanding of the relation-
ship between fenestration parameters and 1) electric lighting reductions due to
daylighting, 2) thermal loads both with and without daylighting, and 3) the impact
of daylighting strategies on building electrical demand.

We analyzed daylighted building performance using two approaches based on ongoing
fenestration research at LBL. In the first phase of these studies, we developed
methodologies for conducting parametric studies and assessing their results.
These results provided the basis for a second phase in which the methodologies
were further developed, the parametric range was expanded, and newly available
advanced analysis tools were used.

Results indicate that for a typical daylighted perimeter zone in a commercial
office building in New York State, annual electric lighting savings can be as high
as 80%. Peak electric demand reductions were also substantial. In many
instances, during peak demand hours no electric lighting was required in day-
lighted zones. For the building studied, with 62% core area and 38% perimeter
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area, peak demand reductions for the entire building reached 15%. Greater percen-
tages of daylighted floor space could yield even greater reductions in peak
demand.

Peak demand as a summer phenomenon is composed primarily of electric lighting and
cooling. The large window areas necessary for maximum daylighting savings also
admit solar gain, which may cause cooling load increases that exceed daylighting
benefits. Furthermore, daylighting benefits begin to saturate and level off with
window areas much smaller than necessary for maximum benefits, while cooling load
continues to rise monotonically even after daylighting benefits begin to level
off. Optimum design solutions, which are suggested in this report, will require
further research that accounts in detail for energy consumption economics and
various building energy interactions (e.g., HVAC system design and thermal storage
systems) as well as fenestration parameters.

Daylighting from skylights offers savings potentials that can be even greater than
those from windows. Once again, however, the energy benefits of skylights can be
negated by the less favorable orientation for solar gain and the corresponding
cooling loads. Design optimization involves critical sizing issues that require
further research.

The results, while clearly pointing up the energy-conserving potential of day-
lighting, demonstrate the need for more detailed performance data and design
guidelines to allow daylighting's potential to be realized.

PHASE-ONE STUDIES
Methodology

In order to study the effects of fenestration on building energy performance,
representative five-zone commercial office modules were designed. A module confi-
guration was evolved through a series of sensitivity studies that provided the
basis for a building-block approach for calculations. The building module is
square in plan and 60.96 meters (200 ft) on a side. It contains four identical
perimeter zones each 9.14 meters (30 ft) deep, surrounding a core zone. Ceiling
height is 3.05 meters (10 ft). The module can be considered as a single floor in
a multistory building. No net heat transfer occurs through the floor or ceiling,
or between perimeter zones.

Glazing is flush with the exterior surface and no exterior shading elements or
obstructions exist. The windows are furnished with drapes having a shading
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coefficient multiplier of 0.6. There is an 80% probability that the drapes are
closed when direct solar transmission exceeds 63 W/m2 (20 Btu/hr-ftz)

A ceiling-mounted fluorescent lighting system provides 538 lux (50 footcandles)
and requires 21.5 W/m2 (2 W/ftz). The electric lighting in the outer 4.57 meters
(15 ft) of each perimeter zone can be reduced in response to daylight. Daylignht
does not influence electric lighting usage in the inner portion of the 30-ft-deep
zone. The lighting controls are assumed to dim linearly to a minimum 30% power,
thus providing a maximum savings of 70% of the electric 1ighting energy.

For this phase of the studies the conductance of the opaque wall was held constant
and that of the glass was varied. Tne conductance of single glazing and quadruple
glazing were taken as limiting values. Intermediate cases of single glazing with a
low-emissivity surface and conventional double and triple glazing were also stu-
died.

Shading coefficient of the glass was varied in increments of 0.2 from O to 1.0. A
constant value of 0.8 was taken for visible transmittance within a shading coeffi-
cient range of 0.4 to 0.8. Results for other visible transmittance values can pe
estimated as described later. Window-to-wall ratios of 0.9, 0.6, 0.3, 0.15, and
0.0 were used to provide a full range of glazing areas.

Annual energy consumption was modeled with a development version of DOE-2.1, which
was modified to improve the analysis of fenestration performance. These improve-
ments were incorporated into DOE-2.1B, which was used in the next phase of the
studies. Since the DOE-2.1 development version lacked a daylighting algorithm, a
simplified daylighting algorithm was added as a preprocessor and annual energy
performance was calculated both with and without the utilization of daylight in
the perimeter zones.

Results

For the case of moderate to large windows with high U-values, (e.g., single glaz-
ing), thermal performance is dominated by heating load and total energy consump-
tion generally falls with increased shading coefficient (SC) since the solar gain
usefully offsets heating loads. To make significant reductions in total energy
consumption, the U-value and/or window area must be reduced. As the U-value is
reduced, the thermal balance point in the perimeter zone shifts, resulting in a
proportionally higher cooling load. In the north zone, Fig. 4.1, an increase in
shading coefficient adds slightly to the cooling load; on east, south, and west
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orientations, the cooling load increase is significant. The results for the south
zone presented in Fig. 4.2 show total energy consumption rising at high SC with an
optimum performance at an intermediate value of SC. The optimum value for SC
decreases as U-value is decreased. Thus with large single-glazed windows, the
primary conservation strategy is to reduce conductance. This in turn reguires a
reduced shading coefficient to avoid negating the heating Toad savings by
increased cooling loads. However, as window size is reduced the optimum SC
increases. Solar gain per unit glass area is then limited to that which can be
utilized in the heating season, and the negative cooling impact is controlled by
the smaller window size. These results suggested use of several lumped parame-
ters, primarily (SC x area) and (visible transmittance x area), which were supse-
quently used to characterize window performance in the next phase of this work.

A1l daylighting calculations in the Phase-One Study were performed using a visible
transmittance of 0.8. Using this value as an upper limit for daylighting savings
and taking the nondaylighted case as a lower limit, it is possible to interpolate
to estimate savings for any intermediate transmittance value. Daylighting savings
vary with latitude, climate, orientation, hours of occupancy, lighting control
system, glazing transmittance, and glazing area. The primary variables of interest
in this phase of the study are glazing transmittance and area. Although for a
given hourly climatic condition, daylight illumination in an interior space is a
nearly linear function of glazing area and transmittance, the relationship between
annual savings and these glazing parameters is more complex. For example, day-
light illumination above the desired lighting level produces no additional energy
savings. Thus, as window area and/or transmittance increase, savings do not
increase proportionally, and for a given window area, interpolation between the
nondaylighted case and the 0.8 transmittance case is highly non-linear.

Table 4-1 provides sample data for New York City from the simplified daylighting
model which allows daylight savings to be estimated for any glazing area and glaz-
ing transmittance (Tv)- The values in the matrix are the percent of total electric
lighting energy consumption averaged over all four perimeter zones. The highest
value in the table, 100 (Tv 0.1, WWR
The lowest value, 69.4 (Tv 1.0, WWR
tric lighting energy. The lowest value representative of parameters used in this
study corresponds to Tv = 0.8, WWR = 0.9, about a 30% reduction. This is close to
the theoretical maximum savings (35%) since only the outer half of the perimeter

0.1), represents 100% electric lighting.

1l
1]

1.0), represents a 30% reduction in elec-

zone is daylighted and the dimmable lighting control system never reduces lighting
energy by more than 70%. Note that for a given shading coefficient the full range
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of visible transmittance may not be realizable since it will not be possible to
have a visible transmittance more than about twice the value of the shading coef-
ficient.

These results with daylighting utilization are predicated on an electric lighting
load of 21.5 N/m2 (2 W/ftz), which is representative of current energy-efficient
lighting design practice. If daylighting is utilized to offset the higher electr-
ical 1lighting loads found in many existing buildings, it can provide far more
dramatic benefits. Conversely, with more efficient electric 1ighting, the impact
of daylighting diminishes, as will be seen in the next section.

PHASE-TWO STUDIES
Methodology

Completion of the early phase of work raised many additional questions regarding
the relative importance of the visible transmittance of the glass, the installed
lighting power, and the lighting control strategy. A new series of parametric
studies was developed using an expanded range of variables and DOE-2.1B, an
upgraded version of the program with an integral daylighting model. In order to
facilitate daylighting calculations in this improved version of DOE-Z2, the build-
ing module was revised.

This new module consists of four identical perimeter zones, each 4.8 m (15 ft)
deep, surrounding a square common core zone. As before the ceiling and floor were
modeled as having no net heat transfer. The overall envelope thermal conductance
was held constant in order to isolate solar gain and daylighting effects. Thus
when glazing area or glazing U-value was changed, the wall U-value was adjusted to
maintain a constant overall envelope conductance. After basic performance pat-
terns were established, the overall conductance was varied over a representative
range. Fenestration characteristics were varied by changing the number of panes
of glazing, glazing area, visible transmittance, and shading coefficient. As
base-case conditions, we assumed that occupant requirements for thermal and visual
comfort would result in the use of drapes or shades for any hour in which
transmitted direct solar radiation exceeded 63 ‘N/m2 (20 Btu/hr-ftz), or any hour
in which window luminance produced a glare index greater than 20. The interior
shading device reduces solar heat gain by 40% and visible transmittance by 65%,
values typical of conventional interior drapes or blinds.
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Electric lighting power density was varied from 12.9 to 34.5 w/m2 (1.2 to 3.2
W/ftz) based on a design illuminance of 538 lux (50 fc). We examined the effects
of stepped switching and continuous dimming in response to daylight. The continu-
ous dimming system modeled dims from 100% light output with 100% power to 0% light
output with 10% residual power.

The DOE-2.1B building energy analysis program used as the modeling tool incor-
porates a daylighting model that calculates hourly interior daylight illuminance
for each zone of a building based on architectural design and hourly weather data.
Our initial intent was to complete analysis for two climates in New York State,
New York City and Albany, using WYEC weather tapes. However, as part of another
study, we examined the performance of daylighted buildings in Madison, Wisconsin.
Madison weather data was available on WYEC tapes and approximates that of Albany
both monthly and annually within a few percentage points. Weather summary com-
parisons are presented in Tables 4-2 and 4-3. We have thus chosen to analyze
simulation results from Madison to characterize the impact of daylighting in
Albany. These two climates, exemplary of the climate range of populous areas 1in
New York State, provide satisfactory bounds to this study.

Total plant energy consumption was calculated for the entire five-zone module;
however, in order to examine the effects of orientation, we also studied zone-by-
zone requirements based on zone-level coil loads. The interactions among various
HVAC systems and building envelope characteristics can be important, but were not
a primary issue in this study. In another part of this report we examine the
impact of daylighting in a typical high-rise building with several different HVAC
options.

Results

Energy Use--Windows. The numerous parametric runs provided a data base that
demonstrates the complexity of daylighting energy analysis relative to our primary

concerns--climate, orientation, and fenestration--along with other physical and
operational building parameters. To simplify interpretation of results, we define
a new term, effective aperture, which is the product of the ratio of glass area to

floor-to-ceiling wall area (WWR) times visible transmittance (or, when appropri-
ate, shading coefficient). The value of visible transmittance is taken as two
thirds that of the shading coefficient, a generally conservative assumption.
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The dimming system is continuously responsive to variations in daylight level and
maximizes the benefit from low daylight levels. The simple stepped system reduces
electric lighting power only when daylight exceeds the design criteria and pro-
vides all required lighting; at zero electric light output there is zero power
consumption. Thus the step-switching system is most effective at high interior
daylight levels, where it outperforms the cbntinuous dimming system with low-level
losses; step switching is least effective in situations in which low daylight lev-
els provide only a fraction of desired illuminance.

The principal effect of daylighting is to reduce electric lighting use. Sample
DOE-2 reports for north and south perimeter offices in New York City are presented
in Tables 4-4 through 4-9 for a small aperture (WWR = 0.21) with moderate
transmissivity (0.40). Even with this small aperture, annual percent lighting
reductions are 20% for the north zone (Table 4-4) and 28% for the south zone
(Table 4-5). Maximum monthly savings of 37% in the north zone and 44% in the
south zone occur during July when maximum cooling loads are contributing to annual
peak electrical demand. The daylighting illuminance range is indicated for each
month in Tables 4-6 and 4-7. The average hourly percent lighting reduction on a
monthly basis is shown in Tables 4-8 and 4-9. In the south zone (Table 4-9), mid-
day daylighting levels in summer months have not yet saturated, as indicated by
the 40-65% lighting energy reductions during occupied hours. iore daylight intro-
duced at these hours would be useful and the effective aperture could be increased
somewhat before it would increase cooling loads without adding lighting benefits.
North zone lighting energy reductions (Table 4-8) reach a maximum of 48% at noon
in July, indicating that substantially more daylight could be effectively util-
ized.

As the effective aperture increases from 0, lighting energy savings first rise
rapidly but electrical consumption for lighting then levels off. For a given
effective aperture, the fractional savings depend on the design illuminance level,
lighting power density, and the lighting control strategy. Figure 4.3 illustrates
the change in fractional lighting energy savings as a function of effective aper-
ture for three design illuminance values with a stepped system and for a continu-
ously dimmed system. These results for "Albany" (Madison, Wisc.) are representa-
tive of savings potential with daylignhting in the northern tier in the U.S. For
small apertures the savings are not linear with respect to design illuminance
level. For larger apertures the shape of the curves indicates that daylighting
becomes saturated and further savings are minimal. Results for New York City are
similar.
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The choice of 1lighting control strategy has several consequences. Figure 4.4
illustrates lighting energy consumption with a dimming control and a stepped con-
trol both set to 538 1lux (50 fc). For small apertures, the dimming control
always outperforms the stepped system because for many hours the available day-
light is below the control setpoint, allowing partial savings with the dimming
system but none with the switched control. As aperture size increases, the
difference between the two is reduced. Eventually the switched system outperforms
the dimming system because of the dimming system's low-end operating characteris-
tics. This pattern appears on all orientations in both climates.

Total electric lighting energy savings can be substantial. Approximately 50 to
80% of electric lighting in the perimeter can readily be saved. Note, however,
that the savings saturate at moderate effective apertures of 0.2 to 0.3,
similar to the results shown in Table 4-1. This suggests that for a 538-lux (50-
fc) setpoint, a 50% glazed wall with 50% transmittance or a 30% glazed wall with
80% transmittance will provide most of the possible daylighting savings in a typi-
cal 15-foot-deep perimeter zone. Walls that are fully glazed from a 0.8-m-high
(30-in.) sill to ceiling have 71% glazing and would provide most of the potential
savings with a transmittance as low as 30%. These moderately transmitting pro-
ducts may also reduce discomfort from glare. However, the highly reflective
architectural glasses in common use, which have 8 to 14% daylight transmittance,
provide substantially lower daylighting savings. These glazings emphasize sun and
glare control at the expense of daylight transmittance. Note that if the design
illuminance level was lowered to 323 lux (30 fc), a level that might be used for
ambient 1lighting only, the fractional savings in all the above cases would
increase, notably with the very low transmittance glazings.

During winter months, the balance point of a zone shifts when the electric light-
ing is reduced and additional heating energy is consumed. The magnitude of the
heating-load increase depends on orientation. The worst case occurs in a north
zone, which can show a 25% increase for large effective apertures. However, for
the south zones the increase can be much smaller, about 5%. This is because the
solar gain that was unusable when the electric lights were on is now being used to
offset part of the increased heating load. In the summer, reduced electric light-
ing diminishes cooling loads.

An overall picture of total zone plant energy requirements for a south zone as a
function of glazing parameters and lighting load is shown in Figure 4.5, which
presents total plant energy results for "Albany" for two different lighting loads:



12.9 and 23.7 W/m2 (1.2 and 2.2 w/ftz). The curves initially decrease to a
minimum and then rise monotonically as effective aperture increases. We show
curves for a nondaylighted case (solid line) and for two daylighted cases, one
for continuous dimming, and one for step switching. The continuous dimming system
outperforms step switching for small effective apertures, but the curves cross and
change relative positions for larger apertures.

For this south orientation, after an optimum effective aperture is reached, total
energy consumption increases, dominated by the rising cooling load. In this case
there 1is an obvious tradeoff between cooling and daylighting, and the optimum
solution is somewhat sensitive to installed lighting power. For 23.7 W/m2 (2.2
w/ftz) installed lighting load, the optimum effective -aperture is approximately
0.30. However, the optimum is not sharply defined and even at the largest value
studied (approximately 0.4), the energy requirement with daylighting is only
slightly higher than at the optimum, and is well below that of an insulated wall.
If we drop to an installed lighting load of 12.9 w/m2 (1.2 N/ftz) on the south
zone, the optimum shifts to a smaller effective aperture of approximately 0.25.
For either lighting power density, the energy requirement in the daylighted case
is always less than that of an opaque wall for the range of effective aperture
studied.

A comparison between north and south zone performance shows that the relative
differences are small (Figs. 4.5 and 4.6). In the south zone, total energy
requirements decrease to an effective aperture of 0.20 - 0.25 for the nonday-
lighted case, after which the south zone's total energy requirement rises. This
rise occurs even though heating requirements are reduced in the south zone as
effective aperture increases, resulting entirely from the large increase in cool-
ing requirements. In the north zone, for the entire effective aperture range stu-
died, total energy requirements for both the daylighted and nondaylighted cases
monotonically decrease with increasing effective aperture. Solar gain is pri-
marily diffuse and has a greater influence on heating load reductions than on
cooling load increases. These results are a consequence of the fact that we have
adjusted the wall conductance to hold the overall U-value constant as glazing area
changes. The specific influence of effective aperture on lighting, and cooling
requirements is shown in Figures 4.7 and 4.8.

Although a daylighted building will clearly have a lower cooling load than an
identical nondaylighted building, the effective efficacy of daylight as a light
source has been the subject of much discussion and some misconceptions. It has
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been often stated that since the efficacy of daylight of 90-130 lumens per Watt
(1m/W) is higher than that of electric lighting systems (60-90 1m/W), daylighting
always produces a lower cooling load impact than electric lighting. We believe
this is an incorrect generalization, although there are circumstances in which it
will be true.

If we plot cooling load vs. effective aperture for different values of installed
lighting power density we find that the curves rise monotonically for very low
lighting power densities, indicating that the net impact of each increment of
glass is to increase cooling load. For cases with high installied lighting power
densities, the cooling load first drops as effective aperture increases, and then
rises through the rest of the aperture size range. Tﬁis indicates that there are
conditions under which the cooling load impact of daylight is less than that of
electric light.

The'fa11acy of the comparative efficacies of daylight and electric light is based
on a misuse of the term efficacy. The cooling load impact of any source of radi-
ant energy is dependent not only on the intrinsic special distribution of the
source but also on how that source contributes to heat gain and lighting require-
ments in the building. In the case of electric Tighting, we can define an "effec-
tive efficacy" as the ratio of useful illuminance (in this case, the design
illuminance), 538 1lux (50 fc), to the input power density, which varies. This
results in an effective efficacy of 19 1m/W, 29 1m/W, and 72 1m/W, corresponding
to lighting power densities of 29.2 N/mz, 18.3 w/mz, and 7.5 w/mz, respectively.
The reason that these values differ from the typically quoted fluorescent system
values is that the effective efficacy accounts for light that never contributes to
useful workplane illuminance.

Direct calculation of an effective efficacy for daylight is much narder because
the illuminance distribution varies in time and space. Two primary effects reduce
the effective efficacy of daylight: the nonuniform distribution of daylight and
the design of simple 1lighting control systems. Our lighting control system
adjusts the electric light in response to the illuminance at a point two-thirds of
the distance from the window to the back wall of the room. Under typical sky con-
ditions in a small perimeter room, the illuminance falls off sharply from the win-
dow to the back wall. The average illuminance throughout the space is approxi-
mately twice the illuminance at the control point. Since the electric lighting
power is set based on the control point value at any given time, there is approxi-
mately twice the average luminous flux (and thus twice the radiant gain) at the
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workplane that is accounted for by the value measured at the lighting control
point. This reduces the effective efficacy by a factor of two. In addition, Jjust
as in the case of electric lighting, a fraction of the admitted luminous flux is
absorbed by room surfaces and never provides useful illuminance. 1In a sidelighted
space this fraction will normally be greater than with ceiling-mounted electric
light since the flux is admitted from the side. There are additional losses in
the window system and other factors that further reduce effective efficacy. When
we account for all these factors, using the perimeter office we have modeled, we
find the nominal efficacy of daylight has been reduced to an effective efficacy of
30 Im/W. This suggests that of the three electric lighting power densities we
considered, the daylight strategy reduces cooling loads only in the case of the
least efficient electric lighting system and then only for small apertures. This
approximate analytical result is confirmed by simulation results. As aperture
size increases, the effective efficacy of daylight will always be further reduced.

Daylight can reduce cooling loads relative to many electric lighting designs if we
alter the parameters of this study. For example, in our studies of a skylighted
space with properly distripbuted skylights, the illuminance distribution is more
uniform and the room optical losses are lower so the effective efficacy is much
higher than in the sidelit perimeter office. Furthermore, the nature of this prob-
lem suggests that advanced glazing systems having better spectral and directional
control properties;improved 1ighting controls would also greatly improve the cool-
ing load impacts. Until these interrelated effects are better understood, claims
regarding the impacts of daylighting on cooling loads should be examined carefully
on a case-by-case basis.

Energy Use--Skylights. As with vertical fenestration systems, energy savings from

horizontal skylights vary as a function of the lighting level (fc) and the light-
ing control system. Figures 4.9, 4.10, and 4.11 show lighting, cooling, and total
energy savings as a function of effective aperture for four different 1lighting
systems: continuous dimming at lighting levels of 30, 50, and 70 fc, and stepped
switching at 50 fc. As might be expected, the three continuous dimming systems
have similar savings curves, with downward shifts in energy savings with daylight-
ing as the required maintained lighting level increases. Stepped systems provide
somewhat smaller savings except at very large effective apertures, where the
minimum power requirement of the continuous dimming system results in better per-
formance from the stepped switching system for the same lighting level (50 fc).

Figure 4.12 shows annual energy use vs. effective aperture for an extended range
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of effective aperture (up to 0.08). Note that daylighting savings approach their
maximum value at very small effective apertures, approximately 0.02. This is
also the aperture size by which cooling and total energy consumption have reached
and passed their minimum values. Increasing effective aperture beyond this point
provides additional hours 1in which daylighting exceeds 1lighting level design
requirements and imposes an increasing cooling energy penalty. This crossover is
typically reached at a much smaller effective aperture in flat skylights than in
vertical fenestration as a consequence of the greater daylight availability and
the less favorable orientation to solar geometry. Flat skylights receive maximum
direct solar radiation in the summer when it imposes a cooling load, and minimum
direct solar during the winter when it can be used to offset heating requirements.
The use of properly designed exterior shading elements-on flat skylights or otner
skylight or roof monitor configurations can change this relationship to yield
improved net annual energy performance.

Peak Demand Analysis. Unless electricity is the primary heat source in a cold

climate, electrical consumption in office buildings typically peaks during summer
months when cooling requirements are at a maximum. In this study we modeled heat-
ing being supplied with a gas-fired boiler and cooling being provided with an open
centrifugal chiller. Therefore, the peak electric demand conclusions of this
study are limited to summer peaking. Results might change with electric heat
sources such as heat pumps.

Using the same prototypical building module as above (including the core), we
extended our analysis to examine peak demand impacts of fenestration on the whole
module. Figure 4.13 shows that daylight from moderate-to-large effective aper-
tures can reduce total building peak demand by 14-15% in “Albany", compared to a
nondaylighted building with identical glazing when the electric lighting is 18.3
W/m2 (1.7 w/ftz) (compare curves B and D). In this case the daylighted perimeter
floor space is only 37% of the total. The fraction of total building peak demand
saved will vary with the ratio of perimeter area to core area.

A plot of required chiller size as a function of effective aperture is included in
Fig. 4.13. Chiller size increases continuously with effective aperture even in
the daylighted cases. This pattern contrasts with the peak load patterns, which
show an intermediate value of effective aperture for the minimum peak loads. The
data for "Albany" indicate that the incremental chiller savings due to reduced
lighting loads occur at low effective aperture values and remain constant, while
the incremental adverse impact of solar gain continues to increase as effective
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aperture increases. These results emphasize the importance of control of solar
gain if daylighting is to be successfully utilized to control peak demand.

The results described above also depend on installed lighting power density. When
the installed electric lighting is very efficient, daylighting without window
management requires a larger chiller than window management without daylighting.
("Window management" refers to operation of simple internal shading devices to
reduce solar gain.) When installed electric lighting power density is above 21.5
W/m2 (2.0 w/ftz), daylighting is generally beneficial in terms of chiller size.
Chiller size is approximately linearly dependent on electric 1lighting Tlevel
regardless of daylighting and window management, although the rate of increase
will vary with the conservation strategies utilized.

Peak electrical demand as a function of installed electric lighting power density
for "Albany" 1is shown in Fig. 4.14. Changes in installed 1lighting power are
assumed to represent hardware changes that increase or decrease luminous efficacy.
In a1l cases the illuminance design criterion remains 538 lux (50 fc}. For tne
nondaylighted cases, including a building having no windows, the relationsnip
between peak demand and electric lighting power is linear and the plots for dif-
ferent values of window area or shading coefficient are parallel. However, for
daylighted cases, the relationship between peak electric load and lighting power
density becomes more complex.

In "Albany" the three nondaylighted cases represent glazing areas of 0%, 21%, and
71%. These have essentially the same slope (see Fig. 4.14). The value includes
the cooling impact of 1lighting as well as the effect of operating schedules.
These schedules assume that 90% of the installed lighting power is operating dur-
ing most daytime hours. These values represent results for core and perimeter
zones combined. If we examine results from the perimeter zone alone, we find
that, at peak conditions with small windows (August 31, 3 pm), the electric light-
ing is operating at about 30% power. For large windows, the lighting is operating
at its lowest limit, 10% power. All the peak demands plotted in Fig. 4.14 (both
daylighted and nondaylighted) occurred between 3 and 5 pm on August 31. The fig-
ure shows that the daylighted case will always have a lower peak electric demand
than the equivalent nondaylighted case. However, if we compare the case of the
large window with daylighting to the small window without daylight, we find that
the large window/daylighted case has a lower peak electric demand only for light-
ing power densities above 1.5 w/ftz. As the electric lighting becomes more effi-
cient, peak demand is minimized by using smaller fenestration with good sun
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control to minimize cooling load. Once again we find there are potential benefits
with daylighting but generalizations are dangerous without considering the effects
of all of the relevant building design parameters.

Monthly distribution of peak demand in New York City is shown in Fig. 4.15.
Monthly total electrical consumption is also indicated. In this case of small
glass area (WWR = 0.21) and high transmittance (effective aperture = 0.20), peak
demand rises dramatically during summer months when daylighting produces very sig-
nificant peak load-shaving benefits. With a much larger effective aperture of
0.55 (WWR = 0.71), as shown in Fig. 4.16, this summer peak pattern is repeated to
an even greater degree. Note, however, that while the effective aperture more
than doubles, the peak load savings with daylighting are only slightly improved,
indicating the rate of rise in cooling load due to increased solar gain exceeds
the rate of increase in daylighting benefits. This is consistent with results in
Fig. 4.13, which shows essentially no incremental improvement in peak savings for
effective apertures greater than 0.25. While total cost optimization constitutes
a complex issue requiring detailed study, daylighting as a design strategy offers
the potential for important peak load reductions to utility systems and to build-
ing owners.

SIMPLIFIED PERFORMANCE ANALYSIS

Analysis of data in the preceding figures provides insight into key performance
trends but makes evaluation of the impact of individual parameters difficult. We
therefore developed a simple set of predictive equations that incorporate key
fenestration variables. A large integrated data base was created from results of
DOE-2 runs, then a series of multiple regressions was undertaken to define coeffi-
cients for selected configuration variables that could accurately predict relative
energy use. Multiple regression is a statistical analysis procedure in which
relationships between different variables are established mathematically using a
least-squares approach. Generally, sets of independent variables are defined from
which a dependent variable is predicted.

In this analysis, distinct expressions were generated for cooling peak, cooling
energy, heating energy, and total electric requirements. Heating peak was not
considered in the study after initial results indicated that its value was a func-
tion of the startup load and thus could not be related to configuration parameters
in a meaningful way. The analysis of daylighting resulted in correction factors
to the lighting terms. The resulting regression expression for the perimeter zone
was of the form:
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bIUOAT + bzA SC+b

g 3KgAsh + DgAg (1)

where:
b's = solved for regression coefficients, for each zone
U0 = exterior envelope overall U-value (Btu/hr-ft-OF)
A; = exterior wall area (ftz)
Ag = window area (ft2)
SC = shading coefficient
Ae = floor area (ftz)
L = lighting wattage (W/ftz)
kd = correction factor due to day1ighting.

This form of the equation was used for each orientation for each of the energy
quantities studied. Its compact form and conveniently segregated terms permit a
qualitative as well as quantitative analysis of individual components contributing

ot zone energy use. Tables 4-10 and 4-11 present the regression coefficients and
certain relevant statistical variables to indicate the reliability of the fit for
New York and "Albany". Figures 4.17 to 4.22 present some of the data in graphic
form. Generally, the rz (square of the correlation between the predicted value
and actual value) values are on the order of 0.97 and above (an r2 value of 1.0
represents a perfect correlation), with the exception of the heating energy in the
perimeter =zones, which 1is wusually below this value. However, when heating
approaches the magnitude of cooling (this can be seen by observing the mean value
of the data), the rZ increases correspondingly. The skylight or rooftop envelope
portion of the analysis yielded a regression expression similar to Eq. (1), the

only difference being the lack of an orientation variation.

The daylighting correction to the 1ighting term of the basic equation was obtained
as a function of effective aperture. The effective aperture, which is a dimen-
sionless parameter, is defined as the product of window/wall ratio and visible
transmittance. For skylights this product is multiplied by the skylight well fac-
tor. The following expression was derived:
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= 2
kg = 1. - b5(E ) - b6(Ea) (2)

a
where:
kd = correction factor to the lighting
wattage due to daylighting
b's = regression coefficients
a = effective aperture.

This equation can be used for each of the energy quantities analyzed. The coeffi-
cients are presented in Tables 4-10 and 4-11.

Whole-building energy performance is necessary in determining building coincident
peak electrical load and peak load reductions due to daylighting. In order to
assess the energy performance for a whole building, Eq. (1) was rewritten in the
following form:

biquT + b2A SC+b

g 3(de + AC)L + b4(Ap + AC) (3)

P

where:
2)

total perimeter floor area (ft
core floor area (ftz).

The appropriate coefficients can also be found in Tables 4-10 and 4-11.

The statistical correlations presented in Tables 4-10 and 4-11 for the various
multiple regressions indicate that good predictions of DOE-2 results are obtained
by using Eq. (1). The form could be made more accurate by considering gquadratic
and cross-coupled independent variables of the input heat gain/loss components.
Generally, the more detailed the regression model, the better the predictive qual-
ity of the final equation. However, although large numbers of independent vari-
ables may be more accurate in a mathematical sense, their use is limited in a
practical sense. It should be kept in mind that the results of this study are
valid only within the range of variables parameterized. One should not expect to
be able to define a building's actual energy use from these results, but rather
should use them to estimate relative performance among alternative designs.
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COST IMPACTS

While energy savings from daylighting can be presented in many forms, the bottom
line to most building owners and managers is operating cost savings. Because
utility rate structures and energy costs vary as a function of source, season, and
demand, detailed analysis of cost savings is complex.

Using large commercial Consolidated Edison rate structures for October 1983 (see
Table 4-12) for Manhattan, both annual electricity and natural gas COS5ts were cal-
culated for the prototypical floor considered in this analysis, as well as for a
building consisting of 30 of these floors. Because of decreasing energy COsts
with rising consumption, the energy costs of the multi-floor configuration are
less than 30 times that of the single floor. Thirty floors were analyzed as a
case where the bottom (cheapest) energy step dominates. The typical cost savings
are about 27% or $0.40/ft2 of daylighted space or about 10% or $0.15/ft2 averaged
over the entire building. Figures 4.23 and 4.24 present total annual fuel and
electricity costs for a single floor and for the 30-story building. A typical U0
value (0.205 Btu/hr-ftz-oF) and a median electric lighting power density (1.7
W/ftz) are held constant. Note that over 60% of the total building floor area is
located in the core of the building and is thus not influenced by daylighting
strategies.

BUILDING APPLICATIONS
Background

As an example of daylighting's effects in a real building, the PSEG/Tishman build-
ing in Newark, NJ was modeled with DOE-2.1B using New York City WYEC weather data.
Three perimeter systems were compared: a constant-volume, variable-temperature
(CYVT) system as used in the generalized module case, a variable air volume (VAV)
system typical of those currently used, and a four-pipe induction unit (FPIU)
representative of systems installed in the mid-1960s. The formulation of regres-
sion correlations for the latter two systems is discussed. The significant
difference between results for the different system types leads to the conclusion
that system types greatly affect the energy impact of daylighting and that more
work is needed in this area.
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Building Description

The PSEG building is a 35-story, high-rise office building with its four sides
facing the four cardinal directions. There was no heat transfer assumed between
floors. Anomolies in the building, such as the building's computer room and
accompanying double-bundle chiller, were deleted. The interior ceiling height was
kept at 9 ft, the exterior wall height at 10.6 ft, and the perimeter zone depth at
11.5 ft. The north and south perimeter zones consist of 10 modules 11.5 ft wide;
the east and west of 10 modules 21.3 ft wide. The total perimeter area per floor

is 10,380 ft2 and the core area per floor is 14,145 ft2.

Daylighting control points were placed in the perimeter .zones 2.5 ft off the floor
midway between side walls, one-third and two-thirds of the way from the window to
the back wall. The daylighting control point farthest from the glazing governed
the electric lighting system modeled (continuous dimming). Continuous dimming and
no daylighting controls were compared. The lighting level was set at 50 fc, and
window management was not included in the analysis.

Parametric variations on window area, shading coefficient, and visible transmis-
sion were treated in the same way as in the previous work. Fluorescent lights
were also assumed to be evenly distributed. The electric 1ighting power density
varied between 0.7 and 2.7 w/ft2 for the VAV system and between 1.7 and 3.7 W/ft2
for the FPIU system.

HVAC Systems

Initial sensitivity runs revealed a significant difference in energy consumption
between different HVAC system types. To compare this building against results
from the prototypical module previously discussed, it was first modeled with a
constant-volume, variable-temperature system for each of the four perimeter zones
as used in the module parametric study. (Note that the other system types use one
system to serve all four perimeter zones.) The cooling and heating extraction
loads and peak cooling rates, as a function of effective aperture, were compared
to the previous regression results for spaces with both no daylighting and con-
tinuous dimming 1lighting controls. An electric power lighting density of 1.7
w/ft2 and an exterior wall U-value of 0.205, based on ASHRAE criteria, were held
constant throughout these runs (i.e., a full parametric series of runs was not
made with this system type). These results for annual heating and cooling loads
and for peak cooling extraction rates are detailed in Figs. 4.25 to 4.48. Agree-
ment between the DOE-2.1B results and the regression-predicted cooling energy and
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cooling peak is quite good. The slight difference is due mainly to differences in
space geometry. Heating energy differences are significant, yet differ only by a
constant. This was traced to a difference in infiltration losses resulting from
different building geometry.

Current (VAV) and 1965 (FPIU) System Results

The building was next modeled parametrically with two different system types. In
both these cases, heating and cooling schedules and set points, night cycle con-
trol, humidity control, and outside air requirements are consistent with the pre-
vious runs. VAV systems were used as an example of current building practice.
One system served the core and another served all four perimeter zones. A confi-
guration using a constant-volume reheat fancoil system'to serve the core zone and
a four-pipe induction unit to serve the perimeter zone was modeled to represent
the building's system as it would have been designed in 1965. Unlike the previous
system, the VAV system has an enthalpy control on the economiser and thus a higher
economiser limit of 70°F. variable parameters included exterior U-values (0.154,
0.205, 0.308 Btu/hr-ftz-oF), electric power lighting density (0.7, 1.7, and 2.7
W/ft2 for the current systems, and 1.7, 2.7, and 3.7 W/ft2 for the 1965 systems),
and lighting control type (none or continuous dimming).

The VAV system would normally include a perimeter baseboard heating system which
would increase in capacity with window area, assuming the exterior overall heat
transfer coefficient also increased with window area. In our analysis, overall
U-values are kept constant with area changes, and thus increasing window area does
not warrant perimeter heating. However, because the overall U-value was varied as
one of the regression variables, the effects of different U-values for the walls
and windows can be modeled using the regression equations.

Because the VAV system is intended to represent buildings in which daylighting
controls are not retrofit measures but were included in the design of the initial
building, the difference between daylighted and nondaylighted cases will inciude a
difference in plant equipment sizes. Thus, for the VAV system, for both daylighted
and nondaylighted cases, fan sizes, heating and cooling coil capacities, and plant
equipment can be sized by DOE-2. However, in the case of the buildings with 1965
systems, daylighting controls would be added as a retrofit. While supply air
guantities can be changed, it would be impractical to change fans, coils, and
plant equipment. Thus, the daylighting cases of the 1965 building are modeled on
DOE-2 with system fan and coil sizes and plant equipment sizes as would have been
installed in a 1965 nondaylighted building.
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Figures 4.29 and 4.30 show the perimeter heating and cooling extraction loads for
the constant-volume, variable-temperature (CVVT) system, the VAV (current) and the
FPIU (1965) system. Electric lighting power density and the overall exterior wall
heat transfer coefficient were held constant at 1.7 w/ft2 and 0.205 Btu/hr-ftZ—OF,
respectively. Cases without and with continuous dimming lighting controls were
considered.

Results for the FPIU system are substantially higher for both heating and cooling
over the full range of effective aperture for both daylighted and nondaylighted
cases. The CVVT and VAV results track each other well for cooling but show large
differences for heating, particularly at large values of effective aperture.
These results can be explained partly by the different design and operating
characteristics of each system. Based on these simufation results, it is clear
that currently designed HVAC systems have the potential to operate much more effi-
ciently than systems routinely specified 20 years ago. However, it is also impor-
tant to note that the details of HVAC system design, sizing, and operation can
greatly influence building energy performance and must be carefully considered as
part of any envelope design package.

Regression Coefficients

As with the module study, the results from many DOE-2 runs were compressed into a
more usable form through a regression procedure. The regression equation for
annual system cooling load, system hourly cooling peak, annual system heating
load, and annual total system load is of the same form as Eq. (1). Regression
coefficients for the PSEG building with VAV and FPIU systems are presented in
Table 4-13. These can be used to easily calculate the energy and cost impacts of
a range of envelope and fenestration alternatives.

SUMMARY AND RECOMMENDATIONS

Daylighting is a potentially important design and conservation strategy in non-
residential buildings. Results from an hour-by-hour simulation model that
accounts for daylighting impacts helps refine our understanding of this complex
subject. An extensive set of parametric analyses for a simple office module in
several climates suggests the following generalizations:

® Increasing window area and/or transmittance to increase daylighting savings
reaches an optimum point beyond which total energy consumption increases due
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to greater cooling loads.

® Control of solar gain is vital if daylighting strategies are to provide max-
imum net energy benefits.

e Managed windows without daylighting controls may require less energy than
unmanaged windows with daylighting.

hd Daylighting may not always be a "cooler" 1light source than fluorescent
1ighting--the conditions under which this statement holds true depend on the
details of window management and installed lighting power.

e Daylighting strategies provide peak demand management opportunities, but the
results depend on design and operating details. '

o Daylighted buildings may have lower total peak electrical demand, bDut may

require larger cooling systems than nondaylighted buildings with smaller win-
dows.

® Installed lighting power and lighting control system characteristics are
major factors in determining the real value of daylighting strategies.

® Most of the conclusions above are sensitive to climate, orientation, and
other building modeling assumptions.

e Strategies that minimize annual energy consumption may not minimize annual
operating costs, because operating costs often consist of two energy Sources
(fuel, electricity) and may include demand charges. In general, the differ-
ence between fuel costs and electricity/demand costs will tend to emphasize
lighting and cooling effects and de-emphasize heating.

While we believe that these results provide a useful perspective on this subject,
we remind the reader that there are still very few measured building data to ver-
ify simulation results. Changes in base-case conditions and operating assumptions
may also modify some conclusions.
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TABLE 4-1
ANNUAL PERCENTAGE OF TOTAL ELECTRIC LIGHTING ENERGY REQUIRED FOR 9.1-METER-DEEP

OFFICE SPACE 1IN NEW YORK CITY AS A FUNCTION OF GLAZING PROPERTIES (VISIBLE
TRANSMITTANCE AND WINDOW/WALL GLAZING RATIO).

Visible Transmittance, Ty

Iy 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Window/Wall
Ratio (WWR)

.l 100 97.9 96.5 944 92.3 90.8 89.4 B88.0 86.6 B85.2

-2 97.9 ©i.4 90.8 88.0 85,2 83.1 -8L.7 79.6 7B.2 76.8

3 $5.5 0.8 86.6 83.1 B81.0 78.2 76.1 V.6 73.2 72.5

4 94.A B88.0 83.1 79.6 76.8 74.6 73.2 72.5 71.8 7.1

5 $3.0 85.2 81.0 76.8 7Yi.6 72.5 71.8 71.1 70.4 70.1

6 90.8 @&3.1 78.2 74.6 72,5 71.8 71.1 70.3 69.9 69.7

.7 85.4 @81.0 76.1 73.2 71.8 71.1 70.2 69.9 69.6 69.4

-8 88.7 81.0 75.3 72.5 T1.1 70.4 70.0 69.7 69.5 69.4

9 gs.7 @1.0 75.3 72.5 T.1 70.4 70.0 695.7 6€9.5 69.4

1.0 r-.7 8.0 75.3 712.5 7.3 70.4 70.0 69.7 €9.5 €9.4
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TABLE 4-2
MONTHLY WEATHER DATA SUMMARY FOR ALBANY, NY.

HONTHLY MEATHER DATA SUYMARY

LATITUDE o 42,75 LORGITUDE = 713,80
JAN FEB RAR APR YAy JUN JUL
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(BASE 80} - B 0. 0. -5 1.3 11.3 11.7
RAXIRUA TERP, 41 43 60 a L 14 ” 92
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toam 8.7 84,9 T1.2 6%.0 &%.3 12.8 5.8
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LorR 83.86 84,9 Ti.5 6l.5 12.7 80. 17 19.5
YEAR 1969 [TRY ALBANY, NEv YOR NONTHLY WEATHMER DATA SUMMARY
DESIGCH TEMPERATURES SURNER WINTER
PER CENT TipRY) TY(WET) TIDRY}
1.0 1} Te -1
2.% L1 T4 2
3.0 [ B} 13
MONTHLY AVERAGE TENPERATUNES AS A FUNCTION DF MOUR OF THE DAY
JAN FEB MAR APR NAY Jum AUG SEP
KOUR e ———— mm——
1] 1%.7 23.1 28.9 42.17 $C.1 80.6 63.7 56.2
[} 19.6 239 21.9 41.8 49.1 59.6 62.7 ss.1
2 19.2 2248 2T.2 40.6 48.2 58.7 e2.1 Seab
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10 2%.0 2%.0 32.3 30.9 $9.2 T0. 4 73.1 76,5, 68,8
u 22.9 2%.1 34,5 53.7 &l.2 T2.4 5.1 T6.8 66,7
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(13 26.9 30.9 3r.8 37.6 65.) T4 b T7.8 0.7 Tiab
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19 19.6 21.2 34.0 50.3 56.2 67.8 Te.l 6.2
20 19.2  20.2 33,3 47.9 534  064.0 72.9 66.0
21 18.6  19.7 32,3  &6.7  82.0 1.3 TO.5 eh.b
22 18.6  19.1 31,3 65.9  50.% 0.1 #9.1 2.9
23 18.6 18,3 30.9 44,8  49.7  50.8  &f.T el 52.3
GROUND TEMPERATURES $01.0 498.0 499.0 3503.0 509.0 S16.0 $21.0 $523.0 522.0
1.00 1,00 1.00 1.00 1.00 1.00

MONTHLY WEATHER

19764  YRY RADISON,¥1

LATITUOE = 43.10

TABLE 4-3
DATA SUMMARY FOR MADISON, WI.

FONTHLY HEAINEI.DIII SUHRARY

LONGITUDE = £9.30

CLEARNESS WUMBERS 1.00 1.00 1.00

4-24

AUG

68.9
s1.3

0.2
35.3

88.9%
38.5
12.5

70.1
27.3
8.1

9.4
5.3

1.0
1.3

T3

93.4
T1.0
56.6
82.9

319.0
1.00

TIRE ZONE »
SEP  OCT
s7.6  90.9
51,4 43.2
70.0 621
43.2  39.2
270,31 430.8
1041 328.0
109.9 21746
240 33
9.6 ath
2.5 0.
113 19
26 22
o [
0 o
2 )
o 0
8.6 8.8
10.0  10.3
Tl 6.8
6.9 53.3
52,3 41,0
s.0 8.7
5.0 0.1
64.0  b4.4
a1 an.b
6.9 T2.4
MOV DEC
35,7 26.2
34,9 25.9
363 25.5
3.1 2%.0
33,5 24.%
33,0 24.1
33,3 2¢.0
33.0 243
34,5 24.4
36.8 25.9
se.8  27.%
s0.6 28,9
41.9  30.1
3.2 0.8
3T 3.4
435 3.4
€2.0  30.5
39.7  20.8
6.6  28.0
¢ 3.S 1.7
6.4 21.2
5.8 26.8
5.5 26.6
35.5  26.3
$12.0 9306.0
1.00 1.00

novY

31.9
n.T

4",
29.9

DEC

21.2
26.1

32.8
21.2

831.3 1172.9
684,2 1017.9

53%9.5

10
17

[}
4

20
9

10.1
1.9

40.2
5.1

Tel

ar.r
83,3
54,8
82.7

YEAR
42.1
4l.4
40.8
40.2
39.8
39.4
40.2
42.1
44,4
46.9
49.1
50.8
52.3
53.3
54.0
54.0
53.2
51.8
49.7
&71.5
45.6
6.4
43.5%
42.8

862.9

41
7

0
13

27
0

T.8

8.4
Tat

20.9
26.1

91.5
91.2
79.8
89.%6

31
(18]
49!

3
LU



22" 2°02 202 TFUILNNY
91 0% 0ve 33
5*97 L 1 5°1T AON
6°Lf 24 211 130
S*eh €°12 6°12 d3s
1245 2°62 2°62 any
h°g9 9°g¢ 3°3¢ nr
0°29 g£°1€ £°e1¢ NP
bens 6°92 6°92 AVH
2°9% 2°%12 2°%12 ddv
0°6g cdl 24T b1 2]
£°62 6°07 6°07 834
6°02 8°e 60 Ny #
2% a0z wiNow
1d 433 1d 43¥ viol
ANTIABTIAVD A
NIT1INA3Y A9¥ANI
INILIHSIT IN3J¥3d

INIZHL80N  30vdS

‘0 ‘0 LM 1e1 n*91 *0 IRYTREE L34 2e2~  zroz  z02
TTUWTOETT T OWT W ST W& T T

‘0 ‘0 22 9 6° *0 §°37 92 6°9¢2 S°TF 3°11

*0 *0 6°2 9° 0°9 *0 122 ceoy 6*Lf rAF A FA A

*0 ‘0 i4°f 2T 6°¢7 ‘0 122 £°27T 56+ 6°T2 6°12

*0 °0 94 9°1 0°h2 °n 1°ee 0*37 1°2¢ 262 2'62

*0 *0 1°s 2°e 5°1+ ‘0 1°0¢ 2°11 "*89 g°a9¢ 9°9¢

°0 °0 9°Yy °7 L2t . *r gohe 571 g*2¢ £°TE £ T¢

‘0 °0 1% LA 9°n2 *0 ®°1e 8°ET 6*%5 6°9¢2 b°9¢c

‘0 ‘6 9°'¢ 11 997 *e 9°g2 1271 2* 3~ 212 2°12

°0 ‘0 9°¢ 5° ®°9 ‘0 6°02 0*e6 6°6% AN 27

*0 *0 4 g | *o 8°sT 9*3 £°52 6°07 6°07

°0 ‘0 9°1 2* 6°7 °0 9ty €°s 6°02 80 g°e
T YT T T T T T T T T e
id 438 1d 43 1d 338 4d 4N id 434 1d 43t Id 438 14 d3¥ 1d 433 14 434 7viol
SECLERNE GHLIT BT ShEmEe L seew

1H9ITAvd 1H9INAVO NJT 1IN0 34 ADYHIN3I
SAUNOH 1¥3J¥3d ESAR-ELY INILHIIT LN3IDNId
meccmnmecesceemad(l NNIS ALIN S¥N04 3TINOIHIS LU0d3IY-==w-=e-mmcmooman
*MOONIM JHL WOYd 1334 N31 “T# INIOd IONFHIAFY LV Q3LYI071 SI 10YUINOD
ONILHOIT °12°0 = (YMM) OILYY TIYM/MOONIM ‘970 = INIIIT44300 ONIAYHS ‘"0 = 3INVL

~LIWSNYHL 3ITHISIA

v-v 314v1

“MY0A MIAN “ITNCOW 301440 INOZ HLUON “1d0dI¥ AUVWWAS ONILHOITAYA

4-25



°0 "0
°0 *0
*0 *0
‘0 *0
°0 ‘0
°0 °g
‘0 °0
°0 °0
°0 °0
°0 °0
*0 °0
*0 °0
P- 1
id 334 1ld 432

HIIA 001 3AVI9
SYNOH LN3J¥:zd

ceeccesaccccccaadN NNS HIIK SAN04

£°9 L S
T T
neg 6°

"y %1

L A4 ] £°7
0°s 41
8°g 5°2
6°% 6°'%

VAL | S°7
£y | B ¢
£ 27
4t 0°*7
heg 8

P4 1

1d 438 1d 43y

X30NI 34v79
JOvaAY

INTLHII

-1IWSNVYL 314ISIA

§°62  9°
TR
1°91 0
8°62 0
1081 0
g'sz  2°

Tegh  won
cALT L

9°92 *0
%971 ‘0
5°52 0
267 ‘0
981 *0

2 1

ld 438 1d 432

INID4135 3A08Y
FONVYNIWIITT
LH9IAVD

S¥NOH 1N3JA3d

8°Ef 2°st

g°n2 S°17
2°92 121
6°¢£8 8°st
Té¢ i°hT
£°0¢ 1A
8° s he0e
2°5¢ 8°4T
2*9¢ 6°37
21 E°LT
£e2f gk
422 w21
L°s2 9°11

2 1
1d 438 id 43

(S3T0NV 310D 4)
JONYNIRAMNMI
IHOIAVO

JOVYIAY

JIN0IHIS L¥0dId-===vemmemmeccnns

0°2s b°l2

{°Ef 6°*L1

2°0n 0°12
ne1g 122
9°'55 g2
9°19 gohg
RV CI RT T
2°59  4yg
1°6¢ 22t
w'0¢ LT
2°9¢ 892
gegw 9°12
£e48 FRI'R

e T
1d 3334 1d 434

crseroswrersvesnserern e

(5¥Nn0H 21N03HIS 1¥0a3¥)

INI 1H9I TAVD A8

NITLIINI34 A9M3IN3
INIIHOI N IN3DY3d

6°21
Be 12
1*22
ge22
0°ag
oo
nels
2°2s
£e %2
8°92
3°12
L°971

INOZ
viol

0°2¢ 6°22 622 IVONNY
1'g5 6+21 621 930
L0 0°12 ge12 AON
w15 1022 122 120
9°55 £°22 £e22 d3s
3°19 0eng VRLY ~ onv
2°29 hohn neny nr
L°59 welg neys NOF
1°66 2*2¢ 2e2¢ AVH
w05 £on2 £en2 ¥dv
2*95 8°92 932 vk
geg 9°12 9°12 CER
geLf 1°81 1°01 NP
2 1 INOZ - HINOW
1d_43r 13 433 Mol
(S¥NOH TIV)
0137034 AR INT
INILHOIT IN3IINId

INOZHLINOS 30vdS

*MOONIM 3HL WO¥4 1334 N3IL “T# INIOd 3IONIUT4IY LV 43LvI01 ST T0ULINOD
= IN3TI144300 ONIQYHS ‘¢°0 = 3JONVL

*12°0 = (YMM) OILV¥ TIYM/MOONIM “9°0
*MYOA MIN “3INAOW 321440 3INOZ HLINOS ‘LHOdIY AYYWWNS ONILHOITAVA

G-v 318Vl

4-26



T ki ) 97 92 3y 28 BL 0ot

0 0 ] 0 0 4 61 6% oY
0 ] e 0 0 § £2 8" oy
0 0 6 0 0 0 0 97 o7
0 ] 0 J 5 02 8L 9 oot
0. e € 0 0 0 T 0g cot
0 L] 4 9 st L3Y gs Yhe o7
0 0 0 ] 0 0 ¢ 25 roy
o 1 1 k2 92 rAJ 19 i 107
0 [ c ] 0 0 LT 8s 0oy
4 s 21 92 04 §s 0L 6. ray
0 0 e 0 0 S £ 69 0oy
£ £1 92 2n £S 66 69 (73 1oy
0 0 8 0 3 LA LA "9 ik
1 ) Fas £€ £Y 28 £9 el oy
0 0 0 0 [} 21 6f 09 0o%
T 4 11 §2 9 FAJ 19 64 eot
L 0 ] e 0 4 1€ 65 eoT
T 2 4 6T 0g [ 1A 6s oe ray
0 0 8 0 g 3 2] 95 aov
0 ¥ e 9 31 62 T4 89 coy
0 0 0 8 0 a L FA cot
0 0 e 2 4 B2 ££ 18 e0t
0 0 0 0 0 0 ¥ 2 007
0 1 1 2 £ 0t <t -1 rer
0 0 0 0 0 (1 T 1 24 cov

o8 €L 03 0s 0% ot 02 ar 19
(SIWNVIL0D4) T3A3T IONVNIWNNIN

- T T - T S S e SR e e

030339%3 713437 IONYNIKNIIL SANOH 40 LINIDW:d

'R
62

PR T L o T T AR P T R DAL L R T L L L Ll g

T £ i ]
0 o 0 ]
] 0 n 0
] 0 0 0
2 0 0 1
0 0 0 0
4 1 T %
0 0 0 0
0 T * g
i 0 Ll L]
T4 £ Il 21
0 ] 0 8
£ 07 £¥ 31
0 0 0 0
T 4 € st
0 0 0 0
T 9 i T
0 0 0 o
T | 9 1T
4 0 9 ]
0 7 T 3
0 0 0 0
g 0 0 2
0 0 o 0
n 7 r 7
0 0 i 0
IAQOEY~- 08 == 02 -=- 09 --
(S3710NVYI 102 3)

FINYY FINUNIKWNIII NI SUNOH JO INIFIA3d

6 124 97
] * L
0 S 81
] 0 0
S ST 87
0 0 1

et 6T
0 ¢

35
0
2% L 6T
8 n 12

3T ST st

0 ¢ 2
Ty 7] o7
] ['AJ 0g
129 € 17
0 Fa 4 92
Tt 11 "7
0 k] 42
14 (1) 4 eT
] 7 FA S
27 11 2t
] C L

9 €7 1
0 0 0

2 ¢ 22
2 0 1

06 == 0% == 0f ==

TINYY FOMUNIROTT

02

52
97

92
62

L X4
sY

97
[2Y

6
9t

g
47

a1
12

oY
e

12
124

42
L1

FA
92

22
12

07

e -2-
15 -1-
2s -2-
ng -1-
9¢ -2-
0L -1-
32 -2-
on -1-
£2 -2-
29 -1-
12 -2-
143 -1-
52 -2-
3¢ -1-
22 .2
0" -1-
12 -2-
T4 -1~
02 -2-
"o -1-
28 -2-
s -1-
X -2-
£2 -1-
5h -2-
b -1-
-~ 0 1d
FE
INIZHLBON

*MOONIM 3HL WOdd4 1334 N3L “T# INIOd 3IONIYIJIY L1V (31vI07 SI
JOYLNGD ONILHOIT °12°0 = (YMM) OILYY TIYM/MOONIM €9°0 = INIIIT44300 ONIAVHS “v°0
’ = IINVLLIWSNVYL 3TGISIA  “3INOZ HLYON “3IINIUUNII0 40 AIN3NOIY4 JONVNIWNTII LHOITAVA

S-v 314vl

TVELNNY

J3a

AON

130

d3s

any

anr

NAP

AVH

HY M

834

Ny P

HINDH

33vdS

4-27



£ €
0 o

O -t
&N

(=3 @ o
S n o A

oo
L))
-4

£e 62

91 12

o
-l
[ 2z
-l

[, ] o m
= m [

o0
o M

21
4

oo

92 et 15 wa 4y rot
1 " et 28 09 a0t
6T Sz af  n 96 201
0 2 1T £z gw tot
9T .z on 95 49 201
H 0 2 s2  0s 007
08 T" £6 €9 e cot
0 0 T 8 g9 o1
6T  9f 26 89 42 00T
0 ' 2 6 99 001
2 8% 29 €9 08 (ry
1 L ST 0% 49 ot
E" 26 95 02 %y ert
" 02 2¢ sh %9 01
TR L Y Y ot
0 b sz o 29 eos
12 88 w5 69 b2 2071
0 £ i og 29 o1
9T  0f 25 99 08 er

0 2 0T 6T  £9 00t
92 2% & &9 o9, no1
0 0 l g 29 £y
02 £ s 95 69 ont
0 0 9 6z 2§ cot
91 g2 £f 16 69  ro1
0 0 s 22 ts oy

08 04

09

6s 0% og ne 03 o

(S3TINYIL0I4) TIAIFT FONUNIWNINI

LR X LT T L T R L ey e L L L R T T

03033333 T3IA3T IONYNIHNMIL SBNOH 40 AINIDY3e¢

2t
"

£1
oT

£T
R

01
1 24

- . - S R T T R N N W

£ s
e L]

= -

£
]

2N oN
[~ AV o n

oo
= DO

-y o wm
L] o

-]
~m

3A0BY~- (8 ==

9 [}
] ¢
" 9
0 0
L) 2
] ]
Tt 2T
[\ ]
L) 14
0 ]
" 9
4 T
L 124
0 L)
] 6
0 ]
s 8
0 0
£ 9
i 0
[ £7T
0 0
8 6
n 0
9 ot
4l 0
0 =-- 09 -=-
(S3T70NVY31004)

9
2

0BG ==

J9NVE 2ONYNIKNTI

o+

6
ot

£
L

27
LA

12
9

-7
]

.-
2y

[
et

£7

re

£7
21

9T
61

ST
n2

17
e

4
T4

£7
b S

£7
€T

6
ge

11
e

0%
82

6
9

17
22

5
61

0T
22

07
2

LA
W

1T
92

£1
12

12
92

B ==

39NVY JONUYNIKATIL NI SUNOH 40 IN3IDE3d

01

32 -2-
0 -f=
"4 -2-
16 -1-
£e - -
0s -1-
22 - 2=
g - e
£2 -2=
he -1~
02 -2-
££ -1-
92 -2=
g -T=-
22 - 2=
eg -1~
12 -2=
'Ry -1-
02 -2-
i€ -1-
'Y -2~
(2% -1~
e -2=
n -T-
TE -2-
4 - 1=
e B 1d
I
INOZHLINOS

"MOONIM 3FHL WOY4 1334 N3IL “T# INIOd IONIYIAIY Lv G3ILVI0T SI

TOY1INOD DNILHOIN
= JONVILIWSNYYL 3149ISIA

L~y 378v1L

"12°0 = (4MM) OILVY TIYM/MOGNIM “9°0 = IN3IIII44309 ONIQVHS ‘b0
"INOZ HLINOS “IINIYUNII0 40 AININDIYA IINYNIWNITI LHOITAVA

TYANNY

J3a
AON
100
d3s

anvy

NNFP

AVH

YUN
834

Nvr

H INOMW

3%vdS

4-28



62

2T
1
22
62
£
L}
22
Te
4%
7

SANOH
1w

weos wep ese ooe

-wn

e

0
0

0 0 0 1] 2 (] 91T 22

oeme ove cos ces wes

o 0 o 0 © 06 0 §
P 0 0 @8 ©T B 2 &

0 0 0 I 41 92 2¢
0 0 0 T 9T 2f &t ¥
8 0 0 0 9 41 92 It

6 0 8 0 ¢ &I w2 Of

€2 22 Y2 02 6T 8T 2T 971 3t

-NIM JHL WO¥d 1334 N3IL “T# LNIOd 3ON3Y3I4IY LV (3LvI01 SI TOHUINGD OHNILHOIT

-ISIA

(YMM) OILVY TIVM/MOONIM ‘9°0

IINA3AHI3

92 62 b2 0f 22 92 62
2T st 3T 9T s¥Y 2T 9
9% 02 £2 92 T2 ST 0T
12 s2 62 0f ez &2 22
42 TR 0f +wE T 28 IE
Sf bf 0% T 6f L 9f
“h 9h g% 9N g% an 0%
38 6F Th w4 04 Th 0%
££ 98 3I€ TE 2 9f .f
l2 62 2t SEf 62 62 ff
w2 92 92 w2 22 91 g1
T 22 02 LY E1 § +
9T 6T 21 ST OV g O
"T £T 21 IT 0OV 6 ©
AVO 30 ¥NOH

IN3IJT44300 INIAVHS

8-v 31avl

et
£2
£2
£€
£®
9¢

w2

‘v°0

140d34 INILHIITAVO 3HL re .
1N 33V Q¥3d34 SIHL NI SIT¥INI 3HL -3L0N

01 173raens

INDZH LYON

*MOd
‘1¢°0
JONVLILIWSNVYL 3J7d

*3INOZ HLYON “LHHITAVA AS SNOILONGIY ADYINT HNILHOIT ATUNOH/ATHINOW 3IDVYIAV

Ny P

HINOK

3vdsS

4-29



3IN0IHIS 1¥0d 24 INILHIINAVO 3IH4E 01 1D3IrENS
LON 3¥v 1¥003I¥ SIHL NI SITHINI 3H1 -210N

82 o 0 0 © 08 @ i 01 £2 2f L8 O% Tw £4 O £ E€ 6T 3 0 0 @ 0O 8 NANNY
per S S T P P T T 1
12 “» o o ©0 ©0 0 € © § @22 82 2f Hf 2% 6E § 9T ¥ o0 o0 0 O O 0 _ AON
22 o ©o © © ©8 0 t B8 9T g2 62 0% %% gGgu A% 2% g £T D O 0 ¢ O B 120
42 )y 0 6 0 0 0 0 & ®2 52 € 9% 0% 6E O€£ S¢ I®w 92 4 0 0 0 0O O d3s
og 5 0 0 0 O 0 S 61 Gf ww 6f Ov IE 2w 9w 25 29 22 § O o0 0 O O 9NV
oy 6 3 06 € 0 T 2T 28 4% BS 6B 25 19 59 BG £5 O0» w2 8 T ¢ @0 D O ne
2 o © 0 D0 O ©0 =% 9T O0f 6 O0S 25 S% 65 £5 6% 6£ 22 81 £ O 0 0 O NOP
2 3 3 © © 0 0 § ST Of I 2% 0w 2% 3T @f 6% I 0g 9T T 0 O O O AVH
%2 ¢ 0 © 0 0 0 f IV €2 £ ¥ Ef £f GE€ 62 3T IT® w2 DT 0 O 0 0 O UdV
42 6 0 6 0 0 0 % 12 €2 1€ If g% 4w+ 9Ff €f 62 %2 2 6 0 ¢ O0 0 O uvh
22 2 o ©o © ©0 0 O ® 02 B2 2¢ Ww f 3£ & 02 § © O O O O O O 834
61 8 0 © 0 0 O © 2 HT B2 26 s5¢ f£f£ E£f @2 T T 0 O O O O 3 B NYE

SHNOH w2 £2 22 12 02 6T &Y IT 91 ST 4T £V 27 ¥V 0% & L rs 9 s 4 £ 2 ¥ HINOR
1w

AVYQG 30 3NIH

INDZHINOS 3JvdS

*MOd
-NIM 3HL WO¥4 1334 N3IL “T# INIOd 3IONIYIJTY LY Q3LvI0T SI TO4INOD ONILHIOIT 1270
= (YMM) OILVY TIVM/MOONIM “9°0 = IN3IOI44300 OHNIGYHS ‘v°0 = 3JONVILIWSNVYL 374
-ISIA *3NOZ H1INOS “LHOHTTAVA A9 SNOILON@IY ADYINI INILHIIT ATINOH/ATHINOW 3IIVH3IAV

6-v 314Vl

4-30



IABLE 4-1U

REGRESSION COEFFICIENTS FOR NEW YORK FOR ZONE HEATING ENERGY, ZONE COOLING ENERGY,
ZONE COOLING PEAK, ZONE TOTAL ELECTRICITY ZONE TOTAL ANNUAL ENERGY, BUILDING ELEC-
TRICITY, BUILDING PEAK ELECTRIC DEMAND, AND BUILDING TOTAL FUEL2 THE "BUILDING"
FIGURES APPLY TO A TYEICAL FLOOR MODULE WITH A CORE OF 10,000 FT® AND FOUR PERIME-
TER ZONES OF 1500 FT“ EACH. VERTICAL GLAZING AND SKYLIGHT COEFFICIENTS CAN BE
USED WITH EQ. 1; THE DAYLIGHT CORRECTION FACTORS APPLY TO EQ. 2.

NOTE: FOR COEFFICIENTS PROVIDED IN TABLES 4-10 AND 4-11 THE FOLLOWING UNITS ARE
APPLICABLE TO THE REGRESSION EQUATIONS:

COOLING PEAK: BTU/HR
COOLING, HEATING AND ELECTRICITY ENERGY: KBTU

2.0
UO: BTH/HR-FT - F
At’ Ag,Ap,Ac: ft 2
L: W/ft
MEAN (COOLING PEAK): KBTU/hr
MEAN (COOLING/HEATING ENERGY): . MBTU
NEW YORK PERIMETER VERTICAL GLAZING
Zone Zone Zone Zone Zone Building Building Building
Heating-Annual| Cooling-Annual Cooling Total Total Site Site Site
(Efficiency=.6) (COP = 3.0) Peak-Annual | Electricity | Energy-Annual Electricity|Electricity|Fuel
(COP = 3.0) | (COP = 3.0) | (COP = 3.0) Total Peak Total
Heating Eff.=.6)
b (U A_) N{ 108.42 -1.21 6.50 18.501 126.94 - - -
17T gl 77.63 -0.0029 B.18 10.075 87.72 - - -
E| B3.69 1.12 13.21 18.283 101.99 - - -
Wi 100.84 -0.77 9.12 12.969 113.83 - -- -
Module - - - - - 24.87 8.88 121.62
bZ(A SC) N| -27.35 16.04 20.15 21.516 -5.84 - - -
g s{ -50.82 26.17 56.21 41.931 ~8.90 - -- -
E| —46.08 29.48 61.10 46.230 0.14 - - -
Wl -38.75 22.50 46.11 34.818 -3.94 -— - -—
Module . . . . . 47.17 26.53 -48.61
b3(AfLP) N| -4.54 1.36 0.95 9.947 5.40 - - -
st -3.12 1.39 0.92 10.287 7.17 - - -
Ef -3.45 1.37 0.74 9.939 6.49 - - —
W] -4.06 1.39 0.89 10.169 6.11 - -- -
Module - - - - - 10.30 3.95 ~3.17
bA(Af) 19.68 1.38 3.51 9.667 29.35 - - -
Module - . . -— \ - 12.40 5.67 16.64
Mean 34.782 10.666 16.337 51.956 86.74 545.358 | 230.550 262.746
R2 0.972 0.985 0.980 0.981 0.939 0.995 0.998 0.971
o 1.992 . 0.580 0.803 1.995 2,958 10.275 2.727 11.067
2
- Wi b, (Ea) N 4.17 b, (Ea")¥ -7.36
Daylight Correction Factor - Windows 5 ) S 5 61 6 S ~12.74
E 4.85 E -10.01
W 4.68 W -9.02
. All Zones 4.83 All Zomes ~9.79
HORIZONTAL SKYLIGHTS
bl(L'OAT) 93.53 0.11 6.74 - - 20.14 7.55 83.56
b, (8,50 -56.18 54.59 67.22 - - 48.25 50.94 -49.33
by(agly) 1.89 1.24 1.02 -- - 10.31 3.88 -2.038
by lag) 15.64 1.55 2.98 - - 13.01 5.62 14.33
Mean 194.419 46.248 €5.065 - - 333.20 137.90 176.10
RZ 0.989 0.999 0.999 -= - 0.9994 0.9998 0.9760
o 4.861 0.416 0.394 == - 2.176 0.4292 4.654
Daylight Correction Factor - Skylights by (Ea) 44.66 be (Eaz) -731.12
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TABLE 4-11

REGRESSION COEFFICIENTS FOR ALBANY FOR ZONE HEATING ENERGY, ZONE COOLING ENERGY,
ZONE COOLING PEAK, ZONE TOTAL ELECTRICITY ZONE TOTAL ANNUAL ENERGY, BUILDING ELEC-
TRICITY, BUILDING PEAK ELECTRIC DEMAND, AND BUILDING TOTAL FUELZ THE "BUILDING"
FIGURES APPLY TO A TYEICAL FLOOR MOULE WITH A CORE OF 10,000 FT® AND FOUR PERIME-
TER ZONES OF 1500 FT“ EACH. VERTICAL GLAZING AND SKYLIGHT COEFFICIENTS CAN BE
USED WITH EQ. 1; THE DAYLIGHT CORRECTION FACTORS APPLY TO EQ. 2.
ALBANY
PERIMETER ZONE VERTICAL GLAZING

Zone Zone Zone Zone Zone Building Building Building
Heating-Annual Cooling~Annual Cooling Total Total Site Site Site
(Efficiency=.6)] (COP = 3.0) Peak-Annual Electricity] Energy~Annual Electricity|Electricity|Fuel
(Cor = 3.0) (COP = 3.0)| (COP = 3,0) Total Peak Total
(Heating Eff.=.6)
bl(UOAT) N 167.450 -3.000 4.069 24,654 192.137 - - -
S 126.688 -1.943 7.548 14.093 140.806 — - _
E 146.752 -2.214 9.061 19.362 166.144 -— -— _—
W 152.100 -2.722 7.822 18.217 170.350 - - -
Module — - - -— -— 30.143 7.074 187.765
SZ(A SC) N ~31.733 13.855 13.779 11.925 ~19.814 — — _—
g S ~56.220 24,061 28.873 30.798 -25.433 - - -—
E -48.660 23.569 27.391 31.345 -17.325 -— . -—
w ~50.465 24.466 29.998 36.375 -14.100 - — _—
Module - - - - - 36.413 21.333 ~59.370
b3(AfL }N -5.403 1.159 1.058 9.713 4.309 -— - j—
P g -3.948 1.207 1.028 10.050 6.100 _— - -
E ~4.565 1.199 0.981 9.826 5.260 - -— _
W -4,597 1.192 1.000 9.794 5.197 - —-— —_—
Module - -— - _— _— 10.160 4.034 -3.436
bA(Af) 19.118 1.311 3.605 9.422 28.543 - - —
Module - - - - —_— 12105 5.670 15,511
Mean 38.258 8.829 14.995 49.336 87.603 527.539 262.572 262.993
R2 0.975 0.986 0.981 0.984 0.942 0.995 0.998 0.973
o] 2.362 0.504 0.678 1.737 3.402 9.747 2.300 12.951
Daylight Correction Factor - Windows
b5 (Ea) N 4.805
S 5.843
E 5.301
W 5.274
All Zones 5.306
b6 (Eaz)N -8.710
S -13.033
E -10.780
W -10.627
All Zones -10.788
HORIZONTAL SKYLIGHTS
b, (U A7) 166.382 ~1.543 9.195 - - 25.640 6.249 151.300
by (8,50) -69.485 56.404 75.925 - — 43.340 60.520 -64.3%0
b3(Apr) -2,525 1.053 1.077 -— - 10.080 3.925 -2.395
bb(Af) 13.652 1.277 2.729 - -— 13.020 5.689 12.880
Mean 180.158 39.624 64.338 - - 324.400 137.900 166. 600
2
0.

R 0.982 0.999 999 - - 0.9995 0.9999 0.9778
o 5.158 0.411 0.447 i . 1.989 401 5.258
Daylight Correction Factor - Skylights
b5 (Ea) 48,468
b, (Ea’) -800.387
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IADLL 4=1C

TYPICAL ELECTRICITY RATES FOR NEW YORK CITY.

B

Current
Electricity
Rates

Service Classification No. 9 (Electric)

General/Large

EHfective September 23, 1983

Monthly Rate (WINTER)

Demand Charge Low Tension  High Tensian
Service ervice

First Skw (orLess) .. $7614 $64 72

NextB95kw .. ...... $1664 perkw  $14 14 perkw

Over 300kw . ....... $1446perkw  $12 29 per kw

Energy Charge LowTension  High Tension
Service ervice

First 15000 kwhr . 7.13¢ perkwhr 6 63¢ per kwhr

Over 15.000 kwhr. . 6.74¢ perkwhr  6.27¢ perkwnr

Monthly Rate (SUMMER)

Demand Charge LowTension  High Tension
Service ervice

First Skw (orLess) . $98.64 $87 22

Next 895 kw $21 14 perkw  $18 64 perkw

Over 900 kw . $1896 perkw  $16 79 per kw

Energy Charge Low Tension High Tension
Service rvice

First 15,000 kwhr . 7.13¢ perkwhr 6 63¢ per kwhr

Over 15.000 kwhr 6.74¢ perkwhr € 27¢ perkwhr

Winter and Summer Billing Periods

The summer period is defined as the
four-month period from June 1to Septem-
ber 30. The winter billing period is the
balance of the year. When a bill includes
periods both before and after the summer
billing pericd, the rates and charges ap-
plicable will be prorated based on the
number of days in the winter billing period
and the number of days in the summer
billing period related to the total number
of days in the billing period.

See SPECIAL PROVISION D which ap-
plies to customers whose space heating
requirements are supplied exclusively by
electricity.

Maximum Rats

Whenever the application of the fore-
going demand and energy charges to
the customer's use in a given monthly
period results in a rate per kwhr in excess
of 34.70 cents, an amount equal to 34.70
cents per kwhr will be bilied in lieu thereof,
except where such 34.70 cents rate
would result in a reduction in the minimum
charge otherwise applicable.

Fuel Adjustment

As the cost of fuel we use to produce
electricity changes, your bill is adjusted
accordingly. The factor, expressed as ¢
per kwhr, and the amount of the fuel ad-
justmentincluded in the total charges are
shown on the face of the bill.
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Gross Receipts Tax Charge*

We are taxed on our revenues from the
sales of electricity. Your bill includes a
charge computed at the rate in your com-
munity as shown below.

Yonkers. .. .. (NY State 3.75%;

Yonkers 3%)............... ..., 6.75%
New York City. .. .. (NY State 3.75%;
New York City 2.35%) ........... 6.10%
The cities of Mount Vernon,

New Rochelle, Peekskill, Rye and White
Plains; the villages of Ardsley, Bronxville,
Croton-on-Hudson, Dobbs Ferry,
Elmsford, Hastings-on-Hudson,
Irvington, Larchmont, Mamaroneck,
Mount Kisco, North Tarrytown, Ossining,
Pelham, Peiham Manor, Pleasantville,
Port Chester, Rye Brook, Scarsdale,
Tarrytown, Tuckahoe . . . .. (NY State
3.75%; local1%) ............... 4.75%
All other Westchester municipalities do
not impose a local tax and are subject
only to the New York State rate ... 3.75%

*Effective April 1, 1983, gross receipts tax
totals increased by 0.68 percent for the
MTA surcharge to support mass transit.

Sales Tax

We are required to collect any applica-
ble sales taxes, and these taxes are
added to your bill.

Partial Sales Tax Exemptions
for Some Commercial Customers

New York State and some localities in
Westchester exempt residential energy
use from sales taxes. Residential custom-
ers automatically qualify for such an ex-
emption and are billed accordingly by us.
in addition, certain commercial custom-
ers who use a portion of their service for
residential purposes may be eligible for a
reduced tax based on the percentage of
residential use. In order to qualify. an Ex-
emption Certificate (Form TP-385), which
also explains the necessary qualifica-
tions, must be completed and submitted
to Con Edison. You may obtain this certifi-
cate by contacting any New York State
District Tax Office or from the main office
of the Sales Tax Bureau, State Campus,
Albany, New York 12227.

Minimum Monthly Charge—
Low Tension

For 5 kw of demand, $76.14 during the
winter period; $98.64 during the summer
period, plus adjustments related to our
fuel costs and the taxes as discussed
above.

Minimum Monthly Charge—
High Tension

For 5 kw of demand, $64.72 during the
winter period; $87.22 during the summer
period, plus adjustments related to our
fuel costs and the taxes as discussed
above.



TABLE 4-13

REGRESSION COEFFICIENTS FOR PSEG BUILDING WITh VAV AND FPIU SYSTEMS FOR ANNUAL
HEATING ENERGY, ANNUAL COOLING ENERGY, PEAK COOLING LOAD, ANNUAL ELECTRICITY CON-
SUMPTION, AND TOTAL ANNUAL ENERGY USE. THE DAYLIGHT CORRECTION FACTORS CAN BE

USED FOR BOTH SYSTEMS.

NEW YORK - PSEG/ BUILDING WITH VAV SYSTEMS

REGRESSION COEFFICIENTS

Building
Building Building Building Building Site
Heating— Cooling- Cooling Peak- Total Elec.-| Total Energy
Annual Annual Annual Annual COP = 3.0
( Heat eff. = .6) (COP = 3.0)) ( COP = 3.0) ( COP = 3.0 )[Eeat eff. ™ +6)
by (U Ap 138.923 3.596 5.309 14.417 153.368
b, (AgSC) 7.048 22.826 37.075 44.116 51.166
by (Apr) -6.970 0.574 0.776 .922 -6.049
b, (Af) 15.003 1.781 3.375 3.338 18.344
Mean 29,987.74 1930.204 3160.072 4005.286 12,419.411
Rz 0.986 0.981 0.974 0.970 0.956
o 1147.04 109.084 204 .002 265.800 660.175
DAYLIGHTING CORRECTION FACTOR
REGRESSION COEFFICIENTS
bg (Egz) = 4.58
bg (Eg2) = -7.298
NEW YORK - PSEG/ BUILDING WITH FPIU SYSTEMS
REGRESSION COEFFICIENTS
) Buildin
Building Building Building Building Site 8
Heating- Cooling~- Cooling Peak-| Total Elec.~| Total
Annual Annual Annual Annual COP = 3,0
(Beat eff. = .6) (COP = 3.0) (COP = 3.0) (COP = 3,0) (Heat eff* .6)
bl (UoAj) 312.990 15.985 16.444 103.641 416.693
b2 (AgSC) -125.842 25.096 17.150 20.070 -105.797
b3 (Apr) ~10.808 0.485 0.302 ~1.061 -11.871
bl» (Af ) 59.122 6.512 7.303 28.980 88.113
Mean 18,665.43 4009.55 3759.20 13187.84 31,857.0
2
R 0.985 0.901 0.963 0.926 0.974
o 843,986 299.936 126.033 488.614 1273.743
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Figure 4-1. Annual energy requirements for an office module in New York City with
(-=-mmmmme ) and without ( ) daylight utilization as a function of window
shading coeffécient and U-value for window/wall ratio = 0.6, lighting power den-
sity = 2 W/ft™. )
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