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EXECUTIVE SUMMARY:

BACKGROUND

In 1992, Kiss Cathcart Anders Architects performed a study for NREL on
Building-Integrated Photovoltaics (BIPV) issues as seen from the perspective of
the building community. That study included a broad overview of potential
BIPV applications in commercial /institutional buildings. Wall, roof, and semi-
detached applications were illustrated, and some quantitative analysis of the
effects of building geometry on PV output was performed. In general, the pur-
pose of the study was to list major issues and potential applications; by it's
nature it asked more questions than it answered.

SCOPE

This second phase study was commissioned by NREL in 1994 to produce quan-
titative data on the performance of specific BIPV systems. High value-added
applications for BIPV are targeted in medium to high-end commercial/institu-
tional buildings. These building types should offer a good initial market for
BIPV products. ‘

SYSTEMS EVALUATED
In order to limit the number of variables gnly roof systems are evaluated. The
energy performance, construction cost and simple payback for five different
BIPV roof options are evaluated in each of six different locations around the US
(Oakland, New York, Miami, Phoenix, Chicago and Cincinnati). The roof
options include:

1. Asingle-glazed PV roof using glass-substrate PVs;
A double-glazed PV roof with insulating PV modules;
A ballasted roof-mounted system; .
A sawtooth light monitor roof with indirect north daylighting;
A sawtooth roof with north light and active heat recovery.

@ » N

PV TECHNOLOGIES EVALUATED
Each system was evaluated with three different PV technologies: Crystalline sil-

icon at $4.40/W and 140W/m2 (13W/sf), amorphous silicon at $3/W and
.52W/ m2 (4.8W/sf), and advanced thin films (for future applications) at $2/W
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and 108W/m2 (10W/sf). The first two technologies are currently available; the
costs and efficiencies of the third are projections for the future.

BIPV SYSTEM COSTS AND ENERGY PERFORMANCE

Construction costs and energy benefits of all BIPV roof systems are compared
with a reference design (a standard flat, opaque, insulating roof). The reference
design has a cost basis of zero; any additional structure, construction materials,
PV modules or electrical systems are counted as costs. If the BIPV roof option
displaces any of the materials used in the reference design (ie, roof membrane,
insulation or metal roof deck), the cost of that material is subtracted from the
cost of the BIPV option.

The energy benefits of each BIPV roof system are compared with the reference
roof to determine the net effect of e;dch system on building energy consumption.
In several of the BIPV options the PV module itself is the building roof; in these
cases energy savings or losses due to heat or light transmission through the
module are always included in the anlayses. In some of the BIPV systems the
PV modules are not integral to daylight or thermal performance; in these cases
payback is also analyzed two ways:

1 for the complete system, including all construction costs and all energy ben-
efits, and

2 for the PV system only, including only PV-related costs (modules, wiring,

inverters) and using only PV electricity as income.

LOCATIONS EVALUATED

Oakland, New York, Miami, Phoenix, Chicago and Cincinnati represent a wide
range of climate types from temperate cold to subtropical, and an equally wide
range of utility rates and construction costs. ’

UTILITY RATE ANALYSIS

In each city an applicable utility rate is selected which seems likely to provide
the greatest value for power offset by the PV system. Plans with high time of
use charges and low demand charges are chosen where available. The actual
value of power offset by the PV system is calculated by multiplying the hourly
PV output for each day of each month by the rate prevailing at each hour. The
resulting total dollar figure is divided by total electrical production for the year

to give an average dollar/kWh electrical rate.
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PAYBACK

In the case of the full system analysis (including collateral energy effects), the
value of the total energy difference between each option and the base case was
divided into the construction cost premium to establish a simple payback. For

the PV-only analysis, the value of the electricity generated by the system was

divided into the cost of the PV system only. The payback calculations do not
take into account tax benefits.

CONCLUSIONS

*Payback periods range from 14.5 years and up. Of the six locations in the
analysis, the best environment for BIPV systems is Oakland, where insolation
is good, the climate is mild and energy costs are high. The worst case is

Cincinnati, where insolation, climate and energy costs are all less favorable.

*Systems with payback periods of approximately twenty years according to this
study) can be cost-effective today. Tax benefits, which are not included in these
calculations, can cut payback times significantly, bringing them into the ten-
year range. Although the mass market usually requires payback of less than
five years, institutions with longer planning horizons can find these applica-

tions economical now.

*No one PV technology is most cost effective in all cases. The study indicates
that either high efficiency, high cost PVs like single crystal or low efficiency, low
cost PVs like amorphous silicon can perform better in the right circumstances.
The former technology (high W/m?2) is less affected by high area-related balance
of system costs, such as glazing framing systems; the latter technology (low
$/m2) benefits more from credits from avoided construction materials, such as
atrium glass.

*No one BIPV roof system is most cost effective in all cases. Applications offer-
ing significant material credits, such as skylights or atriums, usually give the
best return. In some cases, systems that combine daylight and thermal benefits
with PV can be cost effective even if they are not displacing expensive construc-

tion materials.
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*This study did not attempt to identify the best possible application for BIPV.
Shorter payback periods may be possible with other BIPV systems which offer
higher material credits, such as curtain walls, or in other locations with higher
utility rates or more favorable climates. It is worth repeating, however, that
within the scope of this study cost-effective BIPV applications exist today.

Building-Integrated Photovoltaics: A Case Study Kiss and Company Architects 2/10/95
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INTRODUCTION:

In January 1993 Kiss Cathcart Anders Architects (Gregory Kiss and Jennifer
Kinkead, investigators) completed a study for the National Renewable Energy
Laboratory entitled “Building-Integrated Photovoltaics”. Based on the premise
that there are many economic advantages to integrating Photovoltaics into
building construction, the report was a broad survey of the issues involved in
integrating Photovoltaics (PVs) into buildings, seen from the perspective of the
building industry. The market for building-integrated products was (and still

is) in its infancy. Although advances in PV technologies have made many new
applications possible, development of products specifically designed for build-
ing use has barely begun.

One of the barriers to the creation of a Building-Integrated Photovoltaic (BIPV)
industry is a lack of knowledge about how PV-building products will perform
in place, as construction materials as well as PV devices. At present-there are
few built BIPV projects in the United States from which to gain experience.
Most of these have been residential, many of them retrofits to existing houses.
In Europe many more BIPV projects have been built, including many residences
and a number of advanced, high-visibility commercial and institutional pro-
jects.

Our 1993 report concentrated on commercial and institutional building applica-
tions because we believe that these building types are the highest value-added
applications for PVs, and will therefore be a viable early (and long term) market
for BIPV products. In commercial and institutional buildings BIPV materials
can be used to replace conventional building materials which cost as much as or
more than the PVs; these buildings often have sophisticated envelope and
mechanical systems which offer the potential to capture additional daylighting
and thermal energy benefits; and their load profiles are well matched to peak
sun (and peak electricity rates). The previous report surveyed these and many
other issues from the point of view of the design community and the building
industry, and while it included a number of schematic system designs and
some quantitative analysis, by its nature it raised more questions than it

answered.
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This report is intended to help answer some of these questions, particularly:

¢ How would a BIPV system in a medium-sized institutional building per-
form in terms of the thermodynamic behavior of the building envelope, as
well as in terms of electrical output?

* How will these systems be constructed?

* How much will they cost and what will the payback be?

A building is a combination of many complex systems: structural, mechanical,
electrical, and others. Changes to the parameters of one system affect the oth-
ers. An assessment of the performance of a BIPV system as an element of a
building skin therefore requires a multidisciplinary approach. We collaborated
on this study with Mahadev Raman and Ross Clarke, mechanical and structural
engineers respectively, at Ove Arup and Pariners New York, a building engi-
neering firm. We began by creating a hypothetical building program, then
selecting a basic type of BIPV system (roof or wall) to develop for design and
analysis. In setting these initial criteria we relied on our subjective judgment,
since an exhaustive analysis of possible building types, programs and sites was
beyond the scope of this study. In any case we were not attempting to select the
optimum project for PV integration; we were interested in a building that
would be in the mid- to high-end of the cost and performance range, and that
would have aspects that would be applicable to other projects.

The building type was selected according to the following criteria: that itbe a
mid-size commercial project in the $10-20 million construction cost range; that it
operate primarily during daylight hours; that it be public or semi-public to
ensure good visibility for the PV systems; that it have a medium to high level of
material finish; and that it be suitable for a BIPV system that could develop sig-
nificant corollary energy benefits or displace significant construction material

costs, or both. Given these parameters, we selected a medium sized conference

and convention center as the program.

Among the range of PV-integration options for a convention center, we chose
to study integration at the roof of the main exhibition hall. Rooftop BIPV sys-
tems offer opportunities for good orientation and collateral energy benefits. In

addition, the one-to-one ratio between roof and floor area enabled us to confine
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our analysis to a typical square meter of interior space for energy demand and

production.

While the building was designed in its entirety in English units to establish a
scale for the project and to provide peak electrical demand numbers for use in
utility rate analysis, all other analyses, including thermal performance, con-

struction cost and payback, were performed on a square meter basis.
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BUILDING DESCRIPTION:

The case study building is a conference center designed to support medium-
sized conferences and exhibitions for 300 to 500 persons at a time. The total

building floor area is 6,700 m2 gross (72,000sf).

Note that the site diagram (Fig 2) shows a larger program which includes a hotel
and pedestrian/parking structure, all PV-integrated. This case study focuses
exclusively on the conference center. The renderings illustrating the report
(cover page, Figs. 1, 3, 6, 30) depict a sawtooth roof system with light monitors.
The sawtooth roof system is illustrated to give a general sense of the the archi-
tectural quality of a combined PV /daylight structure. The other BIPV roof sys-
tems were also analyzed and are illustrated with diagrams, sections and detail
perspectives in the BIPV Options and Cost Analysis sections.

For the purpose of the energy balance analysis, occupancy is projected from
9am-7pm daily. Standard internal environmental criteria apply for temperature,
humidity and lighting (Appendix A outlines these criteria and other building
load assumptions in more detail). The building is projected to have a peak
demand of <500kW and is thus considered a medium-scale commercial utility

user.
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BIPV SYSTEM TYPE

The external surfaces of a building have many functions: they keep out the
weather, provide security and keep heat out (or in). A BIPV system adds
another role to this program: generating power. A building surface can usually
be classified as a roof or a wall, with significant differences in function, con-
struction, and thermal and solar loadings. For the sake of clarity, we chose to

design and analyze exclusively a roof-type BIPV system.

The choice of the conference center program influenced this decision in favor of
a roof system. BIPV wall systems generally have a higher potential than roofs to
displace costly building materials, but they suffer PV output losses due to rela-
tively poor orientation. There is also relatively little wall area in most confer-
ence and convention centers: they are usually one story structures featuring a
large exhibition and meeting space,\ creating a high roof to floor area ratio. In
this case we felt that a roof system would have good PV performance, good
potential for collateral energy benefits, and important significance as an archi-
tectural element. A roof system also has the advantage of being easy to analyze
on a per square meter basis, making the results applicable to a wide range of
building sizes.

A conference center is frequently built in conjunction with other facilities, and
our site diagram (Fig 2) shows an adjacent hotel. The hotel is articulated as a tall
thin slab, with maximum east/west exposure, ideal for BIPV curtain wall
applications. Although we did not analyze the hotel in detail for this study, it
plays a role in the economic analyses of the conference center. Since the hotel
would not be energy self-sufficient from its own PV skin, it serves asa built-in
customer for any surplus power produced by the conference center. As a rule, it
generally does not pay to produce a surplus of PV power, since present policy
in the US provides a low return on power sold back to the utilities. Our payback

analyses assume the full retail peak cost of electricity is avoided by the PV sys-
tem at all times.

Once the building program and site were selected, the project was designed to a
level of detail sufficient for the schematic thermal and cost analyses which fol-

low.
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BIPV SYSTEM OPTIONS

We identified five BIPV roof systems and analyzed each to determine its overall
impact on the building’s energy balance. A conventional flat opaque roof
design served as the basis for comparison. This analysis was performed in six
different climates. Construction cost estimates of each system were prepared,
and the simple payback was calculated by dividing the construction cost premi-
um by energy savings multiplied by local electrical rate.

The principal function of a roof is to keep out the precipitation and, secondarily,
to moderate radiation (heat and light) between the interior and exterior environ-
ment. By selectively allowing light in and heat in or out, the roof can reduce
building loads by supplementing or replacing lighting and heating/cooling sys-
tems. We attempted to find roof configurations that served as many functions
as possible at a minimum construction cost premium. Since PVs should capture
as much direct sunlight as possible, they can easily be combined with cleréstory
glazing which captures only indirect light. PVs on glass substrates (the majority
of large-area PV modules suitable for building integration are on glass sub-
strates) can also be made semi-transparent, and can be designed to pass some
direct sunlight into a space while producing electricity. The heat that PVs create
heat as they convert sunlight to electricity can be used or discarded as required.

The five BIPV roof configurations included two using direct-transmission semi-
transparent PV roofs, two in a roof monitor (sawtooth) configuration with indi-
rect light gain, and one flat opaque PV roof-mounted array. The latter system
was based on the standard flat roof (the reference design for energy and cost cal-
culations), with a gravity-mounted (ballasted) PV array above the roof mem-
brane. This system is roof-mounted as opposed to roof-integrated, in that the
PVs serve no function as a construction material: they do not form a weathering
surface or serve other architectural functions.

In all the BIPV systems the PVs had the same orientation: 15° tilt, azimuth

southwest (see Utility Rate Analysis for a discussion of the effects of orientation
on PV output).
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Fig 6. Conference center exhibition hall.
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Fig7. Option 1 partial roof illustration. Note: all
PV output analyzed at 15° tilt.

=

Fig 8. Option 1 energy balance diagram (see Fig 21
for labels and quantities).

SUMMARY:

Poor thermal performance results in building ener-
gy consumption more than twice that of better
insulated alternatives.

Wide extremes of building loads requires over-
sized HVAC systems, increasing capital cost

OPTION 1: SEMI-TRANSPARENT PV ROOF

This system is similar to large-area skylights, with
semi-transparent modules in aluminum frames.
Existing thin film technologies can produce glass-
encapsulated modules that are =5% transparent.
With additional scribing or patterning of the mod-
ules the transparency can be increased to 15% or
20% or beyond, although the module efficiency
decreases in proportion to the transparent area.
Other existing technologies where single crystal or
polycrystalline cells are laminated between glass
sheets also offer flexible degrees of transparency. A
5% transparent roof over a large area is sufficient for
most daylighting purposes: bright sunlight is
approximately 100,000 lux, which will transmit
5,000 lux to the interior, much more than the stan-
dard artificial lighting range of 500-1,000 lux. On a
cloudy day 10,000 lux exterior will be transmitted
through as 500 lux, at the low end of standard illu-

mination levels.

Standard laminated glass-to-glass modules have
poor thermal performance. A 5% transparent mod-
ule has a low shading coefficient (a measure of
direct radiation transmitted) but a high U-value (a
measure of thermal conductivity). Because of the
high U-value, building energy costs are high. There
are wide extremes of heating and cooling require- .
ments, which affects operating costs and requires
an oversized HVAC system to handle the loads.
The direct daylighting scheme may have a tendency
to overlight the space on sunny days and underlight
it on cloudy days, when supplemental artificial

lighting may be required.
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Fig 9. Option 1A partial roof illustration.. Note: all
PV output analyzed at 15° tilt.

Fig 10, Option 1A energy balance diagram (see Fig
21 for labels and quantities). ‘

SUMMARY:

*  Lowest installed cost due to simple installation
and good material credit.

*  Poor thermal performance may not be a factor in
some climates or in cases where atrium space is
not fully conditioned

OPTION 1A: SEMI-TRANSPARENT SINGLE
GLAZED PV ATRIUM

This option is similar to Option 1 in PV output and
daylight and thermal performance. For cost estima-
tion, this system is compared to the base case of an
atrium roof, where skylight framing, laminated
glass, and exposed architectural support structure

are present.

When this system is considered for applications
where an atrium exists or is planned, the daylight
and thermal properties are not an issue- atria are
often semiconditioned spaces - and a material credit
is given for the cost of displacing tinted laminated

atrium glass.

Building-Integrated Photovoltaics: A Case Study Kiss and Company Architects aives 13



Fig 11. Option 2 partial roof dllustration. Note all
PV output analyzed at 15° tilt.

\

Fig 12. Option 2 energy balance diagram (see Fig 21
for labels and quantities).

Good overall energy performance despite low
thermal insulation value, due to daylighting con-
tribution.

Tendency to over-and under-light space below;
supplemental lighting may be required on cloudy
days.

Insulated Glazing PV unit not yet available as
product; potentially expensive.

OPTION 2: SEMI-TRANSPARENT DOUBLE
GLAZED PV ROOF

This system is similar to Option 1, with the substi-
tution of high-performance double glazed PV lites
for the single glazed versions. The laminated PV
module is bonded to an inner lite with a spacer
13mm (0.5") thick. The cavity can be air or argon
filled, and a low-E coating can be applied to the
second lite to further improve the energy perfor-

mance.

This option has much better energy performance
than Option 1, and better overall ener;gy perfor-
mance than for an opaque insulated roof due to the
daylighting contributions. (see ﬁnergy Performance
Evaluations, p. 19)

Direct light transmittance is somewhat lower for
this scheme than for Option 1, since the additional
glazing layer absorbs more light. However, the
potential for over-lighting and under-lighting, and
the reliance on artificial lighting for cloudy days in
winter, are still present in this scheme.
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Fig 13. Option 2a partial roof illustration.

Fig 14. Option 2a energy balance diagram (see Fig 21
for labels and quantities).

SUMMARY:

¢ Similar to Option 2, with a higher material credit.

¢ Replaces a traditional afrium roof.

¢  Not as much daylight as traditional atriums -
would be a more comfortable environment to
occupy for long periods,

¢ Much more energy efficient than a traditional atri-
um roof.,

OPTION 2A: SEMI-TRANSPARENT DOUBLE
GLAZED PV ATRIUM

This option is similar to Option 2, for applications
where an atrium exists or is planned. For cost esti-
mation, this system is compared to the base case of
an atrium roof, where skylight framing, laminated
double-glazing, and exposed architectural support

structure are present.

It is important to note that an insulated PV-glazed
atrium will not provide as much daylight as con-
ventional glazing, which is roughly comparable to
unfiltered sunlight. The light levels in this kind of
space would be more like a shaded outdoor space,
which would be more than adequate for most pur-
poses and indeed would be more comfortable than
a conventional atrium for extended occupation. The
amount of light admitted to a space can be con-
trolled by mixing PV with conventional glazing or
by specifying PV with a custom transparency. In the
cost analysis (see following section) a relatively high
material credit is given for the cost of displacing
insulated atrium safety glass.

Building-Integrated Photovoltaics: A Case Study Kiss and Company Architects 2/10/95 15



Fig 15. Option 3 partial roof llustration.

2
Fig 16. Option 3 energy balance diagram (see Fig 21
for labels and quantities).

Simple installation, avoids roof penetrations.
Potentially low cost.

No material credits or daylight/thermal benefits.
May have limited applicability due to code prob-
lems.

OPTION 3: FLAT BALLASTED ROOF ARRAY

This is a conventional flat commercial roof: steel
structure, steel deck, rigid insulation (Metric U 0.3;
english R28.4), membrane roofing, with PVs
installed on ballasted trays above the membrane.

This system is simple to install and does not pene-
trate the roof membrane, but several limitations

exist:

*Seismic codes may not permit a system that is not

physically restrained from lateral movement.

*The weight of the system (in excess of 10-15psf
over the PV area) exceeds the load bearing capacity
of many commercial roofs, which are typically

designed to minimum structural criteria.

The costs of the structure and installation should be
low, but the system does not gain any material
credits by displacing other construction materials,
and has no daylighting and limited thermal energy
benefits: the value of the shading to the reference
roof design is approximately U 0.2, which yields
energy reductions from 0.45 - 1.2kWh/m2/yr ($0.08
-0.11/m2/yr). '

Due to the ease of installation and minimal disrup-
tion to the building envelope, this system is well
suited for retrofit applications, although rooftop
equipment, parapets and other obstructions may
significantly limit available rooftop areas.
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Fig 18. Option 4 energy balance diagram (see Fig 21
for labels and quantities).

Medium to high construction cost.

Very good energy performance.

Tilt on PVs and clerestories provides reliable
drainage and helps keep modules clean.

OPTION 4: PV ROOF MONITORS

This is a variation of the traditional industrial light
monitor sawtooth roof system. The benefits of indi-
rect natural light have been apparent to artists and
industrialists alike: diffuse, variable, and free, it
has psychological benefits that go beyond the light
provided.

The north-facing clerestory glazing is complement-
ed by PVs on the opaque south facing side of the
roof monitor. The increased slope given the PVs
when compared to other large area flat roofs has
benefits because of higher output per unit area of
PV, and also has better drainage and less dirt
buildup. The sawtooth can also create problems
with snow accumulation and ponding of water:

these issues must be carefully stu&ied_ in each case.

The PV can be insulated with inexpensive materi-
als, giving the roof system as a whole a higher insu-

lating value than any transparent system could
have. Opaque or glass substrate PVs can be used.
For glass modules, a shingled mounting method
that relies partly on overlaps and flashing tech-
niques might be used instead of conventional pres-
sure plate systems; or other substrates such as plas-
tic or sheet metal can be used instead. Interlocking
plastic shingle sub-substrate systems have been.
developed by a number of manufacturers, although.
these add an extra element to the product. Metal
substrate PVs can be used directly as a building
material; like glass, sheet metal is already a build-
ing material. Formed into pans, modules of this
type can be used as sheet metal for standing seam,

flat seam or batten seam roofing.
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Fig 20. Option 5 energy balance diagram (see Fig 21
for labels and quantities).

SUMMARY:

¢ Bestenergy performance.

»  System is most effective if all the heat cap-
tured can be used without requiring long-term
thermal storage.

«  High construction costs.

¢ Active systems require maintenance and
repair, increasing life cycle cost.

OPTION 5: PV ROOF MONITORS WITH ACTIVE
HEAT RECOVERY

This variation of Option 4 has the most ambitious
energy agenda of all the schemes: recovery of as
much of the PV heat buildup as possible via a dedi-
cated ventilation system. This entails constructing a
second insulated layer below the single-glazed PVs.
The airspace within is vented at the top into a duct
which feeds into the building HVAC system, or can
be vented to the outside when there is no need for
the heat. The heat removal also cools the PVs,
which decreases thermal degradation of PV output,
and reduces thermal stresses on the modules.

The biggest drawback with this system approach is
the limited need for heating in most commercial
buildings in the US. In Oakland, the system yields
20x the total heating requirement of the building.
Even in Chicago, the coldest climate we evaluated,
the system produces 3x the total building heat
requirements. If a use were available for all the heat
collected, (for an industrial process use or pool
water heating, for example), thermal storage might
be required to make the heat available at times other
than peak sun.

A solution to this problem would be to apply this
system to only as much of the building’s roof sur-
face as necessary to generate a usable amount of
heat. It could be easily combined with an Option 4
roof for this purpose.
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Fig21. Energy Balance Diagram Summary.
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ENERGY PERFORMANCE EVALUATIONS

For each of the BIPV roof options, building load data was calculated from a
building energy balance model developed by Mahadev Raman at Ove Arup &
Partners New York. We evaluated each roof option for its effect on the total
building energy use in six different locations in the continental United States.
These locations were chosen to represent a range of climate types as follows:

Oakland Temperate/coastal /warm
New York (Long Island) Temperate/coastal/cold
Phoenix Temperate/arid

Miami Subtropical
Chicago/Cincinnati Temperate/continental

The effect of each roof system on typical building HVAC and lighting loads was
calculated, taking into account:

* Gains from direct and indirect radiation

¢ Thermal transmittance in and out by conduction

e Offset electrical and thermal loads due to reduced artificial lighting.

The overall energy performance was compared to the reference roof design:
flat, insulated dark colored with a U-value (metric) of 0.3 (R284 in english
units).

The energy consumption of the test building for each roof option in each climate
is shown in charts 1-7 on the following pages. The analyses show that Option 1
has poor energy performance in all climates, especially in climates with

extremes of hot and cold, due to the poor insulating value of single glazing.

Option 2 (insulated glass roof) has better thermal energy performance than the
conventional reference design in every climate except Phoenix, indicating that
the daylighting and (to a lesser extent) the useful thermal gains through the
glass more than offset it's lesser insulating value. Option 3 has very slightly bet-
ter thermal performance due to the reduction in heat gain from the shading of
the roof. Options4 and 5 have significantly better energy performance than the

reference design in every case.
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OAKLAND: BUILDING LOADS FOR 5 ROOF OPTIONS
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Chart 1. Energy performance for Oakland, California.

NEW YORK: BUILDING LOADS FOR 5 ROOF OPTIONS
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Chart 2. Energy performance for New York City, New York.
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PHOENIX: BUILDING LOADS FOR 5 ROOF OPTIONS
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| Chart 3. Energy performance for Phoenix, Arizona (extreme data for Option 1 not depicted on graph).

MIAML: BUILDING LOADS FOR5 ROOF OPTIONS
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Chart 4. Energy performance for Miami, Florida (extreme data for Option 1 not depicted on graph).
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CHICAGO: BUILDING LOADS FOR5 ROOF OPTIONS
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Chart 5. Energy performance for Chicago, Ilinois.

CINCINNATI: BUILDING LOADS FOR5 ROOF OPTIONS
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Chart 6. Energy performance for Cincinnati, Ohio.
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PV PERFORMANCE CALCULATIONS

In addition to the building load calculations, PV performance for each of the
options was modeled using PV-F Chart software. PV output was calculated for
each of the five BIPV options, in each of the six cities, for each of three PV tech-
nologies. The parameters are summarized as follows:

PV Technology
Type Efficiency Temperature coefficient
PV1 13% 0043(1/°C)
PV2 5.2% 0027(1/°C)
PV3 10% 0035(1/°C)

Option-specific temperature parameters

Different construction systems will cause the PVs to operate at different temper-
atures. All PVs lose efficiency at higher temperatures. The temperature coeffi-
cient above is the rate at which the module efficiency linearly decreases with
temperature. Since the construction of each option affects the operating temper-
ature of the modules, this factor further affects the total performance of each
system.

Option Cell operating temperature (°C above ambient)
+23.0°
+26.6°
+18.3°
+35.7°
+19.5°

D = W N e

Other parameters were constant for all options. All options were evaluated ata
15° altitude tilt. Various azimuth angles were evaluated (see Utility rate analy-

sis.)

PV output was evaluated on an hourly basis for use in the utility rate calcula-

tions (see appendix D).
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COST ANALYSIS

This section estimates the cost premium of each roof option over the cost of a
conventional flat non-PV roof. The conventional roof includes steel structure,
metal deck, rigid insulation, and membrane roofing (see Fig. 22). Detailed
breakdowns of the costs of each option are presented in subsequent tables.

Basic assumptions concerning construction and PV technology are as follows:

Roof membrane
Insulation

Metal deck
Roof structure

Fig 22. Section through typical bay, Reference Design

* Construction costs include any additional structure, insulation, roofing mate-
rials, glazing and sprinklers, beyond what is included in the reference roof.

¢ Costs of construction materials used in the standard roof that are replaced by
a BIPV material are deducted from the cost of the BIPV system.

* PV system costs include modules, fabrication of insulating units (where
applicable), aluminum framing to support the modules in a watertight seal

(where applicable), wiring, and power conditioning.

* Three different PV technologies are evaluated, ranging from high-efficiency,
high-cost/W to low-efficiency, low cost/W:

PV1: Crystalline Silicon 40W/m2  $4.40/W

Source: Arthur D Little report 6/94.

PV2: Amorphous Silicon 52W/m2 $3.00/W
Source: Advanced Photovoltaics Systems, Inc., 1994.

PV3: High-efficiency thin-film (CIS, CdTe) 108W/m2  $2.00/W

Source: Energy Photovoltaics, Inc. Projected price for 1996-97.
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PV1 and PV2 represent currently available technologies. PV3 cost/performance
figures may be available in the near future using any number of technologies
under development. PV3 projections are included because any significant con-
struction project currently in planning stages may not be constructed for several
years, at which point the new technologies, or improved versions of existing
technologies, may be available.

Table 1 summarizes the construction costs of each option with each of the three
PV technologies. (see Payback Analysis for a discussion of the implications of
costs) For options 4 and 5, the costs and benefits are evaluated in three ways:

¢ As a daylight/thermal system only, including all construction costs associat-
ed with daylighting and/or thermal energy systems, but no PV-related costs.
The payback analysis includes benefits (or costs) associated with daylighting
and thermal performance only. ’

* As a PV system only. To isolate the costs and payback of the PV system, con-
struction costs associated with daylighting and thermal systems are not includ-
ed, as are any energy savings (or costs) produced by these systems. Only PV
income is used.

* As a complete system, including all construction costs associated with day-
lighting and/or thermal energy systems. In the payback analysis, all benefits
(or costs) associated with daylighting and thermal performance are included
with PV income.

Costs:Fullsystem PV1 PV2 PV3
- $im2 $IW $/m2 $IW $/m2 $IW
OPTION 1 $1,115.34  $7.97 $463.71  $8.97 $610.28  $5.67

OPTION 1a $863.30 $6.17 $211.68 $4.10 $358.25 $3.33
OPTION 2 $1,338.16 $9.56 $686.53 $13.29 $833.10 $7.74
OPTION 2a $897.97  $6.42 $246.34  $4.77 $392.91 $3.65
OPTION 3 $1,10222  $7.88 $45059  $8.72 $597.16 $5.55
OPTION 4 $1,149.86 $8.22 $498.24 $9.64 $644.80 $5.99
OPTIONS5,5a  $1,424.67 $10.18 $773.05 $14.96 $919.61 $8.54
Daylight+ThermalOnly

OPTION 4 $136.77 . NA $136.77 NA $136.77 NA
OPTION 5, 5a $235.80 NA $235.80 NA $235.80 NA
PVsystemonly

OPTION 4 $1,013.09 $7.24 $361.46 $7.00 $508.03 $4.72

OPTIONS,5a  $1,188.87 $8.50 $537.24  $10.40 $683.81 $6.35

Table 1. A summary of the system costs (construction plus PV integration) for each of the five
roof options, for each of the three different PV technologies.
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OPTION 1 CONSTRUCTION COSTS

PVi PV2 PV3
$/m2 SIW $/m2 SW $/m2 SIW

1 Additional roof structure $0.00 $0.00 $0.00 §0.00 $0.00 $0.00
2
3 PV system costs:
4 PVmodules $615.72 $4.40 $155.01 $§3.00 $215.29 §2.00
5
6 PV framing $215.29 $1.54 $215.29 $4.17 $215.29 $2.00
7 PV wiring $34.88 $0.25 $34.88 $0.68 $34.88 $0.32
8 Other indirect $55.97 $0.40 $20.67  $0.40 $43.06 $0.40
9 Power Conditioning $111.95 $0.80 $41.33 $0.80 $86.11 $0.80
10 $1,033.80 $7.39 $467.17 $9.04 $594.62 §5.52
11 Material credits:
12 Roofing . ($21.53) ($0.15) (821.53) (80.42) ($21.53) ($0.20)
13 Insttation (320.88) ($0.15)]  ($20.88) ($0.40)|  ($20.88) (80.19)
14 Metal Deck (321.53) ($0.15) ($21.53) (80.42) {$21.53) _(80.20)
15 ($63.94) ($0.46) (863.94) (81.24) ($63.94) (80.59)
16
17 Subtotal $969.86 $6.93 $403.23 §7.80 $530.68 $4.93
18 Markup (15%) $145.48 $1.04 $60.48 $1.17 $79.60 $0.74
19 Totalsystem $1,115.34 $7.97 $463.71 $8.97 $610.28 $5.67

Table 2. Detailed breakdown of Option 1 cost calculations.

TABLE NOTES:

6. PV framing. Aluminum extrusion skylight system. Source: DeaMor, Inc. 1994

7. PVwiring. $37.67/m2 ($3.50/sf) PV area allowance. Could be significantly less:
assuming modules are connected in series of six (a-Si modules @ 40V ea for a 240V sys-
tem) with snap together connectors in the series string, conduit is needed only for wiring
between strings and for home runs to the inverter. In the test building, this should
require approx. 1m conduit/10m2 PV area, or $10.00/m2 @ $10/m wiring cost
allowance.

8. Othey indirect. Engineering, permits, shipping, insurance, project management.
Source: AD Little 6/94. '

9. Power conditioning. Source: various industry reports. This figure should be conser-
vative for a system of over 100kW. APS-Fairfield data suggest a cost of under $0.60/W
for a system this size.

12. Roofing credit. 55 mil FPDM fully adhered membrane. Source: Devcon Construction
Inc., 1994.

13. Insulation. Phenolic foam board 2 layers x 1.75”, (R28.4) Source: RS Means
Construction Cost Data 1993.

14. Metal deck. Source: Devcon Construction Inc., 1994.

Building-Integrated Photovoltaics: A Case Study Kiss and Company Architects onoes 28



SECTION

PV modules [4]
PV framing 6]
Base building structure

versndsl  essses

Fig 23. Section through typical bay, Option 1
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OPTION 1A CONSTRUCTION COSTS

PV1 PV2 PV3
$/m2 SIW $/m2 SIW $/m2 SIW

1 Additional roof structure $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
2
3 PV system cosls:
4 PVmodules $615.72 $4.40 $155.01 $3.00 $215.29 $2.00
5
6 PV framing $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
7 PV wiring $34.88 $0.25 $34.88 $0.68 $34.88 $0.32
8 Other indirect $55.97 $0.40 © $20.67 $0.40 $43.06 $0.40
9 Power Conditioning $111.95 $0.80 $41.33 $0.80 $86.11 $0.80
10 $818.51 $5.85 $251.88 $4.88 $379.33 $3.52
11 Material credits:
12 Roofing $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
13 Insulation $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
14 Glazing ($67.81) (50.48) ($67.81) (8$1.31) ($67.81) (80.63)
15 (§67.81) ($0.48)] ($67.81) ($1.31)] ($67.81) (50.83)
i6
17 Subtotal $750.70 $5.36 $184.07 $3.56 $311.52 $2.89
18 Markup (15%) $112.60 $0.80 $27.61 $0.53 $46.73 $0.43
19 Totalsystem $863.30 $6.17 $211.68 $4.10 $358.25 $3.33

Table 3. Detailed breakdown of Option 1a cost calculations.

TABLE NOTES:
Option 1A and 2A are referenced to an atrium roof design, including skylight fram-
ing, glazing and exposed structure.

7. PVwiring. $37.67/m2 ($3.50/sf) PV area allowance. Could be significantly less:
assuming modules are connected in series of six (a-5i modules @ 40V ea for a 240V sys-
tem) with snap together connectors in the series string, conduit is needed only for wiring
between strings and for home runs to the inverter. In the test building, this should
require approx. 1m conduit/10m2 PV area, or $10.00/m2 @ $10/m wiring cost
allowance.

8. Other indirect. Engineering, permits, shipping, insurance, project management.
Source: AD Litile 6/94.

9. Power conditioning. Source: various industry reports. This figure should be conser-
vative for a system of over 100kW. APS-Fairfield data suggest a cost of under $0.60/W
for a system this size.

12,13. Material credits. Since this option is identical to option 1 except that it is
being compared to atrium roof construction, credits for the flat roof components are not
used.

14. Glazing. Credit for 1/4” laminated, tinted glass.
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SECTION

PV modules [4]
PV framing [6]
Atrium roof structure

Fig 24. Section through typical bay, Option la
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OPTION 2 CONSTRUCTION COSTS

PV1{ PV2 PV3
$/m2 SIW $/m2 $IW $/m2 $IW

1 Additional roof structure $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
2
3 PV system costs:
4 PVmodules $615.72 $4.40 $185.01 $3.00 $215.29  $2.00
5 IG unit fabrication $193.76 $1.38 $193.76 $3.75 $193.76 $1.80
6 PV framing $2156.29 $1.54 $215.29 $4.17 $215.29  $2.00
7 PV wiring $34.88 §0.25 $34.88 $0.68 $34.88 $0.32
8 Other indirect $55.97 $0.40 $20.67 $0.40 $43.06 $0.40
9 Power Conditioning $111.95 $0.80 $41.33 . 80.80 $86.11 $0.80
10 $1,227.56 $8.77 $660.93 §12.79 $788.37  §7.32
11 Material credits:
12 Roofing ($21.53) (80.15) (821.53) ($0.42) (§21.53) ($0.20)
13 Insulation (320.88) ($0.15) ($20.88) (S0.40) ($20.88) (80.19)
14 Melal Deck ($21.53) _(80.15) (821.53) _(80.42) ($21.53) _($0.20)
15 ($63.94) ($0.46) (863.94) (51.24) (§63.94) ($0.59)
16
17 Subtotal $1,163.62 $8.32 $596.99  $11.55 $724.43 $6.73
18 Markup (15%) $174.54 $1.25 $89.55 $1.73 $108.67 $1.01
19 Total $1,338.16 $9.56 $686.53 $13.20 | . $833.10  $7.74

Table 4. Detailed breakdown of Option 2 cost calculations.

TABLE NOTES:
5. IG unit fabrication. $18.00/sf: Assumes $21.50/sf for insulating glazing unit with
1/4” float and 1/4” laminate glass less $3.50/sf for replacing 1/4” float glass with PV.
6. PV framing. Aluminum extrusion skylightsystem. Source: DeaMor, Inc. 1994
7. PV wiring. $37.67/m2 ($3.50/sf) PV area allowance. Could be significantly less:
assuming modules are connected in series of 6 (a-5i modules @ 40V ea for a 240V system)
with snap together connectors in the series string, conduit is needed only for wiring
between strings and for home runs to the inverter. In the test building, this should
require approx. 1m conduit/10m2 PV area, or $10.00/m2 @ $10/m wiring cost
allowance.
8. Other indirect. Engineering, permits, shipping, insurance, project management.
Source: AD Little 6/94. : '
9. Power conditioning. This figure should be conservative for a system of over 100kW.
APS-Fairfield data suggest a cost of under$0.60/W for a system this size.
12. Roofing credit. 55 mil EPDM fully adhered membrane. Source: Devcon Construction
Inc, 1994.
13. Insulation. Phenolic foam board 2 layers x 1.75”, (R28 4) Source: RS Means
Construction Cost Data 1993.

14. Metal deck. Source: Devcon Construction Inc., 1994.
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SECTION

PV modules (insulating units) [4]
PV framing [6]
Base building structure

Fig 25. Section through typical bay, Option 2
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OPTION 2A CONSTRUCTION COSTS

PV PV2 ']
$/m2 SIW $/m2 SIW $/m2 SIW
1 Additional roof structure $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
2
3 PV system costs:
4 PVmodules $615.72 $4.40 $155.01 $3.00 $215.29 $2.00
5 Lg.areaencaps. (IGunits) $193.76  $1.38 $193.76  $3.75 $193.76  $1.80
6 PV framing $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
7 PV wiring $34.88 $0.25 $34.88 $0.68 $34.88 $0.32
8 Other indirect $55.97 $0.40 $20.67 $0.40 $43.06 $0.40
9 Power Conditioning $111.95 $0.80 $41.33 $0.80 $86.11 $0.80
10 $1,012.27 $7.23 $445.64 $8.63 $573.09 $5.32
11 Material credits:
12 Roofing $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
13 Insulation $0.00 $0.00 $0.00 $0.00 $0.00 -~ $0.00
14 Glazing (8231.43) (51.65)] ($231.43) ($4.48)] ($231.43) ($2.15)
15 (8231.43) ($1.65)] ($231.43) ($4.48)] ($231.43) ($2.15)
16
17 Subtotal $780.84 $5.58 $214.21 $4.15 $341.66 $3.17
18 Markup (15%) $117.13 $0.84 $32,13  _ $0.62 $51.25 _ $0.48
19 Total $897.97 $6.42 $246.34 $4.77 $392.91 $3.65

Table 5. Detailed breakdown of Option 2a cost calculations.

TABLE NOTES:

Option 1A and 2A are referenced to an atrium roof design, incuding skylight fram-
ing, glazing and exposed structure.

7. PV wiring. $37.67/m2 ($3.50/sf) PV area allowance. Could be significantly less:
assuming modules are connected in series of 6 (a-5i modules @ 40V ea for a 240V system)
with snap together connectors in the series string, conduit is needed only for wiring
between strings and for home runs to the inverter. In the test building, this should
require approx. 1m conduit/10m2 PV area, or $10.00/m2 @ $10/m wiring cost
allowance.

8. Other indirect. Engineering, permits, shipping, insurance, project management.
Source: AD Little 6/94.

9. Power conditioning. This figure should be conservative for a system of over 100kW.
APS-Fairfield data suggest a cost of under $0.60/W for a system this size.

11. Material credits. Since this option is identical to option 2 except that it is being com-
pared to atrium roof construction, credits for the flat roof components are not used.

14. Glazing. Credit for 1” double glazing, 1/4” float, 1/4” wire glass.
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SECTION

PV modules (insulating units) [4]
PV framing [6]
Atrium roof structure

Fig 26. Section through typical bay, Option 2a
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OPTION 3 CONSTRUCTION COSTS

PV1 PV2 PV3
$/m2 SIW $/m2 SIW $/m2 SIW

1 Ballasted roof structure ~ §$139.94  $1.00 §139.94 $2.m $139.94 $1.30
2
3 PV system costs:
4 PVmodules $615.72 $4.40 $155.01 $3.00 $215.29 $2.00
5
6 PV wiring $34.88 $0.25 $34.88 $0.68 $34.88 $0.32
7 Other indirect $55.97  $0.40 $20.67 $0.40 $43.06 $0.40
8 Power Conditioning $111.95 $0.80 $41.33 $0.80 $86.11 $0.80
9 $958.45 $6.85 $391.82 $7.58 $519.27  $4.82
10
11 Material credits:
12
13
14 Nore $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
15 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
16
17 Subtotal $958.45 $6.85 $391.82 $7.58 $519.27 $4.82
18 Markup (15%) $143.77 _ _ $1.03 $58.77 $1.14 $77.89 $0.72
19 Totai $1,102.22 §7.88 $450.58 §8.72 $597.16 $5.55

Table 6. Detailed breakdown of Option 3 cost calculations.

TABLE NOTES:

1. Ballasted roof structure. Uses $1.00/W for crystalline installation ($140/m2). Source:

AD Little 6/94.

6. PV Wiring. $37.67/m2 ($3.50/sf) PV area allowance. Could be significantly less:

assuming modules are connected in series of 6 (a-Si modules @ 40V ea for a 240V system)
with snap together connectors in the series string, conduit is needed only for wiring

between strings and for home runs to the inverter. In the test building, this should

require approx. 1m conduit/10m2 PV area, or $10.00/m2 @ $10/m wiring cost

allowance.

7. Other indirect. Engineering, permits, shipping, insurance, project management.

Source: AD Little 6/94.

8. Power conditioning. Source: various industry reports. This figure should be conser-

vative for a system of over 100kW. APS-Fairfield data suggest a cost of under $0.60/W

for a system this size.
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SECTION

Ballasted tray structure [1]
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Fig27. Section through typical bay, Option 3
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OPTION 4 CONSTRUCTION COSTS

PV1 PV2 PV3
$/m2 S/W $/m2 $IW $/m2 S/W

1 Additional roof structure $32.28  $0.23 $32.28  §0.62 $32.28  §0.30
2

3 PV system costs:

4 PV modules $615.72 $4.40 $155.01 $3.00 $215.29 $2.00
5 Modulesubframe $62.43 $0.45 $62.43 $1.21 $62.43 $0.58
6 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
7 PV wiring $34.88 $0.25 $34.88 $0.68 $34.88 - $0.32
8 Other indirect $55.97 $0.40 §20.67 $0.40 $43.06 $0.40
9 Clerestory Glazing $77.50 $0.55 $77.50 $1.50 §77.50 $0.72
10 Add. sprinklers $9.15 $0.07 $9.15 $0.18 $9.15 $0.09
11 Power Conditioning $111.95 $0.80 $41.33 $0.80 $86.11 $0.80
12 $999.88 8§7.15 $433.25 $8.39 $560.70 $5.21
13 Material credits:

14 .

15 None $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
16 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
17 Subtotal $999.88 §7.15 $433.25 $8.39 $560.70 $5.21
18 Markup (15%) $149.98  $1.07 $6499  $1.26 $84.10 _ §0.78
19 Total: All $1,149.86  $8.22 $498.24  $9.64 $644.80 $5.99
20 Total:PVonly $1,013.09 $7.24 §361.46 $7.00 $508.03 $4.72
21 TotakDaylightonly $136.77 NA $136.77 NA $136.77 NA

Table 7. Detailed breakdown of Option 4 cost calculations.

TABLE NOTES:

1. Additional roof structure. tube steel framing to form sawtooth roof profile.Source:
Devcon Construction Inc., 1994.

5. Module subframe. Steel channel support structure for 2'%6” x 5’-0” modules. Source:
Bell Products.

7. PV wiring. $37.67/m2 ($3.50/sf) PV area allowance. Could be significantly less:
assuming modules are connected in series of six (a-5i modules @ 40V ea for a 240V sys-
tem) with snap together connectors in the series string, conduit is needed only for wiring
between strings and for home runs to the inverter. In the test building, this should
require approx. 1m conduit/10m2 PV area, or $10.00/m2 @ $10/m wiring cost
allowance.

8. Other indirect. Engineering, permits, shipping, insurance, project management.
Source: AD Little report 6/94.

9. Clerestory glazing. Insulated glazing at $344/m2 for clerestory area. Source: Deveon
Construction Inc., 1994. .

10. Additional sprinklers. Sprinkler heads required to cover volumes of sawtooth roof.
Source: Devcon Construction Inc., 1994.

11. Power conditioning. This figure should be conservative for a system of over 100kW.
APS-Fairfield data suggest a cost of under $0.60/W for a system this size.

20 PV Only. Sum of lines: 4+5+7+8+11.

21 Daylight Only. Sum of lines: 1+9+10+14+15.
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Fig 28. Section through typical bay, Option 4
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OPTION 5 CONSTRUCTION COSTS

PV1 PV2 PV3

$/m2 SIW $/m2 /W $/m2 SIW

1 Additional roof structure $32.28  §0.23 $32.28  $0.62 $32.28 $0.30

2
3 PV system costs:
4 PVmodules $615.72 $4.40 $155.01 $3.00 $215.29 $2.00
5 PV framing $215.29 $1.54 $215.29 $4.17 $215.29 $2.00
6 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
7 PV wiring $34.88 $0.25 $34.88 $0.68 $34.88 $0.32
8 Other indirect $55.97 $0.40 $20.67 $0.40 $43.06 $0.40
9 Clerestory Glazing $77.50 $0.55 $77.50 $1.50 $77.50 $0.72
10 Liner Panel $21.53 $0.15 $21.53 $0.42 $21.53 $0.20
11 Heatrecovery, them. stor.  $64.59  $0.46 $64.59  §1.25 $64.59  $0.60
12 Add. sprinklers $9.15 $0.07 $9.15 $0.18 $9.15 $0.09
13 Power Conditioning $111.95 $0.80 $41.33 $0.80 $86.11 $0.80
14 $1,238.85 $8.85 $672.21 $13.01 $799.66 $7.43
15 Malerial credits:

16 Roofing $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
17 Metal Deck $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
18 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
19 Subtotal $1,238.85 $8.85 $672.21  $13.01 $799.66 $7.43
20 Markup (15%) $185.83 $1.33 $100.83 $1.95 $119.95 $1.11
21 Total:All $1,42467 $10.18 $773.05 $14.96 $919.61 $8.54
20 Total:PVonly $1,188.87 $8.50 $§537.24  $10.40 $683.81 $6.35

L_21 Total: Daylight + Thermal __$235.80 NA $235.80 NA $235.80 NA

Table 8. Detailed breakdown of Option 5 cost calculations.

TABLE NOTES:

1. Additional roof structure. tube steel framing to form sawtooth roof profile. Source:
Devcon Construction Inc., 1994.

5. PV framing. Aluminum extrusion skylight system. Source: DeaMor, Inc. 1994

7. PVwiring. $37.67/m2 ($3.50/sf) PV area allowance. Could be significantly less:
assuming modules are connected in series of six (a-Si modules @ 40V ea for a 240V sys-
tem) with snap together connectors in the series string, conduit is needed only for wiring
between strings and for home runs to the inverter. In the test building, this should
require approx. 1m conduit/10m2 PV area, or $10.00/m2 @ $10/m wiring cost
allowance.

8. Other indirect. Engineering, permits, shipping, insurance, project management.
Source: AD Little report 6/94 :

9. Clerestory glazing. Insulated glazing at $344/m2 for clerestory area. Source: Devcon
Construction Inc., 1994.

10. Liner panel. Costof plywood liner to create airspace behind PV modules.

11. Heat recovery HVAC, thermal storage. Budget price for ductwork, controls, thermal
mass storage system. Source: Ove Arup & Partners New York

12. Additional sprinklers. Sprinkler heads required to cover volumes of sawtooth roof.
Source: Devcon Construction Inc., 1994.

13. Power conditioning. This figure should be conservative for a system of over 100kW.
APS-Fairfield data suggest a cost of under $0.60/W for a system this size.

20 PV Only. Sum of lines: 4+5+7+8+11.

21 Daylight +Thermal. Sum of lines: 1+9+10+14+15.
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Fig 29. Section through typical bay, Option 5
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UTILITY RATE ANALYSIS

To obtain a payback period for each system, the costs obtained in the preceding
section are divided by the value of energy savings and PV income. Since the
thermal performance and PV output of each system was determined for each of
the six test cities, the actual value of PV electricity was calculated for each loca-
tion and used as the basis for the payback calculation. (see Appendix D for
detailed calculations of average utility rates.)

We used utility rate data compiled by Casazza,. Schultz & Associates for the Gas
Research Institute, entitled “Electric and Gas Rates for the Residential,
Commercial and Industrial Sectors: 1993”. In each location a rate was found
which was applicable to a commercial customer with a peak demand of
<500kW. When there was more than one applicable rate, the rate that appeared
to yield the best return based on maximum time-of-use energy rates were select-

ed (we did not evaluate every rate available).

One exceptional rate was evaluated, a LILCO small commercial (<7kW
demand) rate in New York. This rate (noted as New York 2) provides excep-
tionally high peak energy charges, and gives an idea of the high end of the rates
smaller commercial or residential users might find in certain parts of the coun-

try.

To obtain the most accurate value of avoided electricity, PV performance was
modeled on an hourly basis for each climate using PV-F Chart software. The PV
production for each hour of the day for each month was multiplied by the elec-
tric rate prevailing at that hour, taking into account time-of-use charges,
demand charges, seasonal variations, surcharges, energy cost adjustments and
taxes. Demand charges were offset by 20% of the capacity of the PV system,
which would be minimum output for most PV systems during cloudy days.
The total cost of electricity for the year was then divided by the total kilowatt-
hours produced by the PVs to obtain the average offset electric cost.

These evaluations were performed for three different array orientations: South,
45° West of South, and West. (see “PV Orientation Effects on Average Electric

Rate” below.)
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DEMAND CHARGE ANALYSIS

Table 9 summarizes the average rate in $/kWh for four different levels of PV
demand credit. Note that the Oakland and New York 2 rates are energy charges
only and have no demand component.

% Demand Credit

: 0% 20% 60%  100%
Oakland  $0.1753 $0.1753 $0.1753 $0.1753
New York1 $0.1258 $0.1306 $0.1402 $0.1499
NewYork2 $0.2727 $0.2727 $0.2727 $0.2727
Phoenix $0.0878 $0.0897 $0.0935 $0.0972
Mami $0.1091 $0.1158 $0.1291 $0.1424
Chicago  $0.0604 $0.0727 $0.0975 $0.1223
Cincinnati  $0.0470 $0.0561 $0.0742 $0.0924

Table 9. PV demand credit levels for different locations.

Although it is not in the scope of this report, there may be cases where storage
to achieve greater demand savings is cost-effective. In Chicago, for example,

the effective value of PV electricity is more than doubled by capturing 100%
demand credit. The additional value is $0.0619/kWh/year.

Almost all the commercial utility rates we examined had a demand charge com-
ponent. Energy-charge-only rates are common in residential rate plans, less
common in small commercial rates, and rare in medium-large commercial
rates. In general, the lower the demand charge component of a rate, the higher

the value of PV power.
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PV ORIENTATION EFFECTS ON AVERAGE ELECTRIC RATE

The following three charts illustrate the effects of array orientation on PV elec-
tric value. Although annual PV output from a West-facing array (90°) was typi-
cally lower than output from a South-facing and Southwest-facing array (Chart
7), a 90° orientation produced an equivalent or better overall electric rate (Chart
8) as a result of higher utility rates in the latter part of the day. The average
annual PV value was calculated by multiplying the average electric rate by the
PV power produced (Chart 9). The payback analyses which follow use the 45°

orientation for producing the best overall income.

Detailed PV output and electrical rate calculations are listed in Appendix D.

Effects of PV azimuth orientation on annual PV power production.
(15° array filt)

0°
D45
Moo

Cincinnati

Chicago

lelel Sl e S el T T T e ] el e e s e

Phoenix
New York 2

New York 1

Oakand

0 50 100 150 200
kWh/m2fyear

Chart 7. Annual PV power production for three different array orientations.
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Effects of PV azimuth orientation on AVERAGE VALUE of PV electricity.

(15° array {ilt)
0°
Cincinnati
= O45°
Chicago [ | Woo

$0.2500

$0.3000

$0.0000 $0.0500 $0.1000 $0.1500 $0.2000

$/KWh av rate

Chart 8. Average PV electric value for three different array orientations.

Effoects of PV azimuth orientation on ANNUAL VALUE of PV elactricity.

{15° amay tift)
0°
Cincinnati
45
Chicago M 90°

$0.00 $5.00 $10.00 $15.00  $20.00 $25.00 $30.00  $35.00
$/m2fyear

Chart 9. Annual PV value (PV power x average PV electric value) for three different array orientations.
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PAYBACK ANALYSIS - PARAMETERS

To assess the relative economic value of the options, a simple payback was cal-
culated for each system in each climate for the three PV technologies. For
Options 4 and 5, a PV system-only payback was calculated since the
daylight/thermal benefits of these designs are not an integral product of the PV
modules. The payback calculations are:

éimple Payback, years= __(Construction+ PV Cost, $/m2) x (Const. Cost Location Factor)
{full system) (PV + daylight + thermal, kWh/im2/yr) x (Av. elect rate, $/kWh)

Simple Payback, years= {PV System Cost, $/m2) x (Const. Cost Location Factor)
(PV only) (PV, kWh/m2/yr) x (Av. elect rate, $/kWh)

More sophisticated economic models would give a better picture of the actual
value of the systems analyzed. We made no attempt to include life cycle costs
such as maintenance, cleaning, insurance or any other additional operating
costs. We also did not attempt present value calculations.

Some other assumptions are worth noting:

1. Some of the system costs may be high for a project of this size (see cost
calculations section, particularly in regard to power conditioning and
wiring costs), aithough the markup of 15% for the PV system costs may
be higher in cases with multiple subcontractors.

2. No escalation was calculated for electric rates.

3. A demand credit of 20% was given for the PV system. In some cases, a
higher demand credit may apply.

4. Tax credits were not factored into payback. For corporate building own-
ers with tax liabilities, these savings could substantially cut the effective
cost of the PV systems. A 10% federal renewable energy tax credit, com-
bined with an accelerated five year depreciation of the system costs, can
cut the system cost by more than 40%. Other state and Federal credits and
subsidies may apply.

5. The effects of incorporating PV system costs into a building mortgage

have not been considered.

The overall effect of these factors could cut the payback times shown by half or

more.
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PAYBACK ANALYSIS - SUMMARY

Tables 10 and 11 summarize the simple payback period calculated in years for
each of the systems. For each option, the best payback of the two currently
available PV technologies (PV1 and PV2) is highlighted in boldface.

Payback, PV Only
Oakland New York1 NewYork2  Phoenix Mami _ Chicago Cincinnati

OPTIONt1  PV1 35.68 72.65 34.79 47.15 45.74 100.54 124.02
pva 36.84 75.38 36.10 47.84 46.54 104.32 128.55
PV3 25.30 51.63 24.72 33.14 32.19 71.46 88.10

OPTION1a PV1 27.82 56.24 26.93 36.50 35.41 77.82 96.00
pv2 16.82 34.41- 16.48 21.84 21.25 47.62 58.68
PV3 14.85 30.31 14.51 19.45 18.90 41.95 51.71

OPTION2  PV1 43.30 87.98 42,14 57.30 55.52 121.84 150.26
pPv2 54.96 112.31 53.78 71.43 69.44 155.51 191.59
PV3 34.86 71.04 34.02 45.72 44.37 98.37 121.25

OPTION2a PV1 29.05 59.05 28.27 38.45 37.25 81.76 100.83
pvz 19.72 40.30 19.30 25.63 24.92 55.80 68.74
Pv3 . 16.44 33.51 16.04 21.56 20.92 46.39 57.18

OPTION3  PV1 34.74 7082  33.9 4583 44,53 98.07  121.01
PV2 35.44 72.63 34.78 45.97 4477 10047  123.82
PV3 24.45 50.00 23.94 31.98  31.11 69.15 85.28

OPTION4  PV1 33.74 68.24 32.68 44.82 43.29 94.63 116.63
pPve 29.51 60.11 28.78 38.43 37.28 83.31 102.59
PV3 21.78 44.20 21.17 28.64 27.73 61.29 75.50

OPTION 5,52 PV1 37.62 76.74 36.75 49.64 48.21 106.13 130.95
Pv2 42.36 86.78 41.56 54.97 53.52 120.06 147.97
PV3 28.08 57.41 27.49 36.75 35.73 79.41 97.92

Table 10 A summary matrix of simple payback periods for all possible PV roof option, PV system
cost[benefits only (See Appendix D for detailed payback tables for each option).
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Payback, Fullsystem

Oakiand New York1 NewYork2  Phoenix Mami _ Chicago Cincinnati
OPTION1  PV1 52.55 295.81 141.65 negative  negative  533.09 2,426.02
pPv2 138.10 negative  negative  negative  negative  negalive  negative’
PV3 44.09 1,280.41 613.14 negative  negative  negative  negative
OPTION1a PV1 27.62 56.24 26.93 36.50 35.41 77.82 96.00
PV2 16.82 34.41 16.48 21.84 21.25 47.62 58.68
PV3 14.85 30.31 14.51 19.45 18.90 41.95 51.71
OPTION2 PVI 35.29 74.43 37.56 61.91 53.37 110.12 137.67
pPv2 35.19 77.20 40.80 85.31 62.81 122.57 155.50
PV3 27.03 57.75 30.03 50.97 42.45 86.87 108.98
OPTION2a PV1 29.05 59.05 28.27 -38.45 37.25 81.76 100.83
PV2 19.72 40.30 19.30 25.63 24.92 55.80 68.74
PV3 16.44 33.51 16.04 21.56 20.92 46.39 57.18
OPTION3  PV1 34.67 70.67 33.84 45.60 44.30 97.74 120.50
PV2 35.25 71.98 34.47 45.41 44.20 99.63 122.53
PV3 24.38 49.77 23.83 31.77 30.90 68.85 84.81
OPTION4  PV1 25.37 47.70 22.84 35.52 31.74 69.86 83.79
PV2 17.92 32.34 15.49 25.86 21.97 48.98 57.74
PV3 16.55 30.85 14.77 23.33 20.58 45.59 54.42
OPTION5  PV1 33.85 59.57 28.53 45.42 42.79 84.53 105.38
Pv2 33.36 52.80 25.28 44.97 41.37 76.22 95.63
PV3 26.30 45.07 21.58 35.26 33.01 64.26 80.24

Table 11 A summary matrix of simple payback periods for all possible PV roof options, full system

costfbenefits. (See Appendix D for detailed payback tables for each option).
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PAYBACK ANALYSIS-DISCUSSION

Payback period is a function of a large number of variables, some specific to
each roof option, some to location, some to PV technology. Depending on the
project, it may be necessary to evaluate a BIPV installation according to one or

more of these criteria:

1. Location
PV output (insolation)
Electrical rate
Construction cost location factor
Building energy requirements (climate)
2. BIPV Option
Cost (Construction cost minus material credit)
Thermal performance
Daylight performance
PV performance (a function of PV module temperature)
3. PV technology
Cost ($/W)
Efficiency (W /m2)
Temperature coefficient (%efficiency/°C)

LOCATION

Of the three categories, location has the greatest effect on payback, with the best
area averaging more than 3.5 times better than the worst. The effect of location
on payback is consistent for each BIPV system: Oakland always has the shortest
payback, followed by Miami, Phoenix, New York, Chicago, and Cincinnati (see
Chart 10). As discussed in the previous section, we included one exceptional
case: in New York, a time-of-use rate for small commercial customers with
demand too small to qualify for our reference building (less than 7kWp). Using’
this rate, the shortest payback of all is achieved, despite the lowest insolation
and the highest construction costs.

In general, Oakland has a favorable balance of mild climate, high electrical
rates, and high insolation. Phoenix, which has the highest insolation by far,
has a hot climate and moderate electrical rates which lengthen the payback peri-
ods. At the other end of the range, Cincinnati has the lowest electrical rate, the
second-lowest insolation, and significant heating and cooling seasons.
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Chart 10. Average payback by location, all options, all PV technologies.

It is important to note that the paybacks shown in Chart 10 are averages for all
BIPV options and PV technologies. In each location, the shortest payback
achieved was approximately 60% of the average. Given any significant tax sav-
ings related to the PV system (see above, p. 44), full system payback periods of
less than 20 years could be possible in all the locations except Chicago and
Cincinnati.

BIPV OPTION

The pattern is not as consistent when payback is evaluated according to BIPV
roof option. The range between the best and worst cases on average is less than
a factor of two. In most cases, Options 1a and 2a - the “atrium” options - are
most cost-effective. Unlike all the other options, which are compared with a
conventional flat roof, these systems are compared with the specialized and
costly construction of atria: they have the highest material credit and lowest
additional construction costs, and no daylight or thermal benefits.

Options 1 and 2 are identical in construction and energy performance to Options
" laand 2a, buit are compared with the standard flat roof. They perform poorly,
due to the high extra cost of skylight framing systems and low material credit
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Chart 11. Average payback by option, all climates, all PV technologies.

for the conventional roof system and poor thermal performance. Option 1 is
omitted from payback calculations because the very poor thermal performance
results in extremely long or negative payback periods.

The roof options which rely most on collateral energy benefits (Options 4, 5, 5a),
show the greatest improvement in payback when analyzed as a full system. We
found that the active heat recovery of Option 5 is not generally cost-effective
compared with the Option 4, which has the same indirect daylighting strategy
but less expensive construction due to the absence of ductwork and a double-
layer skin. Since more heat is generated in all cases with Option 5 than is need-
ed for building space heating, this system is inherently inefficient. Option 5a,
which is identical to Option 5 except that it is assumed that all available heat is
used, approaches Option 4 in payback time.

The ballasted roof-mounted system (Option 3) shows moderately long payback
in all cases, since it has additional construction costs, no material credit and no
significant collateral energy benefits.

The cost analyses reveal that many of the construction-related items cost as
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Chart 12. Average payback by PV technology, all locations, all options.

much or more than the PV modules. As PV costs decline, the cost/area of PVs
becomes comparable to certain construction costs: PV1 is now $615/m2, PV3is
projected to be $215/m2. Skylight framing costs $215/m2, double glazing costs
$231/m2. As PV costs drop, the costs of related systems become more signifi-
cant, and the value of material credits becomes greater. In the future, the

reduction of PV-related construction costs will be increasingly important.

PV TECHNOLOGY.

The three PV technologies evaluated are most cost-effective in very specific con-
ditions. We have identified the three technologies as Crystalline silicon (PV1),
amorphous silicon (PV2) and advanced thin-film, CIS or CdTe (PV3). The
analysis is primarily on the basis of their cost and efficiency, although the
effects of operating temperature on efficiency is taken into account for each
material. Other properties of these devices - aesthetics, long-term stability,
toxic materials or heavy metals - may significantly affect their viability as build-
ing materials, but are not considered in this report.

In all cases evaluated, PV3 systems have the shortest payback. Since PV3 mate-

rials are not presently available (although they may be within the next few
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Option2 PVt PV2 PV3
$/m2 $/Wp {$/m2 $/Wp |$/m2 $/Wp
1 PVmodule $615.72 $4.40 | $155.01 §$3.00 | $21520 $2.00
2 Area-independent costs $167.92 $1.20 $62.00 $1.20 | $129.17 $1.20
3 Area-dependent costs $443.92 $3.17 | $44392 $8.59 | $44392 $4.12
4 Material Credit {$63.94) ($0.46) $63.94) ($1.24)! ($63.94) ($0.59)
§ Total with markup & location factor| $1,533.98 $10.96 | $793.09 $15.35 | $959.73 $8.92
6 Value of PV output $35.14 $0.25 $1420 $0.27 $27.17 $0.25
7 Value of daylightthermal benefits $8.33  $0.06 $8.33  $0.16 $8.33  $0.08
8 Total bensfit $43.47  $0.31 $22.54 $0.44 $35.50 $0.33
9 Simple Payback 35.29 35.19 27.03
Option2a PV1 pv2 pVv3
$/m2 $/Wp |$/m2 $Wp |$/m2 $/Wp

10 PVmodule $615.72 $4.40 | $155.01 $3.00 | $21529 $2.00
11 Area-independent costs $167.92 $1.20 $62.00 $1.20 | $129.16 $1.20
12 Area-dependent costs $228.63 $1.63 | $228.63 $442 | $228.63 $2.12
13 Material Credit ($231.43) ($1.65)] ($231.43) ($4.48)] ($231.43) ($2.15)
14 “Total with markup & location factor| $1,020.99  $7.30 | $280.09 §$5.42 | $446.73 $4.15
15 Value of PV output $35.14  $0.25 $1420 §$0.27 $27.17 $0.25
16 Value of daylightthermal benefits $0.00 _ $0.00 $0.00 _ $0.00 $0.00  $0.00
17 Total benefit $35.14 $0.25 $14.21 $0.28 $27.17  $0.25
18 Simple Payback 29.05 19.72 16.44

Table 12. Area-dependent and Area-independent cost and income components. Sample for options 2,
2a, Oakland location factors.

years), an interesting comparison can be made between PV1 and PV2.

In general, PV1, high-cost, high-efficiency modules are best suited to installa-
tions where the rest of the area-dependent balance of syétem costs are high and
area-dependent benefits are low. Table 12 uses the examples of options 2 and 2a
to illustrate the relative value of area-dependent and area-independent costs to
different PV technologies. The area-dependent costs (framing, insulated glaz-
ing unit fabrication, wiring) are worth $3.17/W for PV1, and $8.59/W for PV2,
well over twice as much (lines 3 and 12). Conversely, the area-dependent
income (credit for displaced construction materials and daylight/thermal bene-
fits) are worth proportionally more for PV2 than PV1 (lines 4, 7, 13, 16).

Ultimately, the best payback times are achieved with the lowest cost/ watt mod-
ules, although there are many situations where area-dependent balance of sys-
tem costs will make high-cost/high-efficiency modules worthwhile. Building-
integrated applications tend to favor the former, while standalone systems can
justify the latter.
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PAYBACK ANALYSIS - CHARTS

The following six charts illustrate the payback periods from Tables 11 and 12,
sorted by PV Technology. The data is presented in two ways: Full System (all
costs and all types of energy benefits) and PV System Only (no construction
costs for daylight & thermal systems, and no daylight/thermal benefits for
Options 4, 5, and 5a).
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Chart 13. PV1 Payback, PV System Only (140W/m2, $4.40/W).
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Chart 14. PV1 Payback, Full System (140W/m2, $4.40/W). Includes daylight and thermal costs & benefits.
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Chart 15. PV2 Payback, PV System Only (52Wfm2, $3.00/W).
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Chart 16. PV2 Payback, Full System (52W[m2, $3.00/W). Includes daylight and thermal costs & benefits.
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Chart 18. PV3 Payback, Full System (108Wfm2, $2.00/W). Includes daylight and thermal costs & benefits.
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CONCLUSIONS:

¢ Some BIPV roof systems are economical today. With present day technolo-
gies and utility rates, several of the systems analyzed show pre-tax payback of
20 years or less; with tax savings included these payback periods could be less
than 10 years.

» There is no existing PV technology that is best suited for all BIPV roof appli-
cations. With current technologies and prices, low efficiency and low $/m2 PVs
like amorphous silicon show a better return in cases where area-dependent costs
(skylight framing systems, insulated glazing unit fabrication) are low and/or
area-dependent benefits (construction material credits, daylighting and thermal
benefits) are high. Conversely, high efficiency and high §/W PVs like crystalline
silicon are better able to absorb area-dependent costs, and gain less by area-

dependent benefits.

e The best payback on a PV-only basis (ignoring collateral energy benefits) is
from installations such as atriums with high material credit and low additional

construction cost.

* Direct rooftop integration, where the PV module serves as the weather bar-
rier for the roof, is not presently cost effective in cases other than atrium appli-
cations. The value of the material credit for conventional roofing materials is
too low to offset the considerable costs of the framing systems required to
accommodate large-area glass-substrate modules. Price reductions in these sys-
tems, or the development of other cost-competitive integrated roofing systems
(such as PV metal roofing or PV tiles), could make direct integration viable in a
much broader range of roof types.

* The value of PV can be significantly enhanced by collateral energy benefits.
In most commercial buildings, these benefits will be mostly from daylighting -
thermal benefits are unlikely to be as great - for commercial buildings heating
loads are a small portion of energy used. In cases where all the available ther-
mal energy can be utilized, as in industrial processes with a large makeup air

requirement, a very good payback can be achieved.
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e The viability of BIPV roof installations varies greatly with location. The
combination of climate, insolation and electric rates in Oakland result in pay-

back periods over three times as short as those in Cincinnati.

e Advances in PV technology will significantly improve the economics of
BIPV systems. The better economics of lower cost/higher efficiency modules is
clearly shown in the progression from PV1 to PV3. Most experts agree that costs
and efficiencies better than PV3 eventually will be achieved.

e As the costs of PV technologies drop, the relative value of other construc-
tion systems (skylight framing, wiring) will increase. Any decrease in the costs
of these systems will become more important to the cost effectiveness of the
BIPV system as a whole. Conversely, the value of material credits for displaced

construction materials will increase.

Fig 30. Conference center roof and shadow with hotel in background.
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RECOMMENDATIONS FOR FUTURE STUDY

PRODUCT DEVELOPMENT:

The construction cost estimates in this study are based on consultation with con-
tractors, manufacturers, and on industry standard cost references. Since many
of the BIPV products and applications evaluated have not been released as
products, the cost estimates are preliminary. At present some of these products
are being studied or developed; a compilation of ongoing development work
would yield more reliable cost/performance data. Relevant research might

include:

eInsulated PV glazing units

eFlush-glazed PV glazing units.

*Curtain wall extrusions with fntegral wiring raceways.

eSemitransparent PV window units in custom transparencies.
eMetal-substrate PV products for standing-seam roofing applications.

e Any development of products that will reduce the cost of PV-related con-
struction elements (framing, wiring, etc.)

RESEARCH:
Other findings in this study should be investigated more thoroughly:

«The environmental analysis would benefit from detailed thermal evalua-

. tion of specific building designs including boundary conditions

*The payback analysis should include life cycle costs including O&M costs,
present value calculations, and other parameters.

eMore research should be done on utility rate structures and the effects of
the inclusion of environmental externalities and T&D costs in electrical

rates.
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A. PAYBACK ANALYSIS

’

The following charts detail the payback calculations for all the roof options and
climates analyzed.
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PV1: 140W/ms @ $4.40/W Oakiand

New York 1 New York 2

Phoenix Mbmi  Chicago Cincinnati Average

Av $kWh $0.175 $0.131 $0.273 $0.090 $0.116 $0.073 $0.056
Construction cost location fact: 1.14 1.24 1.24 0.90 0.87 1.08 0.95

OPTION 1 1 Base system cost, ¥m2 $1,268.14 $1,377.44 $1,377.44 $1,001.57 $965.88 $1,183.37 $1,058.46

2 Additional HVAC, $/m2 $77.64 $113.00  $113.00 $142.49  $99.18 $103.13  $95.10

3 Base system + HVAC $1,345.78 $1,490.44 $1,490.44 $1,144.06 $1,065.07 $1,286.51 $1,153.56

4

5 PV output

6 kKWh/m2/yr 202.72  145.17 145.17 23679 18237 161.81 152,22

7 $/m2/yr $35.54  $18.96  $39.59  $21.24  $21.12  $11.77 $8.53

8 PVonlypayback,years 35.68 72.65 34.79 47.15 45.74 100.54  124.02  65.80

9

10 Lighting savings :

11 kWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61

12 $/m2/yr $10.81 $7.75  $16.18 $6.06 $7.25 $4.14 $3.17

13

14 Thermal savings (loss)

15 KWh/m2/yr (118.29) (185.92) (165.92) (334.16) (246.37) (185.52) (200.35)

16  $/m2/yr ($20.74) ($21.67) ($45.25) ($29.97) ($28.53) ($13.49) ($11.23)

17

18 PV-lLighting+Thermal

19 kWh/m2/yr 146.07 38.58 38.58 (29.83) (1.35) 33.18 8.48

20 $/m2/yr $25.61 $5.04  $10.52 ($2.68)  ($0.16) $2.41 $0.48

21 Combinedpayback,years 5255  295.81 141.65 (427.53) (6,788.64) 533.09 2,426.02 (538.15)
OPTION1a 1 System cost, ¥/m2 $981.58 $1,066.18 $1,066.18 $775.25 $747.62 $915.97 $819.28

2

3 PV output

4 kWh/m2/yr 20272 145.17 145.17  236.79 182.37  161.81 152,22

5 $/m2/yr $35.54  $18.96  $39.59  $21.24  $21.12  $11.77 $8.53

6 Simplepayback,years 27.62 56.24 26.93 36.50 35.41 71.82 96.00 5093
OPTION 2 1 System cost, ¥m2 $1,521.49 $1,652.63 $1,652.63 $1,201.67 $1,158.85 $1,419.79 $1,269.91

2 Additional HVAC, $/m2 $12.49  $22.79 $113.00  $3578  $22.19  $20.79  $20.02

3 Base system + HVAC $1,533.98 $1,675.42 $1,765.62 $1,237.45 $1,181.03 $1,440.57 $1,289.94

4

5 PV output

6 kWh/m2/yr 20044  143.81 143.81 233.80 180.28  160.20 150.75

7 $/m2/yr $35.14  $18.78  $39.22  $20.97  $20.87  $11.65 $8.45

& PVonlypayback,years 43.30 87.99 42,14 §7.30 55.52 121.84  150.26 79.76

9

10 Lighting savings

11 kWh/m2/yr 61.64 15933 59.33 67.54 62.65 56.89 56.61

12 $/m2/yr $10.81 $7.75 $16.18 $6.06 $7.25 $4.14 $3.17

13

14  Thermal savings (loss)

15 kWh/m2/yr (14.12)  (30.78)  (30.78) (78.51) . (51.80) (37.25)  (40.24)

16 $/m2/yr ($2.48)  ($4.02) ($8.39) ($7.04) ($6.00) ($2.71)  ($2.26)

17

18 PV+Lighting+Thermal

19 kWh/m2/yr 24796  172.36 172.36  222.83 191.13 179.84 167.12

20 $/m2/yr $43.47  $22.51 $47.01 $19.99  $22.13  $13.08 $9.37

21 Combinedpayback years 35.29 74.43 37.56 61.91 §337 110412  137.67 7291
OPTION2a 1 System cost, $¥m2 $1,020.99 $1,108.99 $1,108.99 $806.37 $777.64 $952.74 $852.17

2

3 PV output

4 kWh/m2/yr 200.44  143.81 143.81 233.80 180.28 160.20 150.75

5 $/m2lyr $35.14 $18.78 $38.22 $20.97 $20.87 $11.65 $8.45

6 Simplepayback,years 29.05 59,05 28.27 3845 37.25 81.76  100.83  53.52
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Pt 140Wims @ $4.40/W Oakland  New York1 NewYork2  Phoenix Mami  Chicago Cincinnati Average

Av $KWh $0.175  $0.131 $0.273  $0.080  $0.116  $0.073 $0.056
Construction cost location fact 1.14 1.24. 1.24 0.80 0.87 1.06 0.95

OPTION3  1- System cost, $/m2 $1,253.22 $1,361.24 $1,361.24 $989.79 $954.52 $1,169.45 $1,046.00

2 i

3

4 PV output

5 kWh/m2/yr 205.74 146.97 14697 -240.76  185.13 163.94 154.18

6 $/m2lyr $36.07  $19.19  $40.08  $21.60  $21.44  $11.93 $8.64

7 PVonlypayback,years 34.74 70.92 33.96 45.83 44.53 98.07 121.01 64.15

8

9

10 Lighting savings

11 kWh/m2/yr : 0.00 0.00 0.00 0.00 0.00 0.00 0.00

12 $/m2lyr $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00

13

14 Thermal savings (loss)

15 kWh/m2/yr 0.45 0.53 0.53 1.21 0.97 0.55 0.65

16 $/m2lyr . $0.08 $0.07 $0.14 $0.11 $0.11 $0.04 $0.04

17

18 PV+lighting+Thermal

19 kWh/m2/yr’ 206.19 147.50  147.50 24197 186,10  164.49 154.83

20 $/m2/yr $36.156  $19.26 $40.23  $21.70  $2155  $11.97 $8.68

21 Combinedpaybackyears 34.67 70.67 33.84 45.60 44.30 97.74 120.50  63.90
OPTION4 1 System cost, $/m2 $1,307.39 $1,420.08 $1,420.08 $1,032.57 $995.78 $1,220.00 $1,091.22

2 Additional HVAC, $/m2 ($17.85) ($16.14) ($16.14)  ($7.81)  ($9.79) ($13.59) ($12.16)

3 Basesystem+ HVAC $1,289.54 $1,403.94 $1,403.94 $1,024.77 $985.99 $1,206.41 $1,079.06

4 .

5 Systemcost PVonly, $/m2 $1,151.88 $1,251.17 $1,251.17 $909.75 $877.34 $1,074.89  $961.42

6

7 PV output

8 kWh/m2/yr 194.72 140.40 14040 22628  175.03 156.15 147.03

9 $/m2lyr $34.14 91834  $38.29  $20.30  $20.27  $11.36 $8.24

10 PVonlypayback,years 33.74 68.24 32.68 44.82 43.29 94.63 116.63  62.00

11

12

13 Lighting savings

14  kWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61

15 $/m2/yr $10.81 $7.75  $16.18 $6.06 $7.25 $4.14 $3.17

16 :

17 Thermal savings (loss)

18 KWh/m2/yr 33.54 25.65 25.65 27.84 30.59 24.38 26.06

19 $/m2/yr $5.88 $3.35 $7.00 $250 - $3.54 $1.77 $1.46

20

21 PV+Lighting+Thermal :

22 kWh/m2/yr 289.90 22538  225.38 32166  268.27 23742  229.70

23 $/m2/lyr . $50.83 $20.43  $61.47 $28.85  $31.06  $17.27  $12.88

24 Combinedpaybackyears . 25,37 47.70 22,84 35.52 31.74 69.86 83.79  45.26

25

26 Lighting+Thermal $16.69 $11.10 $23.18 $8.56 $10.80 $5.91 $4.63

27 Lighitng/thermal payback,yrs 8.10 13.42 6.43 13.54 10.19 22.11 25,51  14.19
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OPTION S

PV1: 140W/ims @ $4.40/W  Oakiand

Av $/kWh
Construction cost location fact

$0.175
1.14

$0.131
1.24

New York1 New York 2

$0.273
1.24

Phoenix Miami  Chicago Cincinnati Average

$0.090
0.90

$0.116
0.87

$0.073
1.06

$0.056
0.95

System cost, $/m2
Additional HVAC, $/m2

($17.85)

(816.14)

(37.81)

($9.79)

(313.59)

$1,619.85 $1,759.47 $1,759.47 $1,279.36 $1,233.77 $1,511.58 $1,352.01

($16.14) (312.16)

Base system + HVAC

System cost, PV only, $/m2

$1,602.00 $1,743.33 $1,743.33 $1,271.55 $1,223.98 $1,497.99 $1,339.86

$1,351.74 $1,468.25 $1,468.25 $1,067.61 $1,020.56 $1,261.39 $1,128.24

PV output
kWh/m2/yr 204.96 146.51 146.51 239.74 184.42 163.39 153.68
$/m2lyr $35.93 $19.13 $39.96  $21.50 $2135  $11.89 $8.62
PVonlypayback,years 37.62 76.74 36.75 49.64 48.21 106.13 130.95
Lighting savings
kWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61
$/m2lyr $10.81 $7.75  $16.18 $6.06 $7.25 $4.14 $3.17
Thermal savings (loss)
kWh/m2/yr 3.34 18.25 18.25 4.79 0.00 23.33 16.49
$/m2lyr $0.59 $2.38 $4.98 $0.43 $0.00 $1.70 $0.92
PV+Lighting+Thermal
kWh/m2/yr 269.94 224.09 224.09  312.07 247.07 243.61 226.78
$/m2/yr $47.33  $29.27  $61.12  $27.99 $28.61 $17.72 $12.71
Combinedpayback,years 33.85 59.57 28.53 45.42 42,79 84.53 105.38
Max thermal savings (loss)
kWh/m2/yr 77.62 74.70 74.70 124.56 94.15 7452 75.95
$/m2/yr $13.61 $9.76  $20.37  $11.17 $10.80 $5.42 $4.26
PV+Lighting+Max thermal ,
kWh/m2/yr 34422  280.54 280.54 431.84 341,22  294.80 286.24
$/m2/yr $60.35  $36.64  $76.51 $38.74 $39.51 . $21.44 $16.05
Combined({maxthermal),yrs 26.55 47.58 22.78 32.83 30,98 69.86 83.49
Lighitng+Thermal $11.39 _ $10.13 $21.16 $6.49 $7.25 $5.84 $4.10
Lighitngfthermal payback, yrs 21.75 26.78 12.82 31.56 26.98 40.40 51.79
Lighitng +Max thermal $24.42  $17.50  $36.55 $17.23 $18.16 $9.56 $7.43
Lighitng/maxthermal pbk, yrs 10.15 15.50 7.42 11.88 10.78 24.66 28.56
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PV2: 52W/ms @ $3.00/V Oakiand

New York1 New York2

Phoenix Meami

Chicago Cincinnati Average

Av $kWh $0.475  $0.131  $0.273  $0.090  $0.116  $0.073  $0.056
Construction cost location 1.14 1.24 124 0.90 0.87 1.06 0.95
OPTION 1 1 Basesystemcost, ¥m2  $527.24 $572.69 $572.69 $416.41 $401.58 $492.00 $440.06
2 Additional HVAC, $/m2 $77.64  $113.00 $113.00 $142.49  $99.18 $103.13  $95.10
3 Base system + HVAC $604.88 $685.68 $685.68 $558.90 $500.76 $595.13  $535.17
4 .
5 PV output
6 kWh/m2/yr 81.63 58.18 58.18 97.03 7452 64.83 61.06
7 $/m2lyr $14.31 $7.60  $15.87 $8.70 $8.63 $4.72 $3.42
8 PVonlypayback,years 36.84 75.38 36.10 47.84 4654 10432 12855 67.94
9
10 Lighting savings
11 kWhim2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61
12 $/m2lyr $10.81 $7.75 $16.18 $6.06 $7.25- $4.14 $3.17
13 .
14 Thermal savings (loss)
15 kWhim2/yr | (118.29) (165.92) (165.92) (334.16) (246.37) (185.52) (200.35)
16 $/m2/yr ($20.74) ($21.67) ($45.25) ($29.97) ($28.53) ($13.49) ($11.23)
17
18 PV4Lighting+Thermal
19 kWh/m2/yr 2498  (48.42) (48.42) (169.59) (109.20) (63.80) (82.68)
20 $/m2lyr $438  ($6.32) ($13.20) ($15.21) ($12.64) ($4.64) ($4.64)
21 Combinedpaybackyears  138.10 (108.45) (51.93) (36.74) (39.60) (128.25) (115.45) (48.90)
OPTION1a 1 System cost, $/m2 $240.68 $261.42 $261.42 $190.09 $183.31 $22450  $200.88
2
3 PV output
4 kWh/m2/yr 81.63 58.18 58.18 97.03 74.52 64.83 61.06
5 $/m2lyr $14.31 $7.60  $15.87 $8.70 $8.63 . $4.72 $3.42
6 Simplepayback,years 16.82 34.41 16.48 21.84 21.25 47.62 58.68  31.01
OPTION 2 1 System cost, $/m2 $780.59 $847.87 $847.87 $616.51 $59454 $728.41 $651.52
2 Additional HVAC, $/m2 $1249  $22.79  $113.00 $35.78  $22.19  $20.79  $20.02
3 Base system + HVAC $793.08 $870.66 $960.87 $652.29 $616.72 $749.20 $671.54
4
5 PV output
6 kWh/m2/yr 81.01 57.80 57.80 96.21 73.95 64.39 60.66
7 $/m2lyr $14.20 $7.55 $15.76 $8.63 $8.56 $4.68 $3.40
8 PVonlypayback,years 54.96 112.31 53.78 71.43 69.44 155.51 19159 101.29
9
10 Lighting savings
11 kWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61
12 $/m2/yr $10.81 $7.75 $16.18 $6.06 $7.25 $4.14 $3.17
13
14 Thermal savings (loss)
15 KWh/m2/yr (14.12)  (30.78) (30.78) (78.51) (51.80) (37.25) (40.24)
16 $/m2/yr ($2.48)  ($4.02) ($8.39) ($7.04) ($6.00) ($2.71)  ($2.26)
17 .
18 PV+Lighting+Thermal .
19~ KWh/m2/yr 128.53 86.35 86.35 85.24 84.80 84.03 77.03
20 $/m2lyr $22.53  $11.28  $23.55 $7.65 $9.82 $6.11 $4.32
21 Combinedpayback.years 35.19 77.20 40.80 85.31 62.81 12257 15550 82,77
OPTION 2a 1 System cost, $/m2 $280.09 $304.23 $304.23 $221.21 $213.33 $261.37 $233.78
2
3 PV output
4 kKWh/im2/yr 81.01 57.80 57.80 96.21 73.95 64.39 60.66
5 $/m2lyr $14.20 $755  $15.76 $8.63 $8.56 $4.68 $3.40
6 Simplepayback,years 19.72 40.30 19.30 25.63 24.92 55.80 68.74 36.34
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PV1: 140W/ms @ $4.40; Oakland  New York1 NewYork2  Phoenix Memi  Chicago Cincinnali Average

Av $/kWh $0.175  $0.131 $0.273  $0.090 $0.116  $0.073  $0.056
Construction cost location 1.14 1.24 . 1.24 0.90 0.87 1.08 0.95

OPTION 3 1 System cost, $/m2 $51232 $556.48 $556.48 $404.63 $3%0.21  $478.08  $427.61

2

3 .

4 PV output

5 kWh/m2/yr 82.46 58.67 58.67 98.12 75.28 65.42 61.60

6 $/m2lyr $14.46 $7.66 __ $16.00 $8.80 $8.72 $4.76 $3.45

7 PVonlypayback,years 35.44 72.63 34.78 45.97 4477  100.47 123.82 65.41

8

9

10 Lighting savings

11 kWh/m2/yr 0.00 0.00 0.00 0.00 0.00 0.00 0.00

12 $/m2/yr $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00

13

14 Thermal savings (loss)

15 kWh/m2/yr 0.45 0.53 0.53 1.21 0.97 0.55 0.65

16 $/m2/yr $0.08 $0.07 $0.14 $0.11 $0.11 $0.04 $0.04

17

18 PV+Lighting+Thermal

19 kWh/m2/yr 82.91 59.20 59.20 99.33 76.25 65.97 62.25

20 $/m2lyr $14.54 $7.73 _ $16.14 $8.91 $8.83 $4.80 $3.49

21 Combinedpayback,years 35.25 71.98 34.47 45.41 44,20 99,63 122,53 64.78
OPTION 4 1 System cost, $/m2 $566.49 $616.32 $615.32 $447.42 $431.47 $528.63 $472.83

2 Additional HVAC, $/m2 _ ($17.85) ($16.14) ($16.14)  ($7.81)  ($9.79) ($13.59) ($12.16)

3 Basesystem+ HVAC $548.65 $599.18 $599.18 $439.61 $421.68 $515.04 $460.67

4 .

5 Systemcost, PVonly, $/m $410.98 $446.41 $446.41 $324.59 $313.03 $383.51 $343.03

6

7 PV ouiput

8 kWh/m2/yr 79.45 56.87 56.87 94.15 72.51 63.29 59.64

9 $/m2iyr $13.93 $7.43  $15.51 $8.45 $8.40 $4.60 $3.34

10 PVonlypayback,years 29.51 60.11 28.78 38.43 37.28 83.31 102,58 54.29

1

12

13 Lighting savings

14 KkWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61

15 $/m2lyr $10.81 $7.75  $16.18 $6.06 $7.25 $4.14 $3.17

16

17 Thermal savings (loss)

18 kWh/m2/yr 33.54 25.65 25.65 27.84 30.59 24.38 26.06

19 $/m2/yr $5.88 $3.35 $7.00 $250 - $3.54 $1.77 $1.46

20

21  PV+Lighting+Thermal

22 KkWh/m2/yr 174.63 141.85 141.85 189.53 165.75 144.56 142.31

23 $/m2lyr $30.62  $18.53  $38.68  $17.00  $19.19  $10.52 $7.98

24 Combinedpaybackyears 17.92 32.34 15.49 25.86 21.97 48.98 57.74 31.47

Building-Integrated Photovoltaics: A Case Study Kiss and Company Architects onoms 74



PVi: 140W/ms @ $4.40:Gakland  New York1 NewYork2  Phoenix Mami  Chicago Cincinnali Average
Av $/kWh $0.175  $0.131  $0.273  $0.080  $0.116  $0.073  $0.056
Construction cost location 1.14 1.24 1.24 0.80 0.87 1.06 0.95

OPTION 5 System cost, $/m2 $878.95 $954.71  $954.71 $694.20 $669.46 $820.20 $733.62
Additional HVAC, $/m2 _ ($17.85) ($16.14) ($16.14)  ($7.81)  ($9.79) ($13.59) ($12.16)

Base system + HVAC $861.11  $93857 $938.57 $686.39 $659.67 $806.61 $721.47

1
2
3
4
5 Systemcost, PVonly, $/m $610.85 $663.50 $663.50 $482.45 $465.25 $570.02 $509.84
6
7
8

PV output

kWh/m2/yr 82.25 58.54 58.54 97.84 75.08 65.27 61.46
9 $/m2lyr $14.42 $7.65  $15.97 $8.78 $8.69 $4.75 $3.45
10 PVonlypayback,years 42.36 86.78 41.56 54,97 53.52 120.06 147.97 78.17
1
12 Lighting savings
13 kWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61
14 $/m2/iyr $10.81 $7.75  $16.18 $6.06 $7.25 $4.14 $3.17
15
16 Thermal savings (loss)
17  kWh/m2/yr 3.34 18.25 18.25 4.79 0.00 23.33 16.49
18 $/m2/yr $0.59 $2.38 $4.98 $0.43 $0.00 $1.70 $0.92
19
20 PV+lighting+Thermal
21 kWh/m2/yr 147283 13612 136112  170.17  137.73 14549  134.56
22 $/m2lyr $25.81 $17.78 $37.12 $15.26 $15.95 $10.58 $7.54
23 Combinedpayback.years 33.36 52.80 . 25.28 44.97 41.37 76.22 95.63 52.80
24
25 Max thermal savings (loss)
26 kWh/m2/yr 77.62 74.70 7470 12456 94.15 74.52 75.95
27 $/m2lyr $13.61 $0.76  $20.37  $11.17  $10.90 $5.42 $4.26
28
29 PV+Lighting+Max thermal
30 KkWh/m2/yr 221.51 192.57 192.57 289.94 231.88 196.68 194.02
31 $/m2lyr $38.84  $2515  $52.52  $26.01 $26.85  $14.31 $10.88

32 Combined(maxthermal)y  22.17 37.32 17.87 26.39 24.57 56.38 66.32 35.86
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PV3: 108W/ims @ $2.00; Oakiend  NewYork1 NewYork2  Phoenix Miami  Chicago Cincinnati Average
Av $KkWh' $0.175  $0.131 $0.273  $0.090  $0.116  $0.073 $0.056
Construction cost location 1.14 1.24 1.24 0.90 0.87 1.06 0.95
OPTION 1 1 Basesystemcost, ¥m2  $693.89 $753.70 $753.70 $548.03 $528.50 $647.51 $579.16
2 Additional HVAC, $/m2 $77.64  $113.00 $113.00 $14249  $99.18 3$103.13  $95.10
3 Base system + HVAC $77153 $866.69 $866.69 $690.52 $627.69 $750.64 $674.26
4
5 PV output
6 kWh/m2/yr 15646  111.77 11177 18437 14179 124.58 117.26
7 $/m2lyr $27.43 $14.60 $30.48 $16.54 $16.42 $9.06 $6.57
8 PVonlypayback,years 25,30 51,63 24,72 33.14 32.19 7146 88.10 46.65
9
10 Lighting savings
11 kKWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61
12 $/m2/yr $10.81 $7.75 $16.18 $6.06 $7.25 $4.14 $3.17
13
14 Thermal savings (joss)
15 kWh/m2/yr (118.29) (165.92) (165.92) (334.16) (246.37) (185.52) (200.35)
16 $/m2/yr ($20.74) ($21.67) ($45.25) ($29.97) ($28.53) ($13.49) ($11.23)
17
18 PV.+Lighting+Thermal
19 kWh/m2/yr 99.81 5.18 5.18 (82.25)  (41.93) (4.05) (26.48)
20 $/m2/yr $17.50 $0.68 $1.41 (87.38)  ($4.85)  ($0.29)  ($1.48)
21 Combinedpayback,years 44.09 1,280.41 613.14 (93.59) (129.30) (2,544.86) (454.13) (183.46)
OPTION1a 1 System cost, $/m2 $407.33 $442.43 $442.43 $321.70 $310.24 $380.10  $339.97
2 .
3 PV output
4 kWh/m2/yr 156.46 111.77 111.77 184.37 141.79 124.58 117.26
5 $/m2iyr $2743  $14.60  $3048  $16.54  $16.42 $9.06 $6.57
6 Simplepayback,years 14.85 30.31 14.51 19.45 18.90 41,95 51.71 27.38
OPTION 2 1 System cost, $/m2 $947.23 $1,028.88 $1,028.88 $748.12 $721.46 $883.92  $790.61
2 Additional HVAC, $/m2 $1249  $22.79 $113.00  $3578  $2219  $20.79  $20.02
3 Basesystem + HVAC $950.73 $1,051.67 $1,141.88 $783.91 $743.65 $904.71 $810.63
4
5 PV output
6 kWh/m2/yr 154.99 110.89 110.89 18243 14044 12353 116.30
7 $/m2/yr $2717  $1448  $30.24  $16.36  $16.26 $8.99 $6.52
8 PVonlypayback,years 34.86 71.04 34.02 45,72 4437 98.37 12125 64.23
9
10 Lighting savings
11 KWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61
12 $/m2/yr $10.81 $7.75  $16.18 $6.06 $7.25 $4.14 $3.17
13
14 Thermal savings (loss) :
15 kWh/m2/yr (14.12)  (30.78)  (30.78)  (78.51) (51.80) (37.25)  (40.24)
16 $/m2/yr ($2.48)  ($4.02) ($8.39) ($7.04)  ($6.00) ($2.71)  ($2.26)
17
18 PV.+Lighting+Thermal .
19 kWh/m2/yr 202.51 13944 13944 17146 151.29 143.17  132.67
20 $/m2iyr $35.50  $18.21 $38.03  $15.38  $17.52  $10.41 $7.44
21 Combinedpayback,years 27.03 51.75 30.03 50.97 4245 86.87  108.98 57.73
OPTION2a 1 System cost, $/m2 $446.73  $485.24 $485.24 $352.83 $340.26 $416.87 $372.87
2
3 PV output
4 kWh/m2/yr 154.99 110.89 11089 18243 140.44 123.53 116.30
5 $/m2iyr $2717  $1448  $30.24  $16.36  $16.26 $8.99 $6.52
6 Simplepayback,years 16.44 33.51 16.04 21.56 20.92 46.39 57.18 30.29
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PV1: 140W/ms @ $4.40;Oakiand  New York1 New York2  Phoenix Mami  Chicago Cincinnati.

Av $kWh $0.175  $0.131 $0.273  $0.090  $0.116  $0.073  $0.056
Construction cost location 1.14 1.24 1.24 0.0 0.87 106 - 095
OPTION 3 1 System cost, $/m2 $678.97 §$737.49 $737.43 $536.25 $517.14 $633.58 $566.70
2
3
4 PV output
5 KkWhim2iyr 16842 11294 11294 18694 14359 12596  118.53
6 $/m2/yr $27.77 $14.75 $30.80 $16.77 $16.63 $9.16 $6.65
7 PVonlypayback,years 24.45 50.00 23.94  31.98 31.11 69.15 85.28  45.13
8
9
10 Llighting savings
11 KWh/m2/yr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 $/m2/yr $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
13
14 Thermal savings {loss)
15 kWh/m2/yr 0.45 053 . 053 1.21 0.97 0.55 0.65
16 $/m2/yr $0.08 $0.07 $0.14 $0.11 $0.11 $0.04 $0.04
17
18 PV+Lighting+Thermal
19 kWh/m2/yr 158.87 11347 11347 18815 14456  126.51 119.18
20 $/m2/yr $27.85 $14.82 $30.95 $16.88 $16.74 $9.20 $6.68
21 Combinedpaybackyears 24.38 49,77 23.83 377 30.90 68.85 84.81 44.90
OPTION 4 1 System cost, $/m2 $733.14 $796.33 $796.33 $579.03 $558.40 $684.13 $611.92
2 Additional HVAC, $/m2 _ ($17.85) ($16.14) ($16.14)  ($7.81)  ($9.79) ($13.59) ($12.16)
3 Basesystem + HVAC $715.29 $780.19 $780.19 $571.22 $548.61 $670.54 $599.76
4
5 Systemcost, PVonly, $/m $577.63 $627.42 $627.42 $456.21 $439.95 $539.02 $482.12
6
7 PV output
8 kWh/m2/yr 15129 10868 10868 17756  137.04  120.91 113.80
9 $/m2/yr $26.52 $14.19 $29.64 $15.93 $15.87 $8.80 $6.39
10 PVonlypayback,years 21.78 44.20 2117 28.64 27.73 61.29 75.50 40.04
11
12
13 Lighting savings
14 KWh/m2/yr 61.64 59.33 59.33 67.54 62.65 '56.89 56.61
15 $/m2/yr $10.81 $7.75 $16.18 $6.06 $7.25 $4.14 $3.17
16
17 Thermal savings (loss) -
18 kWh/m2/yr 33.54 25.65 25.65 27.84 30.59 24.38 26.06
19 $/m2/yr $5.88 $3.35 $7.00 $2.50 $3.54 $1.77 $1.46
20
21 PV+Lighting+Thermal
22 kWh/m2/yr 246.47 193.66 193.66 272.94 230.28 202.18 196.57
23 $/m2/yr $43.21 $25.29  $52.82  $2448  $26.66  $14.71 $11.02
24 Combinedpaybackyears 16.55 30.85 14.77 23.33 20.58 45.59 54.42 29.44
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PV1: 140W/ms @ $4.40:Oakland  New York1 NewYork2  Phoenix Mami  Chicago Cincinnati
Av $/kWh $0.175  $0.131 $0.273 $0.090  $0.116 $0.073 $0.056
Construction cost location 1.14 1.24 1.24 0.0 0.87 1.06 0.95
OPTION 5 1 System cost, $/m2 $1,045.60 $1,135.72 $1,135.72 $825.81 $796.38 $975.71 §872.71
2 Additional HVAC, $/im2 _ ($17.85) ($16.14) ($16.14) ($7.81) (89.79) ($13.59) ($12.16)
3 Basesystem+HVAC  $1,027.75 $1,119.58 $1,119.58 $818.01 $786.60 $962.12 $860.56
4
5 Systemcost, PVonly, $/m $777.49 $844.51 $844.51 $614.06 $592.18 $725.52 $648.94
6
7 PV output
8 kWh/m2/yr 157.92 11264 11264 186.28 143.13 125.60 118.20
8 $/m2yr $27.69  $14.71 $30.72 _ $16.71 $16.57 $9.14 $6.63
10 PVonlypayback,years 28.08 57.41 27.49 36.75 35.73 79.41 97.92
11
12 Lighting savings
13  kWh/m2/yr 61.64 59.33 59.33 67.54 62.65 56.89 56.61
14 $/m2/yr $10.81 $7.75  $16.18 $6.06 $7.25 $4.14 $3.17
15
16 Thermal savings (loss)
17 kWh/m2/yr 3.34 18.25 18.25 4.79 0.00 23.33 16.49
18 $/m2/yt $0.59 $2.38 $4.98 $0.43 $0.00 $1.70 $0.92
19
20 PV+Lighting+Thermal
21 kWh/im2/yr 22290  190.22  190.22  258.61 205.78 205.82 191.30
22 $/m2lyr $39.08 $2484  $51.88  $23.20  $23.83 $14.97 $10.73
23 Combinedpaybackyears 26.30 45.07 21.58 35.26 33.01 64.26 80.24
24
25 Max thermal savings (loss)
26 KWh/m2l/yr 77.62 74.70 74.70 124.56 94.15 74.52 75.95
27 $/m2lyr $13.61 $9.76  $20.37  $11.17  $10.90 $5.42 $4.26
28
28 Pv+lighting+Max thermal
30 kWh/m2/yr 29718 24667 24667  378.38  299.93 257.01 250.76
31 $/m2lyr $52.10  $32.21 $67.27  $3394  $34.73 $18.70 $14.06
32 Combined(maxthermal)y  19.73 34.75 16.64 24.10 22.65 51.46 61.21
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B BUILDING ENERGY BALANCE MODEL:
PARAMETERS AND EQUATIONS

The building load data provided in this study was calculated from a building

energy balance computer model developed by Mahadev Raman at Ove Arup &

Partners, Engineers. The following is a brief discussion of the parameters

assumed and equations used in calculating the energy loads for each of the five

roof options in six cities. Detailed energy balance calculation spreadsheets for
each option are provided in the appendix following this discussion.
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1.0

20

BUILDING DATA

The configuration assumed for analysis is a single story space with a PV array
integrated into the roof. The PV array therefore exchanges heat directly with
the occupied space.

A single square meter of roof and corresponding floor space is used for analysis.
It is assumed that the only direct heat exchange with the external environment
is through the roof. Floor gains and losses are ignored as are perimeter condi-
tions. The effective error this introduces to the analysis depends on multiple
factors: overall building size and shape (i.e. floor-to-roof ratio), facade materials,
the amount of perimeter windows, building use, climatic variations, etc. Since
the perimeter of the case study building is small relative to roof area, it is
assumed that the primary energy gains and losses are determined by roof condi-
tions. Detailed design of supplemental building conditions is not considered in
the scope of this study.

The temperature within the space is assumed to be at a constant 21° C during
occupied hours but is allowed to drift by up to #5° C when the building is unoc-
cupied.

The following heat gains are assumed:

People 20 W/m2 (~ 500 lux)

Lights 20W/m2 (~ 500 lux)

Equipment 10W/m2 (~ 250 lux)
These heat gains are assumed to be constant during occupied hours. When the
building is unoccupied, gains of 4.5 W/m2 are assumed to take account of secu-
rity lighting and equipment.

A fresh air provision of 2 liters/s per m2 is taken into account and corresponds
to 10 liters/s per person.

As the model for this analysis is a convention center, a seven-days-per-week and
ten-hours-per-day occupancy profile is assumed.

On the whole, these assumptions are conservative and can be expected to over
estimate energy consumption.

WEATHER & CLIMATIC DATA

Climatic data have been obtained for the following cities:
e Oakland
* New York City
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¢ Phoenix

¢ Miami

¢ Chicago

¢ Cincinnati

Together, these cities cover the majority of climate types found in the continen-
tal USA.

The following items of weather data are used in the analysis:

e Average daily maximum and minimum temperatures for each month (TMX,
TMN).

e Corresponding relative humidities (RMX, RMN).

e Monthly hours of bright sunshine (HS).

* Theoretical 24 hour average solar radiation figures for each month based on
latitude and climate type (IAV).

These are manipulated to create four analysis conditions for each month:
1. Sunny day occupied period

2. Sunny day unoccupied period

3. Cloudy day occupied period

4. Cloudy day unoccupied period

Each month is divided into equivalent sunny and cloudy days as follows:
NS=HS /HD and NC=N-NS

where

NS = number of sunny days in the month
HS = hours of bright sunshine in the month
HD = hours of daylight per day in the month
NC = number of cloudy days in the month

N = total days in the month

The 24 hour average direct and diffuse solar radiation figures were obtained
from tables in the CIBSE (Chartered Institution Building Services Engineers,
United Kingdom) guide. All solar radiation is assumed to occur evenly over the
daylight hours. The occupied period is'assumed to occur during daylight hours.
Radiation occurring in daylight hours outside the occupied period is spread
evenly over the unoccupied hours.

I0=(1AVx24) /HD
where
IO = occupied hours solar intensity W/m2

IAV =24 hour average solar intensity W/m2
HD = hours of daylight per day
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3.0

IU=10x(HD-HO) /HU

where
IU = unoccupied hours solar intensity W/m2

HO = occupied hours per day
HU = unoccupied hours per day

IAV for sunny days is calculated from the sum of the theoretical direct and dif-
fuse radiation components taking into account factors related to the climate

type:

IAV =(IDxRD) + (Id x Rd)

where

ID = 24 hour average direct radiation W/m2
1d = 24 hour average diffuse radiation W/m2
RD = direct radiation factor

Rd = diffuse radiation factor

On cloudy days:

AV =1d

The external temperature during occupied and unoccupied periods are approxi-
mated as follows:

TO = (TMX +TAV) /2

TU =[(TAV x 24) -(TO x HO)I/HU
where

TAYV = the average of TMX and TMN °C

TO = temperature during occupied hours ° C
TU = temperature during unoccupied hours ® C

ANALYSIS MODEL

The analysis model carries out steady state thermal balance calculation for the
four analysis conditions defined above for each month.

At the roof, the equations governing energy transfers are as follows:

QL=U(Ti- To) -aR3 U1
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where
QL = conduction loss W/m2
U = thermal transmittance W/m2 K
Ti = inside temperature ° C
To = outside temperature ° C
a = absorbtivity
-R3 = external surface resistance m2K /W
I = solar intensity W/m2

QT=tI- QL

where
QT =total heat gain W/m2
t = transmittivity

For each month the resulting energy transfer is summed with the appropriate
level of internal heat gains to determine the net heat gain or loss in each of the
four analysis condition (sunny/cloudy, occupied/unoccupied). Gains due to
lighting are reduced when appropriate to account for the use of natural light.

The overall heating and cooling requirements in KkWh are then calculated by
multiplying the instantaneous gains and losses by the number of hours in each
period.

The electrical energy consumption for heating and cooling is calculated by using
a coefficient of performance of 3.5 for cooling and 4.5 for heating. This assumes
a reverse cycle heat pump based system. Full credit is given for free outside air
cooling when this is available.

Fan energy consumption is calculated assurhing a constant volume system sized
to match the peak heat gain. Electricity consumed by equipment and artificial
lighting is also taken into account.

Fresh air heating and cooling requirements (needed during occupied hours
only) are determined using an enthalpy difference calculation where the out-
door enthalpy is determined from the outdoor temperature and humidity. The
indoor enthalpy is based on the internal temperature and humidity. This
humidity is allowed to vary between upper and lower limits to minimize energy
consumption. Again, the heating and cooling of the outside air is by means of a

reverse cycle heat pump system using the coefficients of performance defined
above.
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C. BUILDING ENERGY BALANCE CALCULATIONS
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BUILDING ENERGY BALANCE CALCULATIONS

OPTION 1: SEMITRANSPARENT SINGLE-GLAZED PY ROOF
SITE DATA
City San Francisco Longiade 782N
Latrde 1238 W Diroct Radaton Factor 050
Cimate  {Tomperaw costalwarm  JAliude 200 m Diffuse Radaton Factr 1.10
Awra ity %
Day Night

2R BBEIAZEIH

Mon! sromentkWh | Frash Ar LoadkWh
Cooing __IHeaing __|Caoking
154 252 0.00
212 129 0.00,
299 0N 0.00
353 -0.06 0.00
4584 0.00 0.00)
629 0.00 0.00
9.2 0.00 0.04)
843 0.00 0.03
640 0.00 0.18
483 0.00 0.00
305 -0.06] 0.00
1.60 -1.69 0.00

TOTAUm?2

112.78




BUILOING ENERGY BALANCE CALCULATIONS

OPTION 1: SEMLTRANSPARENT SINGLE-GLAZED PV ROOF
SITE DATA -
Cty New York Longude 4070 N .
Latude 7402w Direct Radiafon Fachor 050
Clmata Tomporzb costalcold  [Alitude 30 m Diffuse Raciafon Facor 1.10
WEATHER DATA
Averal %
Cloudy Day Nght
15.10, 1590 69]
1596 1204 67]
17.67] 1333 67
17.70 1239 68
1860, 1240 =
Hune 1860, 1149 72
Luly 2830 2045 1054 7
August 2740 1984 1116 7
Soplamber 2380 1850 1110 75
Octeber 1840 1922 1.78] “
Novomber 1190 17.10, 129, i
Docomber 5.70 . 15.80/
_BUILDING DATA PV PANEL DATA
AreaolPVpamlpermZouoor 1.00) Conversion Efficioncy %
of North light per m2 of floor 0.00 Diroct Transmittance %
Hoat Gain from Lights Wm2 [Thotmmal Transmittance Wim2oC
PVshope ()
INTERNAL TEMPERATURES
Ocapied Period SetPoint  oC
Unoocupied Period Offset ~ oC

5451 -21.06
-R73 ~1563
6688 -1248
044 524
10.15 0.00
1435 0.00
1643 0.00
1188 0.00
-1.70, <026
-1126] -186
-5054 913
-85.39 +18.17|




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 1: SEMFTRANSPARENT SINGLE-GLAZED PV ROOF
SITE DATA
Caty Phoeqix Longudo B3N
Laitde 1202w Direct Radiation Factr 1.10]
Clmato Temporaw arid Alitude 34000 m Diffusa Radkafon Factor 0.50

Ni

Ly R![g

JArea of PV panel per m2 of Soor
Area of Norh ight per m2 of flooc

Heat Gain from Lights Win2
Heat Gain from Equipment Wim2
Hoat Gain kom People W/m2
Occupancy Start Time Ocaupiod Period SetPoint  oC 21.00|%RH 60
‘ FrishTrno Unoocupied Period Offset  oC 500} Entralpy 47425
Month TUi ied Pariod W2 M ementkh_|Ffesh A Load kWh
PVnetgain_Jintmals __ JOveral Hoaing Cooing __ |Hea
LSaresary 5898, <4974 450 4524 1531 1425 435] 000
Fobnuary 8292 2553 450 2113 €45 1942 288 000
March 13968 239 450 21 0.00 3759 229 000
Apdl 150.55] 758 450 1208 000 §542 000 000
May 22993 4083 450 4543 000 8553 000 000
Liune 25926 4506, 450 5056, 0.00 8207] 000 02
Luly 24592 2500 27092 6651 450 7101 000 10103 000 824
Asgust 22183 2500 24683 5419 450) 58569 0.00 Erl 000 921
Septarmbor 187.79 2500 21279 211 450 2567 0.00 6715 000 418
Octobor 12685 2500 15155 236 450 214 000 4175 000 0.00
INoverrbor 6361 2500 8261 256 450 1806 652 2286 -238 000
Docomber 31.72) 25.00 5672 4447 450 2997 1353 1372 418 0.00
_CLOUDY DAY HEAT BALANCE __
Month jod Patiod Wim2 Peod Win2 Moni omentkWh _|Frach Af Load KW
PVnotqain_|Intomals __ |Ovecal PVnotqain_[imetmals __ [Overal Hea Cooing ___ |Heal Cooli
Nanuary 1524 45.00) 29.76, 2567 450 4817 450 203 -137] 0.00
Fobruary 055 4000 2045 BT 150 22 27 243 081 0.00
March 2447 35.00 594 1889 450 43 054 277 040 000
[ 5935 3000 8935 386 450 0864 0.00 258 000 000
May 8590 2500 11090 691 450 141 0.00 236 000 0.00
e 117.63 2500 14263 2295| 450 2745 000 326 000 002
Lty 12935 2500 15435 3074 450 3524 0.00 758 000 112
[Anqust 121,02 2500 14502 2383 450 2833 0.00) 806 000 150
fsoptomber 10135 3000, 13135 1.9 450 64| 000 421 000 046
Octobor 60.06 3500 $5.06 179 450 729 041 383 000 0.00
Novermbor 1482 40.00 73:7] 580 450 2130 125 23 - 03 0.00
Decormber -857 45.00 3643 45,64 450 4214 402 248 118 000
OVERALL ENERGY REQUIREMENTS AND PRODU '
Month Cod fon i
1 KWh Blocric
Lanary 0.00 0.00)
{Fobnary 029 624
March 029 1153
rpd 029 1668
May 029 2511
Litne 029 2760
Lty 029 2370
angrst 029 3042
ﬂswm 029 2.7
October 029 1203
November 029 719
|Decomber 0.00 0.00

TOTAL/m2 19322




BUILOING ENERGY BALANCE CALCULATIONS

OPTION 1: SEMI-TRANSPARENT SINGLE-GLAZED PV ROOF
SITE DATA
City Meami {Longitde 280N

Latudo 07 W Direct Rackation Factor 0.50,
Ciman Sub-repical Altivde 200 m Difiuse Radiason Factor 1.10]
WEATHER DATA
Monh Typ Equivalont Days

Sy |Gy |

Januaty 27 1023
Fobruary 1958 812
March 201 899
Apdl 2160 840
May 2045 1054
Juno 18.%) 1.0
Sy 1953 147
August 1984 11.16)
Sepromber 1770 1230
Ocrobar 1705 1395
November 1980 1020
Docomber 1984 11.16
BUILDING DATA PY PANELETA
A70a of PV panel per m2 of foor |Conrversion Efidoncy

Araa of North fight per m2 of Soor
Heat Gain fom Lights Wim2
Heat Gain fom Equipment W/im2

Heat Gain from Peoplo Wim2

Occupancy StartTime Occupied Peciod SetPoint  oC
‘ Fnish Time Unocaupied Period Offset  oC
CALCULATION:

S OF




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 1: SEMI-TRANSPARENT SINGLE-GLAZED PV ROOF
SITE DATA -
Gty Chicago Longiide 41BN .
Lafude Ly Direct Radiation Faclor 050
Cimato Tomperaw contnental  [Atitude 185,00 m Diffuse Radiaton Facior 110
WEATHER DATA
Month Typh Te Radiaton 24!x averai Hours of Sunstine i Avara ity %
Maxx oC MinoC Drect Wim?2 | Diffuse Wimd Totd hawrs [Max

Larsary 0.60, 120 85.00 4000 125.00 10.00 1250 1850 k() &0
Februery 150 630 130.00 5500 141.00 1049 134 1456 67| Il
March 640 A0 190.00 7500 206.00 1278 1612 1458 61
Ap 14.10 4.70 250,00, 100.00 206.00 1248 1650 1350 £
My 2060 1050 290.00] 120.00 275.00 1454 1891 1209 55
e 2640 1540 305.00 12500 307.00 1551 1980 1020 56/
Huly 2890 1950 280.00 120.00 310.00] 1389, 2R 868 8
AUt 2800 1880 250.00 100.00 28500 1313 2170 830 56|
iSophrrbw 2389 14.10 120.00 7500 245.00 1242 19.89 1020 53
October 1740 820 130.00 5500 214.00 11.13] 1922 178 54
[Noverber 840 0.39) 85.00 40.00] 135.00 1000 1350 1650 [~

35,00 69

29%)




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 1: SEMI-TRANSPARENT SINGLE-GLAZED PV ROOF
SITEDATA
Cy Cnamal Longude @I5N
Laitde 8452 W Diroct Radaton Factor 050
Cimate  {Temporamconinenta!  [Altude 23200 m Diffuso Raciafion Fackr 110
WEATHER DATA
Month ¥
Hanuary
Fobruary
March
[Apri
May
Line
Ny
August
Sopiombor
October
November
Docorrbet 590 12600 1016
"BULDINGDATA PV PAKEL DATA
[Arsa of PV panal per m2 of foor - 100 Conversion EfScency
Area of Nort light per m2 of floor 000 Direct Transmittance
Heat Gain from Lights Win2 2000 [Thormal Transmittance Win20C
Heat Gain from Equipment W2 5.0 PVsiope ()
Heat Gain from People Win2 2000 INTERNAL TEMPERATURES UM
Ocoupancy St Tme 9.0 [&uwd PaodSatPomt oG 21.00] %FH &0
FrishTme 19.00 Unoooupied Period Offsat o §.00]Enthabpy 47425

CALCULATIONS OF MEAN EXTERNAL




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 2: SEMITRANSPARENT DOUBLE GLAZED PV ROOF
SITE DATA
City San Franciseo Longrtxde 3762 H
Lafxdo 1233 W Oiroct Radaton Fackr 050,
Cimate  |Tomporats costalwarm  JANtude 200m Diffuse Radkaton Fackr 1.10

Averal

=

PVPARELDATA

=R

Corvorsion Efficency

Diroct Transmittance
Transmittance Wm2oC

PVsbpe )

INTERNAL TEMPERATURES

Ocapied Period SetPont oG

%
%

M ometkWh [FresttAr Load kW

n |inemals Ovoral N Hea! Cooli
%] 181 258 519 252 0.00
450 843 135 3 129 0.00
450 507 270 331 o 0.00
450 051 008 2% 006 0.00
450 398 0.00 349 000 0.00
450 7. 000 37 000 0.00)
450 895 090 518 0% 004
450 659 0% 5.8 0.00 003
450 630 000 4 000 049
450 1.6 0.00 401 000 0.00
450 %581 080 37 006 000
450  -1007 192 463 159 0.00




BUILOING ENERGY BALANCE CALCULATIONS

OPTION 2:

SITE DATA

SEMI-TRANSPARENT DOUBLE GLAZED PV ROOF

Cay

4070 N
402w

300m

Direct Radason Factr
Dithsso Radiafon Factor

17.10

PY PANEL DATA
{Corwaraon Efficency %
Diroct Transmittance %

Theemal Transmitiance Win2eC
PVsiope (°)

INTERNAL TEMPERATURES
Goaxpied Poncd SetPoint oG
Unceoupiad Poriod Offset oC

Menth

{November

TOTALmM2




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 2: SEMFTRANSPARENT DOUBLE GLAZED PV ROOF

SITEDATA
oy [Phosrix Longude RA3N

Latndo 1202 W Dirsct Radation Facr 110

Cimats  {Tomperaw asid Alitudo 4000 m Diffuse Radckaion Fackor 050

PV PANEL D_AITA
(Conversion Efficiency %
Direct Transmittance %
[Thermal Transmittance Wn2eC
PVshpo {%)
INTERNAL TEMPERATURES
Ocapied Period SatPoint  oC
Unoceupied Pariod Ofsst o€

Heat Gain from Equipment Wm2
Heat Gain fom People Wim2
{O0ccupancy Surt Time
[Ocapancy Frish Time
CALCULATIONS OF MEAN EXTERNAL
Month

1061
e ey & W
CLOUDY DAY HEAT BALANCE




BUILDING ENERGY BALANCE CALCULATIONS

OPTION2: SEMI-TRANSPARENT DOUBLE GLAZED PV ROOF
SITE DATA
Gy Mearmi Longrhude S0N
Latde 8027 W Direct Rackafon Factor 0504
Cimap Sub-¥opical Altiude 20 m Diftse Raciation Factor 1.10

Seplomber
Octobor
Novermber
| Docombar
BUILDING DATA

Az0a of PY pand por m2 of foor
Area of North fight par m2 of foor
Hoat Gain from Lights Wim2
Heat Gain Fom Equipmont W2
Hoat Gain from Poogle Wim2

LR BLBHELD
RERRBARIABR R




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 2: SEMFTRANSPARENT DOUBLE GLAZED PV ROOF
SITEDATA —
City Chicago Longitda 4178 N

Lafude 7B W Diract Radiasion Factr 050
Cimate Tomperate continental  [Alhude 18500 m Diffuse Rackaton Facr 1.10]
WEATHER DATA

Ocaupied Period SetPoint  oC 21.00]%RH 60

Unooa.piod Porod Offsst o€ 5.00]Enhaly 4TA25
Month Tem Day Radiaton W, c & Da RadaSonW Qv Ext Enthainy
Hanuary -135 207.60 96.00 3.63
Fobnery 045 -3.79 287.10 1on 12582 4.41 13.44 1456 4.78, 0.6‘
March 438 090 33335 661 14085 2756 16.12 1488 1207] 780
A 1175 .72 451.75, 80.18 19223 34.12 1650 1350 2503 2036
My 1808 1375 45714 14833 163.04 6426 1891 1209 3834 34
Lo 2385 1884 44889 17651 18348 75.08 1980 1020, 5231 4888
by 2655 2252 47856, 196 20735 5760 23 858 581 5953
August 2570 21.78 42043 86.12 16274 4080 2170 930 57468 5903
{Seprmber 2138 1722 34288 9 14488 2509 1989 1020 4523 4548
Octobor 1510 11.16) 27052 2182 118.55) 9.50 1922 1.78 3144 2905
{November 638 290 20760 000 96.00 0.00 1350 1650 1578 143

Decomber 025, -2.92 17640 0.00 84.00 0.00 1150 1950 6.03 1.95)




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 2: SEMITRANSPARENT DOUBLE GLAZED PV ROOF .
SITEDATA
Cay Cndnnat Longitido 3915 N j
Lafdo s4s2 W Diroct Radaton Fachor 0.50)

Cimate Tomporaka continontal  JANMude 2200m Diffuse Radiafon Factor 1.10)
WEATHER DATA
Month T T regd Radaton 24hr avera: Hours of Sunsting

Max oC MnoC Diroct Win2 | Difsso Wind Total haurs_[Max
January 620 ~330] 85.00] 40.00 108.00, 10.00 1080
Februry 630 290 130.00 £5.00 129.00 1024 1250
March 11.10 0.70 180.00 75.00 173.00 1116 1550
Apr 1800 660 25000 100.00 201.00 1196 1680
May 2380 11.99 290.00 120.00 241.00 1274 71881
Hune 2889 1729 305.00 12500 305.00 1473 2070
Pty 3089 19.10 29000 120.00 32200 1443 22
Auqust 3020 18300  25000]  10000{  291.00 1341 217
|Septamber 2680 1420 190.00 7500 254.00 1245 2040
October 2050 820 130.00 5500 213.00 1126 1881} ~
November 1180 220 8500 4000 145.00 1051 1380
Dooomb 590 230 7000 35.00 126.00 10.16| 1240
_BULDING DATA PV PAREL DATA

Area of PV pandl par m2 of foor
Area of North ight pat m2 of floor
Heat Gain from Lights Wm2

Heat Gain from Equipmant Wim2
Heat Gain from People W/im2

[uy

4750
Soplambor 3414
October 1539
November -654)
Dacomber 1967
CLOUDY DAY HEAT BALANCE
Month

[anuary
February
March
JApdl

May

[no

Lty
(August
FSopmber
Octobar
{November
J0ocember
OVERALL ENERG
Month Codi

Nanuary
February
(March
Aprl
May

Hune




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 3: FLAT INSULATED PV ROOF
SITE DATA -
Gty [San Francsco Longrtade 3762 N

Lasde 12233 V! Direct Radaton Fackor 050
Cimate  |Tompora® costalwarm  JAlitude 20 m Diffuse Radiafon Fackyr 1.10
WEATHER DATA

BULDINGDATA PVPARELDATA

[Arsa of PV panel per m2 of Soor Cotwersion Efficiency %
Araa of North ight per m2 of floor Direct Transmittance %
Hoat Gain from Lights Wn2 Thermal Transmittance W/n20C
HeatGan from Equipment Wim2 PVsiope (:)

Heat Gain fom Peopie Wim2 INTERNAL TEMPERATURES

Ocapied Period SetPoint o€

kWwh




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 3:

SITE DATA

FLAT INSULATED PV ROOF

Ty Toow Yok

Temporak costa! cold

Longude
Lattde
Alitude

Diroct Radiaton Factr
m Diffuse Radkaton Factor

050
110

November
Docomber

BULDING DATA

PVPANELDATA

Araa of PV panel per m2 of foor
Area of North Sight por m2 of floor
Haat Gain from Lights W/n2
HeatGain from Equibment W/m2
Heat Gain from Peoplo Win2
Occupancy Start Tme
{Ocaxancy Finish Tme

Conwarsion Eficiency %
Diract Transmittance %
[Thermal Transmittance Wm2oC
PVsiopo {°

INTERNAL TEMPERATURES
Ocaupied Penod SetPoint o€
Unoccupied Period Offset ~ oC

TOTAL/m2

104.03 1974




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 3: FLAT INSULATED PV ROOF

SITE DATA

City Phoerix Jtongiude VAN

Laitxde 1202 W Diroct Radiaton Factr 1.10

Clmato Tomperate afid Alitude 34000 m Diffuse Racaton Factr 050

WEATHER DATA

Manth X

lanuay 2418 L
Febrsy 284 £
March 2633 31
[ 2670 2
May 2914 19
Hune 820 171
Nuly 2128 2
August 2686 35|
Sepwmber 20 2
Octobor 2697 30
November 2580 3
Doecomber { 24.18) 42
_BULDING DATA PV PANEL DATA

Aroa of PY panel pec m2 of floor
Area of North fght per m2 of floor
Heat Gain from Lights W/m2
HeatGai from Equpment Wim2
Heat Gain kom People Wim2

Corvarsion Eficiency %
Direct Transmittance %

Ocapied Pariod SatPoint  oC
Unoccupied Period Offset  oC




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 3: FLAT INSULATED PV ROOF
SITE DATA -
Cty Meami Longide 2580N
Lafiude 8027 W Direct Radiaton Factr 050
Chmate Sub-tropical IAlude 200m Dituse Rackason Facir 1.10,
WEATIEDA’M
Month
Hanuary 1023
{Febnry 8.12
arch 899
Apd 849)
\ay 1054
Huno 170
Ly 1147
August 11.16
Sepimbor 1230
October 1395
November 1020
Docamber 11.16
'BULDING DATA PY PANEL DATA
; Corversion Efficiency % 10.00%FH
Diroct Transmitiance % 0.00{Entalpy
[Thermal Transmittance Win2eC 0.18
PVskpe (%) 0.00
INTERNAL TEMPERATURES

Ocaupiod Poriod SotPoint  oC
Unoccupiod Period Offset  oC

CALCULATIONS OF MEAN EXTERNAL CONDITIONS

Month  [Temporalre oC lmym@mwﬁ@m ‘Racation Win] Equvalent Days
Occupied Unocapied iSumy [ Cioudy

January 17.58 13557 1459 20m 1028
Februaty 1815 37935 46,68 16382 2013 1988 812
March 1954 43595 6918] 18855 2950 2201 839

Apri 2178 483601  107.45] 21056 46 2150 840 5788 5821

27 L 22239 5543 2045 1054 6443 6382

21529 6050 1830 170 7243 7186

217.00 5929 1953 1147 7406 7350)

20980 4728 1984 1116 7460 7578

18036, 2689 1770 1230 7425 7558

16358 2023 1705 1355 6719 63.50)

13789 1253 1950 1020 §7.00 S,

11850 954 1984 11.16) 5356 5106

Ah|Fresh Ar LoadkWh__




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 3: FLAT INSULATED PV ROOF
SITE DATA -
Gy Chicago Longitude 4178 N .
Latde 8775 W Direct Radiaton Fackr 050
Clnate Tomporato confinental  {AlStude 18500 m Diffuso Racaton Facor 1.10

Docombor

BULDING DATA

[Area of PV panel per m2 of Soor
Araa of North Eght per m2 of floor
Heat Gain from Ligh's Wim2
Hoeat Gain from Equipment Win2
Haat Gain kom Paople W/m2

TURES
Ocampied Period SetPoint  oC
Unoccaupied Paciod Offsat

oC

BT

3

i

Manth
PVnetgain |intomals | Overal
Nanuay 330 45004 41,70
Fobruary -291 4500 4203
March 183 45.00] 4307
Apl 021 4500 4479
May 0.97, 4500 4597|
194 4500 4594
Huly 257, 4500 4757,
ogst 2280 4500 413
w&purbef 1.1 4500 4516
Octobet 0.1 4500 4483
fNovomber -191 45.001 4309
JDecomber -3.10 45.00 41.90
OVERALL ENERGY REQUIREMENTS AND PRODUCTION
Month fon Hea
1 Kiwh Blectic |1
Nanuary 000 0.00 022
Febnary 0.00 000 022
March 000 0.00 022
Apd 0.00 0.00 02
May 029 475 022
o 029 554 022
uly 029 680, 022
029 664 022
Sepember 028 450 022
October 029 4.50) 022
{November 0.00 0.00 022
1Docember 0.00 0.00 0.22)
TOTALAn2 3284




BUILOING ENERGY BALANCE CALCULATIONS

OPTION 3: FLAT INSULATED PV ROOF

SITE DATA

Laiude usew Diract Racfaon Facior 050
Cimato Temporale confnental  JAfftude 220 m Diffuso Racalion Facior 1.10

June

uly
August
September
Octobor
November
Docomber L
BULDING DATA
Aroa of PV panel per m2 of foor
|Aroa of North light por m2 of floor
Heat Gain from Lights W2
HeatGain from Equipment Win2
Heat Gain fom People Wim2
Occupancy Stst Time

Ocaipied Panod SetPoint
Unoccupied Period Offsat  oC

20215]




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 4:; PY ROOF MONITORS
SITE DATA
City San Francisco Lorgirsde 3762 N

Laide 12238V Drroct Radation Factor 050
Cimate  |Tomperak costalwarm  [Alftude 20m Diffuse Radialion Fackor 1.0
WEATHERDATA

Win2|
4000

Hanuary 1300
Fobruary 1470
March 1640
Apei 1799
May 1940
e 2120
[uy 220
[ August 2210,
Sepiomber 2320,
October 2140
November 1780
Docomber 14.00]
BURLDING DATA

Are2 of PV panel par m2 of foor
JAraa of North ight per m2 of Boor
Heat Gain from Lights W/m2

HoatGain from Equipment Wim2
Heat Gain fom People Win2

Ocaupied Period SetPoint  oC
Unoccupied Poriod Offset o€




BUILOING ENERGY BALANCE CALCULATIONS

OPTION 4:

SITE DATA

PV ROOF HONITORS

oy Now York

Chmate  |Temporaia costal cold

Longrixde
Lafude
Alitude

%02 W Diract Radfation Fackr
300m Diffuse Rackation Factor

WEATHER DATA

Month

|Mar
June
Huly
[August
Soptomber
October

November
Docomber

BULDING DATA

[Atea of PV panal par m2 of 00
[Area of North light por m2 of floor
Heat Gain from Lights Win2
Heat Gzain from Equipment Win2
Hoat Gain kom Paople Wim2
Ocoupancy Strt Time
FrichTime
CALCULATIONS OF

{Conversion Efficency %
%

PVPANEL DATA

Diroct Transmittance
[Thermal Transmittance Win20C

Ocaupied Period SetPoint  oC
Unoceupied Period Ofisat.~ oC

Month

TOTAUm2 | 2205

SIERBREERBREES

4467 113.04




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 4: PV ROOF MONITORS
STEDATA _ _
Cay Phoerix Longitde BAIN
Laitde 1122 W Direct Radiation Fackr 110
Cimats  [Tomporaw arid Ao 34000 m Diffuso Radiaion Fackor 00

HUMIDITY-WINTER

10.00]%FH
0.00 Entiabpy
Hl.IEJITY-SUHlER
Occupied Poriod SetPoint  oC 21.00§%RH 60
Unoccupied Period Offsat o0 5.00] Enfralpy 47425

Power K¥h
400
330
310

270,

318,
4.00

TOTAL/2 | 4143 4.79

EEEERERRERRER

3649




BUILOING ENERGY BALANCE CALCULATIONS

OPTION 4: PV ROOF MONITORS
SITE DATA _
Cay Miarmi Longiude 2580 N

Laide 02TW Diroct Radaon Factx 050
Cimate  |Sub-tropical Alitda 200m Diffusg Rackaton Factor 110
WEATHERDATA
onth : |Equivalent Days Average H_.rrfri_lz %

Sury ___ICoudy  |Day Niht

[Sanuary 2077 1023 59 B
Fobruary 1988 812 5 &
March 20 899 56 ®
Ao 2180 840 =3 79|
My 2046 1054 59 b
o 1830 170 o 81
m 1853 14 o 81
August 1084 116 & 8
Septombor 177 1230 85
Octobor 1795 1385 85
Novermbor 1880 1020 %
Docombor 22100 1984 11.16) 85
BUILDING DATA PV PAREL DATA HUMDITY-WINTER
fAtea of PV pandl par m2 of oo Convorsion EBGoNcy % 1000]%FH %]
Area of North Sght per m2 of floor A Diroct Transmittance % 0.00]Entialpy 3641
Heat Gain from Lights Win2 Thetmal Transmittance Win2oC 020)
HoatGain from Equipment Wim2 PVsiope {°
Hoat Gain kom Paople Wim2 INTERNAL TEMPERATURES

Ocaid Parod SotPomt oC




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 4: PV ROOF MONITORS
SITE DATA _
Cty Chicago Longitxde 4178 N .
Latde 8L W Diroct Radiafon Fackor 050
Cimate Temperal contnenta  JAliude 18500 m Diffuse Radiafon Fackr 1.10

IRLVEBERE2A] Y

Ocapiod Porod SetPont 00
Unoocupied Poriod Offsst  oC




BUILOING ENERGY BALANCE CALCULATIONS

OPTION 4: PV ROOF MONITORS
(R36 equiv. insulation)
SITE DATA
iy Cranmal Tongude 35N
Laftde 8452 W Diroct Radiason Fackx 050
Cirnato Tomporan confental  Alftude 23200 m Diffuso Radiafon Factor 110
WEATHER DATA

Hine

Hudy
August
Septamber
October
November
Docomber
BUILDING DATA

Area of PV panel per m2 of Soor
A6 of North light per m2 of oot
Hoat Gain from Lights Win2
HeatGain from Equipmsnt Win2
Hoat Gain kom People Win2

Occupied Poriod SetPoint  oC
Unocoupied Peciod Ofset  oC

OVERALL ENERGY REQUIREMENTS AND PRODUCTION

Month Codli fon __ |Heali fon _|Fans Lighting and [Towl Kéh
thoop ikmawﬁc 1/c0p ikvmsmlgv_m Powar kWh_|Consumed
Lanuary 000 0.00 022 3 245 6568 1254
February 0.00 0.00 022) 345 22 459 1035
March 0.00 0.00 022 261 245 4.19 925!
Aprl 029 240 022 056 237 321 8.64] -
May 029 29 02 000 245 264 801
Lune 029 484 022 0.00 247 255 978
Ly 029 570 022 000 245 264 1079
August 029 536 02 000 245 264 1045
|septomber 029 333 022 000 237 303 8.78
Octobor 029 278 022 0.00 245 384 80
Novormber 000 0.00 022 217 237 458 952
Decomber 000 000 02 3.78) 245, 636 1258
TOTALIm2 I 273 1649 2883 4742 12044]




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 5: PV ROOF MONITORS WITH ACTIVE HEAT RECOVERY
SITEDATA
City
Divoct Radaton Fackx 050
Cimato Diffuse Rackation Factr 1.10
WEATHER D
[Month
Nanuxy 85|
Fobeuary 85!
March L
Apcd 3
May €5,
e 8
hdy 20
August 0
Septamber =)
October 8]
November 8|
Docamber 86|
PV PANEL DATA HUMEDTTY-WRTER
Conversion Efficency % 0.00]%RH
T % m
[Therma! Transmittance Win2oC
PVsiope () 1500
INTERNAL TEMPERATURES HUMDITY-SULMER
Ocaupied Porod SOtPont oG 21.00]%FH e6|
Unocoupied Period Ofsst oG 5.00{Enthalpy 47425




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 5: PV ROOF MONITORS WITH ACTIVE HEAT RECOVERY
SITE DATA
City Now York Longrude 4070 N
Laftxde H02w Diract Radiaton Facir 0.50]

Cimats  |Tomporw costalcold  JAliude 300m Diffusa Racation Facior 1.10
WEATHER DATA
Month TypK Ti rest Radiavon 24hr averas Hours of Sunstine

MazxoC MinoC Drect Win2 | Diffuso Wind Total howrs {Max
[anuary 430 280 85.00 40.00 151.00 10.00
{February 410 240 130.00 55.00) 164.00 1028
March 8.90 050 180.00 7500 209.00 1183
Apr 1490 6.10 250.00 100.00 214.00 1209
May 2090 11.80, 290.00 120.00 250.00 1344
June 2560 1690 305.00 12500 301.00 1618
AT 2830 19.901 290.00 120.00, 307.00 1500
Auqust 2740 1930 250.00 100.00 275.00 1386
Sopmbor 2380 1580 180.00 7500 237.00 1254
October 1840 1030 130.00 5500 218.00 134
November 1190 440 85.00 40.00 17200 10.06
Docombor 5.70 -120 7000, 35.00, 158.00 10.00
BUILD(&G DATA PV PANEL DATA
| Area of PV panol par m2 of foor Conversion Effidiency %
Area of North ight per m2 of floor Diroct Transmittance %
Hoat Gain from Lights Wim2 [Thermal Transmittance Wim2eC
HeatGain from Equipment Win2 PVsiope (%)
Heat Gain from Poople Win2 SNTERNAL TEMPERATURES

Occupancy Stut Time

Goapied Foriod SetPomt oG

Month

lanuary

ERERBERBREEE

5
g

365 8.1t
510 626
689 627
854 539
947 761
8R 858
955 1027
645 10.12
631 861
415 888
295 6N
352 797
74.70 94.79




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 5: PV ROOF MONITORS WITH ACTIVE HEAT RECOVERY
SITE DATA
City Phoenx Longitude 43N
Latads 11202 W Diract Radiaton Fachor 1.10]
Chmate Tomparate arid [Alitude 340.00 m Diffuse Radiafon Facior 090

[Atea of PV panel pe m2 of foor
| Area of North fight per m2 of floor
Heat Gain from Lights Win2

Heat Gain from Equipment Wim2
Heat Gain fom People Wim2

Ocaspied Period SetPoint  oC
Unoocupied Period Ofisat  oC

Radiabon W,

11075 651 2418
11605 1996 2184
13374 2447| 2635
16020 3986 2670
154, 4409 2914
164.67] 5381 2820
151.09 4636 2728
151.94 45.75) 2666
12814, 2847, 279
12024 1697 2697
109.73 729 2589
111.60, 6.00 2418

Unoceupied Pariod Wim2




BUILOING ENERGY BALANCE CALCULATIONS

OPTION §: PV ROOF MONITORS WITH ACTIVE HEAT RECOVERY
SITE DATA _
Gty Mar Tongtude 2580 N .

Laitido BT W Dioct Radiafon Facke 050
Cimate  |Subrtropical Atfrudo 200m Diffuss Radkafon Facx 110
WEATHER DATA
Monts

PREBA2JIR LR

_BULDING DATA

Araz of PV pancl per m2 of foor 1.00
1Ars2 of Nort light per m2 of Soor 0.15)
Heat Gain from Lights Wim2 2000
Hoat Gain from Equipment W/n2 5.00
Heat Gain fom People Wim2 20400
Occupancy Skt Time 9.00

Frish Tme 19.00 Unocaupied Padod Ofset o 5.00{ Enfaly 47425

cALG.l.ATlONS OF MEAN EXTERNAL CONDITIONS

Month

Nanuary

O ot Reqgrmnt

ic#th Avaitabi{idih Heaing]
2318 090
275% 0%
ues 00
a7se 000
3755 0%
253 000
3497 090
3455 000
2847 000
243 000
235 090
1991 000

1.4 000
785 000
854 0.0
0.00 0.00
678 0.00
000 0.00
0.10 000
642 0.00
AvaiTotal Kivh

i Blaclic [Constned
637 105
757 9N
935 1054

1041 1056

10131 1156
888 1269
959 1347
750 1358
778 1373
5.15 1377
494 184
579 1217
84.15 14417




BUILDING ENERGY BALANCE CALCULATIONS

OPTION 5: PV ROOF MONITORS WITH ACTIVE HEAT RECOVERY
SITE DATA
City Chicago Longriude 4178 N
Laide W Direct Radiaton Factor 050
Cimate  [Tomperake confnent!  JAlfiude 186.00 m Diffuse Radiafon Factx 1.10
WEATHER DATA
Month [Typi T txed Radiaton 24hr avora Hours of Sunshine i [Awora: % |
MzxoC  [MneC Diroct Win2 | Diffuso WimdA Total hours_[Max Nicht

Manuary 0.60 720 85.00 40.00 125.00 1000 1250 1850 70 80
February 150 630, 130.00 §5.00 141.00 1049 1344 U6 67 n
March 640, -1.70 190.00 700 206.00 1278 1612 1488 61

14.10] 4.70 250.00 100.00 206.00 1248 1650, 1350 56, 74
May 2050 1050 290.00 120.00) 27500 1454 1891 1209 55 s

2640 1540, 30500 12500 307.00 1551 1980 1020, 6|

2890 1950 290.00) 120.00 310.00 1389 2 868 53

2800 1880 250.00 100.00 28500 1313 2170 930 56, 81
Sepamber 2380 1410 190.00 7500 24500 1242 19.80| 1020 53] 81
Octobor 1740 820 130.00 55.00 21400 1113 1922 1.78 54 ¥
November 840 030 85.00 40.00 135.00 10.00, 1350 1650 62| 78
Docomber 210 530 70.00 35.00 115.00) 10.00] 1150 1950 =] 80
BULDING DATA PV PANEL DATA HUBKDITY-WINTER
JArea of PV pancl per m2 of floor Converston Effidiency % 10.00)%FH
Area of North light per m2 of fioor Diroct Transmittance % 000|Entaby
Heat Gain from Lights W/m2 [Thormal Transmittance Wim20C 020,
HeatGain from Equpment Win2 PV slope (°t 15.00)
Heat Gain fom Psople W/m2 INTERNAL TEMPERATURES HUMIDATY-SUMMER

Ocapied Period SetPoint  oC 21.00]%FH 60

Ocpancey Sn_nTmo

23

Febrursy 0.00 0.00 022 450 210 422 666
March 0.00 0.00 022 369 22 559 645
|Apd 0.00 0.0¢ 022 149 225 7.0 SA7
May 029, 268 022 0.00 2R 888 764
Hune 029 381 022 0.00 225 857 860
Ly 029 521 022 0.00 22 174 1097
August 029 501 022 0.00 232 745 997
hSepmbef 029 3.00 022] 0.00 225 662 830
Octobor 029 256 022 0.66 2R 424 869
November 0.00 0.00, 022 302 225 237 27
Docember 0.00 0.00 022 4.77) 232 292 886
TOTAL/m2 1 2% 2333 27135 7452 96.74]




BUILDING ENERGY BALANCE CALCULATIONS

PVCINOOG.ptS

OPTION 5: PV ROOF MONITORS WITH ACTIVE HEAT RECOVERY
SITE DATA -
Gty Cnamnag Longriade BSN
Lafide 8452 W Diroct Radiaon Factor 050
Cimats  |Tomporab confnental  [Altde 2R00m Diffuse Radation Fachor 1.10
WEATHER DATA
Mt %
| Direct Wim2 [Dfuss WinA Totd hars |
[January 620
Fobnasy 630
March 11.10
IAai 18.00
May 2280
Lo 2889,
Ly 3080
August 3020
Septamber 2680
October 2050
November 1180
D acormber 5.90)
BUILDING DATA
[Ar6a of PV pandl per m2 of oot
Area of Norh Bight per m2 ot floor
Heat Gain from Lights Win2
{HeatGain from Equipment Win2

Hoat Gain fom Peopie W/m2

0%0

(528) I
5.11 {10.19)
AvayTotl K¥h
KWh Hecric | Consumed
289 9.12
406 650
612 6.63
800 758
10.14 8.01
1043 9.76
113 1079
728 1045
6.74 8.78
4.10 907
229 735
295 8.80




BUILDING ENERGY BALANCE CALCULATIONS

REF. DESIGN FLAT INSULATED NON-PV ROOF
SITE DATA —_—
Cay [San Francisco Longide 3762 N

Lakude 12238W Direct Radiaton Fachr 050
Clmate Tormpatato costalwam  [Alftude 200 m Diffuse Rackation Factor 1.10]
WEATHER DATA
[Month Typical Da tres [Radaton 24 avemges  Hours of Sunshine Equivalont Da

Tansry 1300
Februesy 1470
March 1649
aocd 1790
May 1949
s 2120
ity 229
Aogust 210
1Seplamber 2320
(October 2140
Novermber 1750
[ 1400

m_mm-m—m Sumy ___iCloudy

1540

PVPANEL DATA

Conversion Efidiency
Diroct Transmittance

[Thermal Transmiltance Wim2eC
PVsope (%)

INTERNAL TEMPERATURES
Ocapied Pariod Set Point
Unoccupied Patiod Offset

%

oC

%

[0capancy Frish Time

CALCULATIONS OF MEAN EXTERNAL
Month

Seprmber 270 4500 47.70) 000
| Octobor 1.78] 4500 4675 <22
November 0.50 4500 4560 -101
Decombor -0.36 4500 4464 ~144

womentkih [Frash Ar Load kWh

Hea

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00,

751

829
1083
1143
1205
1234
1
11.06)
1166
128
1000

849

248
186
150
0.4
0.00
0.00
0.00
0.00
000
0.00
.12
216

CLOUDY DAY l'EAT BALANCE

Menth

i omant KWh | Fresh A¥ Load kKWh

TOTAL/m2




BUILOING ENERGY BALANCE CALCULATIONS

REF. DESIGN FLAT INSULATED NON-PV ROOF

SITE DATA _
Cty Now York Longude HT0N
Laitido new Diroct Radiaion Factx 050
Cimate T«npetah cosleold  JAlitde 300m Diffuse Raciafon Factr 1.10

e

July
August
Seplombar
Octobor
(Novomber
Decombet
BUILDING DATA
Area of PY panel per m2 of foor
[Area of Norts ight por m2 of floor
Heat Gainfrom Lights Wn2
HeatGan from Equipment W/m2
Heat Gain fom People W/n2

PV PANEL DATA
Cotwersion Eficiency %
Diroct Transmittance %

Occupied Period SetPoint  oC
Unoccupied Period Offset o

TOTALIM2 | I 1614 4403 10408 19802




BUILDING ENERGY BALANCE CALCULATIONS

REF. DESIGN FLAT INSULATED NON-PV ROOF
SITE DATA
Cly TPhoertx Longude BN
Lafrrde 1202w Direct Radiafion Factor 110
Cimate Tomperat arid Alfaxde 34000 m Diffuso Bagafon Fackor 0.90]
WEATHER DATA
Month i3 t
Manuary - 2418
{Febnary 2184
March 2635
Ao 2670
May 214
Lo 2820
iy 2728
| August 2666
|sepmmber 2700
Octobor 2697,
Decomber
BUILDING DATA

Area of PV panel per m2 of foor
Area of North light per m2 of floor
HeatGain from Lights Wim2
HoatGain from Equipment Win2
Heat Gain fom Peoplo W/n2

Ocaupied Period Sot Point
Unoccupied Period Offsat

o
oC

363 7.8 1656,
402 884 1828
389 855 1730
402 . 884 18.14
389 855 17.74
402 884 2102
402 884 2128
389 855 1875
402 884 17.73
389 855 1752
402 884 14,05
4735 104.03 212.62{




BUILDING ENERGY BALANCE CALCULATIONS

REF. DESIGN FLAT INSULATED NON-PV ROOF

SITE DATA
City Msami Longude 2580 N

Laiude 8027 W Diract Radiation Factr 050
Cimate Sub-tropical Alitude 200 m Diffuse Radiaton Factor 110

BUILDING DATA PV PANEL DATA

Ar6a of PV panel per m2 of oot Conversion Eficiency %

Area of North light por m2 of floor Direct Transmittance %

Heat Gain from Lights Win2 1 [Thermal Transmittance W/m20C

HeatGan from Equipment W/n2 PVsiope ()

Heat Gain kom People Wim2 INTERNAL TEMPERATURES
Occupied Period SetPoint oG

February
March
April

May

e

udy
August
Soptmbor
October

Docomber




BUILDING ENERGY BALANCE CALCULATIONS

REF. DESIGN FLAT INSULATED NON-PV ROOF

SITE DATA — -
Cay [Chicago Longitxde 4178 N .
Laide SIS W Direct Radafon Factor 050
Chmate Tomperam continental  JAlitudo 18600 m Diffuse Radkaton Fackr 110
WEATHER DATA
Manth ges__|Hours of Sunshine
L Sarnsary 40.00 125.00
February 5500 141.00
March 640
Apd 14.10
My 2060
funo 2640
Luly 2850
Auqust 2800
[Sepmmber 2380
October 1740
November 840
Dacombor 210 ‘
‘ BULDING DATA ‘ PVPANEL DATA HUMDITY-WINTER
Area of PV pandl per m2 of foor [Conversion Efficiency % 10.00]%FH 35
| Area of Nocth fight per m2 of floor Direct Transmittanca % 000]Entaipy 3641
[Heat Gain from Lights Wim2 [Thesmal Transmittance W/m2o0C 020
HeatGain from Equipment W/m2 PVsiope Q 0.00]
Heat Gain fom People Wm2 INTERNAL TEMPERATURES HUMIDITY-SUMMER
Occupied Period SatPomt oG 21.00] %/ so'l
Unoccupied Poried Offset oG 5.00jEnhalpy 47425

TOTAUm2 B0 20.11 4421 104.03




BUILDING ENERGY BALANCE CALCULATIONS

REF, DESIGN FLAT INSULATED NON-PV ROOF

SITEDATA
ey Cinamat TCongude 215N
Lafade 8452w Direct Radiaton Facix 050
Cimate  |Temperalo confinental  JAttude 2200 m Diffuse Radiafion Factx 1.10,

WEATHER DATA

Docomber e 0)

BULDIRG DATA PV PANEL DATA

Araa of PV panel per m2 of foor Conversion Efficency %

Aroa of North ight per m2 of floor Diroct Transmittance %

Heat Gain from Lights Win2 [Thermal Transmittance Win2eC

HeatGain from Equipment Win2 PVsiops (%)

Heat Gain kom People Win2 [NTERNAL TEMPERATURES
Ocaupied Penod SetPomt oG
Unoccupied Pefiod Obet oG

EnEmml kiXg

CLOUDY DA

Month

Sanuary
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