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1. Executive Summary

1.1 Abstract
The Sacramento Municipal Utility District (SMUD) desires to improve the energy performance of new
nonresidential buildings.  This report covers the study of a three-story, 60,000 ft_, steel frame office
building typical of the stock in SMUD’s service area.  A baseline building model of this type was
developed, discussed in Section 1.2, and used as the reference point for detailed energy and economic
analysis.  NREL applied its commercial building optimization program, Opt-E-Plus, to identify four
distinct energy savings packages relative to the baseline building.  The “130 kW South-Facing PV”
package refers to the baseline building with a 130 kW photovoltaic (PV) system installed.  The
“Energy Efficiency” package includes all of the energy efficiency measures identified in Table 1-5 but
does not include a photovoltaic system.  The “Energy Efficiency + 54 kW South-Facing PV” package
includes all efficiency measures in Table 1-5 as well as a 54 kW photovoltaic system installation.  Finally,
the “Energy Efficiency + 125 kW South-Facing PV” package includes all efficiency measures in Table
1-5 as well as a 125 kW PV system installation.  This final package is also referred to as the minimum
energy building.  The PV system is reduced from 130 kW to 125 kW on the minimum energy building
due to a reduction in available roof area caused by skylight installation in the minimum energy building.

Detailed results for each of the building packages are given in Section 3.  Table 1-1 shows that a 63.3%
annual Net Site Energy (NSE) reduction is achieved by the minimum energy building.  These savings
include a net electric energy reduction of 499,230 kWh; a savings of 65.0% compared to the baseline
electrical energy use as shown in Table 1-1.  The minimum energy building achieves a reduction in the
yearly peak electrical demand of 93.89 kW; a savings of 37.6% relative to the baseline building as shown
in Table 1-1.  Combining cost savings through reduction in HVAC system size and window glass area,
PV incentives from SMUD, and the benefits of the Federal Production Tax Credit; this maximum level of
energy savings is achieved under favorable economic analysis as shown in Table 1-3.  Additionally, the
month in which peak demand occurs is shifted from July to October due to the combination of energy
efficiency measures (which reduce cooling loads) and PV (which has increased production in summer
months) as seen in Appendix F.  With both energy efficiency measures and PV, a 59.3% demand savings
is achieved in the month of July for the minimum energy building relative to the baseline.  The
economically optimal size for a PV system is unique to each building and should be a topic for further
study.

1.2 Baseline Building Definition
The baseline building model was defined to be a steel frame building typical of the office building stock
in Sacramento, California.  Figure 1-1 shows a rendering of the baseline building model.  Summaries of
the building characteristics are presented as “scorecards” containing information on form, fabric, systems,
and simulation parameters; these scorecards are included in Appendices G and H.  The office building
HVAC system is a rooftop, variable air volume, water-cooled chiller with gas fired hot water reheat. The
HVAC system is autosized by EnergyPlus for all simulation runs through design day calculations
performed in EnergyPlus.  The total HVAC system for the baseline model is autosized to 127 Tons, or
471 ft_/Ton of cooling.  Daylighting may be required in some situations under Title-24 2005 Section
5.2.1.4, but was not included in the baseline model after discussions with SMUD.  The building fabric
was configured to be minimally-code-compliant under Title-24 2005.
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Figure 1-1 Baseline Office Model Rendering:  View from Southeast

The baseline building uses a total of 2,804,647 kBtu of energy per year, an energy intensity of
46.7 kBtu/ft_-yr.  The baseline building has an annual maximum electric demand of 249.6 kW, or
4.2 W/ft_, which occurs in the month of July at 3:00 PM.  The annual electric energy charges for the
baseline building are $60,458 and the annual electric demand charges are $14,028. Additional information
about the baseline building end uses is given in Figure D-1 and the scorecard is given in Appendix G.

1.3 Building Packages and Key Results
Four building packages beyond the baseline building were identified.

¥ 130 kW South-Facing PV, consists of the baseline building with 130 kW of South-Facing roof-top
PV applied at a tilt angle of 38º for optimal energy production.  This system generated
233,821 kWh of energy annually.

¥ Energy Efficiency, includes energy efficiency measures identified in the minimum energy
building by the optimization algorithm; these measures are listed in Table 1-5.  Although the
energy efficiency package includes efficiency measures with increased cost, the reduction in
heating and cooling loads allows for a reduction in HVAC sizing which compensates for the
additional capital costs of the efficiency measures.  The HVAC system for the building with
energy efficiency measures is autosized to 84 Tons, or 714 ft_/Ton of cooling.  This package also
reduced the glazing from 40% to 30% window to wall ratio, which saves capital cost and energy.
Data for the assumed cost of energy efficiency measures and PV are included in the attached
scorecards.

¥ Energy Efficiency + 54 kW South-Facing PV, includes all of the energy efficiency measures as
well as a 54 kW South-Facing PV installation, generating 98,536 kWh of energy annually.

¥ Energy Efficiency + 125 kW South-Facing PV, includes all of the energy efficiency measures as
well as a 125 kW South-Facing PV installation, generating 229,896 kWh of energy annually.
This building package is also referred to as the minimum energy building.  Skylight installation in
the energy efficiency package reduces the roof area available for maximum PV installation from
130 kW to 125 kW.  The minimum energy building is displayed in Figure C-1.

The performance of these building packages is compared across several important metrics in Table
1-1, Table 1-2, Table 1-3, Table 1-4, Figure 1-2, and Figure 1-3.  Table 1-1 compares the building
performance in Net Site Energy, Percent Energy Savings, and Max Electrical Demand.  Net Site



4

Energy measures the total energy used at the building (both electrical and gas) minus the contribution
of any on site generation (such as PV).  Percent Energy Savings are calculated as the percent
reduction in NSE relative to the baseline building.  Max Electrical Demand is the annual maximum
average net electrical power usage over a 15 minute period.  Detailed data (such as end uses and
timestamp of monthly maximum demand) on peak net electrical demand for each building package
are given in Appendix F.

Table 1-1 Overview Comparison of Building Package Performance

 
Net Site
Energy
(kBtu)

Percent Energy
Savings

Max Electrical
Demand

(kW)

Electrical
Demand

Savings (kW)

Baseline 2,804,647 NA 249.58 NA

130-kW South-Facing PV 2,006,794 28.4% 195.16 54.42

Energy Efficiency 1,813,657 35.3% 157.35 92.23

Energy Efficiency +
54-kW South-Facing PV

1,477,429 47.3% 156.64 92.94

Energy Efficiency +
125-kW South-Facing PV

1,029,197 63.3% 155.69 93.89

Table 1-2 compares the building package’s total energy use.  Total Electricity represents the total amount
of electrical energy that the building consumed.  PV Production is the total amount of electrical energy
generated by the PV system.  The building’s net electrical usage is equal to Total Electricity minus PV
Production.  The total amount of gas energy used by the building is given by Total Gas.

Table 1-2 Energy Comparison of Building Package Performance

 
Total

Electricity
(kWh)

Total
Electricity
Savings
(kWh)

PV
Production

(kWh)

Net
Electricity
Savings
(kWh)

Total
Gas

(Therms)

Gas
Savings
(Therms)

Baseline 768,531 NA 0 NA 1,823 NA

130-kW South-Facing PV 768,531 0 233,821 233,821 1,823 0

Energy Efficiency 499,197 269,334 0 269,334 1,103 720

Energy Efficiency +
54-kW South-Facing PV

499,197 269,334 98,536 367,870 1,103 720

Energy Efficiency +
125-kW South-Facing PV

499,197 269,334 229,896 499,230 1,103 720

Table 1-3 compares the building packages across a variety of economic metrics.  Total Life Cycle Cost
(TLCC) is the total expected cost of the whole building (including capital, maintenance, and energy costs)
over the analysis period.  The TLCC accounts for inflation of energy and operations and maintenance
(O&M); therefore, the discount rate is used as a nominal discount rate.  The TLCC is determined by
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Equation 1 where N is the number of years in analysis period (N=30), Cn is the total cost to operate the
building in the nth year, and d is the discount rate (d=8%).

( )∑
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n
n

n

d
CTLCC

0 1

Equation 1 Calculation of TLCC

Incremental First Capital Cost is the additional building capital costs in the first year only relative to the
baseline building.  Net Present Value (NPV) is used to evaluate net cash flows to determine the value of a
given design option. This requires comparing the base building with the selected building to calculate
whether or not the building will save or lose money over the analysis period. For example, NPV may be
used to determine the value of installing an energy efficiency measure that requires additional first capital
but will save energy costs over the analysis period.  Positive NPV indicates that the design decision adds
value to the building and should be accepted from an economic standpoint. NPV is calculated by
Equation 2 similarly to TLCC but with Fn equal to the net cash inflow for year n relative to the baseline
building.
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Equation 2 Calculation of NPV

Table 1-3 Economic Comparison of Building Package Performance

 
Total Life Cycle Cost

($)

Incremental First
Capital Cost

($)

Net Present Value
($)

Baseline $6,076,358 NA NA

130-kW South-Facing PV $6,227,784 $493,447 -$247,116

Energy Efficiency $5,492,375 $3,593 $374,628

Energy Efficiency +
54-kW South-Facing PV

$5,559,145 $207,997 $269,351

Energy Efficiency +
125-kW South-Facing PV

$5,642,948 $480,688 $132,702

Table 1-4 compares the annual energy costs of each building package.  Electricity Charges are costs
associated with the use of electrical energy.  Demand Charges are charges associated with the demand for
electrical power.  Energy Cost Savings is the total reduction in utility costs including electricity charges,
demand charges, gas charges, taxes, utility hookup fees, etc.  If a building package changes energy
performance significantly, it may qualify for a different utility tariff than the baseline building.  In this
case, the tariff which results in the highest energy cost savings is selected.

Table 1-4 Energy Cost Comparison of Building Package Performance
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Electrical

Tariff
Selected

Annual
Electricity
Charges

($)

Annual
Demand
Charges

($)

Annual
Electric Bill

($)

Annual
Electric Bill
Savings ($)

Annual
Gas+Electric

Savings
($)

Baseline

SMUD
2005/2006

General
Service DM

$60,459 $14,029 $80,679 NA NA

130-kW South-Facing PV

SMUD
2005/2006

General
Service DM

$42,585 $11,643 $58,798 $21,881 $21,881

Energy Efficiency

SMUD
2005/2006

General
Service DM

$39,917 $8,782 $52,827 $27,852 $28,495

Energy Efficiency +
54-kW South-Facing PV

SMUD
2005/2006
Secondary

TOU3

$31,256 $8,486 $44,022 $36,657 $37,300

Energy Efficiency +
125-kW South-Facing PV

SMUD
2005/2006
Secondary

TOU3

$20,688 $7,864 $31,937 $48,742 $49,384

Figure 1-2 shows the monthly maximum net electric demand for each building package; this is the
maximum utility load of the building for each month of the year.  Each building package may experience
a net demand peak at a different time in each month.  Adding 130-kW South-Facing PV to the baseline
building reduces peak demand in July by 27.8%; this is because PV production is coincidental with peak
cooling loads in the summer.  However, the Energy Efficiency package with no PV outperforms the 130
kW South-Facing PV package throughout the year; achieving 41.2% peak demand savings in July.
Combining efficiency with PV generates further demand savings in the summer months; achieving 51.9%
and 59.3% peak demand savings in July for 54 kW and 125 kW PV systems respectively.  Although peak
demand for the baseline building occurs in July, peak demand for all of the other buildings occurs in the
month of October.
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Monthly Maximum Net Electric Demand

0

50

100

150

200

250

300

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of Year

M
ax

im
um

 N
et

 E
le

ct
ric

 D
em

an
d 

(k
W

)

Baseline
130 kW South-Facing PV
Energy Efficiency
Energy Efficiency + 54 kW South-Facing PV
Energy Efficiency + 125 kW South-Facing PV

Figure 1-2 Monthly Maximum Net Electric Demand for each Building Package

Figure 1-3 shows the load duration curve for each building based on hourly electrical demand reports
from the annual simulation.  These curves show the percentage of time during the year that the building’s
net electrical demand exceeds a certain load.  For example, the baseline building demand is above 150
kW almost 30% of the year and the energy efficiency package rarely exceeds 150 kW. The 130 kW South-
Facing PV package has a net load of zero or less (exporting energy) 5.8% of the year. The energy
efficiency plus PV packages export energy onto the grid 3.6% and 10.1% of the year, for the 54-kW and
125 kW PV systems respectively.
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Figure 1-3 Annual Electric Demand Load Duration for each Building Package
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1.4 Conclusions and Recommendations

NREL has developed a set of conclusions and recommendations based on this study of a typical three-
story, 60,000 ft_, steel frame office building in Sacramento.  These conclusions and recommendations are
based on a consideration of several building performance measures of interest to SMUD including Net
Site Energy, Maximum Electric Demand, Total Life Cycle Cost and Capital Cost. These conclusions are
similar to those in the ASHRAE Advanced Energy Design Guide for Small Office Buildings [AEDG-
SO]. However, the recommendations in this report are based off the specific modeling done in this work,
which uses Title-24 2005 to define the baseline building performance instead of ASHRAE Standard 90.1-
1999, and are aimed at surpassing the 30% energy savings targeted by the ASHRAE Design Guide.
Application of all of the measures in Table 1-5, including 125 kW PV, is predicted to result in energy
savings of 63.3% over a typical steel frame office building as well as reduction of yearly peak demand by
37.6% and peak demand in July by 52.0%.

The recommended energy measures described in Table 1-5 are separated into two groups: those which
reduce building loads and those that do not.  Certain energy efficiency measures (such as daylighting,
increased insulation, shading, etc.) reduce primary building loads and are the most cost-effective methods
for saving energy.  Other energy efficiency measures (such as boiler and fan efficiencies) do not reduce
building loads but increase the efficiency of equipment which services the building’s loads.  These
measures are most economically applied after load reduction measures.  Combined application of both
load reduction and equipment efficiency measures minimizes the building’s electrical load during peak
demand times, maximizing the ability of a given PV system to fully meet or exceed the building’s
electrical load during peak demand times.  The combination of load reduction and equipment efficiency
measures is shown to maximize the value of PV systems, especially under net metering tariffs.

This effect is highlighted in Table 1-5, which marks all EDMs for which NPV is increased when removed
from the minimum energy building.  Items which decrease NPV when removed tend to be load reduction
measures; those that increase NPV when removed are more costly equipment efficiency measures.  For
example, reducing loads by decreasing window fraction and adding attached shading reduces both capital
costs and cooling loads in the building and should be applied before increasing HVAC component
efficiencies.  However, this analysis is not meant to show that equipment efficiency does not play a large
role in making progress towards low energy buildings, only that it should be considered after first
reducing internal loads.  Of the equipment efficiency measures considered in this work, increasing fan
efficiency from 45% to 65% was found to be the most cost effective choice given the NPV analysis in
Table B-1.

The percent energy savings penalty given in Table 1-5 is the decrease in energy savings that results from
removing any one measure from the minimum energy building.  For example, the minimum energy
building achieves 63.3% energy savings.  Removing daylighting has an 11.0% energy savings penalty;
therefore, the minimum energy building would achieve energy savings of 52.3 % without daylighting.
Note that the sum of the energy savings penalties is not equal to the minimum energy building savings
due to interactions between energy measures.  Also, note that the percent energy savings penalty is not a
normalized metric and cannot be used to rank measures, only to compare their relative magnitude in this
work.  One possible normalized metric would be energy savings divided by incremental capital cost,
which would be a measure of each energy efficiency measure’s cost-effectiveness.  Additional
information for detailed analysis of the sensitivity of the minimum energy building to removal of each
energy measure is given in Table B-1.

Table 1-5 Energy Efficiency and PV Measure Components of Minimum Energy Building
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 Component Title-24 2005 Minimum Energy Building

Energy
Savings
Penalty
(when

omitted)

Roof Roof
Insulation1,2

Table 3-10
U=0.051

Increase to R30 c.i., (U = 0.033). 0.5%

Walls Steel Frame
Wall Insulation1

Table 3-11
U=0.217

Increase to R13 + R18 c.i.,
(U = 0.039).

4.4%

Vertical
Glazing

Window to Wall
Ratio1

Section 3.2.2
40% WWR Maximum

Reduce WWR to from 40% to 30%
on all exposures.

(25% minimum recommended by
AEDG-SO for daylighting).

1.3%

 Window
Shading1 Section 3.2.6 Shade East, South, and West

with projection factor 0.5.
0.9%

 SHGC1
Table 3-2

North SHGC=0.47
Other SHGC=0.31

Decrease North SHGC
from 0.47 to 0.31.

Other SHGC remain at 0.31 for
daylighting.

0.0%

U-Factor
Table 3-2
U=0.47

Reduced window U-Factor not
considered in optimization. NA

Skylights Skylight
Fraction1 Section 3.2.3 3% of roof area in all occupied zones

not daylit by windows.
1.8%

SHGC
Table 3-3

SHGC=0.36
Alternate skylight SHGC not
considered in optimization. NA

U-Factor
Table 3-3
U=0.68

Reduced skylight U-Factor not
considered in optimization. NA

Interior
Lighting Daylighting1 Section 5.2.1.4

Dimming controls with occupancy
sensors on fixtures within 12 ft of

N/S window or within 8 ft of skylight
edge.

11.0%

Plug
Loads

Plug Load
Reduction1  -

All Energy Star equipment
with sleep mode enabled,
(20% plug load reduction).

9.0%

HVAC Chiller COP2,3 Standards: Table 112-D
COP=5.0, IPLV=5.25

Increase COP from 5.0 to 5.5 0.5%

 Gas Heating
Efficiency2

Standards: Table 112-F
Et=75% Increase from 80% efficiency to 90% 0.5%

 Fan Efficiency2
Standards: Section

144-C.2
1.25 W/cfm max

Increase from 45% efficiency to
65%.

1.7%

 Fan Static
Pressure 2

Standards: Section 124 Decrease from 3 in. to 2.5 in. 0.8%

 
Energy
Recovery
Ventilator2

Standards: Section
144-E Include ERV with sensible and latent

effectiveness of 0.5.
0.1%

 Motorized
Damper

 Standards: Section
150-M.7

Replace gravity damper with
motorized damper.

0.2%

 Right Size
HVAC

Section 4.6.1
Right-size HVAC system for loads,
(Minimum energy building showed

40% reduction in HVAC).
 NA

Orientation
Building
Azimuth and
Massing1

Sections 3.7 and 3.10 Maximize North/South windows by
elongating in East/West direction.

1.0%



10

 Component Title-24 2005 Minimum Energy Building

Energy
Savings
Penalty
(when

omitted)

Generation Photovoltaics2  -
Include 125 kW of South-Facing

Photovoltaics at 38¼ tilt.
28.0%

1 Denotes EDMs for which value in Minimum Energy Building represents load reduction measure relative to
Baseline.  Skylights considered load reduction measure only when necessary for daylighting and applied in
conjunction with daylighting controls.
2 Denotes EDMs which increase NPV when removed from Minimum Energy Building.  NPV of Minimum
Energy Building is $132,702.
3Title 24 Standards: Table 112-D lists the minimum COP and IPLV for whole system; simulation model COP
includes efficiency of compressor and condenser only and will be higher than whole system COP as it does
not include supply fan efficiency.

The work in this task has been limited to the most effective study for the available scope.  A variety of
other energy efficiency measures may provide significant energy and demand savings but were not
included in this work.  Some of these measures include: floors, slabs, doors, water heating, electro-
chromic windows, energy management systems, energy storage systems (such as ice storage), evaporative
cooling, and many others.  The builder should not constrain their design to the recommendations in this
work. Rather these recommendations should be used as a starting point for energy efficient design.


