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ABSTRACT

A library of data files listing the hourly values of the end-use
energy components for commercial office buildings was created using
the DOE-2.1B simulation program. The fractional factorial design pro-
cedure was used in selecting the input parameters, since the purpose
of this study is to gain an understanding of the annual and hourly
consumption in the buildings.

Per unit floor area, the annual energy consumption values for the
49,500 ft2 and the 200,000 ft2 buildings are relatively close, but
those for the 2,500 ’r‘té building are larger. The selected Chicago,
IL, Fort Worth, TX, and Miami, FL climates noticeably impact the
energy use values, except for the peak cooling loads. The peak
cooling loads were calculated to be about the same at all three loca-
tions. Energy consumption is lower for buildings having insulated
walls and double pane and/or reflective glass glazing and having
variable air volume instead of multizone HVAC systems. The results
suggest that the optimum HVAC system is dependent on the climate.

Internal lead, such as lighting and office equipment, reduction
results in lower energy consumption. Most of the savings is due to
the reduction in the load itself. There is some attendant decrease in
the cooling load and increase in the heating load.
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EXECUTIVE SUMMARY
INTRODUCTION

The purpose of this study was to perform an‘analysis of
commercial office building end-use energy behavior. It was not
intended to be a complete ih—depth study, but rather a preliminary
study to gain an understanding of the effects of different parameters
on the annual and hourly energy consumption in the buildings.

There appear to be substantial opportunities to develop the
commercial building conservation resource. Estimates have been made
that perhaps 20% of the energy consumed by the commercial buildings
can be saved through energy conservation. This is equivalent to a
potential annual savings of 2 quads (2 x 1012 Btu) of primary energy
and $15 billion energy costs.l

The end-use energy data files were created using the DOE-2.1B
building simulation program using weather data for Chicago, IL,
Fort Worth, TX, and Miami, FL. Fractional factorial design
methodology was used to select the independent parameters for each
computer run and to rank the importance of the parameter effects.
This methodology has the advantage of determining the importance of a
large number of parameters using a minimum amount of calculations.

SELECTED PARAMETERS AND INPUT DATA

The analysis was done for three different size buildings of
similar construction located in the three different cities. The
buildings are: (1) a small, single story building having 2,500 ft2
floor area, (2) a medium, three story building having 49,500 ft2 floor
area, and (3) a large ten story building having 200,000 ft2 floor
area. The buildings are flat roof structures with the lowest story
being at ground level. All the floors are concrete slabs and are .
covered with carpet. The exterior surfaces are lightweight cbncrete,
and 30% of the wall surface is glazing.

x1i



The independent parameters selected for this analysis are listed
in Table ES1. HVAC systems for all buildings are assumed to be either
multizone systems or variable air volume systems. The multizone
system has a constant circulating air flow rate and regulates the
temperature in each zone by mixing air SUpplied from hot and cold-.
decks. The variable air volume system regulates the temperature in
each zone by varying both the temperature and the flow rate of the air
supplied to the zone. It was assumed that this system has a terminal
heating unit in each zone requiring heat in the winter to help to
control the temperature.

Energy sources available to the building are natural gas and
electricity. Natural gas was selected for space heating and domestic
hot water heating. Electricity was selected to be used for all the
remaining energy needs, including space cooling.

Typical commercial office building occupancy and internal load
schedules were assumed for this study. The HVAC systems were assumed
to be turned off, except for provide protection against freezing, when
the building is essentially unoccupied during nights, weekends, and
holidays. Sizing of the HVAC equipment was done using the DOE-2.18
program, design day weather data, and some engineering judgement. The
program data library was used to describe the HVAC equipment
performance characteristics.

Test Reference Year weather data for the three selected locations
were used in the analysis. The Chicago, IL data represent a cold
climate, the Fort Worth, TX data represent a warm-dry climate, and the
Miami, FL data represent a warm-humid climate.

To gain some idea of the impact of the values of the parameters
on the energy cost to the consumer, 1985 utility price schedules for
the selected locations were used with the calculated hourly energy use
values for the monthly billing charges. (Dallas, TX schedules were
used to approximate the Fort Worth, TX energy prices.)

xii



Table ES1. Selected independent parameters.

1. Building size

2,500 ft2
41,500 ft2
200,000 ft2

2. Location
Chicago, IL
Fort Worth, TX
Miami, FL

3. HVAC system

Multizone system
vVariable air volume system

4, HVAC economizer

No economizer
Temperature controlled economizer, 62 F temperature limit

5. Minimum ventilation rate

20%
5%

6. Lighting power

3 W/Ft2
1.6 W ft2

7. Occupancy and equipment power

High: 10 people/1000 ft2 in perimeter areas
5 people/1000 ft2 in core areas
1 W/ft2 equipment
Low: 4 people/1000 ft2
0.5 W/ft2 equipment

8. Envelope construction

Normal: Minimal roof insulation
No wall insulation
Single-pane, clear glass glazing
Energy efficient: Additional roof insulation
Wall insulation
Double-pane and/or reflective glass glazing

xiii



HEATING~-COOLING LOADS AND END-USE ENERGY

A total of 106 DOE-2.1B calculation runs were made predicting the
building loads and the end-use energy values. The results, among
which are the hourly values of the loads and the end-use energy, were
extracted from the DOE-2.1B output files, reformatted, and stored in
smaller output files. Generally the results are presented on a unit
floor area basis to allow comparison among buildings.

The choice of the input parameter values listed in Table ES1 were
selected using the fractional factorial design for 96 of the 106
DOE-2.1B runs. Analysis of the building load data generated in these
runs indicated that the parameters directly or in two-parameter
interactions having the most effect on the building loads are the
building size, location, and choice of HVAC system. Building
insulation/glazing was found to be the next most important parameter.
The two-parameter interactions were found to be important.

Plots of the mean loads are instructive. Figure ES1 shows plots
of the mean annual and peak heating loads; Fig. ES2 shows plots of the
analogous cooling loads. The mean load is defined as the average of
the loads for the buildings that have common parameter values of
interest. For example in Fig. ESla, the mean heating load for the
2,500 ft2 building in Chicago is the average of the heating loads
calculated for all the fractional factorial runs for this building at
this location.

The effect of the size of the small building on the loads is
apparent. This accounts for the strong direct and interaction effects
for this parameter. The effect of size between the other two
buildings is relatively small. Location, for the three selected
cities, has a strong effect on all the loads except for the peak
cooling load.

xiv
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The multizone and variable air volume HVAC systems selected in
this study represent an extreme range in HVAC technology. This is
reflected in the impact of these systems on the heating and cooling
loads. There is little effect of the choice on the peak cooling load
since the two systems operate essentially the same way at the time of
the peak load. ' : ‘ '

The effects of the economizer and the ventilation rates were
calculated to be small. These calculations were limited, and results
for the economizer are suspect since the data indicated that there
would be an increase in the heating loads when the economizer is used
for the buildings in Chicago and Fort Worth.

The insulation/glazing impacts are most apparent duringvthe
cooling season, when buildings with energy efficient envelopes have
about 20% lower loads. Although calculations were not made, it is
believed that most of the savings is due to the use of reflective
glazing. During the heating season, the effect of this parameter is
small except for Chicago where double pane glazing is used for the
energy efficient building.

Reduction of the internal loads results in decreases in the
cooling loads, but increases in the heating loads. Most of the energy
savings associated with these parameters is associated with the
reduction of the load itself.

values of mean annual energy consumption are shown in Fig. ES3.
Location is again important, and the effect of the small building is
again demonstrated. The percentage differences of the electrical
energy consumption values are not as large as those for the loads.
This is because other components, such as lighting and office
equipment which were not assumed to be dependent on building size,
location, and HVAC system, are included in the electrical load.
Natural gas consumption values show much greater dependence on these
parameters since its use was assumed to be limited to space and
domestic hot water heating.
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The impacts of the choice of the HVAC system are significant, as
shown in Fig. ES3. Buildings using the specified variable air volume
system use about 20% less electricity than those using the multizone
systems. This reduction indicates the magnitude of savings that could
be realized by not mixing hot and cold air at each conditioned zone -
and reducing power consumption by using variable air volume .
circulation fans. Significant natural gas savings could be realized
also.

Mean values of annual average-to-peak ratios for electricity were
calculated to be about 0.3. They are higher for the buildings located
in Miami because of the more consistent cooling loads there.
Buildings using variable air volume HVAC systems have about 10% to 20%
lower ratios than the buildings using the multizone HVAC systems.

Breakdowns of the electrical energy consumption in selected
buildings are shown in Fig. ES4. Lighting and office equipment are
major components of the consumption values. However energy required
for space cooling is large, particularly for the buildings located in
Miami. HVAC system air circulating fan energy consumption ranges from
3 kWwh/ft2 to 4 kWh/ft2. (The heating component is assumed to be the
electricity required for the operation of the hot water boiler
auxiliaries and hot water circulation loop pumps.)

Significant electrical energy savings could be realized by
reducing the internal loads. Most of the savings is generally due to
the reduced energy use by the load itself. Examples of this for the
reduced occupancy/office equipment energy use are shown in Fig. ES4.
For the medium and large buildings, reducing these loads resulted in
about 10% decrease in the electrical energy consumption. About three-
fourths of this decrease is due to reduced energy consumption by the
office equipment. The remaining decrease is due to the decreased
energy consumed by the fans and cooling equipment.
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Examination of the hourly energy use data indicated that
generally the peak heating loads occurred at the beginning of the
working days when the HVAC system is started. The cooling loads
generally peaked during late afternoon. For the week, the loads are
frequently higher during the first working day, which reflects the
thermal mass of the building. ‘ :

ENERGY COSTS

Annual energy costs for selected buildings are given in Fig. ES5.
The effect of climate is relatively small for the locations
investigated. ‘Although use of natural gas is much higher in the
colder climates, the fact that the gas prices are much lower than the
electricity prices (1985) helps to minimize the differences in the
energy costs. Per unit floor area, the energy costs for the small
building are higher than for the other buildings because of the higher
heating and cooling loads for these buildings. Except for the small
building in Miami, the electricity demand charges are 35% to 50% of
the total electricity charges. (For small commercial customers in
Miami, there is a small customer charge instead of a demand charge.)

The magnitudes of the energy cost reductions associated with some
of the parameters are shown in Fig. ES5. Switching from multizone
HVAC systems to variable air volume HVAC systems results in reduction
of electrical energy and natural gas charges, but there is little
change in the electrical demand charges. This is because there is not
much difference between the peak demands for the two systems.

GENERAL RESULTS AND CONCLUSIONS

A library of data files listing the hourly values of the end-use
energy for commercial office buildings were generated in this
investigation. The fractional factorial design was effective in
gaining an understanding of building energy consumption with a minimum
of computer calculations.
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Building size, location, and HVAC system type have major impacts
on building energy use. Two parameter interactions that included
these parameters were found to be important. Per unit floor area, the
energy use values in the small building are greater than those in the
medium and large buildings. The differences between the values for
the latter two size buildings are much smaller. A separate investiga-
tion for buildings having floor areas less than 8000 ft2 would be
useful. ' '

Building location is important for the annual heating load, peak
heating load; and annual cooling load. It is of less importance for
the peak cooling load.

The type of HVAC system greatly impacts the energy use values.
The two systems investigated are somewhat the extremes used in
buildings, and the differences were apparent. The peak cooling loads
are about the same for the two systems, since they operate about the
same way for this situation. At other times, the two systems operate
differently, which influences the energy use rates. Since these rates
are climate dependent, this suggests that the optimum choice for the
specific types of HVAC systems for a building is dependent on the
building location. Future work should be done in this area.

The impacts of HVAC system economizers were limited and should be
studied further. Reducing the minimum air ventilation rates generally
resulted in some energy savings. Building insulation and glazing
significantly impact the loads, particularly the cooling loads. It is
believed that most of the difference is due to the glazing, although
calculations were not made to confirm this.

Buildings in Chicago consume the greatest amounts of natural gas
and those in Miami consume the greatest amounts of electricity in this
study. The effect of location on the total energy costs (1985 rate
schedules) are not as large as the energy differences. In general,
cost savings could be realized by reducing electrical consumption at
the expense of using natural gas.
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Average-to-peak electrical use ratios are about 10% to 15% lower
for buildings using variable air volume systems than those using
multizone systems. This is reflected in energy costs, where buildings
having the variable air volume systems have lower electrical energy
charges, but about the same demand charges. There are opportunities.
for loweringvdemand cost by using energy storage techniques or alter-
native energy supplies. These options should be investigated further.

Internal load reduction results in lower energy consumption and
costs. Most of the savings is due to the direct effects of the
decreased loads. There are heating load increases associated with the
internal load reduction, but the overall impact is generally
. beneficial.

REFERENCE
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AN ANALYTICAL INVESTIGATION OF ENERGY
END-USE IN COMMERCIAL OFFICE BUILDINGS

1. INTRODUCTION
1.1 BACKGROUND

Energy use in commercial buildings has been receiving con-
siderable attention recently. These buildings consumed about
5.7 quads (5.7 x 1015 Btu) of energy in the U.S. during 1984.1 This
is equivalent to about 12 quads of primary energy, which is about 15%
of the nation’s primary energy consumption and represents an annual
expenditure of about $70 billion.2

During the past 15 years, conservation trends resulted in a 16%
decrease in the end-use energy consumed in these buildings per unit
area, but the primary energy consumption per unit area did not
decrease significantly. The total energy consumption for the sector
has increased due to a continucus expansion of the commercial building
floor area. Moreover, the cost of energy for these buildings has
increased 96% in constant dollars during this same period. This par-
tially reflects the increased use of electrical energy in these
buildings.?

In addition to consuming large quantities of energy, commercial
buildings often have an important impact on electric utility load
profiles.3»4 Since many commercial buildings are occupied and used
for limited periods of time, e.g., 8 a.m. to 5 p.m. during weekdays,
their contribution to daytime peaks can be pronounced. Commercial
building cooling requirements can account for as much as 40% of an
electric utility’s peak demand.? Many utilities include demand
charges, in addition to the consumed energy charges, in their commer-
cial rate structures to reflect the cost of meeting peak power demand.



There appear to be substantial opportunities to develop the com-
mercial building energy conservation resource. Estimates have been
made that perhaps 20% of the energy consumed by commercial buildings
can be saved through energy conservation. This is equivalent to a
potential annual savings of 2 quads of primary energy and $15 billion
energy costs.6

In addition to the annual energy savings, there are potential
benefits for the utilities and, ultimately, the consumer in developing
measures that will smooth the commercial building energy demand ,
profiles. Considerable work has been done in this area,'such as using
daylighting for illumination and ice or cold water storage for air
conditioning. There are also other opportunities in this area,
including cogeneration or alternative mixes of supply energy.

This analysis was directed towards understanding energy measures
in existing buildings. Considerable work has been done analyzing
annual energy use in buildings having different thermal envelopes and
heating, ventilating, and air conditioning (HVAC) equipment for the
development of new energy conservation standards.”»8:9 However, those
studies concentrated on predicting annual energy use in new buildings
designed to meet the new standards. This investigation examined
energy use in buildings having older types of construction and HVAC
systems. Previous analysis of the annual energy use in typical,
existing, small commercial buildings was made for the Commercial and
Apartment Conservation Service (CACS) Program.l0,1l Another study,
sponsored by the Northeast Utilities, surveyed end-use energy consump-
tion for office buildings in northeastern United States.l2 1In that
study, typical energy use profiles were generated using an hourly com-
puter program with data based on the survey results.



1.2 PURPOSE

The purpose of this study was to perform a preliminary analysis -
of office building end-use energy consumption characteristics. This
is not a complete in-depth study, but rather an initial study to gain
some understanding of the annual and hourly energy consumption in
these buildings. It is a limited parametric study to help to deter-
mine the key variables influencing the building heating and cooling
energy demands. In order to ascertain the importance of different

parametéfs, the building construction and operation were assumed to be -

similar for all buildings in all cities. A secondary purpoée of this
study was to create a library of simulated hourly data files for
heating, cooling, and other end-use energy consumed in office
buildings.

The reason this study focused on office building end-use energy
is that office buildings have a large subsector in the functionally
diverse commercial building sector (Fig. 1.1).1 The end-use energy
consumed by this group is the greatest of any group in this sector
(Fig. 1.2).1

1.3 APPROACH

An analytical approach was used to generate the hourly end-use
energy values. The DOE-2.1B building simulation programl3 was used to
generate these values. Input data files for three different size
buildings were generated from data presented in the literature,
discussions with knowledgeable people, and DOE-2.1B program data
files. Typical Reference Year (TRY) weather data for Chicago, IL,
Fort Worth, TX, and Miami, FL14 were used in the calculations.
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Fig. 1.1. Number and total floor area distribution of commercial
buildings by building type.

Source: J. R. Brodrick, Commercial Buildings Energy Consumption

and Natural Gas Markets, Gas Research Institute Report,
June, 1986.
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Fig. 1.2. End-use energy consumption in commercial buildings by
building type.

Source: J. R. Brodrick, Commercial Buildings Energy Consumption
and Natural Gas Markets, Gas Research Institute Report,
June, 1986.



A fractional factorial designl® was used to specify the different
parameter combinations for the DOE-2.1B calculations. This design
allows for the determination of the importance of different parameter
"levels" and their interactions using a minimum number of DOE-2.18
calculations. (The term "levels" is the number of versions of a
parameter, e.g., a three-level parameter for climate could have the
levels, Chicago, Fort Worth, or Miami.) The design assumes that the
effect between parameter levels is linear and that the higher order
interactions are not significant. While these two conditions were not
completely true for this study, the design is sufficient to identify -
the important parameters and two factor interactions. '

Comparisons were made of the mean values of energy consumption
per unit floor area as a function of the different parameter levels.
Because of the assumption of linearity and not all the basic parameter
levels were not specified as numerical values, e.g., multizone versus
variable air volume HVAC systems, the effect of the parameters should
be regarded as semi-quantitative. They do, however, indicate the
magnitudes of the energy that would have been used in the buildings
and the impacts of the parameter levels on these magnitudes.

A post-processing computer routine was used to extract and
reformat the desired data from each of the DOE-2.1B output files. 1In
addition, the implied electric and gas utility costs were calculated
from predicted hourly data using the commercial building utility rates
for each city investigated.

1.4 TOPICAL ORGANIZATION
This report presents the methodology used to predict the end-use

energy for buildings and an analysis of the predicted results. The
approach and the methodology used to generate and analyze the energy



values are described in Sect. 2. Building and weather input data used
for this investigation are given in Sect. 3. Section 4 presehts the
predicted end-use energy values for the buildings and an analysis of.
the values. The impact of the energy use values on the energy costs
for the buildings is addressed in Sect. 5. The conclusions of this
investigation, together with some recommendations, are given in

Sect. 6.



2. APPROACH AND CALCULATION PROCEDURE
2.1 OVERALL APPROACH

The thrust of this study was to gain an 'understanding of the
end-use energy characteristics of commercial office buildings. The
DOE-2.1B building simulation program!? was used to calculate the
building end-use energy values. Since the energy values are dependent
on many parameters, the best approach for selecting the independent
parameters is to use the fractional factorial design. This procedure
has the advantage of determining the importance of a large number of
factors using a minimum number of DOE-2.1B calculations.l®

The fractional factorial design is based on the assumption that
the magnitude of the effects of different parameters tend to follow a
hierarchy. The parameter direct effects are assumed to be the
largest; two parameter interactions are the next largest; and so on
with the total parameter interactions being the lowest. This approach
can be thought of in terms of a Taylor series expansion of a response
function. The direct effects represent the first order terms of the
expansion, the two-factor interactions represent the second order
terms, and so on. Freguently, the higher order terms of a Taylor
series are ignored since they contribute very little to the value of a
function when compared to the first and second order terms. The same
approach is used in fractional factorial design, where the higher
order interactions are assumed to be negligible.l5

The DOE-2.1B program was used to calculate the hourly and annual
end-use energy values for the cases selected using the fractional
factorial design. A post-processing routine was written for
extracting the desired energy data and reformatting the data for
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permanent storage. Subroutines for calculating the utility billing
costs from the hourly energy values were incorporated in the
post-processing routine.

The importance of parameter direct effects and two-parameter
interactions were evaluated using linear regression relations and by
examining the mean energy values across the levels of the parameter or
interaction. Plots of the annual and the hourly end-use energy data
were made to help interpret the results.

2.2 PARAMETERS INVESTIGATED

The specific energy use components and costs that were
investigated are listed in Table 2.1. The total amounts of
electricity and natural gas required for the operation of the building
were determined, as well as the different components of the electrical
energy use. Natural gas was assumed to be used for heating, but a
limited amount of electricity is required for operation of heating
equipment auxiliaries -- such as the supply air fans. Both the total
heating and cooling and the space heating and cooling requirements
were calculated. The difference between the total and the space
values reflects domestic hot water (DHW) heating and heat losses and
gains in the circulating water loops that transport energy from the
primary equipment to the air-handling units (AHUs).

From the energy consumption values, the resultant implied
electricity and natural gas costs were calculated using the 1985
utility rate schedules for the cities considered. The electrical
schedules include both demand and energy consumption charges.
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Table 2.1. Predicted end-use energy components and costs.

Annual and Hourly Values

Electricity Natural Gas

Total Total*
Heating

Cooling

Fans

Lights

Equipment

Elevators

Heating A Cooling

Total v Total
Space Space
DHW

Annual and Monthly Values

Electricity Natural Gas
Consumption Consumption
Demand Cost

Cost

*Mostly used for space heating, but includes some energy for domestic
hot water use.
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Independent parameters selected for this analysis are listed in
Table 2.2. These are discussed in more detail in Sect. 3. To
facilitate the handling of the computer runs, a nine digit building:
configuration identifier, shown in Fig. 2.1, was devised. For |
example, *200,000,000" shown in the figure, is for a large building,
located in Chicago, having a multizone air-handling system with no
economizer, 20% minimum building ventilation, high occupancy, and nor-
mal construction and lighting power.

2.3 DOE-2.1B PROGRAM

The DOE-2.1B program is a public domain computer program that
describes the flow of energy in a building and the associated
equipment on an hourly basis. The program uses detailed data for the
building geometry and construction, for the HVAC systems, and for the
weather to predict the energy flows in the building. Internal heat
loads in the form of people, lights, and equipment are incorporated in
the energy flow description.

The program uses the transfer function method to describe the
flow of heat through the building components and to and from the HVAC
systems. Heat flow through all the internal and external surfaces is
assumed to be one-dimensional. Although one-hour time steps are
generally satisfactory for the simulation, there are some phenomena,
such as thermostat setback, which have smaller time constants. The
program incorporates averaging algorithms that correct for these
situations.l6é Details of the program algorithms are presented in the
engineers’ manual for the program.l?

The program uses a sequential approach to calculate the energy
consumption. It first calculates the heat loss or gains in each
building zone assuming that the temperature in each zone is set to a
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Table 2.2. Selected independent parameters.

Ar* Building Size

0 2,500 ft2
1 49,500 ft2
2 200,000 ft2

Ay

Ao Location

ARy = 0 Chicago, IL
=1 Ft. Worth, TX

Az HVAC System

0 Multizone System (Low Efficiency)

Az
1 Variable Air Volume System (High Efficiency)

1 u

A4 HVAC Economizer

0 No economizer .
1 Temperature controlled economizer; 62 F
temperature limit

Ay

i

As Minimum Ventilation

As = O 20%

1 5%

Ag Lighting Power

0 Normal (3 W/ft2)

Rg
1 Reduced (1.6 W/ft2)

A7 Occupancy and Equipment Power

A7 = 0 High (10 people/1000 ft2 in the perimeter
areas and 5 people/1000 ftZ in the core
areas, 1 W/ft2 equipment)

=1 Low (4 people/1000 ft2, 0.5 W/ft2
equipment)

Ag Envelope Construction and Glazing

0 Normal

Ag
1 Energy efficient

*Al, etc., stands for digit 1, etc., in the configuration identifier.
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Building Size Location HVAC Type Economizer

\ [

200 000 000

/

Venttlatlon/ / \

Lighting Occupancy lnsuiatlon Spare
and Equipment and Glass

Fig. 2.1. Building configuration identifier scheme.
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fixed value specified by the user of the program. In this part of the
program, called LOADS, the guantity of heat that must be added to or
extracted from each zone to maintain the specified temperature is
calculated. This calculation accounts for the building mass, internal
load conditions, and weather effects. '

The heat load data predicted in LOADS is passed to the next part
of the program, called SYSTEMS, where the actual amount of heat added
or extracted from each building zone by the air-handling system is

calculated. 1In this step, the air temperature in each zone'is allowed

to vary while accounting for the building mass, air-handling equipment
performance characteristics, time-varying temperature controls, and
HVAC equipment operating schedules.

Unless primary equipments are packaged units, such as
self-contained HVAC units, the total amount of heat added or extracted
by the air-handling systems is passed to the next section of the
program, called PLANT. In this part of the program, the fuel
requirements for the primary equipment, such as boilers or chillers,
are calculated while accounting for the performance characteristics of
the primary equipment. For packaged units, this is done in the
SYSTEMS part of the program.

There is a fourth part of the program, called ECONOMICS, which
addresses the cost aspects of the equipment, fuel, and labor. This
part of the program was not used in this study. Instead a
post-processing routine was written to calculate the energy costs
based on the rate schedules for each city investigated.

The DOE-2.1B program is designed to accept detailed input data
regarding the building geometry and construction and HVAC design and
performance characteristics. Many of these data do not have to be
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specified to use the program. In these cases, the program can draw
upon its library of default data and routines to fill in the missing
input data. The default data.and relations were used to describe the
performance characteristics of the HVAC equipment. -

2.4 POST-PROCESSING ROUTINE

The post-processing routine mentioned above was written to
extract the desired data from the DOE-2.1B program output file,
calculate the implied utility billing costs,.-and reformat the data for -
storage. Typically, each DOE-2.1B output file in this study required
about 6.5 Mbytes of disk storage space. The reformatted files require
about 1 Mbyte.

The billing costs were calculated from the hourly energy use data
and the rate schedules for each city investigated. Demand charges and
time-of-day pricing were included in the calculations, when
applicable.
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3. BUILDING, WEATHER, AND ENERGY COST DATA

Hourly energy consumption values were calculated for each of
three sizes of office buildings located in three different .climate
regions. The general building construction and internal loads per
unit floor area were kept the same in order to determine the influence
of the building size and climate on energy consumption. The DOE-2.1B
input files used for the calculations are listed in Appendix A. The
salient points of the data are described below. In addition, price
schedules used for electricity and natural gas. are presented.

3.1 BUILDING GEOMETRY

The buildings selected for this study were designated as the
large office building, the medium office building, and the small
office building. These buildings have floor areas of 200,000 ft2,
49,500 ft2, and 2,500 ft2, respectively. Schematic floor plans for
these buildings are shown in Fig. 3.1.

The large office building is a 10-story structure, with each
floor measuring 100 ft by 200 ft. This building is a modification of
the 32-story office building described in the DOE-2 Sample Run Book.l8
The building is built at ground level on a slab. Floor-to-floor
height is 12 ft, which includes a 3-ft-high ceiling plenum. For
simulation purposes, it was assumed that each floor is divided into
five zones. These are an interior zone and four exterior zones, each
having a 15-ft depth. The exterior zones were subdivided to better
model the thermal behavior, and the number of subdivisions are shown
within the parentheses in Fig. 3.1.
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Fig. 3.1. Office building floor plans and zone definitions.
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The medium office building is a 3-story structure, with each
floor measuring 100 ft by 165 ft. This building is a free

interpretation of the medium office building simulated in the energy

conservation standards program.? Other geometrical features of the
building are similar to those for the large building described above.

The small office building is a l-story structure, measuring 50 ft
by 50 ft. Again, this building is a free interpretation of the small
office building’simulated in the energy conservation standards
program.? The remaining geometrical features of the building are
again similar to those for the large building. 4

3.2 BUILDING CONSTRUCTION

As stated earlier, all buildings were assumed to have similar
construction. This was done to eliminate the effect of this parameter
on the impacts of the building size and location. Two levels of
building insulation, designated as normal construction and energy
efficient construction, were specified. The normal construction
specification is typical for office buildings constructed after World
War II. The energy efficient construction specification includes more
insulation to the building exterior envelope and the use of reflecting
and/or double-pane glazing. The latter specification easily meets the
criteria stated in the 1980 ASHRAE building design standard.l?®

The components of the building construction are summarized in
Table 3.1. These specifications were selected after reviewing
building construction data for the selected buildings in the Building
Energy Performance Standards (BEPS) program,’/ the commercial building
conservation standards program,8:9 and the CACS program.l0
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Table 3.1. Building construction components.

Thermal resistance, h-ft2-F/Btu
Component : v Normal Energy Efficient-

Exterior Wall

Qutside surface 0.17 0.17

4 in. lightweight concrete 1.60 1.60
R-11 mineral wool insulation - 11.83
Airspace 0.92 0.92
5/8 in. gypsum board 0.56 0.56
Inside surface 0.68 0.68

3.93 15.76

Windows (30% wall surface)

Outside surface 0.172 0.170 0.17¢

Glazing 0.04 1.06 0.04

Inside surface 0.68 0.68 0.68
0.892 1.910 7.89¢

Roof

Outside surface 0.17 0.17

1/2 in. roof gravel 0.05 0.05

3/8 in. built-up roofong 0.33 0.33

1 in. fiberboard insulation 2.78 2.78

3 in. expanded polystyrene - 12.50

4 in. heavyweight concrete 0.44 0.44

Metal form - -

Inside surface 0.61 0.61
4,38 16.88

Ground Floor

2 1/2 ft earth 5.00 5.00

4 in. heavyweight concrete 0.44 0.44

Carpet and pad 2.08 2.08

Inside surface 0.61 0.61
8.13 8.13

asingle-pane glazing with 0.79 transmittance and 0.07 reflectance.

bpouble-pane glazing with 0.35 transmittance and 0.08 reflectance in
Chicago.

CSingle-pane glazing with 0.20 transmittance and 0.45 reflectance in
Fort Worth and Miami.



21

Table 3.1. (continued)

Thermal resistance, h-ft2-F/Btu
Component . Normal Energy Efficient

Interior Wall

Surface 0.68 0.68
5/8-in. gypsum board 0.56 0.56
Air layer ' 0.89 0.89
5/8-in. gypsum board 0.56 0.56
Surface 0.68 0.68

3.37 3.37

Ceiling

Surface 0.92 0.92
Acoustic tile 1.26 1.26
Surface 0.61 0.61

2.79 2.79

Floors Above Ground Level

Surface 0.61 0.61
4-in. heavyweight concrete 0.44 0.44
Carpet and pad 2.08 2.08
Surface 0.92 0.92
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The external walls of the buildings are constructed of
lightweight concrete, and 30% of the wall area is glazed. All the
floors are 4-in. ordinary concrete covered with a carpet. The roofs
are flat 4-in. ordinary concrete slabs with insulation and built—dp
roofing on the exterior surface. Gypsum board is used as the material
of construction for all exterior wall inner surfaces and all interior
walls. The conditioned spaces and the ceiling plenum on each floor
are separated by acoustical tile.

Windows for the buildings having the normal construction are
glazed with ordinary, single-pane, glass. For energy efficient
construction, the glazing depends on the location. In Chicago, the
buildings have double-pane, reflective glazing. In Fort Worth and
Miami, they have single-pane, reflective glazing. This is typical of
current office building construction in the southern part of the
United States, where the double-pane windows tend to result in higher
air conditioning loads in the buildings.

The windows have movable drapes. In the simulation, it was
assumed that they would be closed when the magnitude of the solar
energy transmitted through the windows is greater than 100 Btu/h.
When they were closed, the transmitted solar energy was reduced by
35%. It was further assumed that the drapes did not influence the
heat transmitted by conduction through the windows.

3.3 INTERNAL LOADS

The internal load specification is an important part of the
office building simulation, since it is known that energy consumption
in this type structure is strongly dependent on the building use and
schedule.>»? Lighting and office equipment are large portions of the
building’s energy demand. Furthermore, reduced internal loads imply
increased heating loads and decreased cooling loads.
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The peak internal loads assumed for this study are listed in
Table 3.2, and the load schedules are shown in Fig. 3.2. These loads
were selected after reviewing the data presented in the .
literature20-22 and the data summarized in a Gas Research Institute
sponsored study.Z23 The assumed schedules are slight modifications of
those presented in the energy conservation standards study.Z0

Occupancy of buildings varies depending on their use. The
national averagé for office buildings is 3.75 people/1000 ft2, but it
varies from 1 to 10 people/1000 ft2.23 1In the -high density occupancy
case, shown in Table 3.2, it was assumed that the density is higher in
the areas along the building perimeter. Total, sensible and latent,

heat rate generation by each individual was assumed to be 450 Btu/h.

Lighting power in office buildings generally varies from 2 to
3 W/ft2. Using daylighting and efficient task lighting, it appears
possible to reduce this to about 1.6 w/ft2, Therefore, the extremes
of 3 W/ft2 and 1.6 W/ft2 were investigated. The lights were assumed
to be recessed fluorescent fixtures with 80% of the generated heat
transferred to the conditioned spaces and the remainder transferred.to
the return air plenums. The 80% value was increased to 90% for the
efficient lighting situation, since the individual task lights
probably would be located within the conditioned spaces.

Office equipment typically adds 0.5 to 1 W/ft2 to the power
levels in office areas. With the adveht of electronic office
equipment, this value has been increasing. A value of 1 W/ft2 was
assumed for the high occupancy case and 0.5 W/ft2 for the low
occupancy case. These values do not include any heat generated by a
large mainframe computer. Such computers often are located in the
large office buildings and generate 15 to 150 kW of heat.l? However,
they are generally in constant use and have a dedicated HVAC system
for heat removal.
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Table 3.2. Peak internal loads.

Type High Low
Occupants, people/1000 ft2
Core 5 4
Perimeter 10 4
Lights, W/ft2 3 1.6
Fraction heat in conditioned 0.8 0.9
space
Equipment, W/ft2 1 0.5
Domestic hot water, Btu/h
Large building 100,000 100,000
Medium building 25,000 25,000
Small building 3,000 3,000
Elevator, kW
Large building 25 25
Medium 18 18
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Fig. 3.2. Internal load schedules.
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Energy is used for domestic water heating and elevator operation.
These contribute to the building’s energy demand but not to the HVAC
system load. This is because they are generally located outside
conditioned space areas. For the domestic hot water systems, the
heating units were sized on the criterion that each occupant consumes
1 gallon of domestic hot water per day.

Energy consumed by the elevators depends on the type of the
installed elevator. Hydraulic elevators have the lowest initial cost,
but are less efficient. Elevators in tall buildings are generally
counterweighted to increase their efficiencies, as well as to reduce
the instantaneous loads. Some of these are fitted with electric
regeneration units to further increase their efficiencies. It was
assumed in this study that the medium office building was equipped
with a single hydraulic elevator, and that the large office building
was equipped with four counter-weighted elevators equipped with
electric regeneration units.

3.4 HEATING/COOLING SYSTEMS

Space heating and cooling systems for the buildings are varied.
Built-up systems using central heating and cooling units are commonly
used in larger buildings while packaged unit installations are more
common in smaller buildings. The AHUs in the buildings are also
varied. Dual duct systems, having hot and cold decks, were common
until energy costs started to escalate in the 1970’s. Since then,
variable air volume systems, having variable circulating air flow
rates have come into favor. Direct radiation, fan coil, and induction
systems have been installed in many buildings, particularly in
perimeter areas.
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For this investigation it was assumed that the HVAC system was
either a multizone dual duct system or a variable air volume system.
For the multizone system there is a thermostat - in each conditioned -
zone that regulates the mix of the hot and cold air entering that
zone. The variable air veolume system uses-only a single duct and is
fitted with a terminal heating unit in each zone to help supply heat
required to maintain the desired heating temperature. For both of
these systems, a temperature controlled economizer option was invoked
in some cases. Without this option, it was assumed that the amount of
makeup air for the building is fixed.

The primary equipment for supplying and extracting heat to and
from the air-handling systems selected for this analysis are typical
of the type of equipment used for this purpose. For the large and
medium buildings, heat is supplied to the air-handling and the DHW
systems by a central gas-fired hot water boiler. For the small
building, a gas-fired furnace is used for the multizone system and a
gas-fired hot water boiler is used for the variable air volume system.
A separate gas-fired heater is used to heat the water for the small
building DHW system. It is recognized that small commercial buildings
generally are heated and cooled by single-zone or packaged HVAC. For
consistency in this investigation, however, it was assumed that a
multizone or a variable air volume HVAC system is used in all
buildings.

For the large building, cooling is supplied to the AHUs by four
hermetic centrifugal chillers discharging heat to the atmosphere
through cooling towers. For the medium building, two hermetic
reciprocating chillers, discharging heat to the atmosphere through
cooling towers, are used to supply cooling for the AHUs. Packaged
direct expansion air cooled units are used for the small building HVAC
systems. DOE-2.1B default values and relationsl3 were used to
describe performance characteristics of the HVAC equipment.
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The primary equipment units were sized using design day weather
data, given in Appendix A. The first step in sizing the HVAC
equipment was to use the DOE-2.1B program to determine the circulating
air flow rate in each building zone using the design day data. For
~ this calculation, the design space temperatures were 72°F for heating
and 76'F for coolirg. The minimum air supply temperature was assumed
to be 55°F, and the maximum air supply temperature was assumed to be
72°F in the building core zone and 105°F in the building perimeter
zones. It was found that the highest circulating air flow rates were
required during the cooling season, and the buildings in Fort Worth
have the highest peak loads. It was assumed that the higher internal
loads and outside air ventilation rates existed in the buildings for
these calculations.

For the multizone air-handling systems, the circulating air flow
rates in the perimeter zones were assumed to be a value slightly
greater than those required using the Fort Worth design day weather
data. It was assumed to be 0.7 cfm/ft2 in the core zones. It was
also assumed that for the three locations studied, the specified
perimeter flow rate values are dependent on the building size and
insulation level, but independent of the other parameters. The
primary heating and cooling plants were then sized employing these
specified circulating air flow rates in the DOE-2.1B program. These
values were then increased by slightly more than 10% to approximate
design practice.

For the variable air volume system, it was assumed that the
minimum circulating air flow rate is 30% of the design values and
terminal heating was available during the heating season, if required.
The capacities of the terminal heating units were calculated by first
determining the minimum circulating air flow rates required during the
winter design day for a system having no terminal heating units. The
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terminal unit capacities were calculated from these values assuming
that the minimum circulating air flow rate is at 30% of the design
value. The heating and cooling plants were then sized using the same
procedure as for the multizone system. '

As is frequently done in practice, it was assumed that the HVAC
systems operate only during working hours, except for the limited
times when heat is supplied for freeze protection during the winter
months. In this study, the HVAC systems (including the circulating
air fans) were specified to operate from 6:00 a.m. to 6:00 p. m.,
Monday through Friday, except for holidays.

3.5 WEATHER DATA

Test Reference Year (TRY) weather data for Chicago, IL,
Fort Worth, TX, and Miami, FL were selected for this analysis. These
data represent a cold climate, a warm-dry climate, and a warm-humid
climate, respectively.

TRY weather data were selected by the National Climatic Center
for a number of cities from a 27-year log of hourly surface weather
observations for these cities. The selection of the representative
year for each of these cities was done by an elimination process
discarding the years containing months with extremely high or low tem-
peratures until one year record remained. The representative year is
1974 for Chicago, 1975 for Fort Worth, and 1964 for Miami. This pro-
cess does not imply that the selected year data are typical for each
city, but rather is a standard to be used for energy consumption
comparisons.13,14

Surface weather observations normally do not include solar data.
These data are estimated by the DOE-2 simulation program from the
cloud cover data, included in the weather data, and the position of
the sun.l18



31

3.6 UTILITY RATE SCHEDULES

Utility rate schedules for commercial customers during the year -
1985 are listed in Tables 3.3 and 3.4. These schedules are. for
Chicago, IL, Dallas, TX, and Miami, FL. These correspond to the
locations used for the weather data. The Fort Worth energy prices
were approximated by the Dallas rate schedules.

The electrical rate schedules all have demand charges in addition
to the consumption rate schedules. The demand.charges are based on
the peak power demand during each month. In addition, the large
commercial customers in Chicago have time of day electricity
schedules. For this study, hourly peak values were used to determine
the monthly peak demands. The small commercial rate data were used to
calculate the billing costs for the small buildings, and the large
commercial rate data were used to calculate the billing costs for the
medium and large buildings. In some cases, the building maximum
electrical consumption exceeded the maximum specified for the rate
schedule used in the calculation. Since this study is directed
towards the analysis of trends, the errors introduced by this should
not be sufficient to alter the overall conclusions.

The natural gas rate schedules have no demand charges. However,
like the electrical rate schedules, they do have different rates
‘during the heating and cooling seasons.



Table 3.3. 1985 monthly electric rate schedules.

Energy Fuel Cost Demand Customer Minimum
Rate, Adjustment, Charge, Charge, Charge, Taxes,
Item $/kwh $/kih $/kW $ $ %
Chicago, IL, Large Commercial, >10 kW and <500 kW maximum
Oct-May On-peak?@ 0.05510 0.00208 8.33 484,60 17.35 9.59003
Off-peak 0.02700
Jun-Sept On-peak?d 0.05510 0.00123 10.65 484,60 17.35 9.59003
Off-peak 0.02700
Chicago, IL, Small Commercial, <10 kW maximum
Oct-May First 30,000 kWh 0.04809 0.00208 8.33 6.65 17.35 9.59003
Next 470,000 kwh 0.03694
Over 500,000 kWh 0.03320
Jun-Sept First 30,000 kWh 0.04809 0.00123 10.65 6.65 17.35 9.59003
Next 470,000 kWh 0.03694
Over 500,000 kWh 0.03320
Dallas, TX, Large Commercial, >10 kW maximum
Nov-Apr First 1800 kWh 0.04500 0.027461 0.00, <10 kW " 10.00 10.00 6.25000
Next 3500 kWh 0.02500 8.300,7>10 kw
Over 5300 kWh 0.00670
May-Oct First 1800 kwh 0.04500 0.031036 0.00, <10 kW  10.00 10.00 6.25000
Next 3500 kWh 0.02500 8.300,7>10 kw
Over 5300 kWh 0.00670

A%



Table 3.3. (continued)

Item Energy Fuel Cost Demand Customer  Minimum
Rate, Adjustment, Charge, Charge, Charge, Taxes,
$/kih %/kWh $/ki $ $ %
Dallas, TX, Small Commercial, <10 kW maximum
Nov-Apr First 2500 kWh 0.04500 0.027461 10.00 10.00 6.25000
Next 3500 kWh 0.02500
Over 6000 kWh 0.00670
May-Oct First 2500 kWh 0.04500 0.031036 8.30 10.00 10.00 6.25000
Next 3500 kWh 0.02500
Over 6000 kWh 0.00670

Miami, FL, Large Commercial, >20 kW and <499 kW maximum

Dec-Mar 0.01433 0.02929 ‘ 6.25 41.00 3166.00 16.00000
Apr-Nov | 0.01625 0.02891 6.25 41.00 3166.00 16.00000

Miami, FL, Small Commercial, <20 kW maximum

Dec-Mar 0.04311 0.02933 0.00 9.00 9.00 16.00000
Apr-Nov 0.04612 0.02895 0.00 " 9.00 9.00 16.00000

¢

a49:00 a.m. to 10:00 p.m. Monday through Friday, except holidays.
bincludes $4.25/kW demand charge in block electrical energy rate.

Source: J. R. Brodrick, Gas Research Institute, personal communication to H. A. MclLain,
Oak Ridge National Laboratory, December 19, 1985
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Table 3.4. 1985 monthly natural gas rate schedules.

Heat Energy Fuel Cost Customer Minimum 4
Content, Rate, Adjustment, Charge, Charge, Taxes,
Item Btu/ft  $/100ft3 $/100ft3 $ $ %
Chicago, IL, All Commercial
1030 0.12632 0.32360 6.00 0.00 13.32000
Dallas, TX, All Commercial
1020 0.52296 -0.034