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ABSTRACT

This paper discusses cooling energy use in a
small office building with the objective of devel-
oping an understanding of where energy is used
and identifying relationships between cooling
energy and other energy end uses. Attributes of
the building metered are discussed to provide a
perspective for the data presented on energy perfor-
mance of the building with an emphasis on the
cooling energy use. The data are reviewed to
develop an understanding of cooling loads in the
puilding as well as the HVAC system's response,
Despite the detailed instrumentation of the building
it is evident that collection of additional data
is required to go beyond quantifying the building's
energy consumption and explain why the building
exhibits its characteristic cooling behavior.
Additional data needed are suggested to assist other
researchers in developing metering programs,

The final section of the paper summarizes a com-
parison of the metered data with a calibrated
DOE 2,1 energy simulation, The results of the
calibrated simulation highlight the Timitations
of sinulations in understanding building energy
usa as well as the need for metering to develop
realistic operating schedules.

THTRODUCTION

The data presented in this paper are based
upon empirical hourly end-use energy monitoring
in a 20,500 square foot office building Tocated
in Richland, WA, Hourly end-use enerusy and
nmicroclimate data have been collected for the
past two years as a pilot metering project for
a larger data collection effort in conjunction
with the Building Systems Integration Program
managed by Pacific MNorthwest Laboratory for the
U.S. Department of Energy.

The office building metered, called Sigma
IV, is a one story 20,500 square foot building
built in 1979, This building, part of a four
building complex, typifies recent construction:
it is a speculative office building leased to
a single tenant who pays only moderate attention
to energy consumption. Based upon degree days,
the climate in Richland can be characterized as
temperate: 5299 and 1030 heating and cooling
degree days, respectively (base 65 and 70,
respectively)., Summer daytime highs are typically
in the 90's (degrees Fahrenheit) with occasional
highs over 100.

227

OVERVIEW OF BUILDING STRUCTURE

The office building is roughly rectangular,
its dimensions kteing 100 X 200 feet with the
longer axis running east-west. The building
is built on a 4 inch concrete slab with walls
made of concrete block, aluminum studs, 3 1/2
inches of fiberglass insulation and drywall.

The windows are 1 dinch thick (with the air gap),
doubled glazed, solar bronzed glass mounted in
fixed aluminum sashes. The building has a large
number of divided office spaces with drywall
walls extending up to the suspended ceiling.

The ceiling is composed of 2 X 5 foot acoustical
panels below an unpartitioned plenum. The built
up roof deck consists of 2 inches of rigid insula-
tion and tar. There is a 3 foot overhang on all
four sides of the building. In addition, there
is a 6-~inch layer of fiberglass insulation in

the roof. A picture of the building is presented
in Figure 1.

The mechanical system consists of ten roof
mounted air-to-air heat pumps serving five
perimeter and five interior zones. The total
cooling capacity for the building is 50 tons,
approximately one ton for each 400 square feet,
This cooling capacity is typical for an office
of this size. There are four models of heat
pumps ranging from 28 to 88 Btu/hour of cooling
capacity. The LERs of these models range from 7
to 8. Eight of the heat pumps are equipped with
outside air temperature controlled economizers,
Mechanical cooling is locked out on six of the
heat pumps when the outside temperature drops
below 550F, Tha other two heat pumps can use
mechanical cooling below 559F if the thermostat
calls for second stage cooling. The heat pumps
lock out resistance heating when the outside
temperature is above 40°9F, Apalysis of energy
use in the building is complicated hy the dif-
ferences in heat pump capacities and their control
strategies. Additional information on the heat
pumps will be provided in the analysis section
to aid in understanding the energy use.

Information on how the building is used and
operated is also essential for understanding
energy use. There are no control systems on the
building, except for a timer on the outside soffit
tights. The building operation is probably
atypical in that there are no night-time controls
for the fans or night and weekend setbacks of
temperatures, The building is typically kept
between 70 and 75 degrees F year round and is

Proceedings of the Second Symposium on Improving Building Systems in Hot and Humid Climates, College Station, TX, September 24-26, 1985



N\

ESL-HH-85-09-35

T 11

71711 ulTTﬂT“n1(ji;rDHInrnllln
! - il ‘ - ) o ke ﬁm‘ m‘_--—_..“ —

FIGURE 1

continuously ventilated, Office lighting is
controlled gy switches located in each office,

while hall Tlighting remains on 24 hours a day.

The building is occupied by approximately 120
workers, with peak occupancy between 9:00 a.m. and
4:00 p.m. on weekdays., Employees have access to
the building 24 hours a day/365 days per year.

The building is typically occupied from 6:00 a.m. to
11:00 p.m, on weekdays and during the daytime on
weekends, Building cleaning and maintenance is
conducted during the working day. Internal
maintenance is performed on an as needed basis

and HVAC maintenance is done on a quarterly basis
by a mechanical contractor.

SUMMARY OF ENERGY CONSUMPTION

The annual end-use energy consumption over the
period of May 1984 through April 1985 is summarized
in the pie chart in Figure 2. It is surprising to
note the small fraction of the total energy use
accounted for by cooling, However, it should be
recognized that the 24 hour operation of the build-
ing results in substantial heating and ventilation
energy use, The largest energy end use was lighting
representing 387, or 197,085 kWlh. The second
largest was ventilation energy at 21%, or 108,887
kilh, Heating and cooling energy were approximately
12% each, 63,368 and 61,097 kih, respectively.

The other major end use was the convenience outlets

ANNUAL END USE ENERGY CONSUMPTION
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which accounted for 11%, or 54,777 kWlh. The large
amount of energy used at the convenience outlets

is chiefly due to the large number of personal
computers and related equipment in the building.
The "other" category consists of two hot water
heaters, a copy machine, outside lighting, a mini
computer system, and the building fire alarm sys-—
tem,

On an annual basis, the building uses 86.24
kBTU/Sq.Ft. Internal cooling loads include 32,81
kBTU/Sq.Ft. for lighting, 9.12 kBTU/Sq.Ft. for
equipment including computers and the copy machine,
and approximately 11.1 kBTU/Sq.Ft. for people
(sensible and latent). The rest of this section
will describe when and where cooling takes place
in the building.

In order to reduce the data to a manageable
level, yearly cooling has been divided into four
periods based on cooling degree days (CDD) with
a base of 700F, The four periods are: the winter,
November through April when there is a total of
1.4 CDD; the swing season, consisting of May and
October when there are 24,4 CDD; early and late
summer, June and September with 137.2 CDD; and
the summer, July and August with 511 CDD. Cooling
represents a low of 2.47 of the building's total
energy use for the winter period and rises to a
high of 31.1%Z in the summer period. In the swing
period, cooling represents 13.07 of the total
energy consumption and increases to 19.7% in the
early/late summer. Cooling energy use is not
significant until the early/late summer and summer
periods.

Average hourly cooling energy profiles are
shown for each of the four cooling periods in
Figure 3. The profiles indicate that between
June and September the building operates in a
cooling mode even when the building is virtually
unoccupied. Peak cooling loads occur between
3:00 and 4:00 in the afternoon.

The cooling energy use is normalized by square
feet and cooling degree days in Table 1. The
normalized factors are shown to allow comparison
with other buildings. However, it is evident
that normalizing cooling energy by cooling degree
days on a seasonal basis does not result in any
insights into cooling loads. This is not
surprising since the cooling loads are driven by
internal gains, not outside temperature in the
winter period and swing season.
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Table 1. MNormalized Cooling Energy Consumption
Measure * Uinter Swing Early/Late Surmer Total
Summer
latts/sq.ft. 300 492 747 1448 2937
Watts/sq.ft. 214 20.3 5.4 2.8 4.5
coD

* CDD base 70 F

The role of the economizers has been investi-
gated in order to understand the low proportion
of cooling energy use. As noted previously, two
of the zones, the east and west perimeter zones,
do not have economizers. In addition, the heat
pump servicing the east zone must be switched
manually at the thermostat from heating to coolinga,
The thermostat is usually switched over to heating
from mid November to mid April, In two of the
zones, the northwest and southwest interior zones,
the heat pumps can operate in a mechanical cooling
mode when the temperature is below 55 F if the
theriostat calls for second stage cooling.

The contribution of the economizers to serving
the cooling demand is illustrated in Fiaure 4.
The total number of heat pump cooling hours and
the number of economizer hours are shown by month.
The number of hours of economizer operation includes
all eight heat pumps with economizers. The total
hours of coolinz operation include all ten heat
ouaps.  Figure 4 highlichts the usefuiness of the
econoiizers in the period of November through
March. However, it can he seen that these hours
represent a small fraction of the annual cooling
use.

ANALYSIS OF COOLING ENERGY USE

The summary of energy use highlights the small
cooling loads in the office building. Hynotiheses
for this behavior are proposed in this section,
however it hecomes evident that insufficient data
precludes any conclusions. The low cooling loads
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might be attributed to the use of economizers,
Alternatively, the building construction or
operation schedules may be the dominating factor.

Economizer use is investigated in further

detail in this section. However, there are no
quantitative measurements of the effects of the
interior and perimeter zones being coupled to

the zround and having a large roof area with

only a moderate amount of insulation. The cooling
loads during the unoccupied hours of the day can
probably be attributed to the hall lighting which
renains on all night as well as the large quantity
of computer equipment which is typically left on.

The effects of building orientation were
investigated and the data have been summarized in
Figure 5 by zone, orientation, and location as
well as season., The energy use has been normalized
to watts/sq.ft./month to remove the effects of
different zone sizes and the longer time period
for the winter season. The Tocation and size of
each of the zones along with the cooling capacity
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of its corresponding heat pump are shown in Figure
6. The east perimeter zone has the smallest heat
puitp followed by the heat pump in the west perimeter
zone, The cooling capacities of the east and west
perimeter zones are less than the north and south
perimeter zones.

The north and south exterior zones follow the
expected pattern for the winter and swinz season:
the southern two zones use more energy, on a sguare
foot basis than the northern zone., In the early
through late summer it is surprising that the
north perimeter zone uses more cooling eneray
than the southwest perimeter zone. One possible
explanation is that there is a higzher ratio of
alass to wall area for the northern zone than the
southwestern zone as well as the role of the over-
hang 1in reducinz solar loads on the southern face.
The east and west perimeter zones use significantly
less energy than the other perimeter zones for
all seasons excent during the winter for the west
serimeter zone. This result is surprisinz,
especially since the east and west perimeter zone
heat pumps do not have economizers, The Tow cooling
eneray consumption in these zones suggests the
importance of the interaction of equipment sizing.
The interior zones exhibited the same cooling
behavior.

It is difficult to provide a detailed expla-
nation of the difference in the performance of
the different zones due to the limitations of the
data collected. Uhile the heat pumps all have
similarly rated efficiencies, any differences in
the installed perforimance of the heat pumps mizht
explain some of the zonal variations. In addition,
the performance of the inaividual zones is affected
by the mixing of the return air from all the zones
in the nlenum,
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Economizer operation was investizated and is
summarized in Figures 7 and 8 on a zone by zone
basis for the four defined cooling periods. Figure
7 shows the fraction of hours during which the
economizers were used as a percent of total hours
when the thermostat called for cooling. Figure
8 shows the percent of hours of economizer
operation of the total hours in the time period.
These fizures should be viewed in the context of
the building's operational characteristics. The
building systems operate 168 hours a week as
opposed to a typical office building which is
ooerated approximately 80 hours a week. Cooling
is rorely required during the extended hours of
buildinz operation due to the combination of low
nighttime temperatures and relatively low internal
loads. Therefore, these percentages are Tikely
to be siznificantly higher in a building with a
typical operating schedule, MNo economizer
operation is shown for the southeast interior
zone. The metered data indicate that the
econormizer was not working.
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Except for the southeast interior zone, the
economizer operation serves a significant portion
of the cooling demand during the winter season.
When these data are examined by month it is evident
that the economizers account for almost 1007% of
the cooling demand for the period of December
through March. In April the demand for cooling,
as called for at the thermostat, represents a
large proportion of the total cooling hours for
the six month period. In addition, the daytime
temperature rises above 55°F thus requiring
mechanical cooling. The second column illustrates
that the percent of hours where cooling is needed,
either mechanical or free, is a small percent of
the time perijod. In the summer, the contribution
of the economizers becomes negligihle.

ADDITIOMAL DATA REQUIRED

There is no "correct” amount of instrumentation
required to meter a commercial building. Instru-
mentation requirements are established by study
objectives, study budget, and hardware limitations.
Data summarizing end-use energy consumption are
valuable to identify actual consumption patterns
and to help confirm or refute common expectations
and/or the results of thermal simulations. The
Sigma IV metering research project indicates the
importance of knowing about the performance of
the HVAC system. Either continuous, or one-time,
measurements of equipment efficiency would be
useful to nelp explain variations in energy use
by building zone. Monitoring of part load
performance would also be useful. Measurements
of insolation in the perimeter zones could be
used to further assess the impacts of building
orientation as well as the effectiveness of the
huilding's overhangs. Finally, the ability to
adjust the building's operating schedules to study
the associated impact would aid in developing an
understanding of cooling energy use in the
building,

COMPARISOMN WITH COMPUTER SIMULATIOM

The availability of metered data at this
level of detail can provide valuable insights
into possihble building energy conservation strate-
gies. Since the data are collected hourly, the
building energy use can he compared to estimates
from an unlimited number of energy analysis
nmethodologies and tools. Discussed hriefly here
is an attempt to model the energy consumption in
Sigma IV with the DOE 2.1B energy analysis progran.

DOE 2,1B is a public domain, hour-by-hour
computer simulation that has been widely used by
building designers, engineers, and researchers.
The validity of its algorithms and methodologies
has been demonstrated in a number of studies.
Nevertheless, many designers, enzineers, and
researchers alike are skeptical of its accuracy
and suitahility for assessing design strategies.
The intent of this work was nat to validate the
program or prove its accuracy, but rather to Tend
insight into its suitabhility for developing enecrgy
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conservation strategies in a specific building,

and to highlight potential user errors and pitfalls
in modeling a building. Of particular interest
here is the prozess of compiling input estimates

of huilding use schedules. The availability of
hourly data allaows close scrutiny of such
estimates,

In order to directly compare the metered
data for a particular year with a computer simula-
tion, it is necassary to use the same weather
year for input into the simulation, The availa-
bility of such data at Pacific Northwest Laboratory
(PHL) has made this possible., Hourly weather
ohservations from 1982 through 1984 were obtained
from the PNL weather station. These data were
converted to Test Reference Year (TRY) format
which can be read by the DOE 2.1B weather
processor, Since the metered data cover a period
from November, 1983 through April, 1985, the full
measurement year can be directly compared.

Two significant difficulties were encountered
in modeling the Sigma IV building for tiis study.
Both involve limitations of the ability of DOE
2.1B to model the performance of heat oumps. The
first, and the most critical to this study, is
the inability cf DOE 2,1B to model economizer
operation on an air-to-air heat pump. The second
problem is the inability of DOE 2,18 to rodel the
common return air plenun for the ten heat pumps.

One of the first steps in modeling a building
is the development of building use schedules.
Since enerzy use in larger buildings is typically
ariven dominantly by internal Toads, this step
is extremely important, Unfortunately, these
assumptions are often given only minimal thousht.
Even when carefully developed, these assumed
schedules may rot be accurate, as was demonstrated
by this study.

The Sigma IV puilding was modeled three times,
first with estimated Tighting and equioment den-
sities and schedules, then with "standard" lighting
ana equipment schedules from the DOE 2.1B Reference
Manual, and finally with the actual power densities
and schedules derived from the metered data. The
estimated power densities were developed by
counting the installed light fixtures and equip-
ment. Estimated occupancy, Tighting, and equipment
schedules were developed through the consensus of
a number of persons familiar with the building.

The "standard" occupancy, lighting, and equiprent
schedules from the DOE 2.1B Reference Manual were
used in conjunction with the estimated power den-
sities for the second simulation. The final sim-
uvlation was calibrated so that lighting and equip-
ment energy use were as close as possible to the
actual consumption. The results of these simula-
tions are shown in Figure 9.

Upon firsw examination, the results appear
to compare favorably., For examnle using the
estimated use schedules the Tighting energy
consumption was predicted with an error of less
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than ten percent of metered consumption. However,
closer examination reveals some interesting
differences. The count of connected lighting
fixtures amounted to 3.01 Watts/sq.ft. However,
the actual peak density revealed by the metered
data was 2.37 Watts/sq.ft, indicating that all

the Tights are never on or working at the same
time. The estimated schedule assumed that the
mininum lighting use (during the night) was
approximately 5 percent of the peak. The data
revealed that this base is almost 30 percent.

Had the peak density been estimated correctly,

the annual lighting eneray would have been predicted
with an error of almost 30 percent. Cooling eneray
would have been predicted with a difference of 11
percent from the original estimate, and 17 percent
from the actual metered consumption.
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Similarly, convenience outlet (equipment)
schequles and power densities were not estimated
correctly, The differences in predicted cooling
consumption resulting from these errors could
result in detrimental energy consarvation strategies
if the simulation were used as the primary input
for decision-making. In any particular situation,
the magnitude of errors resulting from faulty
building use assumptions might easily equal or
exceed the calculated savings from any proposed
energy conservation strategies.
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CONCLUSIONS

Hourly end-use energy data were collected and
analyzed for a one year period, Cooling energy
was found to represent approximately 12 percent
of the total annual electricity consumption.
Economizer operation was shown to provide a rela-
tively small portion of annual cooling require-
ments. The difficulty of explaining the causes
of the loads were highlighted. The low cooling
requirements as well as the cooling behavior of
the different perimeter zones could not be directly
coupled to the issues of proper equipment sizing,
operating schedules, and building construction.
This revelation, while disappointing, emphasizes
the need for careful design of metering studies
developed to identify strategies to reduce total
enercy use as well as peak enerzy demand.

The experience gained from the calibrated
energy simulation highlighted the care and caution
required when using this approach for analyzing
energy use in specific buildings. The metering
effort has revealed that accurate operating
schedules are of utmost importance. The analyst
should devote the time and expense necessary to
correctly estimate schedules and internal load
densities before attempting to determine conserva-
tion strategies., Periodic spot measurenents at
the electric panel are probably warranted.
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