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Summary

This study examines whether a refined energy use intensity (EUI) metric that accounts for occupant
density might provide a more nuanced understanding of the true energy footprint of a building. The
definition of occupancy used for this analysis was based on the newly proposed concept of full-time
equivalent occupancy (FTEO), which considers actual occupancy hours rather than the number of
assigned occupants. This concept came from a white paper developed by the General Service
Administration’s (GSA) Green Building Advisory Committee (GBAC) EUI Task Group during 2016.
The U.S. Department of Energy’s (DOE’s) Federal Energy Management Program agreed to support
further investigation of this concept and funded Pacific Northwest National Laboratory to lead an initial
study.

The primary objective of this study was to assess the influence of occupancy on building energy use and
EUI in a “typical” Federal office building, employing the FTEO concept. To evaluate the influence of
occupancy on building energy performance and to test the utility of an FTEO-adjusted EUI metric, the
research team studied an initial pair of office buildings with varied occupancy and examine the
relationship between energy use and FTEO over time. Because of the limited scope of this analysis, the
research team looked for alternative ways to validate the findings. These included a “bottom-up” estimate
of potential personal loads and the review of larger datasets with occupancy and energy use data to see if
the findings were generally congruent with the building-level analysis.

All of the analysis methods, including regression analysis of daily building energy use and occupancy, the
bottom-up estimate of non-weather influences on building energy use, and a meta-analysis of the DOE’s
Building Performance Database, suggest that occupancy has a measurable but relatively minor effect on
building energy use. The estimates of the influence of occupancy on building electricity from all of the
analyses are in the same general range, as summarized in Table ES-1.

Table ES 1. Summary of the influence of occupancy on building energy use

Analysis Occupancy Influence
GSA Headquarters building data 2.28 kWh/day-FTEO
Byron Rogers building data 2.41 kWh/day-FTEO

DOE Building Performance Database  1.93 kWh/day-FTEO
Bottom-up analysis (plug loads only) 0.43 to 0.94 kwh/day-occupant

While the estimated impact of occupants in the bottom-up analysis was slightly lower than the estimates
from the other methods, it should be noted that the bottom-up approach studies the influence of occupants
on their plug load use only, while the other three analyses characterize the influence of occupants on plug
loads as well as other weather-dependent (i.e., heating, cooling, ventilation) and non weather-dependent
(e.g., lighting, portable heaters) loads.

To help the GBAC understand whether an occupancy-adjusted EUI metric may be informative, a
sensitivity analysis was carried out to show how the traditional EUI and the occupancy-adjusted EUI
change when a building’s occupancy increases. For the GSA Headquarters building, when peak
occupancy increased by 76%, traditional EUI — energy use per square foot (kWh/ft2-yr) — increased by
about 7%, while occupancy-adjusted EUI — energy use per occupant (kwh/FTEO-yr) — decreased by



39%. For the Byron Rogers building a 50% increase in occupancy resulted in a 22% increase in
traditional EUI and an 18% decrease in occupancy-adjusted EUI. That the occupancy-adjusted EUI
decreases is intutitive. When the occupant count increases, energy use related to occupants (e.g., plug load
for additional computers) also increases proportionally. At the same time, energy use independent of
occupants (e.g., baseload energy used for building systems) gets divided among a larger number of
occupants, resulting in the decrease in the Occupancy-Adjusted EUI. In other words, building energy is
serving a larger population of occupants with less energy use per occupant. This proposed new metric
thereby provides government decision makers, planners and managers with an additional perspective on
building energy efficiency.

However, to assess the value of tracking an occupancy-based EUI as a supplemental metric to traditional
EUI, it should be considered that accurate occupancy data—either assigned occupants or actual
occupancy levels—can be difficult to acquire. Most buildings do not have accurate occupancy logs at the
required granularity, and the level of effort involved in collecting and processing occupancy data
specifically is not trivial. If data or useful estimates can be obtained without excessive cost and effort, the
occupancy-adjusted EUI has the potential to help to show how the building performs at a per-occupant
level. It could also be useful in evaluating the impact of adding multiple shifts to a building or promoting
teleworking.

Evaluating the impact of future building consolidation efforts depends on building-specific occupancy.
Building owners considering consolidation could use the energy use per occupant estimate from this
study to come up with ballpark estimates of the influence of adding occupants on EUI. However, building
consolidation efforts should be evaluated on a case-by-case basis using building-specific data for greater
accuracy.
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1.0 Introduction

During fiscal year (FY) 2016, the Green Building Advisory Committee (GBAC) established an Energy
Use Intensity (EUI) Task Group to investigate whether a refined EUI metric that accounts for occupant
density might provide a more accurate understanding of the true energy footprint of a building. The EUI
Task Group developed a white paper suggesting an occupancy-based EUI be developed based on the
newly proposed concept of full-time equivalent occupancy (FTEO), to more accurately estimate of energy
use per occupant.

The U.S. Department of Energy’s (DOE’s) Federal Energy Management Program agreed to support
further investigation of this concept and funded Pacific Northwest National Laboratory to lead an initial
study. The objectives of this study were to

o assess the influence of occupancy on building energy use and EUI in a “typical” office building,
where occupancy is based on the concept of FTEO, and

o if warranted, provide a factor to account for the influence of changes in occupant density.

2.0 Background

EUI has long been the primary metric used to evaluate federal building performance. Its use has been
codified in past and current goals established under the Energy Policy Act of 2005, the Energy
Independence and Security Act of 2007, and recent executive orders including EO 13693, which requires
federal agencies to reduce EUI of buildings by 25% from FY 2015 to FY 2025.

A primary rationale for looking at the influence of FTEO on building performance is to better understand
how building consolidation decisions could affect this assessment of building performance. A number of
government-wide and agency building consolidation policies have been issued in recent years. Most
recently, in 2015 the Administration issued the National Strategy for Real Property and the Reduce the
Footprint policy,>® which required agencies to reduce set annual square foot reduction targets for federal
domestic buildings and adopt space design standards to optimize federal domestic office space usage. The
U.S. General Services Administration (GSA) also has explicit goals to reduce per-employee office space
allocations.

The FTEO concept accounts for the fact that the number of assigned occupants may not represent actual
occupancy levels in a building, due to various factors including telework, alternative work schedules, and

1 EO 13693, Planning for Federal Sustainability in the Next Decade. March 19, 2015. The White House,
Washington, DC.

2 The White House. 2015. National Strategy for the Efficient Use of Real Property, Reducing the Federal Portfolio
through Improved Space Utilization, Consolidation, and Disposal. Washington, DC. Available at:
https://www.whitehouse.gov/sites/default/files/omb/financial/national-strateqy-efficient-use-real-property.pdf.

3 The White House. 2015. Memorandum from David Mader, Controller, to all CFO Act Executive Agencies,
“Implementation of OMB Memorandum M-12-12, Section 3: Reduce the Footprint,” March 25, 2015. Management
Procedures Memorandum No. 2015-01, Washington, DC. Available at:
https://www.whitehouse.gov/sites/default/files/omb/financial/memos/implementation-reduce-the-footprint.pdf.
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attendance at outside meetings or events. FTEO therefore was proposed to reconcile these differences by
comparing the full-time equivalent (FTE) occupants assigned to actual occupancy levels.

The Government Accountability Office defines an FTE as the number of total hours worked divided by
the maximum number of compensable hours in a full-time schedule as defined by law. The normal
schedule for an FTE in a year is defined by the GBAC EUI Task Group as 1645 hours [35 hours per week
x (52 weeks per year — 5 weeks regulatory vacation)], which accounts for occupants being out of the
building one hour per day. Regulatory vacation may be defined as federal holidays plus average annual
leave hours earned per year. An FTEO is defined as the total annual occupied person hours divided by the
FTE.

Total Annual Occupied Person Hours
1645 Hours

FTEO =

3.0 Methodology

The study approach involved a review of literature and simulation tools, followed by analysis of
occupancy and energy use data in two federal buildings. Several methods were used to validate these
findings, as discussed below.

3.1 Literature Review

The research team reviewed a few dozen publications to identify and evaluate studies to date of the
influence of occupancy on energy consumption of a building. Zaraket et al.! commented on the
monolithic nature of the occupancy module of existing simulation tools. They propose an elaborate
activity-based model to evaluate occupancy-based demand in residential applications. Other studies like
Yang and Bevcerik-Gerber,? Wei et al.,® and Guerra Santin et al.* looked specifically at the influence of
occupancy on heating, ventilation, and air conditioning (HVAC) system loads and their operation. Yang
and Bevcerik-Gerber investigated the influence of occupancy on the energy efficiency of the HVAC
system from three different aspects: occupancy transition, variations, and heterogeneity. For occupancy
variations, the energy efficiency of the HVAC system varied between 3% and 24% according to the
study.

Wei et al. studied the occupant-related cooling load in office buildings, specifically how occupant related
cooling loads are influenced by occupancy rate estimated at the design phase. Over-estimated occupancy
increases HVAC energy use because of inefficiency and the study proposes a correction coefficient to

! Zaraket T, B Yannou, Y Leroy, S Minel, and E Chapotot. “An occupant based energy consumption model for user-
focused design of residential buildings.” Journal of Mechanical Design, American Society of Mechanical Engineers,
2015, Special issue on ”User Needs and Preferences in Design Engineering,” pp.1-11.

2'yang Z and B Becerik-Gerber. “How Does Building Occupancy Influence Energy Efficiency of HVAC Systems?”
Energy Procedia 88(2016):775-780.

3 Wei F, C Marnay, N Zhou, Y Ding, and Z Wang. 2016. Influence of occupancy - oriented interior cooling load on
building cooling load. LBNL-1004068, Lawrence Berkeley National laboratory, Berkeley, CA.

# Guerra Santin O, L Itard, and H Visscher. 2009. “The effect of occupancy and building characteristics on energy
use for space and water heating in Dutch residential stock.” Energy Build 41(2009):1223-1232.



modify the design load. Guerra Santin et al. specifically looked at the impact of occupant behavior on
space heating energy consumption in Dutch residential stock by controlling the building characteristics.
The study concluded that the occupancy behavior changed the energy use by about 4.2%. Moorefield et
al. and Menezes et al.? examined the influence on plug loads. These are two widely referenced plug load
field measurement studies that identify typical equipment types used by occupants in offices and
associated energy use patters.

Clevenger and Haymaker® conducted a sensitivity analysis study that looked at a classroom of
approximately 1000 ft? in California. The baseline was in accordance with Title 24 of the California Code
of Regulations. The authors studied the influence of occupants on various schedules (lighting, equipment,
fraction of people in the building) as well as various loads associated with occupants. The study found a
relatively small change in energy loads (7% to 10%) when occupancy density more than doubled 10 to 25
people per 1000 ft2,

Azar and Menassa* identified existing simulation parameters that related the occupants’ behavior to total
building energy use. It looked at small office buildings (1000 to 5000 sq. ft.) and varied parameters such
as base load, lighting, heating and cooling set points during the occupied and unoccupied hours to
quantify their influence on the building’s energy use. The study looked at the sensitivity of parameters in
two different regions (Miami, FL and Milwaukee, WI). The influence coefficients of the studied
parameters on the building’s energy consumption ranged between -1.5% and +1.5%.

Seryak and Kissock® analyzed the influence of occupant counts as well as behavioral effects on campus
housing energy consumption. The study looked at approximately 350 student homes and found that the
electricity use in student housing increased as the occupant count increased, but the gas consumption for
the house was influenced more by the house characteristics than the occupant count.

3.2 Simulation Tool Review

The research team reviewed simulation and benchmarking tools, which often use occupancy numbers and
work schedules as inputs, to understand whether they included implicit assumptions about the influence
of occupants on energy consumption.

! Moorefield L, B Frazer, P Bendt, S Foster, C Billingsly, C Mercier, and K Dayem-Billingsley. 2011. PIER Final
Project Report: Office Plug Load Field Monitoring Report. CEC-500-2011-010, prepared by Ecos for the California
Energy Commission, PIER Energy-Related Environmental Research Program, Sacramento, CA. Available at:
http://www.energy.ca.gov/2011publications/ CEC-500-2011-010/CEC-500-2011-010.pdf.

2 Menezes AC, A Cripps, RA Buswell, J Wright, and D Bouchlaghem. 2014. “Estimating the energy consumption
and power demand of small power equipment in office buildings.” Energy and Buildings 75(2014):199-2009.
Auvailable at: http://www.sciencedirect.com/science/article/pii/S0378778814001224.

3Clevenger CM and J Haymaker. 2006. “The impact of the building occupant on energy modeling simulations.” In
Joint International Conference on Computing and Decision Making in Civil and Building Engineering, International
Society for Computing in Civil and Building Engineering, Montreal, Canada, pp. 1-10.

4 Azar E and CC Menassa. 2012. “Sensitivity of energy simulation models to occupancy related parameters in
commercial buildings.” Proceedings of the Construction Research Congress of 2012, West Lafayette, IN, May 21—
23, 2012.

® Seryak JK and K Kissock. 2003. “Occupancy and behavioral affects on residential energy use.” Proceedings of the
Solar Conference, American Solar Energy Society, American Institute of Architects, pp. 717-722.
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The tools reviewed included EnergyPlus, eQUEST, DOE-2 suite, and the Facility Energy Decision
System. All of these simulation tools account for occupants, but upon reviewing the algorithms and
assumptions it was found that these tools use occupancy values and schedules to estimate the HVAC load
only. Other building energy loads that could be influenced by occupants (e.g., plug loads, lighting) are
based on power density factors (i.e., an assumed watts per square foot) and their operation is not assumed
to be directly influenced by occupant density. A modeler may directly adjust these factors to account for
occupant density, but no inherent relationship between occupancy and energy use in these non-HVAC
systems was found.

The ENERGY STAR Portfolio Manager benchmarking tool was also reviewed to understand how
occupancy values are factored into benchmarking scores. Portfolio Manager ranks a subject building
relative to peer buildings based on the Commercial Buildings Energy Consumption Survey (CBECS)
2003 dataset of approximately 500 office buildings. The benchmarking methodology considers both the
number of workers per 1000 ft?and the number of computers as independent variables, and uses this to
predict EUI (kBtu/ft2-yr). It then calculates a ratio of actual-to-predicted performance based on a
regression curve, and uses that to rank the building. The technical support documentation for Portfolio
Manager provides the following regression curve coefficients:

e Workers per 1000 ft?: 10.34
e Computers per 1000 ft?: 17.28

These regression coefficients do not have units; they are multiplied by the difference between the
building-specific value for the variable and the dataset’s mean value to estimate kBtu/ft2-yr, such that:

The workers per 1000 ft component of the total EUI = [natural log (workers/1000 ft?) — Mean of
natural log of workers / 1000 ft2 for all CBECS buildings for the specified building type'] * 10.34
= kBtu/ft>-yr

The computers component of the total EUI = [Computers/1000 ft> — Mean of computers per 1000
ft? for all CBECS buildings for the specified building type®] * 17.28 = kBtu/ft*>-yr

For example, for a building that has 2000 workers on the main shift and 2000 computers, the estimated
contribution of the two factors (workers and computers) to the overall source EUI are about 7.5 and 4.3
kBtu/ft>-yr.

It is notable that computers are estimated to represent comparatively more of the non-HVAC “personal”
loads than other occupancy factors. Further consideration to how this could be used to support
assessments of occupant impacts is discussed in Section 6.0, Further Study.

3.3 Building Data Analysis Approach

To evaluate the influence of occupancy on building energy performance and to test the utility of an
FTEO-adjusted EUI metric, the research team sought to study an initial pair of office buildings with
varied occupancy and look for a relationship between energy use and FTEO over time.

1 Mean of natural log of workers / 1000 ft? for all CBECS 2003 office buildings was 0.5616
2 Mean of computers per 1000 ft2 for all CBECS 2003 office buildings was 2.231


https://www.energystar.gov/buildings/facility-owners-and-managers/existing-buildings/use-portfolio-manager

3.3.1  Building Selection and Data Collection

The research team worked with GSA to identify buildings with expected availability of both energy
interval data and occupancy data (through prox card access readers). The following buildings were
selected:

o GSA Headquarters (HQ), 1800 F St NW, Washington, DC — This is an approximately 750,000
gross square foot, nine-level office building with 4400 assigned occupants. The building has
undergone renovation and upgrades multiple times during its life, including a chiller system upgrade
in 2005 and a partial building refresh to support the consolidation of employees from three different
buildings at the 1800 F Street location, completed in 2013.

e Byron Rogers Federal Building and Court House, 1961 Stout Street, Denver, CO — This is an
approximately 650,000 gross square foot, 18-story building that houses a court house and federal
office building. The data analysis looked at only the federal office building space and not the
courthouse. About 950 occupants are assigned to this building. The building underwent a major
renovation between 2010 and 2014 that was projected to save between 60% and 70% of the
building’s energy consumption.

The following data was gathered from GSA and other sources for each building for a 1-year period from
January to December 2015.

GSA HQ Building

¢ 15-minute electricity use from Pepco, the electric utility provider

Hourly district steam use

Instantaneous building prox card access swipe-in logs and swipe-out logs as people enter and leave
the building

Hourly outdoor air temperature data from GSA’s energy management system

Ancillary data from the building manager, including number of assigned occupants and typical
operating hours
Byron Rogers Building

e 15-minute electric energy use from GSA’s energy management system

¢ 15-minute natural gas energy use from sub-meters

¢ Instantaneous building prox card swipe-in logs that register when an occupant enters the building
(Note: Swipe-out logs were not available for this building)

¢ Daily average outdoor temperature data from the University of Dayton - Environmental Protection
Agency Average Daily Temperature Archive

o Ancillary data from the building manager, including number of assigned occupants and typical
operating hours



3.3.2 Data Processing and Limitations

While the data requests were for the lowest granularity available for each data source, the research team
decided to conduct the analysis at a daily time scale for many reasons. Although the datasets were highly
granular, not all the data were at the same time scale, and an analysis at a daily time scale was more
intuitive. One reason for choosing a daily time scale was to ensure that the “noise” due to high-level
granularity and variance in the data points was considerably reduced, making the analysis cleaner.
Another reason was that the study’s intention is to evaluate an annual energy use metric in kBtu/ft>-
FTEO, considering that the proposed definition of FTEO does not exist below a daily time scale (7 hours
per day). Analysis at a more granular a time scale than the daily level would mean that the proposed
FTEQ definition would need to be modified.

Once the data was gathered for both the GSA HQ building and the Byron Rogers building, the following
steps were performed to clean and process the available data to carry out the analysis. This section also
discusses the limitations of some of the datasets, the steps involved and the assumptions made to carry out
the analysis.

GSA Headquarters Building

e Electric data — The 15-minute electric use data from the utility was converted to hourly and daily
energy use values in Kilowatt-hours. These daily consumption values were checked against monthly
billed data and accounted for only about 20% to 25% of the total kilowatt-hours based on values
reported in Portfolio Manager. Despite several attempts to acquire the complete dataset for this
building, only data from the single meter was available. Note that the analysis team could not
determine what loads the data provided pertained to; if the missing data was for loads on separate
meters (e.g., lighting or HVAC systems) and these systems are heavily influenced by occupancy, the
analysis would not capture this accurately. However, this was the best data available. To proceed with
the analysis, it was assumed that the daily usage profiles seen in the available dataset were
representative of the remaining data, and daily energy use was scaled up proportionately for the
remainder of the missing demand data. An adjustment factor was developed as a ratio of metered
energy consumption (from Pepco) and billed energy consumption at a monthly scale and the daily
energy kilowatt-hours value was prorated based on these factors, depending on the month.

e Steam data — Hourly district steam system flow meter values were consolidated and hourly steam
usage in pounds per hour was estimated as the difference between flow meter readings of two
consecutive time stamps. The hourly values were then aggregated over the day.

o Occupancy data — Prox card swipe-in and swipe-out logs were used to estimate the number of
persons inside the building during any hour of the day. This person count for each hour was
aggregated over the day to estimate the total number of person-hours for that day. The occupancy
profile for an average week is shown in Figure 1. As seen in the figure, the number of occupants over
the weekends was very low and close to zero. Per GBAC’s FTEO definition, an FTE’s work day
consists of 7 hours of work. Hence, the total number of person-hours value was then divided to
estimate the equivalent FTEO per day for that specific day.
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Figure 1. GSA Headquarters building occupancy by hour

e Temperature — Hourly outdoor air temperature from the GSA’s Enterprise Energy Management
system was averaged to estimate the average daily outdoor air temperature.

Byron Rogers Building

e Electric data — 15-minute electric demand data was converted to hourly and daily energy use values
in kilowatt-hours.

¢ Natural gas data — 15-minute sub-meter data for the heating systems was used to estimate the
heating energy use in British thermal units by calculating the difference between the sub-meter
readings from two consecutive time stamps. This energy use was consolidated over the day to
estimate daily heating energy use in British thermal units.

o Occupancy data — The prox access system logs only entry swipe-ins and not exits. As a result, the
occupancy at the hourly level for the building had to be estimated. The building manager reported that
most people exited the building between 4:30 PM and 6:00 PM. Because this was roughly consistent
with the exit patterns for the GSA HQ building, the exit patterns were assumed to mirror that office
building. Prox card instantaneous swipe-in logs were used to estimate the number of occupants in the
building during the morning under the assumption that majority of the people entering the building in
the morning do not leave until the close of business day. Based on entry and exit log information from
GSA HQ building, an average weekly occupancy profile was created by averaging the number of
person-hours at each hour for each day of the week. This was done considering the significantly
different number of people in the office on Mondays and Fridays compared to the middle of the week.
The hour of peak occupancy (highest number of occupants) was identified and the occupancy for the
other hours was established as a fraction of peak occupancy. This peak occupancy hour was
consistently at 10 AM for Monday through Thursday and for Fridays, the occupancy at 10 AM was
about 95% of the peak occupancy at 1 PM. Using this occupancy profile information and actual prox
swipe-in information up to 10 AM, the number of persons during each hour for the remainder of the
day was established. The number of person-hours for each day is estimated as the sum of the number
of persons at each hour of the day. The occupancy profiles for an average week are shown in Figure
2. Per GBAC’s FTEO definition, an FTE’s work day consists of 7 hours of work. Hence, the total



number of person-hours value was then divided to estimate the equivalent FTEO per day for that
specific day.
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Figure 2. Byron Rogers building occupancy by hour of the day

o Temperature data — Daily average outdoor temperature data for the analysis period for Denver was
obtained from University of Dayton - Environmental Protection Agency Average Daily Temperature

Archive.

3.3.3 Data Analysis

The energy consumption of a commercial space like an office is driven by many factors, including the
weather and the building’s occupancy. For the two buildings studied, the impact of these two main drivers

was evaluated as follows:

¢ Building energy use was correlated to average daily outdoor temperature to understand how much of
the building’s energy use is driven by weather alone.

¢ Building energy use was correlated to estimated daily FTEO to understand how much of the
building’s energy use is driven by FTEO alone.

o A multivariate regression model was created to assess the level of impact for both of these identified
independent variables to study their influence on building energy use.

e The sensitivity of traditional EUI (kBtu/ft?), occupancy-based EUI (kBtu/ft? or kBtu/ft>-FTEQ), and
energy consumption (kBtu) was determined for various occupancy levels.

In the initial analysis, the team looked for correlations over the entire 1-year period for both buildings.
Upon futher investigation, the research team identified the need to develop a modified analysis method to
account for the fact that occupancy may have different levels of influence on plug load energy use
compared to HVAC-related energy use. The datasets were divided into two groups based on the
temperature change point at which the HVAC began cooling the building, and the slope of the occupancy



correlation was calculated for each dataset. The slopes were then weighted based on the number of data
points analyzed.

The results of the analysis and their implications are discussed in Section 4.0, Findings.

3.4 Follow-on Analysis and Validation Approach

Because the analysis of hourly occupancy and energy use data was limited to two buildings, the research
team looked for alternative ways to validate the findings. These included a “bottom-up” estimate of
potential personal loads and the review of larger datasets with occupancy and energy use data to see if the
findings were generally congruent with the building-level analysis.

3.4.1 Bottom-up Analysis

The first method was to take a bottom-up approach to estimate non-weather-related loads that may be
associated with individual occupants in a typical office building. To identify the types of equipment
typically used by occupants, as well as associated energy use and use patterns, approximately 12 of the
most widely referenced plug load measurement studies and meta-studies were reviewed. See for example,
CEC 2011, Menezes et al. 2014,2 and GSA 2013.2 When published data was not available or was based
on very limited studies, the research team established revised assumptions based on observed practices at
general office buildings. Together, this data was used to develop a bottom-up estimate of the total non-
weather-dependent, personal loads that a “typical” occupant might carry with them.

Assumptions used to estimate daily energy use are presented in Table 1. Average power use values were
identified during “on,” “off,” and “standby”” modes, as relevant. Duty cycles refer to the hours per 24-hour
period that a given piece of equipment is typically on, when averaged over a full week. It is noted that
these values can vary significantly by building; published values from field studies were used when
available to make these as representative as possible. To illustrate, a laptop is assumed to be in active
mode 2.4 hours per day, in standby mode 15 hours per day, and off (either unplugged or disconnected)
6.2 hours per day on average over a full week, and it is assumed that 50% of the occupants in the building
use laptop computers and the other 50% use desktop computers.

1 CEC. 2011. PIER Final Project Report: Office Plug Load Field Monitoring Report. CEC-500-2011-010, prepared
by Ecos for the California Energy Commission, PIER Energy-Related Environmental Research Program,
Sacramento, CA. Available at: http://www.energy.ca.gov/2011publications/CEC-500-2011-010/CEC-500-2011-
010.pdf.

2 Menezes AC, A Cripps, RA Buswell, J Wright, and D Bouchlaghem. 2014. “Estimating the energy consumption
and power demand of small power equipment in office buildings.” Energy and Buildings 75:199-209. Available at:
http://www.sciencedirect.com/science/article/pii/S0378778814001224.

3 GSA. 2013. Plug Load Research Review Summary. Prepared by the Institute for the Built Environment for the U.S.
General Services Administration, Office of Federal High-Performance Green Buildings, Washington, DC. Available
at: http://www.gsa.gov/portal/mediald/179423/fileName/Plug_Load Research Review Summary PDF.
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Table 1. Assumptions used for bottom-up estimate of personal loads

Average Watts Duty Cycle
Avg Avg
Hours Hours Hours per % of Occupants
On Off Standby per Day  per Day Day in Using
Equipment Type® w)  (w) (w) On Off® Standby  Equipment Daily
Desktop computer 46 2 7.2 1.7 15 50%
Laptop computer 14 0 1 24 6.2 15 50%
LCD monitor 15 0.2 0.5 4.3 5.3 14 100%
Computer speakers 4.1 1 1.7 22.3 50%
Mobile phone charger 3.7 2.24 0.26 0.5 15.4 8.2 50%
Phone: analog 11 24 75%
Phone: VOIP 2.0 24 25%
Task lighting 36 0 1.8 22 25%
Personal printer: laser 131 1.58 0.5 24 13%
Personal printer: inkjet 9 5.26 0.5 16 13%
Coffee maker 464  1.25 0.7 23.3 6%
Space heater 1500 1.03 0.1 23.9 2%
Compact refrigerator (2.3 ft°) 28 24 - 5%

(a) Assumed to be Energy Star if available.
(b) Disconnected or plug controlled.

3.4.2 Building Performance Database Analysis

A second method used to help validate findings on occupancy-energy use correlation from the GSA
buildings was to evaluate a much larger dataset for general consistency, even if the data had less
granularity. The DOE Building Performance Database (BPD), which has approximately 10,000 buildings
with both occupant density and EUI data, was used to run a correlation between FTEOs and building
EUls.

While the BPD allows users to plot relationships, it does not allow the user to download the raw data for
each facility. However, it does provide statistical data for different occupant density levels, as illustrated
in Table 2. First, the plots of the data points were visually analyzed for the range of occupancy densities
shown below, and a cluster mean was identified. For example, for the range of 0 to 2 persons per 1000 ft?,
the cluster mean was identified as 1.5 persons per 1000 ft2. The cluster mean was identified for all bin
ranges of occupant densities.

The cluster mean occupant densities were then converted to design occupancy based on an assumed
building area of 750,000 ft2. The square footage value was used merely for the purpose of this analysis
and this could be set at any value. The typical occupancy during any day was then estimated as 80% of
occupancy under the assumption that only 80% of the estimated design occupancy is typically seen due to
sickness, vacations, telework, and other factors.

Based on the office data points in the BPD, weekly operating hours hours were found to average about 65
hours. The number of operating hours per year was then calculated as the product of average weekly
operating hours and an estimated 50 work weeks per year. The BPD consists of non-government office
buildings as well, which may have less time-off and hence the number of work weeks was estimated to be
50. The number of FTEOs was then estimated as the ratio of calculated operating hours per occupant per
year and FTEO of 1645 hours per year.
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To convert the reported EUI in kBtu/yr-ft?to KWh/yr-ft2, the same square footage of 750,000 was used to
produce an annual building electricity use value. The annual electricity use in kBtu/yr was then converted
to kWh/yr using a conversion factor of 3.412 kWh/kBtu. The annual electricity use value was then
converted to a daily electricity use using 365 days per year since the reported EUI is typically based on a
whole year.

Table 2. Building Performance Database data on occupant density vs. EUI

Occupant Density
Occupant Density (People per 1000 ft?)
(People per 1000 ft?) Visually Estimated Mean for Mean Electric EUI
Bin Cluster (kBtu/ft2-yr)
0to2 15 47.36
2to4 3 56.39
4106 5.6 69.39
6to8 6.8 72.54
810 10 9 74.84

4.0 Findings

To evaluate the influence of occupancy on building energy performance and to test the utility of an
FTEO-adjusted EUI metric, the research team sought to study an initial pair of office buildings with
varied occupancy and look for a relationship between energy use and FTEO over time. Electric energy
performance data, fuel (steam and natural gas) energy performance data, average outdoor air temperature
data and occupancy data were studied to isolate the influence parameters and understand their
significance. The subsequent sections discuss the findings from the analysis.

4.1 Analysis of GSA HQ Building Data

Electric energy use data, steam use data, weather data and GSA HQ building specific occupancy data at a
daily time scale were studied to ascertain the influence of weather and occupancy separately and together
using simple linear regression and multi-variate regression techniques to ascertain their influence on the
building’s performance. The results from the analyses are discussed below.

4.1.1  Electricity Use Analysis

First, electricity was plotted against the daily average outdoor air temperature (Toa) for all weekdays. In
Figure 3, the x-axis represents the average daily outdoor air temperature and the y-axis represents daily
electricity use in kilowatt-hours. This is a three-parameter plot. The point of intersection on the x-axis
represents the electricity use baseload of 31,431 kWh, and the change point temperature when cooling
kicks in is 60.7°F. The y-axis intercept indicates the baseload constituted by the lighting, plug loads, and
other non-weather-dependent loads for the building. When the outdoor temperature exceeds the change
point, the building’s weather-dependent loads, namely HVAC systems, kick in, constituting the sloped
part of the cure. This plot shows a strong correlation (R?>=0.68). The slope is 500 kWh/°F.
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Figure 3. Daily weekday electricity use vs. daily average outdoor air temperature

Based on the outdoor temperature vs. daily energy use graph shown above, the dataset was divided into
two subsets at 60°F, which is near the identified change point temperature, and the daily energy use was
plotted against the number of FTEOs for the datasets individually. The x-axis represents the number of
FTEOSs per day and the y-axis represents daily electricity use in kilowatt-hours. This plot has two
parameters.
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Figure 4. Daily weekday electricity use vs. number of FTEOs. (Top graph shows data points on days
<60°F and the bottom graph shows data points on days >60°F.)

The intercept and the slope of the curve hint at the influence of occupancy on the energy consumption.
The correlation between FTEOs and electricity use is not very strong, as illustrated by the R? values in
Table 3. Nonetheless, when the slope of 2.28 kWh/day-FTEO was tested using the two tailed-t test, it
tested significant. Based on this, it can be inferred that occupancy was a contributing factor to energy
consumption but the contribution was not as strong as that of weather. Note that the correlation was
slightly stronger when the datasets were separated based on the change point, suggesting that splitting the
days based on the cooling change point provides a strong analysis.

Table 3. Contribution of each FTEO to building daily electricity use

Outdoor Temperature Number of Data
Change Point R? Points kWh/day-FTEO
Less than 60°F 0.17 134 1.74
Greater Than 60°F 0.13 131 2.83
Weighted slope 2.28

4.1.2 Steam Use Analysis

Figure 5 depicts the correlation between steam and weather. The x-axis is the average daily outdoor air
temperature and the y-axis is daily steam use in pounds per day. This is three-parameter plot. The flat part
of the curve indicates that the baseload constituted by the non-weather-dependent loads for the building is
about 13,785 lbs/day. When the outdoor temperature goes below 75.2°F, the building’s
weather-dependent loads associated with the HVAC system kick in, constituting the sloped part of the
curve. The slope is -1583.5 Ibs/°F.
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The correlation between steam and weather for this building is moderate (R?=0.34), implying weather is a
driving factor for the building’s steam use.
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Figure 5. Daily weekday steam use vs. daily average outdoor temperature (Toa)

There was virtually no correlation between steam use in the GSA HQ building and the number of FTEOs
(R?=0.02). The weak correlation shows that occupancy does not drive the building’s steam use. The slope
of the curve hints at the influence of occupancy on the steam consumption (9.42 Ib of steam per FTEO).
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Figure 6. Daily weekday steam use vs. FTEOs
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4.2 Analysis of Byron Rogers Building Data

Electric energy use data, natural gas energy use data, weather data and Byron Rogers building specific
occupancy data at a daily time scale were studied to ascertain the influence of weather and occupancy
separately and together using simple linear regression and multi-variate regression techniques to ascertain
their influence on the building’s performance. The results from the analyses are discussed below.

4.2.1 Electricity Use Analysis

A similar analysis was completed for the GSA’s Byron Rogers building in Denver. First, electricity was
plotted against the daily average outdoor air temperature for all weekdays. In Figure 7, the x-axis is
average daily outdoor air temperatures, and the y-axis is daily electricity use in kilowatt-hours

The flat part of the curve indicates that the baseload constituted by the lighting, plug loads, and other non-
weather-dependent loads for the building is about 7668 kWh. When the outdoor temperature goes above
the change point temperature of 48.9°F, the building’s weather-dependent HVAC loads kick in,
constituting the sloped part of the curve. The slope is 136.9 kWh/°F. The strong correlation (R?=0.9)
suggests that this building’s electricity use is driven predominantly by weather.

Electric (kwh)
20,000 r

15,000 I

10.000

5.000 I

Toa (F)

Figure 7. Daily weekday electricity use vs. daily average outdoor temperature (Toa)

Based on the outdoor temperature vs. daily energy use graph shown above, the dataset was divided into

two subsets at 50°F, which is near the identified change point temperature, and the daily energy use was
plotted against the number of FTEOs for the datasets individually. Here the x-axis is number of FTEOs

per day and the y-axis is daily electricity use in kilowatt-hours. This plot has two parameters. The slope

and intercept and the slope of the curve hint at the influence of occupancy on the energy consumption.
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Figure 8. Daily weekday electricity use vs. number of FTEOs. (Top graph shows data points on days
<50°F and bottom graph shows data points on days >50°F.)

The correlation between FTEOs and electricity use is not very strong, as illustrated by the R? values in
Table 4. Nonetheless, when the slope of 2.41 kWh/day-FTEO was tested using the two tailed-t test, it
tested statistically significant. . Based on this, it can be inferred that occupancy was a contributing factor
to energy consumption but the contribution was not as strong as that of weather. Note that the correlation
was slightly stronger when the datasets were separated based on the change point, suggesting that splitting
the days based on the cooling change point provides a strong analysis.
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When the clusters were plotted separately based on the temperature change point to isolate the impacts of
HVAC load on energy use, the regression lines through each cluster varied significantly. When weather
was cold (below 50°F) and the cooling system was off, the occupant electricity contribution to the load
from plug and lights (non-weather-dependent) was 1.65kWh/day-FTEO. When the temperature was
warmer outside, the influence of occupants was higher due the cooling system engaging with a slope of
2.93 kWh/day-FTEO. The weighted slope of 2.41 kwh/day-FTEO is not that different from the slope in
the GSA HQ building in Washington, DC.

The analysis for this building also points out the importance of separating the data into clusters by the

relationship between outdoor air temperature and HVAC system operation. When all days of the year
were plotted together, the slope was from 5 kWh/day-FTEO with a weaker correlation (R?=0.25).

Table 4. Contribution of each FTEO to building daily electricity use

Outdoor Temperature Number of Data
Change Point R? Points kWh/day-FTEO
Less than 50°F 0.51 98 1.65
Greater than 50°F 0.09 142 2.93
Weighted slope 2.41

4.2.2 Natural Gas Energy Use Analysis

Figure 5Figure 9 shows the correlation between natural gas use for heating and weather. The x-axis is the
average daily outdoor air temperature and the y-axis is daily natural gas use in MMBtu/day.

The curve indicates that the baseload constituted by the non-weather-dependent loads for the building is
about 0.35 MMBtu/day. When the outdoor temperature goes below 54.1°F, the building’s weather-
dependent loads, namely the HVAC systems, kick in, constituting the sloped part of the curve. The
correlation is strong (R?=0.87), implying that weather is a driving factor for the building’s natural gas use.
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Figure 9. Daily weekday natural gas use vs. daily average outdoor air temperature (Toa)
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Figure 10 plots the relationship between natural gas use and occupants using FTEOs. Again, the x-axis is
number of FTEOs and the y-axis is daily natural gas use in MMBtu/day.

This is a two-parameter plot with the slope and intercept formulation. The slope of the curve hints at the
influence of occupancy on the steam consumption (0.02 MMBtu per FTEQO). The weak correlation
(R?=0.25) shows that occupancy does not play a driving role in the building’s natural gas use.
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Figure 10. Daily weekday natural gas use vs. the number of FTEOs

4.3 Sensitivity Analysis

From the regression curves for electricity use and fuel use (i.e., natural gas and steam) for both the
buildings, it can be seen that occupancy impacts electricity use more than natural gas or steam use. In
response to the GBAC’s interest in understanding whether an occupancy-adjusted EUI metric may be
informative, a sensitivity analysis was carried out to understand how the traditional EUI and the
occupancy-adjusted EUT change when a building’s occupancy increases. This evaluation was done using
the regression models obtained from the data analysis described in the first method. The scenarios
considered were an assigned/peak occupancy increase from 2600 to 4400 for the GSA HQ building and
from 1000 to 1500 for the Byron Rogers building. The GSA HQ building estimates were based on the
reported occupancy values before and after a recent building consolidation effort in that facility,
completed in 2013. The sensitivity analysis assumed that the building systems are appropriately sized
based on the information obtained from the facility managers and based on the occupancy data analysis.
The results of the sensitivity analysis are shown in Table 5.
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Table 5. Results of sensitivity analysis of occupancy-adjusted EUI metric

Assigned Occupancy Occupancy-
Assigned Occupancy  to FTEO Adjustment Traditional EUI Adjusted EUI
Building Increase Factor (KWh/ft2-yr) (KWh/FTEO-yr)
GSA HQ 76% 0.55 +7% -39%
Washington, DC (2500 to 4400)
Byron Rogers, 50% 0.78 +14% -24%
Denver, CO (1000 to 1500)

The assigned occupancy increase reflects the difference between the maximum head counts in the
baseline and the current or future scenario. The assigned occupancy to FTEO adjustment factor was
developed as the ratio of the actual work hours logged to expected work hours logged for an FTEO. The
actual work hours logged was based on the occupancy data analysis. This reflects that at any given
moment, a significant percentage of occupants are away from their desks, whether due to teleworking,
meetings, illness, vacation or other causes.

Average person-hours per workday was calculated based on this data and this was scaled up to an annual
value under similar work year assumptions as defined for an FTEO (47 work weeks and 5 work days per
week). As seen in the table, for the GSA building, when the peak occupancy increased by 76%, the
Traditional EUI (KWh/ft?-yr) increased by about 7%. However, the Occupancy-Adjusted EUI
(KWh/FTEO-yr) decreased by 39%. Similar trends were seen for the Byron Rogers building as well. The
reason for this is that the traditional EUI normalizes the whole building’s energy consumption to the
square footage. But in case of the Occupancy-Adjusted EUI, part of the building’s energy is constant and
independent of occupancy influence. These systems could be common area lighting, heating, cooling and
plug loads. The building consumes this energy irrespective of the occupant count. Hence, in the
sensitivity analysis, when the occupant count increases, the energy use related to occupants also increases
proportionally. However, the energy use independent of occupants gets redistributed among the new
occupant count, resulting in the decrease in the Occupancy-Adjusted EUL.

4.4 Bottom-up Estimate of Personal Loads

Building energy loads related to occupancy can be categorized as personal loads and non-personal loads.
Personal loads are those that are directly associated with the occupant, like task lights, computers,
personal printers, and personal refrigerators, and move with the occupant wherever he or she goes. Non-
personal or building-associated loads are typically building systems whose operation may be affected by
occupancy but the systems are fixed in space. Personal loads, therefore, are plug loads associated with the
occupant. Since a huge fraction of the electric loads in the building affected by occupancy are of this type,
a bottom-up estimate was conducted to get a sense of the range per occupant. The estimated loads are
presented in

Table 6, using the assumptions in Table 1.
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Table 6. Bottom-up estimate of daily average occupant electricity use from personal loads

% of Occupants Using

Type of Equipment Equipment Daily W-hrs/occupant-day

Desktop computer 50% 181
Laptop computer 50% 24
LCD monitor 100% 73
Computer speakers 50% 3

Mobile phone charger 50% 19
Phone: analog 75% 20
Phone: VOIP 25% 12
Task lighting 25% 16
Personal printer: laser 13% 13
Personal printer: inkjet 13% 11
Coffee maker 6% 22
Space heater 2% 2

Compact refrigerator (2.3 ft°) 5% 34

All loads 0.43 kWh/occupant-day

The assumptions used obviously influence the results, and are based on a limited set of studies. The team
tested how using less conservative but still realistic assumptions for certain parameters might influence
the total estimated energy use. For example, the desktop-to-laptop ratio was increased to 90%/10% based
findings in one case study,* and each desktop computer was assumed to draw 70 watts on average rather
than 46 watts using the current Energy Star standard. Laptop computers were assumed to be on 4 hours
per day on average instead of 2.4 hours per day, and LCD monitors were assumed to run 7 hours per day
instead of 4, among other changes. Under the less conservative scenario, the personal loads were an
estimated 0.94 kWh/occupant-day.

4.5 Building Performance Database Analysis

The DOE BPD contains both EUI and occupant density (assigned occupants per square foot) datasets for
more 10,000 buildings, which the team used to look for the strength of correlation. While the correlation
is much less granular, using annual rather than daily interval data as was done for the GSA buildings, the
team was looking for congruence between the analyses.

The team analyzed all of the office buildings that were available in the BPD. The charts below show the
plot between occupant density (people per 1000 ft?) on the x-axis and the traditional electric EUI
(kBtu/ft2-yr) on the y-axis. While the database does not specify, this is assumed to reflect assigned
occupant density, which is converted into FTEO occupancy with some basic assumptions about the
buildings. Figure 11 plots occupant densities up to 5 people per 1000 ft?, and the second chart looks at

! Metzger I, D Cutler, and M Sheppy. 2012. Plug-Load Control and Behavioral Change Research in GSA Office
Buildings. Prepared by the National Renewable Energy Laboratory for the U.S. General Services Administration,
Washington, DC. Available at: http://www.gsa.gov/portal/mediald/197383/fileName/

GPG Plug_Load_Control_09-2012.action.
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occupant densities above 5 people per 1000 ft2. Both plots show a slight upward trend, similar to the trend
seen in the analysis of site electricity use with respect to occupant density.

300

20

Occupant Density (People per 1000 sq. ft.)

300

200

7 8 3 9 9 10 10 1l 11

Occupant Density (People per 1000 sq. ft.)

Figure 11. DOE Building Performance Database plots of occupant densities of 0 to 5 people per 1000 ft?
(top) and 6 to 10 people per 1000 ft? (bottom)

Note that while the BPD has plenty of data, users do not get access to all the data, but rather a descriptive
statistical distribution table of the sampled data. As discussed in Section 3.4.2, a sample distribution table
was downloaded and used to evaluate the relationship between FTEO occupancy and electricity use. The
chart below (Figure 12) shows the plot between estimated FTEO and daily energy use for the BPD

dataset.
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Figure 12. Estimated correlation between total daily energy use and FTEQOs using the Building
Performance Database data points

The plot is a two-parameter fit of the slope-intercept formulation with a slope of 1.93 kWh/FTEO-day and
an intercept of 26,776 kWh/day.

Similarly, the fuel use data distribution tables were looked at, but the plots of the data showed very little
to no correlation, and as such the analysis was not carried forward.

5.0 Conclusions

From the regression charts examining daily building energy use and occupancy, and the validation
analyses performed using both a bottom-up estimate and meta-analysis of the BPD, occupancy appears to
have a relatively minor effect on building energy use. The estimates of the influence of occupancy on
building electricity from all of the analyses are generally in the same range, as summarized in Table 7.

Table 7. Summary of the influence of occupancy on building energy use

Analysis Occupancy Influence
GSA HQ building data 2.28 kWh/day-FTEO
Byron Rogers building data 2.41 kWh/day-FTEO

DOE Building Performance Database ~ 1.93 kWh/day-FTEO
Bottom-up analysis (plug loads only) 0.43 to 0.94 kwWh/day-occupant

While the estimated impact of occupants in the bottom-up analysis was slightly lower than the estimates
from the other methods, the bottom-up analysis did not account for weather-related loads. It would be
more relevant to compare this estimate to the GSA building analysis for the days with non-weather
dependent loads only (see Table 3 and Table 4), which assumed occupants contributed 1.74
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kWh/occupant-day for the GSA HQ building and 1.65 kWh/day-occupant for the Byron Rogers building.
The bottom-up estimate of 0.43 to 0.94 kWh/day-occupant is still lower but closer to these.

A key objective of the GBAC EUI Task Group was to understand whether using an occupancy-based EUI
metric, as a supplement to the traditional EUI, could provide value to decision-makers. Each metric has
advantages and disadvantages depending on how it will be used. The data to calculate traditional EUI is
easy to acquire and the metric is widely used for benchmarking purposes. However, if a building
experiences dramatic shifts in occupancy, the influence of occupancy on that building’s performance is
not captured with traditional EUI. Tracking occupancy-adjusted EUI could help to show how the building
performs at a per-occupant level. It could also be useful in evaluating the impact of adding multiple shifts
to a building or teleworking. However, most buildings do not have accurate occupancy logs at the
required granularity, and the level of effort involved in collecting and processing occupancy data is not
trivial. The relatively small influence that occupants appear to have on building energy use, albeit based
on this limited analysis, should also be considered in assessing the value of this metric.

It should also be noted that while these two metrics are useful by themselves, they are not comparable
since the energy use of the building is normalized by two different parameters: building area in the case of
traditional EUI, and building occupancy (FTEOS) in the case of occupancy-adjusted EUI.

Evaluating the impact of future building consolidation efforts depends on building-specific occupancy.
Building owners considering consolidation could use the energy use per occupant estimate from this
study to come up with ballpark estimates of the influence of adding occupants on EUI. However, building
consolidation efforts should be evaluated on a case-by-case basis using building-specific data if accuracy
is desired.

6.0 Further Study

One of the primary limitations of this study is that actual data was analyzed for only two GSA buildings
and the analyses for both buildings had data quality issues. The data analysis required the development of
adjustment factors for electricity use for the GSA HQ building, while the prox access exit logs were based
on a different but similar building type for the Byron Rogers building. While the results from all the
analyses were congruent, the small sample size is not ideal.

A recommended next step for this study would be to expand the analysis to a larger set of buildings with
better data availability. The methodology used for the analysis has the potential to evaluate the impact of
occupancy-based plug loads and occupancy-based HVAC loads, which has been a challenging problem to
solve by itself.

Considering the enormous challenge of the lack of good occupancy data in many cases, another useful
step forward would be to come up with a methodology to adjust the widely accepted traditional EUI
metric to consider occupancy factors based on estimates or “rules of thumb”. One potential tool for that
purpose would be ENERGY STAR Portfolio Manager, which estimates a building’s EUI based on select
variables like occupants per 1000 ft? and number of computers. The regression curve in Portfolio
Manager could be modified to develop an adjustment factor for the traditional EUI based on occupancy
and related loads. This method, if feasible, would yield a quick way to calculate a ballpark estimate of the
impacts of occupancy on a buidling’s energy consumption. One potential limitation is thatPortfolio
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Manager is built on data from the CBECS database which may or may not adequately reflect typical
Federal buildings.

Using such a method may eliminate the need for a new metric to evaluate occupancy and the laborious
data collection and processing needed to measure occupancy, while allowing Federal managers to still
employ the widely accepted traditional EUI expressed in kBtu/ft2-year for broad evaluation of building
energy efficiency.
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