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ABSTRACT 

The accurate prediction of internal heat gains from 
occupants, lighting, and plug loads inside a building is 
critical for mechanical engineers and energy modelers, 
with implications related to HVAC sizing, thermal 
comfort requirements, and energy efficiency. However, 
internal gain values are often misjudged, stemming from 
industry standard assumptions. This paper describes an 
empirical approach to calculate plug load density in 
office spaces, and the subsequent simulation of an active 
office building incorporating different internal gains 
assumptions. The outcome is a 24-hour plug load 
schedule in the form of W/ft² that assists in predicting 
peak heating and cooling loads. The model underwent 
six iterations: five with a variety of plug load densities 
based on current design handbooks, and the last with 
improved values determined by this procedure. The 
simulation results are compared to reveal the impact of 
renewed plug load estimates on HVAC demand and 
energy use. 

INTRODUCTION 
Cooling loads in an office building are derived from 
internal heat sources such as lights, occupants, and 
electrical equipment. Of these, plug loads loads can be 
the largest source of cooling loads in non-residential 
spaces, as demonstrated by the following statements 
from 2013 ASHRAE design standards: 
 

[Regarding office plug loads]: “Computers, printers, 
copiers, etc., can generate very significant heat gains, 
sometimes greater than all other gains combined.” 
(2013 ASHRAE Handbook- Fundamentals, pg. 18.9) 
 

[Regarding laboratory plug loads]: “Commonly heat 
gain from equipment in a laboratory ranges from 15to 
70 Btu/h*ft² or, in laboratories with outdoor 
exposure, as much as four times the heat gain from all 
other sources combined.” (2013 ASHRAE Handbook- 
Fundamentals, pg. 18.5) 
 

Additionally, plug loads can influence peak heating 
loads, by acting as point sources of thermal energy inside 
a space. With these considerations, the accurate 

determination of plug loads should be a predominant 
contributor to HVAC sizing calculations. While 
occupant heat gain is generally estimated due to inherent 
uncertainty, heat gain from lighting and equipment can 
be more precisely calculated with a number of published 
methods. Studies have been carried out to update these 
estimations as equipment becomes more efficient and 
emits less heat, but also as the presence of equipment in 
offices proliferates. These include ASHRAE Research 
Project RP-1055 (1999), which contributed to the 
ASHRAE plug load estimate of 1 W/ft² (10.8 W/m²) for 
offices that is frequently accepted as the standard by 
engineers sizing HVAC equipment. Later, these values 
were revised to address changing trends in office 
technology and diversity factors in office equipment use, 
and a recommended value of 0.5 W/ft² for certain office 
types was published (Wilkins et al. 2011). To better 
account for building thermal mass and occupant usage 
schedules, the Radiant Time Series (RTS) calculation 
method was developed with an additional ASHRAE 
research study and appears in the 2001 ASHRAE 
Fundamentals Handbook. The U.S. Department of 
Energy (DOE) has supplied yet another set of plug load 
magnitudes and schedules with its prototype building 
energy models available for download online. Both the 
RTS method and DOE prototype buildings are discussed 
later in this paper. 

Despite these recent plug load research projects, rapid 
advances in office technology necessitate new, empirical 
data on internal gains. Furthermore, some of the most 
widely used plug load assumptions fail to acknowledge 
how internal gains vary throughout the day, and often 
assume a constant level of heat output during occupied 
hours. 

For this paper, the heat output of various office devices 
was measured directly. The results were extrapolated to 
account for all electrical equipment in a current, active 
office space, and applied results to an energy model of 
the entire building. To verify the legitimacy of this 
extrapolation, an additional data stream involving 
metered electrical data was inputted for “top-down” 
comparison. These values were inputted into an energy 
model for a large office building, and compared with 
models run with industry-standard plug load 
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assumptions. Finally, the simulated peak load 
calculations are compared with the loads that an engineer 
might calculate using the RTS method. This process 
aims to draw conclusions relating to the following topics: 

 Improved knowledge of peak cooling and heating 
loads that leads to potential reduction in HVAC 
sizing to maximize efficiency 

 Awareness of how plug load assumptions effects the 
simulated unmet load hours 

 Accurate knowledge of annual building energy costs 
derived from both internal gains and mechanical 
system loads 

OVERVIEW OF PROCEDURE 
The procedure for this study can be summarized by the 
outline below: 

1. Test space selection 
2. Collection of empirical plug load data 
3. Determination of extreme weather conditions 

for design days 
4. Simulation of test space 
5. “Top-down” plug load verification 
6. Comparison with Radiant Time Series (RTS) 

calculation method 

These steps are discussed individually below. 

Test space selection 

The measurements in this study were carried out in a 
5990 SF active office space on the 5th floor of a 7 story 
building in downtown Washington, DC. The space 
contains 22 workstations catering to a variety of 
occupations with weekday schedules. A thermal zoning 
plan and interior photograph of the space is shown 
below. 
 

 

 
Figure 1 Thermal zoning plan of test space (top), with 
photograph showing several equipment types (bottom) 

Data collection 

All plug loads observed throughout the space were 
included in this study, separated according to zone type. 
Understanding that equipment usage varies between 
occupants, equipment was measured while in use by a 
variety of occupants. For example, computer monitors of 
four different employees were tested. 

Table 1 Devices observed on single office floor 
 

ZONE 
TYPE 

PLUG LOAD QTY. VERIFIED 

O
ff

ic
e 

Laptop computer 11 
Desktop computer 11 
LCD monitor 33* 
Desktop telephone 22 
Desktop LED lamp 11 
Printer/Copier/Scanner 1 
Shredder 1 
Server room rack 1 
Exit sign 3 
Security camera 3 

C
on

- 
fe

re
nc

e 
Conferencing system 1 

K
it

ch
en

 Refrigerator 1 
Coffee machine 1 
Toaster 1 
Microwave 1 
Water cooler 1 

*With inconsistent monitor usage among occupants, a value of 
1.5 monitors/occupant was assumed for 22 occupants. 

 
Figure 2 Wattmeter logging 24-hour profile of power 

consumption for office equipment 

Prior studies demonstrate that nameplate wattage in 
product specifications is an inadequate representation of 
internal gains. One test determined that for general office 
equipment, actual heat output from equipment is a mere 
25-50% of nameplate wattage, and for certain desktop 
PCs, as little as 7% (Duška et al., 2007).  In an effort to 
find a more accurate heat gain value, this procedure 
assumes a device’s heat output is represented by its 

Office zones (subdivided) 
4890 SF total 
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instantaneous wattage input, presuming that power 
consumed by any type of equipment is eventually 
dissipated as heat. Thus, a wattmeter was used to 
measure real-time power consumption at 30-second 
increments for at least 24 hours per device. Figure 2 
shows the wattmeter being used to track power 
consumption during normal, everyday use of office 
equipment. For devices with highly variable usages day-
to-day (for instance, printer and copiers), daily power 
consumption was averaged across at least three 24-hour 
periods. The resulting wattage data is shown in the table 
below. 

Table 2 Nameplate vs. Measured wattages 

DEVICE 
WATTAGES (W) 

SPEC. IDLE IN-USE 
Laptop comp. 80 0 40-70 
Desktop PC 100-930 2.5 70-75 
LCD monitor 25-40 0 25-40 
Telephone 2 N/A 2 
LED lamp 11 0 7.6 

Printer 1584 15 
780 printing 
130 scanning 

Shredder 800 0 200  
Server rack N/A 1175 1175 
Exit sign 5 N/A 5 
Conf. system N/A 92.5 543 
Refrigerator 180 0 100-105 
Coffee mach. 1250 3.3 1300 
Toaster 1000 0 765 
Microwave 1700 0.05 1540 

Water cooler 700 0 
130-160 chilling 
553 heating 

The 24-hour plug load profiles were averaged together 
for instances when multiple components of the same type 
were measured, or when a single piece of equipment was 
measured for multiple days (e.g. laptop computers, 
monitors, and printer). The resulting values were 
summed according to zone type, and divided by the floor 
area of their respective zones. The resulting profiles are 
expressed in the figure below. 
 

 
Figure 3 24-hour plug load profiles for 3 zone types  

Table 3 Measured plug load densities in different zone 
types 

ZONE 
TYPE 

AVE. EVENING 
PLUG LOAD 
DENSITY (W/ft²) 

MAX. DAYTIME 
PLUG LOAD 
DENSITY (W/ft²) 

Office 0.58 2.52 

Conference 0.35 1.85 

Kitchen 0.23 9.05 

Simulation of plug load results 

 
Figure 4 Energy model geometry from the Legacy 

OpenStudio plugin in Sketchup, depicting the full office 
facility from this procedure 

 

  
Figure 5 Energy model geometry from the Legacy 

OpenStudio plugin in Sketchup, depicting the 5th floor 
which was subjected to measurement 

 

The test building’s geometry was constructed in the 
National Renewable Energy Laboratory’s Legacy 
OpenStudio plugin for Sketchup. The completed 
geometry is depicted in Figure 4. The 5th floor was 

Whole Building 
Geometry 

5th Floor 
Geometry 
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simulated with a high degree of detail, split into several 
thermal zones based on orientation and usage, as 
depicted in Figure 5. The rest of the floors were zoned 
with similar proportions so the space-use profiles of each 
floor were similar. 

Table 4 Building paramters inputted to energy model 

PARAMETER SIMULATION INPUT 

Façade Design Brick with double glazed windows, U 
Value = 4.41 W/m²K, 16.2% window-
to-wall ratio 

Conditioning 2 Air-handling units with direct 
outdoor-air system in regularly-
occupied spaces; Fan-coil-units in 
stairwells 

Temperature 
control 

Thermostats in all occupied spaces, 
70°F heating setpoint, 74°F cooling 
setpoint, with 2°F setbacks for both  

Heating Steam supplied by central building 
boiler (Natural gas) 

Cooling Rooftop variable refrigerant flow 
(VRF) condensers (Electric) 

Occupancy Assumed average 33 ft2/occupant; 
Occupancy schedule according to 
ASHRAE 62.1 Appendix G (2013) 

Lighting Assumed average 127 W/ft2 in all 
occupied spaces; Lighting schedule 
according to ASHRAE 62.1 Appendix 
G (2013) 

The results were inputted into EnergyPlus v8.0, a 
program distributed by the U.S. Department of Energy. 
Detailed construction information was acquired from 
architectural records of the building, and mechanical 
drawings were consulted to accurately simulate HVAC 
systems. 

Five plug load scenarios were simulated. In all three 
cases, “regularly-occupied spaces” were assumed to 
consist of offices, conference rooms, kitchens, and 
restrooms. Stairwells and elevators were simulated with 
no internal gains. 

Scenario 1: 1 W/ft² continuous plug load density in 
regularly-occupied spaces 

This iteration represents one industry-standard 
assumption for plug load density, determined by 
ASHRAE Research Project RP-1055 in 1999 (Hosni 
et al.). This value is derived from power 
measurements taken from equipment considered to 
be standards of the industry at the time of 
publication. The value also attempts to take into 
consideration the split between radiant convective 

head load. The plug loads were assumed to be 
continuous throughout workdays and weekends. 

Scenario 2: 1 W/ft² during occupied hours in regularly-
occupied spaces 

This iteration takes the plug load density from 
Scenario 1 and applies the daily occupancy profile 
outlined in ASHRAE Standard 90.1, Appendix G 
(2013) for office spaces.  

Scenario 3: 0.5 W/ft² continuous plug load density in 
regularly-occupied spaces 

Here, the modelers used plug load assumptions 
derived from Wilkins and Hosni (2011) and 
published in ASHRAE Fundamentals 2013 for 
offices containing half-laptop, half-desktop 
workspaces and medium usage rating. The plug 
loads were assumed to be continuous throughout 
workdays and weekends. 

Scenario 4: 0.5 W/ft² during occupied hours in regularly-
occupied spaces 

This iteration takes the plug load density from 
Scenario 3 and applies the daily occupancy profile 
outlined in ASHRAE Standard 90.1, Appendix G 
(2013) for office spaces.  

Scenario 5: Plug load profile from the Department of 
Energy’s Commercial Reference Building 

This iteration uses the plug load magnitudes and 
weekly schedules from the DOE Commercial 
Reference Building (New Construction, Medium 
Office, 53,628 ft², Climate Zone 4A). This model 
assumes a 1 W/ft² plug load density across all zones, 
regardless of space type or occupancy status, and 
applies a different weekly usage profile from the one 
recomended by ASHRAE. 

Scenario 6: Empirically-determined weekly plug load 
magnitudes and usage profiles 

In this case, plug load profiles developed with the 
wattmeter test were inputted into all regularly-
occupied spaces. There are different plug load 
magnitudes and usage profiles for each of the three 
zone types (office, conference, and kitchen zones). 

The weekly plug load densities for the office zones for 
each scenario are shown graphically in Figure 6. The 
office zone profiles represent the most widespread zone 
type in the test building; it should be noted that the plug 
load profiles for kitchen and conference zones are 
slightly different for Scenario 6. 
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Figure 6 Weekly office zone plug load density profiles 

for each scenario 

Weather inputs 

Hourly weather data for the energy simulations were 
acquired from the National Renewable Energy 
Laboratory’s Typical Meteorological Year 3 (TMY3) 
data set, with data aggregated between 1991-2005 at the 
Ronald Reagan National Airport weather station located 
approximately 3 miles south of the test building (Wilcox 
and Marion, 2008). The region is reported as a “mixed-
humid” environment in ASHRAE Climate Zone 4a. 
Figure 7 shows an annual dry-bulb temperature profile 
inputted to the simulations.  
 

 
Figure 7 Annual temperature profile inputted to energy 
model, with extreme-temperature design days encircled  

RESULTS 

Simulation results 

The simulation results, including peak heating and 
cooling loads as well as unmet load hours, are 
summarized below. 

Table 5 Simulated peak loads and unmet load hours for 
each plug load scenario. 

Scen. 
Cooling Heating 

Peak Load 
(kW) 

Unmet 
Hours 

Peak Load 
(kW) 

Unmet 
Hours 

1 150.1 1060.5 92.9 372.0 
2 148.1 474.5 126.8 552.0 
3 131.1 329.3 114.3 474.5 
4 130.1 202.8 128.4 645.5 
5 146.3 536.3 118.5 446.3 
6 130.5 182.0 121.0 535.3 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Simulated peak heating and cooling loads 

Top-down plug load verification 

The testing described thus far incorporates a “bottom-
up” approach, in which a sample size of plug loads are 
individually measured to generate an overall plug load 
profile. In order to verify the accuracy of the sampling 
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method, data was collected from an electricity meter that 
tracks electricity use of plug loads and lighting (but not 
HVAC components) throughout the entire 5th floor of the 
test building. Electricity consumption in the form of 
kWh was recorded every minute for five 24-hour 
periods. The results from each period were averaged to 
generate a lighting and plug load power density for the 
measured floor space. Next, lighting wattage was 
subtracted from the meter readings by counting bulb 
wattages and hours-of-use for all light fixtures within the 
office. The resulting “top-down” plug load profile is 
shown in Figure 9. In Figure 10, this top-down profile is 
compared with the bottom-up profile developed with the 
wattmeter tests. The implications of this comparison are 
discussed later in this paper. 
 

 
Figure 9 Top-down plug load profile (blue) calculated 
by subtracting lighting power (yellow) from electricity 

meter data (red) 
 

 
Figure 10 Comparison of bottom-up and top-down plug 

load measurements over 24 hours 

Radiant Time Series cooling load calculation 

To compare this empirical procedure with a non-
simulation based method used in industry today, the test 
building’s parameters were incorporated into the Radiant 
Time Series (RTS) calculation developed by ASHRAE. 
This method exclusively predicts cooling loads, taking 
into account interaction between a building’s thermal 
mass and the daily variance of internal gains inside. The 

RTS method is attractive to building designers due to its 
instantaneous feedback on the effect of altering certain 
building parameters on peak cooling loads. However, 
user interface on published RTS calculation spreadsheets 
requires plug loads to be inputted as hourly percentages 
of a maximum value. Since the empirical method 
outlined in this paper generates a plug load schedule by 
the minute, the Scenario 6 plug load intensities had to be 
averaged across each hour in order to be compatible with 
the RTS algorithm. 

Calculation spreadsheets distributed by ASHRAE were 
used for ease of calculation, and each floor was grouped 
as a “block zone” to represent the spirit of quick 
calculation that the RTS method promotes. Modeling 
parameters were chosen based on guidelines expressed 
by Gowri et al. The comparison between simulated 
cooling load calculations and RTS results are expressed 
in the table below, with proportionate changes in peak 
loads shown. The results are shown graphically in the 
figure that follows. An analysis of the RTS results can be 
found in the Discussion section of this paper. 

Table 6 Comparison of EnergyPlus simulation results 
and Radiant Time Series (RTS) Calculations, including  

relative changes to cooling loads in each scenario 

Sc
en

ar
io

 EnergyPlus simulations RTS calculations 

Peak 
Cooling 

(kW) 

Proportion 
to largest-
load trial 

Peak 
Cooling 

(kW) 

Proportion 
to largest-
load trial 

1 150.1 1.000 730.6 1.000 
2 148.1 0.994 726.6 0.994 
3 131.1 0.971 709.7 0.971 
4 130.1 0.969 707.6 0.969 
5 146.3 0.993 725.4 0.993 
6 130.5 0.970 709.0 0.970 

DISCUSSION 

Analysis of Industry-Standard Plug Load Estimates 

The plug loads in each scenario were altered with regard 
to magnitude, daily schedule, or both. For simulated 
peak HVAC loads, the scenarios that utilize a magnitude 
of 0.5 W/ft² (Scenarios 3 and 4) more closely resemble 
the empirically-determined Scenario 6 results than those 
that use a 1 W/ft² estimate (Scenarios 1, 2, and 5). 

This study also highlights the significance on plug load 
schedule assumptions. Scenarios 1 and 3 incorporate 
continuous plug load quantities, while the others use 
weekly plug load schedules as inputs. As can be seen in 
Figure 8, the schedules have a significant impact on 
simulated heating loads, but very little impact on cooling 
loads. For example, the cooling load from Scenario 1 
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(which assumes constant 1 W/ft2 plug loads) is nearly 
identical to the cooling load from Scenario 2 (which also 
assumes a base value 1 W/ft2, but with a daily schedule 
of plug load variance). However, the heating loads for 
these trials are largely dissimilar, with the heating load 
of Scenario 2 simulated as being over 36% larger than 
that of Scenario 1. Thus, the process suggests that the 
sizing of heating equipment should incorporate 
scheduled plug load assumptions to a much greater 
degree than for the sizing of cooling equipment. 

Comparison with Radiant Time Series results 

For all scenarios, the RTS calculation spreadsheets 
provided peak cooling load calculations that were 
several times higher than the loads simulated with 
modeling software. This may be due to the relatively 
small number of building parameters that the RTS 
spreadsheets allow users to specify as compared with 
EnergyPlus. For instance, precise building envelope 
characteristics, zone types, and weather inputs were 
greatly simplified for the RTS method. Thus, the relative 
changes in HVAC loads calculated with RTS have more 
value in this study than the precise cooling loads 
themselves. Figure 11 compares the two methods 
graphically. 

 

Figure 11 Graphical representation of data from Table 
6, showing relative changes to HVAC loads from the 

simulation method and RTS method 

The RTS algorithm results in cooling loads that are far 
less dependent on plug load magnitude than EnergyPlus 
simulations. In the two methods, the relative changes 
between Scenarios 1, 2, and 5 (which utilize 1 W/ft² plug 
load density) are similar, but with RTS, the impact of a 
smaller plug load density in the other scenarios is 
downplayed. With this in mind, designers should take 
caution in using RTS to test how changes in plug load 
magnitudes affect cooling design loads. However, both 
methods suggest that altering daily plug load usage 
profiles has little impact on calculated cooling loads.  

Comparison with top-down plug load results 

The top-down plug load verification shows areas for 
improvement to the bottom-up procedure used to 
generate plug load profiles in Scenario 6.  The general 
hours-of-use and the shape of the lines in Figure 10 are 
aligned. However, the precise times of certain peaks and 
troughs within the plug load profile are not always 
aligned. The top-down method highlights that after-
hours plug loads—those consumed by non-regular 
occupants of the office space—constitute certain peaks 
outside of the typical workday. These may be the result 
of evening custodial plug loads (e.g. cleaning 
equipment), and are highlighted in the figure below. To 
account for these, future iterations of this test should 
examine custodial schedules and types of equipment 
used to generate a more well-rounded daily profile. 
 

 
Figure 12 Top-down plug load verification between 

6pm-10pm, showing plug load peaks possibly caused by 
custodial activity 

Potential for reduced HVAC sizing 

The simulated peak cooling load from Scenarios 1, 2, 
and 5 are significantly higher than the other trials, with 
the peak load from Scenario 1 load around 15% higher 
than the empirically-determined Scenario 6 load. A 
potential for energy savings arises from appropriately 
sizing cooling equipment that assumes plug load profiles 
from Scenario 6. for an office of this type, Wilkins and 
Hosni’s 0.5 W/ft² assumption is likely sufficient for 
sizing cooling systems, and may lead to more efficiently-
sized cooling components than those suggesting by a 1 
W/ft² assumption. 

Ability to meet thermal comfort demand 

With the notion that occupant comfort cannot be 
sacrificed for the sake of energy efficiency, mechanical 
designers should take note of the differences in peak 
heating loads in each model iteration. While cooling 
systems can be potentially reduced in size with renewed 
plug load assumptions, heating equipment may actually 
need to be increased above previously assumed values. 
The empirically-determined plug loads from Scenario 6 
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lead to a peak heating load over 30% higher than the 1 
W/ft² assumption from Scenario 1—an increase that 
likely may go higher than the factor-of-safety multipliers 
of HVAC designers. Designers may over-estimate the 
heat output of office equipment with a 1 W/ft2 

-

assumption, thus undersizing heating equipment by a 
large margin. 

Limitation to this method 

This procedure reveals the advantages of empirically-
determined plug load profile. However there are a few 
limitations of this method that practitioners should be 
aware of before proceeding. 

1. Changes in usage: Office tenants may change over 
time, and the electrical equipment of a space may be 
altered. To account for this, a safety factor should be 
applied to the plug load profiles that contribute to 
design load calculations. 

2. Non-standard work schedules: The application of a 
plug load profile based on a sampling of devices 
may not account for occupants with erratic work 
schedules or equipment usages. To assess the impact 
of these outliers, the top-down approach can be 
taken as a supplement this procedure. 

3. Effort of measurement: Not all building designers 
have to the means to carry out the full procedure 
outlined in this paper, due to time contraints, lack of 
measurement tools, or uncertainty over plug loads in 
spaces that are yet to be built. However, this 
procedure provides insight into the advantages and 
drawbacks of different industry-standard plug load 
assumptions. Such insight is useful during the 
HVAC sizing process. 

CONCLUSION 
As the technology of office electrical equipment 
progresses rapidly, renewed estimates for internal gains 
are necessary for accurate determination of space 
conditioning requirements. Without proper 
understanding of a building’s conditions and behavior of 
its occupants, highly conservative safety factors applied 
to heating and cooling loads are the only way to ensure a 
building’s demands are met, unless thermal comfort of 
the occupants is to be sacrificed. This, of course, leads to 
oversized equipment and reduced efficiency. 

The real-time nature of this test challenges the one-size-
fits-all values for power density found in design 
literature. The procedure reveals the legitimacy that 
certain published values have in some aspects, but also 
their drawbacks, particularly related to peak HVAC 
loads. When applied carefully, this method assists 
building designers in supplying a building with the 
equipment it needs for the highest possible performance. 
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