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Implementing demand response (DR) in commercial buildings can play a major role in reducing building’s
peak load. This improves the efficiency of electricity grids and mitigates expensive peak demand/energy
charges for buildings. Due to the lack of Energy Management Systems, small and medium-sized commer-
cial buildings have not historically played much role as a DR resource. This paper presents an integrated
control of major loads in commercial buildings, i.e., cooling, lighting and plug loads that can maintain
occupant environmental preferences. Each zone’s space temperature set points are optimally adjusted to
maintain thermal comfort. Lighting levels, with and without daylight availability, are tightly controlled
to maintain desired illuminance levels. Unlike other studies, this research contributes to improvement
in functionalities of EnergyPlus by incorporating a 1-min resolution data set at the individual plug load
level. The research evaluates total building performance including interdependencies between lighting,
plug load, HVAC and control systems interacting in a realistic manner, both among themselves and with
building occupants. In this paper, a method to determine the DR potential of a building, i.e., the amount
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of electrical demand (kW) by load type that can be shifted or shed, is discussed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Implementing Demand Response (DR) programs in buildings
provides opportunities for peak demand reduction (FERC, 2011;
Kreuder & Spataru, 2015; Wang, Biviji, & Wang, 2011) and in
doing so help reduce energy costs (Smith & Brown, 2015) and
increase renewable energy share (Gils, 2014). DR provides con-
trol of end users’ electrical demand in response to grid signals
(Yan, Xue, Wang, & Cui, 2015). DR changes the time pattern and
magnitude of utility’s load and results in increasing the efficiency
and use of system assets (Gelazanskas & Gamage, 2014). The use
of Energy Management System (EMS) is not widespread in small
and medium-sized commercial buildings (<9290 m?) (Goldstein
& Bloom, 2014; Katipamula et al., 2012). These buildings repre-
sent 94% of all commercial buildings, and consume 44% of the total

Abbreviations: ASHRAE, American Society of Heating Refrigerating and Air-
Conditioning Engineers; CBECS, Commercial Building Energy Consumption Survey;
DF, Daylight Factor; DOE, Department of Energy; DR, Demand Response; DX, Direct
Expansion; EMS, Energy Management System; Erl, EnergyPlus Runtime Language;
HVAC, Heating Ventilation and Air-Conditioning; IESNA, Illuminating Engineering
Society of North America; PMV, Predicted Mean Vote; PNNL, Pacific Northwest
National Laboratory; VAV, Variable Air Volume.
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energy of the commercial buildings in the U.S. according to the
Commercial Building Energy Consumption Survey (CBECS) 2012
(EIA, 2012). Due to the lack of controls significant amount of energy
consumed in these buildings is wasted (Katipamula et al., 2012).
Among different types of commercial buildings, office buildings
consume more than 17% of the total energy used by the commercial
buildings sector in U.S. (EIA, 2010). Major end-use loads in office
buildings are lighting, cooling and office equipment, which account
for about 39%, 14% and 15% of electricity consumption respectively
(EIA, 2008). There are studies that discuss possible DR strategies
for controlling Heating, Ventilation and Air-Conditioning (HVAC),
lighting and plug loads. These studies are summarized below:

1.1. HVAC-based DR strategies

Usually commercial buildings are overcooled (Derrible &
Reeder, 2015). (Page, Kiliccote, Dudley, & Piette, 2011) demon-
strated and showed limited DR savings due to non-optimized
DR strategies and lack of customer awareness towards DR. They
concluded that there is a need to improve DR performance for
small and medium-sized commercial buildings and measurement
of load reductions from end-uses. Different HVAC-based DR strate-
gies include global temperature adjustment of zones and systemic
adjustments to the air distribution and cooling systems (Motegi,


dx.doi.org/10.1016/j.scs.2016.08.016
http://www.sciencedirect.com/science/journal/22106707
http://www.elsevier.com/locate/scs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scs.2016.08.016&domain=pdf
mailto:sehaf0@vt.edu
mailto:fakeha.sehar@gmail.com
dx.doi.org/10.1016/j.scs.2016.08.016

F. Sehar et al. / Sustainable Cities and Society 28 (2017) 16-29 17

Piette, Watson, Kiliccote, & Xu, 2007). (Watson, Kiliccote, Motegi, &
Piette, 2006) and (Motegi et al., 2007) field-tested HVAC-based DR
strategies, and indicated global temperature adjustment of zones
bestachieves DR goal.(Tzivanidis, Antonopoulos, & Gioti,2011) cor-
related cooling energy usage with thermostat operation to better
understand relationship between energy consumption and ther-
mal comfort. (Yanga, Yana, & Lam, 2014) provided a summary of
some case studies analyzing energy consumption with changes in
summer set point temperatures. (Plat, Ward, & Wall, 2011) showed
that applying global set point changes during peak hours results in
poor distribution of HVAC capacity across zones and an uneven dis-
tribution of occupant satisfaction across the building. (Al-Mulla &
ElSherbini, 2014) reported demand savings associated with closure
of air-conditioning units or rise in cooling set points for differ-
ent types of buildings. (Sehar, Pipattanasomporn, & Rahman, 2016)
showed that although global temperature adjustment was able to
achieve more peak load savings but is unable to maintain thermal
comfort in all zones across a building.

1.2. Lighting DR strategies

Control of electric lighting adapting to changes in occupancy and
daylight while maintaining illumination comfort can reduce build-
ing energy consumption. (Dubois & Blomsterberg, 2011; Galasiu,
Atif, & MacDonald, 2004; Newsham, Aries, Mancini, & Faye, 2008;
Park, Ryu, Choi, & Kim, 2014; Shen, Hu, & Patel, 2014) discussed
different types of lighting control strategies for peak load reduc-
tion including harvesting daylight, continuous dimming and on/off
strategies implemented in commercial buildings. (Al-Mulla et al.,
2013)showed peak demand savings of 0.23 MW achieved in a group
of eight buildings with de-lamping for a typical summer day. (Shen
et al., 2014) demonstrated poor light performance for lighting con-
trol integrated with occupancy and HVAC in cooling dominated
spaces. (Galasiu & Veitch, 2007) provided an overview of occupant
behavior from studies examining occupant preferred light levels
in office buildings with natural daylight available and light con-
trols. (Boyce et al., 2006; Moore, Carter, & Slater, 2002; Veitch &
Newsham, 2002) indicated that occupants prefer illuminance lev-
els lower than recommended values. (Ashley & Reynolds, 1994;
Gentile, Laike, & Dubois, 2014; Love, 1998; Moore, Carter, & Slater,
2003) indicated occupants electric lighting use is seldom affected
by daylight availability, higher levels of electric light use have been
observed with higher external illuminance (Begemann, Beld, &
Tenner, 1997, Gentile et al., 2014). In order to get benefits from day-
light control, automatic controls either providing automatic lights
switching or photoelectric dimming are needed to avoid the risk of
more energy usage.

1.3. Plug loads DR strategies

Plug loads are defined as electricity-consuming loads which are
different than building end-use loads including HVAC and light-
ing. Office buildings are usually unoccupied 66% to 75% of the
hours in a year and occupants are usually seated at their desk
for about 10% of the year (Lobato, Sheppy, Brackney, Pless, &
Torcellini, 2012; Metzger, Cutler, & Sheppy, 2012). A plug load
control strategy devised to match plug load use with occupancy
is a huge untapped potential for energy savings (Lobato et al.,
2012). (Kamilaris, Kalluri, Kondepudi, & Kwok Wai, 2014b) dis-
cussed energy metering, taxonomy and modes of operations of
office equipment. (Kaneda, Jacobson, & Rumsey, 2010; Kawamoto,
Shimoda, & Mizuno, 2004; Kwong, Goh, Adam, & Raghavan, 2014;
MACEBUR, 1998; Mungwititkul & Mohanty, 1997; Nordman, Meier,
& Piette, 2000; Poll & Teubert, 2012; Webber et al., 2006) indi-
cated that office equipment is usually left on during unoccupied
periods. (Gandhi & Brager, 2016) indicated that behavior based

control can achieve cost effective energy savings. (Acker, Duarte,
& Wymelenberg, 2012; Kaneda et al., 2010; Metzger et al., 2012)
proposed occupancy and load sensing plug strips to automatically
shut down electric equipment and save energy. (Arnold, Sankur, &
Auslander, 2013; Weng, Balaji, Dutta, Gupta, & Agarwal, 2011) pre-
sented a control algorithm to manage few local office plug loads to
meet the load shed target while minimizing occupant’s inconve-
nience. When modeling plug loads in buildings, they are assumed
to be static devices with pre-determined parameters, leading to
simulation results exhibiting low fidelity (Kamilaris et al., 2014b).

Based on the literature, it can be concluded that there is a lack
of optimal DR management that can control all major loads (HVAC,
lighting and plug loads) and quantify DR potential in small and
medium-sized commercial buildings. Previous studies have rarely
reported comfort performance; it is important that buildings pro-
vide comfortable indoor environment necessary for productivity
of occupants (Aduda, Labeodan, Zeiler, Boxem, & Zhao, 2016). For
HVAC control, literature review shows that mostly buildings apply
global temperature adjustment to achieve HVAC energy savings.
This scheme may not be able to meet occupant comfort satisfaction,
as all thermal zones do not behave the same. For lighting control,
typically daylight control with automatic light switching or loosely
coupled photoelectric dimming is implemented in buildings. For
plug load control, there are a limited number of studies discussing
control of plug loads at building level. Building’s plug loads are usu-
ally modeled by lumping all plug loads together, and the total plug
load power consumption is determined by using a constant plug
load density (i.e. W/m?2) together with the plug load schedule. There
isaneed to explore load duration curves of key plug loads in order to
better map how usage patterns affect consumed power (Kamilaris,
Kalluri, Kondepudi, & Kwok Wai, 2014a) and help in automating
DR management in peak load scenarios (Weng et al., 2011). There
is also a knowledge gap with regard to impacts of controlling com-
mercial building’s plug loads on the building load profiles (Acker
etal, 2012).

To address the above knowledge gaps, the authors propose inte-
grated automation for optimal control of major loads in commercial
buildings including cooling, lighting and plug loads while occu-
pant environmental preferences, mainly thermal and lighting, are
maintained. The integrated automation enables a smart building
to minimize its power and energy usage, taking into account the
interaction among lighting, HVAC and plug loads. The proposed
approach is validated by experimentation conducted on a simu-
lated medium-sized office building modeled in EnergyPlus, which
reflects an existing commercial building in Virginia, U.S. However,
the proposed approach can be applicable to any type and size of
commercial buildings.

2. Model of a medium-sized commercial building and its
loads by type

This section summarizes the simulated medium-sized office
building model used as a basis to develop the proposed approach.
The simulated medium-sized office building model is based on
the U.S. Department of Energy (DOE)'s medium-sized reference
building model available in (DOE, 2011a), reflecting buildings in
Virginia/Maryland area with the post-1980 construction. (Cui, Wu,
Hu, Weir, & Li, 2016; Li, Wen, & Bai, 2016) have simulated these
reference buildings in lieu of real buildings for model develop-
ment and evaluation. This building was modeled in EnergyPlus
version 8.3- a widespread building energy simulation tool — which
provides more accurate peak electric load savings than baseline
methods. EnergyPlus is a whole building energy modeling and
simulation tool, which ensures integrated building and system
analysis and can predict dynamic behavior of building systems
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Fig. 1. Simulated medium-sized office building located in Virginia, U.S. used in this study.

under changing internal and external conditions (Crawley et al.,
2001; Karaguzel & Lam, 2011; Royapoor & Roskilly, 2015). Based
on user’s description of building envelope, mechanical systems,
building location, dynamically changing outside weather condi-
tions, changes in internal loads (e.g. occupants and lights) and other
inputs, EnergyPlus calculates the heating and cooling loads at user
specified time step (1-min interval) needed to maintain thermal
control set points, building energy consumption and other parame-
ters visualizing actual building performance (Melki & Hayek, 2009).

Input data for building envelope, climate conditions, and oper-
ating characteristics, internal and external loads for developing the
simulated medium-sized office building model in EnergyPlus are
discussed below:

2.1. Building envelope

The simulated medium-sized office building for this study is a
4980m? three-story building. It is rectangular shaped 50 m by 33 m.
Windows have the height of 1.22 m and are distributed evenly in
continuous ribbons around the perimeter of the building. The sim-
ulated medium-sized office building’s north axis is specified to the
North. Fig. 1 shows the simulated medium-sized office building’s
axonometric view and location.

2.2. Weather data

The study has been performed for a summer season when the
cooling load is high during afternoon hours. The weather data used
is of Ronald Reagan Washington National airport, U.S. Weather
data, in the EnergyPlus weather format is available from (DOE,
2011b). Fig. 2 shows the shows the outdoor air dry-bulb tempera-
ture for a summer day used in this study. From around noon to 6pm
outside air temperatures are higher than 30 °C. Maximum outdoor
air temperature is about 32 °C from 3pm to around 4:15pm.

2.3. Occupancy model

The method used for calculating nominal number of occupants
in each zone is area/person specified as 5 persons per 93 m?2 of
gross floor area. The occupancy schedule on a typical weekday used
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Fig. 2. Simulated medium-sized office building typical weekday schedules and out-
door air dry-bulb temperature used in this study.

in this study is shown in Fig. 2. The simulated building follows
typical occupancy patterns for office building with peak occu-
pancy between 8am to 5pm on weekdays and a decrease during
lunch-time between 12pm to 1pm. Activity level value is set at
120W/person (ASHRAE, 2013b), appropriate for office activities,
and an internal algorithm determines fractional latent and sensi-
ble heat gains. 30% of the total sensible energy emitted by people is
long wavelength radiation gain in a zone while the restis convective
heat gain.

2.4. HVAC load model

Each floor of the simulated medium-sized office building has a
package rooftop Variable Air Volume (VAV) system. The HVAC is
“on” one hour before occupants arrive at the building to bring the
space to the desired temperature and is “off” one hour after most
of the occupants have left the building, i.e. from 6am to 10pm. For
a summer weekday — from 6am to 10pm — the normal cooling
set point is 24 °C. During off-hours set back strategy is applied and
the cooling temperature set point is 26.7 °C. The simulated building
has five thermal zones — four perimeter zones and one core zone
— on each floor. For each of the three floors, perimeter zone 1faces
south, perimeter zone 2faces east, perimeter zone 3faces north and
perimeter zone 4faces west. The core zones on all floors are not
exposed to exterior building conditions. The HVAC load model for
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Table 1
Radiant and convective heat gain from office equipment (ASHRAE, 2013a; Wilkins
& Hosni, 2000).

Heat gain (%)

Radiant Convective
Computer — desktop 10 90
Computer — laptop 75 25
Monitor 40 60
Laser printer 30 70
Copier 22 78
Fax machine 32 68
Refrigerator 25 75
Coffee machine 3333 66.67

Direct Expansion (DX) unit with VAV fans available in EnergyPlus
is used in this study.

2.5. Interior lighting load model

The interior lighting load model available in EnergyPlus is used
in this study which allows specification of design power level, oper-
ation schedule and thermal distribution of heat generated from
light sources. Design level calculation method used is watts/area
and the ambient electric lighting power density for the entire simu-
lated building is 17 W/m2. The interior lighting schedule on a typical
weekday used in this study is shown in Fig. 2. 90% interior lights are
energized from 8am to 5pm and 5% remain energized from 11am
to 5am.

Electrical input to light appears as heat dissipated into building
zones. EnergyPlus divides this heat into fraction that goes into the
zone return air and does not contribute to cooling load, fraction
emitted into the zone as long wave thermal radiation, fraction that
is emitted into the zone as visible — short-wave — radiation and
fraction convected to the zone air. The sum of all heat gains should
be equal to 1(BigLadderSoftware, 2015). The magnitude of these
fractions depends upon the type of lamp and luminaire, HVAC and
building space design (DiLaura, Houser, Mistrick, & Steffy, 2011b).
The reference medium-sized office building considers a recessed
fluorescent luminaire with some of the lamp heat directed to the
plenum return air stream. Hence, 40% of the heat is added to the
return air, 40% emitted as thermal radiation and 20% as visible
radiation (Chantrasrisalai & Fisher, 2007).

2.6. Plug load models

Office buildings have plug loads, such as office equipment,
refrigerators, coffee makers, beverage vending machines. As there
are four tenants in the building, it is assumed that the mid floor
has twice as many tenants than other floors (Thornton, Wang,
Lane, Rosenberg, & Liu, 2009), which leads to higher number of
office equipment and plug load density for the mid floor. The
type and quantity of plug load equipment considered is as per
Pacific Northwest National Laboratory (PNNL) plug loads study for
medium-sized office buildings (Thornton et al., 2009). To simulate
plug loads in this study, instead of lumping all plug loads together,
a dynamic plug load model with 1-min intervals has been devel-
oped for individual plug loads. This results in 7.86 W/m? plug load
power density for the entire simulated building.

Electric plug loads produce both radiant and convective heat
gains which impact the time and magnitude of peak load. Convec-
tive heat gain is converted instantly to cooling load while radiant
heat gain is first absorbed by building mass and later converted
to cooling load (Hosni, Jones, & Xu, 1999; Wilkins & Hosni, 2000).
Radiant and convective heat gains are selected for some office
equipment based on available experimentation results by (ASHRAE,
2013a; Wilkins & Hosni, 2000) and are presented in Table 1. Authors

in (Hosni et al., 1999) provide guideline that if no information is
available total heat loss from equipment can be estimated as 20%
by radiation and 80% by convection. Hence, it is assumed that for
vending machine, water cooler, fan and miscellaneous appliances,
heat produced is 20% is radiant and 80% convective.

Typical weekday profiles of office electric plug loads — includ-
ing beverage vending machines, refrigerators, coffee makers, water
coolers, portable fans, desktop computers and monitors, laptops,
fax machines, laser printers and copy machines — are generated in
EnergyPlus, their usage is randomized to depict real-time occupant
behavior, each of which is discussed as follows:

1) Beverage vending machines

A typical vending machine comprises a compressor, a circu-
lation fan, a fluorescent lighting system, and electronics (Ritter
& Hugghins, 2000). Two types of vending machine models have
been developed in EnergyPlus using data from (Ritter & Hugghins,
2000). First vending machine’s compressor is on for 5 min consum-
ing 761 W. Compressor cycling time, i.e. time elapsed from one
compressor energization to the next, is 7min during which only
the circulating fans and lights are on consuming 281 W. Second
vending machine’s compressor runs for 8 min and consumes 776 W.
Compressor cycling time is 15 min consuming 276 W.

2) Fax machines

Fax machines are always operating either in an active mode or
a standby mode (Roth, Goldstein, & Kleinman, 2002). During an
active mode a fax machine is either transmitting or sending fax. In
a stand-by mode, a fax machine is ready to but not carrying out
any operation. For a typical use, a fax machine is in an active mode
for 10 min a day, during which its power consumption is 30 W and
1430 min a day in a standby mode, during which it consumes 15 W
(Roth et al., 2002). It is assumed that each faxing activity takes at
least 1 min to complete. Randomized fax usage is assumed during
the office working hours to generate a load profile of fax machine
in the simulated office building.

3) Computers-servers

A server refers to a computer that is not directly associated with
a specific human user and provides common functions to a group
of users. It performs back-end processing invoked on a scheduled
basis or by other computers. Server computer operates in an active
mode around the clock (Roth et al., 2002) with an active power
draw about 50% of its nameplate power (Goldstein & Bloom, 2014).
Server’s power range is between 50 W-270W. In this study, active
mode power consumption is considered 75W (Kawamoto et al.,
2002).

4) Computers-desktop

Desktop computers are either in an active mode, a low power
or an off mode. Desktop computers are in the off mode during non-
office hours. A desktop computer can be in a standby mode when
an employee is unseated during lunch time or attending a meeting.
Occupants are usually seated at their desks for less than one third
of the average workday (Metzger et al., 2012). Authors in (Webber
et al., 2006) found in a survey about 94% of computers do not have
power management feature and the turn off rate is 36%. This implies
that employees usually do not turn off computers or disable power
settings. A desktop computer operates in an active mode for 9h a
day consuming 55W; in a low power mode for 2 h a day consum-
ing 25W; and in a standby mode for 13 h a day consuming 1.5W
(Kawamoto et al., 2001). Fig. 3(a) shows the typical weekday power
consumptions of desktop computers generated in EnergyPlus.

5) Computers-laptops

Laptop computers are either in an active mode, a low power, an
off mode or unplugged. During non-office hours occupants usu-
ally unplug laptops to take them home. A power analyzer was
used to measure a laptop’s power consumption. The active power
consumption fluctuates around 37 W depending upon processor’s
activity. During an idle mode the power consumption drops to 14 W
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Fig. 3. Power consumption profiles of various modeled plug loads on weekday used in this study.
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and increases to 18 W after 2 min when the screen saver runs. Find-
ings from (Kawamoto et al., 2001), show that a laptop on a regular
weekday in an office building is in an active mode for only about
2.7 h,and in a low power mode for about 8.7 h. Unlike desktop com-
puters, laptop computers are in an active mode for only a few hours
due to their power management feature. Fig. 3(b) shows the power
consumptions of laptop computers on a typical weekday generated
in EnergyPlus.

6) Liquid Crystal Display (LCD) monitors

A typical 17inch LCD monitor for office buildings has been
modeled. The monitor can be in an active, a low power or an off
mode. During an active mode, power draw is usually less than the
nameplate power by the factor of 3 or more (Goldstein & Bloom,
2014). A low power mode is defined when the screen is powered
down. An off mode is when the screen is switched off. According to
(Kawamoto et al., 2001; Roth et al., 2002) a monitor is in an active
mode for 6 h a day consuming 16.7 W, in a low power mode for 5h
consuming 4.8 W, and in a standby mode for 13 h a day consuming
0.8 W. The survey conducted by authors in (Webber et al., 2006)
shows that the turn off rate for LCD monitors is about 18%. Power
consumption profiles of monitors on weekdays are generated in
EnergyPlus as shown in Fig. 3(c).

7) Laser printer

Laser printers are usually shared resources between several
users in a computer network (Roth et al., 2002). Shared equip-
ment is usually left on indefinitely (Metzger et al., 2012). Power
consumption of two different laser printers was measured with a
power analyzer. Printer 1 consumes 800 W while printing a page
in about 10s and 4.4 W during standby. Printer 2 consumes 548 W
while printing a page in about 30 s and 10.9W during standby. Find-
ings from (MACEBUR, 1998) show that laser printers are active,
i.e., perform printing operations, for about 43 min on a weekday.
Other studies (Kawamoto et al., 2001; Roth et al., 2002; Wilkins &
Hosni, 2000) do not report laser printer usage in active mode. It is
assumed that printer 1 prints no less than 6 pages at a time and
printer 2 prints no less than 2 pages at a time, and the minimum
printing activity takes 1 min to complete. Fig. 3(d) shows the power
consumption for the two laser printers on weekdays generated in
EnergyPlus.

8) Copy machine

Copy machines are shared resources, and like printers are left
on indefinitely. Power consumption of two different copy machines
was measured with a power analyzer. Copy machine 1 consumes
900 W while copying a page in about 10 s and 6.5 W during standby.
Copy machine 2 consumes 800 W while copying a page in about
10s and 4.4 W during standby. Findings from (Meyer & Schaltegger,
1999) show that copy machines are active typically for about 37 min
on a weekday. Other studies (Kawamoto et al., 2001; Roth et al.,
2002) do not report copier usage in active mode. It is assumed that
the two copy machines copy no less than 6 pages at a time, and the
minimum copying activity takes 1 min to complete. Fig. 3(e) shows
the power consumption for the two copy machines on weekdays
generated in EnergyPlus.

9) Water cooler

Water coolers deliver water between 5°C to 10°C. When
switched on, the unit cools the water at ambient temperature to
the desired temperature. Water coolers are typically switched on
for 24 h a day. For the modeled water cooler — based on different
manufacture datasheets — it is assumed that the compressor is on
for 7min and consumes 260 W and is off for 5 min consuming no
power.

10) Coffee maker

Power consumption of a coffee machine was measured with
a power analyzer. It was observed that the machine is never
unplugged by occupants. When switched off but plugged in, it con-
sumes around 8.3 W. When switched on, but not in use it consumes
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Fig. 4. Miscellaneous appliances’ weekday schedule used in this study.

around 10.4 W with brief power surges to keep the water hot. While
brewing 1316 W is consumed. The brewing time is assumed to be
no less than one minute. Based on the measured data, the power
consumption profile for the modeled coffee maker on weekdays
is generated in EnergyPlus, as shown in Fig. 3(f). Increased use is
observed during early morning and late afternoon hours.

11) Refrigerator

The refrigerator model used in this study has been developed by
measuring the power consumption of a refrigerator with a power
analyzer. The refrigerator is on for 8 min during which it consumes
135W. If the door is opened, there is an additional 40 W power
drawn due to the incandescent light bulb inside the refrigerator
and duration of on time exceeds. The off mode duration is 15 min
and during this time there is no power consumption. A defrost
cycle happens every 30-40 h and lasts for about 20 min consuming
365 W.The defrost cycle is followed by a long refrigerator operating
duration. Fig. 3(g) shows the power consumption for the modeled
refrigerator generated in EnergyPlus. Increased refrigerator door
opening is observed during morning hours, lunch hours, and in the
evening hours.

12) Portable fan

A portable fan consumes around 30 W when operating (Weng
et al.,, 2011). Based on this data, random weekday power con-
sumption profiles are generated in EnergyPlus to depict occupant
behaviors.

13) Miscellaneous Appliances

There is a wide range of miscellaneous equipment in office
buildings like cell phone or iPad chargers, table radio, adding
machine, battery charger, portable stereo, portable CD player, sta-
pler, corded phone, etc. These miscellaneous appliances consume
around 4W power (Thornton et al., 2009). The miscellaneous appli-
ances follow the schedule shown in Fig. 4. From 8am to 5pm
equipment usage is about 90%, reducing to 80% during lunch hours
from 12pm to 1pm. After 5pm, as number of occupants decrease,
gradually equipment usage reduces to 40% for unoccupied periods.

3. The proposed methodology for optimal control of
end-use loads

Typically a DR event on a weekday can be at any time between
1pm to 7pm during summer (CPSEnergy, 2016; PJM, 2016). The
DR event selected for this analysis on a summer day is between
2pm to 5pm. In this study, DR savings correspond to the differ-
ence between simulated building load profiles with and without a
DR strategy. This provides more accurate DR savings than estima-
tion techniques. Minute-by-minute load simulation is performed
to enable the most accurate representation of building loads.
Note that, while most traditional Building Energy Management
(BEM) products enable control of building loads in 15-min inter-
vals, with the availability of Internet-of-Things (IoT) devices and
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Fig. 5. Optimal control algorithm for commercial building’s end-use loads.

powerful computers, recently released BEM software platforms,
such as Building Energy Management Open Source Software
(BEMOSS) (VirginiaTech, 2016), are capable of monitoring and con-
trol building loads at a fine resolution of 1-min intervals or less. This
justifies the 1-min resolution DR control presented in this paper.

3.1. Overall algorithm

The optimal control algorithm for end-use loads is designed
using EnergyPlus EMS. The EMS manager, core component of the
EMS module, co-ordinates activities of EMS objects like sensors and
actuators with the overall EnergyPlus simulation. The EMS module
uses a simple programming language, EnergyPlus Runtime Lan-
guage (Erl), to specify control algorithms based on IF-THEN-ELSE
statements and other logic structures explained in detail in (DOE,
2013). The EMS works by polling a set of sensors and retrieves
information about external environmental conditions (e.g., day-
light illuminance levels), internal building conditions (e.g., current
electric light level or space temperature set point in a zone), HVAC
and other equipment conditions. This sensor data becomes input
variable for EMS control algorithms specified in Erl and is used to
direct various types of control actions. Remote actuators are con-
trolled to make changes to system operations once the EMS passes
judgmente.g. change thermostat set points, dim lights or shut down
low priority plug loads. This emulates, inside EnergyPlus, the same

type of controls that can be implemented with digital EMS in real
buildings.

Specifically, the overall algorithm and the control methods for
HVAC, lighting and plug loads in buildings are explained in detail
as follows.

During a DR event EMS controls building operation. The
flowchart of the designed algorithm is presented in Fig. 5 and is
explained as follows:

e First, the EMS module and the zone cooling set point, light and
plug loads actuators are activated and override the normal build-
ing operation during a DR event.

At each time-step the EMS sensors retrieve the PMV index, day-
light illuminance levels and cooling set points of each zone on
all floors along with light and plug load schedules. This data is
mapped to EMS variables to be used in control algorithms speci-
fied in the EMS program.

At the beginning of each time step the EMS Program Calling Man-
ager calls the EMS program — which contains instruction blocks of
Erl code — to adjust each zone’s cooling set points, lights and plug
load levels as per the control algorithm. Building’s cooling system
attempts to meet the thermal load with the adjusted cooling set
points, light and plug load levels for the relevant zones.

In this study, the algorithm designed for space temperature set
point control, optimally adjusts each thermal zone’s cooling set
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points to achieve peak load savings and maintain occupant ther-
mal comfort. The algorithm designed for lighting control in EMS
provides a tighter control of light levels, integrated with daylight, to
maintain the illuminance at the desired set point in order to achieve
more savings with good adaptability to the changing daylight con-
ditions. In order to improve the accuracy of building simulation
results and gain an insight into how individual plug load operation
can be controlled during a DR event; instead of lumping together
all the plug loads, the authors present a 1-min resolution data set
at individual plug load level that is integrated with EnergyPlus.
This allows each key plug load to be individually controlled and
shutdown during a DR event as each equipment’s usage pattern
affects the power it consumes. Control algorithms for HVAC, light-
ing and plug loads are described in detail in Sections 3.2, 3.3 and
3.4, respectively.

3.2. HVAC control

In this study occupant thermal comfort is measured by using the
thermal comfort index, Predicted Mean Vote (PMV) (Sehar et al.,
2016). The PMV model, developed by Fanger takes into account
air temperature, mean radiant temperature, relative humidity, air
speed and two personal factors including activity and clothing,
and can be applied to air-conditioned buildings to determine occu-
pant thermal comfort. American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) Standard 55 uses the
PMV model to set the requirements for indoor thermal condi-
tions (Turner, 2011). When PMV index is zero, thermal comfort
is maintained; + 1, + 2 and + 3 indicate slightly warm, warm and hot
conditions respectively, while — 1, — 2 and — 3 present slightly cool,
cool and cold conditions respectively. PMV index range from —0.5
to +0.5 reflects comfortableness, and is used as a condition for air
conditioning (Toftum, Andersen, & Jensen, 2009).

To perform HVAC control, the lower temperature limit in all
zones is set at the normal operating cooling set point during occu-
pied periods, or 24°C, as described in Section 2.4. Each zone’s
cooling set points are adjusted repeatedly until a value is obtained
at which the PMV index lies in between —0.5 and +0.5 and maxi-
mum peak load savings can be achieved. Once judgment has been
made as per the EMS program instructions, EMS zone tempera-
ture control actuators increase or decrease thermostat cooling set
points for all zones as per Eq. (1).Itis a schedule-based control since
the normal operating cooling set point schedule is considered. The
“SET” instruction performs control actions on the object to which
it is mapped; here zone temperature control actuators. The adjust-
ment factor varies at each time step, depending upon how much
the cooling set points should be increased or decreased in order to
maintain the PMV index within comfortable range. As soon as the
DR event finishes, the normal cooling set points are resumed by
setting the temperature control actuators for each zone to “Null”.
Null is a special structure that stops the actuator from overriding
control.

Adjusted
SET  TAdWsted = pNormal . g ) ey
Where:
ngé;‘“w Adjusted cooling set point (°C)

Té\(’)‘l’)rlm“’ Normal operating cooling set point (°C)

Beool Adjustment factor for cooling load (°C)

3.3. Light control

In this study illuminance, an index which assesses the quan-
tity of light (Carlucci, Causone, Rosa, & Pagliano, 2015), for office
space is used for light control. The electric lights control algorithm
has been developed in EMS that provides tighter control of electric

lights to maintain an overall daylight plus electric light illumi-
nance (in case of low daylight illuminance levels) at a set point
value. This is unlike the daylight control object available in Ener-
gyPlus which linearly reduces light electric power in response to
increase in daylight illuminance. The developed EMS control main-
tains the targeted illuminance levels in both the perimeter zones
with daylight illuminance and the core zones which are deprived
of daylight illuminance. Dimming and shutting down the lights has
an additional benefit as it reduces the cooling load.

In order to optimally utilize daylight, photosensors located in
each zone communicate real time illuminance levels to the EMS
which is configured with a threshold value of 5001x. This is as
recommended by Illuminating Engineering Society of North Amer-
ica (IESNA) for office buildings (DiLaura, Houser, Mistrick, & Steffy,
2000). As the perimeter zones are 15 ft deep and receive uniform
daylight illuminance due to the windows which are distributed
evenly in continuous ribbons around the perimeter of the building,
photosensors are located 3 ft above ground (at desk height), at the
center of each perimeter zone and 10 ft away from the windows.
EnergyPlus calculates daylight illuminance at the photosensor —
which is dependent upon sky conditions (clear, clear turbid, inter-
mediate and overcast), glass transmittance of windows, location of
photosensor, window shading devices and reflectance of interior
surfaces — through the daylight factor (DF)(Carlucci et al., 2015)
which is ratio of interior illuminance to exterior horizontal illu-
minance and the external horizontal illuminance (Ramos & Ghisi,
2010). The external illuminance is calculated in EnergyPlus through
amodel developed by (Perez, Ineichen, Seals, Michalsky, & Stewart,
1990). The daylight illuminance available at the photosensor is
added to the electric light illuminance — which is determined using
Eq. (2) (LightSearch, 2014; RapidTables, 2015) in the EMS program
— to determine each perimeter zone’s overall illuminance value.
Ielectric = P[«ﬁ (2)
Where:

Ielectric Electric illuminance (1x)

P Electric light input power (W)

1 Luminous efficacy (4ot )
A Area of a zone m?2

Itotal = letectric + Isensor 3)

Where:

I;otq Total illuminance (Ix)

Isensor Daylight illuminance at the photosensor (Ix)

A fluorescent lamp, most common in commercial building, is
considered for the modeled office building. Fluorescent lamp effi-
cacy is between 70—100(%) and the system — lamp +ballast —

decreases by about 5% (DiLaura, Houser, Mistrick, & Steffy, 2011a).

An efficacy of 90(%) is considered. Each core zone on all floors

has an area of 984mZ. Perimeter zones 1 and 3, each has an area of
207mZ2. Perimeter zones 2 and 4, each has an area of 131m?2.
EMS light control operates as follows:

a) For core zones, which do not receive daylight illuminance, at
each time step EMS core zone light control actuators increase or
decrease the electric lighting levels as per Eq. (4). Itis a schedule-
based control since the normal operating light schedule, shown
in Fig. 2, is considered. The adjustment factor is varied, and for
eachvalue electric light input power level is calculated and input
in Eq. (2) to calculate the generated electric illuminance. Electric
light input power level is selected which can maintain 500 Ix.

b) For each perimeter zone, at each time step, firstly the daylight
illuminance level from the photosensor is read by the EMS pro-
gram. If this value is greater than 5001x than the zone light
control actuator completely shuts down all lights by setting the
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Fig. 6. Bottom floor’s perimeter zone 2 light power consumption and illuminance with and without EMS for a summer day.

adjustment factor in Eq. (4) to zero. If the daylight illuminance
level is less than 500 Ix than the EMS zone light control actuator
increases or decreases the electric lighting level as per Eq. (4)
by varying the adjustment factor. Each calculated electric light
input power level is input in Eq. (2) to calculate the generated
electric illuminance. This electric illuminance is than added to
the daylight illuminance as per Eq. (3) to determine the over-
all zone illuminance. Electric light input power level is selected
which can maintain an overall 5001x. As soon as the DR event
finishes the normal light levels are resumed by setting the light
control actuators for each zone to “Null”.

djusted
SET  Pligne™ " = Pl - Sighe - Biighe (4)
Where:
Pﬁgdffted Adjusted lighting load power (W)
P{;’g"}ﬂ”a’ Normal lighting load power (W)

Siighe Normal lighting load schedule
Biight Adjustment factor for lighting load

3.4. Plug loads control

During a DR event, 50% miscellaneous appliances, all portable
fans and water coolers are shut down to achieve peak load savings
by smart plugs and strips. The designed algorithm does not shut-
down critical plug loads. Shutting down plug loads also reduces
cooling load. Desktop and server computers/monitors are not shut-
down during DR event since a desktop computer should not be
de-energized without going through a proper shutdown procedure
and a laptop, after de-energizing, if left in idle state can fully dis-
charge before a proper shutdown procedure is performed (Lobato
et al., 2012). Refrigerators, vending machines also remain on in
order to maintain food quality and cold beverage temperatures.
Other office equipment — like fax machines, copy machines and
laser printers — are observed to consume low standby power. Their
power consumption is high only when in an active mode — which
lasts only for a short duration — therefore there is no need to shut-
down these equipment.

Electric plug loads are shut down by EMS zone plug load control
actuators as per Eq. (5). It is also a schedule-based control since for
each plug load — to be shut down — its normal operating schedule
is considered. The adjustment factor is 0.5, which allows shut down
of 50% miscellaneous equipment in each zone, and zero for shutting

down all portable fans and water coolers during a DR event. Plug
load control actuators for each zone are set to “Null” at the end of
DR event.

djusted N 1
SET szug =P pl(zzrgma ~Spiug * Bplug (5)
Where:
nglfg”“ed Adjusted plug load power (W)

Pg’lzrgma' Normal operating plug load power (W)
Spiug Normal operating plug load schedule
Bpiug Adjustment factor for plug load

4. Simulation results

All simulations are performed at a resolution of 1-min inter-
vals and for a summer day. As the simulated office building is in
the northern hemisphere and the fact that the sun rises north of
due east and sets south of due west, during morning hours, the
east facing zones (perimeter zones 2) receive high daylight illu-
minance. In the afternoon hours, the west facing zones (perimeter
zones 4) receive high daylight illuminance. The south facing zones
(perimeter zones1) receive sunlight higher than the north facing
zones (perimeter zones 3). Incident daylight illuminance for the
north zones is lowest of all orientations.

The normal operating cooling set point from 6am to 10pm is
24°C in all zones on all three floors. The PMV index during this
time is mostly negative for all zones except for perimeter zone 4 —
facing west — on the middle and top floors, the PMV index gets pos-
itive during the late afternoon hours (i.e., 4pm to 6pm). This is due
to increase in building cooling demand due to high internal load
and outside air temperatures. The PMV index starts to decrease for
all zones after 5pm due to decrease in simulated building’s occu-
pancy. From 10pm to 6am the normal operating cooling set point
is increased to 26.7 °C which makes the PMV index positive, espe-
cially for mid and top floor zones but not too high since there are
no occupants in the simulated building and the internal building
load is less.

4.1. End-use loads control with EMS

Actuators for temperature, light and plug load control are acti-
vated during the DR event, which is from 2pm to 5pm.

As an example, Fig. 6 shows the daylight plus electric lights
illuminance levels and electric lights power consumption for the
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Fig. 8. Aggregated electric plug loads’ power consumption profile with and without EMS for a summer day.

bottom floor’s perimeter zone 2. This zone receives daylight. Loca-
tion of the photosensor is as specified in Section 3.3. For the bottom
floor’s perimeter zone 2, electric lights are turned off by the EMS
till around 2:30pm. After this daylight illuminance level gets lower
than 500 Ix and gradually electric lights are turned on to maintain
an overall illuminance level of 5001x. It can be observed that the
EMS provides more lighting load savings than the daylight control
object available in EnergyPlus which is unable to maintain the set
point illuminance.

As an example, Fig. 7 shows the PMV index and cooling set point
for the bottom floor’s perimeter zone 4 during the DR event. As
cooling set points increase, the PMV index starts increasing due to
less conditioning. Not every zone behaves the same, thus cooling
set points are optimally adjusted in each zone to achieve maxi-
mum peak load savings and maintain thermal comfort. With EMS
control, till 3:30pm, 27 °C cooling set point can be maintained. Max-
imum peak load and energy savings are obtained with an upper
limit of 3 °C temperature offset from the original 24 °C cooling set
point which is explained in (Sehar et al., 2016). After 3:30pm, it is
observed that by raising the cooling set point to 25°C, 1°C higher
than the normal operating temperature of 24°C, the PMV index
increases rapidly. This is due to the fact that the zone 4faces west

and during late afternoon hours this zone gets more heat trans-
ferred from sunlight to the indoor space. After 3:30pm, a 25°C
cooling set point maintains not only occupant thermal comfort
but also achieves maximum peak load savings. It can be observed
that if a global temperature adjustment control is applied and all
zones cooling set points are raised to 27 °C during DR event thermal
comfort cannot be maintained.

Fig. 8 shows the peak load savings achieved for the aggregated
electric plug loads’ power consumption profile during a DR event by
shutting down water coolers, portable fans and 50% miscellaneous
electric equipment.

4.2. Energy and peak load savings for all end-use loads control
with EMS

The DR event from 2pm to 5pm has been investigated to evaluate
peak load and energy savings potentials.

Figs. 9 and 10 show peak load savings achieved for the sim-
ulated building and its HVAC system with EMS respectively. By
controlling HVAC, lights and plug loads in all zones using the pro-
posed approach, building energy consumption and peak load can
be reduced. From Figs. 9 and 10 it is observed that without EMS the
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Fig. 9. Simulated building’s peak load with and without end-use load control by EMS for a summer day.
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Fig. 10. Simulated building’s HVAC peak load with and without end-use load control by EMS for a summer day.

peak load occurs at around 4:10pm due to high outside tempera-
tures and internal loads. The peak load values for the simulated
building and HVAC without EMS are 224.68 kW and 108.61 kW
respectively. After implementing the proposed DR approach, the
building’s peak load at 4:10pm is reduced to 126.88 kW, represent-
ing a 43.53% decrease from the original peak load. The HVAC peak
load is reduced to 75.13 kW, representing a 30.83% decrease from
the original HVAC load.

From Fig. 10 itis observed that the HVAC electric load has a spike
when DR event ends. In case of all end-use loads control with EMS,
if all zones’ cooling set points are abruptly brought back to normal
operation at the end of DR event — at 5pm — instantly HVAC load
increases from 71.21 kW to 168.96 kW, representing an increase
of 137.27%. This exceeds the original HVAC peak load at 4:10pm
without EMS by roughly 60.34 kW. However, it is interesting to
note that if only HVAC load is controlled (no lighting and plug load
controls), the HVAC load increases from 74.73 kW to 195.14kW at
the end of a DR event. This represents a 161.13% increase. With all
end-use loads control this restrike is less due to the decrease in
cooling load by dimming selected lights and shutting down some
plug loads during the DR event. Lighting and plug loads do not pro-
duce any demand restrike at the end of DR event. Authors in (Sehar

et al.,, 2016) present strategies to reduce this demand restrike by

Table 2
Peak load of simulated building and HVAC with and without EMS for a summer day.

Peak load at 4:10pm (kW) (% Savings)

Building HVAC
Without EMS 224.68 (0) 108.61 (0)
With light only control 150.47 (33.03) 93.03 (14.35)
With HVAC only control 194.17 (13.34) 78.65 (27.59)
With plug load only control 214.91 (4.35) 104.54 (3.75)
With a end-use loads controls 126.88 (43.53) 75.13(30.83)

extending DR duration or by slowly bringing back the cooling set
points to their nominal values.

4.3. DR potential of the simulated medium-sized office building

Table 2 shows the peak load savings with EMS during the DR
event. It is observed that light control achieves maximum peak
load savings followed by cooling set point control. Interactive
relationship between lighting/plug control and building thermal
load can also be observed. Energy dissipated by lighting and plug
loads within the building introduces internal heat gains which is a
fraction of the building cooling load. By dimming selected lights
and shutting down some plug loads during the DR event — the
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Table 3

Energy consumption of simulated building and HVAC with and without EMS for a summer day.

Energy consumption (GJ) (% Savings)

Building Light Plug loads HVAC
Without EMS 10.45(0) 3.42 (0) 1.88 (0) 455 (0)
With light only control 9.58 (8.32) 2.79(18.42) 1.88(0) 4.31(5.27)
With HVAC only control 10.26 (1.82) 3.42(0) 1.88(0) 4.36 (4.18)
With plug load only control 10.37 (0.76) 3.42(0) 1.85(1.60) 4.50(1.10)
With a end-use loads controls 9.45 (9.57) 2.79(18.42) 1.85 (1.60) 4.21(7.47)

associated heat gain reduces — leading to the decrease in cool-
ing load and HVAC power consumption. Lighting and plug load
controls reduce HVAC power consumption by 14.35% and 3.75%
respectively.

Table 3 shows the energy consumption for the entire summer
day with and without EMS. Building energy consumption is influ-
enced by weather conditions, internal loads and hours of operation.
It is observed that lighting control alone achieves most savings fol-
lowed by cooling set point control, as shutting down lights not
only reduces energy consumption by lights but also the cooling
load. As only few plug loads are being shut down during DR event,
impact on simulated building and its HVAC load is not significant.
Implementing control of all end-use loads reduces the simulated
building and its HVAC load’s energy consumptions by 9.57% and
7.47% respectively.

5. Discussion

Achieved results show that the integrated control for HVAC,
lighting and plug loads developed in EnergyPlus EMS successfully
lowers building’s peak load at 4:10pm by 43.53%. Moreover the
overall energy consumption for the simulated day is also lowered
due to the integrated control. The integrated control is able to meet
occupant comfort requirements-thermal and lighting at all times
during the DR event. Some key points are taken from the simulation
results as follows:

Internal loads impact a zone’s cooling load. Zones with higher
internal loads, such as high plug load density, have increased cool-
ing load hence require more air-conditioning to maintain thermal
comfort. Zones with higher solar gain, which affects the building
occupant thermal comfort as it includes the amount of heat trans-
ferred to the building, cannot have their space temperature cooling
set points raised to high values for longer periods of time as they
quickly get hot. If only cooling set points are adjusted during a DR
event, demand rebound is high as the cooling set points are imme-
diately lowered at the end of DR event when cooling load is high
and HVAC systems uses extra energy to remove the heat gained
during reduced service levels of DR event. However, implementing
lighting and plug load controls together with HVAC control reduces
building cooling load and hence the demand restrike associated
with HVAC. Results also shows that for the simulated office build-
ing, lighting load control contributes the most to the building’s peak
load reduction, followed by HVAC and plug load control.

6. Conclusions

There is an increasing concern about grid reliability and growth
towards energy efficiency. Smart buildings are an integral part
of smart grid where buildings can change their electric usage by
responding to DR signals during peak hours. This paper establishes
a successful approach to lower a building’s peak electrical demand
through end-use load control which can also be adopted in other
types and sizes of commercial buildings which in turn helps lower
the grid’s peak load. Utilities’ needs for expensive generation or
purchases to meet grid’s peak load can be reduced by lowering

building’s demand. The specified approach can also be an integral
part of a building’s operation on a daily basis, as it meets comfort
requirements, to achieve energy efficiency.

The research offers an improved understanding of building’s
peak demand reduction potential as a result of performing DR to
maximize building’s economic benefits while maintaining occu-
pant thermal and lighting needs. This translates to improving the
grid’s reliability and efficiency. A typical summer day has been ana-
lyzed in this paper to demonstrate the applicability of the proposed
approach. Moreover the approach can be applied to other weather
patterns, resulting in variation of peak reduction and energy sav-
ings potentials of a building throughout a year.

Additionally, dynamic plug load models of key office plug loads
have been analyzed, developed and incorporated into Energy-
Plus and used for building simulation purposes, thus improving
the accuracy of simulation results. The optimal control of each
zone’s space temperature set points results in occupant satisfac-
tion across the building. Space temperature set points cannot be
much increased for zones with higher solar gains in order to main-
tain occupant thermal comfort. Lighting control, for zones with and
without natural daylight, presented in this paper is able to closely
maintain the illuminance levels at desired levels. Use of building
energy simulation tool provides more accurate DR savings unlike
other studies which estimate building’s load profiles using baseline
methods.

Overall, the knowledge gained through this research will help
researchers develop new and improved controls for reducing build-
ing peak load. This work is an integral part of smart building
research. Researchers can implement similar ideas for load control
ofabuildingin a microgrid and smart grid. The study at present does
not include the integration of renewable generation and storage at
customer side with demand responsive buildings to meet net-zero
energy buildings requirements. Future work is to study optimal siz-
ing of photovoltaic & storage and their integrated automation with
DR to meet grid’s demand reduction target.
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