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Air  conditioning  (AC)  of  large  commercial  buildings  represents  an  attractive  target  for  many  different
forms  of  demand  response  (DR)  including  DR  for ancillary  services  (AS)  such  as  frequency  regulation.
The  operating  cost  of such  DR is  typically  discussed  in  terms  of  occupant  discomfort.  However  at  fast
timescales,  perturbations  to well-functioning  building  controls  may  increase  the  total  energy  consump-
tion  relative  to a baseline  that  does  not  provide  DR  ancillary  services  (DR-AS).  The extra  energy  is  a  cost
of  control  to  the  asset  owner  and  should  be  factored  into  the  cost  of  providing  DR-AS.  We  performed  DR
emand response
ncillary services
nergy efficiency
eating ventilation and air conditioning

experiments  on  a ∼30,000  m2 office  building,  and  at the 15-min  time  scale  of these  experiments,  we find
the  extra  energy  consumption  to be significant.  Similar  to battery  energy  storage,  we  express  the  energy
cost in  terms  of a round-trip  efficiency  and  use  this  metric  in  a simple  economic  analysis  of  the  cost  of
frequency  regulation  from  these  resources  and  discuss  potential  impacts  on advanced  load  management
methods.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The penetration of renewable generation is increasing signifi-
antly in many electrical grids. In the U.S., much of this expansion
s being driven by renewable portfolio standards (RPS) [1] that

andate a certain fraction of generation be derived from renew-
ble resources, with wind and photovoltaic (PV) generation being
he primary contributors. Both of these resources are variable and
tochastic, i.e. they have limited controllability. As the penetration
f renewable generation increases, there is less room in the gen-
ration stack for controllable generation for mitigating renewable
uctuations. Viewed in this way, even the expansion of flexible nat-
ral gas generation in many parts of the U.S. may  ultimately be

imited in its ability to provide these balancing resources. Other
ontrollable resources will be required to provide such ancillary
ervices (AS).

Grid-level energy storage is one candidate to provide these ser-
ices. Pumped hydro storage is an economical, highly efficient form

f energy storage, however, its availability is limited by local geog-
aphy [2]. Some forms of battery energy storage can have roughly
imilar efficiency, however, the capital costs remains stubbornly
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high. The lack of universally available storage has encouraged the
development of demand response (DR). The intent of DR load con-
trol is to adjust the time when energy is consumed to assist with
the management of generation-load balance. DR is used in many
electrical grids to provide demand response ancillary services (DR-
AS) with the majority of these uses being spinning reserves [3], i.e.
DR-AS that is called on relatively infrequently. The impact to the
interrupted load is primarily disruption of the end use. Other forms
of DR-AS, such as frequency regulation service [4], will require
much more frequent and continual modification of load behavior
which may  have performance implications beyond just a disruption
of the end use.

The assumption by many DR research efforts [4–7] is that dis-
ruption of the load by DR has little or no effect on the total energy
consumption or that the effect is insignificant compared to the
value of the DR service. For loads that are simply deferred, for
example dish washing and clothes drying, or for grid services that
only require a few load adjustments per day, this assumption is
likely quite good. However, if DR-AS requires that load consump-
tion be modulated about a mean level on sub-hourly timescales,
this assumption may  not hold and additional energy consumption
may  be required to serve the disturbed load. Some experimen-

tal [8] and simulation [9] work has demonstrated an increase in
average total energy consumption due to the relatively slow pre-
heating or precooling of homes driven by time variable energy
pricing. However, insufficient attention has been given to possible
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nergy losses incurred because of DR control and especially DR-AS
ontrol.

Large commercial air conditioning (AC) systems are attractive
oads for DR and DR-AS applications because they already include
elatively sophisticated control and communications architectures,
educing the expected incremental capital cost of adding DR capa-
ility. In contrast, a population of small residential loads may
rovide a well-understood and repeatable demand profile [10], but
he capital cost of the enabling control and communication infras-
ructure is significant. The operational or control cost of AC-based
R is typically discussed in terms of occupant discomfort – a very

mportant metric because a DR control that exceeds comfort lev-
ls too often could be discontinued. Occupant discomfort depends
pon the DR control system and how it weights discomfort versus
ther objectives, e.g. accuracy in tracking load power reference sig-
als. However, there may  exist additional operating costs. If the
uilding controls for a large commercial AC system are operat-

ng in a quasi-steady state, perturbing these operations will likely
ncrease the time-averaged energy consumption, thereby creating
dditional operating costs for the asset owner who  is providing
he DR-AS service. This manuscript focuses on characterizing these
dditional energy costs for one type of large commercial building AC
t timescales comparable to those in frequency regulation service.

We have performed DR-AS experiments on a ∼30,000 m2 office
uilding to develop a methodology for measuring the extra energy
onsumption, to determine this extra consumption for one class of
ommercial buildings using one type of AC system, and to develop
n economic model for the variable operating cost of the DR-AS.
he DR experiments are primarily carried out at the 15-min time
cale, a speed appropriate for mitigating fluctuations due to wind
nd PV variations, and approaching the control speeds needed for
articipation in frequency regulation markets [11]. We  character-

ze this AC-based DR in terms of a round-trip efficiency so that it
an be directly compared to other forms of energy storage, e.g. the
ound-trip energy losses incurred when charging and discharging

 battery.
The remainder of this manuscript is organized as follows. Sec-

ion 2 presents a review of relevant DR literature. Section 3 provides
 brief description of the AC system used for experimentation, suf-
cient for understanding the main results. Section 4 introduces an
nalogy to round-trip efficiency of battery charging/discharging
hat will be useful in the discussion of our experiments. Sec-
ion 5 describes the experimental protocol used for determining
C-based DR round-trip efficiency – a method we believe is appli-
able to most large commercial AC systems and large aggregates
f residential AC units. Section 6 presents the results of our mea-
urements and a comparison with additional analysis of data from
elated experiments [8] and simulations [9]. Section 7 provides a
iscussion of our results in terms of an economic model for the
R service and some potential implications for advanced load con-

rol. Finally, Section 8 presents our conclusions and a discussion of
otential future work.

. Literature review

The physical structure of large commercial AC systems is inter-
onnected such that control actions taken by one component affect
he behavior of all attached components, often leading to com-
lex dynamics. For control purposes, many researchers describe
he behavior of these systems using reduced-order models, e.g.
iegler-Nichols tuning [12] or self-learning neural networks [13].

uch approaches allow the operator to aggregate the many indi-
idual control points and devices in the system into a few key
ontrol setpoints. In previous work [14], we take a related approach
hat represents the state of a large number of similar devices
ings 97 (2015) 47–55

(variable air volume units, described in Section 3) using a proba-
bility distribution, and relates this distribution to the AC fan power
consumption. We  also developed a model of the dynamics of this
distribution and used this predictive model in an open-loop method
capable of providing DR-AS at speeds approaching those required
for participation in frequency regulation markets. We  use this same
open-loop control strategy [14] in the current work.

The work in this manuscript also builds on previous experimen-
tal work on DR in commercial AC systems. This includes [15] which
demonstrated load shedding by AC systems across geographically
separated commercial buildings when exposed to increases in a
dynamic electrical price on hour-long timescales. In a separate
test presented in [16], the results in [15] were validated on a
larger population of buildings subject to critical peak electricity
pricing. Experiments using customer AC loads to provide spinning
reserve services [17] have also been conducted. The Open Auto-
mated Demand Response (OpenADR) communication protocol [18]
has been used to control the AC load of buildings [19] by send-
ing both price and load curtailment signals. However, this previous
work is primarily focused on longer time scales and infrequently
called DR services. Our focus in this manuscript is on faster and
continuously controlled DR-AS such as frequency regulation.

Some recent work has focused on more advanced AC con-
trol paradigms including genetic algorithms [20], occupancy-based
control of entire building floors [21], model predictive control
(MPC) to reduce transient loads [22], and MPC  in conjunction with
weather forecasting to regulate an entire building AC system [23].
Predictive control schemes have also been used to minimize build-
ing energy costs under time-of-use pricing [9,24] as well as under
dynamic pricing scenarios [9,25]. Larger system studies have inves-
tigated the impact of DR on entire electrical distribution circuits
[26]. However, most of this work is focused on control at slow time
scales rather than the fast frequency regulation we  consider here.
Several efforts used simulations [4,27] and experiments [27,28] to
examine commercial AC response to frequency regulation signals
on shorter-term timescales, but these studies did not include the
loss mechanisms examined in our experiments.

3. AC system description

The details of commercial AC systems vary from building to
building, with the larger systems often being custom designed to
the particular application. However, many large systems share a
common underlying structure. The AC system in this work (see
Fig. 1) is comprised of a central chiller plant that distributes chilled
water to the heat exchangers in several independent air handling
units (AHU). The fans in the AHUs circulate building air through the
heat exchangers and to the conditioned spaces. The flow of cold air
into each space is regulated by individual variable air volume (VAV)
units. The rest of this section provides details of the AC system that
are important for understanding the properties of the DR-AS exper-
iments. For a more in depth discussion of the HVAC layout, see our
previous work [14].

For the purposes of this discussion, we begin at the VAVs which
are the air inlets to the conditioned spaces (see Fig. 1). A damper
valve in the VAV adjusts to regulate the amount of cooled air flow-
ing from the supply air duct into a conditioned space. Unlike the
discrete, hysteretic control of small AC units, the error signal from
the conditioned-space thermostats is used by a local proportional-
integral-derivative (PID) controller to continuously vary the VAV
damper valve opening. The damper valves can be actuated between

100% (fully open) down to about 20–30% [29]. The lower limit is
set to ensure the conditioned space always receives a required
minimum level of ventilation. The local PID controller and the
mechanical response time of the damper valve opening determine
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Fig. 1. A schematic drawing of the AC system used in this work. The AC system is composed of two main sets of loops. The first is a water loop that circulates water between
the  chiller plant and air-to-water heat exchangers where the water loop interfaces with the air loops. In the air loops, fans in the Air Handling Units (AHU) force warm air
returned from the conditioned spaces through the air-to-water heat exchangers where it is cooled and then delivered to the inlets of an array of variable air volume (VAV)
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nits.  Thermostats (T) in the conditioned spaces provide input to a controller in th
hermostat on the chilled water loop regulates the chilled water flow to control the
HUs  regulates the fan speed to maintain the pressure of the cooled air supplied to

ow quickly the air flow responds to changes in the temperature
rror signal from the thermostat. This is in addition to any commu-
ication latency. The VAVs in the AC system in this work typically
espond to large changes in conditions in ∼1 min.

VAVs that are physically close to each other are grouped
ogether and connected via ductwork back to a common AHU (see
ig. 1). In the AC system used in this work, there are four AHUs each
erving groups of 80–100 VAVs. The AHUs provide two  vital func-
ions. First, the air-to-water heat exchanger in each AHU removes
eat from the warm return air so the air supplied to the VAVs is
ool. Second, a local control in each AHU provides a steady supply
ir pressure to the VAVs. If the thermostats in a group of VAVs are
alling for more cooling, the local PID loops open the VAV damper
alves to increase the air flow. Without additional controls, the air
ressure on the downstream side of the supply air fan (and at the
AV inlets) would fall, counteracting the desired changes. However,

 signal from a pressure sensor at the fan output is used in a local
ontrol loop that regulates the supply air fan speed via a variable
requency drive (VFD) to maintain a constant outlet pressure. This
ontrol action results in an increase in electrical fan power when the
hermostats call for more cooling. A decrease in fan power occurs
hen the thermostats call for less cooling. The control loop on the

an VFDs responds on approximately the same time scale of the
AVs, i.e. in ∼1 min. The total nameplate capacity of the four AHUs

n the LANL testbed is 295 kW.
A chilled water loop removes heat from the warm return air and

he warmed water is returned to a chilled water plant that removes
he heat from the water and finally rejects it to ambient. There are
wo types of control on the chilled water loop. First, a water valve
t the inlet to each water-to-air heat exchanger is automatically
ontrolled to fix the AHU outlet supply air temperature. A second
ontrol loop fixes the water outlet temperature from the chilled

ater plant by adjusting the number of chiller compressor units

hat are engaged. Both of these controls operate on a time scale of
10 min  making them relatively slow compared to the VAV and

upply air pressure controls.
 to regulate the amount of cooled air that enters each conditioned space. Another
rature of the cooled air supplied to the VAVs. A pressure sensor at the outlet of the

AVs.

The Building Automation System (BAS) provides communica-
tion and control for the entire HVAC system. Based on data gathered
from a building’s sensors and actuators, the BAS determines the
nominal operating set-points for supply air duct static pressure,
AHU supply air temperature, and the chilled water supply tem-
perature. The BAS updates these set-points on a timescale slow
compared to the DR-AS control.

4. Battery analogy

When discussing the energy efficiency of our AC-based DR ancil-
lary service experiments, it is convenient to make an analogy to
the losses in a battery and the round-trip efficiency of battery charg-
ing/discharging. In Fig. 2, we  plot the grid power exchange and state
of charge (SOC) for a hypothetical charge–discharge cycle for a lossy
battery. In control period 1, the battery is charged with a constant
power P drawn from the grid. Because of charging losses, the power
delivered to the battery is less than P. The battery SOC increases but
at a rate lower than P. During the control period 2 (the same dura-
tion as period 1), the battery is discharged with a constant power P
delivered to the grid. Because of discharge losses, the battery dis-
charges at a rate higher than P, and the battery SOC decreases at a
rate faster than P.

At the end of control period 2, the net energy exchange with
the grid is zero, however, the internal state of the battery (i.e. the
SOC) is lower than at the beginning of this process. To restore the
internal state requires an additional charging period (control period
3) to replace the energy dissipated in the first two periods. After
restoring the SOC to its initial value, the battery has taken more
energy from the grid (Ein) than it has delivered to the grid (Eout).
The round-trip efficiency for this battery can now be defined as
�RT = Eout

Ein
. (1)

The same definition works equally well for more complicated
charge/discharge processes, e.g. the charge and discharge periods
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Fig. 2. Prototypical charge/discharge cycle of a lossy battery. During the first period,
the  battery charges by drawing power P from the grid (solid black line), however, the
losses reduce the power delivered to the battery (dashed black line) and the battery
state of charge (SOC) (red line) increases at a reduced rate. During the second control
period, the battery discharges with power P delivered to the grid. Losses result in the
battery discharging at a rate larger than P and the SOC decreases at an accelerated
rate. This charge/discharge cycle results in the SOC being lower than at the start of
the process. A third period of charging is required to restore the SOC to the starting
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eed not be the same length or exchange the same power with the
rid. The only requirement is that the battery SOC is the same at the
eginning and end of the process, and Ein and Eout account for all of
he energy extracted from or delivered to the grid, respectively.

. Experimental protocol

To control the building power consumption in this work, we
everage an open-loop DR control algorithm developed for the same
uilding in previous work [14]. The algorithm converts an input
lectrical power (kW) change command into a Global Thermostat
eset (GTR) that simultaneously shifts nearly all of the ∼500 ther-

ostats in the building to approximate the desired electrical power

hange from the fans in the AHUs (see Fig. 1). The extreme reduc-
ion in dimensionality of the control model limits the accuracy of

ig. 3. Full-day recording of the DR control input signal, the AC fan power data, linearly in
eriod consists of a 15-min interval where an open-loop control [14] is used to increase t
here  the AC fan power is decreased below the baseline by 15 kW.  Following this near ze

he  building to return to its baseline operation before the next DR experiment is initiated
nd  morning cool down of the building take precedence.
ings 97 (2015) 47–55

the algorithm [14], but it is sufficient for the experiments carried
out in this work.

The BAS is programmed to perform a repetitive set of DR-AS
experiments throughout the day. A single-day sample of the AC
fan power recordings is presented in Fig. 3. The Control Input trace
indicates the DR-AS signal implemented by the BAS. It consists of a
15-min period where the AC fan power is increased by 15 kW above
the baseline followed by a 15-min period where the AC fan power
is decreased by 15 kW below the baseline. This near zero-energy
exchange with the grid is followed by a 90-min period where the
DR-AS control is set to zero to allow the building to return to its
baseline operation before the next DR-AS experiment is initiated.

These experiments are repeated throughout the day for approx-
imately 15 days. To check for hysteresis effects, the experiment is
run with both polarities of the DR-AS control pulse. The amplitude
of the DR-AS control pulse is 30 kW in the majority of these experi-
ments. To determine an accurate baseline, the AC fan power data is
interpolated between a short time window that immediately pre-
cedes the DR-AS control pulse and a second short time window
immediately prior to the next DR-AS control pulse. Subtracting the
baseline from the recorded fan power yields the DR power provided
to the grid (see Fig. 3).

To assess the effect of baseline accuracy on our results for round
trip efficiency, this same linear interpolation was performed over
two hour time periods on seven days in which control actions were
not taken, i.e. the AC system was unperturbed. The tests revealed an
average energy over the baseline of 0.724 kW h per two hour con-
trol period, and an average energy under the baseline of 0.532 kW h
for the same time frame. Our experiments use control pulses of
30 kW * 0.25 h = 7.5 kW h giving a conservative estimate of the error
in round trip efficiency on the order of ∼10%. (For a more in-
depth examination of variability in baseline AC load estimation,
see e.g. [30]).

Fig. 4 shows a magnified view of the AC fan power over a sin-
gle control period (from a different experiment than shown in
Fig. 3). The experiment is initiated at 11:00 using a 30 kW ampli-
as discussed above. During the first control period, the extra power
consumption is converted into extra cooling power in excess of
the internal heat generation and the heat leak into the building.

terpolated baseline load, and resulting demand response (DR) profile. Each control
he AC fan power above the baseline by 15 kW followed by a second 15-min period
ro-energy exchange with the grid, the DR control is set to zero for 90 min  to allow

. DR experiments are not performed between 5 pm and 9 am because night setback
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Fig. 4. A typical DR control transient. The black dashed line is the DR control signal implemented by the Building Automation System (BAS) which translates it to a global
thermostat shift as in [14]. The control signal is zero for 90 min  prior to 11:00 (not shown), i.e. the control is requesting no change relative to the fan power baseline and
the  building AC is running as though no demand response is requested. After the positive and negative cycles of DR, the control is released, i.e. no DR is requested and the
building is allowed to return to its baseline operation. The solid blue trace is the measured fan power response. The fan power tracks the DR control signal reasonably well
with  a few minutes of time delay. After 11:30, the measured fan power remains high, i.e. above its baseline power, to return the building to its state prior to the initiation of
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he  DR control at 11:00 h. The dashed red line is the baseline fan power estimated b
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o  the web version of the article.)

his excess cooling power is absorbed by cooling the biuilding
hermal mass. The control is not perfect, and the peak change in
an power consumption approaches ∼35 kW.  At 11:15, the con-
rol algorithm is instructed to decrease fan power consumption by
0 kW for another 15 min, i.e. 30 kW below the baseline at 11:00
m.  The AC cooling power is lowered below the internal heat gen-
ration and heat leak into the building. During this time, the heat
eak and internal heat generation are absorbed by the building ther-

al  mass. At 11:30, the open-loop DR control is released, i.e. all
hermostat set-points are returned to their nominal values prior
o 11:00.

If the processes described above were reversible, the amount of
eat extracted from and injected into the building thermal mass
uring the two control periods would be the same and the build-

ng state at 11:30 would be identical to the building state at 11:00.
owever, the fan power remains elevated for approximately 60 min

ollowing the release of the DR control. In effect, the apparently
ero-net electrical DR control during the first two control peri-
ds between 11:00 and 11:30 has driven the building away from
ts quasi-steady equilibrium. Additional cooling power (and there-
ore electrical energy) is required to restore this equilibrium after
1:30.

The behavior of the building and AC-based DR in Fig. 4 is
ualitatively similar to the lossy battery charge/discharge anal-
gy discussed in Section 4 and shown in Fig. 2. The thermal energy
tored in the building mass is the internal state variable that plays
he analogous role to the battery SOC, and variations in the AC fan
ower around the baseline play the role of battery charge/discharge
ower. During the first period of increased electricity consump-
ion, the AC system is asked to remove heat from the building at

 rate higher than the baseline. During the second control period
f decreased electricity consumption, the AC system is asked to
emove heat from the building at a rate lower than the baseline.

lectrical, hydrodynamic and thermodynamic losses associated
ith disturbing the system from its quasi steady state subsequently

orce additional electricity consumption to restore the building’s
SOC”. Using this analogy, the round-trip efficiency of each of the
r interpolation between short windows of data immediately preceding the control
 interpretation of the references to color in this figure legend, the reader is referred

DR-AS experiments is computed from the measured data in a sim-
ilar way as for the battery, i.e.

�RT = Eout

Ein
, (2)

where Eout = the total energy below the baseline; Ein = the total
energy above the baseline, with the energy totals computed over
the entire two-hour span of each measurement (see Figs. 3 and 4)

6. Results

6.1. Round trip efficiency – current study

Our experiments consist of repetitions of the DR control pulses
shown in Fig. 3 over many days to sample the building performance
over a range of conditions. The AC fan power depends on many
variables including the outside air temperature, which changes
throughout the day. As a result, many of the baselines are not flat
but instead slope upwards in the morning hours and downwards
in the evenings. For each DR pulse, the round-trip efficiency �RT is
computed using (2). The distribution of all the �RT samples is plot-
ted in Fig. 5 (filled circles). The samples of �RT display significant
scatter, with a few rare samples giving values greater than one. The
variability in �RT is likely because of the variability in the building
and AC system conditions that are beyond our control. Averaging
over all of the samples, we find 〈�RT〉 = 0.46 which is a rather low
round-trip efficiency compared to most battery storage systems
[11].

As noted in [14], a VAV must provide a minimum ventilation
flow to the conditioned space it serves and is restricted in the
amount that it is allowed to close. This saturation will affect the AC
fan power and may  potentially bias measurements of the round-
trip efficiency. To test whether our experiments are subject to such

bias, DR control pulses of both polarities are used so that the poten-
tial VAV saturation is experienced in the first or second control
period. The data samples are partitioned into two  sets according
to the polarity of the pulses. The DR pulses that initially open the
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Fig. 5. Probability of observing a round-trip efficiency of �RT for a 30 kW-amplitude
DR-AS pulse as shown in Fig. 4. The filled circles show the results for all 83 mea-
surement samples. The open squares show the results for the measurement samples
when the AC power was  first decreased and then increased (46 samples). The open
diamonds display the results for samples when the AC power was first increased and
then decreased (37 samples). The measurements are binned in this way because,
under the majority of conditions tested in this work, an initial 30-kW decrement in
fan  power is expected to cause many of the VAV dampers to saturate at their mini-
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Fig. 6. Adapted from Fig. 7.10a) of [8]. Average space conditioning electrical demand
for  a range of residences participating in transactive control in a double auction
market with five-minute clearing. Both the measured demand (solid line) and coun-
um  opening causing an asymmetry in the fan power response. An initial increase
n fan power is not expected to encounter this initial saturation [14].

amper valves, i.e. increase the fan power, show 〈�RT〉 = 0.61 and
 larger spread in the measured values as compared to the DR
ulses that initially close the damper valves (〈�RT〉 = 0.34). How-
ver, this difference does not materially change the discussion in
he remainder of this manuscript.

.2. Round trip efficiency – previous studies

An average round-trip efficiency of 0.46 may  appear to be rather
ow for the AC system used in this work, however, additional
nalysis of other experiments and simulations reveal similar round-
rip efficiencies for space conditioning applications. For example,
xperiments in [8] utilized a transactive control scheme to control
he demand of several types of home appliances including elec-
ric space heating and cooling. In contrast to the more complex
C system studied in this work, the residential heating and cool-

ng systems in [8] were far simpler with on/off hysteresis control.
ig. 6 is an estimate of the data from Fig. 7.10a) of [8] that dis-
lays the measured average space-conditioning electrical demand
ersus the time of day and the counterfactual estimate, i.e. an esti-
ate of what the demand would have been if there had been

o load control. Lower prices during the nighttime encouraged
igher electrical demand for precooling/preheating of the space

ollowed by lower electrical demand during daytime hours when
rices were generally higher. Taking the counterfactual as the base-

ine in Fig. 6, we compute the average energy “delivered to the
rid” between the hours 9 and 21 to be 1.1 kW-h and the energy
taken from the grid” between the hours of 0 and 9 and 21 and
4 to be 2.6 kW-h. Assuming that the conditioned spaces end up
n average in the same state in hour 24 as they began at hour
, the round-trip efficiency is 0.42 – a result that is surprisingly
lose to the �RT = 0.46 measured in this work. Similar observa-
ions have been made in simulations of residential AC systems
perated so as to reduce on-peak energy usage [9]. Fig. 10 of [9]

hows that moving ∼4.2 kW-h of energy consumption away from

 four-hour-long peak period caused an additional energy con-
umption of ∼3.9 kW-h above the baseline. Using these results in
2), we obtain �RT = 4.2/(4.2 + 3.9) = 0.52. Although the round-trip
terfactual demand (dashed line) are given. The deviations of the actual around the
counterfactual is interpreted as a grid service similar to experimental data in Fig. 5.
The round-trip efficiency of this service is estimated to be �RT = 0.42.

efficiencies in these two cases are similar to that obtained from the
measurements in this manuscript, the time scale of the control is
significantly longer than for our experiments.

6.3. Effects of chiller – current study

Fan power is only one portion of HVAC electricity consumption.
It is important to consider the impact of other power consump-
tions, e.g. the chillers, on our measurements of round trip efficiency.
The experiments in Section 6.1 were reanalyzed to include both fan
and chiller power consumption. The example presented in Fig. 7
demonstrates that, similar to the fans, the chiller experiences a
post-control period of heightened electricity consumption. Using
the same baseline estimation techniques and definition of effi-
ciency as in Section 6.1, we  find an aggregate average round trip
efficiency of 〈�RT〉 = 0.42 indicating that chillers also incur a similar
energy penalty while providing DR control.

7. Discussion – economic analysis

The measurements presented above suggest that the participa-
tion of large commercial AC systems in fast DR  ancillary services
may  increase total AC energy consumption. In this Section, we
discuss the impact of this observation on the economics of fast
DR ancillary services from large commercial AC systems, with an
emphasis on frequency regulation services.

In many deregulated electrical grids, AS such as frequency regu-
lation are scheduled and paid for via a wholesale ancillary services
market. We  base the remainder of this discussion on the PJM market
[11]. An excellent summary of the PJM frequency regulation mar-
ket and its relationship to DR from commercial AC systems is given
in [4]. Many different types of resources are allowed to bid into
the PJM frequency regulation market including generation, grid-
level storage, behind-the-meter storage, and demand response.
These frequency regulation resources are divided into two groups,
i.e. ramp-limited and energy-limited resources. Energy-limited
resources can ramp very quickly but cannot sustain an extended

request for one sign of regulation. Batteries and flywheels are typ-
ical energy-limited resources. Ramp-limited resources can sustain
an extended request for one sign of regulation, but are typically
mechanically or thermally limited in how fast they can respond. Our
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Fig. 7. An experimental fan power trace with chiller power included as well. A square wave pulse is broadcast to the VAVs at 13:00, resulting in the measured fan power
deviation  shown. The fan power deviation is mirrored in the chiller power consumption, with a time delay induced by the dynamics between the warm return air and cooled
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onsumption for the combined power, which is similar to the phenomenon observe
eferences to color in this figure legend, the reader is referred to the web  version of

C-based DR-AS suffers from communication latency within the
uilding combined with a relatively slow VAV mechanical response.
onsequently, several minutes of delay can occur in reaching full
esponse (see Fig. 4). Compared to batteries or flywheels, this
esponse is quite slow. Unlike a generator though, our AC-based
R-AS cannot sustain a very long request for one sign of power
hange. However, on the relatively short timescales of frequency
egulation, this is not a serious limitation. We  conclude that our
C-based DR-AS fits best into the ramp-limited resource category.

If cleared in the market, a frequency regulation resource
esponds to the grid operator’s automatic generation control (AGC)
ignal. In PJM, the AGC signal is filtered before it is sent to bet-
er accommodate the different types of resources. Energy-limited
esources receive a high-pass filtered AGC (RegD signal) that
rosses zero very frequently to limit their charge/discharge time.
amp-limited resources receive a low-pass filtered AGC (RegA sig-
al) that displays a typical ramping time-scale of 5 min. PJM uses
est signals [31] that demonstrate the typically expected responses
o qualify resources for participation in the frequency regulation

arket. As currently implemented, the communication latency and
elatively slow mechanical response of the VAVs will limit our con-
rol to speeds acceptable for RegA service. We  will therefore use the
JM RegA market as a basis for the remainder of this discussion.

The frequency regulation market is a bid-based auction-style
arket in which the marginal unit sets the clearing price for all

articipants. To participate and compete in this market, resources
hould submit bids that reflect their cost of providing frequency
egulation service. The PJM market [4,11] requires a Cost-Based
egulation Offer that is split into a capability component and a
erformance component [11] whose definitions are tailored for
uel-consuming generators. Here, we provide our interpretation for

 DR-AS regulation resource:
 Capability Component/Steady Operation Fuel Costs – For a fuel-
fired resource, this is the steady-state increase in fuel costs
associated with operating the resource at power output that is
different from its optimal economic dispatch point. Our DR-AS
o determine efficiency of the overall system. Note the elevated post-control power
en only considering fan power consumption (as in Fig. 4). (For interpretation of the
rticle.)

resource is not making a steady-state change in its operation and
this cost is effectively zero.

2 Capability Component/Margin Adder – Up to $12/MW of mar-
gin can be added to the Capability Component. The margin is
included at the discretion of the resource owner and will not be
considered in this analysis.

3 Performance Component/Variable Operation Fuel Costs – For a
fuel-fired resource, this is the increase in fuel costs because of
non-steady operation. This effect is directly tied to our results for
round-trip efficiency in Section 6 and the associated increase in
costs because of higher electricity consumption.

4 Performance Component/Variable Operation and Maintenance
Costs – PJM defines a cap on these costs for different generating
unit types. No cap is given for demand resources, and we assume
this cap is zero.

From the description of the PJM frequency regulation market
above, we conclude that the major component of our resource’s
DR-AS bid into PJM’s RegA market would be the increased electric-
ity costs arising from variable AC operations. However, we must
be careful in comparing this cost with historical market data. The
model of DR-AS inefficiency described in Section 5 is based on the
energy exchanges with the electrical grid above or below baseline
operations, while the PJM market assumes that the primary cost
driver is an increase in fuel cost for making changes in generator
output, i.e. regulation mileage [11]. PJM publishes average regula-
tion mileage data, but it does not provide data on the regulation
energy exchanges above and below the generator set-points.

Historical data for the PJM RegA signal from December 18, 2012
to January 18, 2014 show that, on average, a 1 MW capacity RegA
resource “injects” 0.14 MW-h  of energy into the grid and “absorbs”
0.35 MW-h  of energy from the grid each hour. Here, the energy
“injected” is computed using only times when the RegA signal is

positive and “absorbed” is computed using only times when the
RegA signal is negative. The bias toward a negative RegA signal is
persistent throughout the data investigated and may reflect a bias
in the PJM market or reliability operations.
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To simplify the market analysis of our DR-AS resource, we  shift
he zero of the RegA signal to balance the energy exchanges so that,
n average, energy Eex∼ 0.25 MW-h  is injected and absorbed during
ne hour of frequency regulation service. Under these conditions,
he extra energy consumption Elost because of round-trip losses can
e computed from (2) as

lost = 1 − 〈�RT 〉
〈�RT 〉 Eex. (3)

The additional energy required for a DR-AS with 〈�RT〉 = 0.46 is
.29 MW-h  for each MW and each hour of frequency regulation ser-
ice. The cost of this additional energy can vary widely depending
n the tariff structure of the utility provider. For an energy tariff of
0.10/kW-h the cost of providing this DR-AS service is $29/MW/h
hich is typically near the marginal cost for this service in the PJM
arket[32]. However, this cost does not include any profit for the

wner (“margin adder”) of the asset providing the DR-AS service.

. Conclusions and future work

We  have developed a methodology for measuring the round-trip
fficiency of large commercial air conditioning loads controlled for
ast demand response (DR). We  have applied this methodology to a
arge commercial air conditioning system that is controlled on the
5-min time scale – a speed that is approaching that needed for
articipating in many frequency regulation markets. For the large
ommercial air conditioning load studied in this work, we  find a
ound-trip efficiency of approximately 0.46 when only considering
an power, and an efficiency of 0.42 when analyzing the combined
ower of the chiller and fans. These rather low results are very
imilar to the round-trip efficiencies 0.42 and 0.52 we have esti-
ated from data in other experimental [8] and simulation work

9], respectively. Although the timescales in this other work are
uite different, the similarity of the results suggests that the loss
echanisms may  be related. It is therefore possible that this low

ound-trip efficiency may  carry over to other space conditioning
oads.

There are many important future directions and extensions of
his work:

 repeating these measurements on additional building and air
conditioning types to explore if the round-trip efficiencies are
similar

 repeating these measurements using historical PJM RegA signals
to determine the average round-trip efficiency under realistic
operation conditions

 performing purposeful experiments on large aggregations of
residential space conditioning loads on fast time scales to char-
acterize the losses in these systems

 repeating these experiments on a range of timescales to help
identify the source of the losses

 investigation of the causes of the round-trip losses and potential
remedies to improve the round-trip efficiency

 characterizing the round-trip efficiency of loads other than space
conditioning loads.
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