How demand response from commercial buildings will provide
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Abstract— The statement “energy is not storable” is heard in
energy conference lectures around the world, even though ea
person in the audience is sitting in a vast energy storage dee.
The heat storage in buildings is an enormous untapped resoae
for providing regulation services. This will be especiallyimpor-
tant as the grid is subject to more and more volatility from the
introduction of power from renewable energy sources.

This paper describes how regulation services can be obtaide
by exploiting the inherent flexibility of HVAC (Heating, Ven -
tilation, Air Conditioning) systems in commercial buildings. A
particular simulation test case is considered - A large commr-
cial building at the University of Florida. The conclusions of
this research demonstrate that, 1) A simplified model of the
building that is adequate for control can be obtained from
input-output measurements. In this study, the only control
input considered is the supply fan power. 2) Control syntheis
to regulate the building air temperature while simultaneouwsly
providing regulation to the grid can be cast as an LQR
problem that admits a simple closed form solution. 3) Numeal
experiments show that for this HVAC system,15% of fan power
capacity can be provided for regulation, while maintaining
indoor temperature deviation to no more than +0.2 °C.

Based on these results, we conclude that the HVAC system
in 90, 000 medium-sized commercial buildings can provide the
entire regulation service needed by PJM today, without any
noticeable change in indoor air quality. The total regulation
services that can be potentially provided by all the commerial
buildings in the U.S. that have the necessary equipment in
place are much higher. Our results indicate that supply fans
in existing commercial buildings can provide about70% of the
current regulation capacity needed in the United States.
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Fig. 1. History and projection of U.S. renewable energy comstion.

resources, it will be challenging to maintain the reliaili

of the current electric grid infrastructure, since exigtin

regulation services do not have enough capacity to com-

pensate the volatility of renewables. Moreover, most arre

ancillary service comes from fossil fuels, which produce
s green-house gases. To find other clean sources of flexjbility

responsive load remains the largest underutilized reiigbi

resources available to the North American Power system

today [3]. Buildings in the United States consuriig%

of total electricity generated. Furthermore, HVAC (Hegtin

Ventilating, and Air Conditioning) systems account %

of the electricity consumed in buildings [4]-[6]. This pape

is on how to utilize the inherent flexibility of HVAC power

demand in commercial buildings to provide ancillary seggic

to the grid.

qu to growing enwronmental concerns a_s,.well as €€0- 1h6 reasons for choosing commercial buildings have sev-
homic an_d pc_;lmpal req_wrements, the envisioned fuwr%ral manifolds. First, Building Automation Systems (BAS)
power grid wil mcreasmgly rely on renewable €Ner9¥serve about one-third of the overall commercial buildings i
sources such as wind and solar. For example, Premdq% United States [7]. These systems can receive regulation

Obama's “NewIEn(eyrgyf f(r)]r Amgric,a” ?3"5. fpr l;eng\(')"i‘glesignals from ISOs (Independent Service Operators) without
energy to supplyl0% of the nation's electricity by ' requiring a smart meter infrastructure that is not curgentl

rising t025% by 2025 [1]. Figurel shows the historicalland ature. Second, since BAS already integrates the HVAC

\p;\rIOjectedfcurve r?f L:S renﬁwaple (:]nergy cozngumptlon [ﬁ ontrol systems of the building, manipulating the control
© Se?)l rom the figure t. at n the nex]:t yearz, NGariables needed for providing regulation services islgasi

rerlze()v:\{g e{zzourcecsj are ggg‘g to increise, from 9 Quads implemented through a BAS. Third, a large fraction of com-

n t014.4 Quads in : L mercial buildings are equipped with fast-responding VFDs
However, renewable energy sources are yolatlle, Intermi Variable Frequency Drives). These power electronic devic

tent and uncontrollable. With deep penetration of reneavab an be controlled through the BAS to change the supply fan
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regulation signal by manipulating the supply fan speed of
the air handling unit in the building. Numerical experiment
show that it is feasible to usk5% of the total fan power as a
flexible demand without noticeably impacting the buildg’

f lati hich ¢ t|ndoor environment and occupants’ comfort.
service is frequency regulation, which aims to compensates The rest of this paper is organized as follows. Section
for minute-to-minute fluctuations in total system load an%B

. o resents the thermal and power consumption models of the
uncontrolled generation and maintain a constant syste mmercial building HVAC system. The linearized models
frequency. In this work, we focus on frequency regulation by)f

thermal and power consumption dynamics are derived in
using the flexibility of commercial building HVAC systems. Sectionlll . The model parameters are estimated in Sedtion
Figure 2 depicts the regulation sigrtabf PIM for a typical

dav. W ¢ the fi that lation | Numerical experiments are conducted in Sectidn The
ay. We see Irom the figure that reguiation 13e&10-energy rPaper ends with conclusions and future work in Sectidin
service [8]. The regulation signal fluctuates around zed a

has an mean of about zero. It was shown that the regulation 1. BUILDING HVAC THERMAL AND POWER
deployed in ERCOT remains in one direction fifr minutes CONSUMPTION MODELS
on average, with a peak &fl minutes in one direction [9].
This feature of regulation signal is suitable for building$o
have large thermal capacitance. By dynamically ramping up A typical multi-zone HVAC system in a modern commer-
and down the supply fan speed (thus power consumption) ofal building is depicted in Figuré. Its main components
the HVAC system, it is feasible to tracking a regulation sign consist of AHU (air handling unit), supply fan, and VAV
without much change to the building inside environment. (variable air volume) boxes. The AHU recirculate the return

The idea of using buildings to provide ancillary services t@ir from each zone and mixes it with fresh outside air. The
improve grid reliability is not novel. Callaway and Hiskegts ratio of the fresh outside air to the return air is controltgd
al. proposed to using aggregated thermostatically controllgthmpers. The mixed air is drawn through the cooling coil
loads such as refrigerators, air conditioner and waterehgat in the AHU by the supply fan, and it is cooled down to a
in the residential buildings for demand response [10]-[13Fonstant setpoint temperature (usud8°C) by adjusting
Besides buildings, some aluminum manufacturing compani#se valve position of the supplied chilled water. The legvin
and agriculture farms provides demand responses by rampit@goled) air is then distributed to each zone through dudts.
up and down their energy use in response to the uncertairitje entrance of each zone, a VAV box determines the air flow
in the grid [3], [14]. In [15]-[17], the authors use pre-ciogl  into the zone by controlling the damper position. In additio
of commercial buildings to reduce peak load demand. Stratéhe VAV box also controls the supply air temperature into
gies of using buildings to provide demand response have aléach zone by appropriate reheating.
been explored in [18]-[20]. To the best of our knowledge
though, using commercial buildings to provide frequenc
regulation services to the grid has not been explored so far.We consider the following physics-based thermal model

In this paper we first construct a thermal model for @f a commercial building
commercial building’s indoor temperature and a power con-
sumption model for its HVAC system. The key parameters C— = ——— (T — T,q) + cym(Tia — T) + Qo, (1)

. dt Ry,
of these models are estimated based on the measurements
obtained from a10, 000 sq. ft. building (Pugh Hall) at the where the variables and parameters, as well as their units,
University of Florida campus in Gainesville, FL. We thenare described in Table The first term——(T'—T,,) on the
propose a control algorithm for tracking of a time-varyingRHS of (1) represents the heat loss diie to heat conduction
through the walls, and the second terpm (73, —1") denotes
Lin this paper, we refer ACE (area control error) as the reguisignal.  the heat gain from the air conditioner. The last te€y

Fig. 2. Regulation signal of PJM for a typical day.

A. Configuration of HVAC system in commercial buildings

)ES Thermal model of commercial buildings



on the RHS of {) is the heat gain from reheating, solar,fan speed changes. However, the dynamic interconnection

occupants, lights, etc. between the AHU and the chiller can be thought of as a
low pass filter due to the large mechanical inertia of the
TABLE | chiller/cooling tower equipment. Thereforkigh frequency
DESCRIPTION OF PARAMETERS OF BUILDING THERMAL DYNAMICS variations in the fan power will not change the power con-
[ Parameter] Description [ Unit ) sumption of the chiller/cooling tower. Thus, the decoupled
T building inside temperature O assumption - that fan speed variations do not change chiller
c thermal capacitance of building J/°C power consumption - holds as long as fan speed variations
Ru wall thermal resistance of building c/w are fast and of small magnitude. In addition, chilled waser i
Toa outside air temperature C . .
Tia leaving air temperature °oC supplied from a water storage tank in some HVAC systems.
cp specific heat of air J/9/°C The purpose of using water storage is to shift the peak
gw f}ggf'é’a?r': ffr'gx rr?etl'?eating, solar, etc. ’;{}/s cooling demand in respond to dynamic utility prices, ambien

temperature, etc. [22]. For systems with water tank, aden t
decoupled assumption holds.

The overall air flow raten supplied into the building is  For HVAC systems in which the power consumptions of
determined by the fan spedd@. We assume the air flow the furnaces and chillers/cooling towers are dependent of
rate is in a linear relationship with the fan speed, the fan power, dynamic models that relate the fan action

tan to the furnace and chiller powers need to be considered in
m(t) = V), @ the control design. Such HVAC systems can provide greater

wherec, is a constant, anf™@" is the fan speed expressed inancillary service to the grid, but the control design prable

percentage. For exampl&)0 represents the fan is running iS more complex. U
at full speed and0 means it is running at half speed. ||| | |NEARIZED MODELS OF BUILDING HVAC THERMAL
In practice, the fan speed is controlled by a variable AND POWER DYNAMICS

frequency drive (VFD), see Figurg The VFD is a fast- . . . i )
responding and programmable power electronic device thatDurlng occupied operation mode (about 07:30 am - 22:30

changes the AC motor speed by varying motor input frepm)’ the building HVAC system is ope_rating near a stea_dy-
guency and voltage. Besides the function of adjusting mot&Iate _status. The |£1door tem_perature is controlied to a _f|xed
speed, the VFD also ramps the fan progressively to it%etpomt (_abou22.4 c, see Figuref), and the supply fan is
setpoint to protect the fan motor. Because of this rampin@lso. running .at an approxmgt(_ely constant speed..For dontro
feature of VFD, we assume the transfer function from th esign, we linearize the building thermal dynamit}-()

control command to the fan speed is of first-order and the power consumption dynamid$ ear their operation
equilibrium. At steady-state, the thermal mod#) §atisfies

Tdeaﬂ(t) + Vfan(t) _ ufan(t) 3) 1, . N N
dt - ’ OZ_E(T _Tout)+cpm (T‘la_T )+Q17 (5)
wherer is the time-constant, and™(t) is the fan control whereT™* andm* are the steady-state temperature and supply
command (in percentage) sent from the BAS. air flow rate. In addition, we have assumed the outside air

C. Power consumption model of HVAC system in commerci%ﬁmp,eratur@oa and. the heat gal_@w are _constant. We now
consider the following perturbation profiles

buildings i}
The supply fan is the heart of the HVAC system. Like T=T"+T, m=m"+nm, (6)

a heart that pumps blood through a human body, the fgphere7 andsm are respectively the deviations of the building

distributes the leaving (cooled) air throughout the builtd  jjoor temperature and supply air flow rate from their

over ducts. The power consumption of a fan is proportionyominal valuesr* and m*. Substituting €) into (1), and

to the cubic of its speed [21] using 6), we obtain the linearized model of building thermal
Pfan — ¢, (yfam3, (4) dynamics:
wherec, is a constant, an&™" is the fan speed expressed T __1+ chwm*T + cp(Tha — T*)m_ @)

in percentage. dt CR.y, c
Remark 1:In this paper, we assume the electricity poweBased on %) and @), the linearized dynamics of the supply
consumptions of (i) the furnace that supplies the hot water @ir flow is given by
the VAV boxes (for reheating) and (ii) chiller/cooling towe drn ~ B
that provide chilled water to the cooling coil of the AHU ar _;mJFCl“
are independent of the fan power. I_n many HVAC S.yiStem?/\’/hereafa” is the deviation of the actual fan speed control
the furnaces consume natural gas instead of electricity. Th :
) command from the nominal fan speed control command. In
second assumption may appear strong - the power consumed .. et
by the chiller and cooling tower that provide the chilled arat '

to the cooling coil in the AHU may in fact change if the pfan — pfane 4 pfan - yfan _ yfam | yfan

fan’ (8)



where P™ is the nominal fan power consumption aff" +coTQc,

is the power consumption deviation from the nominal value.  p(7,) —q,

The other variables can be interpreted in a similar way.

Substituting the above equations int¢) @s well as using andb(t) satisfies the following (backward) differential equa-
(3), we obtain the following linearized model for fan powertion

consumption db(t
prion D) __(A_ BRABTP®)TH(t) — CTONY),
4pfan 1. 3 CQ(Vfan*)2 : dt
=__plang 72 glan 9) b(T,) = 0.
dt T T
Combining the above equationg){(9), we represent the V. PARAMETER ESTIMATION

linearized system in the state-space form In this section, we aim to identify the parameters (such

i = Az + Bu, y = Cu, (10) as thermal capacitancg) of the thermal and power models

) ] from measurements obtained from Pugh Hall in University

where the state, input and output are definedzas=  of Florida. Pugh Hall, a LEED (Leadership in Energy and
[T, PR, u = 4", y := P™", and the state matrix, Environmental Design) certified building, was construdted
input matrix and output matrix are respectively given by 2008 and has an area of abd0t 000 square feet. There are

M l4epRum®  cp(Tia=T") three AHUs in the building. The parameters in this paper
A— T 9 0 are identified from AHU#1 data. In the estimation process,
g 1 the building indoor temperatur€ is taken as the average
0 0 —=
- T temperature of all the zones served by AHLL.
CO Figure 4 depicts the comparison between the measured
B = T;an e temperature and the predicted temperature using madjlel (
SealV"") The constant parameters selected @re= 7 x 10° .J/°C,

Ry =5x1073°C/W, T, = 12.8 °C, ¢, = 1006 .J/g/°C.

The outside air temperatufg,, is obtained from historical
Remark 2:In practice, although the outside air temperdata [24]. In simulation, the external heat gain are divided

ature T,, and the heat gain from solar, lights and so ofninto two partsQ. = Q. + Q,, where reheating parn,.

are time-varying, the changes in these parameters are mushmeasured from sensors, and for simplicity, the other heat

slower than the thermal and power consumption dynamicgain @, is assume to be a consta@t = 2.3 x 10* .

Hence, in real applications, the above linearization pgece The constantc; in model @) is estimated asc; =

can be repeated every few minutes to mitigate these time:0964 kg/s. Figure 5 depicts the comparison of supply

varying effects. O air flow rate between measurement and prediction using

model Q). The constantz; in model @) is estimated as

c2 = 3.3 x 107° kW. Figure 6 depicts the comparison of

supply fan power between measurement and prediction using
With the linearized model given inl1(Q), the control odel @). In addition, the time constant given in @) is

objective is to perform output-tracking of a time-varyinggstimated as — 0.1 s. Figure 7 depicts the comparison of

regulation signal by manipulating the supply fan speed ofypply fan speed between measurement and prediction using
the HVAC system. We pose the following optimal controlygge| @).

problem

IV. OPTIMAL OUTPUT TRACKING OF REGULATION
SIGNAL

T, VI. NUMERICAL SIMULATIONS

min J(zo) = min Qy(t) — r(t)* + Ru(t)* dt, In this section, we conduct numerical experiment of op-
0 timal control of a single building HVAC system to track a
where r(t) is the regulation signal provided by the inde-scaledtime-varying regulation signal. The regulation signal
pendent system operator (ISO), alfid is a user-specified js obtained from PIM [25]. For the purpose of simulation for
regulation time period. The parametélsk € R are positive 3 single building, the magnitude of the regulation signal is
weights. The first term of the integrand in the cost functioRcaled down to be less or equalddiV. The weights used
Q(y(t) —r(t))? penalizes the tracking error, and the secongh the cost function/ areQ = 100, R = 1.

term Ru(t)? penalizes. violation of linearization. _ Figure 8 shows the simulation result of output tracking
From standard optimal control theory [23], the optimathe scaled regulation signal with duration of one hour. The

control solution is given in the following form time took to solve the optimal control problem in a typical
u(t) = —RIBT(P(1)z(t) + b(1)), desktop computer is about two minutes. The top plots depicts

the scaled regulation signal and the fan power deviation. We
where P(t) solve the following finite-time differential Ric- see that the output (fan power deviation) tracks the reguiat
cati equation signal extremely well. The optimal control solution is show
dP(t) - o in the middle plot. Its magnitude is less tha®. Recall the
— =~ POA-ATP{t)+ P()BR™ B P(t) control input is in percentage, this means the actual cbntro
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Fig. 8. Numerical experiment of output tracking a rgr?uiatkignal for

a single building. The plots show fan power deviati 2N and scaled
regulation signal (top), fan speed deviatibian (middle), and temperature
deviationT" (bottom).

is within the bound[u™ — 12, u™™ 4 12], whereu™™ is
nominal control value(@™ = 65). The bottom plot depicts
the deviation of the building indoor temperature from the
desired set point. We observe that the maximum deviation is
less tharD.2°C, this means that the change in the building’s
indoor environment is negligible, and the occupants would
not notice any change.

Additional simulations have been conducted for the cases
where the regulation signal durations are shorter than one
hour. It was observed that the time to compute the optimal
control solution is only abouit/30 of the duration of the reg-
ulation signal. This implies the proposed method is feasibl
for real-time frequency regulation. In addition, for stewrt
duration of regulation and/or for a typical regulation sijn
with average positive and negative period26fminutes [9],
the temperature deviation of the building indoor tempe®atu
is even smaller than th@2°C change shown above.

VII. DISCUSSION OF RESULTS ANOFUTURE WORK

We studied providing ancillary service to the power grid
by using the flexibility of HVAC systems in commercial
buildings. We constructed models for the buildings thermal
and power consumption dynamics of the HVAC system.
Key model parameters are estimated by using measurements
from Pugh Hall at the University of Florida. Thanks to the



large thermal capacity of commercial buildings, a building[7]
can dynamically adjust it power consumption to provide
ancillary service to the grid without noticeably impacting (8]
the building’s indoor environment.

The simulation results show that a single kW supply
fan can easily provide about kW capacity of ancillary
service to the grid. In Pugh Hall of University of Florida, [10]
there are two other AHUs, whose supply fan motors Zire
kW and 15 kW respectively. This means Pugh Hall by itsel
could provide about1 kW regulation capacity to the grid.
A group of 90,000 such buildings can therefore provide
990 MW regulation reserves. This is enough to providélz]
the entire regulation reserves to PIJM (see FigeeThe
total available reserves are much higher. There are about!3]
million commercial buildings in the U.S., with a combined
floor space of approximatel§2, 000 million sq. ft, of which
approximately one third of the floor space is served by HVAE!4
systems that are equipped with VFDs [26]. Assuming fan
power density per sq. ft. of all these buildings to be the sanes)
as that of Pugh Hall who has an aread6f 000 square feet,
the total regulation reserves that gpetentially available
from all the VFD-equipped fans in commercial buildings in
the U.S. are approximately:6 GW, which is about0% of
the total regulation capacity needed in the United Staték [2

In this paper, we studied the problem of providing anfis]
cillary services utilizing power demand flexibility in com-
mercial buildings’ HVAC systems. Only fan power was used
to provide flexible demand. Chillers consume much morgoj
power than fans and present a potentially larger oppostunit
The problem of combined use of chillers and fans to proviszo]
regulation is the logical next step. There is one impedinrent
utilizing chillers to provide regulation reserves. It istrotear
what fraction of commercial building chillers are equippeqzu
with VFDs; and VFDs are essential for the high frequency
variations of their power consumption without putting ste [22]
on the machinery. Another interesting avenue for further
work is optimal dispatch of distributed energy resources by
commercial buildings that have on-site distributed getiena [23]
capability. We are also working on implementing the metho 4]
proposed in this paper in a commercial building (Pugh Hall

El
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[16]
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for feasibility demonstration. [25]
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