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ABSTRACT
The growth of renewable electricity generation will
require greater amounts of electric grid flexibility in the
form of ancillary services. HVAC systems have been
identified as a possible provider of these services, citing
the link they establish between a building’s electricity
consumption and thermal storage. This paper uses an
acausal dynamic VAV system model to simulate the
provision of regulation service using four common
demand response strategies operating at various
implementation intensities and over a range of load
conditions.
The performance of each operating
condition is scored according to metrics developed by an
electric system operator. Duct static pressure and chilled
water temperature adjustment strategies are found to
perform better than zone or supply air temperature
adjustment strategies. The effects of system capacity
and ramp-rate limitations are shown.

INTRODUCTION
Background
The growth of renewable electricity generating sources
has many implications for the operation of electric grids.
Many are positive, including less dependence on fossil
fuels and less CO2 emissions. However, the increased
penetration of such intermittent sources as wind and
solar presents challenges to maintaining the balance of
electricity supply and demand that can negatively affect
both the quality and cost of electricity delivery (MIT
2011 and King et al. 2011). Solutions to these challenges
generally point to increased flexibility in the generation
and consumption of electricity.
Regional electric grid operators (ISO or RTO) use
ancillary services to balance real-time deviations
between electricity supply and demand. Ancillary
services are composed of two primary components;
reserves and regulation. Reserves are dispatched in the
case of an unexpected difference between the scheduled

supply of electricity and actual supply of electricity.
Reserve providers are generally expected to respond
within 10 or 30 minutes of being called, depending on
the exact type of reserve provided. Regulation is a
service that accounts for instantaneous fluctuations in
electricity generation and consumption. Resources
providing regulation receive a signal from an ISO/RTO
every 2-4 seconds to increase or decrease their output
relative to their scheduled output. It is the required
capacity of these flexibility services that is expected to
increase with intermittent renewable power generation.
As a result of wide-spread regional electricity market
restructuring that occurred at the turn of the century,
individual stakeholders can offer their resources’
services by bidding capacity, cost, and limitations into
ancillary service markets. While the exact processes of
market clearing vary by region, a stakeholder receives
market payment for the provision of the service.
Traditionally, this payment has been based on provided
capacity. However, a recent regulatory order (FERC
2011) has required market operators to develop methods
to pay based on performance, in addition to capacity.
Citing that smaller capacity resources can often respond
faster and more accurately than larger capacity
resources, the order gives value to and encourages the
participation of small, fast-acting resources.
As buildings consume 74% of electricity in the U.S.
(EIA 2014), adding controlled flexibility to their
consumption, commonly called demand response, can
contribute greatly to integrating intermittent renewable
generation.
Specifically, HVAC systems link a
building’s electricity consumption to its thermal storage
capacity and are prime candidates for providing demandside flexibility to electric grids. While ancillary services
have traditionally been provided by thermal generators,
recent case studies and research have explored the ability
of building HVAC systems and appliances to provide
such services, including both market opportunities
(MacDonald 2012 and Cappers 2013) and technical
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capabilities of residential (Eto 2007, Kirby et al. 2008,
Hammerstrom et al. 2007, Callaway 2009) and
commercial (Kiliccote et al. 2009 and 2012, and Zhao et
al. 2013) systems.
Research Objectives
HVAC systems can provide ancillary services by either
modification of system controller setpoints to change the
operation of power-consuming equipment or direct
control of power-consuming equipment. Multi-zone
commercial building HVAC systems present specific
challenges associated with their complexity. One
example is the variable air volume (VAV) system,
commonly used in the U.S. In these systems, zone-level
controllers, such as terminal unit damper controllers,
interact with system-level controllers, such as a supply
fan speed controller or chilled water valve controller,
through cascading control loops and physical dynamics.
The timescale of interactions between physical and
controller sub-systems is on the order of ancillary service
provision.
Furthermore, the system performance
depends on both exogenous and endogenous factors,
such as load condition and system setpoints respectively.
Therefore, it is important to study these sub-system
interactions over a range of operating conditions to better
understand and predict performance during ancillary
service provision.
Simulation-based study is helpful in this regard, as
operating conditions, system parameters, and
implementation strategies can be modified without
permission from building owners, operators, or
occupants. In addition, data can be collected without
consideration of BMS capabilities or installation of
additional measurement systems. Simulation models,
however, must be able to capture the appropriate system
physics and dynamics. Previous research (Blum 2013,
Blum and Norford 2014) compared building simulation
methods for the purpose of simulating ancillary services,
showed that acausal modeling (Fritzson et al. 2012) is
well suited for studying a VAV system providing
ancillary services, developed an acausal VAV model to
analyze the performance of the system while providing
ancillary services, and demonstrated use of the model to
simulate spinning reserve provision by four common
demand response strategies with a range of
implementation intensities and operating under a range
of load conditions.
This paper uses the acausal VAV system model used by
Blum and Norford (2014) to 1) extend the model’s use
to analyze the performance of a VAV system providing
regulation service with four common demand response
strategies implemented with a range of intensities and
operating under a range of cooling load conditions and

2) use regional electric grid operator requirements to
asses the ability of the system to provide regulation
under each condition.
MacDonald et al. (2012)
concluded that the electric grid operator PJM offers the
most progressive opportunities for ancillary service
demand response. Zhao et al (2013) showed that HVACbased regulation performance can be scored by PJM
market rules and simulated two implementation
strategies, duct static pressure adjustment and zone
temperature adjustment, with various controller
parameters. A similar assessment framework will be
used in this study.

METHODOLOGY
Model
The representative VAV system used in this study
contains two thermal zones, an air system, and a chilled
water system. Details of the system design and modeling
can be found in Blum (2013) and Blum and Norford
(2014); the main components are depicted in Figure 1
and will be summarized in this section for clarity.
The construction of the two thermal zones is based on a
small office reference building (U.S. Department of
Energy 2013). Each zone is served by a terminal unit
with a modulating damper and hot water heating coil
with two-way modulating valve. The damper and hot
water valve positions are determined from a terminal unit
controller (TUC) designed to represent classic pressureindependent control of terminal unit dampers and hot
water valve position (Montgomery and McDowall
2008). It contains two cascading PI controllers. The first
PI controller compares measured zone temperature to a
setpoint and outputs a capacity signal. This capacity
signal is used to set the hot water valve position and
determine an airflow setpoint to maintain the
temperature setpoint. Here, the airflow setpoint is
modulated to a minimum, representing outdoor air or
building pressurization requirements, before the hot
water valve is modulated open. The resulting airflow
error is the input to a second PI controller, which outputs
a damper position. Note that outdoor air mixing is not
included in this model to restrict the number of
independent variables (e.g. outdoor air temperature).
The air system recirculates the air from the zones back
to the supply fan. Flow resistances are included for
diffusers, terminal unit dampers (variable), branch duct
lengths, and air handling unit. A variable speed supply
fan maintains a duct static pressure setpoint upstream of
the terminal units. A supply fan controller (SFC) uses PI
control to set fan speed from a static pressure setpoint.
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Figure 1 Representative VAV System Model Diagram
A cooling coil is used to cool the supply air and is piped
in parallel with a by-pass. The ratio of water flow
through the coil to that through the by-pass is determined
by a three-way modulating valve. A chilled water valve
controller (CVC) uses PI control to output valve position
based on supply air temperature error.
Finally, a chiller supplies this constant-flow chilled
water system with a defined chilled water supply
temperature. Chiller power is determined by the
difference in enthalpy flow from return to supply chilled
water divided by a constant COP. Internal chiller
dynamics associated with changing this setpoint via an
internal chilled water temperature controller (CTC) are
approximated by a first order time constant. Chilled
water pump energy is not modeled, as it is generally
small compared to fan and chiller energy. Additionally,
pump energy will not change during regulation provision
because water flow is constant.
The system model is built using component models from
two available libraries (Modelica Association 2013 and
Wetter et al. 2013). A commercially available acausal
modeling and simulation environment (Dassault
Systemes, 2013) is used to implement and simulate the
system model.

Simulations
The simulations in this study test the performance of a
representative VAV system when supplied with a
regulation signal from an ISO/RTO using four common
demand response strategies over a range of
implementation intensities and cooling load conditions.
The four strategies are adjustments to zone temperature
(ZTA), duct static pressure (SPA), supply air
temperature (STA), and chilled water temperature
(CWA). Each strategy adjusts the setpoint for the
specific controller responsible for controlling that
specific physical parameter: TUC, SFC, CVC, and CTC
respectively. For the STA and CWA strategies, fan
speed is constant for the duration of the regulation period
to avoid speed changes. Also, the hot water reheat coils
are disabled to mimic summer operation. For each
strategy, a simulation was run for each implementation
intensity and cooling load condition over the range and
with the incrementation as shown in Table 1.
The regulation signal used is the 40-minute test regD
signal administered to resources applying to provide
dynamic regulation services to PJM. In response to
FERC Order 755 (FERC 2011), which required
modification to existing resource compensation methods
to distinguish between high-capacity low-agility
resources (ramp-limited) and low-capacity high-agility
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Table 1 Regulation provision strategy implementation and load conditions
REGULATION STRATEGY OR LOAD CONDITION
Zone Temperature Setpoint Adjustment (ZTA)
Static Pressure Setpoint Adjustment (SPA)
Supply Air Temperature Setpoint Adjustment (STA)
Chilled Water Temperature Setpoint Adjustment (CWA)
Cooling Load

resources (capacity-limited), PJM created two regulation
signals; regA for ramp-limited resources and regD for
capacity-limited resources (PJM 2013). The regD
signal, taking on values between -1 and 1 every two
seconds, is delivered to the VAV system by Equation 1.
For the static pressure adjustment strategy, the regulation
signal is inverted, as higher duct pressure yields higher
power.
∙

(1)

where:
=
=
=
=

regulation setpoint
normal setpoint
strategy intensity
regulation signal

The performance is scored on the ability of the resource
to follow the test signal closely and is determined by
three components; accuracy, delay, and precision (PJM
2013). A final composite score is determined by an
averaged sum of the three component scores. In order to
pass the test, a composite score of 0.75 is required. A
scoring template available on the PJM website (PJM
2014) was used to calculate the performance score for
each of the study trials. Note that the regulation capacity
of the trial in this study is determined ex-post, by taking
the maximum deviation of electricity consumption from
the nominal consumption during the regulation period.
In practice, this information should be predicted ahead
of time.
All of the simulations had a total simulation time of
10,000 seconds with an output timestep of one second.
The system performs normally for the first 5,000
seconds, performs under regulation operation for the
next 2,400 seconds (40 minutes), and is returned to
normal operation for the remaining time. The Radau IIaorder 5 stiff integration algorithm was used to simulate
the models as suggested by LBNL (2012), with a
tolerance of 1E-5. A separate programming package
(Mathworks 2014) was used to pre-process inputs to the

NORMAL
SETPOINT
22 °C
373.2 Pa
12.78 °C
6 °C
Design: 9300 W

INTENSITY
RANGE
+/- 0 to 5 °C
+/- 0 to 80%
+/- 0 to 5 °C
+/- 0 to 5 °C
1300 to 9300 W

INTENSITY
INCREMENT
0.5 °C
5%
0.5 °C
0.5 °C
1000 W

simulations, run the simulations, and store outputs. The
simulations were run in batches by demand response
strategy type, each of which took approximately one
hour to complete, except the static pressure adjustment
batch, which took approximately 1.5 hours to complete
due to the larger number of simulations. The desktop
used had a 2.53 GHz CPU, 4.00 GB RAM, and a 64-Bit
Windows 7 operating system.

RESULTS
Figures 2-5 present the performance scores and
regulation capacities over a range of implementation
intensities and cooling load conditions. A red plane in
each performance score plot indicates a score of 0.75.
Figure 6 presents dynamic power data for each of the
implementation strategies over a range of load
conditions and for one intensity case.
The figures indicate that SPA and CWA strategies
perform better than ZTA and STA strategies, although
are somewhat limited in the amount of effective
regulation capacity they can offer. This is indicative of
the effect of cascading control loops on system
performance. Duct static pressure and chilled water
temperature are directly coupled to the dynamics of the
fan and chiller respectively, while zone air and supply air
temperature setpoints are only indirectly coupled to the
dynamics of the fan and chiller through intermediate
components, namely the terminal unit damper and
chilled water valve. Not only do these intermediate
components insert time delays between setpoint
adjustment and electric power consumption alteration,
they can work to bring the system back to normal
operation or drive it to an opposite response than desired.
As an example, consider the STA strategy at moderate
load conditions and implementation intensities, as shown
in black in Figure 6b. A positive regulation signal will
decrease the supply air temperature setpoint. This
initially opens the chilled water valve, cools the supply
air, and increases the load on the chiller, leading to
higher power consumption as intended. However, as the
zone air cools, the terminal unit dampers begin to close,
reducing airflow through the fan and across the cooling
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Figure 2 Composite Performance Score (left) and Regulation Magnitude (right) for ZTA.

Figure 3 Composite Performance Score (left) and Regulation Magnitude (right) for SPA.
coil. Over time, this reduces fan power and returns the
chiller load to that of normal operation, moving total
power consumption away from a regulation signal that
may remain positive for some time.
Additionally, the normal operation of the system relative
to its operating limits strongly affects regulation
performance and capacity. A system operating under a
very high or very low load condition is consuming close
to the maximum or minimum amount of power and
contains subsystems, such as valves, dampers, fans, or
chillers, operating at their design limits. This provides a
maximum range of adjustment that can be made to a subsystem in one direction, and a minimum range in the
other. Consider the ZTA strategy as an example. At
high load conditions, shown in red in Figure 6a, the

terminal unit dampers are fully open. A positive
regulation signal, indicating more power consumption,
decreases the zone temperature setpoint, which in turn
calls for more airflow into the zone. However, because
the terminal unit dampers are already in their fully open
position, no system changes can occur. A negative
regulation signal, indicating less power consumption,
increases the zone temperature setpoint and causes the
dampers to modulate close. This reduces supply airflow
and, ultimately, fan and chiller power. While this
operating condition provides maximum down-regulation
capacity if the dampers modulate to a minimum position,
the overall performance for symmetric regulation is low.
We can also consider the SPA strategy at high load
conditions, shown in red in Figure 6b, where the terminal
unit damper and chilled water valve are fully open. An
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Figure 4 Composite Performance Score (left) and Regulation Magnitude (right) for STA.

Figure 5 Composite Performance Score (left) and Regulation Magnitude (right) for CWA.
increase in static pressure increases the supply airflow.
With the chilled water valve unable to provide more
water flow, and the chilled water supply temperature
constant, the return water temperature increases. The
resulting larger temperature drop across the chiller
increases chiller power. This, in addition to increasing
fan power, gives the strategy high capacity at high loads
and implementation intensities.
Lastly, ramping limitations of control loops and
actuators have an effect on performance. For the same
regulation signal, a higher capacity will require higher
ramping rates. For example, a regulation signal
changing from 0 to 0.5 over 10 seconds requires a 100
W/s ramp rate if offering 2000 W of capacity and a 200
W/s ramp rate if offering 4000 W of capacity. This
higher regulation signal ramp rate can exceed the ramp

limitations of the equipment, decreasing performance.

CONCLUSION
This study simulated the response of a representative
VAV system while providing regulation service using
four common demand response strategies over a range of
implementation intensities and cooling load conditions.
Acausal modeling was used for its ability to model multidomain physical systems (thermal, fluid, and control).
The system was shown to provide the best performance
when the regulation signal was provided to powerconsuming equipment controllers. Additionally, the
operating point of sub-systems relative to minimum or
maximum capacities was shown to impact system
performance. Lastly, controller and equipment ramping
limitations can affect the ability for the equipment to
track the regulation signal at large capacities.
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(a)

(b)

(c)

(d)

Figure 6 System power consumption (solid) and regulation signal (dotted) for load cases of 9300 W (red), 6300
W (black), and 3300 W (blue) for ZTA (a), SPA (b), STA (c), and CWA (d). ZTA, STA, and CWA are shown for
an intensity of 3 °C and SPA for an intensity of 40%.
Future work associated with this study includes both
simulation enhancements and supervisory control
development.
Simulation enhancements include
asymmetric zone loading and chiller COP as a function
of evaporator and condenser temperature. Additionally,
further study is required to determine if chiller power
response is indeed faster than chilled water valve
dynamics, as is assumed in this study. If it is not, a
dynamic chiller model should be included. Supervisory
control systems that predict regulation capacity and any
associated costs for different times throughout the day
need to be developed, so that the ISO/RTO can dispatch
accordingly.
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