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ABSTRACT

Most commercial buildings do not perform as well in
practice as intended by the design and their
performances often deteriorate over time. Reasons
include  faulty  construction,  malfunctioning
equipment, incorrectly configured control systems
and inappropriate operating procedures (Haves et al.,
2001, Lee et al., 2007). To address this problem, the
paper presents a simulation-based whole building
performance monitoring tool that allows a
comparison of building actual performance and
expected performance in real time. The tool
continuously acquires relevant building model input
variables from existing Energy Management and
Control System (EMCS). It then reports expected
energy consumption as simulated of EnergyPlus. The
Building Control Virtual Test Bed (BCVTB) is used
as the software platform to provide data linkage
between the EMCS, an EnergyPlus model, and a
database. This paper describes the integrated real-
time simulation environment. A proof-of-concept
demonstration is also presented in the paper.

INTRODUCTION

EnergyPlus (US DOE, 2010; Crawley et al., 2001) is
a detailed first principles based simulation tool that
calculates the building heating and cooling loads, and
disaggregates energy end uses and other variables
required for a comprehensive comparison of
simulated ~and  measured  performance
Conventionally, EnergyPlus is used for off-line
building energy simulation analyze design for new
construction and retrofit, size HVAC equipment, and
model energy and water use in buildings.

With the increasing need to improve building
performance, the use of simulation to assess the
actual performance of buildings is starting to gain
more attention (Haves et al. 2001, Liu er al. 2003,
Ramirez et al. 2005). This paper describes a proof-
of-concept implementation of EnergyPlus in a real-
time application, which represents a step towards the
development and deployment of simulation-based
building performance assessment techniques.

Real-time building simulation, as opposed to off-line
building simulation, refers to the use of a building
model whose simulation time is synchronized with
real time, as represented by the computer clock.
Updated values of the input variables are acquired

dynamically at each step-time. With the wide
deployment of Energy Management and Control
Systems (EMCS) in buildings and the development
of open protocols such as BACnet, the sensor and
control signal information from various component
and systems in a building is more acccessible
(Salsbury et al. 2000). This makes it possible to
acquire the real-time EnergyPlus dynamic input
variables from the EMCS including but not limited to
weather data, operation schedules, control set points.
However, the EMCS does not normally have all the
necessary model input variables that are needed for
real-time simulation, e.g. solar radiation, wind speed
and direction and additional instrumentation is
required to accomadate these needs.

The Building Controls Virtual Test Bed (BCVTB),
recently developed by Lawrence Berkeley National
Laboratory (LBNL), has provided a platform to
synchronize EnergyPlus simulation time to real-time
and exchange data with EMCS in the real-time mode
as well (Wetter, 2010; Nouidui et al., 2011). It is an
extension of Ptolemy II, a software environment for
heterogeneous modeling and simulation. Ptolemy II
is a free open-source software developed at the
University of California, Berkeley.

This paper describes the integrated real-time
simulation environment as well as the additional
instrumentation required by the real-time simulation.
A proof-of-concept demonstration is then described.
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Figure 1 Overall system architecture

SYSTEM INFRASTRUCTURE

Figure 1 shows the overall system architecture. It
consists of two sub-systems: (i) the EMCS that
serves as the data acquisition system and (ii) the real-
time simulation environment that integrates the
EnergyPlus simulation, database and the data
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acquisition system, and synchronizes the simulation
to real time. The sub-systems reside in two different
computers connected using a Local Area Network
(LAN). The following two sections describe these
sub-systems in detail.

Instrumentation and Data acquisition

EnergyPlus model inputs consist of a full description
of the building (location, geometry, materials,
window type etc.), its usage and the HVAC system
description. The weather data is specified separately
from the general input file when the simulation is
launched. All these input data can be categorized into
two types: parameters and variables. Parameters are
independent of time and remain constant during the
simulation, e.g. building geometry and HVAC
equipment nominal capacity etc. Variables may
change during the simulation, e.g. weather conditions,
control setpoints etc. Some of the variables can be
specified in the EnergyPlus input file using schedules,
e.g. HVAC equipment operational and control set-
points, while some of the variables can only be
obtained from external data source at each step time,
e.g. weather conditions, including outdoor dry bulb
temperature and relative humidity, wind speed and
direction, and direct normal and diffuse solar
radiation. For real-time applications, the external
variables need to be updated at each step time.

Modern buildings are typically equipped with EMCS,
which can provide a number of these variables.
However, except for outdoor dry bulb and relative
humidity, weather variables are not usually measured
by the EMCS. Supplementary instrumentation,
usually hosted by the EMCS, is needed for these non-
typical measurements.

EMCS Integration

Additional sensors are typically required to provide,
all the variables that are needed by EnergyPlus. In
order to make EMCS measurements accessible to
EnergyPlus, a suitable communication protocol is
needed. BACnet is used in this study due to its wide
acceptance. In cases where the EMCS uses a
proprietary protocol, a BACnet gateway is required.
The BCVTB contains two actors that can read from
and write to BACnet devices. The read function
aquires the relevant model input variables while the
write function provides a hardware-in-the-loop
control capability. Both actors use a configuration
file to specify the BACnet devices, object types and
property identifiers. The detailed procedures to create
these configuration files and to use these two actors
are described in the BCVTB manual 2011.

EnergyPlus Integration

Figure 2 shows the connection between the
EnergyPlus and the BCVTB. The simulator actor in
the BCVTB links to the external interface in the
EnergyPlus. In the external interface, the input/output
signals that are exchanged between the BCVTB and
the EnergyPlus are mapped to EnergyPlus objects

Externalinterface:Schedule

BCVTB EnergyPlus
Simulator P R
Actor

Figure 2 EnergyPlus integration in the BCVTB
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(Wetter, 2010). The external interface takes three
types of inputs from the BCVTB through three
objects:

e  Externallnterface:Schedule,
e  Externallnterface:Actuator,
e  Externallnterface:Variable.

When the BCVTB passes a value to the
Externallnterface:Schedule object, it creates a new
schedule. The other two objects are used in the same
way as the EnergyPlus Energy Management System
(EMS) actuators and variables, except that their
numerical values are obtained from the BCVTB at
the beginning of each zone time step. The EMS is a
newly released feature of EnergyPlus to provide user-
defined supervisory control capabilities. It can read a
variety of “sensor” data and use this data to direct
various types of control actions (USDOE 2010). The
actuator objects overwrite various input parameters,
such as weather data and set-points and internal
calculated wvariables, such as fractional window
opening. Any EnergyPlus Output:Variable or
EnergyManagementSystem:OutputVariable can be
sent to the BCVTB at each zone time step.

Database Integration

PostgreSQL was chosen as the database program. A
Java-based API was built for applications to
communicate easily with the database. In Figure 3
and Figure 4, at the extremme right hand end, there
are Ptolemyll actors named “database” and
“database2”, respectively. Both of these are
PtolemyIl SystemCommand actors and execute a
wrapper tool around the database API, in order to
send data to the database. At the extreme left hand
end of Figure 4, there is an actor called “SQL
Statement” which is used to query data from the
database.

PROOF-OF-CONCEPT
DEMONSTRATION

A proof-of-concept demonstration has been
conducted at a two-storey building located in the
Chicago, IL area. The gross area of this building is
approximately 70,000 ft* (6503 m®). About 80% of
the floor area serves as drill hall for personnel
training and ceremonies. The rest of the building is
used for administration and is lightly occupied.

There are two 100 ton (351.7 kW) air-cooled chillers
and associated chilled water pumps providing
cooling for whole building. Steam for heating is
supplied by a campus-wide distribution system and
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converted to hot water locally. The Drill hall is
supplied by two single-zone Variable Air Volume
(VAV) Air Handling Units (AHU). The office area
is served by one VAV AHU with VAV terminal
units. There is a classroom in the building, which is
served by a single-zone VAV AHU.

Instrumentation

A commercial EMCS is installed in the
demonstration building. In order to accommodate the
needs of real-time energy simulation, additional
sensors were installed to provide the measurements
for outdoor air dry bulb and relative humidity, wind
speed and direction, direct normal solar radiation and
diffuse solar radiation. High quality sensors were
used to minimize the impacts from the weather on the
model output uncertainties. In order to compare the
simulation results with the actual performance of the
building sub-systems such as lighting, plug-loads and
chillers, dedicated electrical power sub-meters were
installed to measure the lighting power, plug load
power and chiller power. The requirements for the
sensor accuracies were taken from Gillespie et al.
(2007).

System Setup

A whole-building EnergyPlus simulation model
representing the existing performance of the
envelope, the HVAC system, the lighting system and
the control system was created. The model was then
calibrated based on the information collected from
design documents as well as EMCS trending data
from April to July 2010. Since the EMCS uses a
proprietary communication protocol, a BACnet
server was installed on top of the EMCS so that the
BACnet interface included in the BCVTB can
communicate with the EMCS. The BCVTB was
installed in a separate computer from the one running
EMCS. The real-time simulation is launched by
starting the BCVTB through the Graphical User
Interface (GUI) or through the console. The latter
allows use of the BCVTB in an automated workflow
or in a window-less system.

There are two processes running in parallel. The
integration of the BACnet reader using the Ptolemy
II GUI is illustrated in Figure 3. The two key
elements are the BACnet actor and the database
actor. The BACnet actor acquires the EMCS data in
five-minute interval. The StringArrayToDouble-
Array actor is used to convert the BACnet actor
output data from string to double. The database actor
receives the double data and sends the data to the
database. The actors enclosed by the red dash line are
used to calculate the outdoor dew point taking the
inputs of outdoor dry bulb and relative humidity.

The integration of the EnergyPlus simulation
program using the Ptolemy II GUI is shown in Figure
4. The EnergyPlus simulator establishes the
communication between the BCVTB and the
calibrated EnergyPlus model. The EnergyPlus

simulation time step is 15 minutes. At each time step,
the EnergyPlus simulator receives the weather data,
i.e. the outdoor air dry bulb temperature, the outdoor
relative humidity, the outdoor dew point, the wind
speed and direction, the direct normal solar radiation,
and the diffuse solar radiation as inputs through the
SQLStatement actor, as dynamic inputs and advances
the EnergyPlus model by one step time.

Since the BACnet read process uses a 5 minute time-
step while EnergyPlus simulation uses 15 minutes,
the inputs to the EnergyPlus simulation are averages
of the measurements over the 15 minutes. Once the
simulation is finished for each time-step, the results
are passed to the database. The BCVTB time-step
and the run period are specified before starting the
simulation, and should match the EnergyPlus time-
step.

Since EnergyPlus can only specify the begin day and
month, unless the simulation starts right at mid-night,
a delay-start of the simulation is needed to ensure
that the EnergyPlus simulation synchronizes to wall
clock time. In the PtolemyIl GUI, synchronization of
the simulation time and real-time is achieved by
checking a check box, as shown in Figure 5. Then
EnergyPlus runs the model and sends the required
output data back to the BCVTB.

If the EnergyPlus simulation and the BACnet read
process use the same time step, an alternative is that
the EnergyPlus simulator can obtain the input
variables directly from the BACnet actor instead of
the database.

The BCVTB version 0.6.0 is used in the
demonstration. A customized EnergyPlus based on
version 5.0 is used in this study to provide the
actuators for the weather data. This feature is
available in the latest release of EnergyPlus 6.0.

Results and Discussion

The tool chain has been used since July 2010. The
first test was to validate the real-time data acquisition
process. The existing EMCS has about 1,200 control
points including both physical points and virtual
points such as control set points etc. About 700
control points that are relevant to the demonstration
have been broadcasted through the BACnet server.
The BACnet reader in the BCVTB reads these data
points and sends to the database. Several manual
checks have been conducted by exporting the data
from the database to a spreadsheet and comparing to
the trending data in the EMCS over one month
period. The comparison shows that the data stored in
the database match the trend data in the EMCS
exactly.

To validate the real-time EnergyPlus operation, a
customized EnergyPlus weather file was created
using the actual weather data stored in the database.
The real-time EnergyPlus simulation results stored in
the database were then compared to that of the off-
line EnergyPlus simulation using the customized
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weather file. As can be seen from Figure 6, the
simulation results for the building total electric power
agree well with each other.

The real-time whole building energy performance is
compared to the model prediction as shown in Figure
7. The differences between the simulated and
measured performance were highlighted. The
highlighted areas enclosed by the oval dash lines
represent the differences occurred during occupied
hours while that enclosed by the rectangle dash lines
represent the differences occurred during unoccupied
hours. Further analysis of the electric power
indicated that different chiller operation strategies
were the cause of the considerable performance
deviations during occupied hours, as shown in Figure
8. The chiller was scheduled to be off after Oct 15 in
EnergyPlus model as intended, while in reality,
chiller ON/OFF is only controlled by the outdoor air
temperature. Simulation shows that free cooling is
sufficient to handle the building cooling load. The
lights left on overnight was the cause of the
deviations during unoccupied hours, as shown in
Figure 9.

CONCLUSION

EnergyPlus is a whole building simulation program
that is traditionally used for off-line building energy
analysis. A tool for implementing real-time
EnergyPlus simulation has been demonstrated in
proof-of-concept form. It provides a means to
compare actual building performance to design intent
or other benchmarks. The demonstration shows the
potential of such a tool for supporting whole building
performance assessment.

Future work includes testing the implementation
using shorter time step, e.g. one minute, fixing
EnergyPlus run control and incorporating more
communication protocols. The proof-of-concept
demonstration used 15 minutes as the simulation time
step which is not adequate to represent the system
dynamics, e.g. the HVAC equipment short cycling,
the plug load equipment on/off etc. Therefore, a
validation of the tool using one minute simulation
time step is critical. To handle the leap year and to
start the real-time simulation at any given time need
to be addressed in the EnergyPlus run control.
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Figure 6 Building total electric power comparison between real-time simulation and off-line simulation using
the customized weather file
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Figure 7 Building total electric power comparison between real-time simulation and actual measurement
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Figure 8 Cooling electric power comparison between real-time simulation and actual measurement
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Figure 9 Lighting electric power comparison between real-time simulation and actual measurement
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