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ABSTRACT
Verifying the simulated controls for HVAC components
in energy models is not commonplace in practice
presently. However, it is very important to ensure the
simulated systems are controlled as desired for accurate
simulation results. Limitations of the software tools
available or other factors such as missing information
make it particularly challenging to verify the controls for
complicated HVAC systems in the simulations. Energy
modelers may employ several workaround strategies to
simulate these complicated systems, these usually
involve the use of alternate components in the software
tools or some assumptions related to the HVAC system.
It is important to ensure that the components are
controlled as desired so that they follow the actual
mechanical designer’s intent. Verification of the
implemented controls in real-life systems during
commissioning can be done using a graphical approach
called “Operation Diagnostics”. Sensor data collected
from the building automation system (BAS) is visualized
and compared to ideal patterns generated from the
sequence of operations (SOOs). This comparison helps
to diagnose possible deviations of the system functioning
from the design intent and identifies opportunities to
optimize its performance.
This paper proposes the application of “Operation
diagnostics” approach to energy modeling results to
diagnose issues related to the simulated controls. A
spreadsheet based tool was developed to automatically
visualize the energy simulations results for comparison
against the ideal operation patterns generated from the
SOOs. This visual-statistical approach would help the
modeler to quickly validate the energy model and
increase its accuracy.

INTRODUCTION
What is Operation Diagnostics?
All controls in a building have a built in logic, this logic
can usually be drawn on a graph which shows on one
axis the sensor variable, the variable that controls an
action in the HVAC system, and on the other axis the
acuator variable, the variable that will be affected by the
control system. This graph is refered to as an operation
pattern. Once operation patterns have been established
for a system or a SOO in a building then they can be used
to understand if the controls within the building are
operating as designed. This is done by comparing the
operation pattern to BAS data or measured data on site.
An example of this comparison can be seen in Figure 1.

Figure 1 Operation pattern comparison
In this case the data from the BAS shows good
correlation to the operation pattern expected for this
control. Figure 2 shows an example of where the BAS
data did no follow the operation pattern, in this case it
means that the cooling coil was modulating even when
the volume damper was shut.
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working as expected and adds to a better understanding
of the system that is being designed quickly and easily.

Figure 2 Operation pattern comparison control not
working

The Use of An OD tool for Simulation
This method has been used to better understand the
building once it is in operation, however, its value can be
seen as a way of also verifying that the operation of the
controls in an energy model are working as designed.
Operation patterns can be completed and compared
against data from the simulation to ensure that its
controls are working as specified. Not only this but once
the controls have been verified the energy model can
then be used to refine and improve the control sequence
to make the building more energy efficent.

The tool currently assesses the following outputs for
three air handling units types: air temperature and
volume flow rate through an air handling unit with
constant volume connection to the spaces, a dedicated
outdoor air system (DOAS) as well as VAV reheat and
series fan powered boxes connecting to the space. At
each part of the system the temperature and volume flow
rate of the air are taken before and after each component
in the system from the output variables given by
EnergyPlus and are graphically represented at a single
point in time. Figure 3 shows a typical output example.

With this in mind, the authors developed an operation
diagnostics spreadsheet tool to identify the control
patterns of various components in typical HVAC
operations. The tool currently includes the controls
through entire air handling units with VAV reheat
systems and series fan powered systems as well as chiller
and cooling tower operation. Additional systems and
component operations will be added as time permits.
The tool has been tested in various projects to verify the
operation of the controls in the energy model and to help
with the analysis of the controls in the design. This paper
will first describe the operation of the spreadsheet tool
and then go on to detail some of the projects that have
been used to verify the controls operation in energy
models.

OPERATION DIAGNOSTICS TOOL
The tool uses the variable output data from an
EnergyPlus model to verify the controls on various
components within an HVAC system are as the designer
intended. The tool produces a graphical representation of
the variable of interest, such as temperature of air
through an air handling unit, or coefficient of
performance of a chiller at various loads and allows the
user to compare this against the operation pattern they
were expecting from the sequence of operations.
Because the outputs from the simulation tool often
produce large files with dense data this tool allows the
modeler to both verify the simulation controls are

Figure 3 Operation of an AHU with a series fan
powered box
By changing the date and time in the tool, the graph is
instantly updated so conditions in summer, winter,
occupied and unoccupied times can be easily and quickly
identified and analyzed. Figure 4 shows this feature of
the tool.
AHU?
AHU1
Month
March
Day
26
Time
12 noon
Lookup March 26, 12 noon
Occupied or Unoccupied
Office hours
Figure 4 Control to find the operation patterns for the
energy model
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Finally once the sequence of operation has been verified
by the tool to be that which was intended by the designer
operation patterns can be established from the energy
model to help with commissioning, measurement and
verification (M&V), and retrofitting the building in
future stages of the project. The model is now
representing the design intent for the controls and the
operation patterns it produces can be compared to
measured data and BMS data at commissioning stage to
ensure that the building controls are working as intended.

represents the chiller capacity. By plotting the chillers
electrical use multiplied by the chillers COP for every
hour it can be seen whether the chillers in the energy
model are operating according to the specifications laid
out by the designer. Any blue dots that fall in the shaded
area indicate that there is something wrong in the models
operation. In this case the dots in the red area are all at 0
demand and so the operation pattern has verified that the
energy model is controlling the chiller as designed.

Chiller Operation Annually
2,500,000

The chart shown in Figure 5 describes the chillers
operation at every hour of the year. The operation pattern
was derived from the control that the chiller would turn
off at 4.4°C outdoor air temperature or below. At this
outdoor air temperature the waterside economizer would
be activated and so the chillers would no longer need to
function. The chillers had a capacity to cover a 2,000kW
demand and so would be at full load at this demand.
The operation pattern is described by the red dotted line
and the shaded red area is where the chiller should not be
operating. The operation pattern combines the controls
logic on the chiller as well as the capacity of the chiller.
The x-axis is the outdoor air temperature and the y-axis
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500,000
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Figure 5 Chiller Operation Pattern
The next two graphs in figures 6 and 7 describe the
control sequence for the waterside economizer, in this
case the controls were fairly complex. The first graph in
Figure 6 verifies that the waterside economizer is not
working from June to October, a requirement from the
sequence of operation for this building.
Flow through the Economizer Annually
160
140
120

Flow rate kg/s

Chiller and cooling tower control can be very important
in the design when efficiency measures are being
considered for a building. When analyzing this through
simulation it is important to make sure that the
components and controls are functioning as the designer
intended in order to understand these efficiencies are
realized and/or are as efficient in the climate as assumed.
The graphs in Figure 5, 6 and 7 were produced by the
tool to ensure that the waterside economizer on the
chiller plant was working as the controls dictated.

1,500,000

-30

THE OD TOOL IN PRACTISE
The tool has been used and developed over the last four
years. The following examples show how and when the
tool has been used in various projects.

2,000,000

Cooling Demand [W]

These two graphs show the modeler an enormous
amount of information about the simulation. Firstly the
modeler can verify that the controls throughout the entire
AHU are as expected. Once this has been verified the
modeler can now analyze whether these controls are the
most energy efficient by identifying times when the air
handling unit might be cooling and the reheat boxes
heating, where volume flow rate of outdoor air or
recirculating air might be incorrect and so on. The tool
then allows easy graphical explanation to the design
team and client of why these controls might not be the
most effective for the building in question.

100
80
60
40
20

0

Figure 6 Flow through the waterside economizer
operation pattern
The green lines indicate the flow rate at every hour
through the waterside economizer throughout the year.
There is no flow between June and October in this graph
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The second control of the waterside economizer was to
turn on if the outdoor air wet bulb temperature was below
4.4°C and the condenser water temperature would be
between 1.1°C and 7°C and when the outdoor air wet
bulb temperature was above 4.4°C and the condenser
water temperature was between 17°C and 29°C. Figure
7 shows this operation pattern.
Temperature of Condensor water vs OA WB
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cooling in the winter, are served by one AHU with an
effective heat exchanger and those that need cooling by
another with no heat exchanger.

Temperature of air through the AHU [°C]

and so the waterside economizer control of turning off in
June and back on in October is verified.

Figure 8 Temperature through an AHU

30.0
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The purple dots in the graph in figure 7 represent the
condenser water temperature at the wet bulb temperature
for each hour of the year. Any purple dots that fall into
the red shaded areas are times when the controls
specified are not being acted upon in the simulation. In
this case it was identified through the operation
diagnostics tool that the waterside economizer control
schedule as written by the designer was not working as
expected in the energy model.
A second type of OD tool used is one to assess whether
an AHU is working as the controls specify. This tool
looks at multiple data points for just one hour of the year.
Figure 8 shows an output from the OD tool for a time
during heating. This specific AHU is one with series fan
power boxes (SFP). The visualization is identifying two
things. The first is looking at the effectiveness of the
operation of the heat exchanger. In this case in the winter
the outdoor air is coming in at 6°C the heat exchanger is
adding quite a bit of heat to the incoming outdoor air
raising the temperature to 15°C, however the controls on
the AHU then re cool this air to the specified 6.6°C
before entering the SFP boxes.
Putting a bypass on the heat exchanger for situations
when the AHU is cooling in the winter can eliminate this
energy used to re-cool the air. A second option would be
to split the AHU up, so that the spaces that do not require

The tool will also collate and visualize data for when an
AHU and zone reheats are both heating and cooling
simultaneously. Figure 9 shows the operation pattern
that describes this. The-x axis shows times when the
cooling coil is on, the y-axis when the heating coil is on.
The operation pattern is the dotted line. When the dots
lie on those lines there is no simultaneous heating or
cooling, however, when the dots move into the shaded
area it shows that the reheat coils in the SFP boxes are
on at the same time as the cooling coils in the AHU.
700
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Figure 7 Waterside economizer wet bulb temperature
operation pattern
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Figure 9 A graph showing simultaneous heating and
cooling operation pattern

A second graph is also produced to identify at what
outdoor air temperatures the simultaneous heating and
cooling is occurring. It can be seen in Figure 10. When
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the outdoor air temperature is very cold the expectation
is that the heating will be on and when it is very hot, that
the cooling will be on. Any blue points from the cooling
in the lower temperatures and red points from the heating
in the higher temperatures are times when the AHU is
not performing as expected. During moderate
temperatures it is expected that the heating and cooling
might be on at the same time but also that the energy
consumed by heating and cooling will be low. Any times
in this section when the power consumption of these
coils is high would also indicated an issue with
simultaneous heating and cooling in the AHU.
900
800
700

Power [kW]

600

500
400
300
200
100
0

-20

-10

0
10
20
30
Outdoor Dry Bulb Temperature [°C]

DOAS Cooling

40

Reheat Coils in the Series Fan Power Boxes

Figure 10 graph visualizing at what temperatures the
heating coils and cooling coils are on at the same time
A final feature of the tool is the ability to count hours
when components in the AHU are acting in a way that
would contradict the control programing set out by the
designer. In Figure 11 it can be seen that there are 2,655
hours in the year when the heat exchanger is exchanging
heat with the outdoor air and then that is being re-cooled
by the cooling coil in the AHU.

Heat Exchanger exchanging heat
Heat Exchanger exchanging cool
AHU Heating Coil ON
AHU Cooling Coil ON
AHU heating and cooling on at the same time
Heat Exchanger exchanging Heat and Cooling Coil ON
Heat Exchanger exchanging Cool and heating Coil ON
Total number of hours system is on
Hours heat exchanger should be bypassed in the summer

Hours in the year
these conditions
apply
2,680
733
3,388
2,655
3,413
-

Figure 11 Visualization of the tool showing number of
hours controls are not being met

DISCUSSION AND RESULTS ANALYSIS
The tool is a database of patterns and logic which can be
fed with data from a simulation in order to quickly verify
that the controls in the simulation are operating in a way
that was designed. The quick visualizations also make it
easier to communicate the implications of particular
control strategies with designers and clients.
A library of operation patterns already exists from the
commissioning work done and these have been
transferred over to the OD tool. Patterns are then
developed and adjusted for each project to allow
individual control sequences to be analyzed on a project
by project basis. Applying this practice from
commissioning of a real building to analyzing an energy
model is beneficial to everyone. The modeler and
designer are sure their controls are being implemented
correctly in the simulation tool. The designer and
modeler can test and verify controls to increase the
energy efficiency of the building. These operation
patterns can be stored and passed to the commissioning
agents and can also be used to help develop the sequence
of operations for the building operators.
The complexity of large buildings requires a greater
understanding of all the components that make up the
building and their interactions. This is done through
simulation however if the simulation is not checked to
ensure that not only are the components modelled
correctly, such as u-values for the envelop, internal
gains, chiller COPs and such but also the controls the
model will not be as useful. Once the model is checked
to ensure it is working as designed a multitude of items
can be found to help make the building more efficient.
The more visual this data is the more understandable it
is to the project team and client.

CONCLUSIONS
Applying operation diagnostics to analysis and checking
of an energy model has proved to be very successful in
finding faults in the control sequences that are being
applied by the simulation as well as finding
inefficiencies in the design. The OD tool allows easy
access to several common operation patterns as well as a
library of patterns to access when necessary. The OD
tool also allows the modeler to quickly analyze the
control sequence programed by the designers for the
AHU and reheat units in a building in heating and
cooling season. It is quick to find inefficiencies and
allows the modeler to suggest controls such as heat
exchanger bypasses, or changing temperature setpoints
on the heating or cooling coils within the AHU.

© 2016 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution,
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

355

REFERENCES
Baumann, O. (2003). Operation Diagnostics –
Verification and Optimization of Building and
System
Operation
by
Multi-Dimensional
Visualization of BEMS Data, ICEBO –
International Conference for Enhanced Building
Operations, October 13-15, 2003, Berkeley CA
(US).
Baumann, O. (2004). Operation diagnostics-use of
operation patterns to verify and optimize building
and system operation. International Conference for
Enhanced Building Operations, October 18-19,
2004, Paris, France.
Baumann, O. (2005). Enhanced Building Operation
Using ‘Operation Diagnostics’- A Case Study. In
International Conference for Enhanced Building
Operations, October 11-15, 2005, Pittsburgh,
PA(US),.
Sunnam, R., Ergan, S., Akinci, B. (2015). Deviation
analysis of the design intent and implemented
controls of HVAC systems using sensor data: a case
study International Workshop on Computing in
Civil Engineering, June 21-23, 2015, Texas, Austin,
pp. 223-231

© 2016 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution,
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

356

