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SUMMARY
Simulation is used to analyse the performance of buildings
frequently since it is cost- and time-saving. When analysing
the energy-saving potential in buildings, building modellers
need to select a prototype building model representing the
average or median energy use of the type of buildings. The
U.S. Department of Energy provides prototype models of 16
main commercial building types. However, if researchers want
to do analysis on building types other than them, high-quality
prototype models are not available. In this paper, one new
prototype building model of college and university is created.
To build the model, a systematic approach is created to
identify sensitive model inputs based on the existing
databases. After completing the model, the model is validated
by comparing the EUI with existing buildings so that the EUI
of the modelled building is close to the median EUI of CBECS
2003 data.

INTRODUCTION
It is a popular way to analyse the energy performance of
commercial buildings by using simulation. It is cost- and timesaving to create building models to mock the real energy
performance. Prototype building models are used as
baselines. Based on the models, lots of researches can be
done: assessing new technologies, optimizing designs,
analysing advanced controls, developing energy codes and
standards, and conducting lighting, daylighting, ventilation
and indoor air quality studies (Deru et al., 2011). It is important
to provide high-quality prototype models when researchers
need to do one of these works. For example, ASHRAE 1651RP (Glazer, 2016) develops maximum technically achievable
energy targets for commercial buildings by simulating the
effects of using energy-saving and energy-efficient
technologies in the prototype building models. 179D DOE
Calculator (Deru et al., 2014) is also based on prototype
building models to do the analyses. Besides these examples,
researches assessing the technical potential in the aspect of
energy performance (Griffith et al., 2007) and the impacts from
outside air (Benne et al., 2009) are also based on the
commercial prototype building models.
In the U.S, Department of Energy (DOE) shares two series of
commercial prototype building models – DOE’s Commercial
Reference Building Models (DOE, 2015b) and DOE’s
Commercial Prototype Building Models (DOE, 2015a). DOE’s
Commercial Reference Building Models cover 16 main
commercial building types and 16 climate zones in the U.S,
and three models are built in each building type and each
climate zone – pre-1980, post-1980 and new construction
(Deru et al., 2011). Based on the models, DOE’s Commercial
Prototype Building Models are built. The models also cover 16
main commercial building types and 16 climate zones in the


+

U.S, but only new construction models are provided (Thornton
et al., 2011).
To create a new prototype building model, the input values
need to be collected from some data sources. Commercial
Buildings Energy Consumption Survey (CBECS) (EIA, 2006,
2016) collects many data of physical building characteristics
and some data of schedules. Because the prototype building
models need to reflect the median energy performance of the
commercial buildings, the median values or the highest
frequent values are selected as the input values. Commercial
Buildings Energy Modelling Guidelines and Procedures
(COMNET) (COMNET, 2010) provides the information about
schedules and internal loads. ASHRAE Standard 90.1
(Standard, 2004a, 2013) and 62.1 (Standard, 2004b) are also
listed the information of system, envelopes, and internal
conditions.
In the paper, one new prototype building model - college and
university is created by using OpenStudio. To build the model,
a systematic approach is created to identify sensitive model
inputs based on the existing database. A method using
Bayesian classifier is designed to determine the values of
these inputs. After completing the model, the model is
validated by comparing the EUI with existing buildings so that
the EUI of the modelled building is close to the median EUI of
CBECS 2003 data.

METHODS
Steps of creating the new model
Prototype building models have different targets from the
building models which predict the performance of certain
buildings. In a prototype building model, representation of
existing performance of most buildings is more important than
detailed design. In the paper, the prototype building model of
college and university will represent the median energy
performance of this type of buildings in the U.S. The model is
created by using OpenStudio. There are four steps to create
the prototype building model of college and university:
1)
2)
3)
4)

Identify sensitive model inputs;
Decide the value of each input;
Create the model based on the results of step 1 and
2;
Validate the model and modify the model by using
expert knowledge.

The step 1 and 2 will be introduced here. The step 3 creates
the model according to description that is summarized based
on step 1 and 2. The step 4 compares the energy performance
of the new model with that from survey data.
Indices of energy performance
Many indices evaluate energy performance of commercial
buildings. EUI (Energy Use Intensity) which indicates energy
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use per area is a reasonable index to reflect energy
performance of commercial buildings. Due to different types
of energy use and different methods to calculate total building
area, there are different types of EUI. ENERGY STAR
Portfolio Manager recommends to use source EUI (EPA,
2014). Source energy represents the total amount of raw fuel
that is required to operate the building. It incorporates all
transmission, delivery, and production losses. Since different
climate zones have significantly different values of outdoor
environmental parameters, correction factors related to
climate zones are used to adjust EUI, and make it feasible to
compare the energy performance of buildings in different
climate zones suitably (Sharp, 2014).
Steps of identifying sensitive model inputs
The inputs which are independent of other selected ones and
have great impacts on EUI are the key of the research. If
values of these inputs are identified, the related inputs will
have corresponding values. The insensitive model inputs do
not impact the value of EUI greatly. A building model has
hundreds of inputs, and it is unnecessary to spend great
efforts on each input. Identifying sensitive model inputs and
their values is important. Two steps to identify sensitive model
inputs are:
1)
2)

Collecting the main model inputs based on the
existing descriptions of DOE’s Commercial
Prototype Building Models (DOE, 2015a);
Identifying the sensitive model inputs from the main
ones after reviewing literatures.

Steps of deciding the values of inputs
PNNL (Pacific Northwest National Laboratory) uses survey
data, data from standards, reports and papers, and expert
knowledge to create DOE’s Commercial Prototype Building
Models. To reduce the number of data sources and usages of
expert knowledge, a new method to decide the values of
inputs is provided. In this method, the existing models are
taken into consideration. The model inputs are divided into two
groups – sensitive model inputs and insensitive model inputs.
Sensitive model inputs are important because they affect the
values of EUI greatly. Many researches provide the methods
and results of sensitive model inputs (EPA, 2013; Wang, Goel,
& Makhmalbaf, 2013b; Wang, Goel, Makhmalbaf, & Long,
2016). Based on the results, the sensitive model inputs are
selected. The rest model inputs are put into the bin of
insensitive model inputs. Figure 1 shows the steps of deciding
the values of sensitive model inputs.

In Figure 1, the step of using statistical analysis of CBECS
data and the prototype model inputs uses Bayesian classifier
to identify the values of inputs. Bayesian classifier (Kubat,
2015) is used to decide the values of insensitive model inputs
directly. Only four data sources are required to select the
values of model inputs. Table 1 lists these four data sources.
Users without enough expert knowledge can get rid of
searching data from tons of data sources by using this
method.

Table 1. Data sources used to select the values of model
inputs
No.

Data source

1

CBECS 2003 (EIA, 2006)

2

Analysis of Building Envelope Construction in 2003
CBECS (Winiarski, Halverson, & Jiang, 2007)

3

COMNET (COMNET, 2010)

4

DOE's Commercial Prototype Building Models (DOE,
2015a)

Bayesian classifier
,…,
.
The example to be classified is described by
1) For each , and for each class , calculate the
|
, as the relative
conditional probability,
frequency of among those training examples that
belong to .
2) For each class, , carry out the following two steps:
as the relative frequency of this
a) Estimate
class in the training set;
b) Calculate the conditional probability,
| ,
using the “naïve” assumption of mutually
independent attributes:
|
3)

Choose the class with the highest value of
∏
| .

(1)
∙

To get the values of inputs, the key is from which existing
building model the values of unknown inputs will be got. It
means using known model inputs to get unknown ones. Thus,
the three steps to decide the values of unknown inputs are:
1)
2)
3)

Divide model inputs into several groups;
Identify which existing model’s group is most similar
to the new one by using the values of known inputs
in this group;
Collect the values of unknown inputs in the group
from the existing model.

Steps of validating the model

Figure 1. Flow chart of deciding the values of sensitive model
inputs
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Source EUI based on climate zones in CBECS 2003 and
DOE’s Commercial Prototype Building Models are used to
validate the new models. Physical characteristics, system
characteristics, and usage patterns are the three categories in
buildings (Huang & Franconi, 1999). It is hard to get the exact
values of system characteristics and usage patterns.
Therefore, although the existing models are created based on
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survey data and standards, the energy performance is quite
different from that of existing buildings. The first step is to get
the values of climate zonal source EUI in DOE’s Commercial
Prototype Building Models and CBECS 2003 data, and
calculate the differential between these two EUI from
different sources (Equation 2).
,

∆,

,

No.

Sensitive model
input

No.

Sensitive model
input

11

Roof: construction

27

HVAC control:
thermostat setpoint

12

Roof: U-factor

28

HVAC control:
thermostat setback

13

Window: U-factor

29

HVAC control:
supply air
temperature

14

Window: SHGC

30

HVAC control:
chilled water supply
temperatures

15

System type: cooling
type

31

HVAC control:
economizers

16

System type: heating
type

32

Lighting: daylighting
controls

(2)

,

is the climate zonal source EUI from
where
models;
is the median values of the
climate zonal source EUI from CBECS 2003 data; is the
building type i; is the climate zone j.
After that, if
/

,

/
/

,

,

(3)

max ∆ , ,
,

the new model can be used as a high-quality prototype
building model; if not, the values of model inputs need to be
modified by using expert knowledge until the model EUI meet
requirement of the Equation 3.
In Equation 3,
/
is the building type, college and
university; is all the building types; is all the climate zones.

SENSITIVE MODEL INPUTS
The description of each DOE’s Commercial Prototype Building
Model (DOE, 2015a) provides about 100 model inputs. Based
on these inputs, the model can be rebuilt. Thus, sensitive
model inputs are selected from these model inputs. Sensitive
input variables are recommended in the development of
building energy asset rating using stock modelling in the USA
(Wang et al., 2016), Asset Score Upgrade Recommendations
(Wang, Goel, & Makhmalbaf, 2013a), and Energy Star
Portfolio Manager (EPA, 2014). The variables from these data
sources are collected and transferred into sensitive model
inputs. Table 2 lists the sensitive model inputs which are
important in creating the new college and university building
models.
Table 2. Sensitive model inputs
No.

Sensitive model
input

According to the steps of deciding the values of inputs, the
values of some sensitive model inputs of college and
university building are collected from data sources. Values of
the rest model inputs are used those in the existing building
models based on the results of Bayesian classifier. By using
Bayesian classifier, model inputs need to be divided into
several groups. The known inputs in a group are used to
decide which values of existing model inputs are used as the
values of unknown inputs of the new models in the same
group. Table 3 summarizes the groups, known inputs and
unknown inputs in each group. By using the groups listed in
Table 3 and the results of Bayesian classifier, values of the
rest model inputs are got.
Table 3. Groups to get unknown inputs using Bayesian
classifier
Group

No.

Sensitive model
input

1

Total floor area

17

HVAC efficiency:
cooling

2

Number of floors

18

HVAC efficiency:
heating

3

Aspect ratio

19

Fan efficiency

4

Window-to-wall ratio

20

Fan pressure drop

5

Floor to floor height

21

Pump efficiency

6

Number of PCs

22

Cooling tower:
efficiency

7

Schedules

23

SWH: efficiency

8

Average people

24

Lighting: average
power density

9

Exterior walls:
construction

25

HVAC sizing: cooling

10

Exterior walls: Ufactor

26

HVAC sizing:
heating
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VALUES OF MODEL INPUTS

Geometry

Schedules

Constructions

COBEE2018-Paper136

Known Input
(CBECS 2003)
- Number of floors
- Total floor area
- Building shape
- Percent exterior
glass
- Equal glass on all
sides *
- Open 24 hours a
day *
- Open during
weekday *
- Open on weekend
*
- Total weekly
operating hours
category
- Wall construction
material
- Roof construction
material
- Window glass type

Example of
Unknown Inputs
- Thermal zoning
- Floor to ceiling
height
- Internal partitions
- Shading devices

- Hourly schedule
of infiltration
- Hourly schedule
of electric
equipment

- Material of each
layer
- Thickness of
each material
- Internal
construction
material
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Group

Known Input
(CBECS 2003)

Example of
Unknown Inputs

- Cooling equipment

HVAC
systems

Internal loads

- Heating
equipment
- Number of walk-in
refrigeration units
per area
- Number of open
refrigerated cases
per area
- Number of closed
refrigerated cases
per area
- People per area
- Number of
computers per area

- COP of each
cooling unit
- Type of HVAC
system in each
thermal zone

Figure 2. Geometry model of college and university building

After that, the other inputs are inserted in OpenStudio. Due to
the limitation of number of pages, thermal zones of the model
are shown in Figure 3, but the other information of other inputs
is not mentioned in the paper. In the next section, the results
of climate zonal source EUI in the new models are analysed.

Perimeter zone 3

- People density in
each room
- LPD in each
room

Notes: * means the item that needs to provide the answer, Yes
or No.

DESCRIPTION OF THE MODEL
After identifying the values of inputs of the college and
university building model, the model can be built. The
geometric part is built by SketchUp, and the works are finished
in OpenStudio. The values of main geometry inputs are
summarized in Table 4.
Table 4. Values of main geometry inputs of new model

Perimeter
zone 4

Core zone

Perimeter
zone 2

Perimeter zone 1

Figure 3. Thermal zones of college and university building
model

VALIDATION
The maximum of ∆ ,
The differentials between model EUI of existing building
models and corresponding measured EUI are required to get
the value of max ∆ , shown in Equation (3. Table 5 lists the
,

Main geometry input

Value

data sources to calculate the model EUI of existing building
models and corresponding measured EUI.

Total Floor Area

73,500 ft2

Table 5. Data sources of model EUI and measured EUI

Building shape

Wide rectangle

Aspect Ratio

2.51

Number of Floors

4

Floor to floor height

13.8 ft

Window Fraction

24.4% for South and 19.8%
for the other three
orientations

Data Source
Model
EUI

DOE’s Commercial
Models:

Prototype

Building

Large Office, Medium Office, Small Office,
Primary School, Secondary School in 15
ASHRAE Climate Zones
Measured
EUI

Based on the main geometry inputs shown in Table 4, the
geometry model of college and university building is created
in SketchUp. Figure 2 shows the geometry model.

CBECS 2003 Data:
Large Office, Medium Office, Small Office,
Primary School, Secondary School in 5
CBECS 2003 Climate Zones

15 ASHRAE Climate Zones and 5 CBECS 2003 Climate
Zones need to connect each other. Table 6 summarizes the
links between these two kinds of climate zones.
Table 6. Connection between the two types of climate zones
ASHRAE Climate Zone

CBECS 2003 Climate Zone

1A
2A

Zone 5
≥2,000 CDD and <4,000 HDD

2B
3A
3B

Zone 4
<2,000 CDD and <4,000 HDD

3C
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ASHRAE Climate Zone
4A
4B
4C

CBECS 2003 Climate Zone

Model Source EUI w/o DC

Measured Source EUI w/o
DC

Zone 3
<2,000 CDD and 4,000~5,499
HDD

Clim_Zon

EUI: IP Unit

Clim_Zon

8

427.36

EUI: IP Unit

Zone 2
<2,000 CDD and 5,500~7,000
HDD

5A
5B
6A

Zone 1
<2,000 CDD and >7,000 HDD

6B

max ∆ ,
,

52.72

7
8

In the results of differentials between model EUI of existing
building models and corresponding measured EUI, the
highest value is 52.72% (Primary School, CBECS 2003
Climate Zone 1). Thus, the value of max ∆ , is 52.72%.
,

Figure 4. Differentials of new building models’ EUI and
measured EUI

Validation of the new models
The college and university building model is required to do
some minor modification in different climate zones. Then the
models are validated based on Equation (3. The model EUI
and measured EUI of the building models of college and
university are summarized in Table 7. The average of model
source EUIs in the same 2003 CBECS climate zone is used
to compare the measured source data. However, the 2003
CBECS do not collect the energy use for district cooling, and
thus, the source EUIs excluding district cooling are
summarized. The values of differentials are shown in Figure
4.
Table 7. Model EUI and measured EUI of the new building
models without district cooling
Model Source EUI w/o DC

Measured Source EUI w/o
DC

Clim_Zon

EUI: IP Unit

Clim_Zon

EUI: IP Unit

1A

241.58

Zone 5

259.35

2A

254.70

2B

239.89

3A

272.02

3B

256.90

3C

267.68

4A

296.81

4B

280.81

4C

294.65

5A

Figure 4 illustrates that the new building models of college and
university has the similar quality in the aspect of energy
performance because the results in all the climate zones are
lower than the value of max ∆ , . Thus, the results are
,

reasonable. The new building models of college and university
have high quality and can be used as prototype building
models.

CONCLUSIONS
In the paper, the procedures of creating new prototype
building models of college and university are introduced. To
get the values of inputs which cannot be collected from data
sources, Bayesian classifier is used. After collecting the
values of inputs, the models are built by using SketchUp and
OpenStudio. Finally, the existing prototype building models
and measured source EUI of the same types of building from
CBECS 2003 data are used to validate the energy
performance of new building models.

Zone 4

339.18

According to the results, the new models can meet the
requirements of prototype building models. In the future, the
updated versions of these models will be built by using some
new methods, and the method can be used to build new
models of other building types.

Zone 3

469.76
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