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ABSTRACT
There are existing EnergyPlus models available for
typical buildings for a number of different building
types and US locations for ASHRAE 90.1 baselines. In
this work the same typical building models have been
simulated for Canadian locations. The building models
have been used to produce a database of reference EUIs
for early conceptual designs and building
benchmarking. The data is evaluated through multidimensional data analysis using parallel coordinates
which reveals patterns in the data and relative
sensitivity to building type and climate. They have also
been used to evaluate whether the weight placed in
ASHRAE 90.1 on energy efficiency measures is also
appropriate for northern, heating-dominated climates,
or if code change decisions from one version to the
next might be seen differently from a Canadian
perspective.

INTRODUCTION
Generated data utilizing archetype or prototype
buildings in simulation models are useful in analyzing
and comparing building codes for different climate
regions.
One major study [Thornton B.A. et al. 2011.] was
undertaken by the Pacific Northwest National
Laboratory (PNNL) on behalf of the US Department of
Energy (DOE) in order to decide on the 2010 version
of the ASHRAE Standard 90.1 [ASHRAE. 2010.], with
the goal of achieving 30% energy savings (with plug
and process loads) relative to the 2004 version of the
Standard. In this extensive study, 16 prototype
buildings were modeled and simulated to validate that
the ASHRAE 90.1-2010 code achieves 30% energy
savings relative to ASHRAE 90.1-2004. These
prototype buildings are based one DOE’s Commercial
Reference Building Models [Deru M. et al. 2011.],
which represent 80% of the U.S. commercial building
floor area and over 70% of the energy consumed in
U.S. commercial buildings. The prototype buildings are
simulated in eight climate zones that are utilized by

ASHRAE for 90.1 Standard developments. The results
in this study are limited to US cities.
To closely measure progress towards the goal of 30%
savings relative to ASHRAE 90.1-2004, PNNL
developed a new metric and process named the
“Progress Indicator” (PI). The PI was a process to
measure progress toward the 30% improvement goal
relative to the baseline of ASHRAE 90.1-2004. Using
the PI, PNNL periodically reported energy and energy
cost saving impacts for approved addenda to both DOE
and the SSPC 90.1 during the three-year development
cycle. PNNL conducted this analysis with inputs from
many other contributors and sources of information. In
particular, guidance and direction were provided by an
advisory group under the auspices of the SSPC 90.1.
The technical analysis process, results and changes to
90.1-2004 and 90.1-2007 that led to 90.1-2010, are
presented in [Thornton B.A. et al. 2011.].
As mentioned above, the 90.1 prototype building
models used in the PI analysis are primarily based on
DOE’s Commercial Reference Building Models. The
development of these models is described in [Deru M.
et al. 2011.]. The purpose of the Reference Building
model project was to develop standard or reference
building energy models for the most common
commercial buildings to serve as starting points for
analysis related to energy efficiency research.
These
models
represent
realistic
building
characteristics and construction practices. Fifteen
commercial building types and one multifamily
residential building were determined by consensus
between DOE, the National Renewable Energy
Laboratory (NREL), PNNL, and Lawrence Berkeley
National Laboratory (LBNL). These represent
approximately two-thirds of the commercial building
stock. The remaining one-third is composed of several
building types that are not easily defined by a small
number of models; however, some are similar to one or
more of the 16 reference building types.

National data from the 2003 CBECS (EIA 2005) were
used to determine the appropriate, average mix of
representative buildings. 16 building types were
selected.
The present study uses the 16 prototype building
models for each climate zone that exists in Canada. The
majority of Canadian Weather Files for Energy
Calculations (CWEC) are located in three climate
zones – 5C, 6A and 7 – as defined by the ASHRAE
90.1 energy standard, and all CWEC files fall within
seven climate zones. The input files for this study are
112 individual models, comprised of 16 building types
in the 7 climate zones.
Archetype/prototype buildings have also been used in
Canadian studies to analyze and evaluate building
codes. In a study commissioned by the NRC [NRC
2012.] five archetype buildings (i.e. office, multi-unit
residential, box retail store, full service restaurant and
warehouse) were analyzed for Newfoundland and
Labrador. ASHRAE 90.1-2007 was used to represent
current building practice and as the baseline for the
analysis in this study. The purpose of this study was to
understand the issues and develop the evidence base to
inform future discussions with stakeholders and
decision-makers on the case for adopting the NECB
2011 in the province. In another study [NF 2015], eight
different archetype buildings were utilized to determine
the energy savings of the NECB-2011 compared to
ASHRAE 90.1-2010 for various building types in
locations across Canada.
In the present work, the same typical building models
used in [Thornton B.A. et al. 2011.] have been
simulated for Canadian locations. They have also been
used to evaluate whether the weight placed in
ASHRAE 90.1 on energy efficiency measures is also
appropriate for northern, heating-dominated climates,
or if code change decisions from one version to the
next might be seen differently from a Canadian
perspective.
In order to be able to analyze the large amount of data
that is generated in the simulation of 16 building
prototypes in 60 locations, parallel coordinates are used
to process the data. Parallel coordinates is a powerful
visualization tool used to analyze multivariate data.
Graphs show a set of points in an n-dimensional space.
Multiple y-axes are presented as n parallel lines,
typically vertical and equally spaced. Each data series
is represented as a polyline with vertices on each of the
parallel axes. This visualization tool has been
previously used by [Pratt K.B. et al. 2011] and

[Macumber D.L. et al. 2014.] as a means to analyze
results from parametric building energy models. The
interactive plot has the ability to show relationships
between multiple measure variables and key outcomes
such as cost and energy use intensity. It can also
quickly show which key factors influence certain trends
in the outcomes.
D3.js (or D3 for Data-Driven Documents) [Bostock M.
2015.] is a JavaScript library for creating dynamic and
interactive data visualizations in web browsers.
D3.Parcoords.js [Kai C. 2016], a D3-based library that
specializes in parallel coordinate graphics, has been
used to produce all the plots featured in this paper.

METHODOLOGY
The prototype buildings from the study described
above [Thornton B.A. et al. 2011.] are available to the
public as EnergyPlus [EnergyPlus. 2015.] files (DOE
2016). In the present study they are evaluated in the
Canadian context.
A major challenge in analyzing a large number of
locations is auto sizing the various mechanical systems.
The effort of performing this for each location does not
appear warranted for the minor improvement in results
to be expected. This was addressed by using a specific
set of 16 prototype buildings for each climate zone. For
example, Vancouver is used to represent Climate Zone
5c in the set of prototype buildings. This set of
prototypes was then used to analyze all of the CWEC
files located in the ASHARE Climate Zone 5c. This
approximation is expected to be fairly close for the
majority of the CWEC locations and building types,
but, because of the extreme variation that is found in
Climate Zone 8, this approximation is likely less
optimal for those cases.
Parametric building models are valuable for the
evaluation of early conceptual design choices and
building benchmarking. However, performing large
parametric studies can be computationally and time
intensive when numerous alternate models are required.
There are many software options available to simulate
whole building energy modeling such as IES Virtual
Environment, eQuest [eQuest. 2009.], EnergyPlus, and
EE4 [EE4. 2008]; however, they do not (yet) offer an
easy and efficient way to perform a large quantity of
parametric
runs.
jEPlus
[jEPlus.
2015.],
SustainParametrics [Pratt K.B. et al. 2011.], and
OpenStudio [OpenStudio. 2015.] have been recently
developed to meet this need.

In [Macumber D.L. et al. 2014.], present a method of
using OpenStudio to create and run a customized
parametric analysis using commercially available cloud
computing services. This method enables anyone to
perform powerful parametric studies in a reasonable
time for a relatively low cost. Similarly, in [Pratt K..B.
et
al.
2011.],
present
a
method
using
SustainParametrics to explore every combination of the
parameters in a building energy model simulation. The
models are simulated using EnergyPlus to produce a
general yearly building energy use metric. [Zhang Y. et
al. 2010.] use jEPlus in their work, which is also based
on EnergyPlus, to set up complex parametric runs. In
this work, different building types, climate regions,
HVAC system configurations, and other design
parameters such as insulation, glazing, temperature set
points and day lighting control options, were
considered. More than 30,000 simulations were
automated using jEPlus.
In the present work, the parametric simulations are
performed in the following way. The prototype
building set is specified using the Batch file function of
the EPlaunch interface. Next a file containing all the
CWEC files for a specific climate zone is specified to
be applied to the set of prototype buildings. This
generates a large set of simulations. The batch
simulation function writes the results into a file
structure that uses CWEC location to store the
EnergyPlus input and output files. So for each location
a set of results files can be found for each location, for
each of the 16 prototype building types. From this data,
the resulting Energy Use Intensity (EUI) was compiled
into a database of results and subsequently these results
were reformatted as the input to the parallel coordinates viewing tool. This allows for detailed analysis
of the database of Canada-wide prototype building
EUIs.
In addition to generating and analyzing a Canada-wide
EUI data set for ASHRAE 90.1-2010 prototype
buildings, the present study also evaluates whether or
not it would have been of a larger impact to Canada’s
building energy usage to increase minimum boiler
efficiencies and raise the allowable Solar Heat Gain
Coefficient (SHGC) – measures possibly better suited
to heating dominated climates – rather than increasing
the efficiency requirements for chillers and cooling
towers, which hypothetically might be a choice better
suited to the climate of southern US states. Two
additional sets of prototype building energy model files
were created by modifying the boiler efficiency for one
set and the window solar heat gain coefficient for
another set. These sets of modified prototype models

were simulated using weather files for major
metropolitan areas to estimate the impact of the
modifications across Canada.
Not all prototype buildings were evaluated in this way
because not all include a boiler in the design but rather
rely on forced air heating systems with gas fired or
electric heating elements. The boiler efficiency was set
to 88% in the Highrise Apartment, Hospital, Large
Hotel, Large Office, Outpatient Healthcare and Primary
School models.
All of the prototype building models include glazing.
The Solar Heat gain coefficient was set to 0.75 while
the U-value was kept constant.
The final part of the investigation evaluated the impact
of an actual change that was made to the ASHRAE
90.1 – 2007 code. The changes to chiller and cooling
tower efficiencies that are described in addendum 90.107m and 90.1-07u were chosen, as these are relatively
simple modifications. The prototype buildings that
include a water-cooled chiller and a cooling tower are
the large office, hospital and large hotel building types.
The 2007 vintage prototype building models were
simulated to find the baseline energy use intensity.
These baseline models were then modified to have the
chiller COP and part load curves from the 2010 vintage
prototype models. The models were simulated and the
results were compared to the 2007 baseline building
performance.

SIMULATIONS
In order to allow for easier results presentation, the
main features of the energy models from [Thornton
B.A. et al. (2011)] are shown in Figure 1, showing
Figure 4.1 and Table 4.6 of the original publication.
The figure shows the building forms through 3D
renderings of the 16 prototype buildings, and the table
lists the prototype HVAC equipment.
The 16 reference building energy models are simulated
using Canadian weather files for 60 different locations
across the country, which are listed in Table 1. They
were selected as representative of the different climates
and latitudes present in Canada. The resulting energy
models were simulated using the batch simulation
function of the EnergyPlus EP Launch user interface
[EP-Launch. 2015.] with EnergyPlus Version 8.3.

Figure 1: 3D Renderings and HVAC Systems of Prototype Building Models, Figure 4.1 and Table 4.6 Thornton B.A. et al.
(2011)

Table 1: Locations

Prince.Rupert
Fredericton
Miramichi
Saint.John
St.Johns
Stephenville
Greenwood
Shearwater
Sydney
Truro
Kingston
London
Mount.Forest
Muskoka
Ottawa
Sault.Ste.Marie
Simcoe
Toronto
Trenton
Charlottetown

Montreal.Intl.AP
Calgary
Edmonton
Fort.McMurray
Grande.Prairie
Fort.St.John
Prince.George
Smithers
Brandon
The.Pas
Winnipeg
Battle.Harbour
Gander
Goose
North.Bay
Thunder.Bay
Timmins
Estevan
North.Battleford
Regina

Saskatoon
Swift.Current
Whitehorse
Abbotsford
Comox
Port.Hardy
Sandspit
Vancouver
Victoria
Kamloops
Summerland
Sable.Island
Windsor
Cranbrook
Medicine.Hat
Lethbridge
Churchill
Inuvik
Yellowknife
Resolute

SIMULATION RESULTS
Figure 2 shows an image of the complete data set of the
simulation results in parallel coordinates, colour-coded
by building type. Each line represents one simulation
case, connecting its input parameters – building type,

Figure 2: Complete Results Data Set

location, climate zone – with the corresponding EUI
result (provided in two types of units for the reader’s
convenience). The actual data set is interactive in the
sense that data sub-sets can be selected on a screen.
The figures shown in this paper show specific views
and selections, from the complete data set in Figure 2.
In Figure 2 it can be seen that the results for all possible
combinations of building types and cities under
investigation in this paper cover a surprisingly wide
range of EUIs, up to 4,220 kWh/m2, which is an
extremely high number. There is also a distinct
grouping of EUIs of either 700 kWh/m2, or above
1,200 kWh/m2. While the five highest EUIs can be
attributed to the most extreme climates in climate zone
8, there are simulation cases from all climate zones
contributing to the EUIs above 1,200 kWh/m2, as
indicated by the lines in the graphs connecting the
climate zones with the high EUIs.
The EUI values for the simulation cases with results
which fall into the first band are values as would
typically be expected; all other values are very high. To
evaluate the simulation cases with EUIs above 1,200
kWh/m2, those cases where selected in the interactive
data set; a picture of the result is shown in Figure 3. It
can be seen that all of the high EUIs are for restaurant
building types only, both sit-down and fast food
restaurants. There are no restaurants in the data set with
an EUI below 1,200 kWh/m2. Independent of climate,

Independent of climate, these building types have high
EUIs. Within this range of elevated EUIs the climate at
the building location still impacts the EUI strongly.
When selecting the two restaurant types independently
(not shown because of space limitation) it can be seen
that the EUIs are increasing with increasing climate
zone number, with only as narrow overlap between
climate zones 6 and 7, meaning that a few locations in
climate zone 7 lead to lower restaurant EUIs than a few
locations in climate zone 6. While in general a higher
numbered climate zone can be seen as an indicator for a
higher EUI, in within a narrow band there can be some
overlap.
In Figure 4 the data set is shown without restaurants,
with readjusted EIU axes. The EUI values range from
to approximately 25 kWh/m2 to 675 kWh/m2, with the
lowest values for warehouses and the highest for
hospitals. No distinct pattern is immediately
observable.
Figure 5 shows the results by building type selecting
the large office as an example. It can be seen that, aside
from from the simulation cases with the extreme
weather from climate zone 8, the EUIs for all the

simulation cases in climate zones 5, 6 and 7 fall within
a narrow band which is approximately 75 kWh/m2
wide. Given the spread of all simulation results for all
building types over a range from 25 kWh/m2 to 500
kWh/m2 (Figure 4), and the wide variety of climates,
this is a fairly narrow band.
When selecting the individual building types this
pattern of a narrow band for all simulation cases in
climate zones 5, 6 and 7 can be found for all building
types. To select only a few examples, Figure 6 shows
the pattern for Out-Patient Health Care, which has the
widest spread in the data set, Figure 7 for the
Apartment High-Rise Building and Figure 8 for the
small office, which is among the narrowest bands. The
width of the variation in EUIs for all building types is
for most cases below 100 kWh/m2 and only
occasionally reaches 150 kWh/m2. If, on the flip side,
selecting a location and evaluating the spread of EUIs
for all building types, no such narrow band is found, as
shown in Figure 9 for the example location of Ottawa.
The pattern for the other locations is very similar, with
results varying over a range of 300 kWh/m2 – 450
kWh/m2.

Figure 3: Simulation Cases with EUI above 1000 kWh/ m2 are highlighted

Figure 4: Simulation Cases with EUI below 1000 kWh/m2 Expanded

Figure 5: Simulation Cases for Large Office Building Ty

Figure 9: Result Pattern for all Buidling Types at the
Location of Ottawa
Figure 6: Result Pattern for Out-Patient Health Care
Building Type in Climate Zones 5, 6 and 7

Figure 7: Result Pattern for Apartment High Rise in Climate
Zones 5, 6 and 7

Figure 8: Result Pattern for Small Office Building Type in
Climate Zones 5, 6 and 7

The building energy models have also been used to
evaluate whether measures more suitable to a heating
dominated climate may make a bigger impact on
Canada’s buildings’ energy performance than the
measures that ASHRAE has place more weight on in
recent years, which appear to be somewhat biased
toward cooling dominated climates. To this end we
compared the chiller efficiency upgrade from ASHRAE
Standard 90.1-2004 to the 2010 version of the Standard
with an increase in boiler efficiency above code
minimum to 88% and the allowance of a higher Solar
Heat Gain Coefficient (SHGC), which is assumed to be
0.75 in the simulations. Limiting the SHGC for
windows is important in cooling dominated climates,
however, in heating dominated climates it can
potentially remove the opportunity of designing for
passive solar heating. For example the Passivhaus
concept as described in [PH 2016] uses a combination
of maximizing passive solar heating with limiting
summer overheating to minimize heating energy needs
of buildings. The results comparing the relative change
in energy consumption are shown in Figure 10 for
three example building types, Large Office, Hospital
and Apartment High Rise, in ten example locations. As
expected, it can be seen that the impact of a boiler
efficiency increase is much larger than a chiller
efficiency increase. The impact of an increased SHGC,
however, is not only not a clear benefit, but for Victoria
and Vancouver the result is for all considered cases a
significant increase in energy consumption; for the
residential high rise building it also constitutes and
overall increase in energy consumption in the locations
of Calgary and Edmonton. The reason for this can be
seen in Figure 11. It shows the same total negative
relative energy savings of -1.5%, and it also shows that
the heating energy did decrease and result in a 9.7%
reduction of the total energy, but it was more than
offset by increased cooling energy and a resulting
increase in fan and pump energy. For Victoria and
Vancouver this effect is even stronger as the heating
needs are lower because of the milder climate, and the

heating energy savings manifest at fewer times in the
year, whereas the cooling energy increase is stronger.

CONCLUSIONS
In summary the following conclusions can be drawn
from the simulations described above:
•

•
•

•

•

Figure 10: Relative Energy Savings from Energy
Efficiency Measures
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The large data set generated by simulating 16
building types in 60 Canadian location shows
clearly that the building type dominates
energy needs, not the climate as one might
have expected.
This data base in its interactive form in
parallel coordinates is very useful for building
energy benchmarking.
This data base can be used to evaluate energy
code choices. It can also help building
authorities, such as for example provincial
governments, to make informed decisions
about the impact of adopting ASHRAE
Standard 90.1 in their jurisdiction and choices
can be made about legislating changes to the
Standard.
A fairly modest boiler efficiency increase to
only 88% shows significantly stronger impact
on energy consumption in the heating
dominated Canadian climate than the increase
in required minimum chiller efficiency that
was implemented in ASHRAE 90.1-2010
relative to the 2007 version of the Standard.
The impact of allowing a higher SHGCs as
before cannot be answered in general for
buildings that are fully conditioned with
heating and cooling, as significant heating
energy savings are off-set by a significant
increase in the sum of cooling energy and
pumps and fans energy. However, if the
increase in cooling energy can be mitigated,
for example in milder climates, such as
present in Victoria and Vancouver, by using
passive design principles to prevent
overheating rather than mechanical cooling,
heating energy savings could be achieved.

0.1
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